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ABSTRACT 

 

Locomotion, moving around in our complex world is as crucial to many animals 

as finding food, shelter or a mate. The intricate interplay between the brain, nerves, 

muscles, tendons and bones allows for a variety of gaits. Animal movement has been 

studied in many environments like water, land or air, often focusing on one habitat alone. 

These studies were crucial in establishing the principles of animal locomotion, but don’t 

always reflect the intricate lifestyle of an animal. More often then not, animals will 

encounter different surface structures (such as grass, sand, soil, forest debris) or even 

interact between different habitats, such as at the water-land interface. Fewer studies have 

focused on understanding how movement changes when physical conditions vary. A 

turtle swimming in a dense, buoyancy-dominated water habitat transitioning to a walking 

on gravity-dominated terrestrial habitat is poorly understood and may open insight into 

new locomotor strategies. Turtles are an interesting study subject to study water-land 

transitions, as their spines are fused to their carapace, isolating any movement generation 

to their limbs only. In this thesis, I chose different size red-eared slider (Trachemys 

scripta elegans) turtles to investigate their locomotion during discreet water depth, as 

well as during shallow water locomotion and investigated whether bone shape can be 

predictive of the environment they live in.  
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CHAPTER 1 

INTRODUCTION 

1.1 Overview and Motivation 
 

Arguably, the evolutionary transition of vertebrates from water onto land is the 

single most important event in tetrapod history37, triggering a speciation event which 

permitted diversification into virtually every ecological habitat on land67. Between living 

in water or on land, animals encounter disparing physical conditions ranging from the 

viscosity of the surrounding medium, oxygen content, and the ability to support 

gravitational loads137. Furthermore, the first tetrapod walkers faced challenges to a 

variety of important functions from feeding and locomotion to respiration and 

reproduction14. Animals have adapted to these challenges and successfully inhabit both 

environments, with over 80% of the known macroscopic organisms living terrestrially67. 

However, a physiological dependency on water remains and many species live at the 

water-land interface.  

The study of biomechanics is centered around the understanding how animals 

move in different environments, using muscles, bones, tendons and ligaments to produce 

movement20. Animal morphology is very diverse in size and scale and has evolved to 

allow for a range of locomotor mechanisms that adapt with the environment they are 

living in6,20. Some species are generalists, such as grizzly bears (Ursus arctos horribilis), 

who can move over a variety of terrestrial environments, while also being good climbers 

and adept at maneuvering fast flowing rivers to catch prey125. Whereas some species are 

very specialized for their habitat, such as sea turtles, that evolved hydrodynamic flipper 

shaped limbs that allow them to swim in water146. Many studies, such as in mammals 
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6,7,38,57, reptiles76,92,101,102, and fish93,107,138 have looked at gait choices in terrestrial and 

aquatic habitats, giving us an insight to how morphology and kinematics interact to allow 

for successful locomotion6,20,45,137. 

Living between two ecotones (i.e. water and land) provides benefits that allow 

animals to expand their ecological niche, forage on new prey or escape predatory 

pressures67, and serves as one of the reasons that there is a remarkable biodiversity in 

these habitats. For example, even  sea turtles who rarely come out of their water habitat, 

take advantage of both ecotones by laying their eggs on the beach, which provides the 

proper incubation environment for survival101. At transitional habitats such as between 

water and land, the physical conditions significantly change with animals moving from 

a  buoyancy-dominated aquatic environment to a gravity-dominated terrestrial 

environment, by using their limbs to hold the body off the ground to maintain stability. 

Scientist have an understanding of gaits in aquatic or terrestrial habitats, however, gait 

choice in transitional habitats are understudied14. During a water-land transition (or vice 

versa), the animal will spend some time of the path in shallow water where either part of 

all of their body is submerged in water, while the actual transition between water and 

land are short. Gait choice may affect the ability to move during this transition and 

adaptations to known aquatic or terrestrial gaits may be advantageous to successfully 

transition. In this thesis I am interested in understanding some of the kinematic strategies 

and morphologies that may aid in water-land transitions with special attention to 

locomotion in shallow water habitats.  
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1.2 Biomechanics of locomotion 

Effective locomotion is essential for an animal’s survival, allowing them to forage 

for food, hunt prey, escape predation and find a mate20. The world is covered in a 

plethora of different substrates including differences in material composition, grain size 

and incline angle. Furthermore, complexity is added to the environment in the form of 

grasses, shrubs, or trees. Animals demonstrate a wide range of gaits to maneuver in their 

native environments with some examples of locomotor behaviors summarized below.     

 

1.2.1 Aquatic locomotion 

Aquatic environments, such as oceans, lakes, rivers, streams, and lagoons covers 

up to 70% of our planet67. When moving through water animals push against fluids, 

which represent the momentum of the body propelling them forward45. How animals 

move under water depends on their size and is influenced by the Reynolds number (the 

ratio of inertial forces to viscous forces within a fluid). Small animals, such as ciliates, 

are moving under a high viscosity regime from the surrounding fluid, causing them to 

constantly move small hair like cilia in order to avoid sinking137. Larger organisms, such 

as some fish and whales move in high Reynolds number regime, requiring their 

movement strategy to rely on body and fin movement for forward locomotion137,138. 

Moving under water has evolved several times during evolutionary history with 

swimming being the dominant movement pattern. However, swimming can be diverse 

with animals using their entire body and fins of flippers to swim, or appendages such as 

legs to propel themselves through water137. Part of the diversification of swimming 
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patterns in aquatic animals stems from their evolutionary history, with some animals 

having gone through phases of alternating terrestrial and aquatic lifestyles56,75. 

 

1.2.2 Terrestrial locomotion 

In contrast, animals moving on land deal with different physical challenges, 

which spurred a wide diversification of gaits6,137. The invasion of land also spurred the 

development of many different types of appendages that allow for different gaits, such as 

walking, running, hopping, climbing, jumping, crawling and burrowing6. In its simplest 

form locomotion is viewed as an organism exerting a force on its external environment 

and accelerating into the opposite direction45. However, locomotion is much more 

complex and varies in temporal and spatial variation of locomotor forces. Walking and 

running result in two basic mechanisms that explain different movement patterns4,7. 

During walking the animals body vaults up and over each stiff leg in an arc similar to an 

inverted pendulum45. While during running the physical demands of the faster gait cause 

the animals to move analogous to a pogo stick45. However, body posture can have an 

impact on locomotor biomechanics with animals in more sprawled positions (such as 

lizards) producing significant lateral forces that aid forward motion7. Most studies on 

terrestrial locomotion are conducted using high-speed video cameras, custom software, 

and if available, force plates to measure the kinematic and kinetic variables.  
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1.2.3 Water-land transitions 

Viewing locomotion as only occurring on land or in water limits a wide variety of 

species that regularly transition dense viscous aquatic medium to a gravity dominated 

terrestrial habitat. These animals have to adjust for new movement patterns and allow for 

adaptations to their musculoskeletal system14. Regardless of all these hurdles many 

animals successfully transitioned and adapted to terrestrial life. Nevertheless, many 

animals now take advantage of both environments, moving regularly between aquatic and 

terrestrial habitats. Diverse examples of changes in movement patterns to aid transition 

between the two ecotones can be found for crabs99, fish74,77,133, salamanders13,82, and 

turtles101,146. However, where most studies describe the locomotor biomechanics in either 

the aquatic or the terrestrial habitat of a species, few actually address the changes in gaits 

during the water-land transition13,62,113. Even less is known about locomotor 

biomechanics in shallow water habitats, where many animals and especially juveniles, 

tend to spend a significant amount of their time17,51,72 and their gaits might be influenced 

by behavior due to higher visibility to predators. 

 

1.3 Study organism: Red-eared slider turtle (Trachemys scripta elegans) 

For our study organism we chose red-eared slider turtles (Trachemys scripta 

elegans) from the suborder Cryptodira and family Emydidae46. Turtles found within this 

family live a predominantly semi-aquatic life style and are commonly referred to as pond 

or marsh turtles46.  

Red-eared slider turtles are endemic to the southern United States and northern 

Mexico. They originated near the Gulf of Mexico by the Mississippi river and naturally 

range from southeast Colorado to Virginia24. They prefer slow flowing waters, such as 
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streams, ponds, marshes, swamps and lakes where they can easily transition from water 

to land for sunbathing24.  

Adult red-eared slider turtles reach carapace length of 15 to 20 cm and live up to 

30 years71.  
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Figure 1: Four juvenile red-eared slider turtles (Trachemys scripta elegans) 
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1.4 Specific aims 

The overall objective of this dissertation is to understand how animals move in shallow 

water environments. This is an understudied topic in locomotor biomechanics, however, 

many numbers and a high diversity of animals live in these environments. These animals 

take advantage of ecological niches as well as possible transitions onto terrestrial habitats 

to avoid predators, expand their prey selection and provide refuge for their offspring. We 

are interested to see if the physical demands of shallow water environments drive 

changes in locomotion or morphology that may aid animals to maneuver these varying 

habitats.   

Chapter II: 

A study on how water depth influences dynamic similarity and locomotor mode in semi-

aquatic turtles. 

Chapter III:  

Discovery of the use of multiple gaits by semi-aquatic turtles when moving under water 

and in shallow water habitats. 

Chapter IV: 

A geometric morphometric investigation of how leg morphology correlates with habitat 

preference in turtles. 
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CHAPTER 2 

WATER DEPTH INFLUENCES DYNAMIC SIMILARITY AND LOCOMOTOR 

MODE IN SEMI-AQUATIC TURTLES 

2.1 Abstract 

 
 Many animals live at the water’s edge, regularly moving between water and land 

to take advantage of both environments, to hunt for food, escape predation or find mates.  

Terrestrial and aquatic habitats differ vastly in the density of their surrounding fluid, 

oxygen content and its capacity for supporting gravitational loads. Little is known about 

the locomotor adjustments animals must perform in order to successfully navigate 

moving between both habitats. We are interested in understanding  how changes in 

locomotor kinematics occur when animals move in different water submergence levels, 

as well as how animal size can affect movement within a particular submersion level. We 

use the theory of dynamic similarity to look for shifts in kinematic patterns in semi-

aquatic red-eared slider turtles (Trachemys scripta elegans). First, we hypothesized that 

that semi-aquatic turtles will not move in a dynamically similar fashion at different water 

submersion levels. Second, we hypothesized that semi-aquatic turtles of different sizes 

will exhibit dynamic similarity when moving at the same water submersion level. We 

tested fourteen turtles in three water submersion levels (0%, 25% and 75%), and three 

size classes (small, medium, large). Across different water submersion levels turtles 

moved dynamically similarly at depth of 0% and 25% water, but decreased their duty 

factor by 7% and increased their stride length by 5% in 75% water submersion depth at 

equal values of Froude number. When testing relative stride length among different water 

submersion level depths from a gravitational acceleration of 1g (0% treatment) to 0.01 g 
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(100% water submersion treatment), no significant differences were observed. A result 

that deviates from dynamic similarity hypothesis, which predicts that as gravitational 

acceleration decreases the relative stride length should increase. When testing for 

dynamically similar motion at equal values of Froude number for turtles of different sizes 

within the same water submersion treatment, we observed small turtles moving 

differently in 0% and 25% treatments. At 75% water submersion depth the turtles moved 

in a dynamically similar fashion. In conclusion, we see differences in gait kinematics at 

75% water submersion levels, at which most of the turtles bodies as well as part of their 

lungs are under water. This causes buoyancy to lift the body and allows for the animals to 

use prolonged gliding phases while moving forward. A similar result as has been 

observed in studies on newts, crabs and hippopotami.   

 

 

 
 

 

 

 

 

 

 

 

 

 



 11 

2.2 Introduction 

The transition by quadrupeds from water to land can be argued to be the single 

most important speciation event for terrestrial habitats 14. Moving from an aquatic to a 

terrestrial environment presents vastly different physical environments and poses many 

challenges. In order for aquatic animal’s to successfully inhabit land, they must withstand 

the effects of gravity, develop novel ways to breathe air, minimize water loss, and 

adjusted their senses for air 14,22,63. For example, research on early fish, such as 

Ichthyostega and Tiiktalik, have shown that as more weight was placed on their fins on 

land, morphological changes occurred 3,110. Main modifications occurred in the locomotor 

apparatus with thickened pelvic and pectoral girdles for weight support 110, and functional 

wrists, ankles and digits 40,131, while modification in the skull resulted in re-orientation of 

the eyes, shortened skull roof, modified ear regions as well as mobile necks 40. All living 

fish species use gills to exchange O2 and CO2; nevertheless nearly 400 species are known 

to be capable of breathing air 66. Among them are fish that gulp air 77, have reduced gill 

slits with modified support structures 65, others again use cutaneous gas exchange 148, or 

primitive air-breathing organs 80. To prevent water loss, studies on rockskippers in the 

Pacific Ocean have shown that during terrestrial excursions they use evaporative cooling 

of the gills and skins to reduce rapid heating 64. Another obstacle in water-land transitions 

are the refractive indices of air and water, which are markedly different and are further 

combined with an increase in light intensity in air 127. Studies have shown that some 

species of fish will have flattened cornea, which results in light not being significantly 

retracted in air, aiding to similar vision in either medium 127. Animals that transition 

between aquatic and terrestrial environments have demonstrated the use of a variety of 
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adaptations from locomotion 40, to physiological changes 127 in order to take advantage of 

both habitats.  

 

The ability to move between two ecotones, such as at the water-land transition, is 

advantageous by providing new prey items, escape from predators and expand their 

ecological niche, but it doesn’t come without its challenges due to the vast differences in 

the two physical media 14,37. In aquatic environments the surrounding fluid is more dense 

than in air, while gravity is counteracted by a buoyant force, causing consequences for 

locomotion 20,99. On the contrary on land locomotion is dominated by gravity and the 

animal’s adaptations to support their body weight 6,98. Animal’s that live near a shore 

environment often link their movement between both mediums and have developed 

several unique strategies. A study in semi-aquatic newts showed that the animals used a 

swimming gait when submerged in water, while using a lateral sequence walk when out 

of water 13. However, as the newts were moving in shallow water along a ramp their 

footfall patterns were more variable with longer duty factors (period of stance time 

during a stride) leading to periods of suspension, allowing them to adjust to the changing 

physical demands during water-land transitions 13. Similarly, ropefish exhibit a distinct 

aquatic gait when moving in water and a terrestrial equivalent on land, while using 

characteristics of both gaits in intermediate water levels 107. On the contrary, three species 

of blennies living in the intertidal zone developed three distinct adaptations to cope with 

water-land transitions. The aquatic blennies rarely made it out of water and relied on 

wave action to wash them back into the sea, while the amphibious and terrestrial blennies 

used different jumping gaits to move on land 77. Terrestrial blennies used an axial twist to 
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increase their jump distance allowing them to effectively maneuver their complex 

intertidal environment 77. Relatedly, mudskippers are fish that spend prolonged time of 

their lives on land and developed a crutching gait that allows them to move great 

distances on land 82. To overcome the vastly different physical demands of aquatic and 

terrestrial environments animals have adapted locomotor adaptations that allow them to 

successfully transition and take advantage of both habitats.   

Body size is one of the most important variables affecting animal locomotion 6,20. 

Whether size changes occur through growth or over evolutionary time they affect 

locomotion. As animals increase in size the scaling relationship between body mass, 

length dimensions in the body, and the forces applied on bones become mismatched 

resulting in physiological and morphological adaptations to allow for movement 6,20,44. In 

aquatic environments the surrounding medium’s density influences the movement of 

animals of different body size. The Reynolds number is a measure of the consequences 

when a fluid and a solid move with respect to each other, serving as a scaling parameter 

in aquatic environments 137. Small animals moving in low Reynolds numbers, where drag 

varies directly with viscosity and velocity, tend to move slowly 138. All the while, at 

moderate and high Reynolds numbers, larger animals generally can move faster 138. 

Although the scaling of body size in aquatic locomotion were well established 137,138, they 

have been mostly tested in deep open water conditions. The shallow water environments 

found near shore, where animals transition between water and land, may present 

additional physical challenges for locomotion. Animals may be exposed to ground 

effects, due to their near proximity with the substrate 21, as well as wave drag, formed 

either by their body movement near the water surface or wind 137. For example, slow 
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swimming squid in various ontogenic stages were filmed in a shallow water habitat and 

exhibited different drag reducing mechanisms, such as positioning their mantle and arms 

at high angles of attack, or even swam tail first 17. Body size played a part in squid gait 

selection as small squid used different swimming strategies, possibly to maximize thrust 

benefits 17. However, to our knowledge, there has not been a study that looked at body 

size effects on locomotor patterns during water-land transitions.  

Dynamic similarity is a theory that has been used to compare the locomotion of 

animals of different body size or morphology 9. The theory proposes that different-sized 

animals, moving at different velocities, may still move in a similar fashion 47. Dynamic 

similarity is an extension of the concept of geometric similarity, where enlarging an 

object is achieved by multiplying its dimensions by the same factor. For example, using 

the same factor to multiply the height, width and length of the first box one can create a 

second larger box. For two different-sized moving bodies to be dynamically similar, one 

motion must be made identical by multiplying all length factors by one variable, all force 

factors by a second variable and time factors by a third variable 9. Dynamic similarity can 

be defined by the dimensionless factor known as the Froude number (Fr) 9:  

 

Fr = v2/gLleg,                                                                (1) 

 

which consists of three variables: speed (v), leg length (Lleg) and gravitational 

acceleration (g). For Fr, v is the characteristic mean speed of the animal during 

locomotion and Lleg is the effective leg length of the animal from the height of the hip 

joint to the ground. Fr is based on a ratio between the inertial force acting to pull the 
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animal off the ground and the gravitational force pulling the animal towards the ground. 

Studies on terrestrial habitats have shown that animal gaits (mainly for mammals) are 

fairly well defined by Fr 5,7,9. Animals, as diverse as small rodents to rhinoceros, changed 

gaits from a walk to a trot at Fr values of 0.3 to 0.5, and from a trot to a gallop at Fr 

values of 2 to 3 9. Primates had been excluded from dynamic similarity analysis since 

they use larger relative stride length (distance divided by Lleg) than other animals and 

therefore do not adhere to dynamic similarity 10. A study suggested that primates have the 

heaviest distal limbs, which may change the limb mass distribution during swing phase 

dynamics and drive differences in locomotor mechanics causing the deviation from 

dynamic similarity 115. The authors adjusted the dynamic similarity theory to focus on 

swing phase (determined by limb center of mass position) rather than the stance phase 

(determined by the leg length of the limb), to fully explain the primates gait changes 

using dynamic similarity 115. Although the Fr and the concept of dynamic similarity 

appear to work well in terrestrial habitats, deviations such as limb mass distribution can 

alter the theory. 

The theory of dynamic similarity is affected by speed, body size and gravity 48. 

Studies in human walking on gravity-altered treadmills showed that their relative stride 

length decreased with reduced gravity due to lift, therefore deviating from the theory of 

dynamic similarity, despite gait changes occurring at the same values of Fr as on land 48. 

The use of a gravity-altering treadmill allowed for only the torso to experience lift to 

simulate a reduced gravity environment, the legs of the subjects remained under Earth’s 

gravity conditions 87,114. A predictive model that accounted for the effects of altered 

gravitational forces on both the upper body and the limbs showed that dynamic similarity 
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is indeed maintained 114. These results support the studies done in human locomotion 

during parabolic flight that simulated martian gravity 35,36, where the walk-to-run 

transition occurred at about the optimal speed of walking on Earth. Interestingly, the 

study of the effects of changing gravity conditions on dynamic similarity theory have 

been limited to human locomotion in various space conditions, no study has looked at the 

effects of aquatic environments.  

 

The goal of this study was to determine the effects of body size on locomotor 

patterns during water-land transitions. We used semi-aquatic red-eared slider turtles, 

Trachemys scripta elegans 143, which frequently move from aquatic environments onto 

land. We filmed turtles in several ontogenetic stages from less than a year old to 

juveniles. We simulated water-land transitions by exposing them to three distinct water 

levels and compared their gaits using the theory of dynamic similarity.  

 

Since we expose the turtles to various levels of submergence, we created different 

conditions of reduced gravity environments due to the effect of buoyancy. During their 

various water submergence levels, we hypothesized that semi-aquatic turtles will not 

move in a dynamically similar fashion at different water submersion levels. Further, we 

tested turtles of different body size at the same water submersion levels expecting them to 

move similarly as the conditions remain the same. We, therefore, hypothesized that semi-

aquatic turtles of different sizes will move dynamically similarly at the same water 

submersion level. 

  



 17 

2.3 Materials and Methods 

 We tested 14 turtles (Trachemys scripta elegans); weight 6.2 - 106.8 g, 

and carapace length 3.0 – 10.6 cm). The turtles were maintained on a 12:12h light:dark 

cycle and fed turtle sticks (Tetra ReptoMin) three times each week. Animal experiments 

were performed in accordance with Temple University’s animal care protocol, ACUP # 

4184.  

 

Turtles were tested at room temperature (20 - 23°C) in a trackway consisting of a 

plastic inflatable pool. Waterproof sandpaper (3M, P220, 23 x 66 cm dimensions) was 

glued to the bottom of the pool to provide traction. A high-speed camera (Fastcam SA-3, 

Photron) was mounted above the trackway on a tripod, with a tilted mirror (65° angle) 

providing a second, lateral view of the turtles (Figure 2).  

 

The turtles were divided into three size categories, small (carapace length: 3.9 ± 

0.3 cm), medium (carapace length: 5.9 ± 0.7cm) and large (carapace length: 10.6 ± 

1.2cm) (Figure 2). They were prompted to move in three water submergence treatments: 

0% water (terrestrial), 25% water (below plastron), and 75% water (up to half of 

carapace). A fourth submergence treatment of 100% (fully submerged) was collected, 

however, the data yielded results that warranted a separate analysis. We marked the 

turtles with one white dot (correction fluid: PaperMate, Liquid Paper) near their 

estimated center of mass (COM), at the apex of the second central scute of the carapace. 

 



 18 

Selected trials consisted of runs at constant average velocity and in a straight line. 

For each individual turtle we analyzed six trials per treatment for a total of 252 runs. We 

collected the following kinematic variables: velocity, stride frequency, duty factor, 

relative stride length and calculated the Froude number.  Video was collected at 250 fps 

and digitized using DLTdv5 70. Further analyses of the data were conducted in custom 

Matlab programs (2014b). 

 

Statistics were run in JMP10. To test for dynamic similarity we compared 

kinematic variables (duty factor or relative stride length as variables and log Froude 

number as a covariate, treatment as a factor and individual as a random blocking factor) 

using one-way, mixed-model ANCOVAs. To compare turtle data with the result from 

Donelan and Kram’s (1997) results, were relative stride length should increase in a 

simulated microgravity environment; we used a one-way, mixed-model ANOVA. To test 

for differences in locomotor kinematics in different water submergence treatments (turtle 

size as covariate) we used mixed-model ANCOVAs. For differences in locomotor 

kinematics of different sized turtles we used a mixed-model ANOVA. To test for 

dynamic similarity within treatments for turtles of different sizes we ran multiple, mixed-

model ANCOVA’s for each treatment. Where statistical significance was established we 

performed a Tukey HSD post hoc test to establish pairwise differences.  

 

To evaluate relative stride length on a scale of simulated microgravity we 

measured gravitational acceleration at four distinct water submersion depths. Water 

submersion depths included 0%, 25%, 75% and 100% (entire body is submerged). We 
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decided to keep the 100% submersion treatment included solely for this analysis. The 

remaining results for 100% submersion were analyzed separately. At 0% submersion 

depth gravity was 9.8 m/s2, while at 100% water submersion the effect of buoyancy on 

the perceived gravity on the turtles was 0.1 m/s2. The turtles were restrained using gauze, 

which was carefully but firmly wrapped around their limbs to prevent movement. Turtles 

are able to adjust their specific gravity and thereby buoyancy by changing their lung 

volume, and uptake or expulsion of water from their cloacal bursae and urinary bladder 

81. To control for the water volume within the cloacal bursae and urinary bladder we 

measured the turtles before and after submersion and selected trials where we didn’t 

detect any changes in weight. Measurements of carapace length, and front and hindlimb 

length were recorded. 
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Figure 2: Experimental setup a) Trackway – containing high-speed camera, sandpaper 

trackway and angled mirror. b) Submergence level or turtles – 0% or no water (yellow), 

25% or submerged up to planstron (light blue), 75% or submerged to the middle of the 

carapace (dark blue). 
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2.4 Results 

We observed turtles moving in three different water submersion levels and 

compared their values to predictive models of dynamic similarity. For animals to move 

dynamically similarly their corresponding feet must have equal duty factors 9. Therefore, 

we predicted that as Fr increases the duty factor of animals in motion decreases (Figure 

3a, inset). For turtles in all three water submergence levels their duty factors decrease 

with higher Fr (Figure 3a). This trend is consistent with the set predictions, however, 

when considering turtles moving in individual water submergence levels we noticed 

differences. Turtles used similar duty factors at 0% and 25% submergence, but 

significantly decreased their duty factor at 75% submergence (F2, 241.4 = 36.0381, 

p<0.0001).  

 A second predictive model was established for relative stride length 

(Figure 3b, inset), where dynamically similar animals must have equal relative stride 

lengths 9. Here we predicted that relative stride length increases with higher Fr. Our data 

supports this trend with all animals moving in their three water submersion levels having 

longer relative stride length with increasing values of Fr. For 0% and 25% submergence 

levels no significant differences in relative stride length have been observed, while at 

75% the turtles increased their relative stride length (F2, 241.6 = 8.336, p<0.0003).  

 

Result of a mixed model ANCOVA found differences in kinematic variables 

between different submergence treatments. For duty factor, stride length and stride 

frequency no differences were found at 0% and 25% submergence, but all three variables  
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Table 1: Results of mixed model ANCOVAs showing the differences in average duty 

factor, stride length, stride frequency and velocity (± s.e.) for three water submersion 

treatments (n=14). 

 

changed significantly at 75% submergence (Table 1). Velocity was highest at 0% and 

lowest at 75% water submergence (Table 1). At 25% water submergence the velocity did 

not significantly differ for either 0% or 75% treatments (Table 1). 

 

Exposure to simulated microgravity environment was predicted to increase the 

relative stride length of an animal 48, but was shown not to be true in humans. Relative 

stride length remained the same for turtles in four simulated microgravity treatments 

(ANOVA, F3, 375.4 = 0.7851, p=0.5028), although the fall on a spectrum of simulated 

microgravity from 1g at 0% submersion level to 0.01g at 100% water submersion (Figure 

4).  

 

Table	1.	Results	of	mixed	model	ANCOVAs	showing	the	differences	in	average	duty	factor,	stride	
length,	stride	frequency	and	velocity	(±s.e.)	for	three	water	submersion	treatements	(n=14)

Variable 0% 25% 75% F p
Duty	factor 0.67	±	0.01	A 0.68	±	0.01	A 0.62	±	0.01	B F2,240.4=29.75 <.0001*
Stride	length	(cm) 5.31	±	0.23	A 5.40	±	0.24	A 5.76	±	0.23	B F2,240=8.10 0.0004*
Stride	frequency	(Hz) 1.89	±	0.01	A 1.84	±	0.01	A 1.68	±	0.01	B F2,240.1=6.89 0.0012*
Velocity	(cm/s) 10.67	±	0.73	A 9.66	±	0.73	AB 9.34	±	0.72	B F2,240.1=4.61 0.0109*

significant	differences	denoted	by	*	(p<0.05)

Treatments
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Body size was shown to affect kinematic variables using a mixed model ANOVA 

analysis. Stride frequency increased linearly with velocity, for turtles of all body sizes 

regardless of water submersion levels (Figure 5). Within a given treatments (water 

submergence level) turtles of different size classes did not change their duty factor or 

stride frequency (Table 2). However, significant changes between different body size 

classes were recorded for stride length and velocity within each treatment. Stride 

frequency tended to increase from small to medium and to large turtles in each water 

treatment level (Table 2). However, velocities were significantly different, except 

between small and medium turtles at 0% water submergence, medium turtles at 25% 

submergence that walked at similar speeds as both small and large turtles, and for small 

and medium turtles at 75% who showed no significant difference (Table 2). 

 

A mixed model ANOVA revealed differences in relative stride length for turtles of 

different sizes within treatment levels. In 0% (F2, 11.09 = 22.6405,p<0.0001) and 25% (F2, 

10.41 = 13.6197, p=0.0012) water submersion levels small turtles used significantly longer 

relative stride length with increasing water levels when compared to medium and large 

turtles (Figure 6). At 75% water submergence no differences in relative stride length 

between the three size classes have been measured.  
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Table 2: Results of mixed model ANCOVA examining the effects of body size on 

locomotor performance in three different water submergence levels (n=14). 

 

 

 

 

 

Table	2.	Results	of	a	mixed	model	ANOVA	examining	the	effects	of	body	size	on	locomotor	performance	in	
three	different	water	submergence	levels

Submergence	
level

Variable small medium large F p

Duty	factor 0.66	±	0.02	A 0.68	±	0.02	A 0.67	±	0.02	A F2,10.79=0.37 0.6979
Stride	length	(cm) 4.10	±	0.48	A 4.23	±	0.48	A 7.70	±	0.53	B F2,10.96=15.66 0.0006*
Stride	frequency	(Hz) 2.04	±	0.22	A 1.62	±	0.22	A 2.04	±	0.25	A F2,10.91=1.12 0.3609
Velocity	(cm/s) 8.73	±	2.10	AB 7.05	±	2.10	A 16.71	±	2.34	B F2,10.89=5.22 0.0257*

Duty	factor 0.69	±	0.02	A 0.69	±	0.02	A 0.66	±	0.02	A F2,10.99=1.00 0.399
Stride	length	(cm) 3.46	±	0.30	A 4.62	±	0.30	B 8.09	±	0.33	C F2,10.91=57.57 <.0001*
Stride	frequency	(Hz) 2.06	±	0.17	A 1.86	±	0.17	A 1.58	±	0.19	A F2,10.78=1.72 0.2245
Velocity	(cm/s) 7.07	±	1.07	A 8.94	±	1.06	AB 12.85	±	1.18	B F2,10.9=6.73 0.0125*

Duty	factor 0.65	±	0.02	A 0.63	±	0.02	A 0.59	±	0.02	A F2,11.36=2.11 0.1668
Stride	length	(cm) 3.73	±	0.50	A 4.62	±	0.50	A	 8.91	±	0.56	B F2,10.91=26.80 <.0001*
Stride	frequency	(Hz) 1.81	±	0.12	A 1.74	±	0.12	A 1.53	±	0.13	A F2,11.50=1.37 0.2925
Velocity	(cm/s) 6.67	±	0.79	A 8.14	±	0.80	A 13.39	±	0.89	B F2,10.39=17.04 0.0005*

significant	differences	denoted	by	*	(p<0.05)

0%

25%

75%

Treatments
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Figure 3: Results for hypothesis 1, chapter 2; Kinematics for three water submersion 

levels: 0%, 25% and 75%. Inset depict predictions for duty factor and relative stride 

length as established by dynamic similarity theory. a) Duty factor decreases with higher 

Froude number, b) relative stride length increases with higher Froude numbers. 

*** indicate significant differences p<0.05.  
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Fig 2: Kinematics for three water submergence levels: 0%, 25% and 75%. Inset depict predictions for
duty factor and relative stride length as established by dynamic similarity theory. a) Duty factor 
decreases with higher Froude numbers, b) relative stride length increases with higher Froude numbers.  
*** indicate significant differences p<0.05. 
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Figure 4: Measurements in a reduced simulated microgravity environment. Relative 

stride length remains the same regardless of water submersion level on a gliding scale of 

simulated microgravity.  

* 100% water submergence treatment added only for this analysis 
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Fig 3: Measurements in a reduced simulated microgravity environment. Relative stride length remains the same 
regardless of water submersion level on a gliding scale of simulated microgravity. 
* 100% water submergence treatment only added for this analysis 
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Figure 5: Velocity versus stride frequency profile. Kinematic measurements on three size 

classes of red-eared slider turtles. Velocity (cm/s) increased linearly with stride frequency 

(Hz) for small, medium and large turtles.  

* Data included does not distinguish between three water submergence levels (0%, 25% 

and 75%).  

*** indicates significant differences p<0.05 

 

Stride frequency (Hz)

0 1 2 3 4

V
e
lo

c
it
y
 (

c
m

/s
)

0

10

20

30

40

Small

Medium

Large ***

Fig 4: Kinematic measurements on three size classes of red-eared slider turtles. Velocity (cm/s) increased linearly with 
stride frequency (Hz) for small, medium and large turtles. 
* Data includes, but does not distinguish between three water submergence levels (0%, 25% and 75%).
*** indicates signifcant differences p<0.05 
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Figure 6: Results for hypothesis 2, chapter 2; Test of dynamic similarity hypothesis for 

turtles of different size classes within one water treatment level. At 0% and 25% 

submergence, small turtles deviate in their relative stride length from medium and large 

turtles. At 75% submergence all turtles, regardless of size move dynamically similarly.  

*** indicates significant differences p<0.05 
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2.5 Discussion 

 
As semi-aquatic turtles move from an aquatic to a terrestrial environment, they 

also transition from a buoyancy-dominated to a gravity-dominated habitat. Here we are 

interested in understanding the effects of body size on the ability for turtles to transition 

between water and land and understand the locomotor patterns that allow them to 

successfully navigate the changing physical demands of both habitats. We hypothesized 

that turtles will not move in a dynamically similar manner at different water submersion 

levels. We accept the hypothesis, although at 0% and 25% water submersion level turtles 

do move in a dynamically similar motion, once they encounter 75% water depth levels 

their movement changes. We further hypothesized that turtles of different size will move 

dynamically similarly at the same water submersion depth. We reject this hypothesis 

since small turtles at 0% and 25% move differently from medium and large turtles, 

demonstrating that body size plays a factor.   

 

 Water depth significantly affected turtles moving at 75% submergence 

regardless of their body size. For turtles walking in 75% water submergence duty factor 

decreased by 7% as relative stride length increased by 5% at equal values of Froude 

number, when compared to turtles moving in 0% and 25% treatments (Figure 3). 

Buoyancy, which is an upward force exerted by a fluid that opposes the weight of an 

immersed object, plays a significant role in aquatic environments 137. Many animals use 

mechanisms to control buoyancy in order to better maneuver in water. For example, 

turtles adjusted their lung volume to control their specific gravity (ratio of the density of 

an object to the density of water), which allowed them to adjust from positively to neutral 
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and negative buoyancy 81. At the 0% treatment turtles were moving on land. On the 

contrary, at 25% the water reached just below their plastron with the weight of the legs 

displacing some water during movement. However, at 75% water submergence a part of 

their lungs was submerged below the water as well, allowing for their legs and part of 

their body to displace water. We suggest that the differences in movement of the turtles at 

75% body submergence are due to the increase in buoyant force they were experiencing. 

Similarly to human experiments, where their body were suspended atop a treadmill, they 

experienced different levels of simulated microgravity, which altered their locomotor 

patterns 48. Under these conditions humans were not walking dynamically similarly, as 

they used different relative stride length at equal Fr 48. However, contrary to our findings 

in semi-aquatic turtles, humans did maintain the same duty factors at equal Fr in different 

simulated reduced gravity environments.    

 

 Donelan and Kram (1997) predicted that relative stride length should 

increase by almost two leg length for walking at 1.0 m/s in 0.25 g, in order to comply 

with the dynamic similarity hypothesis. However, suspended humans walking on a 

treadmill in various simulated reduced gravity conditions even slightly decreased their 

relative stride length with increasingly lower simulated gravity conditions. Similarly, 

semi-aquatic turtles did not alter their relative stride length, even when exposed to four 

different treatments of simulated microgravity treatments (Figure 4). These results are 

consistent with research of simulated microgravity environments, such as can be found 

on the moon. For example, using parabolic flight to simulate moon gravity (0.16 g), the 

study found that the walk-to-run transition occurred at higher values of Fr than on earth, 
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suggesting that participants preferred to run instead of walking 145. The buoyant force 

acting on turtles may have similar effects as humans walking on lunar gravity, prompting 

them to change their locomotor patterns in order to allow for effective locomotion in 

these simulated reduced gravity environments. 

 

 Moving through two vastly different ecotones, such as from water onto 

land requires adaptations in the locomotor patterns simply due to the differences in 

physical demands between the two habitats. Semi-aquatic turtles moving between three 

levels of water submergence used a diagonal walking gait. However, on land (0% 

submergence) they achieved the highest velocities and stride frequencies using the 

shortest stride length while using a high duty factor (Table 1). Except for stride length the 

remaining three kinematic values increased with deeper water submersion levels (Table 

1). A study in the amphibious ropefish showed two distinct gaits when moving on land 

versus in water 107. Ropefish are limbless, and elongated fish that use body undulations to 

move in either environment 107, unlike turtles, who have four limbs that allow them to 

support their body weight on land. Contrary to turtles, at full emersion onto land, ropefish 

used the slowest velocity, while increasing their speed with deeper submersion levels 107. 

Where the turtles on land used increased stride frequency and lower stride length to 

achieve high velocities, ropefish exhibited long, slow and large-amplitude body 

undulations 107. Although, both animals regularly transition between water and land, 

turtles seem to poses a morphology that is more effective for locomotion on land. 

California newts were studied during water-land transitions using inclined ramps to 

connect both habitats. Although news are quadrupeds, such as the turtles, they tended to 
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use faster velocities when partially submerged similar to the ropefish 13. It was noted that 

the newts footfall patterns were more variable in water and featured shorter duty factors 

13. This result is consistent with our observations in turtles, where duty factor decreased 

with water submergence levels. Duty factor and stride frequency frequently decrease in 

partial or fully submerged animals 38,99, and is attributed to changes in locomotor 

kinematics due to buoyancy counteracting gravity allowing for longer glide times 

between steps.       

 

 Body size significantly influences the structure of animals and their 

patterns of movement 6. Changes in locomotion may occur throughout ontogeny or 

evolutionary time in order to adjust for differences in body size 20. In turtles stride length 

and velocity greatly changed with body size (Table 2). While duty factor and stride 

frequency did not change for different sized turtle at a given water submergence level. 

For example, large turtles moved much faster at a given stride frequency than smaller or 

medium turtles (Figure 5), with the fastest velocities measured on land. When testing if 

different sized turtles would move dynamically similarly at a given water submersion 

depth, we found this hypothesis to be only true at 75% submergence. At 0% and 25% 

water submergence small turtles exhibited and increase in relative stride length at equal 

Fr (Figure 6). Therefore, body size did seem to have an affect in the treatments where a 

buoyant force was either absent or relatively small. Although not a direct comparison to 

the kinematic changes of small turtles in certain water submergence treatments, small 

squid did move much slower than older and larger squid in shallow water habitats 17. A 

follow up study in squid showed that very small squid (paralarvae) moved at low to 
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intermediate Re, while juveniles and adults swam at higher Re values, accounting for 

some of the differences in the swimming kinematics and speeds achieved for small versus 

larger squid 16. Smaller animals may experience a greater affect of the changing physical 

demands of water-land transitions. Due to their small size they may experience low Re 

regimes prompting them to use different gaits as larger animals in order to counteract the 

effect of drag. Similarly, while not tested in this study, during gradual transition between 

water and land, the movement of their bodies can create waves, where the effect of wave 

drag may destabilize smaller animals more than large ones. These factors were not 

studied here and could serve to better understand the differences in locomotor 

biomechanics of different sized animals during water-land transitions.  

   

2.6 Conclusion 
  

 In this study we were interested in exploring the effects of body size on 

the locomotor biomechanics of semi-aquatic turtles during water-land transitions. We 

concluded that turtles do not move dynamically similarly in different water submersion 

levels, although buoyant force may play a role in changing locomotor patterns. Where at 

no (0%) or low (25%) water submersion turtles moved similarly at equal values of Fr, 

limb kinematics changed when the turtles were up to 75% submerged in water. However, 

we hypothesized that different size turtles would move dynamically similarly at the same 

water submergence depth. While it was true for turtles submerged at 75% water levels, 

small turtles in 0% and 25% significantly differed. We conclude that turtle movement in 

water-land transitions is both affected by body size as well as the demands of the physical 

changes between the opposing aquatic and terrestrial habitats.  
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CHAPTER 3 

SEMI-AQUATIC TURTLES USE MULTIPLE GAITS WHEN MOVING IN 

SHALLOW WATER ENVIRONMENTS 

3.1 Abstract 

Living at the water’s edge allows animals to take advantage of various habitat 

types, each with their own set of challenges and advantages. This might serve as one of 

the reasons for the large biodiversity of animals in shallow water habitats, where there is 

plenty of oxygen and light for food, shelter and reproductive opportunities. Animals 

living in shallow water environments are exposed to water, a more viscous fluid than air, 

and the resulting buoyant force that dictates their locomotion strategies. Besides 

swimming and aquatic walking, research studies have shown that alternative gaits are 

being used by animals, such as crabs, newts, mudskippers and hippopotami; especially 

when moving in shallow water habitats or transitioning between water and land.  

We are interested in locomotor strategies of turtles moving in shallow water 

environments, since they are further restricted in their movement by their unique body 

plan, where only the limbs provide propulsion as their spine is fused with their carapace. 

Of further interest is how locomotor strategies in shallow water habitats might be affected 

by size, since turtles from a young age regularly live at the waters edge and transition 

between both ecotones. We tested 14 red-eared slider turtles over three size classes 

(small, medium and large) in shallow water (one body length water depth) and deeper 

water (more than one body length water depth) submersion. We used high-speed videos 

to record the kinematics of turtles. We observed three distinct gaits, aquatic walking 
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swimming and a novel gait – hindlimb pushing. PC analysis determined that 73.2% of the 

variation are along the first two PC axis, with the differences in the gaits being driven by 

the front limb phasing relationship, velocity, stride frequency and duty factor. 

Furthermore, we discovered that small and medium turtles will chose hindlimb pushing 

gait only shallow water environments, but neither size turtle will use this gait in deep 

water submergence. The use of this gait in shallow water environments may indicate that 

it aids in predator avoidance, due to enabling turtles a larger field of view, obstacle 

negotiation in shallow water habitats, or as an intermediate step for water-land 

transitions.                                               
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3.2 Introduction 

Animal size is an important variable affecting function and form of an organism. 

It can change through growth or over evolutionary time, resulting in dimensional changes 

that affect the animal’s physiology as well as locomotion 20. Animals of different size 

will vary in morphology, velocity, stride length, stride frequency, acceleration and 

deceleration capabilities as well as agility 6,19,20,45. For example, while smaller animals 

like amphibians, reptiles and small mammals exhibit a more crouched posture, decreasing 

the forces exerted on their limbs and allowing for greater changes in momentum, their 

ability to maneuver may compensate for their lack of top velocity, when compared to 

larger animals 19. On the contrary, large animals such as mammals display changes in 

their morphology by orienting their limbs straight under their body allowing for the 

primary loading to occur axially and decreasing the peak stresses they encounter, 

therefore, they can achieve peak speed using long stride length while lowering their stride 

frequency 19. Yet, these principles of size affecting locomotion hold true for bipedal 

humans and birds walking 7,61, wing spans in birds for flight 116 and fish swimming in 

aquatic environments 138. Regardless of animal species or environmental factors, body 

size is crucial for effective locomotion, which in turn is linked to an animal’s fitness.   

 

Many animals regularly transition between water and land, allowing them to 

expand their ecological niche for hunting prey, finding shelter or reproduction 67. 

Regardless of an animals shape or size, while moving in aquatic environments they 

encounter a higher-density and more viscous medium that increases the effects of drag on 
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their bodies, when compared to gravity-dominated terrestrial locomotion 56. While 

underwater, animal’s aim to move towards a selected trajectory, but are subject to a 

variety of destabilizing forces, that are either self-generated, by their movement, or 

external, due to turbulences 124. For example, in low Reynolds-number regimes the 

density of water nearly matches that of zooplankton, prompting them to continuously 

produce lift with drag-based swimming using flagella, cilia, or setal paddles 28,84,137. On 

the other hand, lift-based swimming in moderate to high Reynolds number regimes can 

be achieved with paired lateral propulsors (i.e. wings, fins) 58,146, a single caudal 

propulsor (i.e. tail, fluke) 26,88, or by passing waves posteriorly along an elongated trunk 

63,93. Further, constraints in the evolutionary history of some animal taxa have driven 

morphological adaptations that resulted alternative modes of underwater locomotion. 

Some fish and mollusks use jet propulsion, where they quickly expel water from their 

bodies to escape predators 55,78. Others use bottom walking, which has evolved in such 

diverse taxa as fish 118, reptiles 100, mollusks 79 and crustaceans 99. Regardless of gait 

choice, all the locomotor adaptations are crucial in counteracting the effects of a denser 

medium and increased drag environment. 

 

Shallow water habitats present important ecological niches in vertebrate 

communities, where a number of co-occurring size classes frequently overlap in habitat 

or food utilization patterns 128. Body size of an animal, such as through ontogenetic 

changes, can have a major effect on competitive, and predator-prey interactions 104. For 

example, a study of the effects of body size on intra- and interspecific habitat relationship 

of fifteen fish species revealed that small fish preferred to group in small water streams, 
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that provided refuge from larger predators, but also excluded them from the food 

enriched deeper pools 128. Similar effects of predator avoidance, by hiding in shallow 

water environments, can be observed in juvenile lobsters 139, salamander larvae 132, 

juvenile lemon sharks 105, crayfish 51, and turtles 23. Contrary, research in bottle nose 

dolphins revealed that during periods of high tiger shark densities, they preferred to hide 

in deeper water out of sight, and when forced to return to shallow water preferred to form 

large group sizes for protection 72. Although shallow waters may represent a suitable 

refuge from aquatic predators, plenty of predators attack from the nearby aerial and 

terrestrial habitats. For example, birds, mammals, reptiles and amphibians use shallow 

water habitats for hunting prey, such as juvenile fish, reptiles, and crustaceans 27,111,112. 

Hence successful predator avoidance requires early detection as well as appropriate 

refuge from aquatic, aerial or terrestrial predators.  

 

Predator avoidance is a crucial survival skill and animals have developed a variety 

of mechanisms to avoid being eaten. Several studies have investigated defense 

mechanisms ranging from avoiding detection 129, warding off attacks 59, safety in 

numbers 18 and fighting back 117 that allow for better survivorship by avoiding or 

deterring predator attacks. Eye sight is an important factor in early predator detection and 

is coupled with an animals vigilance, the time it spends in lookout for a predator versus 

feeding 18,85. Vision is believed to be the most accurate source of spatial information in 

both air and water, but light absorption dims quicker in aquatic environments, driving a 

strong selection pressure on visual systems in marine fish 96.  
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In this study, we investigated the impacts of body size in shallow water 

locomotion of a semi-aquatic turtle, the red-eared slider turtle, Trachemys scripta elegans 

143. These turtles inhabit the ponds, streams and rivers along the Mississippi delta, while 

regularly transitioning from water to land in order to hunt for food, avoid predation, and 

reproduction 46. Turtles have a unique ‘bauplan’ 30 among vertebrates. Their dorsal 

vertebrae are mostly fused to the carapace, with the exception of the neck and tail, 

resulting in turtles relying solely on their limbs for propulsion 120. Previous studies have 

shown that turtles use aquatic walking 144 or swimming  149, while fully submerged under 

water, and walk or trot 149 on land. While these gaits can vary in duty factor and limb 

phasing, they are defined as diagonal (symmetrical) gaits with diagonal limbs moving 

together 7,146.  

 

To test for gait choices in shallow water habitats we chose small, medium and 

large sized, red-eared slider turtles. Our goal were 1) to collect high-speed videos of their 

limb kinematics while analyzing gait choices in shallow water treatments. 2) Further 

compare those gait choices for turtles of different body size classes. We were interested 

in how limb use changed in shallow water depth, when moving with a stiff body plan, 

where any gait changes would be isolated to adjustment in their limb movement.  

 

3.3 Material and Methods 

We tested 14 red-eared slider turtles (Trachemys scripta elegans); weight 6.2 - 

106.8 g, and carapace length 3.0 - 9.8 cm) submerged in shallow water conditions. The 

animals were purchased as juveniles (The Turtle Source, Miami, FL) and reared to sub 
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adult size (mean carapace size 8.4 ± 1.4 cm). We further divided the turtles into three size 

categories; small (6.8 ± 0.7 g, N=5), medium (17.5 ± 3.2g, N=5), and large (80.9 ± 24.5g, 

N=4). The turtles were maintained on a 12:12h light:dark cycle and fed turtle sticks 

(Tetra ReptoMin) three times each week. Turtles were tested at room temperature (20 - 

23°C), which falls within their natural temperature range in their northern habitats. A 

trackway (262 x 175 cm) was positioned inside a plastic inflatable pool and lined with 

waterproof sandpaper (3M, P220, 23 x 66 cm) for traction. A high-speed camera (Photron 

SA-3, 250 frames per second, shutter speed: 1/1000 s) was mounted above the trackway, 

with a tilted mirror (65° angle) providing a second, lateral view of the turtles.  

 

The turtles were tested at two different water depths. In the shallow water 

treatment the water depth was restricted to one body length of the turtle (Figure 7d). In 

the deep-water treatment the turtles were exposed to a water depth several times their 

body lengths (Figure 7d).  

 

We marked the turtles with a white dot near their estimated center of mass (COM) 

(PaperMate, Liquid Paper) to facilitate motion tracking. We analyzed seven trials per 

individual (except for three turtles in hindlimb pushing gait, where we recorded three 

successful trials), which represented straight runs at constant average velocity for a total 

of 145 trials. 2D videos were digitized using DLTdv5 70, and the following kinematic 

variables were recorded: velocity, limb frequency, strides length, front and hind limb 

duty factor.  Further analyses of the data were conducted in custom Matlab programs, and 

statistics were run in JMP12.1.0 (SAS).  
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We performed simple linear regressions to test for correlations between turtle size 

and each kinematic variable. We then tested all variables that significantly correlated 

with body size for differences between treatments using multiple Kruskal-Wallis tests 

(Table 3). For depth of analysis we recorded the values for duty factor separately for the 

front and hind limbs of the turtles (Table 3).  

 

We used limb phasing to quantify differences in gaits during locomotion. We 

calculated limb phase by representing the time of contact of each limb relative to the left 

hind limb, expressed as a percent of the total stride (Figure 9). The value of the left hind 

limb phase was always zero percent.7. When performing a diagonal gait, the right front 

limb would move with a phase of 0 or 360°, while the opposite limb pairs moving 

perfectly out of phase would have a value of 180°. 

 

Animal experiments were performed in accordance with Temple University's 

animal care protocol, ACUP# 4184. 

  

3.4 Results 

We observed the turtles using three distinct gait patterns (Figure 7). For aquatic 

walking and swimming 144,149, turtles relied on a diagonal gait, synchronizing the 

movement of diagonal limb pairs (Figure 7a, b). During aquatic walking all four limbs 

contact the ground during a stride cycle (Figure 7a), while moving through the water 

during the swing cycle. In contrast, during swimming the limbs never touch ground 
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(Figure 7b). During our trials the turtles kept their bodies parallel to the bottom of the 

trackway for aquatic walking and swimming gaits.  

 

The third gait we observed differed from the other two gaits in body position as 

well as limb movement. The turtles kept their hind limbs in contact with the ground 

during their strides, while they angled their head towards the surface, occasionally 

breaking the water surface with their rostrum (Figure 7c). While the hindlimbs stepped in 

a walking pattern (duty factor: 0.52 ± 0.01), the front limbs paddled as if swimming. We 

name this novel movement “hindlimb pushing”.  

 

Hindlimb pushing was only used in shallow submergence treatments in small 

(50%) and medium (33%) turtles (Figure 8). Furthermore, in shallow water treatments 

12% of small turtles walked and 38% swam. In contrast, medium turtles in shallow water 

walked in 44% of their trials and swam in 23% of the trials. This is in contrast to large 

turtles, which walked exclusively in shallow water treatments. In deep water 

submergence treatments, small turtles mostly preferred to swim (78%) or occasionally  
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Figure 7: Red-eared slider locomotion during full water submergence a) top view of an 

aquatic walking gait (gray ovals indicate foot contact with substrate), b) swimming gait, 

c) novel “hindlimb pushing gait”. Body angle indicated in side view with dashed line 

showing water surface. Footfall diagram show mean duration of retraction for each limb 

throughout gait cycles (aquatic walking N=60, swimming N=59, hindlimb pushing 

N=18). 
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Figure 1. Red-eared slider locomotion during full water submergence. (a) top view of a aquatic walking gait (gray ovals indicate foot contact  
with substrate). (b) swimming gait. (c) novel ‘hindlimb pushing’ gait. Body angle indicated in side view with dashed line showing water 
surface. Footfall diagram show mean duration of retraction for each limb throughout gait cycles (aquatic walking N=60, swimming N=59, 
hindlimb pushing N=18). 
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used aquatic walking (22%), while medium turtles only swam (100%) for all trials and 

large turtles swam in 58% of the trials and walked in 42% of the trials.  

 

Kinematic analyses showed that speed increased linearly with limb frequency for 

all three gaits (simple linear regression, Figure 11), although the turtles used varying 

kinematic strategies to achieve their speed (Table 3). Swimming turtles achieved the 

highest velocity followed by aquatic walking and hindlimb pushing (Kruskal-Wallis, 

Figure 11, Table 3). During swimming and aquatic walking turtles maintained similar 

stride length of 6.45 ± 0.45 cm, while during hindlimb pushing turtles significantly 

reduced their stride length to 3.34 ± 0.26 (Kruskal-Wallis, Table 3). This was in contrast 

to limb frequency, which were similar for swimming and hindlimb pushing gaits (2.49 ± 

0.16 Hz), while during aquatic walking turtles preferred lower limb frequencies of 1.55 ± 

0.08 Hz (Kruskal-Wallis, Table1). These trends held true throughout size classes, except 

for small, swimming turtles that achieved comparable velocities and limb frequencies to 

hindlimb pushing gaits (Figure 11). Duty factor for swimming (0.38 ± 0.01) and aquatic 

walking turtles (0.52 ± 0.01) followed expected trends as observed in video analysis 

(Figure 7a, b) for both front and hind limbs. This is in contrast to hindlimb pushing gaits, 

where the duty factors of the front limbs were similar to that of swimming turtles (0.39 ±  
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Figure 8: Percent distribution of gait choices for small, medium and large turtles during 

shallow water versus deep water submergence for three gaits, aquatic walking, swimming 

and hindlimb pushing.  
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Figure 2: Percent distribution of gait choices for small, medium and large turtles during shallow water versus deep-water submergence. 
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0.03) while the hind limbs were moved similarly to aquatic walking turtles (0.49 ± 0.02) 

(Kruskal-Wallis, Table 3).  

 

Limb phasing differed between aquatic walking, swimming and hindlimb pushing 

gaits (F2,125 = 26.4998, p<0.0001) (Figure 9). A nested ANOVA test determined a 

significant shift in the phasing of the front limbs during hindlimb pushing gaits, which 

was distinct from either swimming or aquatic gaits (Table 4). During hindlimb pushing 

the left front limb moved at a mean relative phase of 129.6 ± 18.0°, and was closely 

followed in movement by the right front limb at a mean relative phase of 147.6 ± 28.8° 

(Figure 9). The hind limbs seemed to move in an anti-phase pattern during hindlimb 

pushing, which resembled more the pattern observed for both swimming and aquatic 

walking (Table 4). However, the relative phasing of the right hind limb was 201.6 ± 7.2°; 

a significant change relative to the right hind limb phasing in aquatic walking and 

swimming (Table 4). 

 

A principal components analysis (PCA) revealed that 73.2% of variation in gait 

patterns was explained by the first two principal components (PC1 and PC2), revealing 

distinct clustering of three gait patterns: aquatic walking, swimming and hind limb 

pushing (Figure 10, Table 5). Velocity and stride length loaded high on PC1 (38.7%), 

whereas stride frequency and duty factor loaded high along PC2 (34.5%). 
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Figure 9: Polar plot displaying the relative limb phases of individual legs (right hind 

(RH), left front (LF) and right front (RF)) to a reference leg (left hind (LH), black vertical 

line) for aquatic walking, swimming and hindlimb pushing.  
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3.5 Discussion 

Here we studied the effects of body size during shallow water locomotion of 

semi-aquatic turtles. Varying water depth from several to one body lengths per treatment 

revealed that turtles of different body sizes chose between three gaits: swimming, aquatic 

walking and an unknown gait - hindlimb pushing (Figure 7). While swimming and 

aquatic walking came as no surprise, as they are well documented gaits for turtles 

7,31,106,149, hindlimb pushing has not been previously described in the literature, as far as 

we are aware. 

 

 Red-eared slider turtles chose different gaits depending on body size and 

water submersion depth. Here we observed the hindlimb pushing gait solely in shallow 

water treatments of one body length per turtle, as well as for small and medium sized 

turtles (Figure 8). Small turtles performed hindlimb pushing up to half the time during 

our study, while the frequency of this gait decreased to one-third for medium turtles 

(Figure 8). We never observed it in deep-water submersion treatments of more than one 

body length per turtle, or in large turtles, even when moving in shallow water treatments 

(Figure 8). Studies have shown that body size had an effect on kinematics, causing 

juveniles to have lower absolute levels of performance 73,86. This may have led to 

younger and smaller animals being at a competitive disadvantage, leading to more 

effective or relatively higher locomotor performance during early life-history stages as a 

compensation mechanism 73. For example, fast-start locomotor behavior was measured in 

three salmonid species, and performance variables, such as duration, maximum velocity,  
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Figure 9: Principal component analysis for aquatic walking (yellow circles), swimming 

(green triangles) and hindlimb pushing (blue square) gaits with relevant kinematics 

factors listed for PC1 and PC2.  
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and maximum acceleration were highly dependent on ontogenetic stages 68. However, 

peak fast-start performance was reached at a relatively early developmental stage (end of 

yolk-sac absorption), suggesting its importance towards survival into adulthood 68. Some 

species, such as black-tailed jackrabbits, can achieve higher rates of acceleration by 

relying on allometric growth of bone diameter, muscle strength, and mechanical 

advantages 33. Nevertheless, fast acceleration served as a mechanism to escape predators 

in comparable rates to larger adults, but juveniles did not have the same rate of stamina 

34. Other animals exhibit changes in their gait choice throughout ontogeny that may give 

them advantages when predators are present. Young mountain gorillas in their earliest 

life stages rely on bipedalism, changing to quadrupedalism and eventually climbing as 

they increase in body size through ontogeny 49. This behavior is mirrored in chimpanzees, 

although they tend to grow faster through ontogeny than mountain gorillas, however, at 

equivalent body sizes both ape species perform very similar locomotor activities 49. The 

initial bipedalism is mainly used when moving close to the mother, allowing them for a 

quicker time to cling to their mother in dangerous situations 49. We believe that red-eared 

slider turtles, similarly to the previous example, exhibit an early life stage in which they 

use hindlimb pushing gait for a short period of time during ontogeny. Although turtles 

may use hindlimb pushing gait for a completely different reason, since there is no parent 

involvement past the egg laying stage, suggesting that hindlimb pushing gait might not be 

used as a fast predator escape mechanism, but rather might have a different ecological 

purpose.   

 



 51 

 

 

 

Figure 10: Kinematic profile: Velocity increases linearly with limb frequency for 

aquatic walking (green triangle), swimming (yellow circle) and hindlimb pushing (blue 

square). Small swimming turtles (yellow circle with stars) depicted separately. 
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During our study of body size effects on locomotor mechanics in shallow water 

habitats we happened upon the unknown hindlimb pushing gait. This gait is distinct, in 

that the turtles walked in a bipedal manner, moving their hind limbs along the bottom 

alternatively, half a cycle out of phase. We found that the small and medium red-eared 

slider turtles using hindlimb pushing in shallow water treatments decreased their velocity 

and stride length, while increasing their limb frequency (Figure 11 and Table 3). While 

bipedal locomotion is a trademark of human walking and running, some birds, lizards, 

kangaroos, rodents and even cockroaches will occasionally move bipedally 8. When 

measuring the hind limb kinematics of slow walking bonobos, they used shortened stride 

length at a higher limb frequency 2. Similarly, a study on seven species of ground-

dwelling birds showed that small birds tended to exhibit higher stride frequencies and 

shorter stride length at low velocities 61. Not all bipdelism in animals is used during slow 

velocities. For example, while most lizards are quadrupedeal, the Callisaurus lizard 

regularly runs bipedally with massive, successive strides at high velocities 8,92. High 

velocities can also prompt cockroaches to rear their body up, moving with their two most 

posterior limbs 60. The red-eared slider turtles use of the hindlimb pushing gait was 

during slow locomotion (Figure 8, 11) in shallow water environments, similarly to that of 

the juvenile bonobos or small birds. 

 

Although hindlimb pushing is a form of bipedal locomotion, it does not resemble 

human waking gaits. It is the general conclusion that no animal runs or walks as humans 

do 8. This is due to humans remaining in an upright posture, where the knees remain at  
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Table 3: Kruskal-Wallis test for kinematic variables and gait choices of red-eared slider 

turtles (values are means ± s.e.) 

 

almost 170° at mid-stance, while striking the ground with the heel at initial touch down 

of a stride 39. In most other animals the center of mass is forward of the hip, similarly to 

the turtles, which maintained an angled body position of 70° ± 9.8°. From the video 

analysis we deducted that the turtles always touched down with the tip of their toes, 

sometimes even only with their claws, before proceeding to plant the entire foot on the 

ground. Humans walk slowly at duty factors of about 0.7, decreasing to about 0.55 for a 

faster walk 5. This contrast to red-eared slider turtles during hindlimb pushing where the 

front limb duty factor (0.39 ± 0.03), which was comparable to swimming turtles, was 

different from the one measured for hind limbs (0.49 ± 0.02), which was more 

comparable to aquatic walking turtles (Table 3). This shift in locomotor kinematics was 

further accompanied by significant shifts in front limb phasing (Figure 9). While for 

swimming and aquatic walking contralateral limb pairs move together (in phase), the 

phasing relationship of the front limbs shifted. In hindlimb pushing gaits the left front 

foot  

Table	1.	Kruskal-Wallis	tests	for	kinematic	variables	and	gait	choices	of	red-eared	slider	turtles	(values	are	means	±	s.e.)
(|Z|,p) (|Z|,p) (|Z|,p)

swimming	(s) aquatic	walking	(a.w.) hindlimb	pushing	(h.p.) s.	vs.	a.w. h.p.	vs.	a.w. s	vs.	h.p.
Velocity	(cm/s) 13.13	±	0.98 10.08	±	0.80 8.16	±	0.57 5.58,	<0.0001* 0.31,	0.7579 4.33,	<0.0001*
Stride	Length	(cm) 6.12	±	0.40 6.77	±	0.49 3.34	±	0.26 2.50,	0.0125* 3.98,	<0.0001* 5.08,	<0.0001*
Limb	Frequency	(Hz) 2.25	±	0.10 1.55	±	0.08 2.72	±	0.21 4.87,	<0.0001* 4.05,	<0.0001* 1.94,	0.0522
Duty	Factor	(Front	Limbs) 0.40	±	0.01 0.52	±	0.01 0.39	±	0.03 6.76,	<0.0001* 4.24,	<0.0001* 0.31,	0.7568
Duty	Factor	(Hind	Limbs) 0.36	±	0.01 0.52	±	0.01 0.49	±	0.02 7.60,	<0.0001* 1.40,	0.1600 4.26,	<0.0001*

significant	difference	denoted	by	*	(p<0.05)
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Table 4: Results of nested ANOVAs for relative limb phasing of fore- and hindlimbs of 

red-eared slider turtles using three different gaits (values are mean ± s.e.) 

 

phasing was offset by 27.5%, while the right front foot phasing was offset by 84.4%, 

resulting in both limbs moving shortly one after the other (Figure 9, Table 3, 4).  

 

Predator avoidance is one of the key ecological mechanisms to prevent death and 

therefore increase an individual’s fitness 85. While a plethora of strategies ranging from 

avoidance, disguise to direct conflict have evolved, which strategy is used by an animal 

depends on its behavior, physiology and morphology 85. Red-eared slider turtles have a 

unique body plan within the animal world. Their carapace covers their back, fuses with 

their pectoral and pelvic girdles, as well as the spine and ribs, while the plastron creates 

in immovable plate underneath their body 120,149. This severely restricts the spinal 

movement of turtles and isolates any locomotor changes to solely their limbs 120. 

Furthermore, juvenile turtles are a popular prey for many animals, both from the aquatic 

(fish etc.) and terrestrial (raccoons, etc.) realm 24. Considering these factors, predator 

avoidance becomes essential for survival into later life stages. Red-eared slider turtles  

 

Table	2.	Results	of	nested	ANOVA's	for	relative	limb	phasing	of	fore	and	hindlimbs	of
red-eared	slider	turtles	using	three	different	gaits	(values	are	mean	±	s.e.).

aquatic	walking swimming hindlimb	pushing	 F p
left	hind 0.0	±	0.0 0.0	±	0.0 0.0	±	0.0 - -
left	front 176.4	±	3.6 180	±	3.6 129.6	±	18.0 F2,125=	10.0191 <0.0001*
right	hind 176.4	±	3.6 172.8	±	3.6 201.6	±	7.2 F2,125=	57.6863 <0.0001*
right	front 21.6	±	7.2 25.2	±	3.6 147.6	±	28.8 F2,125=	10.6331 <0.0001*

significant	difference	denoted	by	*	(p<0.05)
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Table 5: Principal component analysis for factors contributing to turtle gait choice.  

 

 

 

 

 

possess good eyesight, often recognizing potential danger from far away, initiating 

escape maneuvers during early detection 96. One possible explanation of the hindlimb 

pushing gait for small and medium turtles in shallow water environments could be that by 

rearing their body towards the surface, they are able to widen their field of view. This 

behavior potentially can aid in detecting wading birds or terrestrial predators earlier, 

therefore increasing their chances of survival. A future behavioral study would be needed 

to test this behavior with dummy predators and could shed insight into a unique 

locomotor adaptation in turtles that may aid fitness.  

 

3.6 Conclusion 

  

 We studied the effect of body size in shallow water locomotion on red-eared 

slider turtles. Our study found that during one body length of submersion small and 

medium sized turtles exhibited a previously undescribed gait – hindlimb pushing. This 

gait was never used in water submersions more than one body length depth or by large 

turtles. During hindlimb pushing, the turtles erect their bodies towards the water’s 

surface, contacting their ground with only their hind limbs. This gait exhibits slow 

PC1 PC2
velocity	(cm/s) 0.53063 0.45705

stride	frequency	(hz) -0.32058 0.50816
duty	factor 0.03072 -0.58548

stride	length	(cm) 0.68195 0.14323
right	front	limb	phasing -0.38686 0.4118
variance	proportion	(%) 38.7 34.5

Table	3.	Principle	component	analysis	for	factors	contributing	
to	turtle	gait	choice.
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velocity, short stride length, but high limb frequencies, with different duty factors for the 

front and hind limbs and shifts in limb phasing. It, therefore, significantly differs from 

swimming or aquatic walking. We posit that hindlimb pushing may serve as an ecological 

predator avoidance strategy, which may allow for early detection by potentially 

increasing the field of view. 
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CHAPTER 4 

GEOMETRIC MORPHOMETRIC ANALYSIS OF ENVIRONMENT 

AFFECTING TURTLE FORE- AND HINDLIMB BONE SHAPE  

4.1 Abstract 

Diversity is represented everywhere in the world. We have diverse regions with 

drastic changes in environmental habitats. Similarly, many animals have adapted to live 

in those environments and changed their morphology to ensure mobility and survival to 

increase their fitness. Form, or the shape of an animal plays a crucial role in adaptation 

and is closely tied to performance. In the study of biomechanics we are interested in how 

animals perform within an environment and use tools, such as geometric morphometrics, 

to understand changes in the shape to explain possible physical advantages that allow for 

better survival in some habitats. Although some animals have specialized body types that 

aid in locomotion, many animals have shapes that are generalized, allowing them to 

interact in varying habitat conditions. Generalized body form is interesting, as it can shed 

insight into the minimal features needed to be retained in order to allow for appropriate 

movement and survival. In this study we are interested in understanding the 

morphological shape adaptations of turtle limb bones and performed a geometric 

morphometric analysis of turtles living in either terrestrial, semi-aquatic or fully aquatic 

environments. We hypothesize that limb bone shape will correlate with habitat and 

ecological use, with regional differentiation occurring in the stylopods (humerus and 

femur) due to attachmenet of larger mucscle groups and their role in force generation. We 

collected the 3D scanned in images of thirteen turtle bones from three different museum 

collections. Factorial MANOVAs run for individual bone datasets to test for effects of 

environment were significant for humerus, ulna and femur bones (p<0.001 – p<0.011). 
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The majority of the variance (90%) was summarized by the first five PCs in the humerus, 

radius, ulna, as well as the femur, tibia and fibula bones. Distinctions in bone shape 

were observed between terrestrial, semi-aquatic and marine aquatic turtles. Although 

significant variation in lifestyles exist for semi-aquatic turtles, none of the bone shapes 

clearly aligned with either the terrestrial or marine aquatic species. Within the spectrum 

of semi-aquatic species, with some living more aquatic life styles vs others having more 

terrestrial preferences their bone shapes remained relatively generalized when 

compared to fully terrestrial and marine aquatic species. Major differences in bone 

shape were observed in the curvature of the bone shafts as well as the location and size 

of the proximal heads of the humerus and femur. These adaptations potentially allow for 

different, or larger muscle attachment resulting in difference of physical force outputs 

that have to be yet measured.  
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4.2 Introduction 

Form is closely tied to the biological function an animal needs to perform and is 

subject to evolutionary pressure 12. Morphological features of an organism, both internal 

and external, adapt by changing physical structure, size, and shape 94. Limb bones, the 

locomotor apparatus of animals, have undergone many adaptations to accommodate a 

variety of different habitats. Specializations in limb morphologies can be observed in fish 

for aquatic swimming using fins or in terrestrial quadruped that use legs to move on land 

20. Limbs are comprised of muscles and bones that interact together to perform a variety 

of motor behaviors 63. Bones are primarily made to provide rigid levers for muscles to 

pull against 135, prompting changes in shapes to occur over a longer evolutionary 

timeline. Muscles, however, serve as actuators of the limb bones changing shape every 

time they are activated, and are responsible for the coordinated movement of animals 

6,63. 

 

Approximately 300 million years ago, the first tetrapods set foot on land bringing 

about an evolutionary invasion of terrestrial habitat that spurred one of the largest 

species diversification events in Earth’s history 3,37. However, with roughly 70% of the 

Earth’s surface being covered by water a secondary re-invasion of aquatic habitats 

occurred by terrestrial vertebrates 56. Animals that moved from land to water 

encountered physical disparities. Aquatic habitats see a reduction in oxygen content with 

water being a higher-density and more viscous medium, where drag effects are 

increased 137. Therefore, an organism transitioning from a terrestrial to aquatic lifestyle 

would have require adaptions to its’ morphology, physiology and behavior 56,75. 

Nevertheless, secondary aquatic invasions occurred in all tetrapod vertebrate groups at 

different times in the evolutionary history of the earth 56. Nowadays, ancestors of 

tetrapods that re-invaded aquatic environments are exemplified by whales, dolphins, 
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seals, sea lions, walrus, and sea turtles 56. 

 

Morphological adaptations to support an aquatic lifestyle were observed by the 

animals bodies being streamlined with a fusiform shape to reduce drag 57. Limbs were 

re-shaped for better thrust production with elongated limbs that can act as paddles, or as 

oscillating hydrofoils, shaped like flippers and caudal flukes 56,75,137. Animals that paddle 

typically move their limbs in an predominantly anteroposterior (or fore-aft) oscillation that 

includes distinct recovery and power strokes, producing a rowing motion 42,137. Rowing 

strokes can be advantageous for swimming that requires frequent turns and maneuvers, 

however, seem to be preferred by surface swimmers due to their low efficiency and slow 

speeds 141,142. Oscillating hydrofoils have been shown to be highly efficient for fully 

submerged animals at high speeds 137. The resulting flapping motions result in a 

dorsoventral (or up-down) movement, which produces thrust throughout the up and 

down stroke 122,137. Species specializing in flapping swimming often develop specialized 

limb morphology, in which the appendages taper distally to produce a wing-shaped 

structure 42,57. As in the case of sea turtles, their front limbs have become 

hyperspecialized, with an elongated shape and are the main propulsors during 

locomotion 123.  

 

The study of geometric morphometrics is rooted in the study of morphometrics 

including superimposition methods and hand drawn transformation, which date back as 

far as Duerer (1528) 15. In geometric morphometric answers regarding questions about 

shape of the phenotype are answered 25. Here, shape is the geometric information of an 

object once location, orientation and scale are removed 83. Once only shape is 

considered questions regarding phenotypes, caused by either speciation due to genomic 

reorganization or due to allometric growth shifts can be answered 89. Now, complex 
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structures can be quantified, visualized and analyzed using geometric morphometrics 

using either two dimensional or three dimensional (2D or 3D) landmarks 91. In geometric 

morphometrics the geometry of an object is retained, preserving the spatial relationships 

among landmarks, while incorporating both size and shape, thus permitting an 

examination of form 121. The use of Cartesian geometric coordinates allows for 

Procrustes superimposition, which account for differences in size by scaling, rotating and 

translating landmarks to remove the effects of non-shape parameters (i.e. size) 89. Once 

the effects of size and orientation are removed any type of multivariate statistical 

analysis can be performed 25,147. The most common analysis is a principal component 

analysis (PCA), which is a method for ordinating specimens along the major axis of 

shape variation 89.  

 

Most biomechanical studies test directional hypothesis (suggest differences 

between groups and predict the direction of differences) using conventional linear-based 

methods, but are unable to evaluate the functional morphology of complex structures 

90,91. At the same time, most studies of shape and form only rely on geometric 

morphometrics, which currently cannot test directional hypothesis. Hence, for complex 

structures, such as the limb bones, which interact with each other through adjacent 

surfaces, tendons and muscles as well as with the pectoral and pelvic girdles; a 

combination of directional hypothesis in conjunction with geometric morphometrics tools 

could yield more insight into shape changes as influenced by environment, genetics or 

force generation, then either one alone. New approaches that use geometric 

morphometrics as an additional tool to interpret adaptive tests are needed. In the 

meantime, relational studies have explored the correlation between geometric 

morphometrics and directional hypothesis, by complementing or contrasting their roles, 

rather than fully integrating the two approaches 69,91,103,130.     
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 The aim or our study is to relate turtle limb bone shape to the 

environment and lifestyle of different species. Turtles appeared about 210 million years 

ago in the fossil history, and have experienced extensive diversification in numbers as 

well as lineages and habitat use 119. Turtles occupy a large range of aquatic and 

terrestrial habitats all over the world 24. Nowadays, clear distinctions in habitat use can 

be drawn for tortoises (almost exclusively terrestrial) or sea turtles (almost exclusively 

marine adapted), while many species are more defined on a semi-aquatic spectrum 24. 

Despite their diversity in habitat use, turtles have maintained a relative stable bauplan. 

They are distinct by their carapace, which is partially fused with the spine and 

vertebrates 106 and in extreme cases with the pelvic girdle as in side-necked turtles 100. 

The carapace, as well as the ventrally located plastron inhibits much of the movement of 

the axial skeleton, isolating locomotion exclusively to the limbs 31. Although, there is 

some evidence for morphological adaptation of the humerus with environment, no study 

has looked at correlation of the zeugopod and autopods of the front and hindlimbs with 

environment. While marine turtles use their hindlimbs as the main propulsors, the 

remaining species rely on the front limbs for movement, adapting to terrestrial, semi-

aquatic and fully aquatic lifestyles 22. We hypothesize that limb bone shape will correlate 

with habitat and ecological use with regional differentiation occurring in the stylopods 

due to attachment of larger muscle groups and their role in force generation. 

 

4.3 Materials and Methods 

To generate the morphological data set, we collected 3D STL scans of the 

humerus, radius, ulna, femur, fibula and tibia of 13 species of turtles belonging to five 

families from two collections (Table 6). Seven specimens collected at the Chelonian 

research institute were scanned using a NextEngine 3D Laser Scanner (NextEngine, 
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Inc.) and ScanStudio (Version: 2.0.2, ShapeTools LLC and NextEngine, Inc. 2006-2015) 

to merge individual perspectives of one bone together. Six specimens collected from the 

Carnegie Museum of Natural History and The Academy of Natural Sciences were 

scanned using a Matter and Form (Matter and Form, Inc.) scanner, using Matter and 

Form custom software to merge individual perspectives on one bone together. 

Landmarks have been chosen on bones: humerus (n=26), radius (n=26), ulna (n=26), 

femur (n=26), fibula (n=26) and tibia (n=26) (Figures 12, 13, 14, 15, 16, 17, 25).  

We used this shape data go generate morphospaces for each limb element 

separately. 

 

Since turtle limb elements are complex in more than one anatomical plane we 

decided to use 3D geometric morphometric techniques. All landmarks were digitized 

using Landmark (Version 3.0.0.6), which produces notefiles (.nts) that were then read 

into R-Cran using readland.nts in geomorph. All subsequent analyses were completed in 

Geomorph, Phytools, and Gieger 1. We digitized a total of six type-I booksteinlandmarks, 

eight type-II booksteinlandmarks and seven type-III booksteinlandmarks for the 

humerus. For the ulna we digitized four type-I booksteinlandmarks, three type-II 

booksteinlandmarks and seven type-III booksteinlandmarks. For the radius we digitized 

two type-I booksteinlandmarks, six type-II booksteinlandmarks and five type-III 

booksteinlandmarks. Similarly, we digitized a total of six type-I booksteinlandmarks, 

eight type-II booksteinlandmarks and seven type-III booksteinlandmarks for the femur. 

For the tibia we digitized four type-I booksteinlandmarks, four type-II booksteinlandmarks 

and five type-III booksteinlandmarks. For the fibula we digitized five type-I 

booksteinlandmarks, two type-II booksteinlandmarks and four type-III 

booksteinlandmarks. (See Table 7 and Table 8; Figures 12, 13, 14, 15, 16, 17).  
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We then conducted a generalized Procrustes analysis and principal component 

analysis using gpagen and plotTangentspance in Geomorph to generate a 

morphospace. This generated morphospace allows us to see the shape variation in each 

limb element of turtles. We then used statistically significant patterns (see below 

Correlation Between Habitat and Shape) to infer mechanical properties related to 

function. The generalize Procrustes analysis produces centroid sizes, and new 

coordinates in the shape space. The centroid size was calculated by dividing the 

coordinates for each specimen by the consensus centroid. The distance between the X 

and Y coordinates of each landmark from the consensus shape are the Procrustes 

distances. In subsequent analyses the centroid and Procrustes distances were used as 

dependent variables. Our morphological disparity test compared the Procrustes 

variances of shape and centroid sizes among our inferred habitat groups.  

 

 

4.3.1 Correlation Between Habitat and Shape  

 

After checking for linearity (diagnostic plots in procD.lm), we used a factorial 

ANOVA (to determine if limb shape (morphology and potential muscle attachment area) 

were correlated with habitats using the procD.lm function in Geomorph. Our factorial 

ANOVA compared the means of the centroid sizes and Procrustes distances of the 

previously established ecologies (aquatic, semiaquatic and terrestrial) groups to the 

overall sample mean (α<0.05). To determine the degree to which muscle attachment, 

limb element shape, and habitat were determined by ancestry, we conducted a factorial 

ANOVA on residuals that we then permuted across the neural spine and intercentra 

trees. 
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4.3.2 Biological profile of tested turtle species 

 

1) Semi-aquatic species 

a. Pseudemys nelsoni: The Florida red-bellied cooter is endemic in southern 

Georgia and all of Florida. Turtles can be found in nearly any type of 

aquatic habitat, including lakes, marshes, ponds, water-filled ditches, 

mangroves, and sluggish rivers 24. They spend significant amounts of the 

daytime basking on tree trunks or masses of vegetation 24,134. 

b. Trachemys scripta elegans: Red-eared slider turtles originate in the area of 

the Mississippi River and the Gulf of Mexico; however, their native ranges 

can be traced from southeast Colorado to Virginia and Florida 32. These 

turtles are very opportunistic and are adapted to many aquatic habitats. 

They do prefer calm waters with a muddy bottom, abundant vegetation 

and plenty of basking sites 24. Red-eared slider turtles frequently leave the 

water by climbing onto rocks or tree trunks in order to bask in the sun 24.  

c. Rhinoclemmys punctularia: The spot-legged wood turtles can be found in 

Brazil, French Guiana, Guyana, Suriname, Trinidad and Tobago as well as 

Venezuela 50. The turtles can be found to occupy all types of freshwater 

habitat within its range, including marshes, ponds, forest rivers, and lakes 

24. They are also frequently found in terrestrial environments, such as 

forests, and savannah areas 24.  

d. Glyptemys insculpta: The wood turtle range from southern Ontario and 

Quebec to Canada’s maritime region and down to southern Virginia 11. 
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Throughout their range they vary between being more aquatic, preferring 

slow-moving streams containing sandy bottoms and heavily vegetated 

banks, to being terrestrial 24. Their preferred terrestrial habitats include 

forests, shaded and marshy areas, fields, bogs and wet meadows 24. 

Variation in habitat preference between aquatic and terrestrial have been 

observed for populations and can be correlated to seasonality as well as 

geographic location, where populations from the southern part of their 

natural range, preferred aquatic environments during the summer month, 

while in northern populations turtles would be found predominantly in 

terrestrial habitats from May to August 29.  

e. Heosemys spinosa: The spiny turtle can be found throughout Southeast 

Asia. They live in humid, warm environments, near shallow creeks 

surrounded by well-wooded, mountainous habitats 24. The turtles are 

frequently found wandering about on land in cool, humid and shaded areas 

52. The young may be more terrestrial than adults and can often be found 

hiding under plant debris or clumps of grass 52.  

f. Rhinoclemmys areolate: The furrowed wood turtle is abundantly found in 

the Yucatan Peninsula and adjacent regions of Central America 24. 

Although the turtles are mainly found in terrestrial habitats, such as 

savanna, thorn scrub woodland, broadleaf forest, agricultural land and 

marshes, some populations can be predominantly aquatic 108.  

g. Melanochelys trijuga: The Indian black turtles are found in northern and 

peninsular India with an apparent void in the arid planes of northwestern 
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India 24. A predominantly aquatic species, the turtles can be found 

occupying calm rivers with clear water, as well as marshes and lakes. 

However, due to the extensive dry season of the region, they have been 

observed moving terrestrially towards another body of water 41. 

h. Chelydra serpentina: The common snapping turtle can be found from 

southeastern Canada down to Florida and can extend from the edge of the 

Rocky Mountains to as far east as Nova Scotia 24. They are found in all 

aquatic environments, preferring blackish water with muddy bottoms and 

detritus to allow them to hide and lie in ambush for prey 24. Although the 

turtles rarely bask, they are capable of forays over land 32.  

     

2) Marine species 

a. Caretta caretta: Loggerhead sea turtles are found in most tropical and 

subtropical seas mostly along the coasts of the continents 24. They are a 

fully aquatic species, where turtles rarely encounter terrestrial 

environments 146. However, they lay their eggs on land, exposing their 

young to a walk over sandy beaches before entering the sea 97, with only 

female adults regularly returning to the beach for laying their eggs.   

 

b. Lepydochelys kempii: Kemp’s ridley sea turtles can be found in the waters 

of the Atlantic, from the Gulf of Mexico to western Europe and North 

Africa 24. This species is known for their mass exodus from the sea, where 
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all females arrive in a short time frame, together on the beach to nest, also 

known as “arribada” 126.  

 

3) Terrestrial species 

a. Centrochelys sulcate: African spurred tortoises are fully terrestrial and can 

be found in the deserts of northern Senegal, southern Mali, northeastern 

Chad, western and northeastern Sudan, northern Eritrea, and northern 

Ethopia 24,109.  

 

b. Chelonidis carbonaria: The red-footed tortoise species can be found in 

much of northern South America, from western Brazil to Bolivia and into 

northern Venezuela and parts of the Guianas 24. C. carbonaria is closely 

related to C. denticulata and their natural ranges tend to overlap, however, 

C. carbonaria prefers savannas and dry forests, with humid forests to a 

lesser degree 136. Red-footed tortoises are well adapted to open and dry 

environments, with the capability of crossing long distances on foot 136.  

c. Chelonidis denticlata: The natural range of the yellow-footed tortoises 

includes the humid areas of South America, from southern Colombia and 

Venezuela, through the Guianas, and the Amazonian lowlands 24. They 

prefer shaded environments with humid understory of tropical rainforests 

and regions of high rainfall 136. Similarly to its close relative, C. 

carbonaria, they enjoy water and are good swimmers 24. 
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4.4 Results 

Individual bone datasets were subjected to factorial MANOVAs of shape against 

centroid size with only the humerus and ulna displayed significant correlation (p<0.01, 

p<0.02) (Table 9). Factorial MANOVAs run for individual bone datasets to test for effects 

of environment were significant for humerus, ulna and femur bones (p<0.001 – p<0.011) 

(Table 10). The majority of the variance (90%) was summarized by the first five PCs in 

the humerus, radius, ulna, as well as the femur, tibia and fibula bones (Tables 11 -16).  

 

Humerus 

 Taxa that are clustered more negatively on PC1 tended to have a 

proximally enlarged medial process of the humerus, and a narrowing of the humeral 

head, with a narrowed cylindrical humeral shaft that is dorsoventrally flattened (Figure 

19, Figure 26). Taxa clustered along the positive PC1 axis have a broadened humeral 

head with the sizes of the medial and lateral processes equalizing while the humeral 

shaft is broadened and arches dorsally (Figure 19, Figure 26). Taxa, which are clustered 

negatively on PC2 tended to display broadened proximal and distal ends of the humerus 

with enlarged, ventrally facing capitellum for articulation with the radius, and an enlarged 

trochlea for articulation with the ulna (Figure 19, Figure 26). Results of the PCA showed 

that 71% of the variance was explained by the first two PC axis (Table 11).  
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Figure 13: Anatomy of left humerus (Pseudemys nelsoni) and position of landmarks. (A) 

dorsal view, (B) ventral view, (C) proximal view, (D) distal view. Descriptioin of 

landmarks in Table 6. 

 

Radius 

 Radii bones for taxa clustered on the positive spectrum of PC1 tended to 

have a thicker bone diameter including the proximal, shaft and distal end of the bone 

(Figure 22). Taxa that are clustered along the negative spectrum of PC1 are narrowed 

from the proximal end through the shaft and the distal end of the bone (Figure 22). Taxa 

clustered around negative PC2 values displayed widened proximal and distal end while 

narrowing maximally through the radial shaft attaining a distinct hourglass shape (Figure 

22). These are opposite to the taxa clustered near positive PC2 values, which display a 

more uniform thickness from the proximal end trough to the distal part of the bone 

(Figure 22). Results of the PCA showed that 62% of the variance was explained by the 

first two PC axis (Table 14). 
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Figure 15: Anatomy of left radius (Pseudemys nelsoni) and position of landmarks. (A) 

dorsal view, (B) ventral view, (C) proximal view, (D) distal view. Descriptioin of 

landmarks in Table 6. 
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Ulna 

 Taxa clustered along the positive PC1 axis tend to have a narrower ulnar 

bone, which is more dorsoventrally flattened with pronounced sigmoid notch compared 

to taxa clustered along the negative PC1 axis (Figure 20). Furthermore, ulna bones near 

the negative PC1 axis tend to have broader proximal and distal ends for articulation with 

adjacent bones (Figure 20). Taxa, which can be found along the positive PC2 axis, had 

their proximal ulnar surface offset in and twisted from the proximal ulnar surface while a 

bent occurred along the ulnar shaft in the lateral direction (Figure 20). These 

morphological changes are opposite at the negative PC2 axis where the ulnar bones 

tended to be straight from the proximal end through to the shaft and distal end with no 

pronounced twisting or bending in the bones (Figure 20). Results of the PCA showed 

that 56% of the variance was explained by the first two PC axis (Table 13). 
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Figure 14: Anatomy of left ulna (Pseudemys nelsoni) and position of landmarks. (A) 

dorsal view, (B) ventral view, (C) proximal view, (D) distal view. Descriptioin of 

landmarks in Table 6. 
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Figure 3: Anatomy of left ulna (Pseudemys nelsoni) and position of landmarks. (A) dorsal view, (B) ventral view, (C) proximal view, (D) distal view. 
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Femur 

 Femur bones clustered on the positive PC1 axis tended to be more 

dorsoventrally flattened, particularly near the proximal head, underneath the femoral 

head (Figure 18). Taxa clustered along the positive PC1 axis have a femoral shaft that is 

dorsally arched, while the distal end of the humeral bones tend to be widened in the 

lateral to medial direction of the bones (Figure 18). Taxa along the negative PC2 axis 

had broadened proximal and distal ends with flattened dorsoventral femoral shafts 

(Figure 18), while taxa along the positive PC2 axis were smaller in bone diameter and 

arched dorsally near the distal end of the femoral bones (Figure 18). Results of the PCA 

showed that 63% of the variance was explained by the first two PC axis (Table 12). 
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Figure 12: Anatomy of left femur (Pseudemys nelsoni) and position of landmarks. (A) 

dorsal view, (B) ventral view, (C) proximal view, (D) distal view. Descriptioin of 

landmarks in Table 6. 
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Tibia 

 Tibia bones along the positive PC1 axis were thicker in diameter 

throughout the bones from proximal to distal ends (Figure 21), while along the negative 

PC1 axis the taxa displayed thinner tibia bones with smaller articulating surfaces on both 

the proximal and distal ends of the bones. Taxa clustered along the positive PC2 axis 

have an enlarged proximal as well as distal end of the tibia when compared to taxa 

clustered along the negative PC2 axis, no diameter changes appear in the tibial shaft 

(Figure 21). Results of the PCA showed that 51% of the variance was explained by the 

first two PC axis (Table 15). 
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Figure 16: Anatomy of left tibia (Pseudemys nelsoni) and position of landmarks. (A) 

dorsal view, (B) ventral view, (C) proximal view, (D) distal view. Descriptioin of 

landmarks in Table 6. 
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Fibula 

 Fibular bones along the positive PC1 axis had very small proximal 

articulating surface while extending into a thicker diameter fibular shaft and proximal 

surface than bones along the negative PC1 axis (Figure 23). Similarly, taxa along the 

positive PC2 axis have a thinner diameter shaft, while the shape of the proximal and 

distal articulating surfaces remain the same, although enlarged along the negative PC2 

axis (Figure 23). Results of the PCA showed that 63% of the variance was explained by 

the first two PC axis (Table 16). 
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Figure 17: Anatomy of left fibula (Pseudemys nelsoni) and position of landmarks. (A) 

dorsal view, (B) ventral view, (C) proximal view, (D) distal view. Descriptioin of 

landmarks in Table 6. 
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4.5 Discussion 

Due to the complexity of animal locomotion a combination of the analysis of 3D limb 

bone shapes, size, ecology and phylogeny provide a better glimpse into the understanding of the 

forces determining the shape of turtle limbs in different ecological habitats. Our results show a 

strong correlation of habitat and phylogeny for limb bone shape for humerus, femur and ulnar 

bones in thirteen different turtle species. While the more distal bones, radius, tibia and fibula were 

more phyologenetically conservative in shape and displayed no significant correlation to habitat 

use. These results deviate from our hypothesis where we expected to observe the morphological 

changes in the stylopods, due to their load bearing function and attachment to major muscle 

groups aiding in facilitating locomotion.  
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Figure 18: Principal component analysis of 13 femurs. Categorized into three groups: semi-

aquatic, marine aquatic and terrestrial. Caudal views of femur warp grids for the two extremities 

of PC1 and PC2. 
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Figure 7: Principal component analysis of the 13 femurs. Categorized into three groups: Semi-aquatic, aquatic and terrestrial. Caudal views of femur 
warp grids for the two extermeties of PC1 and PC2. 
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 The strongest correlations between the shape of the appendicular bones of turtles 

and the environment they inhabit can be found in the humerus, ulna and femur bones (Figure 13, 

20, 18). These three bone groups appear to be subject to stronger selection, or weaker 

evolutionary constraints, allowing for adaptations and effective movement in terrestrial, semi-

aquatic and aquatic environments. On the contrary the radius, tibia and fibula bones appear to be 

more phylogenetically conservative in shape (Figure 22, 21, 23). Our results for the humerus 

bones correspond to a previous study, with distinct grouping of bone shapes for terrestrial, semi-

aquatic and marine aquatic environments 43. However, extant and extinct bones shapes were 

compared and the authors demonstrated that terrestrial humeral bone shape was found in two 

distinct groupings. Possibly related to the evolutionary history of a secondary land invasion for 

the extant tortoise species, which caused shape changes in the humerus bones between extant and 

extinct terrestrial turtles 43. However, no other study of turtle bones has looked at the remaining 

bones of the stylopod and zeugopod bones and how their shape relates to habitat use.  
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Figure 19: Principal component analysis of 13 humerus. Categorized into three groups: semi-

aquatic, marine aquatic and terrestrial. Caudal views of femur warp grids for the two extremities 

of PC1 and PC2. 
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The mean shape for terrestrial species resulted in an increase in humeral and femoral 

shaft curvature along the dorsal axis with a proximally extended minor trochantor, while the 

major trochantor is smaller and is situated nearly below the humeral head (Figure 19, 26). These 

differences are amplified for marine aquatic species, were the minor trochantor is enlarged and 

oriented proximally, whereas the major trochantor is located below the humeral head along the 

humerus shaft, which is dorsoventrally flattened and bears no curvature. The humerus, ulna and 

femur of semi-aquatic species display an intermediate shape and highlight the more generalized 

lifestyle of these species. Shape changes in the long bones of the forelimbs in musteloid 

carnivorans followed similar patterns where arborial and semi-arborial species were distinct from 

fossorial and aquatic species, while terrestrial species were identified as an intermediary 53. 

Convergence in morphology was noted for aquatic and semi-fossorial species, both having robust 

forelimbs that aid stability and load transfer in response to physical resistance due to higher 

density aquatic environments or the need to dig into the soil 53. A fossorial lifestyle has been 

suggested as the origin of the carapace in turtles, as it increases thoracic rigidity and has been 

found in the extinct stem turtle taxa of Eunotasaurus and is believed to have facilitated the 

movement of stem turtles into aquatic environments 95. The subsequent re-invasion of terrestrial 

habitats of turtles spurred an evolutionary radiation in species that can be traced to the extant 

species alive today (Figure 25).  
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Figure 20: Principal component analysis of 13 ulna. Categorized into three groups: semi-aquatic, 

marine aquatic and terrestrial. Caudal views of femur warp grids for the two extremities of PC1 

and PC2. 
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Figure 9: Principal component analysis of the 13 humerus. Categorized into three groups: Semi-aquatic, aquatic and terrestrial. Dorsal
views of ulna warp grids for the two extermeties of PC1 and PC2. 
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 Bone shape can aid in the biomechanical adaptation to environment by providing 

different ways for muscles to attach, creating mechanical advantages or lever system 20,45. Our 

results show that marine aquatic species have a proximally enlarged minor trochantor and their 

major trochantor moves distally along the humeral shaft. The subscapularis muscle attaches to the 

minor trochantor, while the deltoid muscle attaches to the major trochantor, both these muscles 

are enlarged in marine aquatic species and aid in abduction and protraction of the humerus 140. On 

the dorsal surface the pectoralis muscle attaches below the major trochantor in most species and 

aids in adduction and flexion of the humerus 140. While in terrestrial species and pectoralis muscle 

is relatively small, in marine aquatic species it reaches its greatest size and attaches to the distally 

shifted major trochantor that now forms a ridge nearly spanning the ventral surface of the 

humerus 140. These changes in muscle attachment and size can be speculated to create physical 

changes that allow adjustment to different gaits in variable habitats.  

 

 Although we can hypothesize on the possible shape changes and how 

environmental conditions might dictate force generation, we have not been able to definitely link 

the geometric morphometric results of shape changes to biomechanical behavior. As stated, the 

shape of the bones significantly follow environmental conditions of terrestrial, semi-aquatic and 

aquatic habitats, however, movement is a result of an intricate interplay between signals, muscles 

tendons and bones 20. Many of the muscle groups that allow for locomotion in the limbs connect 

to the pectoral and pelvic girdles as well as the carapace and plastron. Changes in their insertion 

and path, can cause major changes in the mobility or range during locomotion 91,100. As research 

in pleurodiras has shown that while their pelvic girdle is fused to the carapace the origin of most 

of the muscles extending to the feet has shifted to the shell, causing novel gait patterns as a direct 

result of their derived musculoskeletal lever system 100. Further studies that combine 

morphological shape changes in the pectoral and pelvic girdle as well as the limb bones of turtles 

combined with physical calculations of force generation will be able to provide detailed insight in 
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how environment can shape limb bones to adapt to different physical environments as well as 

evolutionary morphological constraints.  
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Figure 21: Principal component analysis of 13 tibia. Categorized into three groups: semi-aquatic, 

marine aquatic and terrestrial. Caudal views of femur warp grids for the two extremities of PC1 

and PC2. 
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Figure 10: Principal component analysis of the 13 tibias. Categorized into three groups: Semi-aquatic, aquatic and terrestrial. Ventral views 
of tibia warp grids for the two extermeties of PC1 and PC2. 
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Figure 22: Principal component analysis of 13 radius. Categorized into three groups: semi-

aquatic, marine aquatic and terrestrial. Caudal views of femur warp grids for the two extremities 

of PC1 and PC2. 
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Figure 11: Principal component analysis of the 13 radii. Categorized into three groups: Semi-aquatic, aquatic and terrestrial. Dorsal 
views of radii warp grids for the two extermeties of PC1 and PC2. 
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Figure 23: Principal component analysis of 13 fibula. Categorized into three groups: semi-

aquatic, marine aquatic and terrestrial. Caudal views of femur warp grids for the two extremities 

of PC1 and PC2. 
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Figure 12: Principal component analysis of the 13 fibulas. Categorized into three groups: Semi-aquatic, aquatic and terrestrial. Caudal 
views of fibula warp grids for the two extermeties of PC1 and PC2. 
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Figure 24: Interpretation of semi-aquatic spectrum of tested turtle species based on 

literature review of habitat use, see Materials and Methods.  
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Figure 25: Adaptation of phylogenetic tree based on phylogenomic analysis of turtles by 
54. 
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Figure 26: Compilation of humerus bones of the thirteen tested species, categorized by 

environmental habitat. Top view is dorsal, bottom view is medial for visual comparison.  

 

 

Table 6: Sampled turtle taxa (N=13) 

 

 

 

 

Pseudemys nelsoni Heosemys spinosa Glyptemys insculpta Rhinoclemmys areaolata Melanochelys trijuga Rhinoclemmys punctularia Trachemys scripta elegans Chelydra serpentina Lepidochelys kempii Caretta caretta Centrochelys sulcata Chelonidis denticulata Chelonidis carbonaria

semi-aquatic  aquatic terrestrial

Family Taxon Environment Collection
Cheloniidae Caretta	caretta Marine	aquatic Chelonian	Research	Institute
Cheloniidae Lepidochelys	kempii Marine	aquatic Chelonian	Research	Institute
Testudinidae Centrochelys	sulcata Terrestrial Chelonian	Research	Institute
Testudinidae Chelonidis	carbonaria Terrestrial Chelonian	Research	Institute
Testudinidae Chelonidis	denticulata Terrestrial Chelonian	Research	Institute
Emydidae Pseudemys	nelsoni Semi-aquatic Chelonian	Research	Institute
Geoemydidae Heosemys	spinosa Semi-aquatic Chelonian	Research	Institute
Emydidae Glyptemys	insculpta Terrestrial Carnegie	Museum	of	Natural	History
Geoemydidae Rhinoclemmys	punctularia Semi-aquatic Carnegie	Museum	of	Natural	History
Geoemydidae Rhinoclemmys	areolata Terrestrial	 Carnegie	Museum	of	Natural	History
Geoemydidae Melanochelys	trijuga Aquatic	 Carnegie	Museum	of	Natural	History
Chelydridae Chelydra	serpentina Aquatic The	Academy	of	Natural	Sciences
Emydidae Trachemys	scripta	elegans Semi-aquatic The	Academy	of	Natural	Sciences

Table	1.	Sampled	turtle	taxa	(N=13)
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Table 7: Landmark selection on front limbs of turtle species (N=13) for humeri, ulni and 

radii. 

 

 

 

 

 

 

Table 2: Landmark selection on front limbs of turtle species (n=13) for humeri, ulna and radii.

Left Humerus Landmark Left Ulna Landmark Left Radius Landmark

Lateral extremity of trochanter major 1

Lateral extrememity of Olecranon 

process 1 Lateral extremity of radial head 1

Medial extremity of trochanter major 2 Medial extremityof Coronoid process 2 Medial extremity of radial head 2

Lateral limit of the humeral head 3 Dorsal extremity of ulnar head 3 Ventral limit of radial head 3

Ventral limit of humeral head 4 Ventral extremity of ulnar head 4 Dorsal limit of radial head 4

Geometric center of humeral head 5 Deepest point of trochlear notch 5

Lateral extremity of 1/2 point on 

radial shaft 5

Dorsal limit of humeral head 6

Lateral extremity of 1/2 point of 

ulnar shaft 6

Medial extremity of 1/2 point on 

radial shaft 6

Medial limit of humeral head 7

Medial extremity of 1/2 point of 

ulnar shaft 7

Dorsal extremity of 1/2 point on 

radial shaft 7

Lateral  extremity of tochanter minor 8

Dorsal extremity of 1/2 point of 

ulnar shaft 8

Ventral extremity of 1/2 point on 

radial shaft 8

Medial extremity of trochanter minor 9

Ventral extremity of 1/2 point of 

ulnar shaft 9 Dorsal ulnar process 9

Distal limit of the intertrochanteric fossa 10 Styloid process 10 Ventral ulnar process 10

Maximum of curvature under the humeral head 11

Medial extremity of contact point 

with ulnare 11 Dorsal radial process 11

Lateral point of the humeral shaft at 1/2 length 12 Contact point with ulnare 12 Ventral radial process 12

Medial point of the humeral shaft at 1/2 length 13

Medial extreme contact with 

intermedium bone 13

Deepest point of groove at proximal 

end of radius 13

Dorsal point of the humeral shaft at 1/2 length 14

Lateral extreme contact with 

intermedium bone 14

Ventral point of the humeral shaft at 1/2 length 15

Medial extremity of the distal epiphysis 16

Lateral extremity of the distal epiphysis 17

Ventral limit between ulnar and radial condyles 

at the maximum of curvature 18

Dorsal limit between ulnar and radial condyles 

at the maximum of curvature 19

Medial top of trochlea 20

Lateral top of trochlea 21
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Table 8: Landmark selection on hind limbs of turtle species (N=13) for femuri, tibii and 

fibulii. 

 

 

 

 

 

 

 

Table	3:	Landmark	selection	on	hind	limbs	of	turtle	species	(n=13)	for	femur,	tibia	and	fibula.

Femur Landmark Tibia Landmark Fibula Landmark

Lateral	extremity	of	trochanter	major 1 Medial	extr.	of	medial	condyle 1 Lateral	extr.	of	fibula	head 1

Medial	extremity	of	trochanter	major 2
Lateral	extremity	of	lateral	
condyle 2 Medial	extr.	of	fibula	head 2

Lateral	limit	of	the	femoral	head 3
Deepest	point	of	intercondyle	
eminence 3 Ventral	extr.	of	fibula	head 3

Ventral	limit	of	femoral	head 4 Dorsal	extremity	of	Tibia	head 4 Dorsal	extr.	of	fibula	head 4

Geometric	center	of	femoral	head 5 Ventral	extremity	of	Tibia	head 5
Lateral	extremity	of	1/2	point	of	
fibula	shaft 5

Dorsal	limit	of	femoral	head 6
Lateral	extremity	of	1/2	point	of	
tibia	shaft 6

Medial	extremity	of	1/2	point	of	
fibula	shaft 6

Medial	limit	of	femoral	head 7
Medial	extremity	of	1/2	point	of	
tibia	shaft 7

Dorsal	extremity	of	1/2	point	of	
fibula	shaft 7

Lateral		extremity	of	tochanter	minor 8
Dorsal	extremity	of	1/2	point	of	
tibia	shaft 8

Ventral	extremity	of	1/2	point	of	
fibula	shaft 8

Medial	extremity	of	trochanter	minor 9
Ventral	extremity	of	1/2	point	of	
tibia	shaft 9 Medial	malleolus	 9

Deepest	point	of	intertrocanteric	fossa 10 Dorsal	medial	malleolus 10 Lateral	malleolus 10

Maxi	curvature	under	the	femural	head 11 Ventral	medial	malleolus 11
Ventral	extremety	of	fibula	
proximal	end 11

Lateral	point	of	the	femoral	shaft	at	1/2	length 12 Dorsal	lateral	contact	point 12

Medial	point	of	the	femoral	shaft	at	1/2	length 13 Ventral	lateral	contact	point 13
Dorsal	point	of	the	femoral	shaft	at	1/2	length 14
Ventral	point	of	the	femoral	shaft	at	1/2	length 15
Lateral	extremity	of	the	distal	epiphysis 16
Medial	extremity	of	the	distal	epiphysis 17
Ventral	limit	between	tibial	and	fibular	condyles	at	the	
maximum	of	curvature 18
Dorsal	limit	between	tibial	and	fibular	condyles	at	the	
maximum	of	curvature 19
Medial	top	of	trochlea	(tibial	condyle) 20
Lateral	top	of	trochlea	(fibular	condyle) 21
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Table 9: Factorial MANOVA results for centroid size for analysis of individual bones. 

 

 

 

 

 

 

 

 

 

Table 10: Factorial MANOVA results for environment effects for analysis of individual 

bones. 

 

 

 

 

 

 

 

 

 

 

 

Table	5:	Factorial	MANOVA	results	for
environment	effects	for	analysis	of	individual
bones

Bone P-value R2

Humerus	 0.001* 0.57
Ulna 0.001* 0.347
Radius 0.292 0.19
Femur 0.011* 0.3
Tibia 0.056 0.239
Fibula 0.704 0.142

significant	difference	denoted	by	*	(p<0.05)

Table	4:	Factorial	MANOVA	results	for	
centroid	size	for	analysis	of	individual	bones

Bone P-value R2

Humerus	 0.02* 0.37
Ulna 0.01* 0.21
Radius 0.166 0.132
Femur 0.89 0.15
Tibia 0.207 0.108
Fibula 0.048 0.18

significant	difference	denoted	by	*	(p<0.05)
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Table 11: Principal componenet results from the humerus analysis showing PCs 1-11, 

which together explain circa 99% of total variation.  

 

Table 12: Principal componenet results from the femur analysis showing PCs 1-11, which 

together explain circa 99% of total variation. 

 

 

 

 

Table	7:	Principal	component	results	from	the	femur	analyses	showing	PCs	1-11,	
which	together	explain	circa	99%	of	total	variation

Principal	component Proportion	of	variance Cummulative	proportion
PC1 0.374 0.374
PC2 0.255 0.628

PC3 0.121 0.750
PC4 0.064 0.814
PC5 0.046 0.860
PC6	 0.035 0.895
PC7 0.028 0.923
PC8 0.025 0.949
PC9 0.022 0.971
PC10 0.015 0.985
PC11 0.011 0.996

Table	6:	Principal	component	results	from	the	humerus	analyses	showing	PCs	1-11,	
which	together	explain	circa	99%	of	total	variation

Principal	component Proportion	of	variance Cummulative	proportion
PC1 0.469 0.469
PC2 0.236 0.705

PC3 0.081 0.787
PC4 0.073 0.859
PC5 0.041 0.901
PC6	 0.025 0.926
PC7 0.022 0.948
PC8 0.015 0.963
PC9 0.012 0.975
PC10 0.010 0.986
PC11 0.008 0.993
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Table 13: Principal componenet results from the ulnar analysis showing PCs 1-11, which 

together explain circa 99% of total variation. 

 

Table 14: Principal componenet results from the radius analysis showing PCs 1-11, 

which together explain circa 99% of total variation. 

 

 

Table	8:	Principal	component	results	from	the	ulnar	analyses	showing	PCs	1-11,	
which	together	explain	circa	99%	of	total	variation

Principal	component Proportion	of	variance Cummulative	proportion
PC1 0.407 0.407
PC2 0.154 0.561

PC3 0.122 0.683
PC4 0.105 0.788
PC5 0.063 0.852
PC6	 0.051 0.902
PC7 0.029 0.931
PC8 0.021 0.952
PC9 0.019 0.971
PC10 0.014 0.985
PC11 0.010 0.994

Table	9:	Principal	component	results	from	the	radius	analyses	showing	PCs	1-11,	
which	together	explain	circa	99%	of	total	variation

Principal	component Proportion	of	variance Cummulative	proportion
PC1 0.434 0.434
PC2 0.181 0.615

PC3 0.152 0.768
PC4 0.068 0.836
PC5 0.047 0.883
PC6	 0.034 0.916
PC7 0.028 0.945
PC8 0.021 0.965
PC9 0.016 0.981
PC10 0.010 0.991
PC11 0.006 0.998



 99 

Table 15: Principal componenet results from the tibia analysis showing PCs 1-11, which 

together explain circa 99% of total variation. 

 

Table 16: Principal componenet results from the fibula analysis showing PCs 1-11, which 

together explain circa 99% of total variation. 

 

 

 
 
 
 

Table	10:	Principal	component	results	from	the	tibia	analyses	showing	PCs	1-11,	
which	together	explain	circa	99%	of	total	variation

Principal	component Proportion	of	variance Cummulative	proportion
PC1 0.289 0.289
PC2 0.224 0.513

PC3 0.148 0.660
PC4 0.114 0.774
PC5 0.077 0.851
PC6	 0.046 0.897
PC7 0.032 0.929
PC8 0.021 0.950
PC9 0.018 0.968
PC10 0.013 0.981
PC11 0.011 0.992

Table	11:	Principal	component	results	from	the	fibula	analyses	showing	PCs	1-11,	
which	together	explain	circa	99%	of	total	variation

Principal	component Proportion	of	variance Cummulative	proportion
PC1 0.459 0.459
PC2 0.174 0.633

PC3 0.132 0.765
PC4 0.085 0.849
PC5 0.048 0.897
PC6	 0.030 0.926
PC7 0.022 0.948
PC8 0.020 0.968
PC9 0.013 0.982
PC10 0.010 0.991
PC11 0.006 0.997
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CHAPTER V 

CONCLUSIONS 

 

5.1 General Remarks 

In this dissertation, we were interested in understanding the locomotor biomechanics 

during water and land transitions in turtles as well as to get a more in depth understanding 

of the specific shape changes in limb bone morphology that allow for locomotion in 

physically different habitats. We showed that in shallow water habitats small and medium 

sized semi-aquatic turtles use a, previously, undescribed gait. We named this gait 

hindlimb pushing and it significantly differs from swimming or aquatic walking – two 

known and described aquatic gaits for turtles. We pose that hindlimb pushing, where the 

turtles are contacting the ground with their hindlimbs to walk along the bottom while the 

rearing their body towards the surface, may enhance their ability to spot and escape 

predators in shallow water environemtns. We further showed that in varying water depth 

conditions, as they might encounter during a water-land transition, turtles do not walk in 

a dynamically similar way in different submersion depth. Similarly, at a given 

submersion depth only at 75% submergence do turtles move in a dynamically similar 

manner. These results suggest that although transitioning between water and land and 

vice versa isn’t a trivial locomotor accomplishment, they do pose a significant ecological 

advantage to prompt frequent transitions between the ecotones. Comparisons of fore- and 

hindlimb bone shapes reveal that in the humerus, femur and ulna environment plays a 

large part in the morphology of the bones.  
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5.2 Specific accomplishments 

Chapter II 

We captured the kinematics of semi-aquatic turtles in three different water submersion 

levels – 75%, 25% and 0% (no water). We further divided our turtles into three different 

size groups, small, medium and large. Our results show that semi-aquatic turtles will not 

move in a dynamically similar fashion across different water submersion levels, which 

agrees with our initial hypothesis. We further hypothesized that semi- aquatic turtles of 

different sizes exhibited dynamic similarity when moving at the same water submersion 

level. However, this was only true at 75% submergence, and 0% and 25% small turtles 

moved different from medium and large turtles.  

Chapter III 

Testing of semi-aquatic turtles at 100% water submersion was divided into two distinct 

full water depth. One depth we tested the turtles in one body length of water depth, which 

allowed them to reach the surface of the water, while keeping their feet on the sandpaper 

trackway. In a second trial the turtles were submerged in more than one body length of 

depth. Our results showed that for small and medium turtles in shallow water treatments 

they exhibited an undescribed gait – hindlimb pushing. During our trials, large turtles, 

never used the hindlimb pushing gait. We pose that hindlimb pushing gait may serve as a 

protective behavior against visual predators in shallow water habitats.  

Chapter IV 

To understand how limb bone shape correlates with environment we scanned fourteen 

specimens of turtle bones with a 3D scanner and conducted a geometric morphometric 

study on the bone shape. We concluded that environment has a significant effect on the 
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morphology of femur, humerus and ulna bones for aquatic, semi-aquatic and terrestrial 

species.  

 

 5.3 Future directions 

As is often the case in initial investigations, many questions have been raised, and 

interesting observations have not been thoroughly studied. Below are a few, possible 

future directions, which are natural extensions of the work presented in this dissertation 

and may be worth pursuing.  

 Continous changes in water depth. In our studies on the kinematics of water-

land transitions we sampled kinematics at discreet water submergence depth. However, 

having a continuous setup could bring more insight into the locomotor behavior of semi-

aquatic species. One suggestion is to build a natural slope for the turtles to move in order 

to have them transition between water and land. Another suggestion was to have the pool 

drain at a constant rate and monitor the movement of the turtles as the water levels 

decrease to look for transitional gait patterns.  

 Introduction of predator-like dummy. Turtles have good eyesight and whether 

small and medium turtles used hindlimb pushing in shallow water habitats for stability, or 

predator avoidance (grad student hovering above prompting them to move forward) is 

hard to distuingish. To test whether hindlimb pushing is behavioral adaptation to moving 

in shallow water, where potential predators may lurk and attack from above, the 

introduction of a predator-like dummy could aid.  

 Measurements of muscles. In our chapter on bone shape we concluded that the 

shapes of the humerus, femur and ulna significantly change with environment, however, 
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we do not completely understand how that translates to the muscles that attach to the 

bones. We have some indication of size differences in the muscles between aquatic, semi-

aquatic and terrestrial turtles, but specific quantitative measurements would aid in 

understanding the forces generated by the changes in morphology, but in the muscles and 

bones.  
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