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Abstract

To aid sea turtle conservation, academic literature and government publications state the need
to predict future potential sea turtle nesting sites given different global warming scenarios. To
accomplish this goal, managers will need to have a clear picture of how sea turtles respond to
many combinations of climatic conditions across turtle migratory ranges and between
terrestrial nesting sites and adjacent waters. Because global warming will create climatic
combinations sea turtles do not currently encounter, assessing the sea turtle response is
difficult and a mechanistic model may be the best approach. Our lab has successfully
mechanistically niche mapped many terrestrial animals but not yet an aquatic species. As sea
turtles are a marine species, the animal-fluid interactions make constructing a highly accurate
mechanistic model complicated. The animal-fluid interaction not only affects the turtle's
energy use (through thrust and drag) but also the heat transfer with its environment. To solve
these issues we combine modern 3D design programs, computation fluid dynamic (CFD)
software and in-house programs to construct a realistic, swimming leatherback sea turtle CFD
simulation. These simulations allow us to analyze not only the animal-fluid interaction but also
the turtle's internal heat transfer. We validate these models with data from the literature and
flume and wind tunnel experiments. This simulation provides inputs for a mechanistic niche
model, which can predict where leatherbacks can thermally persist both in water and on land.
Thus with the niche model output, we can predict future potential nesting sites under different
global warming scenarios. We show that global warming threatens leatherbacks with
overheating, particularly in South East Asia. We also show that the impact may be less on

leatherbacks that shift their nesting time or location or who are smaller. Methods such these



are important to produce accurate maps of regions that will become inhospitable to species

under global warming conditions.



General Introduction

Throughout the next century, global warming will likely shift many species' ranges
(Parmesan & Yohe 2003). In addition to causing these range shifts, global warming makes
predicting species future ranges difficult because it introduces regionally novel sets of abiotic
conditions. With these novel circumstances, forming an empirical niche map requires complex
statistical methods and may still be inappropriate or inaccurate (Dormann 2007, Phillips et al.
2008). Under global warming conditions, a more appropriate niche mapping approach may be
mapping the fundamental niche (Hutchinson 1957) using a biophysical mechanistic niche
model. A biophysical model permits any combination of abiotic conditions, novel or otherwise,
provided the model can accurately represent how they affect the organism (Kearney & Porter
2009).

While the biophysical niche model approach is successful with terrestrial animals (for
example: Kearney, Phillips, Tracy, & Christian, 2008), it is more difficult to implement with
aquatic organisms. The main reason for this difficulty is the strong link between heat transfer,
metabolic rate and aquatic motion (Boisclair & Tang 1993) and the difficulty in measuring each
of these. First, while it is possible to measure metabolic rate for some aquatic animals, it is
difficult or impossible to measure it for others. Second, the complex interaction between
thrust and drag on a deforming body makes it difficult to determine a moving animal's useful
work (Schultz & Webb 2002). Finally, determining how rapidly a self-propelling, aquatic
organism loses metabolic waste heat further complicates making a biophysical niche map.

Many methods attempt to address some of these difficulties. Trained live animals can

fly/swim in a wind tunnel/flume or while tethered. The animals my wear pressure sensors



(Usherwood 2003, Blake & Chan 2007) or temperature sensors (Tieleman et al. 2003, Marom et
al. 2006). There are also non-contact methods such as filming particle flow around an animal
and calculating force with software (Drucker and Lauder '99), using cameras to measure
reference point movement (Skrovan et al. '99; Tobalske, Peacock, and Dial '99), or using
thermal cameras to measure temperature profiles (not possible for aquatic animals) (Ward et
al. '99). In addition to logistical and ethical consideration of live animal trials, all these methods
have limited resolution and cannot decouple thrust and drag. Modern computational fluid
dynamics (CFD) could address many live animal experiments short falls while giving biophysical
niche models necessary information to make accurate predictions.

CFD is now allowing researchers to measure drag (Pavlov & Rashad 2012) of static
animals and even thrust and power of undulating swimmers (Liu et al. 1997). We use a novel
CFD technique to not only measure the power and heat flux form 3D complex animal motion,
but also to model animal internal heat transfer accounting for complex physiological issues such
as an insulating layer's varying thickness, vasoconstriction and dilation, and counter current
heat exchangers. We combine the data from our CDF model (power, heat transfer coefficients,
infrared (IR) absorption and radiation, and internal temperature profiles) with global climate
models (GCMs) to accurately predict regions within a marine animal's current marine and/or
terrestrial range which may become inaccessible under global warming conditions. We
examine potential shifts in reproduction time, range, as well as body geometry and size. To our
knowledge, this is the first projection of the fundamental niche of an organism using this high

level of accuracy, which can only come from CFD and numerical heat transfer models.



To conduct these simulations we chose leatherback sea turtle (Dermochelys coriacea) as
the focal species. Leatherback sea turtles are the last remaining member of the 90 million year
old family Dermochelyidae (Weems 1988). Tragically, they are critically endangered (Martinez
2011). Fishing bycatch (Spotila et al. 1996, Eckert 1997, Lewison et al. 2004), egg poaching
(Kaplan 2005, Tapilatu & Tiwari 2007, Tomillo et al. 2008), beach development (Chan et al.
2007, Hernandez et al. 2007, Mazaris et al. 2009, Witherington et al. 2011), and pollution
(Barreiros & Barcelos 2001, Bugoni et al. 2001, Mrosovsky et al. 2009) caused the 1980 global
nesting population of 115,000 to decline to between 26,200 and 42,900 by 1996 (Spotila et al.
1996). Continued global warming will likely put additional pressure on future leatherback
populations.

Adult leatherbacks are especially vulnerable to global warming because they are
gigantotherms. Gigantotherms are poikilotherms whose activity and large body size elevates
their body temperature considerably above ambient (as much as 18°C for leatherbacks
(Bostrom & Jones 2007)) (Paladino et al. 1990). This gigantothermy allows leatherbacks to
forage in cold northern waters (e.g. offshore of Nova Scotia, Canada), but also means that they
can only persist in waters which can adequately cool them. Thus, a large increase in global
temperatures may make tropical waters inhospitably warm for adults.

The leatherback's main prey item is gelatinous zooplankton. Fortunately for
leatherbacks and unfortunately for humans, gelatinous zooplankton are increasing (Lilley et al.
2011) and most likely will continue to increase with more anthropogenic disturbance, warming
and synergistic affects between the two (Purcell et al. 2007, Kirby et al. 2009). Thus, the

leatherback's fundamental niche will likely not be resource-limited. Therefore, our



fundamental niche model will determine the acceptable thermal range of leatherbacks. While
two studies have used empirical models to predict leatherback populations and nesting sites
under global warming conditions (Saba et al. 2012, Pike 2013), ours is the first study to use a

mechanistic model to fundamental niche maps of leatherbacks under global warming

conditions.
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Chapter 1: Using empirical and mechanistic models to assess global warming threats to

leatherback sea turtles

Authors: Peter N. Dudley and Warren P. Porter

Department of Zoology, University of Wisconsin-Madison

Abstract

Global warming may pose a greater risk to species with unique thermal requirements during
each life stage than species with similar thermal requirement throughout all life stages. The
risk to these certain species is higher because their unique thermal ranges may become
geographically or temporally discontiguous. Additionally, modeling global warming's effects on
these animals is challenging due to their multiple thermal requirements. We explore these
issues using leatherback sea turtles (Dermochelys coriacea) as a study species. The
gigantothermy of adult leatherbacks and their subterranean egg incubation means global
warming will differentially affect adults and eggs. To assess the unique thermal requirements in
each life stage we use two distinct modeling approaches. We use a mechanistic
biophysical/physiological model to assess threats to adult leatherbacks, and Bayesian
regression with a mechanistic microclimate model to assess threats to leatherback eggs. We
combined these models with a comprehensive literature search and a global climate model to
establish the future thermal threats to the egg and adult leatherback life stages at three major
rockeries (Gabon, French Guiana, and West Papua). We found that adult internesting and

nesting core temperatures will not rise above the critical thermal maximum; however, at two of



the three sites, adult core body temperatures will rise above the point where hatchlings
experience uncoordinated movement. We also found that increased temperatures will greatly

reduce success rates of egg clutches in West Papua and Gabon by the end of the 21st century.

Introduction

Global warming poses a special risk to organisms with unique thermal requirements in
each life stage because these required thermal conditions may become geographically or
temporally disconnected. Modeling each life stage of a species under projected future climates
may reveal during which part of their life cycle a species is most at risk. Depending on data
accessibility and understanding of ecological processes and physiological mechanisms, different
model classes may be more appropriate for assessing climatic threat to a species in different
life stages. This paper demonstrates the use of a mechanistic microclimate model combined
with a biophysical/physiological model or an empirical model to assess global warming threats
to adult leatherback sea turtles or their eggs, respectively.

Leatherback sea turtles (Dermochelys coriacea (Vandelli 1761)) are the last remaining
member of the 90 million year old family Dermochelyidae (Weems 1988). Tragically, they are
critically endangered (Martinez 2011). Fishing bycatch (Spotila et al. 1996, Eckert 1997,
Lewison et al. 2004), egg poaching (Kaplan 2005, Tapilatu & Tiwari 2007, Tomillo et al. 2008),
beach development (Chan et al. 2007, Hernandez et al. 2007, Mazaris et al. 2009, Witherington
et al. 2011), and pollution (Barreiros & Barcelos 2001, Bugoni et al. 2001, Mrosovsky et al.

2009) caused the 1980 global nesting population of 115,000 to decline to between 26,200 and



10

42,900 by 1996 (Spotila et al. 1996). Continued global warming will likely put additional
pressure on future leatherback populations.

Adult leatherbacks are especially vulnerable to global warming because they are
gigantotherms. Gigantotherms are poikilotherms whose activity and large body size elevates
their body temperature considerably above ambient (as much as 18°C for leatherbacks
(Bostrom & Jones 2007)) (Paladino et al. 1990). This gigantothermy allows leatherbacks to
forage in cold northern waters (e.g. offshore of Nova Scotia, Canada), but also means that they
can only persist in waters which can adequately cool them. Global warming could also threaten
leatherback hatchlings as their success (percent that hatch and escape the nest) may also be
temperature dependent (Spotila 2004). Some studies found no relation between temperature
and leatherback hatchling success (Wallace et al. 2012), but, like those of other reptiles, a
leatherback embryo's growth and water uptake may be negatively correlated with temperature
(Packard et al. 1987, Spotila & Zimmerman 1994, Lin et al. 2005). Thus, a large increase in
global temperatures may make tropical waters inhospitably warm for adults and reduce
hatchling success.

While two studies have used empirical models to predict leatherback populations and
nesting sites under global warming conditions (Saba et al. 2012, Pike 2013), ours is the first
study to use a mechanistic model to predict actual leatherback core temperatures under global
warming conditions. To predict these temperatures we combined morphological, and
behavioral data from the literature, a global climate model (GCM), and a novel transient and
steady state biophysical/physiological model using an "effective insulating layer thickness" to

calculate adult core body temperatures during nesting (while on land for oviposition) and
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internesting (time in water between nestings). The literature and GCM data were also the
inputs for a meta-analysis using Bayesian regression to determine if hatchling success
negatively correlates with temperature. We then estimate the most credible future hatchling
success rates. With these methods, this paper attempted to answer the following questions.
First, how will temperature increases change adult core temperatures during nesting and
internesting at prominent leatherback nesting sites? Second, will core temperature changes
cause leatherback ranges to diverge from the equator? Third, how will temperature increases
affect hatchling success rates?

Our study only examines global warming's effects on leatherback adult core
temperatures and hatchling success. For an overview of global warming's many threats
(increased air and ocean temperature, sea level rise, skewed sex ratios, reduced hatchling
success, ocean acidification and changing large-scale ocean-atmosphere patterns) to all sea
turtle species the reader should consult the several comprehensive reviews (Poloczanska et al.
2009, Hawkes et al. 2009, Hamann et al. 2013). In addition there are many articles covering
proposed or implemented sea turtle management strategies under global warming (general
review (Fuentes et al. 2012),threat assessment (Garcon & Grech 2010, Donlan et al. 2010,
Fuentes & Cinner 2010, Fuentes et al. 2011), regional management units (Fuentes et al. 2013),

climate-smart practices (Hansen et al. 2010), and marine protected areas (Hooker et al. 2011)).

Materials and Methods

Literature search: Adult thermal effects
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To aggregate current leatherback thermal and range data, we searched Web of
Science using a combination of synonyms for leatherback, distribution, and thermal tolerance.
Of the initial 131 results, we eliminated 97 articles based on title or abstract. Usable thermal
range data was in 13 of the remaining articles. These 13 papers used one of three methods to
measure ambient water temperatures around leatherbacks. Three studies matched fisherman
and public leatherback sightings in their northern foraging waters (hence forth "foraging
leatherbacks") with water temperature at the sighting location (McMahon & Hays 2006, James,
Sherrill-Mix, et al. 2006, James et al. 2007). Two articles had trackers measuring water
temperature on foraging leatherbacks and one had water temperatures from bycatch incidents
(Goff & Lien 1988, James & Mrosovsky 2004, James, Davenport, et al. 2006). Nine articles had
trackers on internesting leatherbacks (Southwood et al. 1999, 2005, James, Davenport, et al.
2006, Sherrill-Mix et al. 2007, Shillinger et al. 2008, Fossette et al. 2009, Lépez-Mendilaharsu et
al. 2009, Casey et al. 2010, Witt et al. 2011). We calculated a weighted average and weighted
standard deviation for these three sets of temperature data. In addition to measuring ambient
temperatures, three studies measured internal body temperatures with deep cloaca probes or
ingested data loggers. The cloaca probe study was in foraging waters (James & Mrosovsky
2004) and the two data logger studies were during internesting (Southwood et al. 2005, Casey
et al. 2010). We calculated a weighted average body temperature from the two internesting
studies.

Wallace and Jones (2008) aggregated metabolic data from marine turtles. We

pulled from these studies average leatherback metabolic rates for internesting (Wallace et al.
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2005), crawling (Paladino et al. 1990, 1996), oviposition (Lutcavage et al. 1992, Paladino et al.
1996), and nest covering (Paladino et al. 1990).
Biophysical/Physiological model

The biophysical/physiological model had two stages, a steady state stage when the
leatherback is in water and a transient stage when the leatherback is nesting (outlined in Fig. 1).
Both stages used an ellipsoid (the 3D analogue of an ellipse) shape to approximate the
leatherback. The ratios of the ellipsoid semi-principal axes corresponded to the ratio of
leatherback body dimensions measured from images. We used nine leatherback images where
the perspective allowed us to measure a ratio without distortions (Fig. 2) (Skerry 2009, Perrine
2010, National Park Service 2010, 2013, Goeorges 2011, Majza 2012, Bioexpedition.com 2013,
Isley 2013, Project 2013). As leatherbacks are close to neutrally buoyant, we set the turtle
tissue to the same density as seawater, and set the ellipsoid volume so its mass matched the
leatherback's mass. We used two turtle sizes (curved carapace length (CCL) 125 and 172 cm,
mass 197 and 593 kg) based on the size range James et al. (2007) documented. We divided the
ellipsoid into two regions. The first was a core region with uniform temperature, and the
second was an insulating layer.

The first stage (steady state internesting model) used the current average temperature
difference we calculated above between internesting water and the leatherback core to
calculate an "effective insulating layer thickness." "Effective insulating layer thickness" means a
fat layer thickness that would result in the ellipsoid leatherback having the same temperature
difference as real leatherbacks. Thus, this "effective insulating layer thickness" uses a single

number to represent leatherback's total insulating capabilities, including flippers, soft head and
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neck skin, and fat insulation around the body cavity. The effective insulating layer thickness is
not meant to accurately predict the fat layer thickness in a leatherback, but rather to represent
a leatherback’s insulating capabilities. We set the size, ambient temperature and core
temperature in our steady state model to the averages from the two studies reporting core and
ambient temperatures. We then solved for an effective insulating layer thickness. We scaled
this thickness to the two leatherback sizes in our model. McMahon and Hays (2006) showed
leatherbacks behaviorally cool themselves during their internesting period. Thus, we assumed
that this effective insulating layer thickness represented the minimum achievable physiological
insulation of a leatherback.

In the second stage (transient nesting model), we used the same core volume and
effective insulating layer as the steady state internesting model (Fig. 3). The transient nesting
model divided the turtle's surface into two regions. One region was in contact with the ground
and transferred heat by conduction. This region was either 40 or 50 percent of the
leatherback's surface area and matched the portion of the leatherback's surface in contact with
the ground during different nesting phases (i.e. crawling vs. laying). The other region
transferred heat by both convection and thermal infrared long wavelength radiation. As most
leatherbacks nest at night, we did not include solar heating. The model did include metabolic
heat and respiratory evaporative heat loss. We calculated respiratory heat loss using the
turtle’s tidal volume and respiration rate from the literature. We assumed the lungs' interior
surfaces were free water surfaces. The heterogeneous core body volume had the thermal
characteristics of animal tissue. We assigned the insulating layer the thermal properties of

blubber. We used the Nusselt-Reynolds relation coefficients of a sphere to set the convection
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coefficient. The characteristic length of the ellipsoid was the cube root of the volume (Mitchell
1976). We calculated the sky temperature from the Swinbank relation (Swinbank 1963). Table
1 presents these and other model parameters.

To compare current and future leatherbacks we selected three locations with sizable
leatherback nesting populations (Gabon, French Guiana, and West Papua). These three
locations represent the three largest nesting populations in the East Atlantic, West Atlantic, and
East Pacific. We used GCM data from the Geophysical Fluid Dynamics Laboratory - Earth
Systems Model with generalized ocean layer dynamics (GFDL-ESM2G) (Dunne et al. 2012). We
compared two emission scenarios. The first is Representative Concentration Pathway 8.5
(RCP8.5) (Riahi et al. 2007) and the second is RCP2.6 (Vuuren et al. 2007). RCP8.5 is the
"business as usual" pathway while RCP2.6 is a mitigation scenario aimed at limiting the global
increase in temperature to 2 °C. The scenarios result in a radiative forcing increase of 8.5 W/m?
and 2.6 W/m? by 2100 (the standard end year for climate projections). In each of the three
locations, we extracted monthly minimum, maximum, and mean air temperatures; water
temperatures; relative humidities; and average wind speeds for the 2100 nesting period (Gabon
(November - February), French Guiana (March - August), West Papua (May - September)). Local
weather stations provided current temperature data; all other current climate data was the
GCM simulation conditions in the year 2010.

As leatherbacks come ashore, their movement digs down through several centimeters
of sand. Thus, to find the sand temperature the leatherback plastron is in contact with, we
used Niche Mapper™'s microclimate model (Porter et al. 1973, Porter & Mitchell 2006) to

calculate the sand temperature 15 cm below the surface.



Table 2 presents the inputs for this Niche Mapper™ simulation. The calculated results from
Niche Mapper™ were in good agreement (average difference 2.2%) with two studies which
measured beach temperatures at leatherback nesting sites (Hilterman et al. 2003, Santidrian
Tomillo et al. 2009).
Literature search: Incubation thermal effects

This Web of Science search combined terms for leatherbacks, eggs or hatchlings, and
hatchling success. Removing studies based on title and abstract reduced the initial 80 articles
to 32. Selecting only papers with in-ground or in-nest temperatures and which measured

hatchling success reduced the number to four papers with a total of 530 nests (Tapilatu &

16

Tiwari 2007, Houghton et al. 2007, Santidrian Tomillo et al. 2009, Patino-Martinez et al. 2012).

Two of these studies used in-nest temperature measurements and two used probes at nest
depths. Using the known metabolic heat which a set quantity of successful eggs produces we
scaled the in-clutch temperatures to remove the metabolism-caused temperature increase
(Patino-Martinez et al. 2012).
Bayesian Regression

In order to calculate the 2100 credible hatchling success rate distributions (i.e. those
future values of success that are the most likely and therefore lay inside the 95% HDI (highest

density interval)) we conducted a Bayesian regression on the hatchling success data. We

weighted each data point by the number of nests it represented. The model (i.e. the likelihood

function) was a logistic function (Equation 1) about which the data was normally distributed

(Equation 2) (Fig. 4). This model had four parameters (the three coefficients that describe the
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shape of the logistic function and the normal distribution precision (t) (inverse of variance)) and

one variable (ground temperature).

Yi(Ti) = Bo (1 - (1_,_6(—31(7"1'-32)))) (1)

2
¢ —to-vi)

zi(y) = |-e 2 (2)

21

zi: The probability of a data point occurring aty

vi: The average of the success at a given temperature (T;)

T;: A set sand temperature at nest depth

t: The precision of the normal distribution

Bo: A scaling coefficient of the logistic equation

B1: A shape coefficient of the logistic equation

B,: A displacement coefficient of the logistic equation

All priors were noncommittal. The prior on Bg was a uniform distribution from 0.001 to 1.0.
The prior on 1 was a uniform distribution from 1x10° to 1x10°. The prior on B, was a uniform
distribution from 0 to 100. The precision prior was a gamma distribution with shape and scale
parameter set to 0.001. There were three MCMC (Markov chain Monte Carlo) runs with 500
burn-in steps and 500 adaption steps. We saved a total of 100,000 non-thinned points from the

chain.
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In order to calculate future temperatures the nests will experience we again used the
microclimate model in Niche Mapper™. We calculated the average belowground temperature
at a depth of 0.5 m (near the depth of a typical leatherback nest (Chan & Liew 1995, Godfrey &
Barreto 1996)) for both shaded and exposed nests during the nesting season plus 60 days (the

incubation time).

Results
Adult thermal effects

For internesting and foraging adults the average water temperature was 26.4 + 1.6 °C
and 13 + 4 °C, respectively, and the average foraging sighting temperature was 16 + 2 °C (Fig. 5).
We expected the sighting temperature to be warmer than the tracking temperature for any
region because the tracking temperatures include colder waters that the leatherback
encounters during dives. Combining this data with of RCP8.5 GCM data we find that by 2100,
the North Atlantic 16 °C isotherm (the location with the most foraging leatherback sightings)
will likely move approximately 3.5° north along the western Atlantic coast and 4.5° along the
eastern Atlantic coast (Fig. 6).

The two studies that measured internesting external and internal body temperatures
showed that leatherbacks maintain their body temperature 2.2 + 1.1 °C above ambient.
Inputting the internesting temperature difference into our biophysical/physiological model, we
found that under RCP8.5 West Papua leatherbacks experienced the largest increase in
internesting core temperatures at 3.4 °C. Gabon experienced the smallest increase between

current and future internesting core temperatures with an increase of 1.8 °C. Under RCP2.6
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there was a small decrease in core temperature between Gabon and West Papua leatherbacks
and a slight increase in core temperature in French Guiana leatherbacks (Table 3).

The typical results from the transient model showed the core body temperature
increased during all stages except oviposition (e.g. Fig 7.). During oviposition, a leatherback
reduces its metabolic rate by an order of magnitude when compared to crawling and
covering/digging (Lutcavage et al. 1990, Paladino et al. 1990, 1996). At the point of oviposition
we calculated that the turtle had heated to between 1.4 to 3.1 °C above water temperature,
which is in agreement with measurements made by Mrosovsky and Pritchard (1971) (2.3 to 3.0
°C no CCLs given). Comparing present conditions to 2100 conditions under RCP8.5, all
leatherbacks experienced most of their increase in core body temperature while in the water.
Almost all of the French Guiana leatherbacks’ core temperature increase happened during the
internesting period. West Papua leatherbacks experienced a substantial increase during
nesting but still less than during internesting (Fig. 8). Under RCP8.5 the larger leatherback in
West Papua had the highest core temperature (37.2 °C) while the smaller leatherback at the
same location had the greatest increase in core temperature over present (4.6 °C) (Table 4).

None of the future internesting or nesting body temperatures were above the
presumed leatherback critical thermal maximum (CTM) (40 °C) (Spotila et al. 1997). This result,
however, is not a guarantee of persistence in these regions (see discussion).

Incubation thermal effects

The Bayesian regression achieved a good fit with a narrow 95 % HDI (Fig. 9). The future

posterior distributions (Fig. 10 and 11) for projected belowground temperatures showed some

consistent trends. Shaded nests always had higher credible seasonal average success values
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than exposed nests. There was generally a small difference between present and RCP2.6
credible seasonal average success values. The exception to this finding is the exposed Gabon
nests. For exposed nests under RCP8.5 in all three locations zero was a credible seasonal
average success value. In general, nests in Gabon and West Papua are more at risk of having

low credible seasonal average success values.

Discussion
Adult thermal effects

The adult leatherback biophysical/physiological models suggest it is possible but unlikely
that thermal distress will make the equatorial region inaccessible. The maximum steady state
core temperature was 36.0 °C in West Papua. This temperature was below the presumed CTM
of 40 °C. This adult CTM value is, however, only an estimate and researchers have not explicitly
measured it. Secondly, while optimum temperature does correlate with CTM, exceeding other
lower temperature limits, such as pejus range (turning worse, progressively deleterious) or the
critical thermal minimum, does have a negative effect on fitness (Huey et al. 2012). Therefore,
results near the assumed CTM should raise concern. West Papua and Gabon under RCP8.5 were
also of concern because temperatures were above the 33.6 °C threshold where hatchlings
begin to experience uncoordinated movement (Drake & Spotila 2002). If adults do not have a
higher thermal tolerance than hatchlings, they will likely not nest in these regions.

Overheating during nesting is a greater concern than overheating while internesting.
The increased metabolic heat as well as the reduced convective cooling puts leatherbacks at

additional thermal risk. Our model under scenario RCP8.5 showed that large leatherbacks in
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West Papua were within 2.8 °C of their presumed CTM and those in Gabon were within 4.6 °C.
Under scenario RCP8.5, all leatherbacks in Gabon and West Papua were above 33.6 °C and
leatherbacks in French Guiana were only slightly below 33.6 °C.

While these results were concerning they indicated that leatherbacks could possibly
tolerate the projected warming even under "business as usual” scenarios. An important caveat
is that the longer a leatherback remains on land the more its temperature rises. Thus in cases
where nesting takes longer than our modeled 90 minutes, the leatherback will face an
increased threat from rising global temperatures.

Adult leatherback thermal distress experiments are excessively difficult as well as
unethical. Thus, the most appropriate tool for determining if leatherbacks will be in thermal
distress may be advanced thermal models. Like Bostrom and Jones (2007) and Paladino et al.
(1990), this paper used simple models to examine the relation between metabolic rate and
temperature difference. Leatherbacks, however, have a much more complex shape than a
cylinder or ellipsoid (i.e. lower volume to area ratio) and so have many more opportunities to
dissipate heat. In addition, their ability to shed heat both through their soft skin and flippers
(Greer et al. 1973, Spotila 2004) means they can likely maintain a lower thermal gradient than a
basic model can calculate. This paper used the calculated effective insulating layer thickness to
account for this complexity. Future models should attempt to incorporate the leatherback's
complex morphology and physiology. In addition to advanced modeling, we suggest an
increased focus on research of adult thermal tolerances through advanced trackers (measuring
both acceleration and sub-carapace temperature) and increased efforts to sustain leatherbacks

in captivity.
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Incubation thermal effects

Our analysis showed that while a scenario like RCP2.6 is of minimal concern, emissions
scenario RCP8.5 is a threat in all three regions but particularly West Papua. Our results for
shaded nests showed there are possible refuges from this increased heat. While the shaded
credible seasonal average success values decrease from present values, a zero success value
was not credible. However, while vegetation may provide shade refuges, it also may pose risks.
For example, if the hatchlings emerge in dense vegetation they are unable to visually orient
themselves toward the ocean (Kamel & Mrosovsky 2004).

The excavation and frenzy period is another point where elevated temperature may
have deleterious effects. Increased nest temperatures can elevate hatchling temperatures and
change sand properties possibly forming a surface thermal barrier (J. Wyneken, pers. comm.).
With a CTM of 40.2 °C and uncoordinated movement beginning at 33.6 °C it is unsafe for
hatchlings to emerge from the nest if the sand surface temperature is over 36 °C (Drake &
Spotila 2002). Under RCP8.5, exposed nests in West Papua on average will already be above the
temperature that causes uncoordinated movement.

In addition to reduced hatchling success rates, skewed sex ratios are also a threat to
leatherbacks as they are a temperature-dependant sex determination species. There are five
studies in the literature that measured and report leatherback sex ratios under different
temperatures. One study uses natural nests and records sand temperatures but does not
report success (Godfrey & Barreto 1996). Thus, we cannot scale this data to correct for
metabolic heating. Another study examined Malaysian clutches in incubators (Chan & Liew

1995). All their clutches were all one sex with 27.3 °C being the hottest all male clutch and 28.4
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°C being the coolest all female clutch (which had a very small sample size (n=5)). Chevalier et
al. (1999) conducted a maximum likelihood analysis with the data from the other three studies.
For a Pacific population nesting in Costa Rica, 28.8 °C and 30.0 °C are the temperature cutoffs
for five percent and 95 percent female hatchlings, respectively. For an Atlantic population
nesting in French Guiana, 29.2 °C and 29.8 °C are the temperature cutoffs for five percent and
95 percent female hatchlings, respectively. For our simulations, all 2100 RCP8.5 exposed
clutches were above 30.0 °C, along with West Papua shaded clutches, and 2100 RCP2.6 Gabon
exposed clutches. The only clutch in between the two different 95 percent female cutoffs was
2100 Gabon RCP8.5 shaded. We reiterate that our temperatures were the ground temperature
at the location of the clutch (i.e. no egg metabolic heating) and that the metabolic heat of the
clutch raises the temperature approximately 0.7 °C (Patino-Martinez et al. 2012).

Despite the relative accessibility of nests compared to adults, questions remain about
the aggregate effect of abiotic factors on the internal clutch temperature. Santidrian Tomillo et
al. stastically examined the aggregate effect of precipitation and atmospheric temperature on
hatchling success in northwest Costa Rica ( 2012). Although not directly comparable to our
results, their projections show similar decreases in hatchling success under a global warming
scenario analogue to RCP8.5. However, as most of these abiotic effects are understood in
isolation (i.e. evaporative cooling, conduction, etc.) numerical models may be able to sum the
effects of a suite of abiotic factors and estimate the clutch temperatures under differing

conditions.

Conclusion
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We demonstrated that the incubation phase in the leatherback life cycle is the most
vulnerable to temperature increases. Since the internesting steady state core temperatures
were below the CTM the adults will not definitively diverge from the equatorial region;
however, temperatures high enough to possibly induce uncoordinated movement may force
them to leave some regions. The transient model showed that nesting leatherback core
temperatures will not rise above the CTM, but will come dangerously close.

Managers and conservationists should investigate the possibilities of constructing shade
devices out of local, biodegradable materials that will not disorient hatchlings and deploying
them over nests on beaches. Patino-Martinez et al. have already used shading techniques to
incress the percentage of males and overall hatchling success (Patino-Martinez et al. 2012).
Also managers may consider beginning public awareness campaigns in regions traditionally
cooler than current nesting locations as leatherback nesting may shift to those regions in the

future.
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Fig. 1. A schematic diagram of the physiological model. A steady state model uses core
temperatures, water temperatures, field metabolic rates (FMR), an ellipsoidal geometry, and
conduction and convection coefficients to establish a minimum effective insulating layer
thickness. The insulating layer thickness, the abiotic conditions, the same ellipsoidal geometry,
the metabolic rates for different nesting phases (i.e. crawling, covering, laying, etc.), and the
conduction and convection coefficients are the inputs for a transient, nesting leatherback
model. We use both of these models to predict current and future core body temperatures

during both terrestrial and marine parts of the nesting season.
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Fig. 2. We approximated the leatherback's body geometry as and ellipsoid. We based the
ellipsoid axes ratios on ratios taken from nine leatherback pictures (two examples shown in

figure). The leatherbacks weight sets the absolute size of the axes.
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Fig. 3. (A) A representation of the four thermal regions (core, insulating layer, air and ground)
that comprise the transient thermal model. (B) An equivalent circuit diagram for the nesting
leatherback transient model. The symbols are as follows: Metabolic heat (Q., [W]), respiratory
heat loss (Q, [W]), core body temperature (T; [°C]), core body heat capacitance (C. [J/K]), shell
thermal resistance (R [K/W]), plastron thermal resistance (R, [K/W]), inner shell temperature
(Ts [°C]), inner plastron temperature (T, [°C]), shell heat capacitance (Cs [J/K]), plastron heat
capacitance (Cp [J/K]), outer skin temperature (T, [°C]), ground temperature (T, [°C]), radiative
resistance (R, [K/W]), convective resistance (R¢ [K/W]), sky radiative temperature (T, [°C]), and
air temperature (T, [°C]). Since most leatherbacks nest at night, the model did not include solar
radiation. The initial temperatures were the steady state temperatures from a swimming

turtle.
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Table 1. The additional data necessary for the steady state and/or transient model. This data
was in addition to present and future climatic data for the three locations. Values with multiple

citations indicate an average from several sources weighted by number of measurements.

Parameter Value Units Reference
James M., Mar Ecol Prog Ser, 337.
Mass 197.4 - 593.2 kg 2007
Same as 35 ppt 20 °C seawater.
; Shargawy M., Desalination and
Tissue density 1025| kg/m [Water Treatment, 2010
Length to width to height
ratio 1.000:0.830:0.425 Various images
Bostrom B., Comp Biochem Physiol
Specific heat of tissue 3750| J/kg/K |[A, 147:2.2007
Minard D., Physiological and
Behavioral
Specific heat of blubber 1880| J/kg/K [Temperature Regulation. 1970
Carr A., American Museum
Crawl up time 180 S Noviates. 1959
Carr A., American Museum
Dig time 1320 S Noviates. 1959
Carr A., American Museum
Lay time 900 S Noviates. 1959
Carr A., American Museum
Cover time 2700 S Noviates. 1959
Carr A., American Museum
Crawl time 480 S Noviates. 1959
Carr A., American Museum
Total time 5580 s Noviates. 1959
Paladino F., Chelonian Conserv Bi,
2:2.1996
Metabolism crawling 1.045( W/kg |Paladino F., Nature, 344. 1990
Metabolism digging or
covering 1.381f W/kg |Paladino F., Nature, 344. 1990
Paladino F., Chelonian Conserv Bi,
2:2.1996
Luctcavage M., Physiol Zool, 63:5.
Metabolism laying 0.148] W/kg [1990
Metabolism swimming 0.395| W/kg [Wallace B., J Exp Zool, 208:20. 2005
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Ventilation frequency

Paladino F., Chelonian Conserv Bi,

active 0.083| 1/s [2:2.1996
Ventilation frequency Paladino F., Chelonian Conserv Bi,
laying 0.065| 1/s [2:2.1996

5 Paladino F., Chelonian Conserv Bi,
Tidal volume active 0.00412-0.01240f m 2:2. 1996

s Paladino F., Chelonian Conserv Bi,
Tidal volume laying 0.00150- 0.00450f m 2:2. 1996
Effective insulating layer
thickness 0.0087 - 0.0127 m First stage of model
Blubber Conductance 0.25| W/K/m [Bostrom B., PLoS ONE, 5:11. 2010
Swim speed 0.7 m/s |[EckertS., J Exp Biol, 205. 2002




Table 2. The inputs for the Niche Mapper™ microclimate model.

Parameter Value Units
Surface roughness 0.0001 m
Soil thermal conductivity 3.0 W/m °C
Soil reflectivity 0.3 Fraction
Soil density 1922 kg/m3
Soil specific heat 1830 J/kg K
Soil IR emissivity 0.76 Fraction
Cloud cover 0.0 Fraction
Fraction shade 0-1 Fraction
Relative humadity 0.8 Fraction
Wind speed 1.0 m/s
Temperature Varies °C

30
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Fig. 4. A representation of the likelihood function used in the hatchling success vs. temperature

Bayesian regression. The function is a logistic curve about which the data is normally

distributed. The numbers are for demonstration and not actual data.
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Fig. 5. The ambient water temperature leatherbacks experience while in their foraging (three
articles for tracking and three for sighting) and nesting waters (nine articles). The white bars
are from attached data loggers or direct water measurement during a leatherback encounter.
The gray foraging bar represents average water temperature from public and fishermen
sightings. We combined data for foraging with trackers (Goff & Lien 1988, James & Mrosovsky
2004, James, Davenport, et al. 2006), foraging sightings (McMahon & Hays 2006, James,
Sherrill-Mix, et al. 2006, James et al. 2007), and internesting (Southwood et al. 1999, 2005,
James, Davenport, et al. 2006, Sherrill-Mix et al. 2007, Shillinger et al. 2008, Fossette et al.
2009, Lépez-Mendilaharsu et al. 2009, Casey et al. 2010, Witt et al. 2011) into averages

weighted by number of turtles counted or tagged.
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Fig. 6. The boundary between black and white is the 16 °C isotherm for the most active
foraging month in the North Atlantic. A value of 16 °C is the most common water temperature
for leatherback sightings in the North Atlantic. The line moves approximately 3.5° north along

the western Atlantic coast and 4.5 ° along the eastern Atlantic coast.
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Table 3. The current and future internesting core body temperature for two sizes based on
curved carapace length (CCL) of leatherback sea turtles at three locations under two different
emissions scenarios. RCP8.5 is the "business as usual" pathway while RCP2.6 is a mitigation

scenario aimed at limiting the global increase in temperature to 2 °C.

Turtle Core Temperature [°C]
Location CCL[cm]| Present | 2100 RCP2.6 |2100 RCP8.5
Gabon 172 32.3 31.9 34.1
Gabon 125 30.9 30.6 32.7
West Papua 172 32.6 32.4 36.0
West Papua 125 31.2 31.1 34.6
French Guiana 172 29.0 29.9 32.0
French Guiana 125 27.7 28.6 30.7
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Fig. 7. An example of a core temperature profile for a 172 cm curved carapace length (CCL)
Gabon leatherback under emission scenario RCP8.5. The vertical lines separate different
phases of the nesting process. These functions are exponential despite looking linear. They
appear linear owing to the large thermal inertia of the leatherback and the short time spent on

land.
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Fig. 8. The increase in leatherback body temperature during the nesting process between
present and the emission scenario RCP8.5 for the year 2100. The vertical lines separate

different phases of the nesting process.
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Table 4. The maximum present nesting core body temperatures and 2100 nesting core body

temperatures of two sizes (curved carapace length (CCL)) of leatherback sea turtles at three

locations under two different emissions seniors.

Turtle Max Core Temperature [°C]
Location CCL[cm]| Present | 2100 RCP2.6 | 2100 RCP8.5

Gabon 172 33.2 33.1 35.4
Gabon 125 31.8 31.9 34.2
West Papua 172 33.1 334 37.2
West Papua 125 31.3 31.9 35.9
French Guiana 172 30.4 31.2 335
French Guiana 125 29.3 30.1 32.4
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Santidridan Tomillo et al. 2009, Patino-Martinez et al. 2012) with 95% HDIs (highest density

interval) overlaid at several temperature values. The hash marks in the middle of the HDI

vertical bars are the most credible success value for the given temperature. For each given

temperature, 95% of the credibility lies within the vertical line. Data is weighted by number of

nests, thus certain data points have more weight in the regression than others.
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Shaded Nests
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Fig. 10. The posterior distributions for the average temperature that shaded clutches will
experience at present and in year 2100 under two different emission scenarios. The most
credible values are the means of the distributions and the region above the black horizontal bar

denoting the 95% HDI (highest density interval) contains 95% of the credible values.
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Exposed Nests
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Fig. 11. The posterior distributions for the average temperature that exposed (i.e. not shaded)
clutches will experience at present and in year 2100 under two different emission scenarios.
The most credible values are the means of the distributions and the region above the black
horizontal bar denoting the 95% HDI (highest density interval) contains 95% of the credible

values.
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Abstract

Animal momentum and heat transfer analysis has historically used direct animal measurements
or approximations to calculate drag and heat transfer coefficients. Research can now use
modern 3-D rendering and computational fluid dynamics software to simulate animal-fluid
interactions. Key questions are the level of agreement between simulations and experiments
and how superior they are to classical approximations. In this paper we compared
experimental and simulated heat transfer and drag calculations on a scale model solid
aluminum African elephant casting. We found good agreement between experimental and
simulated data and large differences from classical approximations. We used the simulation

results to calculate coefficients for heat transfer and drag of the elephant geometry.

Introduction
Traditionally, animal momentum and heat transfer analysis made approximations of
animal geometries. The simplest of these approximations is a sphere. In this paper we merged

modern 3-D digital art and techniques from heat transfer analysis. We compared momentum
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and heat balance experiments on a solid metal elephant scale model to computational fluid
dynamics (CFD) simulations and classical spherical calculations. As this class of CFD software is
developed, tested and optimized for industrial applications, a key question is how closely do
simulations and experiments agree when geometries are biological?

Researchers often require the heat transfer coefficient (h.) to aid in calculating an
animal's energy needs, mechanistically model an animal's distribution, or investigate basic
physiological aspects of heat transfer (Porter & Budaraju 2000, Tieleman et al. 2003, Natori &
Porter 2007). For aquatic and in-flight aerial species the above calculations also require drag
(Bullen & McKenzie 2007). Traditional methods for finding these values fall into three
categories. First, direct measurements made using live animals. This method involves training
live animals to fly in wind tunnels or swim in flumes to measure drag force and thermal
gradients. Tethers or pressure sensors measure the force (Usherwood 2003, Blake & Chan
2007) while temperature sensors measure thermal gradients (Tieleman et al. 2003, Marom et
al. 2006). There are alternative, noncontact, direct measurement techniques such as visualizing
particle flows around the animal and using image capture software to calculate force (Drucker
and Lauder '99), using cameras to see reference point movements (Skrovan et al. '99; Tobalske,
Peacock, and Dial '99) or using thermal cameras to measure temperature profiles (Ward et al.
'99). Second, measurements made using dead animals or castings (Dear et al. '97). This
method places a dead animal in a moving fluid or drags it through a still fluid to approximate
drag (Stephenson et al. '89). Third, models requiring these coefficients will often reduce the
animal to a basic shape (sphere or cylinder) (Porter, Munger, and Stewart '94) or a combination

of basic shapes (Natori & Porter 2007).
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The advantage of using live animals is that it preserves most of the complex, natural
environment interactions between the animal and the fluid (air or water). The disadvantages
are the handling time, logistics of conducting live animal studies, size limitations on specimens,
and inability to separate local fluid interactions. Using dead animals or castings is a simpler
experiment, but loses some of the movement causing the most complex fluid-animal
interactions. Models using simple shape approximations are quick; however, they lose the
complex interactions between the animal and the fluid.

To capture some of the complex fluid interactions lost in dead animal, casting, and
modeled measurements, researchers are beginning to use CFD programs. These simulations
sometimes use simplified geometries (Sachs 2007, Hazekamp et al. 2009) or model part of an
animal (Pavlov et al. 2007, Weber et al. 2009). Some, however, model a complete animal
(Pavlov & Rashad 2012). To date none of these CFD models simulate terrestrial species and
none calculate heat transfer coefficients.

Here, we used a commercial CFD package (ANSYS®, Release 14.0) to calculate the heat
transfer coefficient and drag for a scale model African elephant aluminum casting, verify the
simulation with wind tunnel experiments, and compare our simulation results to the classical
spherical approximation. This simulation method keeps much of the complex fluid interactions,
has no size limitations, permits analysis of local contributions to drag and the heat transfer
coefficient, does not require a casting, and allows rapid and flexible data collection. If shown
accurate, this experimental method has the promise to save researchers a great deal of time

and expense.
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Materials and Methods
Wind tunnel drag

We constructed a solid aluminum elephant in a walking posture from a wax, scale model
sculpture using the lost wax process (Porter et al. '73) (table 1 details casting physical
parameters and other experimental parameters). We connected the elephant's posterior to a
sting balance via a 0.27 m long, 0.5 cm diameter metal rod. We placed each of its feet on a ball
bearing recessed in a machined cavity in a solid Plexiglas sheet. The Plexiglas sheet had a knife
edge at the top of the front end. The feet were flush with the sheet surface but on a movable
ball bearing in each of four channels (Fig. 1). We mounted the 4.8 cm thick Plexiglas sheet on
four posts bolted to the floor of the wind tunnel. The recirculating wind tunnel had a 0.9 x 1.2 x
1.84 m working section (Fig. 1). We measured the drag for set headwind velocities of 5 m/s to
25 m/sin 5 m/s increments. The wind tunnel does not stabilize at the exact set velocities, thus
actual recorded velocities are different for set velocities. We averaged the drag force over a 13
s run for each air speed with measurements taken every 0.125 s.

Wind tunnel heat transfer coefficient, h..

We fitted the same aluminum elephant model with four copper-constantan
thermocouples on the belly, on the left mid lateral portion of the body, centered behind the left
ear and centered on the back (Fig. 2). We used a high intensity heat lamp to heat the elephant
to approximately 30 °C above air temperature. We turned off the lamp before sealing the wind
tunnel and beginning the experiment. We waited for the wind tunnel flow to stabilize before
taking measurements. We reheated the elephant before the third (15.2 m/s) run. Given these

methods, the initial, elephant temperature was not constant across runs. We measured the
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transient cooling for each run (Fig. 3). As the velocity of the wind increased, there was an

increase in the ambient wind tunnel temperature likely owing to fan waste heat. We measured

the temperature change over a 150 s run for each air speed with measurements taken every

0.125s. Using Equation 1, we did a least squares fit using the casting temperature, initial and

current air temperature at each time point to find the heat transfer coefficient at each wind

speed (Wathen, Mitchell, and Porter '71).

tn (e = —
Ti-Tq

T.: Elephant casting temperature at any instant
Ti: Initial casting temperature

T,: Air temperature

h.: Heat transfer coefficient

A;: Casting surface area

Cp: Specific heat of the aluminum casting

me: Elephant casting mass

t: Time

Simulation

hcAs t

(1)

CpeMe

We used a NextEngine Multidrive 3-D laser scanner to scan the 3-D elephant model

with millimeter precision to create a triangular mesh. We imported the 3-D mesh from the

scanner into Rhinoceros v.4 software to convert the mesh to a non-uniform rational B-spline

(NURBS) format. Computational fluid dynamics meshing requires this format. We imported the
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3D NURBS image into ANSYS DesignModeler and enclosed it in a virtual box with a 0.5 meter
buffer on each side except where the elephant's feet touched the floor. We imported the box
into ANSYS Meshing and meshed the fluid zone with approximately equal parts 4-node
tetrahedral and 6-node wedge elements and a few 5-node pyramid elements. We useda 1 cm,
16 layer inflation boundary around the elephant (Fig. 4). The mesh consisted of approximately
1,260,000 elements. We ran simulations for drag and heat transfer with both a headwind and a
crosswind from the left at each wind tunnel speed (previous experiments show heat transfer's
low sensitivity to wind direction (Wu & Gebremedhin 2001) and we wanted to verify this
result). This combination gave us a total of 20 simulations. For each simulation we set the
inlet velocity to the velocity measured in that wind tunnel run, the outlet to zero pressure and
the other four boundaries to walls. We set the inlet flow to low turbulence (1%). We set
physical conditions (i.e., air temperature, air dynamic viscosity, air density, air thermal
conductivity, air specific heat and casting temperature) to match the values from each wind
tunnel experiment. These values changed because of the increasing waste heat from the fans.
We ran the steady state simulations in ANSYS Fluent using the k-w shear stress transport (SST)
and energy transfer model. We calculated drag and the heat transfer coefficient in ANSYS CFD

Post.

Results
Figure 5 shows a contour map of the pressure for the fifth, (25.1 m/s) headwind, drag

simulation. The largest contribution to the drag was from the front face owing to pressure
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drag. There were low pressure sections on the side of the legs and around the edges of the
ears.

Figure 6 shows the simulated, experimental, and sphere drag force vs. air speed. The
headwind simulation and experimental data were in good agreement, both sphere sets had
much lower values, and the crosswind drag was the highest. The largest difference was during
the second run (10.1 m/s) while the smallest difference was during the final run (25.1 m/s). As
we were attempting to determine the predictive power of this method without feedback from
experimental data, we made no attempt to fine tune constants (viscosity or density of air) in
this simulation to better match the data. Using Equation 2 with A defined as the projected
frontal area, the drag coefficients for a headwind and crosswind calculated from the simulation
were 0.73 + 0.02 and 0.80 + 0.04 respectively. These drag coefficients mean that, depending on
its angle to the wind, an elephant would have between 34 - 74% more drag than the spherical
approximation would assume. For 3 x 10° < Re < 1.8 x 10°, the drag coefficient for a sphere is

0.469 + 0.003 (Haider & Levenspiel 1989).

F

Cp=r—o—
P 345U

(2)

Cp: Drag coefficient

F: Drag force

Agss: Projected frontal or side area
U: Air speed

P (rho): Air density
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Figure 7 shows a contour map of the aluminum elephant heat flux for the fifth, (24.9
m/s), headwind, heat transfer run. The highest heat transfer was in the trunk and tusk tips,
followed by the legs and ear edges. Figure 8 shows the same run with streamlines on the ears
and left foreleg as well as a turbulence field. The figure shows the high velocity around the ear
tips and the turbulence in the low heat transfer regions behind the ears and legs. The
streamlines show that there was air flow off the chest which passed behind the ear. Figure 9
shows the experimental and simulated data for the heat transfer coefficient. There was good
agreement at three velocities but the experimental data was lower than the calculations for the
third (15.2 m/s) and final (24.9 m/s) runs. In these the sphere matched better. This simulation
data allowed us to calculate the regression coefficients, a and b, in the heat transfer coefficient
equation (Equation 3). For the headwind b was 0.723 + 0.004 and g was 0.101 + 0.005, while
for the crosswind b was 0.71 + 0.03 and g was 0.11 + 0.04. For a sphere bis 0.6 and a is 0.37
(Mcadams 1954). As expected, these coefficients and figure 9 show little difference between

crosswind and headwind heat transfer coefficients.

he =%eq (222)" e

h.: Heat transfer coefficient

k,: Thermal conductivity of the air

L: Characteristic length (cube root of volume)
Pq (rho): Air density

U: Air speed



56

Ua (mu): Dynamic viscosity of the air
The Nusselt-Reynolds correlation makes the heat transfer coefficient equation more compact,
Nu = aRe®, where Nu = h.L/k (Bird et al. 2002).

Figure 10 shows the percentage difference between the heat transfer coefficient for a
3.5 m tall elephant and a sphere of equivalent volume. At wind speeds as low as 2 m/s the
sphere was already off by 15%. Towards higher wind speeds which elephants may experience

(Garstang et al. 1995), the difference reached 33%.

Discussion

With a few exceptions, we had good agreement between experiment and simulation.
At low air speed, the experimental drag force did not follow the expected curve. Reduced
precision of the sting balance at low forces may have caused this difference. There was the
possibility that a transition to turbulence reduces the drag between the first (5.2 m/s) and
second (10.1 m/s) runs. While the Reynolds numbers for the first and second runs were in the
range of turbulent transitions (Re = 100000 (Kreith 1968)), the simulation was accounting for
turbulence and should capture any transitions, therefore we think a transition is unlikely. In the
higher numbers we could possibly achieve better agreement with slight changes to either the
air density or viscosity; however, we did not attempt these changes as our goal is to test the
predictive power of the simulation without reference to a model.

The heat transfer coefficient was in good agreement with the experimental data. The
model's low initial temperature at the third (15.2 m/s) and final (24.9 m/s) air speed (Fig. 2)

may have caused the low heat transfer coefficient. We also think that these experimental
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values are incorrect as they were lower than a sphere of the same volume. This lower value
was unreasonable given the more elaborate surface of the elephant. At temperatures that
close to ambient, the model may have not had a high enough thermal gradient for an accurate
heat transfer coefficient measurement. Nevertheless, the trend between experimental and
simulated data is consistent.

We need to improve the simulation in several ways to successfully model an actual
animal. First, and most easily, the simulation will need a surface roughness parameter input to
Fluent. This parameter allows Fluent to account for the additional turbulence effects from
surface roughness. Roughness data is accessible on preserved animal skins. Second, we will
need to divide the animal model into different thermal conductivity regions. The need for this
division is evident from the large heat loss from the elephant tusk, where an actual elephant
tusk will have much less heat transfer. Conversely, elephants can control the perfused blood to
their pinna resulting in higher or lower heat transfer coefficients than the animal body (Wright
'84; Williams '90). The final and most difficult addition to the simulation is movement.
Considering the elephant, Fluent could simulate the additional fluid movement from
thermoregulatory ear flapping which can substantially increase heat loss (Phillips and Heath
'92). The ability to incorporate movement could also allow calculations on thrust and lift from
aquatic and flying animals.

Researchers need biophysical parameters to compose models of animals in their
environment. Given these parameters and the abiotic conditions of a habitat, researchers can
construct models to predicted animal persistence, behavior, fitness, etc. These models are

important guides for conservation (Porter et al. 2006, Kearney et al. 2008) as well as agriculture
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practices (Parsons & Armstrong 2001, Souto et al. 2011). This paper's initial verification of
Fluent's ability to correctly simulate complicated biological geometries is a first step towards
using the thermal and momentum capabilities of ANSYS Fluent (or equivalent software) to
model actual animals. Researchers could use these models to extract important physical
coefficients without the need for live specimens. This method promises to save researchers
time and expense as well as serve as a highly adaptable tool to calculate many biophysical

parameters of organisms.
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We set the parameters to match those

experienced in the wind tunnel experiments. The ranges are for parameters which changed

from run to run owing to the waste heat from the wind tunnel fan.

Parameter Symbol Value Units
[Elephant Casting Mass m, 35 kg
Frontal Area Aq 0.0147 m?
Side Area A, 0.0326 m?
Characteristic Length L 0.111 m
Density P 2560 kg/m3
Specific Heat Coe 902 J/kg/K
Thermal conductivity &, 202.4 W/m/K
Air Density P, 1.137-1.161 kg/m3
Specific Heat Cpa 1007.8 - 1008.0 J/kg/K
Thermal Conductivity — k, 0.02583-0.02591 W/m/K
Dynamic viscosity p, 1.821x10°-1.835x 10° kg/m/s
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Fig.1. (Top) The solid aluminum elephant casting connected to a sting balance and placed on
four ball bearings in recessed cavities in a solid Plexiglas sheet with a knife edge front end.
(Bottom) The 4.8 cm thick Plexiglas sheet mounted on four posts bolted to the floor of the

recirculating wind tunnel with a 0.9 x 1.2 x 1.84 m working section.
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Fig.2. The location of the four thermocouples on the elephant. The thermocouples are
represented by spheres for purposes of this figure. We placed the thermocouples on the belly,

left mid lateral portion of the body, center back of the left ear and center back.
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Fig.3. The initial elephant, final elephant, and ambient air temperature for the five wind tunnel
runs. The slight increase in ambient air temperature was likely due to waste heat from the wind
tunnel fan. This temperature increase as well as other air properties (density, viscosity, thermal
conductivity, and specific heat) were all matched between each simulation and experimental
run. We used a heat lamp to heat the casting while the wind tunnel was shut down. We turned
off the heat lamp before sealing the wind tunnel. We heated the model before the 3.6 m/s run
and again after the 15.2 m/s run. Four thermocouples on the model measured the
temperature and the graph presents the averages of these measurements with standard
deviations. The low temperature difference between the elephant and ambient air may have
affected the accuracy of the heat transfer coefficient calculation from the 15.2 m/s and 24.9

m/s runs.
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Fig.4. (A) The meshing of the fluid space around the elephant. Meshing was approximately
equal parts 4-node tetrahedral and 6-node wedge elements with a few 5-node pyramid
elements with an inflation layer in the boundary region around the elephant. (B) The mesh size
was sensitive to curvature to achieve a high quality mesh around regions such as the elephant’s
ear. This figure shows a close up of the inflation layer near the elephants ear. The inflation

region had 16 layers and a maximum height of 1 cm.
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Fig.5. A contour map of the pressure on the elephant in a 25.1 m/s headwind. There was high
pressure on the front face and a region of low pressure behind the ears. Both scale bars are

0.10 m long.
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Fig.6. Experimental vs. simulated drag data. Poor agreement at the lower speeds was likely

due to low precision of the sting balance at low loads. The drag coefficient from the simulated

data was 0.73 £ 0.02 for a headwind and 0.80 + 0.04 for a cross wind. We used the front and

side projected area in the headwind and crosswind calculations respectively.
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Fig.7. A contour map of the heat flux for an elephant in a 24.9 m/s headwind. The regions of
highest heat transfer were the trunk and tips of the tusks followed by the legs and ear tips.
Future simulations will isolate low or highly conductive regions to more accurately model the

animal. Both scale bars are 0.1 m.
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Fig.8. A contour map of the heat flux for an elephant in a 24.9 m/s headwind with streamlines
around the ears and left foreleg. Regions of higher turbulence were in blue. There were

regions of higher turbulence behind the legs and ears where there is low heat transfer.
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Fig.9. The experimental vs. simulated heat transfer coefficient, h., data. There was good
agreement for three values when there was a high temperature difference between the model
and the ambient temperature (Fig. 3), but when the elephant was cooler there was not as good
agreement. The heat transfer coefficient regression coefficients (Equation 3) from the
simulated data were b = 0.705 + 0.013 and a = 0.118 + 0.018 for a head wind and b = 0.71 *

0.03and a =0.11 + 0.04 for a crosswind.
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Fig.10. The percentage difference between the heat transfer coefficient for a 3.5 m tall
elephant and a sphere of equivalent volume. At wind speeds less than 2 m/s the sphere was
off by as much as 15%. Towards higher wind speeds elephants may experience, the difference
reached 33%. This graph is the absolute percentage difference, thus below 0.5 m/s the sphere

cools faster than the elephant, while the elephant cools faster at all wind speeds above 0.5 m/s.
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Abstract

As global temperatures increase throughout the coming decades, species ranges will shift. New
combinations of abiotic conditions will make predicting these range shifts difficult. Biophysical
mechanistic niche modeling places bounds on an animal's niche through analyzing the animals
physical interactions with the environment. Biophysical mechanistic niche modeling is flexible
enough to accommodate these new combinations of abiotic conditions. However, this
approach is difficult to implement for aquatic species because of complex interactions between
thrust, metabolic rate and heat transfer. We use modern computational fluid dynamic
techniques to overcome these difficulties. We model the complex 3D motion of a swimming
neonate and juvenile leatherback sea turtle to find power and heat transfer rates during the
stroke. We combine the results from these simulations and a numerical model to accurately

predict the core temperature of a swimming leatherback. These results are the first steps in
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developing a highly accurate mechanistic niche model, which can assists paleontologist in in
understanding biogeographic shifts as well as aid contemporary species managers about

potential range shifts over the coming decades.

Introduction

Ecological niche modeling analyses a set of environmental conditions in a location to
deterring likelihood or possibility of a species persistence. It is an important tool to answer the
fundamental question of where a species can exist. Throughout the next century, climate
change will likely shift many species' ranges (Parmesan & Yohe 2003). In addition to causing
these range shifts, climate change makes predicting species future ranges difficult because it
introduces regionally novel sets of abiotic conditions. With these novel circumstances, forming
an empirical niche map (based on species presence/absence data and a statistical model)
requires complex statistical methods and may still be inappropriate or inaccurate (Dormann
2007, Phillips et al. 2008). Under climate change conditions, a more appropriate niche mapping
approach may be mapping the fundamental niche (Hutchinson 1957) using a biophysical
mechanistic niche model. A biophysical model permits any combination of abiotic conditions,
novel or otherwise, provided the model can accurately represent how they affect the organism
(Kearney & Porter 2009).

While the biophysical niche model approach is successful with terrestrial animals
(Kearney et al. 2008, Porter & Kearney 2009), it is more difficult to implement with aquatic
organisms. The main reason for this difficulty is the strong links among heat transfer, metabolic

rate and aquatic motion (Boisclair & Tang 1993), and the difficulty in measuring each of these.
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First, while it is possible to measure metabolic rate for some aquatic animals (smaller tractable
species), it is difficult or impossible to measure it for others (large species that do poorly in
captivity). Second, the complex interaction between thrust and drag on a deforming body
makes it difficult to quantify a moving animal's useful work (Schultz & Webb 2002). Finally,
determining how rapidly a self-propelling, aquatic organism loses metabolic waste heat further
complicates making a biophysical niche map.

Many methods attempt to address some of these difficulties. Trained live animals can
fly/swim in a wind tunnel/flume or while tethered. The animals may wear pressure sensors
(Usherwood 2003, Blake & Chan 2007) or temperature sensors (Tieleman et al. 2003, Marom et
al. 2006). There are also non-contact methods such as filming particle flow around an animal
and calculating force with software (Drucker & Lauder 1999), using cameras to measure
reference point movement (Skrovan et al. 1999, Tobalske et al. 1999), or using thermal cameras
to measure temperature profiles (not possible for aquatic animals) (Ward et al. 1999). In
addition to logistical and ethical consideration of live animal trials, all these methods have
limited resolution and cannot decouple thrust and drag.

Modern computational fluid dynamics (CFD) can address many live animal experiments'
shortfalls while giving biophysical niche models necessary information to make accurate
predictions. CFD is now capable of simulating drag (Pavlov & Rashad 2012) or heat transfer
(Dudley et al. 2013) of static animals and even thrust and power of undulating swimmers (Liu et
al. 1997). Here we use a novel CFD technique to not only measure the power and heat flux of
the 3D complex motion of a leatherback sea turtle (Dermochelys coriacea), but also to model

internal heat transfer accounting for complex physiological issues such as an insulating layer's
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varying thickness, vasoconstriction and dilation, and counter current heat exchangers. We
compare our results to tethered swimming neonate and juvenile turtles. Further, we show that,
by using only an allometric equation for resting metabolic rate (RMR) and the turtle's flipper
beat frequency, our methods can accurately predict the animal's core temperatures. To our
knowledge, this work is the first use of a 3D dynamic CFD simulation to accurately predict the

internal environment of an animal.

Methods
Neonate Experiments

Florida Atlantic University's Institutional Animal Care and Use Committee, Protocol A10-
18 approved work with live neonate turtles, which occurred under Florida marine turtle permit
073 to Jeanette Wyneken. For animal collection and captive care, please see Miller et al. 2009
and Jones et al. 2011 (Miller et al. 2009, Jones et al. 2011).

To measure thrust of the swimming neonates, we attached turtles (n=11) by tether to a
Futek® load cell (FUTEK Advanced Sensor Technology, INC. Irvine, CA USA, LSB200 JR S-Beam
load cell, range 0-10 g, 5 pt. calibration with resolution 0.03% of total range). The turtles swam
freely ina 35 cm X 35 cm X 35 cm (h, w, d) tank for 40 to 60 minutes with force recorded at 2.85
Hz. The tether ran through an eyelet just above the water surface (4cm) and attached to the
force balance above the tank. The tether and eyelet had the dual purpose of allowing the
turtles to swim or dive in any direction without hitting the tank walls and bottom while also
directing thrust in line with the compression/tension of the load cell. We recorded the turtles'

flipper motion using a high-speed camera (420 frames per second). The turtles' changes in
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swimming direction through the trials allowed us to capture stroke video from lateral, posterior
and anterior angles.
Neonate Simulations

Using commercial 3D rendering software (ZBrush™) we drew an anatomically realistic
leatherback neonate in non-uniform rational basis splines (NURBS) format (Fig. 1). The neonate
had a curved carapace length (CCL) of 7 cm and would weigh approximately 60 g (morphology
and summary data is in Table 1). We imported this NURBS model into ANSYS DesignModeler
(ANSYS®, Release 14.0) and enclosed one side of the model in a half cylinder, with the plane
dividing the cylinder in half also dividing the turtle along the sagittal plane. This half cylinder is
the fluid region surrounding the turtle. Enclosing only half the turtle and using a symmetry
boundary condition on the plane bisecting the turtle increases computational efficiency. The
enclosing half cylinder had front, side and back buffers of 0.2 m, 0.4 m and 0.5 m respectively
(Fig. 2). The half cylinder's total volume (total fluid domain) was 0.3 m*. We imported this
cylinder into ANSYS Meshing and meshed the entire fluid domain with 138,000 tetrahedral
elements (Fig. 3). We then imported this mesh into the CFD program ANSYS Fluent.

We analyzed frames from the high-speed video using Imagel version 1.46r analysis
software to measure the flipper motion. We wrote a supplemental program, which describes
the turtles' swimming motion we observed in the video. The flipper had four zones. The 14%
of the flipper closest to the shoulder was the transition zone from no motion to steady roll
(flipper moving dorsally to ventrally) and yaw (flipper moving posteriorly to anteriorly). The
next 22% of the flipper was the transition zone from steady roll and yaw to steady roll, yaw, and

pitch (flipper twisting). The next 21% of the flipper was a zone of constant roll, yaw, and pitch.
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The last 43% of the flipper was the transition zone from steady roll, yaw, and pitch to roll, yaw,
pitch, and bend (flexing of the flipper in the roll plane). The stroke had four phases. There was
a down stroke (0.384 s), a turn at the bottom (0.199 s), an up stroke (0.497 s), and a turn at the
top (0.163 s). To prevent discontinuities in the model's motion, each phase used 10% of its
time to transition from the last phase. Figure 4 shows the yaw, pitch, and roll rates of the
stroke.

The simulation used the k-w shear stress transport (SST) viscosity model with a zero
pressure inlet and outlet at the front and back of the turtle's half cylinder enclosure (i.e. no flow
velocity as the turtle in the experiment was tethered). The plane of the half cylinder, which
divided the turtle along the sagittal plane, had a symmetry boundary condition that reduced
computation time by using only the left half of the 3D symmetrical image. We set the time step
to 0.001 s and ran the simulation for 1442 time steps (one full period). We calculated the
turtle's average thrust by numerically integrating over each mesh node the instantaneous
thrust in the swimming direction (Eqg. 1) every 0.01 s and averaging those data over the entire

run. We compared it with the experimental neonate force data.

F, = [(P, + 1,)dAs + [(P, + T,)dA, (1)

F,: Instantaneous force in the swimming direction
P,: Pressure component in the swimming direction
T,: Shear stress component in the swimming direction

As: Flipper area
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Ay,: Body area
Literature Data

To assess the ability of our method to model heat production and flux, we conducted
four simulations to model turtles from Bostrom et al. (2010). They used a swallowed
thermometer pill to measure the core temperature of tethered swimming leatherbacks while
counting flipper stroke frequency and measuring ambient water temperature.

Juvenile Swimming Simulations

We drew an anatomically realistic juvenile leatherback in NURBS format using
commercial 3D design software (Mol) (Fig. 5). The juvenile had a curved carapace length (CCL)
of 72 cm and would weigh approximately 37 kg. We imported this NURBS model into ANSYS
DesignModeler and enclosed one side of the model in a half cylinder. The cylinder had front,
side and back buffers of 1.9 m, 1.9 m and 3.8 m respectively (Fig. 6). The half cylinder's total
volume was 60.3 m>. We imported this cylinder into ANSYS Meshing and meshed the entire
fluid domain with 195,000 tetrahedral elements (Fig. 7). We then imported this mesh in to
ANSYS Fluent.

We used the same supplemental program to describe the juvenile turtle's swimming
motion that we used for the neonate turtle. We analyzed frames from publicly available video
of leatherbacks freely swimming with Imagel to measure the flipper motion. The flipper had
the same four zones as the neonate. Again, the stroke had four phases. There was a down
stroke (32.3% of stroke period), a turn at the bottom and at the top of the stroke (17.0% of
stroke period for each), and an up stroke (33.7% of stroke period). To prevent discontinuities in

the motion, we programmed smooth transitions into the top and bottom phase. To correctly
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position the flipper, there was also a 0.5 s setup time. We used four of the flipper stroke
frequencies from Bostrom et al. (6, 19, 25, and 29 beats per minute) (2010). Figure 8 shows the
yaw, pitch, and roll rates of the stroke.

The simulation used the k-w SST model with a zero pressure inlet and outlet at the front
and back of the turtle's half cylinder enclosure (i.e. no flow velocity as the turtle in the
experiment was tethered). The plane dividing the turtle had a symmetry boundary condition.
We set the time step to 0.001 s and ran the simulation for one full period plus setup time. In all
analyses, we removed the initial 500 set-up steps. We calculated average thrust (Eq. 1), power
(Eq. 2), and flipper and body heat transfer coefficients (Eq 3.) by instantaneous numerical
integration over each mesh node every 0.01 seconds and averaging those data over the run. To
translate total work the turtle does on the water into expended energy, we used the aerobic

efficiency of tortoise muscle (35% (Woledge 1968)).

W = f((Pz + Tz) ' vz) + ((Px + Tx) ) vx) + ((Py +T3’) ' v)’) dAf (2)

W: The power the flipper puts into the water
P.xy: The z, x, or y pressure component

T,xy: The z, x, or y shear stress component
Voxy: The z, x, or y flipper velocity component

As: Flipper area
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%9 g4
p = LT (3)

h: Heat transfer coefficient
®q: Heat flux
T: Wall temperature
Te: Free stream temperature
A: Area
Juvenile Internal Conduction Simulations

Using literature information on insulating layer thickness, we drew an anatomically
realistic core region of the adult leatherback in NURBS format (Goff & Stenson 1988, Davenport
et al. 1990, 2009, Chang et al. 2003). We also included a countercurrent heat exchanger region
in the flipper (Fig. 9) (Greer et al. 1973). We set the insulating region density to that of blubber
(980 kg/m?) (Parry 1949). We set the density of the core region to make the overall turtle
neutrally buoyant (1035 kg/m?). This density is a reasonable number for a region comprised of
bone, muscle, and organ tissue. We set the insulating region's thermal conductivity to that of
blubber (0.280 W/m/K) (Kvadsheim et al. 1996) and the countercurrent heat exchanger region's
thermal conductivity to that of dead tissue (0.531 W/m/K) (no blood flow) (Cheng & Plewes
2002). We described the core region's thermal conductivity as a temperature dependent
function going from 0.531 W/m/K at 17 °C, to 0.622 W/m/K (conductivity of live muscle (Cheng
& Plewes 2002)) at 28 °C, and to 50 W/m/K (a very high value to prevent the buildup of hot
spots and unrealistic thermal gradients) at 47 °C. The actual value of the thermal conductivity

at 47 °C had very little effect on the core temperature (a quadrupling of the thermal
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conductivity results in an increase of less than 4% in the core temperature). This temperature
dependence allows the model to simulate vasoconstriction and vasodilation given cold or hot
temperatures. We set the insulating region's heat capacity to 2.94 x 103 J/kg/K based on an
average of lipid heat capacities (Cedeno et al. 2000) weighted by the lipid content of blubber
(Davenport et al. 1990) and water's heat capacity weighted by the water content of blubber
(33%) (Bagge et al. 2012). We set the heat capacity of the core region to that of live tissue (4.18
x 10° J/kg K) (Cheng & Plewes 2002). We used an allometric relation from Wallace & Jones (Eq.
4) to estimate the resting metabolic rate (RMR) for the juvenile turtle (Wallace & Jones 2008).
We scaled the RMR with core temperature based on a Boltzmann factor relation for reptiles
(Eg. 5) (Gillooly et al. 2001). We set the external flipper boundary and body boundary heat
transfer coefficients to those obtained from the swimming simulation. We ran the internal

simulations in ANSYS Fluent using its built in solid heat transfer capabilities.

M(T = 30°C) = 0.768m 0169 (4)

M(T=30°C): Metabolic rate at 30°C (W/kg)

m: mass (kg)

M~eE/KT (5)

M: Metabolic rate

E: Average activation energy (0.76 eV)
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K: Boltzmann's constant (8.617 x 10° eV/K)
T: Temperature

Core temperature of the simulated turtle varied based on region. From the simulations
we extracted the core region's minimum, maximum, and average temperatures. We also
extracted temperatures for which 87.5%, 75%, 25% and 12.5% of the turtle’s core volume was
beneath (in other words, the temperatures bounding the 50" and 75" percentiles). We
compared these temperatures to the measured internal temperatures for the live turtle in

Bostrom, Jones, Hastings, & Jones (Bostrom et al. 2010).

Results
Neonate

The neonate thrust profile shows positive and steadily rising thrust during the up and
down phases of the stroke with initial pulses of negative thrust during the top and bottom
phases (Fig. 10). Figure 11 shows the pressure profile during the stroke. Our simulated average
force was within a quarter of the standard deviation with the experimental force
measurements (Fig. 12).
Juvenile

The juvenile thrust has a similar profile to the neonate thrust (Fig. 13). Thereis a
gradual rise in positive force during the up and down phases and a sharp decrease in positive
force, going shortly negative, during the top and bottom phases. The power profile shows a
reasonable output with areas of positive thrust showing high power output (Fig. 14). As would

be expected, the higher the stroke frequency, the higher the force and power output. Figure 15
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shows the pressure profile during the stroke. In cooler waters, the metabolic cost of flipper
movement (work energy) is responsible for a substantial portion of the total metabolic rate. In
the warmest water, the work energy contributes little to the metabolic rate (Fig. 16).

As predicted, the swimming juvenile heat transfer coefficients are much higher for the
flippers than the body (Fig. 17). The body heat transfer coefficient stays relatively constant over
the stroke while the flipper's varies with phase. Figure 18 shows the higher heat flux on the
flipper than the body.

The internal conduction model shows high heat flux in the channels of the shell, high
heat flux around the neck and shoulders, moderate heat flux on the upper flipper, and low heat
flux on the flipper tips (Fig. 19). The internal temperature profile shows the center of the core
region was the hottest and that the temperature decreased outward with a particularly rapid
decrease towards the plastron (Fig. 20).

Our simulated data are in good agreement with the internal temperatures of the real
juvenile turtle (Bostrom et al. 2010). Temperatures for the three highest stroke frequencies are
within the temperature range containing 75% of the turtle's core volume. The 29 BPM turtle's

core temperature is slightly outside maximum simulated core temperature (Fig. 21).

Discussion

The agreement between the average simulated neonate thrust and the average
experimental neonate thrust gives us confidence that our methods can accurately model the
dynamics of a sea turtle stroke. While the simulation is not an exact representation of the live

turtle experiment, the differences are minimal. The main difference between our simulation
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and a live turtle is that we did not model the small translocations of the turtle’s body during the
stroke cycle. The agreement between our juvenile temperature simulations and the live
juvenile temperature records (Bostrom et al. 2010) gives us confidence that we can accurately
model the internal environment of a turtle, particularly in warmer waters. Warmer conditions
will be most important when considering climate change's effects on leatherback's tropical and
subtropical range. The temperatures from Bostrom, Jones, Hastings, & Jones contain more
variation than the single reported number represents (Bostrom et al. 2010). Examples of
variation are two runs with the same water temperature and flipper stroke frequency, which
had a 0.2 °C difference in core temperature, and there was a case where a higher stroke
frequency at the same water temperature resulted in a lower core temperature. The complex
nature of this system means that anomalies like these are all but inevitable, yet we are still able
to model this system accurately at temperatures important for implementing this method into
a mechanistic niche model.

As mentioned in the introduction, this method and results have important applications
in conservation. With these methods, we will be able to construct a highly accurate
mechanistic niche map of leatherback sea turtles and could potentially expand this capability to
other marine organisms. These maps will show managers the potential shifts in the ranges
under climate change conditions. Such information allows planning for future species
disappearances or appearances regionally based on abiotic conditions. As we integrate these
methods into mechanistic niche mapping, other research groups should consider adopting
more realistic animal geometries when considering animal-fluid interactions (Dudley et al.

2013).
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In addition to conservation, these methods and results have important applications in
the fields of physiology, biomechanics, fluid dynamics and engineering. There is much research
going into the biomechanics of animal flight and swimming (Weber et al. 2009). Our method of
3D, full motion animal CFD provides a novel robust tool to clarify many difficult problems. In
addition to animals that propel themselves through fluid, there is much research needed on
animals that actively cool themselves by manipulating the fluid around them (Wright 1984).
While CFD is used in understanding animal motion, currently, the only 3D, full animal motion
CFD we were able to find was a 3D model with 2D motion (Liu et al. 1997). The Liu et al.
simulation also used proprietary software (as opposed to our commercially available software)
and did not simulate heat transfer (1997). There is also active research and development on
submersibles and drones that mimic animal propulsion (sea turtle example: Low, Zhou, Ong, &
Yu, 2007). Our methods could help reduce costs and expedite development of these

technologies, which themselves could have important conservation applications.
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Figure 1. A 3D drawing of a neonate leatherback turtle
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Table 1. A summary table of turtle morphologies and average run outputs. HTC

is the heat transfer coefficient, and BPM is beats per minute.

Average| .
Surface Area| Volume | Mass Flipper HTC|Body HTC|Power
Turtle/Run ) 3 Thrust ) )

(m?) (m?) | (ke) (N) (W/Km?) [(W/KmT)| (W)

Neonate 0.014 [5.80x10°| 0.06 |4.88x10° NA NA NA
6 BPM 0.89 0.036 |36.9 | 0.060 464 260 0.043
19 BPM 0.89 0.036 |36.9| 0.832 775 303 0.371
25 BPM 0.89 0.036 |36.9| 1.540 952 305 0.904
29 BPM 0.89 0.036 |36.9| 2.070 1019 311 1.418
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Figure 2. The fluid volume that surrounds the moving, neonate turtle. The plane that divides
the turtle had a symmetry boundary condition. This allows for reduction by half the
computational fluid dynamics resource requirements.
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Figure 3. The mesh around the neonate model. A) The mesh seen from outside looking at the
symmetry plane. B) The mesh as seen from inside the fluid volume looking towards the
symmetry plane. C) The mesh on a plane bisecting the flipper at its midpoint.
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Figure 4. The angular velocities of the neonate flipper in the three movement planes as a
function of the stroke percentage completed.
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Figure 5. A 3D drawing of a juvenile leatherback turtle.
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Figure 6. The fluid volume that surrounds the moving, juvenile turtle. The plane that divides
the turtle had a symmetry boundary condition.
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Figure 7. The mesh around the Juvenile model. A) The mesh seen from outside looking at the
B) The mesh as seen from inside the fluid volume looking towards the

symmetry plane.
symmetry plane. C) The mesh on a plane bisecting the flipper at its midpoint.
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Figure 8. The angular velocities of the juvenile flipper at 29 beats per minute in the three
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Figure 9. A 3D drawing of a juvenile leatherback turtle with the top of the insulating shell
virtually cut away. The figure shows the core zone in dark gray. The countercurrent heat
exchanges (CHE) is highlighted on only one side in black.
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Figure 10. The thrust produced by our simulated neonate turtle as it goes through one stroke

period. The vertical black lines demark the four different stroke phases (down, bottom, up, and

top).
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Figure 11. The pressure contours on the neonate turtle as it moves through one stroke period.
Black arrows indicate the direction of the image sequence. This is an orthographic projection.
The middle image in the left column represents one of the high negative thrust points recorded
at the start of the bottom phase.



99

—Average

......................................... ' Standard DeVIatlon

I : — Simulation

: —Force Histogram

|

|

|

|

|

|

|
T T T T l} T T T T I T T T T

0 0.005 0.01 0.015

Force [N]

Figure 12. A comparison between measured and simulated neonate thrust. The width of the
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the distribution of force measurements recorded during the experiment.
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Figure 13. The thrust produced by our simulated juvenile turtles as they go through one stroke
period. The vertical black lines demark the four different stroke phases (down, bottom, up, and
top). Since each swimming frequency (beats per minute (BPM)) has its own period, the x-axis is
percent of stroke completed.
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Figure 14. The power produced by our simulated juvenile turtles as they go through one stroke
period. The vertical black lines demark the four different stroke phases (down, bottom, up, and
top). Since each swimming frequency (beats per minute (BPM)) has its own period, the x-axis is
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Figure 15. The pressure contours on the juvenile turtle as it moves through one stroke period.
Black arrows indicate the direction of the image sequence. This is an orthographic projection.
The third image in the left column represents one of the high negative thrust points recorded at
the middle of the bottom phase.
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Figure 16. The proportion of specific metabolic rate owing to resting metabolic rate (RMR) and
the metabolic cost of flipper movement (Work Energy). Each bar corresponds to a specific
ambient water temperature (x-axis) and a specific flipper stroke frequency in beats per minute
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Figure 17. The heat transfer coefficients of our simulated juvenile turtles they go through one

stroke period.
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Figure 18. The heat flux contours on the juvenile turtle as it moves through one stroke period.
Black arrows indicate the direction of the image sequence. This is an orthographic projection.
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Figure 19. The heat flux contours on the internal conduction model of the juvenile turtle.
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Figure 20. The temperature contours on the symmetry plane through the juvenile turtle. The
white line demarks the separation between the core region and the insulating shell.
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Abstract

Shifting suitable range limits under global warming will threaten many species. Modeling and
mapping these potential range shifts is important for conservation. For marine species that are
difficult to niche map we use a novel technique using 3D digital design, computational fluid
dynamics, and finite volume heat transfer modeling to find animal core temperatures. We use
this method to build a fundamental niche map for internesting leatherback sea turtles. We
show that global warming threatens leatherbacks, particularly in Souteast Asia, with
overheating. We also show that the impact may be less on leatherbacks that shift their nesting
season or location or who are smaller. Methods such these are important to efficiently and
economically produce accurate maps of regions that will become inhospitable to species under

global warming conditions.

Introduction
Global warming poses a large extinction risk for many species (Thomas et al. 2004). A
species' inability to shift its current range to match the future suitable range accounts for much

of the extinction risk (Parmesan & Yohe 2003). Therefore, mangers and conservationists
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require accurate range shift predictions to successfully address the global warming threat to
their focal species. For leatherback sea turtles (Dermochelys coriacea) estimating new suitable
ranges is quite complex. The first difficulty is that leatherbacks are gigantotherms,
endothermic poikilotherms, whose large body size traps waste heat thus elevating their core
temperature (Paladino et al. 1990). This effect means that leatherbacks are neither thermal
conformers nor regulators and thus makes predicting their core body temperature difficult.
The second difficulty is their complex life history. They have the largest range of any reptile
(Saba 2013) and are biphasic (nesting on land and living in the water). Thus, global warming
will affect leatherbacks over a wide geographic range as well as in two distinct environments.
Hence, there is not only a need to determine the leatherback's marine distribution (National
Marine Fisheries Service and U.S. Fish and Wildlife Service 1992) but also potential future
nesting locations (Fuentes et al. 2012).

As the leatherbacks pelagic life makes them hard to track and global warming will
introduce new sets of abiotic conditions, the best method to model their projected
fundamental niche may be a biophysical mechanistic niche model (Porter et al. 2002, Kearney &
Porter 2009, Bartelt et al. 2010). However, this class of model requires many physiological
parameters which are difficult to measure for leatherbacks as they are not easily kept in
captivity (Jones et al. 2011). Since leatherbacks are marine species, it is also difficult to
estimate these parameters given the interaction between their in-water motion, metabolism,
and heat transfer (Boisclair & Tang 1993).

We attempt to overcome these difficulties by using a 3D moving computational fluid

dynamics (CFD) simulation and a numerical internal heat transfer model. We have shown in
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our previous work that using only stroke frequency and an allometric relation for resting
metabolic rate (RMR) this method is able to accurately predict leatherback core temperatures
(Dudley et al.). Thus, by combining the data from our CDF model (power, heat transfer
coefficients, infrared (IR) absorption and radiation, and internal temperature profiles) with
global climate models (GCMs) we can accurately predict regions within the leatherback's
current marine and terrestrial range which may become inaccessible under global warming
conditions. We examine potential shifts in nesting time, range, as well as body geometry and
size. To our knowledge, this is the first projection of the fundamental niche of an organism
using this high level of accuracy, which can only come from CFD and numerical heat transfer

models (Dudley et al. 2013).

Methods
Marine Fluid Simulation

We drew five different anatomically realistic adult leatherbacks in a non-uniform
rational basis splines (NURBS) format using commercial 3D design software (Mol) (Fig. 1). The
five different models are: one with the highest curved carapace length (CCL) to curved carapace
width (CCW) ratio (1.5) and the longest CCL (171 cm) (called long narrow (LN)), one with the
lowest ratio (1.2) and the longest CCL (called long wide (LW)), one with the highest ratio and
the shortest CCL (128) (called short narrow (SN)), one with the lowest ratio and the shortest
CCL (called short wide (SW)), and one which had an average ratio (1.4) and an average CCL (150
cm) (called average (Av)) (Fig. 2 and Table 1). These leatherbacks would weigh approximately

477 kg, 633 kg, 201 kg, 266 kg, and 337 kg respectively. The ratios and lengths are based on
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data from three sources (James et al. 2007, Médicci et al. 2011, “Jupiter Island sea turtle taging
project (JISTTP)” 2012). This size range more than covers the typical standard deviation
observed in CCLs of sampled leatherbacks (typically less than 10 cm). The flipper length scaled
with CCL and not with CCW (Walker 2010). We placed the virtual leatherbacks inside a virtual
half cylinder enclosure with buffer distances of approximately 4 m. This resulted in volumes
ranging from 440 to 1450 m>. We meshed all the fluid domains with tetragons. All domains
contained approximately 150,000 elements (Fig. 3).

We wrote a supplemental program, which describes the leatherbacks' swimming
motion. To measure the flipper motion, we used ImagelJ software to analyze frames from
publicly available video of leatherbacks freely swimming. The flipper had four zones. The 14%
of the flipper closest to the shoulder was the transition zone from no motion to steady roll
(flipper moving dorsally to ventrally) and yaw (flipper moving posteriorly to anteriorly). The
next 22% of the flipper was the transition zone from steady roll and yaw to steady roll, yaw, and
pitch (flipper twisting). The next 21% of the flipper was a zone of constant roll, yaw, and pitch.
The last 43% of the flipper was the transition zone from steady roll, yaw, and pitch to roll, yaw,
pitch, and bend (flexing of the flipper in the roll plane). The stroke had four phases. There was
a down stroke (32.3% of stroke period), a turn at the bottom and at the top of the stroke
(17.0% of stroke period for each), and an up stroke (33.7% of stroke period). To prevent
discontinuities in the motion, we programmed smooth transitions into the top and bottom
phases. To correctly position the flipper, there was also a 0.5 s setup time. We fine-tuned each
of the leatherbacks stroke period so each morphology had the average internesting swim speed

for a leatherback (0.53 m/s) (Hughes et al. 1998, Eckert 2002, Luschi et al. 2003, Lambardi et al.
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2008, Shillinger et al. 2008, Byrne et al. 2009). As leatherbacks orient randomly with respect to
current, we did not consider its effects (Galli et al. 2012). The stroke periods for the
leatherbacks were 2.01 s, 2.195s, 1.63s,1.72 s, and 1.81 s for LN, LW, SN, SW, and Av
respectively.

The simulation used the k-w shear stress transport (SST) model in the commercial CFD
program, ANSYS Fluent, with a constant velocity inlet (0.53 m/s) and a zero pressure outlet.
The plane dividing the leatherback had a symmetry boundary condition. We set the time step
to 0.001 s and ran the simulation for one full period. In all analysis, we removed the initial 500
setup steps. We calculated average thrust, work, and flipper and body heat transfer
coefficients. To translate the work done on the fluid into expended energy, we used the
aerobic efficiency of tortoise muscle (35% (Woledge 1968)). Considering the propeller
efficiency, the efficiency of converting energy to useful work is 16.7% which is similar to other
studies (Webb 1971, Feldkamp 1987).

Marine Internal Simulation

The internal model is the same model we used in our previous work except scaled to
each leatherback's size (Dudley et al.). The resting metabolic rate (RMR) scales with core
temperature and we are attempting to determine actual core temperature, therefore assigning
a metabolic rate to the internal simulation is problematic. Therefore, we ran several
simulations for a single ambient temperature. Each of these simulations had a different
metabolic rate corresponding to a different thermal gradient (ranging from 2°C to 18°C). For
each set of simulations we then have two lines. One line is the guessed thermal gradients and

one line is the actual simulated thermal gradients. The point where the guessed thermal
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gradients cross the simulated thermal gradients is the actual thermal gradient and actual core
temperature.
Marine Niche Map

Using the relations between ambient water temperature and core leatherback
temperature from the internal swimming simulation, we developed a marine niche model
program for leatherback turtles. The niche-modeling program uses the relations we found in
the CFD simulations to determine the core temperature based on the ambient water
temperature. The leatherback was able to decrease its ambient temperature by diving deeper,
longer and more frequently up to a limit. Based on the extensive literature on leatherback dive
profiles we set the limits to a maximum 100 m depth, a maximum 25 minute dive time, and a
minimum 2.5 minute recover time (Southwood et al. 2005, Wallace et al. 2005).

We ran this niche map using GCM data from the Met Office Hadley Centre's Hadley
Centre Global Environment Model, version 2 (Earth System) (HadGEM2-ES) from the CMIP5
multi-model ensemble. We selected the HadGEM2-ES models based on its ability to accurately
model ocean temperatures and important ocean temperature oscillations (Atlantic
Multidecadal Oscillation and Central and Eastern Pacific El Nifio-Southern Oscillation) (Kim & Yu
2012, Chiang et al. 2013). The resolution of the ocean model is 1° latitude by longitude 1° by 10
m depth. We selected the monthly average data sets for relative concentration pathway (RCP)
4.5 (a stabilizing scenario) (Smith & Wigley 2006, Clarke et al. 2007, Wise et al. 2009) and 8.5
('business as usual') (Riahi et al. 2007) and the historical simulation. We averaged the ocean
temperature by month over a 5 year window (2095-2100 for RCP8.5/4.5 and 2005-2010 for the

historical)
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Terrestrial Fluid Simulation

We setup the land model's fluid dynamics component to calculate the heat transfer
coefficients of the leatherback's body and flipper at different wind speeds. For this model, we
added a plane below the plastron of the leatherback to simulate the ground. The ground
covered 24% of the leatherback's surface area. We enclosed this geometry in a half pipe with a
5 m buffers around the leatherback. We meshed the leatherback with 1.2 million elements
using a combination of tetrahedrons, pyramids and wedges (Fig. 4). The simulation used the k-
w SST model with a variable velocity inlet (0.1 to 20.0 m/s) and a zero pressure outlet.
Terrestrial Internal Model

The internal land model geometry was similar to the swimming geometry with the
exception that we divided the surface area into three areas. The bottom area exchanged heat
with the ground by conduction. This portion of the plastron and the bottom of the flipper
accounted for 33% of the leatherback's surface area. The middle area exchanged heat by
convection with the air and infrared (IR) radiation with the ground and accounted for 22% of
the surface area. The top portion exchanged heat through convection with the air and IR
radiation with the sky and accounted for the remaining 55% of the surface area. We set the IR
temperature of the ground to that of the ambient temperature multiplied by sand's emissivity.
We set the IR temperature of the sky using the Swinbank relation (Swinbank 1963). Our
previous more simplified model had demonstrated that evaporative cooling has little effect,
thus we neglected it (Dudley & Porter 2014). The internal heat generation was based on
metabolic rates of nesting leatherbacks ( 1.05 W/kg when crawling (Paladino et al. 1990, 1996),

1.38 W/kg when digging and covering (Paladino et al. 1990), and 0.15 when laying (Lutcavage et
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al. 1990, Paladino et al. 1996)). The nesting time table was 3 minutes to crawl up, 22 minutes
to dig, 15 minutes to lay, 45 minutes to cover, and 8 minutes to return (Carr & Ogren 1959).
We set the initial temperature of all leatherbacks to 29.85 °C and set other temperatures
relative to this initial temperature. Preliminary runs showed that core temperature on an
absolute scale made little difference in temperature increase and that difference between the
initial core temperature and ambient was the important factor. We ran the Av internal model
for five different air temperatures, five different wind speeds, and nine different land
temperatures for a total of 225 combinations. This number of points proved to give excessive
resolution and so we ran the remaining four leatherbacks with three different air temperatures,
three different wind speeds, and three different land temperatures for a total of 27
combinations.
Terrestrial Niche Model

The land niche model used the 255/27 element matrix to interpolate the temperature
increase a leatherback would experience in a given region. We again used the HadGem2-ES
model taking monthly averages for soil temperature, daily minimum temperature, and wind
velocity. The resolution of the atmosphere data sets and land data sets are 1.875° longitude by
1.25° degree latitude. We averaged the marine core temperatures that overlapped each of the

atmosphere/land cells. We only examined land areas that directly bordered water.

Results

Marine Simulation
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From the marine CFD simulation we calculate power and heat transfer coefficients. The
power profile was similar for all five morphologies. There was a rise in power output during the
down phase, a spike in power in the middle of the bottom phase, a spike followed by a plateau
during the up phase, and a spike in power in the middle of the top phase (Fig. 5). For the
average power during the stroke, the LN had the highest while the SW had the smallest (Fig. 6).
Note that LN and SN used more power to swim at the same speed as LW and SW respectively.
This difference is because the narrowing of the carapace moves the flippers closer together and
reduces their propeller efficiency (useful power/ available power). Also note that attempting to
calculate power by using the force necessary to overcome static drag would have
underestimated power output by 60% even given a low 20% propeller efficiency. Figure 7
shows the Av leatherback's pressure profile during the stroke. It is evident that most of the
power comes from the flipper's distal region.

For the heat transfer coefficient, there is a relatively stable coefficient for the body and
a changing coefficient on the flipper (Fig. 8). The flipper heat transfer coefficient is highest
during the down stroke and lowest during the bottom portion of the stroke. The Av
leatherback had the highest coefficients while the SN had the lowest (Fig. 6). Figure 9 shows
the heat flux through the skin as the Av leatherback moves through its stroke. Note the higher
heat fluxes of the flipper's distal region and the lateral portion of the carapace posterior to the
flipper. Since these simulations only get the heat transfer coefficient, the leatherback skin is set
at a constant temperature and the actual leatherback's heat flux (below) will differ.

The internal simulation produced a relation for each of the five leatherbacks between

ambient temperature and leatherback core temperature (Fig. 10). SN and SW had the lowest
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core temperature for a given ambient temperature, Av was slightly above them, and LW and SN
were warmer still and close together. The shallow slope of the graphs around 20 °C is due to
the leatherback controlling its core conduction through vasoconstriction and dilation. Figure 11
shows the heat flux contour map for the Av leatherback at 23 °C. The highest heat flux is
around the soft tissue of the shoulder regions.

The Marine niche model produces 12 maps (one for each month) for a given set of
conditions. We use the maps for the Av leatherback in June as an example (Fig. 12.), and the
remaining maps are in appendix 1. The orange to red areas on the map indicate regions where
the leatherbacks are within one standard deviation of their critical thermal maximum (CTM)
(40.2 £ 1.3 °C) and the black areas are where they are above one standard deviation of their
CTM. Solely from the maps, it is evident that Av leatherbacks are under no thermal distress
anywhere under current conditions (except a narrow band near Sumatera, Western Indonesia),
but will be under some distress in South East Asia under RCP4.5, and under severe distress in
South East Asia under RCP8.5.

Looking at the condition of the Av leatherback during local nesting seasons at some
specific areas with large leatherback nesting populations (French Guiana and Suriname (FG&S)
(nesting March-July), Gabon and Congo (G&C) (nesting November-February), and West Papua,
Indonesia (WP) (nesting May-September)), we see that leatherback core temperatures will
increase fairly similarly. Only WP under RCP8.5 will have significant portions of its water
inaccessible to leatherbacks in 2095-2100 (Fig. 13). Three strategies leatherback populations in
WP could use as refuges are changing location, changing nesting time, or changing size.

Changing the nesting time (shifting the nesting season by 2 months) provides little relief;
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location change (nesting in Vietnam instead of WP) provides some relief (a decrease from 85%
of near shore area inaccessible to 35% inaccessible); and size change (moving from Av to SN)
provides the most relief, and makes all of WP accessible (Fig. 14).

The LW leatherback is in distress in places outside of WP. The LW has 10% of near shore
area over one standard deviation above the CTM in FG&S under RCP4.5, 73% in FG&S under
RCP8.5, and 2% in G&C under RCP 8.5 (Fig. 15).

Terrestrial Simulation

The terrestrial niche model produces 12 maps (one for each month) for a given set of
conditions. We show two maps of the Av leatherback under RCP4.5 in June as an example; one
is for the core temperature increase during nesting and one is for the actual temperature after
nesting (Fig. 16.). The remaining Av maps are in appendix 2. A leatherback heats up while
nesting except during the laying portion where the low metabolic rate allows it to cool (Fig 17).
Figure 18 shows a typical heat flux map for a leatherback nesting. Again, the high heat flux was
around the shoulder area. Our terrestrial data in our three regions of interest yields similar
results to the marine niche map. The leatherbacks are most in danger in WP (Fig. 19) and
changing size is the best option (Fig 20). The nesting phase has a higher percent of area above
one standard deviation of the CTM in WP (increasing from ~20% to ~70% even considering

refuges)

Discussion
This study shows that using 3D CFD in conjunction with a biophysical niche model is an

accurate method to model current ranges and future ranges under projected global climate
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change scenarios. For animals with complex and difficult-to-measure physiologic
characteristics, or for animals whose physiological data is expensive to collect, this method
proved a useful alternative for gathering highly accurate physiological data. In comparison to
an empirical niche model this method is superior especially considering global warming because
forming an empirical niche map for novel conditions requires complex statistical methods and
may still be inappropriate or inaccurate (Dormann 2007, Phillips et al. 2008). Using the
leatherback sea turtle, we then showed how this physiological data can be used to predict an
animal’s future fundamental niche and projected range shift under global warming conditions.

Our results show that global warming, especially if mitigation efforts are not successful,
will be quite damaging for leatherbacks particularly in South East Asia. While all leatherback
internesting core temperatures will increase, only those in South East Asia will rise above their
CTM. For larger leatherbacks, FG nesting populations will experience some thermal distress
especially under RCP 8.5. While the body size of the population could decrease in respones to
increased temperatures, observed cases of rapid decreases in body size are in species with
shorter generation times (Jackson et al. 2001, Grant & Grant 2002, Heimsath et al. 2003,
Shackell et al. 2010).

These predictions are conservative, particularly in the terrestrial phase. Our model used
the average monthly minimum temperature, and an efficient nesting schedule. If leatherbacks
nest slower or at a warmer time of day, especially if the sun is up, they are facing more thermal
risk than our model considers.

Several other works address the question of modeling sea turtle ranges, habitats, or

niches. Pike uses a model that mapped a suitability index onto current nesting sites for all sea
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turtle species. While the work is limited to current conditions this approach could perhaps be
expanded to make future projections (2013). Hawkes et al. used loggerhead tracking data off
the U.S. east coast to make a suitability index considering preferred temperature (2007, 2011),
and Pikesley et al. have done similar work with olive ridley sea turtles off the coast of west
Africa (2013). Our paper is the first to use a biophysical model to map on a global scale and
consider global warmings effects.

Comparing this to our earlier work (Dudley & Porter 2014), we see that that research
underestimated the threat global warming poses to leatherbacks, particularry in South East
Asia. Most likely this underestimate is due to the lower field metabolic rate we used which
came from a doubly labeled water (DLW) study (Wallace et al. 2005). Our metabolic rate is
higher and their results may suffer from the difficulties of conducting DLW experiments on a
marine vertebrate (Jones et al. 2009).

The data from this research will help managers and conservationists, particulary in
South East Asia, predict when leatherbacks may stop nesting at local beaches to seek more
hosptitable waters. Our next phase of this project will be to complete the maps and data sets

for each half decade up to 2100 and make them pubically available.
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Figure 1. The 3D NURBS model of the average leatherback morphology.
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Figure 2. The five different leatherback morphologies we modeled are long
narrow (LN), long wide (LW), average (Av), short narrow (SN), and short wide
(SW). These turtles would weigh approximately 477 kg, 633 kg, 337 kg, 201 kg,
and 266 kg respectively.



Table 1. The curved carapace length, volume, mass, and surface area for the
long wide (LW), long narrow (LN), short wide (SW), short narrow (SN), and

average (Av) leatherbacks

Morphology CCL Vqu;ne Mass SurfaceZArea
(m) (m?) (kg) (m?)
Av 1.5 0.332 338 3.90
LW 1.71 0.624 636 5.72
LN 1.71 0.472 482 5.00
SN 1.28 0.262 268 3.20
Sw 1.28 0.198 202 2.80
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Figure 3. A) The full fluid domain of the Av leatherback. The plane bisecting the
leatherback's midline is a symmetry boundary condition. B) A close up of the
meshing around the turtle body.
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Figure 4. A) The full fluid domain of the Av leatherback on land. The plane
bisecting the leatherback's midline is a symmetry boundary condition. B) A close

up of the meshing around the turtle body.
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Figure 6. The average data from the five leatherback morphologies. The graph
shows power, flipper heat transfer coefficient (F HTC), and body heat transfer
coefficient (B HTC). A smaller propeller efficiency makes the LN and SN require
more power than the LW and SW respectively.
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Figure 7. The pressure contours on the Av leatherback as it moves through one
stroke period. Black arrows indicate the direction of the image sequence.
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Figure 8. The heat transfer coefficients of our five simulated leatherbacks as
they went through one stroke period. B and F stand for the heat transfer
coefficient on the body and flipper, respectively. The vertical black lines demark
the four different stroke phases (down, bottom, up, and top). Since each
swimming frequency has its own period, the x-axis is percent of stroke
completed.
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Figure 11. The heat flux contours on the aquatic internal conduction model of
the Av leatherback.
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Figure 12. The average core temperature of an Av leatherback in June for 2095-
2100. Areas in orange to red are areas where the leatherback's core
temperature is within one standard deviation of the CTM. Areas in black are
where the leatherback's core temperature is above one standard deviation of
the CTM.
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Figure 13. The change in the Av leatherback’s core temperature in a given region
for 2005-2010 vs. 2095-2100. Averages are for the relevant nesting months at
each location (French Guiana and Suriname (FG&S) (nesting March-July), Gabon
and Congo (G&C) (nesting November-February), and West Papua (WP) (nesting
May-September)). In WP 2095-2100 75% of the area will push the leatherback's
core temperatures within one standard deviation of the CTM (39.8 to 41.5 °C).
21% of the area will push the leatherback's core temperature above one
standard deviation of the CTM (above 41.5 °C).
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Figure 14. The change in the Av leatherback’s percent of marine area where its
core temperature is within (w/in 1 SD) or above (> 1 SD) one standard deviation
of the CTM (39.8 to 41.5 °C and above 41.5 °C respectively) for its current nesting
behavior vs. an alternative nesting behavior in the WP region under RCP8.5.
Averages are for the relevant nesting months at each location. The alternatives
are to change nesting location (location), change in nesting seasonal timing
(timing), or change in morphology (morph) (i.e. going from Av to SN
leatherback). Note: Morph > 1 SD and Location > 1 SD overlap.
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Figure 15. The change in the FW leatherback’s core temperature and percent of
marine area where its core temperature is within or above one standard
deviation of the CTM (39.8 to 41.5 °C and above 41.5 °C respectively) for 2005-
2010 to 2095-2100. Averages are for the relevant nesting months at each
location (French Guiana and Suriname (FG&S) (nesting March-July), Gabon and
Congo (G&C) (nesting November-February), and West Papua (WP) (nesting May-
September)).
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Figure 16. (Top) The maximum increase in core temperature of an Av
leatherback in June for 2095-2100 during the nesting phase. (Bottom) The
maximum core temperature of an Av leatherback in June for 2095-2100 during
the nesting phase. Areas in orange to red are areas where the leatherback's core
temperature is within one standard deviation of the CTM. Areas in black are
where the leatherback's core temperature is above one standard deviation of
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Figure 17. An example of the core temperature of a leatherback as a function of
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Figure 18. The heat flux contours on the terrestrial internal conduction model of
the Av leatherback.
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Figure 19. The change in the leatherback’s core temperature and percent of land
area inaccessible during the nesting phase in a given region for 2005-2010 to
2095-2100. Averages are for the relevant nesting months at each location
(French Guiana and Suriname (FG&S) (nesting March-July), Gabon and Congo
(G&C) (nesting November-February), and West Papua (WP) (nesting May-
September)). In WP 2095-2100 6% of the area will push the leatherback's core
temperatures within one standard deviation of the CTM (39.8 to 41.5 °C). 70%
of the area will push the leatherback's core temperature above one standard
deviation of the CTM (above 41.5 °C).



146

-e-Morph >1SD -e-Location >1SD -&-Timing > 1SD
-©-Morph w/in 1SD -©-Location w/in 1 SD -8-Timing w/in 1 SD

100
90

80

70 R
60

50 AN

Percent Area

40
30 T \ O

__ N
20+
ol e AN

+ a'.’.'..;:.::::::I::::::::::::: ............... \j
o L— 00000,

Current Alternative
State

Figure 20. The change in the Av leatherback's percent of land area where its
core temperature is within (w/in 1 SD) or above (> 1 SD) one standard deviation
of the CTM (39.8 to 41.5 °C and above 41.5 °C respectively) for its current nesting
behavior (current state) vs. an alternative nesting behavior in the WP region
under RCP8.5. Averages are for the relevant nesting months at each location.
The alternatives are to change nesting location (location), change in nesting
seasonal timing (timing), or change in morphology (morphology) (i.e. going from
Av to SN leatherback).
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Conclusion

We have shown that modern CFD techniques can accurately model both static and
dynamic animals as well as the internal thermal environment. We demonstrated that this
information combined with GCMs could produce fundamental niche maps of a species
(assuming that species is thermally limited and not resource limited). We used leatherback sea
turtles as an example species for our method because of their complex physiology and life
history, and that IUCN considers them a threatened species.

By creating a biophysically based fundamental niche model for the leatherback sea
turtle, we found that the average-sized leatherbacks will be in thermal distress in Southeast
Asia under projected global warming scenarios. We also found that larger leatherbacks will be
in thermal distress in other world regions if global warming is not mitigated.

We hope to conduct further analysis to produce a complete set of maps spanning 2010
to 2100. These maps and their raw data could provide managers and conservationists with a

valuable tool in leatherback conservation.



