
 
 

 
 

KINEMATIC ADJUSTMENTS OF TIGER SALAMANDERS (AMBYSTOMA 

TIGRINUM) DURING TERRESTRIAL WALKING 

 
 

BY    
 
 

CHRISTINE MARIE VEGA 
 

A Dissertation Submitted to the Graduate Faculty of 
 

WAKE FOREST UNIVERSITY GRADUATE SCHOOL OF ARTS AND SCIENCES 
 

in Partial Fulfillment of the Requirements 
 

for the Degree of 
 

DOCTOR OF PHILOSOPHY 
 

Biology 
 

August 2020 
 

Winston-Salem, North Carolina 
 
 

Approved By: 
 

Miriam A. Ashley-Ross, Ph.D, Advisor 
 

Richard W. Blob, Ph.D, Chair 
 

William E. Conner, Ph.D 
 

Susan E. Fahrbach, Ph.D 
 

Miles R. Silman, Ph.D 
 
 
 
 
 



ii 
 

ACKNOWLEDGEMENTS 

First, I want to thank my advisor, Dr. Miriam Ashley-Ross.  Her years of 

mentorship, support, and encouragement not only made this dissertation a success, but 

have shaped my life over the past nine years.  The journey was not always easy, but I 

knew I could always go to you for support when I was truly stuck and that made a world 

of difference.  I have been so fortunate to work with you all these years and your 

kindness, humor, patience, and advice is sincerely appreciated.  I consider myself very 

fortunate to have had an advisor whom I genuinely respect, admire, and enjoy spending 

time with. 

Thank you to my committee members, Drs. Rick Blob, Bill Conner, Susan 

Fahrbach, and Miles Silman for all their advice, suggestions, and insight during my time 

as a graduate student, as well as their feedback on this dissertation.   

This degree would not have been possible without the support and encouragement 

of my family and friends.  Their unconditional support, faith, pride, and confidence in my 

abilities have always pushed me to pursue my ambitions and driven me to push through 

during difficult times.  All the years of text conversations, FaceTime dates, snail mail, 

and visits, and care packages meant more than you will ever know.  No matter how 

difficult this journey was I always knew you were only a text or phone call away. 

I’d also like to thank my Bucknell research advisor, Dr. Tristan Stayton, for 

giving me an incredible undergraduate research experience that solidified my interest in 

biomechanics and functional morphology.  I appreciate your continued interest and 

support in my career and always look forward to seeing you at SICB. 



iii 
 

I want to mention my high school biology teacher, Mr. Mac, who always told us 

that science is fun and taught his classes with that as the primary goal.  He never let me 

give up when I struggled and pushed me beyond what I thought I was capable of all while 

making sure fun was my focus.  Even all these years later I can say that while science is 

not always easy, but it is still a lot of fun. 

I’d also like to thank my friends and colleagues, whose support was so important 

to my success as a graduate student.  First thank to all my friends from home and 

Bucknell who continued to support me despite the long distance.  You may not have been 

here with me as I got this degree, but your friendships and conversations over the years 

have helped me during times of stress and I will always be grateful.  Thank you to my 

first MAR labmates, Ben Perlman and Morgan Burnette, who were like the big brothers I 

never knew I needed and helped me transition to graduate school.  To my other MAR 

labmates, Noah Bressman, Dan O’Donnell, Francesca Giammona, and MC Regan, for 

being a sounding board and helping me brainstorm ideas.  To all my friends in the WFU 

Biology Department (former and present), thank you for keeping me sane, listening to my 

worries and concerns, and for all the good times over the years. 

I need to thank the undergraduate students who have contributed to these projects 

over the years with video analysis and measurements.  I am grateful to the Department of 

Biology at WFU for the many years of support, the experience, and the encouraging, 

collaborative environment it provided. 

 

 

 



iv 
 

TABLE OF CONTENTS 

Acknowledgements………………………………………………………………………..ii

List of Illustrations and Tables…………………………………………………………..vii 

List of Abbreviations……………………………………………………………………...x 

Abstract…………………………………………………………………………………..xii 

Introduction……………………………………………………………………………...xiv 

 Salamanders as a model and their locomotion………………………………….xiv 

 Role of substrate properties on locomotion and trackway preservation………...xv 

 Substrate conditions and trackway features……………………………………xvii 

Dissertation objectives………………………………………………………...xviii 

Chapter 1…………………………………………………………………………………..1 

Turtling the salamander: tail movements mitigate need for kinematic limb 

changes during walking in tiger salamanders (Ambystoma tigrinum) with 

restricted lateral movement (Submitted to Integrative Organismal Biology) 

 Abstract……………………………………………………………………1 

 Introduction………………………………………………………………..2 

 Methods……………………………………………………………………7 

 Results……………………………………………………………………11 

 Discussion………………………………………………………………..14 

 Acknowledgements………………………………………………………17 

 References………………………………………………………………..18 

 Tables…………………………………………………………………….28 

 Figures and Figure Legends……………………………………………...32 



v 
 

 

Chapter 2…………………………………………………………………………………38 

Tiger salamanders (Ambystoma tigrinum) increase foot contact surface area on 

challenging substrates during terrestrial locomotion (Submitted to Integrative 

Organismal Biology) 

 Abstract…………………………………………………………………..38 

 Introduction………………………………………………………………39 

 Methods…………………………………………………………………..42 

 Results……………………………………………………………………44 

 Discussion………………………………………………………………..46 

 Acknowledgements………………………………………………………50 

 References………………………………………………………………..51 

 Tables…………………………………………………………………….59 

 Figures and Figure Legends……………………………………………...63 

Chapter 3…………………………………………………………………………………65 

Two dimensional measurements of tiger salamander (Ambystoma tigrinum) 

trackway morphology dependent on substrate consistency 

 Abstract…………………………………………………………………..65 

 Introduction………………………………………………………………66 

 Methods…………………………………………………………………..70 

 Results……………………………………………………………………73 

 Discussion………………………………………………………………..74 

 Acknowledgements………………………………………………………79 



vi 
 

 References………………………………………………………………..80 

 Tables…………………………………………………………………….88 

 Figures and Figure Legends……………………………………………...90 

Conclusions………………………………………………………………………………92 

Additional References……………………………………………………………………94 

Curriculum Vitae……………………………………………………………………….100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 
 

LIST OF ILLUSTRATIONS AND TABLES 

Ch. 1, Table I. Mean absolute mean curvature (κ) values and standard error for body 

regions and treatments…………………………………………………………………...28 

Ch. 1, Table II. Results of a general linear mixed model performed on absolute mean 

curvature values for Unrestricted, Tygon, and PVC salamanders for whole body and 

specific body regions…………………………………………………………………….29 

Ch. 1, Table III. Summary statistics from circular mixed-effects model performed using a 

Bayesian approach on mean limb angles across the stride cycle by treatment…………..30 

Ch. 1, Table IV. Summary statistics from circular mixed-effects model performed using 

Bayesian approach……………………………………………………………………….31 

Ch. 1, Figure 1. Diagram of elbow and knee angles and interpretation of angle values...32 

Ch. 1, Figure 2. The absolute mean curvature (κ) for Unrestricted, Tygon, and PVC 

salamanders at 25, 50, and 75% of the stride cycle for the body, head, trunk, and tail….33 

Ch. 1, Figure 3. The mean elbow angle for Unrestricted, Tygon, and PVC salamanders at 

0, 25, 50, 75, and 100% of the stride cycle and the overall mean elbow angle across the 

entire stride cycle………………………………………………………………………...35 

Ch. 1, Figure 4. The mean knee angle for Unrestricted, Tygon, and PVC salamanders at 0, 

25, 50, 75, and 100% of the stride cycle and the overall mean knee angle across the entire 

stride cycle……………………………………………………………………………….36 

Ch. 1, Figure 5. The mean minimum and maximum elbow and knee angles for 

Unrestricted, Tygon, and PVC treatments……………………………………………….37 

Ch. 2, Table I. Mean integrated surface areas (%*cm2) and standard errors for the forefeet 

and hindfeet for each substrate treatment………………………………………………..59 



viii 
 

Ch. 2, Table II. Results of a general linear mixed model performed on mean integrated 

surface area values for the forefeet and hindfeet on substrates of varying compliance…60 

Ch. 2, Table III. Mean percentage of the stride the forefeet and hindfeet are contacting 

substrates of varying compliance………………………………………………………...61 

Ch. 2, Table IV. Results of a general linear mixed model performed on mean percentage 

of the stride the forefeet and hindfeet are contacting substrates of varying compliance...62 

Ch. 2, Figure 1. Integrated surface area (%*cm2) for the forelimbs and hindlimbs in 

contact with dry sand, plaster of Paris, wet sand, and a hard, noncompliant surface during 

walking…………………………………………………………………………………...63 

Ch. 2, Figure 2. Percent stride of the forefeet and hindfeet in contact with dry sand, 

plaster of Paris, wet sand, and a hard, noncompliant surface during walking…………...64 

Ch. 3, Table I. Mean standardized stride length (SL), pace length (PL), and trackway 

width (TW) (m/m) and standard errors for each substrate treatment…………………….88 

Ch. 3, Table II. Results of a general linear mixed model performed on standardized stride 

length (SL), pace length (PL), and trackway width (TW) measured on trackway imprints 

on substrates of varying compliance……………………………………………………..89 

Ch. 3, Table III. Mean toe divergence (TD) (ᶱ) and pace angulation (PA) (ᶱ) and standard 

errors on plaster of Paris (PoP) by individual……………………………………………89 

Ch. 3, Figure 1. Illustration of possible measurements taken from tiger salamander 

(Ambystoma tigrinum) trackways on dry sand (DS), plaster of Paris (PoP), and wet sand 

(WS)……………………………………………………………………………………...90 



ix 
 

Ch. 3, Figure 2. Standardized stride length (SL), pace length (PL), and trackway width 

(TW) (m/m) measured on trackways from dry sand (DS), plaster of Paris (PoP), and wet 

sand (WS) during walking……………………………………………………………….91 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



x 
 

LIST OF ABBREVIATIONS 

CM = Centimeter 

DS = Dry sand 

HNC = Hard, noncompliant surface 

HPD = Highest posterior density interval 

IACUC = Institutional Animal Care and Use Committee 

LB = Lower bound 

LPD = Lowest posterior density interval 

LOESS = Locally Estimated Scatterplot Smoothing 

M = meter 

M/S or MPS = meters per second 

N = Sample size 

PoP = Plaster of Paris 

PA = Pace angulation 

PL = Pace length 

PVCS = PVC shell treatment 

SE = Standard error 

SL = Stride length 

SVL = Snout-vent length 

TD = Toe divergence 

TL = Total length 

TW = Trackway width 

TYS = Tygon shell treatment 



xi 
 

UB = Upper bound 

UR = Unrestricted treatment 

WS = Wet sand 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii 
 

ABSTRACT 

Locomotion is a critical aspect of an animal’s life and is directly involved in many 

behaviors such as searching food, evading predators, and competing for mates.  

Kinematic adjustments are slight modifications to the general pattern of locomotion.  

Understanding the capabilities of animals to alter their general patterns of locomotion is 

useful for making broader connections across taxa to ask questions about evolution.  The 

focus of this research is to determine to what extent tiger salamanders (Ambystoma 

tigrinum) make kinematic adjustments during terrestrial walking when their lateral 

bending is restricted and on substrates of varying compliance. 

 The introduction of this dissertation provides a general overview of salamanders 

as a model for studying tetrapod locomotion and general patterns of salamander 

locomotion, as well as a brief introduction into how different taxa respond to differences 

in substrate and the implications for the interpretation of the fossil record.  In the 

subsequent chapters, I examine the kinematic responses of tiger salamanders to restriction 

of lateral bending in their trunk region and walking on substrates varying in compliance.  

I also look at how the interaction between salamander feet and substrate properties 

interact to affect the quality of tracks left behind.  My first objective was to determine the 

role of lateral bending of the vertebral column in salamander locomotion by quantifying 

body curvature and limb kinematics (Chapter I).  Next, I quantified both the surface area 

and time that salamander forefeet and hindfeet were in contact with substrates that vary in 

compliance (Chapter II).  In Chapter III, I investigated how salamander’s responses to 

changes in substrate may affect the tracks that are left behind in those same substrates 

that vary in compliance.   
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 The results show that tail undulations may be a more critical component to 

sprawling-postured tetrapod locomotion than previously recognized.  Salamanders 

responded to decreased lateral bending in their trunks by increasing undulations of their 

tails, but without changing limb kinematics.  Although salamanders increased the surface 

area of their feet in contact with challenging substrates, they did not adjust the time with 

which their feet contacted the substrates making it unclear if this was a passive 

consequence of the substrate or an active control mechanism.  Salamander track 

morphology is highly variable based on the individual and substrate consistency, but 

measurements are most limited by the preservation of details due to substrate consistency. 
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INTRODUCTION 

SALAMANDERS AS A MODEL AND THEIR LOCOMOTION 

Salamanders can be used to address fundamental questions about the evolution of 

terrestrial locomotion because their sprawling limb posture and generalized body plan are 

thought to resemble those of many of the earliest vertebrates to move over land (Edwards 

1989; Ashley-Ross and Bechtel 2004).  Most adult salamanders spend time in water as 

well as on land and need to be able to adapt their locomotion effectively for both 

environments (Carrier 1993; Gillis 1998, 2000; Gillis and Blob 2001; Ashley-Ross and 

Bechtel 2004).  During swimming, salamanders propel themselves through undulations of 

the trunk and tail, passing a traveling wave down the body axis; in contrast, walking 

salamanders rely heavily on their limbs for propulsion and generate a standing wave with 

their body axis (Frolich and Biewener 1992).  The vertebral column’s capacity to flex and 

move sideways may contribute significantly to the generation of these standing and 

traveling waves down the body axis.   

During swimming, activation of muscles on one side of the trunk allows the body 

to create a concave curve (Frolich and Biewener 1992; Carrier 1993).  However, during 

walking, axial muscles on both sides of the trunk are active at different points with the 

obliquus externus superficialis and profundus muscles active on the bending side, and the 

obliquus internus and transversalis muscles active on the side opposite the bending 

(Carrier 1993; Bennett et al. 2001).  These distinct muscle activation patterns have 

functional consequences for the roles of axial muscles in swimming and walking: the 

hypaxial muscles contribute to lateral bending while swimming, but are used for 

stabilizing the trunk against long-axis torsion during terrestrial walking (Carrier 1993; 

Bennett et al. 2001).  The lateral undulations generated by the activation of the hypaxial 
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muscles also increase stride length and may be used to modify the stiffness of the trunk 

and provide a mechanism for adjusting gaits and stabilizing against gravitational and 

muscular forces (Deban and Schilling 2009; Knuesel and Ijspeert 2011; Wang et al. 

2018).   

Kinematic modifications can enhance certain aspects of performance in dynamic 

environments giving animals fine-tuned control over their locomotion.  In tetrapods, 

flexibility of the spine is thought to be important for speed adjustments, stabilization, 

turning trajectories, and energy efficiency (Wang et al. 2018).  Salamander locomotion is 

characterized by significant lateral undulations, so it is possible this component of their 

locomotion can be altered based on context to increase performance.  In sprawling 

tetrapods (like salamanders), the caudofemoralis muscle is relatively large and passes 

from the femur to the tail and serves to retract the femur to generate propulsion (Gatesy 

1990). Tail movements could serve as another mechanism of control that help sprawling 

tetrapods overcome obstacles in challenging environments.   

ROLE OF SUBSTRATE PROPERTIES ON LOCOMOTION AND TRACKWAY 

PRESERVATION 

Locomotion plays an important role in an animal’s ability to forage or capture 

food, avoid predation, defend territories, and locate mates.  Animals’ natural 

environments are not uniform, but they must be able to move effectively under all 

conditions if they are to succeed at key tasks necessary for survival and reproduction.  

When an animal comes across changes in slope, substrate texture, or other properties, 

these present opportunities for kinematic modifications which may increase their 
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locomotor performance.  Our understanding of how habitat structure affects animal 

movement and utilization of their habitats is incomplete because many reported effects 

are not consistent across species.  However, there have been studies across a broad range 

of arboreal taxa that investigated kinematic changes in response to increasing tree branch 

diameter (Lammers and Biknevicius 2004) and branch orientation (Hyams et al. 2012).  

Reducing speed to maintain stability may be a general strategy for moving in an arboreal 

habitat as some specialists including the slow loris, woolly opossum, and chameleon also 

utilize this strategy (Lammers and Biknevicius 2004).  The literature on the effects of 

substrate on mammalian locomotion provides useful insight into the types of kinematic 

adjustments animals make in heterogeneous environments, but generally quantify 

different measures of kinematics than studies of sprawling-postured tetrapods. 

While mammalian arboreal studies have focused on gaits, kinematics, and 

dynamics, studies of incline in anoles generally quantify maximal sprint speed and other 

measures of performance such as stride length, frequency, and duration in the laboratory.  

These studies provide insight into how differences in performance might depend on the 

environmental context.  Despite potential selective pressure on performance on an 

inclined substrate, the species-dependent effects of incline do not necessarily reflect other 

impacts on these lizards’ locomotion.  For example, Uma scoparia has morphological 

traits consistent with being a burrowing specialist (i.e. shovel-nosed head, short and thick 

tail), so the lizard’s overall morphology may be a balance of the functional requirements 

necessary for burrowing and running (Irschick and Jayne 1998).  However, this 

compromise between conflicting functional requirements for burrowing and running may 

not pose an issue for the lizard outside a laboratory setting.   
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There is some evidence that animals select habitat that maximizes their locomotor 

performance.  For example, anole lizards avoid using perches on which their maximal 

sprinting ability is impaired and the degree to which maximal sprinting ability is affected 

by surface diameter varies by species (Irschick and Losos 1999).  While anoles 

(Mattingly and Jayne 2005; Jones and Jayne 2012) and rat snakes (Mansfield and Jayne 

2011) preferred substrates that did not affect their performance, the same did not hold 

true for white-footed mice which did not consistently have a strong bias for perch choice 

(Hyams et al. 2012).   

Animals need to be able to make effective contact with the substrate to maintain 

balance and reduce slipping or falling regardless of their body plan.  The ability to grip 

the surface of the substrate is a key feature for locomotion across species and 

environments and even taxa with different body shapes have converged on similar 

strategies.  For example, arboreal snake species like boa constrictors and rat snakes rely 

on friction to grip the branch surface, which is similar to the strategy used by primates 

and opossums with prehensile feet (Cartmill 1985; Lammers and Biknevicius 2004).    

Studies that investigate how substrate properties may cause animals to adjust their 

locomotion provide important models for the conditions that animals may encounter in 

their natural environments. 

SUBSTRATE CONDITIONS AND TRACKWAY FEATURES 

Variation in substrate consistency and conditions not only affects how the animal 

interacts with the substrate, but the record of tracks left behind.  Fossil trackways provide 

evidence of the locomotor strategies and foot morphologies of extinct limbed vertebrates 
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and contribute to knowledge on biomechanical performance.  Understanding what 

conditions lead to variation in trackway features can reduce the misidentification of 

trackmakers and produce better interpretations of the fossil record.  Previous studies have 

used artificial models of feet to systematically test and understand how trackmaker foot 

morphology and substrate consistency interact contributing to trackway preservation 

(Allen 1997; Manning 2004).   

Experiments that model trackmaker feet have the benefits of controlled 

parameters, but do not address an animal’s ability to adjust their kinematics or gait which 

may be reflected in the footprints.  Several studies have used live animals to see how 

these gait changes and individual behaviors affect trackways to better understand and 

interpret fossil trackways (Brand 1996; Milàn 2006; Milàn and Hedegaard 2010; Petti et 

al. 2014; Falkingham and Horner 2016).  Substrate consistency (i.e. grain size and water 

content) plays a significant role in the preservation of animal trackways, but studies on 

trackways left by living animals in combination with the video of the behavior may give 

insight into kinematic adjustments animals make during their interaction with the 

substrate. 

DISSERTATION OBJECTIVES 

The goal of these studies was to understand the contexts in which animals make 

kinematic adjustments during terrestrial walking using salamanders as a model.  I focus 

on determining the role of lateral undulations of the vertebral column in salamander 

locomotion, investigating what effect restricting these lateral movements has on 

salamander limb kinematics, and asking how salamanders alter foot contact on substrates 
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of varying compliance which has implications for the interpretation of fossil trackways.  I 

examine three types of kinematic adjustments: lateral undulations by body region, 

forelimb and hindlimb joint angles, and foot contact area and time in contact.  I also 

investigate the role that substrate variation, specifically compliance, has on the 

interaction between salamander feet and the tracks left behind.   
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CHAPTER 1: TURTLING THE SALAMANDER: TAIL MOVEMENTS MITIGATE 

NEED FOR KINEMATIC LIMB CHANGES DURING WALKING IN TIGER 

SALAMANDERS (AMBYSTOMA TIGRINUM) WITH RESTRICTED LATERAL 

MOVEMENT 

 

Submitted to Integrative Organismal Biology. 

Stylistic variations result from the journal’s formatting requirements. 

 

ABSTRACT 

Lateral undulation and trunk flexibility offer performance benefits to 

maneuverability, stability, and stride length (via speed and distance traveled). These 

benefits make them key characteristics of the locomotion of tetrapods with sprawling 

posture, with the exception of turtles.  Despite their bony carapace preventing lateral 

undulations, turtles are able to improve their locomotor performance by increasing stride 

length via greater limb protraction. Would a generalized sprawling tetrapod respond with 

the same kinematic changes if lateral undulations were limited?  The goal of this study 

was to determine the role of the lateral bending of the vertebrae in a generalized 

sprawling tetrapod, the tiger salamander (Ambystoma tigrinum), by reducing vertebral 

flexibility.  This reduction was performed by artificially limiting trunk flexibility by 

attaching a 2-piece shell around the body between the pectoral and pelvic girdles. Adult 

tiger salamanders (n =3, SVL = 9 cm-14.5 cm) walked on a 1 m trackway under three 

different conditions: unrestricted, flexible shell (Tygon tubing), and rigid shell (PVC 

tubing).  Trials were filmed in a single, dorsal view, and kinematics of entire midline and 
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specific body regions (head, trunk, tail), as well as the fore and hindlimbs, were 

calculated.  Tygon individuals had significantly higher curvature than both PVC and 

unrestricted individuals for the body, but this trend was primarily driven by changes in 

tail movements.  PVC individuals had significantly lower curvature in the trunk region 

compared with unrestricted individuals or Tygon; however, there was no difference 

between unrestricted and Tygon individuals suggesting the shells performed as expected.  

PVC and Tygon individuals had significantly higher curvature in the tails compared to 

unrestricted individuals.  There were no significant differences for any limb kinematic 

variables among treatments including average, minimum, maximum angles.  Thus, 

salamanders respond to decreased lateral movement in their trunk by increasing 

movements in their tail, without changes in limb kinematics.  These results suggest that 

tail undulations may be a more critical component to sprawling-postured tetrapod 

locomotion than previously recognized. 

 

INTRODUCTION 

Once early tetrapods began making forays onto land, significant changes to the 

musculoskeletal system were necessary to support their body weight out of the water and 

their enhanced terrestrial locomotion.  As tetrapods became more terrestrial, the axial 

skeleton became more robust and different regions along the length of the vertebral 

column became specialized for different functional roles (Long and Gordon 2004).  

These changes may have contributed to the evolution of functional changes as well.  For 

example, one significant functional change is the transfer of ground reaction forces 

through the limbs and limb girdles to the vertebral column. 
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Salamanders are commonly viewed as a model for studies of the terrestrial 

locomotion of early tetrapods because their sprawling limb posture and generalized body 

plan are thought to resemble those of many of the earliest vertebrates to move over land 

(Edwards 1989; Ashley-Ross and Bechtel 2004).  During swimming, salamanders propel 

themselves through undulations of the trunk and tail, passing a traveling wave down the 

body axis; in contrast, walking salamanders rely heavily on their limbs for propulsion and 

generate a standing wave with their body axis (Frolich and Biewener 1992).   

Axial muscles are active to produce these motions during both swimming and 

walking but display distinct activation patterns in each behavior.  During swimming, 

activation of muscles on one side of the trunk allows the body to create a concave curve 

contributing to the generation of a traveling wave (Frolich and Biewener 1992; Carrier 

1993).  However, during walking, axial muscles on both sides of the trunk are active at 

different points with the obliquus externus superficialis and profundus muscles active on 

the bending side, and the obliquus internus and transversalis muscles active on the side 

opposite the bending (Carrier 1993; Bennett et al. 2001).  These distinct muscle 

activation patterns have functional consequences for the roles of axial muscles in 

swimming and walking: the hypaxial muscles contribute to lateral bending while 

swimming, but are used for stabilizing the trunk against long-axis torsion during 

terrestrial walking (Carrier 1993; Bennett et al. 2001).  The lateral undulations generated 

by the activation of the hypaxial muscles also increase stride length and may be used to 

modify the stiffness of the trunk and provide a mechanism for adjusting gaits and 

stabilizing against gravitational and muscular forces (Deban and Schilling 2009; Knuesel 

and Ijspeert 2011; Wang et al. 2018).   
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Kinematic modifications can enhance certain aspects of performance in dynamic 

environments giving animals fine-tuned control over their locomotion.  In tetrapods, 

flexibility of the spine is thought to be important for speed adjustments, stabilization, 

turning trajectories, and energy efficiency (Wang et al. 2018).  For example, mammalian 

tails are known to be important for body stabilization and balance during locomotion for 

cats (Walker et al. 1998), dogs (Wada et al. 1993) and many rodent species 

(Bartholomew and Caswell 1951).  By contrast, the significance of tail movements for 

the locomotion of sprawling tetrapods is less clear in the literature.  The tail can serve as 

a fifth limb that increases the odds of slip recovery during climbing (Jusufi et al. 2008).   

In sprawling tetrapods, the caudofemoralis muscle is relatively large and passes 

from the femur to the tail and serves to retract the femur to generate propulsion (Gatesy 

1990).  Although increasing the tail angle would decrease the tail’s function as a 

counterbalance, this dorsiflexion might stretch the caudofemoralis which could improve 

hindlimb muscle function by increasing propulsive forces generated during locomotion; 

the caudofemoralis retracts the hindlimb during stance phase (Irschick and Jayne 1999).  

The muscular tails of crocodilians, which provide propulsive power during swimming 

and aquatic attacks, may compromise locomotion by interfering with hindlimb 

movements (Irschick and Jayne 1999; Willey et al. 2004).  The substantial weight of the 

tail shifts the center of mass caudally in alligators (Alligator mississippiensis) which 

affects the functional role of the hindlimbs during locomotion.  The hindlimbs of 

alligators are involved in body weight support and also have much higher propulsive 

forces to counteract the braking effect of the dragging tail (Willey et al. 2004).   
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Some additional conclusions can be drawn from studies of tail autotomy in lizards, 

and how this affects climbing and running performance (McConnachie and Whiting 2003; 

Jusufi et al. 2008; McElroy and Bergmann 2013; Jagnandan et al. 2014).  How 

performance measures such as sprint speed are affected by the presence versus the 

absence of a tail is species dependent and highly variable (McElroy and Bergmann 2013) 

and is often tied to aspects of the lizards’ ecology.  The cost of tail autotomy for actively 

foraging species is different than for species that are ambush predators that are under 

different selection pressures.   For example, while the performance and behavior of 

ambush foraging lizards such as Cordylus melanotus melanotus are not affected by tail 

autotomy (McConnachie and Whiting 2003), the same is not necessarily true for actively 

foraging species.  Two sympatric skink species, Lampropholis delica and Lamphropholis 

guichenoti, both showed decreased sprint speed and an increased vulnerability to 

predation as a result of tail loss (Cromie and Chapple 2012).  These studies have 

indicated how morphology, performance, and ecology interact, but the biomechanical 

changes that result from loss of the tail are less understood.  Leopard geckos 

(Eublepharis macularius) showed no changes in body or forelimb kinematics after 

autotomy, but did decrease their hindlimb joint angles resulting in a more sprawled 

posture (Jagnandan et al. 2014).  Tail movements could serve as another mechanism of 

control that help sprawling tetrapods overcome obstacles in challenging environments.   

Turtles, like other sprawling-postured tetrapods, rely on their limbs for generating 

propulsion for both aquatic and terrestrial locomotion.  However, unlike the locomotion 

of other sprawling tetrapods, the locomotion of turtles is not characterized by significant 

lateral undulations of the vertebral column because the trunk vertebrae are fused to a 
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bony carapace.  Despite what may seem to be a severe morphological limitation, turtles 

have found success in both terrestrial and aquatic environments and have modified other 

aspects of kinematics to optimize locomotor performance given the constraints of their 

shells.  For example, forelimb protraction is much higher in turtles relative to other 

sprawling tetrapods (Walker 1971; Pace et al. 2001; Schmidt et al. 2016).  In this context, 

turtles provide a useful point for comparison for understanding how axial movements 

contribute to locomotion, because they allow observations of locomotion under 

conditions in which such motions are limited.  However, because turtles possess 

numerous additional specializations, it can be difficult to tease apart whether features of 

turtles’ locomotion are specifically due to restriction of axial movements.  Instead, insight 

might be gained by restricting the trunk movements of a generalized tetrapod, so that 

locomotion could be compared under restricted and unrestricted conditions, without other 

confounding factors.  Previous studies have also implemented this perspective of 

modifying a standard taxa to isolate the role of a particular feature during locomotion 

(Jagnandan and Higham 2017; Mayerl, Sansone, et al. 2019).   

 The goal of this study was to determine the role of the lateral bending of the 

vertebrae in sprawling tetrapods by reducing their vertebral flexibility using tiger 

salamanders (Ambystoma tigrinum) as a model.  Salamanders were filmed walking under 

the following conditions: unrestricted, with a flexible tube (Tygon) surrounding the trunk, 

and with a rigid tube surrounding the trunk (PVC).  We predicted that salamanders might 

compensate for trunk restriction by a rigid “shell” by increasing limb protraction, as seen 

in the locomotion of turtles; in contrast, we predicted no kinematic differences between 

individuals that were unrestricted and those with a flexible shell.  We also predicted that 
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mean absolute trunk curvatures should decrease with the rigid shell, and there should be 

no difference between unrestricted salamanders and those with a flexible shell.  In 

addition, the mean absolute curvatures for the trunk region might be smaller than those of 

the tail region if tail movements increase to compensate for reduced trunk flexibility.  

 

METHODS 

EXPERIMENTAL ANIMALS 

Tiger salamanders (SVL = 9 cm-14.5 cm) were purchased from a commercial 

vendor (Charles D. Sullivan Inc., Nashville, TN, USA).  All experimental trials were 

performed with three metamorphosed, adult individuals.  Salamanders were housed 

individually in aquaria with access to a terrestrial landing and kept on a 12h:12h 

light:dark cycle.  All procedures were approved by the Wake Forest University IACUC 

(A13-203 and A16-171).  

DESCRIPTION OF EXPERIMENTAL CONDITIONS AND DATA COLLECTION 

  Tiger salamanders (n=3) walked on a 1 m trackway under three different “shell” 

conditions: unrestricted (UR), Tygon shell (TYS), and PVC shell (PVCS).  The Tygon 

and PVC tubing were cut longitudinally into half circles, fit around the mid-body such 

that their presence did not interfere with the mobility of the limbs, and secured with zip 

ties.  The purpose of the shell was to restrict lateral movement of the vertebral column 

between the girdles.  The UR condition served as a no-treatment control to record normal 

kinematic patterns.  The TYS condition served as a positive control to ensure the 

salamanders’ locomotive performance was not hindered simply by having additional 
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weight around their trunk, given that the flexible Tygon tubing did not restrict lateral 

movements of the vertebral column. 

Trials were filmed at 30 frames per second in a single, dorsal view using a Kodak 

Playsport camera (Kodak Company, Rochester, NY).  A 1 cm x 1 cm grid was visible on 

the trackway for scaling purposes.  A trial was defined as a continuous walking sequence 

of at least two strides.  Animals selected their own speeds for all trials and the range of 

speeds for UR, TYS, and PVCS were 0.02 to 0.13 mps, 0.02 to 0.06 mps, and 0.02 to 

0.06 mps, respectively.  Salamanders were gently pinched at the base of the tail to entice 

them to begin walking.  Video recordings did not exceed 1 hour and salamanders were 

permitted to rest in between trial attempts.  

ANALYSIS OF CURVATURE AND KINEMATIC VARIABLES 

 For each individual stride, joints on the fore (wrist, elbow, shoulder) and hind 

(ankle, knee, hip) limbs were digitized frame by frame using DLTdataViewer5 (Hedrick 

2008).  These two-dimensional coordinate data were used to calculate elbow and knee 

angles for the limbs for each frame.  An angle of 180° means that the limbs are extended 

straight out from the body.  An angle less than 180° means the distal portion of the limb 

is oriented anteriorly and an angle greater than 180° means the distal portion of the limb 

is oriented posteriorly (Figure 1.1).  Mean, minimum, and maximum elbow and knee 

angles were calculated for all treatments.  A LOESS (LOcally Estimated Scatterplot 

Smoothing) curve was fit to the angle calculations for each stride individually.  We chose 

LOESS in order to smooth the inherent frame-to-frame error associated with digitizing 

using a span value of 0.3 and assessing the fit both visually and with a sensitivity analysis.  
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From this curve, we calculated the joint angle and its 95% confidence interval at 0, 25, 50, 

75, and 100% of the stride cycle.   

Lateral movement of the vertebral column was quantified from curvature.  To 

calculate curvature, the midline of each salamander from the snout to the end of the tail 

was tracked frame by frame.  Mean absolute curvatures were calculated from the shape of 

the midline along the body length and within the head, trunk, and tail regions using a 

custom MATLAB (MathWorks, Natick, MA, USA) routine that was originally used to 

assess fin-ray curvature (Chadwell et al. 2012).  A previous study determining whether a 

rigid body limits maneuverability discusses ways to calculate curvature.  Instantaneous 

curvature (κ), a measure of the rate of rotation of the tangent path, by the parametric 

function: 

κ=|x′y′′ − y′x″|/[(x′)2 + (y′)2]3/2, 

where ′ and ′′ denote the first and second derivative of x or y which relate to the distance 

along the turning curve; derivatives were estimated using a quintic spline (Walker 2000).  

Curvatures were calculated for total body length as well as for individual regions to 

determine if curvature in other body areas was used to compensate for the restriction in 

the trunk.  Greater curvature values indicate more lateral bending.  We used a similar 

approach to analyze the curvature data as with the kinematic data above.  First, we used 

5th-order polynomial regression, and omitted any strides with an R2<0.5.  Then, within 

each treatment group, we averaged the polynomial coefficients from each individual 

stride.  This summary model for each treatment group was used to calculate the mean 

curvatures and their standard errors at 25, 50, and 75% of the stride cycle.  Summary 
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models for 0 and 100% of the stride were not included for analysis due to the nature of 

the extreme ends of polynomial functions.   

STATISTICAL ANALYSIS 

All video trials (n=86) were used in the analysis of both kinematic and midline 

variables as described above.  To compare all locomotor trials, the duration of each cycle 

was converted to a percentage since not all cycles were of the same absolute duration. All 

variables were compared over multiple strides from three individuals.  All calculations 

and statistical analyses were performed in R (v. 3.4.3).   

Because of the circular/periodic nature of our kinematic data, we used circular 

statistics to evaluate differences in elbow and knee angles among treatment groups at 0, 

25, 50, 75, and 100% of the stride cycle.  A Bayesian approach was used to calculate 

circular means and to estimate the highest posterior density (HPD) interval.  Each 

individual salamander was included as the random effect to allow for potential inherent 

differences in individuals.  We analyzed the results following  Cremers and Klugkist 

(2018), using the R package bpnreg with 10000 iterations after 1000 burn-in iterations; 

differences among treatment groups were deemed significant if their HPDs did not 

overlap.   

We used a general linear mixed model to test for differences in curvature among 

the treatment groups at 25, 50, and 75% of the stride cycle.  Individual was included as a 

random effect, to allow for potential inherent differences among individuals.  Post-hoc 

differences were assessed using Tukey’s HSD, with Holm-Bonferroni correction for 
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multiple comparisons.  Curvature data were log-transformed prior to analysis, and 

significance was assessed at the ∝ = 0.05 level.   

 

RESULTS 

SPEED AND STRIDE LENGTH 

 Salamanders selected their own speeds for each trial.  Data are reported as 

mean±standard error.  Salamanders selected significantly lowers speeds during PVC 

trials (0.03±0.002 mps) compared with UR and TYS trials (p<0.05; 0.04±0.003 mps and 

0.08±0.004 mps, respectively).  These differences in speed were also accompanied by 

significant differences in stride length.  Salamanders significantly decreased stride 

lengths during TYS trials (0.054±0.150 m) compared with UR and PVC trials (p<<0.05; 

0.068±0.90 m and 0.062±0.214m, respectively). 

CURVATURE VARIABLES 

 At 25, 50, and 75% of the stride cycle, TYS individuals had significantly higher 

absolute mean body curvature than both PVCS and UR individuals (Figure 1.2A, 1.2B, & 

1.2C; Tables 1.I, 1.II).  There was no difference in absolute mean body curvature for 

those % strides between UR and PVCS individuals (Figure 1.2A, 1.2B, & 1.2C).  

Assessing only body curvature can obscure the effects of the shell conditions within body 

regions, thus, curvature was also analyzed for each body region (head, trunk, tail) 

individually.  
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Curvature in the head region is likely associated with head movements but these 

head movements do not appear to be related to significant changes in path direction (i.e. 

turning).  There were significant differences between TYS individuals compared to 

PVCS and UR individuals at 25 and 75% of the stride cycle; TYS individuals had 

significantly higher absolute mean head curvature than both PVCS and UR individuals 

(Figure 1.2D & 1.2F).  Only at 50% of the stride cycle were there significant differences 

among all three treatments; TYS individuals had the highest absolute mean head 

curvature followed by UR and PVCS individuals (Figure 1.2E).   

The PVCS effectively restricted lateral movements in the trunk region.  PVCS 

individuals had significantly lower absolute mean trunk curvature than both TYS and UR 

individuals at 25, 50, and 75% of the stride cycle (Figure 1.2G, 1.2H, & 1.2I).  There 

were no significant differences in absolute mean trunk curvature between TYS and UR 

individuals at 25, 50, and 75% of the stride cycle.  These results indicate that the TYS 

was flexible enough to permit typical lateral movements in the trunk region similar to UR. 

Tail curvature increased in response to anything fastened to the trunk.  PVCS and 

TYS individuals had significantly higher absolute mean tail curvature than UR 

individuals at 25, 50, and 75% of the stride cycle (Figure 1.2J, 1.2K, & 1.2L).  Although 

absolute mean trunk curvature for TYS individuals was not significantly different than 

that of UR individuals, salamanders still increased lateral movements in their tails with 

these shells on.  
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KINEMATIC VARIABLES 

 We hypothesized that salamanders would adjust their forelimb and hindlimb 

kinematics in response to trunk lateral restriction.  Specifically, we expected to see 

greater elbow and knee angles in PVCS individuals compared to UR and TYS individuals, 

similar to the limb movement seen in turtles in which axial movements are restricted by 

bony shells.  Much of our kinematic data, however, indicate few such adjustments among 

the salamanders of our treatments.   

There were no significant differences in mean elbow or knee angles at 25, 50, or 

75% of the stride cycle among treatments (Figures 1.3A & 1.4A; Table 1.III).  At 0 and 

100% of the stride cycle, there were significant differences for both mean elbow and knee 

angles.   At 0%, TYS individuals had a significantly lower mean elbow angle than both 

PVCS and UR individuals (Figure 1.3A) and at 100%, TYS individuals had a 

significantly lower mean elbow angle than UR individuals (Figure 1.3A).  At 0 and 100%, 

TYS and PVCS individuals had significantly more obtuse mean knee angles than UR 

individuals (Figure 1.4A).   

The mean elbow and knee angles calculated for the entire stride cycle were not 

significantly different among treatments (Figures 1.3B & 1.4B).  Neither the mean 

minimum nor maximum angles for the elbow or knee were significantly different among 

treatments (Figure 1.5A & 1.5B).  There were also no significant differences in the range 

of angles for the forelimbs or hindlimbs among treatments (Table 1.IV). 
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DISCUSSION 

Lateral movements of the vertebral column contribute significantly to locomotion 

in most sprawling tetrapods such as salamanders.  In contrast, the bony carapace of turtles 

necessitated a reorganization of the tetrapod body plan which might have impeded 

locomotor performance.  However, evidence suggests that despite their novel body plan, 

the locomotor capabilities of turtles are sufficient for their needs.  Turtles have 

successfully adapted for both terrestrial and aquatic environments and show diversity in 

their locomotor strategies for swimming with forelimbs (Blob et al. 2016).  Turtle shells 

prevent lateral undulations because the vertebrae are fused to the carapace, so they 

depend solely on their limbs for propulsion.  Turtles have been able to optimize their 

locomotor performance by increasing stride length via greater limb protraction (Schmidt 

et al. 2016), thus apparently compensating for the lack of lateral undulations.  Differences 

among species in the dimensions and shape of the carapace and shoulder girdle affect 

how much shoulder girdle rotation contributes to stride length (Schmidt et al. 2016; 

Mayerl, Capano, et al. 2019).  There is also evidence that this strategy of increasing limb 

protraction via girdle rotation to increase stride length applies to the hindlimbs which are 

important for generating propulsion during both swimming and walking (Mayerl et al. 

2016).  Thus, despite the novelty of the turtle body plan, locomotor shoulder and pelvic 

girdle movements are still effective mechanisms for increasing stride length.   

The PVC shell used in the present study effectively decreased lateral movements 

(quantified as curvature in the trunk region).  However, salamanders responded by 

increasing lateral movements in their tails, rather than through kinematic changes to limb 

movements, as seen in turtles.    
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 Although the trunk region of the salamanders in our study was restricted similarly 

to turtles, salamanders have proportionately longer tails that are actively used during 

locomotion.  Nearly all turtle species have highly reduced tails that have typically been 

thought to play a limited role during locomotion.  However, there are five extant species 

with long tails in Platysternidae and Chelydridae in which the tail might contribute to 

locomotor performance.  During underwater walking, snapping turtles (Chelydra 

serpentina) generate a standing wave and move their tails like a strut much like 

salamanders do (Ashley-Ross and Bechtel 2004; Willey and Blob 2004).  Willey and 

Blob (2004) argue that this pattern of tail movement in snapping turtles could be the 

posterior portion of a standing wave typical in terrestrial walking; in turtles, of course, the 

posterior portion of the wave is the only part that can be generated due to the presence of 

the shell.  The role of snapping turtle tails during terrestrial walking and swimming has 

not been investigated, but it is possible that there are other functional similarities between 

long-tailed turtles and salamanders.  If this is true, the limb kinematics of snapping turtles 

should not show the same extent of protraction seen in other turtles that do not have much 

of a tail.  However, there have been no limb kinematic studies on snapping turtles that we 

are aware of.  In this study, salamanders may not have needed to adjust their limb 

kinematics because their tail undulations diminished the effects of the movement 

restriction in the trunk region. 

 Although the biomechanical role of tail movements is not well understood, 

especially in turtles, this mechanism has been investigated in leopard geckos 

(Eublepharis macularius) which unlike most lizards, lift their tails off the ground and 

swing them laterally during locomotion.  Jagnandan and Higham (2017) compared 



16 
 

leopard geckos with their original tail, a restricted tail with a rod attached, and an 

autotomized tail.  While salamanders’ terrestrial movements are characterized by 

standing waves, leopard geckos initially generate a standing wave which changes to a 

traveling wave as it moves more posteriorly (Hamley 1990).  It was previously thought 

that tail autotomy in lizards caused changes in locomotion because of a change in mass or 

shift in center of mass, but it appears that these changes are due to the loss of tail 

undulations during locomotion.  The loss of tail undulations caused the leopard geckos to 

adopt a more sprawling posture and decreased femur retraction and step length.  It may 

not be surprising that there were no significant changes to salamander limb kinematics in 

our study, given that their tails were still mobile.  Other studies also have shown that tail 

undulations during steady locomotion assist in responding to unexpected perturbations, 

stability, force generation by the caudofemoralis, and propulsive forces generated by the 

hindlimbs (Reilly 1994; Irschick and Jayne 1999; Jagnandan and Higham 2017; Wang et 

al. 2018).  

 Our study reinforces the view that tail undulations can play a critical role in the 

locomotion of sprawling tetrapods, but further work is needed to investigate the 

mechanisms by which these movements contribute to locomotor performance.  In the 

context of other studies of tail undulations, the results of this study suggest that it is the 

loss of these movements in the tail that may necessitate changes in limb kinematics. 
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TABLES 

Table 1.I Mean absolute mean curvature (κ) values and standard error for body 

regions (body, head, trunk, tail) and treatments (UR, TYS, PVCS).  Mean values ± 

standard error of absolute mean curvature for tiger salamanders (n=3 individuals).  

Absolute mean curvature was calculated along the midline of the salamander for the 

entire body as well as separately for the head, trunk, and tail regions.   

 

 

 

 

 

 

Treatment 
Percent of 

Stride 
 

Body Head Trunk Tail 

Unrestricted 

25%  0.043±0.001 0.024±0.002 0.046±0.002 0.044±0.002 

50%  0.052±0.002 0.031±0.002 0.055±0.002 0.054±0.002 

75%  0.049±0.001 0.030±0.002 0.053±0.002 0.052±0.002 

Tygon 

25%  0.069±0.004 0.058±0.006 0.059±0.005 0.080±0.005 

50%  0.066±0.004 0.054±0.006 0.058±0.004 0.076±0.005 

75%  0.069±0.004 0.057±0.006 0.059±0.005 0.081±0.004 

PVC 

25%  0.051±0.004 0.028±0.004 0.037±0.003 0.066±0.006 

50%  0.005±0.004 0.023±0.005 0.038±0.004 0.064±0.007 

75%  0.053±0.005 0.031±0.005 0.044±0.004 0.066±0.007 
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Table 1.II Results of a general linear mixed effect model performed on absolute 

mean curvature values for Unrestricted, Tygon, and PVC salamanders for whole 

body and specific body regions.  A general linear mixed model with individual as a 

random effect was performed and curvature values were assessed at 25, 50, and 75% of 

the stride cycle (α=0.05).  P values are reported for the model, as well as pairwise post-

hoc comparisons.  Bold indicates significance. 

Percent of 
Stride 

Comparison Body Head Trunk Tail 

25% 

Model 7.77E-08 1.69E-04 1.82E-04 3.61E-12 

Tygon vs. PVC 3.23E-08 7.94E-04 1.68E-01 5.85E-12 

Unrestricted vs. PVC 1.26E-01 8.34E-01 2.92E-03 4.01E-04 

Unrestricted vs. Tygon 5.08E-03 1.17E-03 1.36E-04 4.85E-02 

50% 

Model 1.52E-03 2.12E-09 1.55E-05 1.33E-03 

Tygon vs. PVC 2.68E-02 6.92E-04 7.92E-01 1.27E-03 

Unrestricted vs. PVC 8.12E-02 1.12E-03 1.52E-05 7.83E-01 
Unrestricted vs. Tygon 1.39E-03 1.03E-09 2.20E-04 2.66E-02 

75% 

Model 5.46E-06 7.52E-05 1.32E-02 3.86E-07 

Tygon vs. PVC 7.00E-06 6.70E-04 9.11E-01 1.90E-07 

Unrestricted vs. PVC 9.95E-01 4.88E-01 1.53E-02 2.95E-01 
Unrestricted vs. Tygon 6.64E-04 3.73E-04 2.63E-02 3.23E-03 
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Table 1. III Summary statistics from circular mixed-effects model performed using 

a Bayesian approach on mean limb angles across the stride cycle by treatment.  

Posterior estimates of the circular means of the mean elbow and knee angles calculated 

across the stride cycle by treatment. 

Treatment Angle Circular Mean LB HPD UB HPD 

Unrestricted 
Elbow 118.4509 94.5734 143.1280 

Knee 238.3089 233.4905 243.4335 

Tygon 
Elbow 109.2145 73.2590 147.8571 

Knee 238.3479 233.2424 243.8904 

  PVC 
Elbow 117.9530 93.2511 141.1698 

Knee 236.8073 229.9572 243.9657 
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Table 1.IV Summary statistics from circular mixed-effects model performed using a 

Bayesian approach.  Posterior estimates of the circular means of the mean elbow and 

knee angles for all variables used in statistical analysis. 

 Unrestricted Tygon PVC 

Estimate Joint 
Mean 

LB 

HPD 

UB 

HPD Mean 

LB 

HPD 

UB 

HPD Mean 

LB 

HPD 

UB 

HPD 

0% Elbow 122.41 104.71 140.02 95.28 89.63 100.69 109.90 102.57 117.51 

25% Elbow 95.55 79.25 109.76 108.76 74.37 141.05 123.02 96.47 147.24 

50% Elbow 133.26 108.69 156.32 123.81 100.97 148.36 123.50 107.47 139.87 

75% Elbow 112.66 100.82 123.93 132.97 107.34 160.11 135.82 114.63 158.94 

100% Elbow 123.47 105.15 146.66 94.60 88.92 100.12 104.29 96.79 111.98 

Y minimum Elbow 61.58 45.78 76.14 52.20 38.71 65.20 62.93 48.52 74.93 

Y maximum Elbow 208.80 187.59 237.26 200.67 175.44 239.26 196.09 182.86 211.66 

Y range Elbow 136.03 97.75 176.79 132.88 92.10 179.72 128.76 97.28 162.21 

0% Knee 224.03 215.61 232.45 242.08 237.12 247.43 241.94 234.88 248.95 

25% Knee 243.10 226.92 257.95 232.96 219.41 245.26 226.32 207.27 244.42 

50% Knee 222.32 210.09 234.91 238.85 228.82 248.00 243.83 232.31 255.20 

75% Knee 240.01 234.41 246.04 239.18 234.41 243.90 231.85 225.30 237.47 

100% Knee 230.80 225.68 235.82 244.30 240.49 248.11 248.35 243.56 253.04 

Y minimum Knee 185.80 177.20 194.63 201.68 188.07 215.94 195.43 178.31 213.23 

Y maximum Knee 284.89 273.20 297.62 268.21 259.92 276.16 276.61 262.59 290.69 

Y range Knee 99.53 77.73 120.63 60.98 44.91 78.27 79.39 55.77 101.40 
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FIGURES AND FIGURE LEGENDS 

 

 

Figure 1.1 Diagram of elbow and knee angles and interpretation of angle values.  

Elbow and knee angles for the fore and hindlimbs were calculated from two-dimensional 

coordinate data.  An angle less than 180° means the distal portion of the limb is oriented 

anteriorly and an angle greater than 180° means the distal portion of the limb is oriented 

posteriorly.
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Figure 1.2 The absolute mean curvature (κ) for Unrestricted, Tygon, and PVC 

salamanders at 25, 50, and 75% of the stride cycle for the body, head, trunk, and 

tail.  At 25 (A), 50 (B), and 75% (C) of the stride cycle, TYS individuals had 

significantly higher curvature than both PVCS and unrestricted individuals for the entire 

body and there was no difference between UR and PVCS individuals. At 25 (D) and 75% 

(F) of the stride cycle, TYS individuals had significantly higher curvature than both 

PVCS and UR individuals in the head region.  At 50% (E) of the stride cycle, there were 

significant differences among all three treatments; TYS individuals had the highest 

curvature followed by UR and PVCS individuals. At 25 (G), 50 (H), and 75% (I) of the 

stride cycle, PVCS individuals had significantly lower curvature than both TYS and UR 

individuals in the trunk region.  There was no significant difference in curvature between 

UR and TYS individuals.  These results confirm that the PVCS was rigid enough to limit 

lateral movements in the trunk region and the TYS was flexible enough to permit them.  

At 25 (J), 50 (K), and 75% (L) of the stride cycle, TYS and PVCS individuals both had 

significantly higher curvature in the tail.  At 25% of the stride cycle, TYS individuals 

also had significantly higher curvature in the tail than PVCS individuals. Salamanders 

increase lateral movements in their tails when their trunks are restricted. 
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Figure 1.3 The mean elbow angle for Unrestricted, Tygon, and PVC salamanders at 

0, 25, 50, 75, and 100% of the stride cycle and the overall mean elbow angle across 

the entire stride cycle.  Plotted data are circular means with highest posterior density 

intervals as error bars.  (A) The stride cycle was broken up into estimates at 0, 25, 50, 75, 

and 100% to determine if there were differences among treatments.  There were no 

significant differences in elbow angle among treatments at 25, 50, and 75% of the stride 

cycle.  At 100%, TYS individuals had a significantly lower elbow angle than UR 

individuals.  (B)  Mean elbow angles across the entire stride cycle were also calculated 

for each treatment and there were no significant differences. 
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Figure 1.4 The mean knee angle for Unrestricted, Tygon, and PVC salamanders at 0, 

25, 50, 75, and 100% of the stride cycle and the overall mean knee angle across the 

entire stride cycle.  Plotted data are circular means with highest posterior density 

intervals as error bars.  (A) The stride cycle was broken up into estimates at 0, 25, 50, 75, 

and 100% to determine if there were differences among treatments.  There were no 

significant differences in knee angle among treatments at 25, 50, and 75% of the stride 

cycle.  At 0 and 100%, TYS and PVCS individuals had a significantly more obtuse knee 

angle than UR individuals.  (B) Mean knee angles across the entire stride cycle were also 

calculated for each treatment and there were no significant differences. 
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Figure 1.5 The mean minimum and maximum elbow (A) and knee (B) angles for 

Unrestricted, Tygon, and PVC treatments.  Plotted data are circular means with 

highest posterior density intervals as error bars.  (A) There were no significant 

differences among treatments for mean minimum or maximum elbow angles or (B) for 

mean minimum or maximum elbow angles.  
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CHAPTER 2: TIGER SALAMANDERS (AMBYSTOMA TIGRINUM) INCREASE 

FOOT CONTACT SURFACE AREA ON CHALLENGING SUBSTRATES DURING 

TERRESTRIAL LOCOMOTION 

 

Submitted to Integrative Organismal Biology. 

Stylistic variations result from the journal’s formatting requirements. 

 

ABSTRACT 

 Animals live in heterogenous environments they must navigate in order to forage 

or capture food, defend territories, and locate mates.  These heterogeneous environments 

have a variety of substrates that differ in their roughness, texture, and other properties, all 

of which may alter locomotor performance.  Despite such natural variation in substrate, 

many studies on locomotion use noncompliant surfaces that either are unrepresentative of 

the range of substrates experienced by species or underestimate maximal locomotor 

capabilities.  The goal of this study was to determine the role of forefeet and hindfeet on 

substrates with different properties during walking in a generalized sprawling tetrapod, 

the tiger salamander (Ambystoma tigrinum).  Adult salamanders (n=4, SVL =11.2-14.6 

cm) walked across level dry sand, semi-soft plaster of Paris, wet sand, and a hard, 

noncompliant surface (table) – substrates that vary in compliance.  Trials were filmed in 

dorsal and anterior views.  Videos were analyzed to determine the number of digits and 

surface area of each foot in contact with the substrate.  The surface area of the forelimbs 

contacting the substrate was significantly greater on dry sand and plaster of Paris than on 

wet sand and the table.  The surface area of the hindlimbs contacting the substrate was 
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significantly greater on dry sand than on all other substrates.  There were no significant 

differences in the time that the fore- or hindfeet were in contact with the substrate as 

determined by the number of digits.  We conclude that salamanders modulate the use of 

their feet depending on the substrate, particularly on dry sand which is known to increase 

the mechanical work and energy expended during locomotion owing to the fluid nature of 

its loose particles.  More studies are needed to test a wider range of substrates and to 

incorporate behavioral data from field studies to get a better understanding of how 

salamanders are affected by different substrates in their natural environment. 

 

INTRODUCTION 

 Locomotion plays an important role in an animal’s ability to obtain food, avoid 

predation, defend territories, and locate mates.  However, because few environments are 

uniform, animals must be able to move effectively on a variety of substrates.  The impact 

of locomotor performance on fitness has motivated studies of many aspects of 

locomotion across diverse species.  However, many of these studies were performed 

under laboratory conditions on level, noncompliant surfaces that likely underestimate 

animal’s ability to make kinematic adjustments that could maximize locomotor 

performance in natural environments.  Quantifying the kinematics of how animals move 

on noncompliant surfaces is an important first step to understanding animals’ locomotor 

capabilities and provides a basis from which to build on the complex interactions 

between the locomotor strategies of animals, and their environment.   Collecting data on 

substrates that better match those encountered in nature can also provide useful insight 

into the behavioral plasticity of animals. 
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It is also important to consider how kinematics might change when an animal 

comes across changes in slope, substrate texture, or other properties.  Many previous 

studies in a range of taxa (e.g. primates, marsupials, rodents, lizards, and snakes) have 

investigated the effects of substrate on locomotor performance.  A diversity of substrate 

definitions have been used in previous studies such as branch diameter (Lammers and 

Biknevicius 2004; Shapiro and Young 2010), incline (Irschick and Jayne 1998), and 

perch choice (Irschick and Losos 1999; Mattingly and Jayne 2005; Mansfield and Jayne 

2011; Hyams et al. 2012; Jones and Jayne 2012).  The ability to grip the surface of a 

substrate is key feature for locomotion across species and environments and even taxa 

with different body shapes have converged on similar strategies.  For example, arboreal 

snake species like boa constrictors and rat snakes rely on friction to grip the branch 

surface, which is similar to the strategy used by primates and opossums with prehensile 

feet (Cartmill 1985; Lammers and Biknevicius 2004).   

Substrate texture and roughness provide surface area for animals to grip during 

locomotion.  This is especially important for animals climbing vertical surfaces, such as 

geckos and climbing gobies, that need to overcome gravity, and much of the literature has 

focused on how substrate texture affects aspects of climbing performance.  However, the 

effects of substrate texture and roughness in terrestrial environments are less understood.  

Variation in substrate affected some types of locomotor performance (speed, acceleration, 

and stamina) in lacertid lizards, but not consistently; the effects were species-dependent 

for measures of speed and stamina, but not for acceleration (Vanhooydonck et al. 2015).  

There is also some evidence that habitat distribution between species is not correlated to 

locomotor performance.  Sprinting ability in a broadly distributed lizard species (C. 
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draconoides) and a dune-dwelling species (U. scorparia) was similar on fine and coarse 

sand (Korff and McHenry 2011).  Phenotypes evolved under multiple selective pressures 

and are likely not strongly optimized or directly selective for locomotion on particular 

substrates.  The relationships among locomotor strategy, performance, and habitat 

structure are complex and the evidence does not suggest a consistent pattern which may 

be the result of animals navigating a variety of substrates in natural environments.  Most 

of the previous studies use whole-body measurements to assess the effects of substrate 

and to our knowledge no studies to date have looked at what the feet themselves are 

doing in response to substrate variation. 

The goal of this study was to ask if salamanders adjust how they use their feet on 

substrates with different physical properties.  Salamanders were filmed walking across 

the following substrates: dry sand (DS), plaster of Paris (PoP; simulates fine-grained 

mud), wet sand (WS), and a hard, noncompliant surface (HNC).  These surfaces all 

varied in their compliance.  The number of digits and surface area of each individual foot 

in contact with the substrate were quantified.  These measures were used to calculate 

integrated surface area of the forelimbs and hindlimbs in contact with the substrate 

throughout each complete stride cycle, and the percent stride where a foot was considered 

in contact with the substrate.  We tested two hypotheses: (1) We predicted that 

salamanders would make kinematic adjustments on the more challenging substrate 

leading to greater foot surface area in contact with the substrate DS compared with the 

other substrates tested.  DS is unstable as the sand particles are free to move over each 

other; therefore, salamanders should increase contact with this substrate to maintain 
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balance during locomotion.  (2) Salamanders should also leave each digit in contact with 

the substrate for a greater portion of the stride cycle in locomotion on the DS substrate.   

 

METHODS 

EXPERIMENTAL ANIMALS 

 Wild-caught tiger salamanders (Ambystoma tigrinum) were donated by the 

laboratory of Jacob Kerby at the University of South Dakota (Vermillion, SD, USA).  

Snout-vent lengths (SVL) ranged from 11.2 to 14.6 cm.  Salamanders were housed 

individually in aquaria with access to a terrestrial landing and kept on a 12:12 light:dark 

cycle.  Each experimental trial was performed with four metamorphosed, adult 

individuals.  All procedures were approved by the Wake Forest University IACUC 

(protocol A16-171). 

FILMING SET-UP AND DATA COLLECTION 

 Tiger salamanders (n=4) were filmed with three PHANTOM cameras at 120 fps 

in a dorsal and anterior view.  Cameras were synchronized using a common trigger 

system.  Substrates were each put into 0.46 m x 0.61 m aluminum trays; there was an 

individual tray for every trial.  After the substrate filled the tray’s depth, the substrate was 

evenly distributed and leveled.  A 1 cm x 1 cm grid was visible on the tray for scaling 

purposes.  All four individuals were filmed on each of the following substrates: dry sand 

(DS), plaster of Paris (PoP), wet sand (WS), and a hard, noncompliant surface (HNC). 

Play sand and DAP plaster of Paris were purchased locally.  Wet sand was at its water-
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holding capacity.  Plaster of Paris was mixed (2:1 dry mix to water ratio) and allowed to 

set until its consistency was comparable to moist mud before trials began.  Animals 

selected their own speeds for all trials.   

To begin a trial, a tray was placed within the filming arena and a salamander was 

positioned in the tray.  The base of the tail was gently squeezed to prompt initial 

movement and salamanders were squirted with water from a spray bottle to encourage 

continuous, steady locomotion across the middle of the tray.  Trials during which the 

salamander maintained steady locomotion and crossed the entire distance of the tray were 

used for subsequent analysis.  If a trial was deemed unusable, the substrate was re-

distributed and smoothed before a new trial began.  If an animal had multiple false starts, 

a new animal was used so the previous animal could rest before more attempts were tried. 

Videos (n=16) were analyzed frame-by-frame using ImageJ software (National 

Institute of Health, Bethesda, MD) and were subsampled to 30 fps.  The ability of 

salamanders to make kinematic adjustments based on substrate type was quantified by 

measuring surface area of each foot and number of digits in contact with each substrate.  

The surface area of each individual foot was measured frame-by-frame using the 

freehand selections tool.  Surface area measurements included any digits and palm (up to 

the wrist joint) that were in contact with the substrate for a given frame.  Across all 

frames in a stride, the surface area in contact (measured in cm2) was integrated across the 

percent stride (%) yielding units of %*cm2* which standardizes for trials of different 

absolute durations.   These data were used to calculate the integrated surface area of the 

forelimbs and hindlimbs that was in contact with the substrate.  Counts of the number of 

digits in contact with the substrate were also recorded frame-by-frame to calculate the 
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percentage of the stride that each individual foot was in contact with the substrate. The 

numbers of digits chosen as the threshold for a foot to be touching were selected so that 

at least 50% of the digits on the forefoot or hindfoot were in contact with the substrate 

(i.e. 2 of the 4 digits on the forefeet, and 3 of the 5 digits on the hindfeet).   

STATISTICAL ANALYSIS 

 To compare locomotor trials, the duration of each cycle was converted to a 

percentage since not all cycles were of the same absolute duration.  All variables were 

compared over multiple strides (n=82) from four individuals.  All calculations and 

statistical analyses were performed in R (v. 3.4.3). 

 We used a general linear mixed model to test for differences in the integrated 

surface area contacting the substrate and percent stride touching between the forelimbs 

and the hindlimbs among treatment groups, individual was included as a random effect.  

Post-hoc differences were assessed using Tukey’s HSD, with the Holm-Bonferroni 

correction for multiple comparisons.  All data were log-transformed prior to analysis, and 

significance was assessed at the α = 0.05 level.  For ease of interpretation, non-

transformed data are represented in the figures. 

 

RESULTS 

Salamanders selected their own speeds for each locomotor trial.  Data are reported 

as means±standard error.  Salamanders selected slightly slower speeds on DS 

(0.019±0.005 m/s) compared with the other substrates.  Salamanders selected similar 
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speeds on PoP (0.024±0.003 m/s) and HNC (0.021±0.002 m/s) and faster speeds on WS 

(0.031±0.006 m/s).  Stride lengths were standardized by SVL.  Salamanders had greater 

standardized stride lengths on DS (14.32±0.70 m/m) compared with PoP (13.16±0.69 

m/m), WS (11.31±0.68 m/m), and HNC (7.88±0.24 m/m). 

Salamanders responded to changes in substrate compliance by increasing the 

surface area of their forelimbs and hindlimbs in contact with the substrate (Tables 2.I & 

2.II).  This response was substrate-dependent.  In contrast, substrates differed little in the 

percentage of the stride cycle for which the forefeet and hindfeet were in contact.   

The integrated surface area of the forelimbs on DS was significantly greater than 

on HNC and WS (p<<<0.05; Figure 2.1A).  The integrated surface area of the forelimbs 

on PoP was significantly greater than on HNC and WS (p<<<0.05; Figure 2.1A).  There 

were no significant differences in integrated surface area of the forelimbs between HNC 

and WS or PoP and DS (p>0.05; Figure 2.1A).   

The integrated surface area for the hindlimbs on DS was significantly higher than 

on HNC, WS, and PoP (p<<0.05, respectively; Figure 2.1B).  There were no significant 

differences in integrated surface area of the hindlimbs between HNC and WS, PoP and 

HNC, or PoP and WS (p>0.05; Figure 2.1B). 

We considered the potential confounding effects associated with different body 

sizes (and, thus, potentially different foot surface areas among individuals).  In a 

subsequent analysis (not shown), we standardized the surface area of each foot by the 

maximum size of each foot for each individual.  We performed the same statistical 
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analysis on these standardized integrated surface area data and the results were not 

different from the raw surface area values presented here. 

Although the models were significant (p<0.05; Table 2.IV), none of the pairwise 

post-hoc comparisons were significant for either the forefeet and hindfeet (p>0.05; Figure 

2.2A & 2.2B; Tables 2.III & 2.IV).  

 

DISCUSSION 

 We predicted that salamanders would adjust the area and duration of the stride 

cycle that their feet were in contact with the substrate based on substrate type and 

properties.  Our results provided mixed support for these hypotheses.  Salamander 

forelimbs had more surface area in contact with the substrate when walking on DS and 

PoP, whereas salamander hindlimbs had more surface area in contact with the substrate 

when walking on DS in comparison to locomotion on other substrates.  There was a 

performance consequence of slower speed on DS, but the increased standardized stride 

length may have helped to mitigate that consequence.  Overall, there were no significant 

differences in the duration of the percent stride cycle that the forefeet and hindfeet were 

in contact for any substrate.  

 Although it seems likely that salamanders may need to modulate their foot contact 

with the substrate to increase locomotor efficiency, it is also possible that the range of 

substrates used in this study did not place a high enough demand on the animals to 

necessitate a behavioral change.  Previous studies on the correlation between habitat use 

and morphology have focused mainly on lizards, which generally have greater diversity 
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and specializations in locomotor abilities, morphology, foraging strategies, and habitat 

use.  Salamanders may be more limited in their distributions because they must remain 

close to bodies of water for reproduction and to avoid desiccation.     

 Soft, yielding substrates alter the mechanics and energetics of locomotion 

compared with noncompliant substrates that many studies have examined in order to 

understand kinematics.  Salamander forelimbs and hindlimbs had more surface area in 

contact with the DS compared to the other substrates likely due to the increased energetic 

demands and loosely packed sand particles.  The effects of substrate properties on 

mechanics and energetics are well documented in humans; our results generally support 

those of previous studies.  Walking on sand requires 1.6-2.5 times more mechanical work 

than walking on a noncompliant, hard surface and 2.1-2.7 times more energy (Lejeune et 

al. 1998).  The increase in mechanical work for walking is due primarily to increases in 

the muscle-tendon work, as well as work done on the sand by the foot (Lejeune et al. 

1998).  Although we did not quantify mechanical work or energy expenditure, it seems 

reasonable that, in salamanders, the surface area of their forelimbs and hindlimbs in 

contact with dry sand during locomotion might increase for similar reasons.  Human 

runners compensate for changes in surface stiffness by changing their leg spring stiffness, 

without making overall changes to their support mechanics (Kerdok et al. 2002).  

Although the energetics and mechanics of walking and running are different, it is possible 

that differences in surface stiffness would elicit similar changes in leg stiffness during 

walking that may have performance benefits.  Box turtles reduced their walking speed on 

dry sand compared with Styrofoam due to a decrease in stride length (Claussen et al. 

2002).  Hermit crabs (Coenobita compressus) also have increased speed on wet sand 
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compared to dry sand; this difference in speed was ascribed to the sand particles being 

packed more tightly when wet than when dry (Herreid and Full 1986).   

As was the case with DS, salamander forelimbs also had greater surface area in 

contact with PoP.  Very few previous studies have used substrates comparable to PoP (a 

surrogate for fine-grained mud).  Previous studies on gecko adhesive ability during 

locomotion on wet substrates found that neither water nor substrate type (glass versus 

acrylic) had a significant effect on sprint velocity (Stark et al. 2015; Garner et al. 2017).  

It is difficult to make direct comparisons because these studies sprayed water on the 

surface of substrates incapable of holding water.  These gecko adhesion studies, however, 

emphasize that animals can make kinematic and behavioral adjustments which allow 

them to handle substrate variations in their natural environment.   There were similar 

responses in sprint performance to wet substrates, but variation in stopping behavior, 

slipping, and toe pad wetting may be explained by habitat differences (Stark et al. 2015).  

Although the PoP particles would not have behaved similarly to loose sand, we speculate 

that the salamanders increased surface area contact of the forelimbs to prevent slipping 

and maintain balance.  Note that the salamanders in our study walked at slow speeds over 

relatively short distances, so it is also possible that substrate type may play a more 

consistent role over longer distances and in circumstances under which salamanders 

reach maximal locomotor performance. 

 Many components of habitat structure in a salamander’s natural environment, 

such as leaf litter, fallen logs, and rocks, can provide opportunities for salamanders to 

hide from predators.  The complexity of salamander habitat structure may limit the 

distance these animals must typically move to find cover. Salamanders may depend on 
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other strategies for predator avoidance, using locomotion as a last resort.  Predators that 

rely on color vision may differentially target color morphs; this is a common explanation 

for the evolution and maintenance of polymorphisms in populations (Stimson and 

Berman 1990).  Two color morphs of the eastern red-backed salamander (Plethodon 

cinereus) exhibit different antipredator behaviors and are targeted by predators at 

different rates (Venesky and Anthony 2007).  Additionally, there is some evidence for 

size-mediated predation pressure for salamander communities in the southern 

Appalachians which are known for their salamander diversity.  These salamanders are 

morphologically similar, but show differences in size and habitat; larger species are 

found in aquatic habitats and smaller species are found in terrestrial habitats (Hairston 

1949).  It is possible that small salamanders avoid microhabitats with predators, whereas 

larger salamanders coexist with large predators (Formanowicz and Brod 1993) perhaps 

relying on tail autotomy as an antipredator strategy.   Previous studies indicate that there 

are a range of behaviors available that might explain why our salamanders did not 

demonstrate significantly different contact time with each substrate. 

 When an animal is moving on a soft, yielding substrate, its locomotor 

performance may suffer due to the low penetration resistance of the substrate.  A 

previous study investigating the role of appendage design in locomotion on flowable 

substrates found that animals actively adjust their gait frequency to maintain effective 

locomotion; however, gait frequency modulation was not enough to explain changes in 

speed suggesting there may be passive control mechanisms (i.e. within-stride kinematic 

variations) (Qian et al. 2015).  It is likely that salamanders combine passive and active 

control on challenging substrates such as DS which permits maintenance of performance 
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despite changes in substrate stiffness.  It is also possible that the increased surface area 

results seen in this study are the passive result of the foot going into the yielding substrate 

more and not an active control mechanism. 

 While the salamanders in our study did increase the surface area in contact with 

flowable substrates, they did not also adjust the time the forefeet or hindfeet were in 

contact with any substrate.  It is yet unclear whether these patterns are a result of active 

control by the animal, or a passive consequence of substrate compliance.  Our study 

reinforces the need to study how animals adjust their locomotion on substrates that vary 

in their properties (i.e. roughness, wetness, compliance, etc) as models for the conditions 

that animals may encounter in their natural environment.  Further investigations are 

needed to determine how changes in substrate affect locomotor performance in the 

context of species, morphology, and ecology. 
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TABLES 

Table 2.I. Mean integrated surface areas (%*cm2) and standard errors for the 

forefeet and hindfeet for each substrate treatment.  Mean values ± standard error of 

the mean integrated surface area for tiger salamanders (n=4 individuals).  Surface area 

was measured for the part of each foot up to the wrist joint in contact with the substrate 

frame-by-frame.  The integration of the surface areas for the forefeet and hindfeet were 

each calculated. 

 Forefeet Hindfeet 
Substrate Mean SE Mean SE 

Dry Sand 520.40 26.69 942.76 68.63 
Plaster of Paris 509.92 22.63 783.90 50.12 

Wet Sand 429.45 29.92 743.49 43.49 
Hard, Noncompliant Surface 413.13 19.78 772.17 35.92 
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Table 2.II. Results of a general linear mixed model performed on mean integrated 

surface area values for the forefeet and hindfeet on substrates of varying compliance.  

A general linear mixed model with individual as a random effect was performed (α=0.05).  

P values are reported for the model, as well as pairwise post-hoc comparisons.  Bold 

indicates significance. 

Comparison Forefeet Hindfeet 

Model 2.32E-11 0.001502 

Dry Sand vs. Hard, Noncompliant Surface 4.05E-07 0.003771 

Wet Sand vs. Hard, Noncompliant Surface 0.171964 1 
Plaster of Paris vs. Hard, Noncompliant Surface 2.24E-09 1 

Wet Sand vs. Dry Sand 0.001517 0.004489 

Plaster of Paris vs. Dry Sand 0.996093 0.002681 

Plaster of Paris vs. Wet Sand 0.000278 1 
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Table 2.III Mean percentage of the stride the forefeet and hindfeet are contacting 

substrates of varying compliance.  Mean values ± standard error of the mean integrated 

surface area for tiger salamanders (n=4 individuals).  A foot was considered in contact 

with the substrate if at least 50% of the digits were touching.   

 Forefeet Hindfeet 
Substrate Mean SE Mean SE 

Dry Sand 50.56 4.04 64.50 3.90 
Plaster of Paris 58.66 2.63 60.38 4.23 

Wet Sand 54.71 2.69 62.40 2.72 
Hard, Noncompliant Surface 50.66 1.57 51.12 3.63 
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Table 3.IV Results of a general linear mixed model performed on mean percentage 

of the stride the forelimbs and hindlimbs are contacting substrates of varying 

compliance.  A general linear mixed model with individual as a random effect was 

performed (α=0.05).  P values are reported for the model, as well as pairwise post-hoc 

comparisons.  Bold indicates significance. 

Comparison Forefeet Hindfeet 

Model 0.036012 0.037847 

Dry Sand vs. Hard, Noncompliant Surface 0.731207 0.096113 
Wet Sand vs. Hard, Noncompliant Surface 0.731207 0.088690 

Plaster of Paris vs. Hard, Noncompliant Surface 0.103108 0.391323 
Wet Sand vs. Dry Sand 0.471228 1 

Plaster of Paris vs. Dry Sand 0.066237 1 
Plaster of Paris vs. Wet Sand 0.731207 1 
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FIGURES AND FIGURE LEGENDS 

 

Figure 2.1 Integrated surface area (%*cm2) for the forelimbs and hindlimbs in 

contact with a dry sand (DS), plaster of Paris (PoP), wet sand (WS) and a hard, 

noncompliant surface (HNC) and during walking.  Points are means of complete 

stride cycles (n=82) from 4 individuals.  Error bars are standard errors of the mean.  (A) 

The integrated surface area of the forelimbs on DS and PoP were significantly greater 

than on HNC and WS.  There were no significant differences in integrated surface area of 

the forelimbs between HNC and WS or PoP and DS. (B) The integrated surface area of 

the hindlimbs on DS was significantly greater than on HNC, WS, and PoP.  There were 

no significant differences in integrated surface area of the hindlimbs between HNC and 

WS, PoP and HNC, or PoP and WS. 
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Figure 2.2 Percent stride of the forelimbs and hindlimbs in contact with dry sand 

(DS), Plaster of Paris (PoP), wet sand (WS), and a hard, noncompliant surface 

(HNC) during walking.  Points are means of complete stride cycles (n=82) from 4 

individuals.  Error bars are standard errors of the mean.   (A) There were no significant 

differences in percent stride touching among any of the substrates for the forelimbs.  (B) 

There were no significant differences in percent stride touching among of the substrates 

for the hindlimbs.  
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CHAPTER 3: TWO DIMENSIONAL MEASUREMENTS OF TIGER SALAMANDER 

(AMBYSTOMA TIGRINUM) TRACKWAY MORPHOLOGY DEPENDENT ON 

SUBSTRATE CONSISTENCY 

Formatted for submission to Copeia. 

Stylistic variations result from the journal’s formatting requirements. 

 

ABSTRACT 

Fossilized trackways are composed of a series of tracks that can be left behind 

when animals move over a substrate of suitable consistency (i.e. grain size and water 

content).  Features of these trackways are determined by foot anatomy, limb kinematics, 

and substrate conditions, and are the result of dynamic interactions between the 

trackmaker and the substrate over which it is moving.  Data from fossilized trackways 

can give insight into the locomotor evolution of extinct species, but interpretations can be 

difficult because the morphology of the trackways often depends on variables for which 

information may not be known.  The goal of this study was to describe the morphological 

variation of tiger salamander (Ambystoma tigrinum) trackways on different substrates.  

Adult salamanders (n=4, SVL=11.2-14.6 cm) walked across level dry sand, semi-soft 

plaster of Paris, and wet sand.  Trials were filmed in dorsal and anterior views.  Videos 

were used to identify each foot and mark the center location of each.  Stride length, pace 

length, and trackway length were measured on all three substrates and, when possible, 

pace angulation and toe divergence were measured.  Stride length was greater on dry 

sand compared to wet sand, and pace length was greater on dry sand compared to plaster 

of Paris.  We conclude that salamander trackway morphology is highly variable based on 
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the individual and substrate consistency, but measurements are most limited by the 

preservation detail of tracks due to substrate properties.  More studies are needed to test a 

wider range of substrate properties and to incorporate kinematic data from more taxa to 

better understand how trackways are formed, and improve interpretations of fossil 

specimens. 

 

INTRODUCTION 

Fossil trackways provide evidence of the locomotor strategies and foot 

morphology of extinct limbed vertebrates and can contribute to knowledge of the 

biomechanical performance of extinct animals.  When animals move over a substrate 

under certain conditions, a series of tracks are left which collectively form a trackway 

(Allen 1997).  Trackway features are primarily determined by the anatomy of the foot, 

kinematics of the limb, and substrate conditions (Brand 1996).  While knowledge of these 

features is typically accessible for extant taxa, there may not be a consensus about the 

anatomy or kinematics of many fossil groups, leaving interpretations of their trackways 

fraught with uncertainty.  For example, the number of toe-tracks left by animals is known 

to differ based on the substrate (Brand 1996).  The same animal can leave three or four 

toe-marks depending on substrate conditions, which affects the identification of the 

trackmaker (Lockley 1986; Lockley and Gillette 1987).  Understanding what conditions 

lead to variation in trackway features can reduce both the misidentification of 

trackmakers and inaccuracies about foot anatomy.   
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 Variation in substrate consistency and conditions has long been known to affect 

the morphology of fossil tracks among invertebrates (Bromley 1996; Schmerge et al. 

2013), and the relationship between track morphology and substrate consistency has 

increasingly become a focus for studies of vertebrate trackways as well (Bromley 1996; 

Gatesy et al. 1999; Milàn 2006).  Sediment water content and grain size both affect the 

track’s preservation potential.  Dry sand is unlikely to preserve tracks because the loose 

sand particles are unstable and can easily move.  Water-saturated sediment also makes 

the substrate (i.e. sand or clay) too fluid for track preservation.  The ideal parameters for 

preserving tracks are moist sediment with a grain size between sand and clay (Laporte 

1980).  The typical grain size for coarse sand is between 500-1000 µm, very fine sand is 

between 62-125 µm, and clay is less than 62 µm (Brand 1996).  The dynamic interaction 

of grains results in the formation of direct and indirect track features depending on 

whether the grain was moved by skin or other grains (Gatesy 2003).  The distinction 

implies that only a subset of displaced grains interacts directly with the trackmaker’s skin 

while the indirect features reflect the direction and sequence of movement (Gatesy 2003).  

Tracks made in soft mud are stable and less likely to flow and collapse, but these tracks 

often lack details because mud tends to stick to the trackmaker’s foot; however, firm mud 

can produce shallow tracks but fine details should be preserved (Allen 1997; Milàn 2006).  

Variation in fossilized trackways is likely due to differences in substrate consistency if a 

single trackway shows more than one type of variation and if the complete range of 

variation is not seen in a single series (Gatesy et al. 1999).  Previous studies have used 

artificial models of feet to systematically test and understand how trackmaker foot 
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morphology and substrate consistency interact in contributing to trackway preservation 

(Allen 1997; Manning 2004). 

 Experiments that model trackmaker feet have the benefits of controlled 

parameters, but do not address an animal’s ability to adjust their kinematics or gait, and 

how that may be reflected in the footprints.  Several studies have used live animals to see 

how these gait changes and individual behaviors affect the trackways of living animals, in 

order to better understand and interpret fossil trackways.  Turkey and guineafowl walked 

across a clay-rich, sandy soil of varying moisture content and trackways were compared 

to deep tracks from the Greenlandic Triassic (Gatesy et al. 1999).  The authors concluded 

that theropod dinosaurs used femoral retraction to power the early stance phase while 

living birds use knee flexion (Gatesy et al. 1999).  Trackways of the western newt 

(Taricha torosa) under different substrate conditions were investigated as part of a study 

of vertebrate trackways from the Coconino Sandstone of northern Arizona (Brand 1996).  

Wet mud trackways preserved the most accurate representation of foot anatomy, with 

other substrates tested (including dry and damp sand) resulting in a decreased number of 

toes marks (Brand 1996).  This study suggested that there are certain fossil deposits 

where it may be nearly impossible to identify a trackmaker due to the substrate conditions 

at the time the tracks were made, unless there are enough tracks to generate a large 

sample size.  However, data from kinematic studies may be useful for ruling out possible 

trackmakers, even if a singular identification cannot be determined.  For example, a 

determination was made that Early Permian trackways from the Southern Alps were left 

by an extinct amphibian transitioning from walking to swimming, after the authors 

reviewed available videos of multiple extant taxa (Petti et al. 2014).  Trackways of 
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lungfish have also been used to study the vertebrate land invasion during the Devonian 

Period.  The fish ancestors of tetrapods were capable of terrestrial locomotion and by 

understanding the features of trackways left by extant fishes that move on land, we may 

be able to better identify the makers of fossil tracks (Falkingham and Horner 2016). 

 The goal of this study was to describe the range of morphological variation in 

tiger salamander (Ambystoma tigrinum) trackways made on different substrates to 

provide a context for interpreting fossilized trackways.  Salamanders were filmed 

walking across the following substrates: dry sand (DS), plaster of Paris (PoP; simulates 

fine-grained mud), and wet sand (WS).  After each video trial, the trackway of the 

salamander was preserved and stride length, pace length, and trackway width were 

measured. The extant tracks are described, and compared to those from studies of other 

extant taxa, and fossil tracks and trackways, to test for similar sediment-induced 

differences in morphology.  We predicted that both intra and inter-trackway 

morphological variation would differ based on substrate type and properties.  We 

predicted that stride length, pace length, and trackway width would decrease on DS 

compared to the other substrates.  Dry sand is a challenging substrate to move on due to 

its fluid properties, so salamanders may decrease their speed and as a result stride length, 

pace length, and trackway width. 
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METHODS 

EXPERIMENTAL ANIMALS 

 Wild-caught tiger salamanders (Ambystoma tigrinum) were donated by the 

laboratory of Jacob Kerby at the University of South Dakota (Vermillion, SD, USA).  

Snout-vent lengths (SVL) ranged from 11.2 to 14.6 cm.  Salamanders were housed 

individually in aquaria with access to a terrestrial landing and kept on a 12:12 light:dark 

cycle.  Each experimental trial was performed with four metamorphosed, adult 

individuals.  All procedures were approved by the Wake Forest University IACUC 

(protocol A16-171). 

FILMING SET-UP AND DATA COLLECTION 

 Tiger salamanders (n=4) were filmed with three Phantom v310 cameras (Vision 

Research, Wayne, NJ, USA) at 100 fps in a dorsal and anterior view.  Cameras were 

synchronized using a common trigger system.  Substrates were each put into 0.7 m x 1.0 

m aluminum trays; with an individual tray for every trial.  After the substrate filled the 

tray’s depth, it was evenly distributed and leveled.  A 1 cm x 1 cm grid was visible on the 

tray for scaling purposes.  All four individuals were filmed on each of the following 

substrates: dry sand (DS), plaster of Paris (PoP), and wet sand (WS).  Play sand and DAP 

plaster of Paris were purchased locally.  Wet sand was at its water-holding capacity.  

Plaster of Paris was mixed (2:1 ratio of dry PoP:water m/v) and allowed to set until its 

consistency was comparable to moist mud before trials began.  Animals selected their 

own speeds for all trials.   
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To begin a trial, a tray was placed within the filming arena and a salamander was 

positioned in the tray.  The base of the tail was gently squeezed to prompt initial 

movement and salamanders were squirted with water from a spray bottle to encourage 

continuous, steady locomotion across the middle of the tray.  Trials during which the 

salamander maintained steady locomotion and crossed the entire distance of the tray were 

used for subsequent analysis.  If a trial was deemed unusable, the substrate was re-

distributed and smoothed before a new trial began.  If an animal had multiple false starts, 

a new animal was used so the previous animal could rest before more attempts were tried. 

LINEAR MEASUREMENTS 

Videos (n=12) were analyzed frame-by-frame using ImageJ software (National 

Institute of Health, Bethesda, MD) and were subsampled to 30 fps.  Numbered markers 

were placed in the center of each foot when the foot was in complete contact with the 

substrate.  The number of the marker and the identification of each foot (i.e. right forefoot) 

was recorded.  A still image was saved at the end of every video that had numbered 

markers noting the location of every footfall during the locomotor trial.  All subsequent 

measurements in ImageJ were made using this annotated still image.   

  An illustration of the measurements on a trackway can be seen in Figure 1.  

Stride length (SL, n= 101, 113, 129 for DS, PoP, and WS, respectively) was defined as 

the distance from the center point on given foot (i.e. right hindfoot) to the next center 

point on the same foot (i.e. right hindfoot).  Pace length (PL, n= 95, 110, 112 for DS, PoP, 

and WS, respectively) was defined as the distance between center points on consecutive 

right and left footprints.  Trackway width (TW, n= 65, 75, 85 for DS, PoP, and WS, 
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respectively) was defined as the distance from the center point on given foot (i.e. right 

forefoot) to the center point on the next consecutive footprint on the opposite side (i.e. 

left forefoot).  The most distal point of the digits was not used for trackway width 

because digits were unreliably preserved both within trackways and across trackways on 

different substrates.  The line segment tool was used to measure the straight-line distance 

for each of the above variables and the marker numbers and foot identifications were 

recorded.   

When possible, toe divergence (TD, degrees) and pace angulation (PA, degrees) 

were also measured.  Summary statistics are provided for tracks on PoP only, as this 

substrate preserved fine morphological details best.  PA (n=43) was defined as the angle 

made by connecting center points on three consecutive tracks.  TD (n=49) was defined as 

the mean divergence of the middle three (or two if only two are present) toe prints 

(Figure 1B).  The angle tool was used to measure the angles for each of the above 

variables and marker numbers and foot identifications were recorded. 

STATISTICAL ANALYSIS 

 SL, PL, and TW were compared over multiple strides (n=82) from four 

individuals.  All calculations and statistical analyses were performed in R (v. 3.4.3). 

 We used a general linear mixed model to test for differences in SL, PL, and TW 

among substrates, with individual included as a random effect.  Post-hoc differences were 

assessed using Tukey’s HSD, with the Holm-Bonferroni correction for multiple 

comparisons.  All data were log-transformed prior to analysis, and significance was 
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assessed at the α = 0.05 level.  For ease of interpretation, non-transformed data are 

represented in the figures. 

We considered the potential confounding effects associated with different body 

sizes (and, thus, potentially differently limb lengths among individuals).  All distance 

measurements were standardized using snout-vent length (SVL).  We performed the same 

statistical analysis on non-standardized data (not shown) and the results were not 

different from the standardized values presented here. 

 

RESULTS 

Although salamanders are known to respond to changes in substrate compliance, 

our trackway measurements generally differed little across the substrates we tested 

(Tables 3.I & 3.II).  The standardized SL was significantly greater on DS than on WS 

(p<<<0.05; Figure 3.1A).  There were no significant differences in standardized SL 

between DS and PoP or PoP and WS (p>0.05; Figure 3.2A).  The standardized PL was 

significantly greater on DS than on PoP (p<0.05; Figure 3.2B).  There were no significant 

differences in standardized PL between DS and WS or WS and PoP (p>0.05; Figure 

3.2B).  There were no significant differences in TW between any of the substrates 

(p>0.05; Figure 3.1C). 

The mean TD was 43.88±1.95°, but most of these measurements came from one 

individual (Table 3.III).  No TD measurements were made from one individual (G) used 

in this study.  Individual G also happened to be the smallest individual both by SVL and 

mass (SVL=11.2 cm, mass=47.54 g) which may have affected the depth of tracks.  The 
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mean PA was 78.38±5.70°, but again most of the measurements came from the trackways 

of one individual (Table 3.III) despite measurements being made from all four 

individuals.   

 

DISCUSSION 

We predicted that both intra and inter-trackway morphological variation would 

differ based on substrate type and properties.  There were considerable intra-trackway 

morphological variations, particularly on DS (note relatively high standard error for pace 

length and trackway width), due to substrate conditions.  Loose, flowable sand particles 

are unstable, and their movement does not permit accurate preservation of trackmaker 

foot morphology or the track after the foot was lifted off the substrate.  In yielding 

substrates, it is common to make exaggerates motions to clear the foot of substrate.  The 

higher values on DS may be a result of the salamanders lifting their limbs more to make 

sure the foot clears the rim of the DS depression which gets carried over into “bigger” 

movements of the entire limb.  More trackways were preserved on PoP compared with 

other substrates, but measurements were still limited by differences in the individual 

quality of trackways as seen by unevenly distributed sample sizes among individuals 

suggesting a high degree of variability in trackway based on animal behavior (i.e. gait, 

limb kinematics, etc).  There were also a few significant inter-trackway variations; SL 

was greater on DS compared to WS and PL was greater on DS compared to PoP.  Overall, 

our results demonstrate that track morphology is predominantly affected by substrate 
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conditions and if these conditions are not ideal, measurements and interpretations from 

track formation are limited. 

 Dry sand is a challenging substrate because of its fluid properties which increase 

the mechanical work and energy necessary for locomotion.  Previous studies found that 

differences in gait are indicated by significant changes in PA rather than SL (Brand 1996; 

Razzolini and Klein 2018), but statistical analyses could not be conducted on PA 

measurements because track preservation differed among substrates leading to sample 

size constraints.  It is interesting to note that a narrower stance and longer strides tended 

to occur on level compared to sloped surfaces (Brand 1996), but all the substrates here 

were leveled so that would not explain the differences seen here.  An increase in PA has 

previously been associated with faster movement, but the salamanders in our study 

tended to move the slowest on DS.   

 Although we set out to measure PA and TD, most of the tracks did not permit 

these measurements either due to the substrate properties or the quality of the trackway.  

A study investigating the interspecific variation in tracks and trackways from extant 

crocodylians found that many forefeet tracks were incomplete due to incomplete 

impression into the substrate, dragging or overprinting by the tail or hindfeet (Milàn and 

Hedegaard 2010).  More toe divergence data from crocodile and alligator tracks need to 

be collected before this measure could be used to identify whether the track was made by 

a crocodile or alligator, but they found no difference between crocodiles and alligators or 

from juveniles to adults in pace angulation on damp sand (Milàn and Hedegaard 2010).  

Our study did not yield a large enough sample size of TD or PA measurements for 

statistical analysis, but it is also possible that as the number of studies of trackways with 
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extant taxa increases, it may be possible to make identifications based on toe divergence 

data in some cases.  The salamanders used in this study had a much smaller range of body 

sizes, but our analysis on SL, PL, and TW indicated this factor did not influence those 

measurements.  It is possible PA would not be affected by salamander body size, but it is 

difficult to draw conclusions because measurements were only made on one substrate and 

these measurements were not evenly distributed across the individuals. 

 When TW is plotted against total length of an animal, it is possible to estimate the 

total length of the trackmaker if the correlation is linear (Milàn and Hedegaard 2010).  

Although the body size of the salamanders used in this study varied (SVL=11.2 cm-14.6 

cm), this is a relatively small range and likely too small for correlating TW and total 

length.  More individuals across a larger size range would need to be used to capture the 

variation in body size present in adult, metamorphosed tiger salamanders.  At this small 

size range, it may not be that surprising there were no significant differences in TW 

among the substrates tested.  It should also be noted that traditionally TW is measured 

from the most distal point of the digit, but we measured from the center of the foot track 

because digit impressions were not reliably present.  As a result, our reported TWs are 

likely an underestimate. 

 Despite marking the location of footfalls during the locomotion of the animal, 

some measurements could not reliably be measured on PoP due to substrate consistency 

despite mud typically yielding well preserved trackways.  The fine-grained composition 

of PoP should have allowed for details to be visible, but the consistency of the PoP may 

have been too soft such that PoP adhered to the salamander’s feet obscuring tracks (i.e. 

toe marks).  Trackway preservation is also known to decrease with increasing water 
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content (Schmerge et al. 2013), and the water content may been high enough that some of 

the track collapsed on itself after the foot was removed.  Dry, loose sand is fluid and 

unstable because it has no cohesive properties, so these tracks did not preserve any fine 

details.  Sand collapse made the tracks appear broader and rounder than the actual 

anatomy of a salamander foot.  If not for marking the location of the footfalls during 

locomotor trials, these shallow depressions in the sand would likely not have been 

identifiable as tracks.  Water improves sand’s cohesive properties and its abilities to 

preserve tracks.  Although previous studies have found wet sand to preserve well defined 

tracks with clear digit impressions (Brand 1996; Milàn 2006), the tracks left by the 

salamanders in this study were shallow and faint comparably.  This subjective difference 

in preservation of details is likely due to a combination of sand grain size which prevents 

fine details from being preserved and the quantity of water used to saturate the sand.  The 

intra-trackway variation on the same substrate highlights that preservation of clear, fine-

detail trackways requires a very specific set of circumstances to facilitate precise 

measurements for interpretation and comparisons. 

Methods for quantitatively assessing trackway features have improved through 

many novel methods.  For example, high-resolution laser scanning can accurately 

replicate the three-dimensional geometry of trackways, allowing for the application of 

new analysis tools and statistical methods previously unavailable to the field (Bates et al. 

2010).  In addition, software programs with volumetric measurement tools make it 

possible to model biomechanical properties of the musculoskeletal system (i.e. center of 

mass and moment of inertia) to reconstruct possible size ranges of trackmakers (Bates et 

al. 2010).  Although there is considerable uncertainty associated with these 



78 
 

reconstructions, it is still useful to have a potential size range of animals to help with 

trackway identification.  There has also been an effort to quantify extramorphological 

variation (i.e. variation in footprint shape as a result of substrate and behavior), and 

assess footprint qualities within an individual trackway using geometric morphometric 

methods (Lallensack et al. 2016).  These methods also have the practical benefits of being 

nondestructive and adaptable to a large range of trackway sizes.  As the application of 

these quantitative methods to the field of paleontology and the study of fossil trackways 

continues, it will be easier to compare larger trackway datasets from a variety of taxa.   

 Our results are consistent with literature on fossilized trackways that conclude 

substrate consistency is a driving factor in intra-trackway morphological variations.  Four 

theropod trackways (El Frontal dinosaur trackway, Early Cretaceous, Cameros basin, 

Soria, Spain) displayed differences in pace length, track length, depth, and height of 

displacement rims due to an original heterogenous substrate (Razzolini et al. 2014).  

Although these tracks are believed to be from a single trackmaker, a range of substrate 

consistencies across the site resulted in morphological differences in tracks and 

trackways (Razzolini et al. 2014).  Many studies of trackways make plaster casts and 

subsequently make measurements from those (Milàn 2006; Milàn and Hedegaard 2010; 

Schmerge et al. 2013), while we used images from videos of trackmaking behavior.  Such 

efforts can work towards a goal of more precisely and consistently defining the processes 

and terms that affect final track morphology (Marchetti et al. 2019). 

While the salamanders in our study did show some differences in intra and inter-

trackway morphological variation based on substrate properties, the details required for 

accurate measurements were not always present.  Our study reinforces the idea that tracks 
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are the result of a dynamic interaction between the animal and substrate, and an 

interdisciplinary approach is often required for interpretation.  Studies on trackways left 

by living animals, in combination with video of their behavior, may give us a better 

understanding of factors that affect the interpretation of fossilized trackways.  As the 

number of studies and species with distinct locomotor strategies increase, this body of 

literature will provide trackways to which paleontologists can compare fossils, and 

inform their identification of trackmakers and the type of locomotion they used.   
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TABLES 

Table 3.I Mean standardized stride length (SL), pace length (PL), and trackway 

widths (TW) (m/m) and standard errors for each substrate treatment.  Mean values 

± standard error of the mean for each variable for tiger salamanders (n=4) walking on 

substrates of varying compliance.  Linear measurements were made in ImageJ on the foot 

imprints trackways of each locomotor trial.  

 
Stride Length Pace Length Trackway Width 

Substrate Mean SE Mean SE Mean SE 

Dry Sand 14.32 0.70 0.87 0.04 0.71 0.06 
Plaster of Paris 13.16 0.69 0.75 0.02 0.64 0.02 

Wet Sand 11.31 0.68 0.79 0.02 0.57 0.03 
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Table 3.II Results of a general linear mixed model performed on standardized stride 

length (SL), pace length (PL), and trackway width (TW) measured on trackway 

imprints on substrates of varying compliance.  A general linear mixed model with 

individual as a random effect was performed (α=0.05).  P values are reported for the 

model, as well as pairwise post-hoc comparisons.  Bold indicates significance. 

Comparison Stride Length Pace Length Trackway Width 

Model 0.0008 0.0326 0.0676 
Plaster of Paris vs. Dry Sand 0.1284 0.0266 0.1628 

Wet Sand vs. Dry Sand 0.0006 0.3229 0.7551 
Wet Sand vs. Plaster of Paris 0.0512 0.3229 0.0849 

 

Table 3.III Mean toe divergence (TD) (ᶱ) and pace angulation (PA) (ᶱ) and standard 

errors on plaster of Paris (PoP) by individual.  Mean values ± standard error of the 

mean for TD and PA for tiger salamanders (n=4) walking on plaster of Paris (PoP) a 

surrogate for soft, fine-grained mud.  All measurements were performed on images of the 

trackways made in ImageJ using the angle tool.   

 
Toe divergence Pace angulation 

Individual Mean SE N Mean SE N 

G NA NA NA 27.23 8.12 6 
I 67.01 3.43 7 98.71 6.45 4 

K 44.51 5.86 8 77.44 14.46 8 
L 38.97 1.32 34 87.70 6.44 25 
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FIGURES AND FIGURE LEGENDS 

 

Figure 3.1 Illustration of possible measurements taken from tiger salamander 

(Ambystoma tigrinum) trackways on dry sand (DS), plaster of Paris (PoP) and wet 

sand (WS).  (A) Stride length (SL) is the distance between the center point of two 

consecutive tracks of the same foot on the same side of the body.  Pace length (PL) is the 

distance between the center point of consecutively placed forefeet on opposite sides of 

the body.  Pace angulation (PA) is the angle formed by three consecutive tracks.  

Trackway width (TW) is the distance from the center point of consecutive right and left 

tracks. (B) The toe divergence (TD) measurement example, where the middle two digits 

for the forefeet and three digits for the hindfeet were averaged to get a toe divergence for 

each foot track. 
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Figure 3.2 Standardized stride length (SL), pace length (PL), and trackway width 

(TW) (m/m) measured on trackways from dry sand (DS), plaster of Paris (PoP), and 

wet sand (WS) during walking.  Points are means of each variable from 4 individuals.  

Error bars are standard errors of the mean. (A) The standardized stride length (n= 101, 

113, 129 for DS, PoP, and WS, respectively) was significantly greater on DS than on WS.  

There were no significant differences in standardized stride length between DS and PoP 

or PoP and WS. (B) The standardized pace length (n= 95, 101, 112 for DS, PoP, and WS, 

respectively) was significantly greater on DS than on PoP.  There were no significant 

differences in standardized pace length between DS and WS or WS and PoP. (C) There 

were no significant differences in trackway width (n= 65, 75, 85 for DS, PoP, and WS, 

respectively) between any of the substrates.  All data were log-transformed for statistical 

analysis because the untransformed data (shown in the figure for ease of interpretation) 

violated the assumptions of normality. 
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CONCLUSIONS 

In my dissertation, I sought to learn if salamanders can make kinematic 

adjustments to their lateral undulations, limb kinematics, how their feet interact with the 

substrate, and whether their interaction with the substrate affected trackway preservation.  

Salamanders were used as a model because their generalized body plan and sprawling 

locomotion are characteristics that appeared early in tetrapods’ terrestrial evolutionary 

history.   

 Chapter I demonstrated the importance of lateral undulations and tail movements 

to sprawling locomotion.  Salamanders increased lateral movements in their tails when 

these movements in their trunks were restricted; however, there were no accompanying 

changes in limb kinematics.  Lateral undulations have long been known to be a critical 

characteristic of sprawling locomotion, but these results in the context of other studies on 

tail undulations suggest that loss of tail movements, specifically, may necessitate changes 

in limb kinematics.   

 In Chapter II, kinematic adjustments made in response to substrates that vary in 

compliance were investigated.  Salamanders did increase the surface area in contact with 

flowable substrates, but they did not also adjust the time their forefeet or hindfeet were in 

contact with any substrate.  These patterns could be due to active control by the animal or 

a passive consequence of the substrate compliance.  Natural substrates are heterogenous 

and vary in their properties such as roughness, wetness, and compliance and it is 

important that studies have realistic designs to better understand the dynamic interaction 

between an animal and the environment in which it is moving.     
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 The interaction between an animal and the substrate through which it is moving is 

complex.  The behavior and anatomy of the animal (i.e. gait, limb kinematics, feet 

morphology, etc.) and properties of the substrate (i.e. grain size, moisture content, 

compliancy, etc.) play a role in what evidence of the interaction is left behind in the form 

of tracks.  However, the conclusions that can be draw from these trackways are limited 

by our understanding of the complex ways animals move through heterogenous 

substrates.  The results of Chapter III demonstrate that studies using live animals may be 

useful for piecing together information on fossilized trackways.  The preservation quality 

of the tracks is highly dependent on the substrate consistency at the time the tracks were 

made and the level of detail in the tracks has huge implications for identifying the 

trackmaker.  As the number of studies on locomotion of live animals broadens to include 

more taxa, locomotor strategies, and substrates, this information could provide 

comparisons for paleontologists. 
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Dissertation Research: 

 Tail movements mitigate kinematic limb changes if trunk bending is restricted 

• Most sprawling postured tetrapods, except turtles, rely on lateral 

undulations during locomotion, but not much is known how these 

movements contribute to their locomotion. 

• Restricted the lateral undulation of tiger salamanders by fitting a two-piece 

“shell” made of either flexible or rigid tubing between their pectoral and 

pelvic girdle. 

• Quantified the effect of the “shell” on lateral undulation via quantifying 

curvature across the body and specific body regions and measured limb 

kinematic variables. 

• Publication in review at Integrative Organismal Biology. 

Adjustments of foot contact surface area and time on substrates that vary in 

compliance 

• Salamanders don’t have morphological specializations to help them move 

in a dynamic environment but depending on the substrate may be able to 

adjust the use of their feet to maximize performance. 

• Filmed tiger salamanders walking on four different substrates with 

multiple high-speed cameras. Measured the surface area of each foot and 

the number of digits in contact with the substrate frame-by- frame to 

determine if their foot use changes depending on the substrate. 

• Publication in review at Integrative Organismal Biology. 
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Effect of substrate compliance on trackway measurements 

• Trackway analysis and interpretation has implications for paleontology 

and the assumptions made about the animals that left them. 

• Using the trackway imprints from the trials described above, 

measurements of the trackway were measured (i.e. stride length, pace 

angulation, etc) to determine how these differ based on substrate.  

• Intend to publish this work in Copeia. 

Additional Research: 

 Post-molt flipping in tarantulas 

• Using high-speed video, tarantulas were filmed flipping over and joints on 

all their limbs and abdomen were digitized to describe and quantify the 

movement. 

• Troubleshooting and methods refinement before I began my dissertation 

resulted in this work becoming a Master’s thesis (defended May 2017). 

Core Labs Preparator        July 2018-June 2020 

Wake Forest University, Winston Salem, NC    

Supervisors: Dr. Daniel A. Johnson and Shannon Mallison 

• Maintain core lab spaces and supplies including ordering materials and keeping 

an inventory of supplies.  

• Prepare reagents and student experimental requests and set-up lab spaces for each 

week’s exercises.  
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• During the transition to a new core lab course sequence, assisted with developing 

new lab units and curating content in coordination with lecture instructors and 

Core Lab Coordinators. 

• Mentor teaching assistants by providing prep notes for each week’s lab and 

assisting with development of their classroom management skills. 

Undergraduate Research      February 2009-May 2011 

Bucknell University, Lewisburg, PA    

Advisor: Dr. Tristan C. Stayton 

• Photographs of turtle shells were digitized and using custom MatLab code were 

transformed into models.  

• Functional differences in shell shape (both between species and between males 

and females of the same species) were quantified using Finite Element Analysis. 

• This work resulted in a publication and cover in Herpetologica. 

TEACHING & MENTORING 

Teaching Assistant 

Ecology and Conservation of Coral Reefs, WFU (Spring 2016, 2017, 2018) 

• Made course content available to students, curated quizzed and assignment 

guidelines, and delegated tasks to undergraduate teaching assistants for the course. 

• Responsible for class inventory of supplies needed for weeklong spring break trip 

to Lighthouse Reef Atoll in Belize including ordering new supplies and 

organizing packing and transport of supplies to Belize. 
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Vertebrate Physiology, WFU (Fall 2015) 

• Assisted recently-hired faculty member develop new upper-level lab and course 

by providing insight into what WFU undergraduates are capable of in teaching 

labs and what skills they acquire from 100 and 200 level lab courses. 

• Responsible for ordering and preparing materials, coordinating equipment loans 

within department, and animal care. 

Biology and the Human Condition, WFU (Fall 2017) 

Comparative Vertebrate Anatomy, WFU (Spring 2017, Summer 2012) 

Biomechanics, WFU (Spring 2016) 

Genetics, WFU (Fall 2016) 

Cell Biology, WFU (Spring 2014-Spring 2015) 

Comparative Physiology, WFU (Fall 2012-Fall 2013) 

 
FELLOWSHIPS AND HONORS 

Dean’s Fellowship, WFU, Graduate School of Arts & Sciences  2011-2012 

Award: $23,500 stipend and full tuition 

 

Cocke Travel Award, WFU, Biology Department 

Award: $500 to be used for conference expenses.  Received multiple times. 

 

Alumni Travel Award, WFU, Graduate School of Arts & Sciences 

Award: $300 to be used for conference expenses.  Received multiple times. 
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PUBLICATIONS 

C.M. Vega and C.T. Stayton (2011) Dimorphism in Shell Shape and Strength in Two 

Species of Emydid Turtle. Herpetologica: December 2011, Vol. 67, No. 4, pp. 397-405. 

 

C.M. Vega & M.A. Ashley-Ross. (2020) Turtling the salamander: tail movements 

mitigate need for kinematic limb changes during walking in tiger salamanders 

(Ambystoma tigrinum) with restricted lateral movement. Integrative Organismal Biology. 

(in review). 

 

C.M. Vega & M.A. Ashley-Ross. (2020) Tiger salamanders (Ambystoma tigrinum) 

increase foot contact surface area on challenging substrates during terrestrial locomotion. 

Integrative Organismal Biology. (in review) 

 

C.M. Vega & M.A. Ashley-Ross. Two dimensional measurements of tiger salamander 

(Ambystoma tigrinum) trackway morphology dependent on substrate consistency. Copeia. 

(in preparation) 

 

PRESENTATIONS 

Zoom Defense Seminar: “Kinematic adjustments of tiger salamanders (Ambystoma 

tigrinum) during terrestrial walking”. July 2020. 

 

Oral Presentation: “Turtling the salamander: role of lateral undulation in sprawling limb 

kinematics”. SICB, Austin, TX, January 2020. 
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Oral Presentation: “Turtling the salamander: role of lateral undulation in sprawling limb 

kinematics” Regional SICB, Winston Salem, NC, October 2019. 

 

Oral Presentation: “Turtling the salamander: role of lateral undulation in sprawling 

locomotion”. SICB, Tampa, FL, January 2019. 

 

Informal department seminar: “Turtling the salamander: role of lateral undulation in 

sprawling locomotion” WFU, Winston Salem, NC, November 2018. 

 

Poster Presentation: “Turtling the salamander: role of lateral undulation in sprawling 

locomotion”. SICB, West Palm Beach, FL, January 2015. 

 

Poster Presentation: “Role of lateral undulation in salamander locomotion”. SICB, Austin, 

TX, January 2014. 

 

Poster Presentation: “See you on the flip side: tarantula post molt flipping”. SICB, San 

Francisco, CA January 2013. 

 

Poster Presentation: “Functional implications of shell shape differences between male 

and female painted turtles (Chrysemys picta) and wood turtles (Glyptemys insculpta)” 

SICB, Seattle, WA, January 2010. 
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SERVICE 

Career Center Talk, Winston Salem, NC     May 2018  

Assisted a WFU undergraduate student from Ecology and Conservation of Coral Reefs 

class in presenting on the importance of coral reefs and some of their biology to high 

school students. 

 

Graduate Student Representative to the Faculty  August 2015-May 2016 

Nominated by fellow graduate student to fulfil this role based on my involvement in the 

department. 

 

Event Leader, Winston Salem Science Olympiad   March 2013-2016  

Directed the event including managing the undergraduate helpers, ensuring that event 

guidelines were followed by middle and high school teams, and scoring events. 

 

Mentor to undergraduate research assistants   August 2011 – May 2020  

Provide guidance to WFU undergraduates assisting in our research lab by curating 

instructional documents for video measurements and data collection, meeting to discuss 

the scientific reasoning behind projects, and showing them what the research process is 

like outside of a teaching lab. 

 


