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ABSTRACT 

 

 
When considering the array of terrestrial locomotor behaviors, bipedalism is a 

particularly rare way of moving about the landscape. In fact, humans are the only obligate 

terrestrial mammalian bipeds. Therefore, understanding both how and why it evolved is 

particularly intriguing. However, there is debate over why the evolution of bipedalism occurred 

and there is a large gap in knowledge for the mechanisms that underpin the evolution of these 

adaptive morphologies. One complicating factor for sorting out which models best explain how 

our hominin ancestors became bipedal is that they all rely on the same set of traits. Moreover, 

many of the traits that are thought to be diagnostic of bipedalism are only linked by association 

and have not been experimentally tested. That is, they do not appear in non-human primates and 

other quadrupeds. Therefore, addressing why the evolution of bipedalism occurred requires 

understanding the adaptive significance of traits linked with bipedalism.  

In this dissertation, I use an experimental approach employing both human and animal 

models to explore links between morphology and behavior and to tease apart the adaptive 

significance of particular traits. For the human portion of the dissertation, I use an inverse 

dynamics approach (estimating muscle forces from kinematic, kinetic, and anatomical data) to 

determine how modern human anatomy functions while walking using ape-like postures to 

clarify the links between morphology and energy costs in different mechanical regimes to 

determine the adaptive significance of postcranial anatomy. The results from this portion of the 

dissertation suggest that adopting different joint postures results in higher energy costs in 

humans due to an increase in active muscle volumes at the knee. These results lead to two 

conclusions important for understanding the evolution of human bipedalism. One is that human 

anatomy maintains low energy costs of walking in humans compared to chimpanzees regardless 

of lower limb postures. Second, the results suggest that erect trunk posture may be an important 

factor in reducing energy costs, therefore indicating that lumbar lordosis (the curvature of the 

lower spine) is important for reducing costs. 

For the animal portion of the dissertation, I use rats as a model for the quadrupedal-to-

bipedal transition and experimentally induce bipedal posture and locomotion under a variety of 

loading conditions to determine if traits consistent with the evolution of bipedalism occur and 

under what conditions. This experimental design also has the ability to determine if there is a 

role for developmental plasticity in generating bipedal morphology to help answer the question 

how the evolution of bipedalism occurred. I find that inducing bipedal behaviors in a 

quadrupedal animal generates morphology consistent with human bipedal traits and that loading 

conditions have specific effects in different skeletal elements and at particular joints. I also find 

that there is a plausible role for developmental plasticity in generating adaptive bipedal 

morphology in the earliest hominins. 

Overall, the results from the experimental procedures in this dissertation were able to 

clarify links between behavior and bipedal morphology, demonstrate a plausible role for 

developmental plasticity in early adaptation to bipedal behavior in australopiths, determine the 

adaptive significance of human postcranial anatomy, and the ways in which postcranial anatomy 

reduces costs. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Introduction to the study 

When considering the array of locomotor strategies of all extant terrestrial mammals, 

bipedalism is among the most rare (e.g., Rodman and McHenry, 1980; Alexander, 2004). Of the 

handful of mammals that exhibit this behavior to some degree, including pangolins, jerboa, 

kangaroos, and non-human primates, humans are the only obligate striding bipeds (Alexander, 

2004). This obligate bipedal gait is unique even in the context of other non-human primates 

whose members exhibit wide variability in locomotor behaviors, including facultative bipedalism 

(see Schmitt, 2003). Accordingly, previous work strongly suggests that human musculoskeletal 

morphology is narrowly adapted to this form of locomotion (e.g., Robinson, 1972; Jungers, 

1988; Stern, 2000; Lovejoy, 2005b, a; Lovejoy, 2007; Sockol et al., 2007). While skeletal 

adaptations to bipedalism are apparent in humans, there is no consensus on how and why 

bipedalism originally evolved.  

 Most research efforts surrounding the evolution of bipedalism focus in large part on why 

it evolved (Rodman and McHenry, 1980; Hunt, 1994, 1996; Richmond et al., 2001; Sockol et al., 

2007; Thorpe et al., 2007; Crompton et al., 2008; Pontzer et al., 2009), and to a lesser degree on 

how (e.g., Lovejoy et al., 1999). Both questions can offer insight into the selective environment 

that produced bipedal hominins. However, understanding both how and why the evolution of 

bipedalism occurred in our lineage requires contextualizing musculoskeletal adaptations 

considered to be hallmark traits of human bipedalism. These traits include, but are not limited to, 

an inferiorly oriented foramen magnum, cervical kyphosis, lumber lordosis, a bowl shaped pelvis 

with flaring ilia, a dorsally oriented ischial tuberosity, long lower limbs, large joint surfaces, a 
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bicondylar angle in the femur, and a stable ankle (e.g., Robinson, 1972; Jungers, 1982; Stern and 

Susman, 1983; Susman et al., 1984; Jungers, 1988; Ruff, 1988; Jungers, 1991; Stern, 2000; 

Lovejoy, 2005a, b, 2007; Sockol et al., 2007; Richmond and Jungers, 2008; Pontzer et al., 2009). 

While these traits are present in humans and their hominin ancestors, these combinations of traits 

are not present in non-human primates and thus nominally linked with bipedalism, their 

functional significance and the evolutionary mechanisms that produced them are not fully 

understood. Therefore, an exploration of the functional significance of key hominin traits and 

candidate evolutionary mechanisms that produced them can offer significant insight into the 

human evolutionary process and fill a significant gap in knowledge.  

In this dissertation, I explore the relationship between form and function and address 

potential evolutionary mechanisms that underlie the appearance of these morphologies in the 

hominin lineage using an experimental approach that utilizes both human and animal models. 

For the human model, I use an inverse dynamics approach (estimating muscle forces from 

kinematic, kinetic, and anatomical data) to examine performance using human and chimpanzee-

like locomotion as a way to assess the functional significance of human postcranial morphology 

under different locomotor postures. Using an animal model (rats), I take advantage of the well-

established adaptive mechanism which alters the structure of bone in response to the 

predominant forces placed up on it, especially during ontogeny (e.g., Pearson and Lieberman, 

2004; Ruff et al., 2006). This developmentally plastic response (the ability of the environment to 

direct the developmental trajectory; e.g., Pigliucci, 2001; West-Eberhard, 2003; Moczek et al., 

2011) provides an ideal way to experimentally test the relationship between form and function as 

a result of a change in locomotor behavior as well as the potential role of plasticity in generating 

adaptive morphology consistent with hominin bipedal traits. Thus, using both human and animal 
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models allow for an understanding of both the functional significance of bipedal traits and the 

candidate mechanisms that can produce them. 

1.2 Literature review 

1.2.1. The evolution of bipedalism 

The evolution of bipedalism in hominins marks the origins of our lineage and represents a 

significant shift in locomotor pattern and musculoskeletal morphology (e.g., Stern and Susman, 

1983; Susman et al., 1984; Lovejoy, 2005a, b, 2007). The evolution of bipedalism involved a 

suite of morphological changes that will be referred to as “classic” traits. These classic traits, 

shared by modern humans and early hominins, are generally used to identify bipeds in the fossil 

record (Robinson, 1972; Stern and Susman, 1983; Lovejoy, 2005a, b, 2007) and include a dorsal 

orientation of the ischial tuberosity, a lateral orientation of the ilium, a sinusoidal spinal column, 

an expansion of pelvic and lower limb articular surface areas, and an increase in the relative 

length of the lower limbs (e.g., Robinson, 1972; Jungers, 1988; Ruff, 1988; Rak, 1991; Haeusler 

et al., 2002; Steudel-Numbers and Tilkens, 2004; Lovejoy, 2005a, b). Researchers often tie 

changes in the pelvis such as the dorsally oriented ischial tuberosity, along with increased lower 

limb length, to selection for reduced energy costs of locomotion (Robinson, 1972; Lovejoy, 

1988; Steudel-Numbers and Tilkens, 2004; Lovejoy, 2005a, b; Sockol et al., 2007; Pontzer et al., 

2009). Others suggest that features such as a sinusoidal spinal column and expanded articular 

surfaces are adaptations to increased weight support and balance (Jungers, 1988; Ruff, 1988; 

Aiello and Dean, 2002). Many of these traits likely aid both bipedal standing and walking, 

making their functional purpose and link to fitness unclear.  

Competing models for the evolution of bipedalism suggest differing initial driving factors 

that shaped and selected for these morphological traits. For example, the postural hypothesis 
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predicts that bipedal features originated as adaptations to postural feeding which were later co-

opted and improved upon for terrestrial bipedalism (Hunt, 1994, 1996). In this model, early 

hominins walked bipedally at very low frequencies and therefore their anatomy is better adapted 

to the lower forces associated with static bipedal postures rather than the higher forces associated 

with walking (Hunt, 1996). Thus, this scenario suggests that the initial adaptation to bipedalism 

is shaped predominately by a static (rather than dynamic) shift in the direction and amount of 

load. The arm-assisted model predicts hominin locomotor origins come from adaptations for 

above-branch bipedalism with support from grasping overhead branches (Thorpe et al., 2007; 

Crompton et al., 2008). This scenario suggests that a dynamic change in the direction of force 

(but not necessarily the amount of force) shaped initial adaptations to bipedalism. Finally, the 

fully terrestrial bipedal model predicts that bipedalism evolved to allow energetically 

economical movement between food patches on the ground (Rodman and McHenry, 1980; 

Sockol et al., 2007; Pontzer et al., 2009). This scenario suggests that a dynamic change in both 

the amount and direction of force shaped initial adaptations to bipedalism. Therefore, an 

experimental approach that clarifies which loading regimes produce adaptive morphology has 

predictive value for generating hypotheses for the selective environment that produced the 

earliest hominins.  

However, the fossil record does not provide clear evidence for the evolutionary and 

developmental mechanisms underlying morphological shifts and therefore the selective pressures 

that drove the evolution of bipedalism are subject to debate (e.g., Wheeler, 1991; Hunt, 1996; 

Lovejoy et al., 1999; Richmond et al., 2001; Ward, 2002; Thorpe et al., 2007; Crompton et al., 

2008; Lovejoy et al., 2009a; 2009b). Moreover, many of the trait associations with bipedalism 

are simply assumptions that haven’t been sufficiently tested. For example, features such as 
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enlarged joint articular surfaces, a dorsally oriented ischial tuberosity, and longer lower limbs are 

generally considered to be adaptations to bipedal locomotion (e.g., Robinson, 1972; Stern and 

Susman, 1983; Lovejoy, 2005a, b, 2007; Sockol et al., 2007). However, many of these traits are 

considered adaptations to bipedalism because they appear in bipeds to the exclusion of other 

non-human primates. While these are valid assumptions, experimental data that can link these 

traits to behavior and performance can help reconstruct evolutionary processes and mechanisms 

and the selective environment that produced them.  

 In addition to debates surrounding evolutionary processes and mechanisms, researchers 

continue to provide alternate functional interpretations of early hominin gait. Resolving how 

early hominins walked is a key element of exploring mechanisms that led to morphological 

change since different patterns of gait lead to different loading regimes and possibly different 

adaptations. For example, there is a related argument over whether these classic traits as they 

appear in early hominins such as the  autralopiths suggest a more ape-like bent-hip, bent-knee 

(BKBH) gait, or whether they reflect human-like extended-limb bipedal gait, showing kinematic 

continuity throughout the hominin lineage. This debate is linked to disagreements over why the 

evolution of bipedalism occurred. For example, the terrestrial bipedalism model suggests that 

bipedalism evolved to reduce energy costs, which presumes an extended limb gait (e.g., Rodman 

and McHenry, 1980; Sockol et al., 2007). This model is supported by evidence that humans, and 

early hominins such as  autralopiths, have morphological adaptations for walking on an extended 

hind limb which reduce the energy cost of locomotion compared to chimpanzees walking both 

quadrupedally and bipedally (Sockol et al., 2007; Pontzer et al., 2009). Others have suggested 

that early hominins walked bipedally in a way that involved more flexed hips and knees 

(BKBH), which likely leads to higher energy costs, but may still have offered an energetic 
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advantage compared to chimpanzee-like locomotion (Stern and Susman, 1983; Susman et al., 

1984; Stern, 1999; Stern, 2000). Reconstructing locomotion in early hominins is complicated 

because we do not fully understand how anatomical traits in humans and earlier bipeds function 

under different locomotor regimes, and it is therefore difficult to determine the adaptive value of 

specific morphologies. To better understand how bipedal anatomy evolved, and to identify the 

key features that led to the evolution of lower energy costs in our ancestors, it is essential to 

develop a more complete understanding of how human anatomy performs in different locomotor 

postures. 

1.2.2. Experimental approach 

 One way to test the functional role and adaptive nature of bipedal traits in humans and 

our hominin ancestors is to take a two-pronged experimental approach using human and animal 

models. The first prong, using humans, employs an experimental design that tests performance of 

anatomical traits thought to be associated with extended limb bipedalism using a different gait. 

One particularly good candidate is a compliant-limb gait used by chimpanzees when walking 

bipedally, which is characterized by bent knees and bent hips (BKBH) (Alexander, 2004). 

Experimental work has demonstrated that human extended limb bipedalism is associated with 

reduced costs of locomotion relative to both a comparably sized mammal, and more 

interestingly, chimpanzees (Sockol et al., 2007). The authors suggest that this reduction in cost 

can be explained in part by the way the ground reaction force (GRF; the equal and opposite force 

in response to placing the force of body weight onto the ground which must be counteracted by 

extensor muscles) is oriented through the hip and the means by which muscle forces are reduced 

by the dorsally oriented ischial tuberosity which creates a large muscle moment arm to 

counteract the torque created by gravity (see Paper One). In contrast, chimpanzees do not orient 



14 

 

the GRF through their hip joint and have a distally oriented ischial tuberosity, which all leads to 

higher costs of locomotion walking both quadrupedally and bipedally relative to humans (Sockol 

et al., 2007).  

 One aspect of understanding how human anatomy reduces costs that remains unclear is 

how human anatomy performs using different kinematics such as the BKBH gait. While Sockol 

and colleagues (2007) provide some evidence that differences in morphology are associated with 

differences in cost, they did not directly examine the performance of human anatomy in 

chimpanzee-like gaits. Previous work has shown that when humans walk with a BKBH gait, they 

incur higher energy costs relative to an extended limb gait (Carey and Crompton, 2005). 

Therefore, while we know that BKBH bipedalism in humans results in higher energy costs 

relative to extended limb bipedalism, we don’t know how these costs compare to chimpanzee 

locomotion and nor do we know why these costs are higher. Measuring performance variables in 

humans walking with a chimp-like BKBH gait can help sort out how human anatomy reduces 

costs under a range of gaits and can provide a way to test for the adaptive significance of human 

postcranial morphology which can be used to reconstruct evolutionary process.  

 The second prong of this experimental design uses a developmental animal model to link 

anatomical traits to behavior. An animal model is an appropriate means to answer the questions 

because trying to determine the adaptive value or the developmental origins of particular traits is 

very difficult or impossible to do in humans. This dissertation explores how mechanical loading 

impacts skeletal growth and development to assess the relationship between behavior and 

morphology. Here, I use an animal model for the quadrupedal-to-bipedal transition. This 

experimental approach takes advantage of the inherent developmental plasticity of 

musculoskeletal tissue in response to mechanical loads (e.g., Frost, 1987; Currey, 2002; Pearson 
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and Lieberman, 2004; Ruff et al., 2006) to help link patterns of morphological change to patterns 

of behavioral change.  

Developmental plasticity is defined as an adaptive mechanism that relies on environmental 

stimuli to direct developmental rates and trajectories, leading to alternative phenotypes without 

altering the underlying genotype (e.g., West-Eberhard, 2003; Fusco and Minelli, 2010; Moczek 

et al., 2011). Morphology can be flexible because there is an inherent range of phenotypic 

variation, called the norm of reaction, that is possible from any given genotype, but may not be 

expressed under stable environmental conditions (Pigliucci, 2001; Pigliucci and Murren, 2003; 

West-Eberhard, 2003; Moczek et al., 2011). In the case of musculoskeletal tissue, mechanical 

loads serve as the environmental stimuli, which produce an adaptive phenotype that most 

effectively deals with a given force. Often referred to as Wolff's Law (Pearson and Lieberman, 

2004; Ruff et al., 2006), both theoretical and experimental evidence demonstrate that alterations 

in load can result in significant changes in bone shape and size, particularly during development 

(e.g., Goodship et al., 1979; Lanyon et al., 1982; Lanyon and Rubin, 1985; Rubin and Lanyon, 

1985; Pearson and Lieberman, 2004). Therefore, traits that are generated through plasticity are 

an indicator of the genetically coded norm of reaction. One example relevant to bipedalism is the 

femoral bicondylar angle, which has clear epigenetic origins (i.e. its morphology changes as the 

result of becoming bipedal) and is a trait considered diagnostic of bipedalism in the fossil record 

(Tardieu and Trinkaus, 1994; Tardieu, 1999; Shefelbine et al., 2002; Tardieu et al., 2006; 

Tardieu, 2010). Because children who do not walk due to disability do not develop a bicondylar 

angle, Tardieu (2010) suggests a role for developmental plasticity in the evolution of this 

morphology and possibly a greater role for this mechanism in the initial evolution of the bipedal 
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phenotype. Although Tardieu (1999, 2010) suggested that at least some of these traits may have 

epigenetic origins, no study to date has examined this possibility in depth.  

This relationship between mechanical load and morphological adaptation, and the potential 

for plasticity to have a role in adaptation to bipedalism, underpins the experimental design of this 

dissertation. In each of the competing models for the evolution of bipedalism, a behavioral 

change under different loading regimes provides the impetus for the evolution of bipedalism. 

However, it is currently unclear whether morphological traits are adaptations to dynamic loads 

more consistent with fully committed bipedal locomotion, to static loads (i.e. postural 

accommodation), to changes in the direction of dynamic loads (i.e. arm-assisted bipedalism 

where the hind-limbs are only partially loaded) or any combination of these conditions. By 

altering the locomotion of a quadrupedal animal under different loading conditions (i.e. fully 

body weight bipedalism, reduced body weight bipedal loads, and static loading) and then 

comparing these experimental conditions to controls, this approach provides a powerful way to 

examine the role of mechanical load in generating adaptive morphology and under what 

conditions this morphology can occur and evaluate any associated performance benefits (see 

Papers Two and Three). 

Identifying the specific behaviors that drive these adaptations will help us determine how 

mechanical loads relate to morphological adaptations and how selection may have acted to 

produce hominin morphology during the transition to bipedalism from a quadrupedal last 

common ancestor with chimpanzees. Thus, the goal of the animal model portion of this 

dissertation is to use the inherent developmental plasticity of bone to identify patterns in how 

morphology responds to behavior, which will allow us to tease apart how a shift to bipedal 

locomotion, and thus a change in mechanical load, impacts skeletal adaptation and morphology. 
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This experimental setup also has the ability to evaluate the role of developmental plasticity in the 

shift to upright locomotion, which is a way to test how the evolution of bipedalism occurred. 

1.2.3 Epigenetic models as applied to human evolution 

Recent work supports the use of epigenetic models in studies of human evolution. 

Developmental plasticity provides alternative mechanisms over traditional mutation-selection 

processes for adaptation to environmental conditions by relying on environmental stimuli to 

direct development without altering the underlying genotype (e.g., Levins, 1968; Pigliucci, 2001; 

West-Eberhard, 2003; Fusco and Minelli, 2010; Moczek et al., 2011). This is because there is an 

inherent range of variation for any given trait or trait complex, the norm of reaction, that can be 

produced when the genotype is expressed in a particular environmental context (Schmalhausen, 

1949; Stearns et al., 1991). Theoretical and experimental evidence demonstrates that novel 

variation can be generated through environmental stimuli (including skeletal tissue) which 

“exposes” these traits to selective forces (e.g., Pigliucci, 2001; West-Eberhard, 2003; West-

Eberhard, 2005; Moczek et al., 2011). This novel variation can then become genetically fixed 

(i.e., the norm of reaction is narrowed so that it no longer requires environmental stimuli to 

produce the trait) within a population in a process called ‘genetic accommodation’ (Waddington, 

1956, 1959; West-Eberhard, 2003; Dworkin, 2005; Grether, 2005; Ghalambor et al., 2007; 

Young and Badyaev, 2007; Lande, 2009; Pfennig et al., 2010; Moczek et al., 2011). 

Artificial selection experiments and data from natural populations have demonstrated the 

ability for environmental stimuli to produce novel phenotypic variants, which are then subject to 

selection. Examples include incubating behavior in the house finch and wing morphology in 

Drosophila in response to temperature changes (see West-Eberhard, 2003; Braendle and Flatt, 

2006; Moczek et al., 2011). In each case, a change in environmental conditions revealed a wide 
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norm of reaction, which produced a phenotypic variant. In subsequent generations, selection 

acted to narrow the norm of reaction by canalizing the developmental process (i.e. reducing 

plasticity), fixing that particular novel trait in the population. Using this perspective for the 

evolution of bipedalism, alterations in musculoskeletal morphology could have occurred in direct 

response to the need to walk bipedally. These evolutionary processes have the potential to allow 

an organism to circumvent the low points of adaptive peaks and effectively avoid transitional 

forms (Price et al., 2003; West-Eberhard, 2003; Price, 2006). Thus, plasticity can provide a more 

immediate, adaptive, and fitness-enhancing mechanism that rapidly outpaces the speed at which 

mutation-selection processes could produce the same morphology (see Pigliucci and Murren, 

2003). 

1.2.4. Use of a rat model 

Although this dissertation explores the adaptive significance of human postcranial 

morphology, a non-human animal model is a valid way to explore this relationship. To explore 

developmental mechanisms for bony adaptations (Papers 2 and 3), I use a rat model to test for 

the roles that behavior has in generating bipedal traits. Rats are a common animal model in 

epigenetic studies because of their ease of use for biomechanical tests under standardized 

conditions, their low cost, and their rapid developmental schedule (Mosekilde, 1995). One 

important advantage of using rats as a model organism is that their rapid life histories allow for 

fast and more complete collection of developmental data not possible in organisms with longer 

life histories. In addition, the use of rats allows us to examine a large sample size, which is 

essential for determining whether developmental plasticity is consistent across individuals. 

While they may not be an exact morphological proxy for proto-hominins, rats provide an 

appropriate model for this study because, much like most models of proto-hominins, rats are 
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generalized quadrupeds. Although there is disagreement over the style of quadrupedalism used 

by proto-hominins (e.g., Gebo, 1996; White et al., 2009), modeling the shift from a generalized 

quadruped to both bipedal posture and locomotion will help test for patterns in how skeletal form 

responds to a change in functional requirements, as well as whether developmental plasticity 

could have played a role in the evolution of bipedalism. However, in order to be an informative 

model, the epigenetic mechanisms that control alterations in bone morphology in rats must be 

similar to those of humans. Accordingly, previous researchers have shown that rats and humans 

share mechanisms that control gains and losses in bone mass and remodeling in both trabecular 

and cortical bone (including intracortical Haversian remodeling in long bones) (Frost and Jee, 

1992; Mosekilde, 1995; Bentolila et al., 1998). Because of these similarities in bone biology and 

mechanics, rodents are a common model organism for investigating skeletal response to load in 

questions specifically related to humans (e.g., Moreno et al., 2006; Rosa et al., 2010) and rodent 

models have often been used to test hypotheses related to human skeletal evolution (e.g., 

Hallgrímsson and Lieberman, 2008; Mitteroecker and Bookstein, 2009). It is also acknowledged 

that rats are smaller than humans, exposing them to different mechanical environments (see 

Biewener, 1982). Previous work employing animal models to test hypotheses related to human 

evolution are discussed below.  

1.2.5 Previous experimental work using animal models 

Previous experimental studies that support the use of epigenetic animal models have 

examined changes in bone shape due to a shift from quadrupedal to bipedal posture in non-

human primates, mice, rats, and a goat (see Wada et al., 2008 for review). Early work with 

bipedal rats involved amputating the forelimbs and tail to induce bipedal postures for clinical 

research (Colton, 1929; Pratt, 1943; Goff and Landmesser, 1957; Sakamoto, 1959; Simon and 
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Papierski, 1982; Simon, 1983; Smit-Vis, 1983). These studies identified changes such as 

elongated femora, bowed tibiae, increased mediolateral (M-L) width of distal tibiae, and an 

increase in hindlimb muscle mass (Colton, 1929; Goff and Landmesser, 1957; Saville and Smith, 

1966). Previous work on bipedally trained Japanese macaques and on a goat born without 

forelimbs demonstrates that plasticity occurs in non-rodent models, including the acquisition of 

lumbar lordosis and an increase in lower limb joint surface areas in the macaques, and an 

increase in ischial length in the goat (Slipjer, 1942b, a; Preuschoft et al., 1988; Nakatsukasa et 

al., 1995). Later studies indicate that the bipedally trained macaques acquired more human-like 

kinematics and exhibited increased energetic costs when walking bipedally compared to 

quadrupedally (Hirasaki et al., 2004; Nakatsukasa et al., 2004; Nakatsukasa et al., 2006). 

However, there are some problems with these projects that will be addressed in the current study. 

Previous experiments lack strict control of kinematics, control of the duration of the locomotor 

shift, and control over the amount of mechanical load experienced by the hindlimbs. Because 

previous rodent studies did not include an exercise regime but rather relied on animals to walk 

bipedally on their own in a cage, it is not clear whether morphological changes in these models 

are the result of supporting the body in an erect posture (i.e., bipedal standing but not walking), 

how much support was offset by leaning against cage walls for the rats, or if experimental rats 

utilize an upright posture or walk bipedally more than control rats (Bailey et al., 2001). While the 

macaque studies are informative, the sample sizes used to test morphological (n=2; Nakatsukasa 

et al., 1995), kinematic (n=3; Hirasaki et al., 2004) and energetic data (n=2; Nakatsukasa et al., 

2004) do not allow us to use statistical techniques to determine the norms of reaction for 

different skeletal elements, or to comprehensively assess the influence of changes in skeletal 

form on locomotor performance. Moreover, the experimental conditions for the energetic 
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analyses required using CO2 production and did not obtain steady state data (see Nakatsukasa et 

al., 2006). Therefore, this dissertation employs an approach that controls for these confounding 

variables to determine links between morphology, load, kinematics, and energetics in a context 

that is meaningful for human evolution. This methodology uses a treadmill exercise regime with 

controlled kinematics over consistent periods of time, collects oxygen consumption (i.e., 

energetic) data in a steady state, and uses a larger number of subjects in order to understand the 

variation in the norm of reaction in musculoskeletal tissue in response to a locomotor shift under 

various experimental conditions. This exploration also has the added benefit of linking behavior 

with morphology, which can offer insight into the significance of bipedal morphology and the 

degree to which human skeletal traits are specifically linked with upright, striding bipedalism. 
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CHAPTER 2: ORGANIZATION OF THE DISSERTATION 

 

2.1. Organization of the dissertation 

This dissertation is comprised of three separate papers, each exploring a different aspect 

of either the functional significance of bipedal morphology or the developmental origins of these 

traits. All three papers are included as appendices following this chapter. The first paper, 

examining human bipedal performance in bent-knee, bent-hip gaits was published in the Journal 

of Human Evolution in 2013 with Dr. David Raichlen and Dr. Herman Pontzer as co-authors. 

Papers two and three are in review and are with Dr. David Raichlen as a co-author. Paper two 

explores the developmental origins of limb length, but takes a broader approach by applying 

these findings to mammalian evolution in general, and human evolution in particular. This is an 

apt comparison because the relationship between limb length and energy costs applies to all 

terrestrial mammals. Finally, paper three examines the developmental origins of large joint 

surfaces, which characterize the evolution of human bipedalism, and whether they are linked 

with weight support as a result of bipedal behavior. Each paper is summarized below with a brief 

introduction and a short description of the findings. I conclude with a statement about the 

directions for future research. 

2.2. Paper one 

Introduction: 

The first paper in this dissertation is titled “Muscle force production during bent-knee, 

bent-hip walking in humans”. Researchers have long debated the locomotor posture used by the 

earliest bipeds. While many agree that by 3-4 Ma, hominins walked with an extended-limb 
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human style of bipedalism, researchers are still divided over whether the earliest bipeds 

approximately 7 million years ago walked like modern humans, or walked with a more bent-

knee, bent-hip (BKBH) ape-like form of locomotion. Since more flexed postures are associated 

with higher energy costs, reconstructing early bipedal mechanics has implications for the 

selection pressures that led to upright walking. The purpose of this study is to determine how 

modern human anatomy functions in BKBH walking to clarify the links between morphology 

and energy costs in different mechanical regimes. Using inverse dynamics, we calculated muscle 

force production at the major limb joints in humans walking in two modes: both with extended 

limbs and BKBH.  

Conclusions: 

This study finds that differences in joint posture generate higher energy costs in humans 

due to an increase in active muscle volumes at the knee. These results lead to two conclusions 

important for understanding the evolution of human bipedalism. First, human hip anatomy linked 

to extended limb walking does not lead to the higher energy costs of BKBH walking. The dorsal 

orientation of the human ischium permits low muscle volumes at the hip during BKBH walking, 

and the higher energy costs of humans walking with flexed limbs is mostly due to the increased 

moment arm of the ground reaction force (GRF) at the knee. Second, our results highlight the 

importance of orienting the GRF vector near the hip to maintain low energy costs of walking in 

humans compared to chimpanzees regardless of lower limb postures. The results suggest that the 

orientation of the GRF vector is likely tied to an erect trunk posture, and therefore to the 

evolution of the lumbar lordosis, although this hypothesis requires more detailed testing. These 

findings help us better understand the evolutionary changes in locomotion that occurred during 
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early hominin evolution and help us better understand the adaptive significance of human 

bipedal morphology. 

2.3. Paper two 

Introduction: 

 The second paper in this dissertation is titled “Developmental origins of mammalian limb 

length variation”, and is in review. This paper, while still very relevant to determining the 

developmental origins of increased limb length in human evolution, takes a broader perspective 

by applying these same principles to mammalian evolution. 

 This portion of the dissertation begins with the idea that there is a high degree of 

variation in mammalian limb length that is attributable to adaptations for factors like climate and 

locomotion. Since we also know that limb length is negatively correlated with energy costs of 

locomotion and thus is a target for selective forces, changes in limb length may have played an 

important role in human evolution. Therefore, understanding the mechanisms that can generate 

morphological shifts in limb length are important for reconstructing mammalian and human 

evolutionary processes related to loading variation. Research has shown that differences in limb 

length can be attributed to physical alterations in the growth plate. However, the mechanisms 

that can produce these changes are unclear. 

 One candidate mechanism for altering limb length is the inherent developmental 

plasticity of bone given that it responds in a predictable manner to alterations in load. Here, we 

show that experimentally inducing bipedal locomotor behavior under different loading 

conditions using a rat model can generate increases in limb length relative to a control. We also 

measure energy costs of locomotion as a means to tie changes in morphology to fitness.  

Conclusions: 
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We find that increasing the amount and direction of mechanical load in both bipedal 

locomotion and upright postural support can generate significantly longer hindlimbs. However, 

the largest differences are seen in groups that increase the amount of load, as the partially loaded 

group is not significantly different than the controls. We also find that these changes in limb 

length are correlated with reducing energy costs of locomotion in fully loaded bipedal walking 

when compared to quadrupedal controls. Therefore, developmental plasticity is a plausible 

mechanism for generating changes in limb length which are tied to reducing energy costs of 

locomotion. Our results have significant implications for understanding limb length variation 

during development and as adults in both inter- and intra-specific comparisons. Developmentally 

plastic changes in limb length in response to upright behaviors also provide a plausible 

mechanism for how early hominins may have generated adaptations for bipedalism, and help 

reconstruct the selection pressures that led to changes in limb length in the initial transition to 

upright walking. 

2.4. Paper three 

Introduction: 

The size and shape of hindlimb joints strike a balance between allowing for sufficient 

range of motion and being structurally sound enough to deal with peak forces placed upon it. 

This line of reasoning is used to explain the relationship between joint size and body mass and is 

used to explain the large joint surfaces of humans relative to other anthropoids and mammals. 

However, to date there is no experimental evidence linking weight support and joint dimensions. 

In this study, we induce a shift to bipedalism in an animal model using a treadmill-mounted 

custom harness system under three experimental conditions: fully loaded bipedal walking, 

partially loaded bipedal walking, and upright standing. Quadrupedal and no activity groups are 
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used as controls. These conditions permit testing whether changes in joint dimension are 

associated with changes in mechanical load, propulsive forces associated with walking, or both. 

We find that a shift to bipedalism can generate changes in joint dimension in both the femur and 

the tibia, but that there are differential effects from the amount of load and the direction of load 

at each joint. This suggests that there is a link between joint dimensions and weight support, but 

that it can only be produced under particular loading conditions. 

Conclusions: 

 Experimentally inducing a shift to bipedal locomotion in an animal model can generate 

changes in joint dimensions in both the tibia and femur. However, the proximal and distal joints 

responded differently to orientation and amount of mechanical load. The proximal femur 

changed in size in response to a change in the direction of load. However, the distal femur only 

responded to a change in the amount of load as the result of fully loaded bipedal walking. The 

tibia shows a less consistent relationship with adaptation to load, but does show a pattern with 

adaptation to changes in the amount of load in the distal portion. These results suggest that there 

is a link between weight support and joint dimensions, but that joints and skeletal elements vary 

in the pattern of response to different types of mechanical load. Because the evolution of 

bipedalism is associated with an increase in relative joint dimensions, the results of this study 

have implications for predicting which elements of the postcrania are most susceptible to 

morphological changes, and the results suggest a model for predicting which morphological 

adaptations would appear in the earliest hominins. 

2.5. Contribution to the articles 

 In each of the three articles, Dr. David Raichlen is a co-author, along with Dr. Herman 

Pontzer in the first paper (‘Muscle force production during bent-knee, bent-hip walking in 
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humans’). In each of the papers, Dr. David Raichlen provided extensive guidance and insight in 

study design, data collection, data analysis, and ultimately was involved in editing and 

commentary for all manuscripts. In the first paper, Dr. Herman Pontzer offered insightful 

commentary and along with Dr. Raichlen, provided the chimpanzee comparative data. 

 In all three papers, I personally collected all the data, ran statistical analyses, produced 

and designed all the tables and figures, and wrote the manuscripts. Therefore, each of these three 

papers is appropriate for inclusion in this dissertation. 
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CHAPTER 3: CONCLUSION 

 

Results of this dissertation in context 

 There is a long lasting debate over the selective environment that produced bipedal 

behavior in the hominin lineage. These competing models propose behaviors ranging from arm-

assisted bipedalism on branches (Thorpe et al., 2007; Crompton et al., 2008), postural feeding 

(Hunt, 1994, 1996), and energetically economical terrestrial movement between food patches on 

the ground (e.g., Rodman and McHenry, 1980; Sockol et al., 2007). One significant boundary to 

overcome in sorting out which of these models is most appropriate is that they all use the same 

traits as evidence. Moreover, many of the diagnostic traits associated with bipedalism are only 

nominally linked. That is, these traits are found in bipeds but don’t appear in non-human 

primates. Moreover, postcranial traits thought to be diagnostic of extended limb bipedalism, like 

a dorsally oriented ischial tuberosity (Sockol et al., 2007), haven’t been fully tested to understand 

their functional role. Therefore, by using an experimental approach to explore links between 

form and function, this dissertation addressed some significant gaps in our understanding of the 

evolution of bipedalism. 

 In this dissertation I formulated hypotheses that were tested through an experimental 

approach using both human and animal models. In the human model, I found that human pelvic 

anatomy likely does not contribute to reducing costs of locomotion (COL), which was previously 

suggested by Sockol et al. (2007). I found that when humans walk with ape-like joint angles 

(BKBH), while COL is higher than when walking with extended limbs, postcranial anatomy 

does reduce COL relative to chimpanzees walking both bipedally and quadrupedally. However, 

kinetic and kinematic analysis demonstrates that even when walking with a compliant gait, the 
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ground reaction force (GRF; the equal and opposite reaction from body weight on the ground 

that must be counteracted by extensor muscles) is oriented through the hip, just as it is during 

extended limb gaits. These results suggest that lumbar lordosis may play a more significant role 

in reducing the COL. 

 In the animal model (rats), I explored links between behavior and morphology in traits 

associated with bipedalism. By using experimental groups that examined the relationship 

between the amount and direction of mechanical load and the role of postural versus locomotor 

support on the development of bipedal traits during ontogeny, I was able to find links between 

bipedal traits and behavior. These results include relatively longer hindlimbs in fully loaded and 

partially loaded bipedal groups, both from bipedal postural and locomotion. There were also 

links between bipedal behavior and joint dimensions. I found significantly larger dimensions in 

the supero-inferior (SI) dimension of the proximal femur as a result of changing both the amount 

and direction of load in both locomotor and postural support and in the antero-posterior (AP) 

dimension of the distal femur as a result of supporting full body weight from bipedal locomotion. 

These results have implications for understanding the relationship between form and function in 

traits linked with bipedal behaviors and also suggest a role for plasticity in generating adaptive 

morphology. 

 The results of this dissertation also speak to some previously unresolved issues in 

understanding functional anatomy in human postcrania. Exploring the performance of human 

anatomy in a different gait and using the inherent plasticity of bone to find links between the 

amount of mechanical load and orientation from bipedal posture and locomotion in an animal 

model is an important and novel contribution to the field of biological anthropology because it 

clarifies some relationships between form and function in the bipedal phenotype. Previously, 
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many of these form and function relationships were established simply through correlation. The 

data from this dissertation can be used to evaluate existing models for the evolution of 

bipedalism as well as to generate new predictive models, which will be discussed below. The 

ability to evaluate models for the evolution of bipedalism with a better understanding of the 

functional role of postcranial anatomy is important because competing models use the same traits 

to make different conclusions about behaviors that preceded or led to upright terrestrial walking. 

 In a larger evolutionary context, these data demonstrate that plasticity is a powerful 

mechanism for generating adaptive morphology without the need for altering the underlying 

genetic code. The results from this dissertation demonstrate that plasticity can generate adaptive 

changes as the result of introducing a novel behavior. While finding developmentally plastic 

changes in morphology is not novel, the results of this dissertation do demonstrate that 

mammalian skeletal morphology can change in a significant way over a short period of time (in 

this case, over twelve weeks). Therefore, while long developmental periods in mammals, and 

especially non-human primates, result in long windows of exposure to environmental direction 

(e.g. mechanical load) which would conceivably allow for more canalized phenotypes, the 

results of this dissertation suggest that these extended periods may not be necessary to produce 

significant morphological adaptations. 

Questions left unanswered 

 While the results of this dissertation help fill some gaps in our understanding of the 

functional anatomy of human postcrania, many questions remain unanswered. One example 

comes from the joint dimension results. While there were some clear relationships between 

mechanical load and orientation, many of the joint dimension results, particularly in the tibia, 

either had no discernable pattern or did not follow expectations. Therefore, a question remains as 
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to whether the methods used to measure these joint dimensions were able to sufficiently capture 

the variation correlated with loading patterns. It’s possible that the distal tibia may show a 

response to the fully loaded bipedal walking group similar to the distal femur. Geometric 

morphometric analysis of the joint surfaces may also reveal patterns in joint adaptation to load 

that aren’t apparent from linear distance measurements. 

 There are also broader questions that are brought up by this dissertation that involve the 

role of plasticity in locomotor ontogeny in humans and non-human primates. If plasticity plays a 

role in skeletal adaptation to mechanical load in a new locomotor behavior, it’s possible that it 

also plays a role in the transition to adult locomotor patterns. One way to test these hypotheses is 

to look for morphology that exhibits wide variability in infancy that becomes canalized during 

development. If these morphologies can be linked with loading behaviors demonstrated through 

kinetic and kinematic analyses, then these data can be used to generate testable hypotheses 

regarding the role of plasticity in producing the adult phenotype. By delineating morphologies 

that are the product of highly canalized genetic processes from those that rely on environmental 

input to produce them, these data can be used to reconstruct the selective environment that 

produced relevant locomotor morphology. For example, morphologies that are under tight 

genetic control and do not vary with differences in mechanical environment may be the result of 

a history of directional selection. 

 Some relevant examples for where comparative analysis might prove fruitful would be to 

examine skeletal collections in primate populations that exhibit different frequencies of 

locomotor behaviors (e.g., wild vs. captive populations). Variation in locomotor behaviors during 

development has the potential to expose the inherent plasticity of postcranial morphology that 

might not be apparent in examining wild and captive populations as a single group. Another 
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option would be to use the findings of this dissertation to examine the size of the femoral head in 

populations that experience different activity levels. Given the results of this dissertation, we can 

predict that populations which exhibit greater frequencies of bipedal behaviors during 

development would exhibit larger femoral head dimensions. Along these same lines, we might 

also expect to see differences in femoral head size in humans when comparing hunter/gatherer 

versus more sedentary agricultural populations. Similarly, the limb length data suggest that we 

might also expect to see relatively longer hindlimbs and larger joint sizes in children who 

transition from crawling to walking at earlier ages. 

Evolutionary model 

 The results of this dissertation demonstrating role of mechanical load in producing 

changes in size in the proximal femur, the distal femur, and in limb length can be used to propose 

a new model for the evolution of bipedalism and to generate predictions for adaptations that 

might be found in yet undiscovered early hominins. The clearest prediction that can be derived 

from these data is the size of the femoral head. Because the results of this dissertation 

demonstrate that increases in the supero-inferior dimension of the femoral head can be produced 

from either a change in the amount of direction of load from bipedal behaviors, hominins that 

take on any bipedal behaviors might be expected to exhibit a larger femoral head size than 

expected for body size. In contrast, the results from the distal femur have very narrow 

implications given that an increase in the antero-posterior (AP) dimension is only associated with 

a shift to bipedal locomotion with fully loaded hindlimbs. Finally, changes in limb length may be 

associated with alterations in frequency in any bipedal behavior. 

 When all predictions are considered together, there isn’t a consistent pattern across joint 

dimensions and long bone lengths linked with one particular bipedal behavior or loading 
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condition. But what can be derived from these data is that adaptations that are linked with 

postural bipedalism, such as femoral head size and limb length, may represent morphologies that 

might be expected to appear in the earliest hominins that are not fully committed to terrestrial 

bipedalism. Adaptations that are only linked with fully loaded bipedal locomotion, such as the A-

P dimension of the distal femur, might not appear until the first appearance of fully committed 

terrestrial bipeds. 

 When applied to a model for human evolution, these findings don’t lend themselves to 

generating a definitive model, but do suggest that if earlier fossils exhibit larger femoral head 

size and longer hindlimbs than expected for body size, or least larger than in other large bodied 

apes, these hominins may have engaged in postural behaviors either from feeding or from above 

branch bipedal locomotor behaviors. It’s also possible that vertical climbing behaviors, like those 

seen in chimpanzees, could also generate these changes. However, this correlation requires 

further testing. If fossils exhibited larger distal femoral dimensions, particularly in the A-P 

dimension, then as mentioned above, this would be suggestive of fully committed terrestrial 

bipedalism. Considered together, these data suggest that the earliest hominins may not have 

necessarily engaged in fully committed terrestrial bipedalism, but rather engaged in other bipedal 

behaviors. Once hominins transition to greater frequencies of terrestrial bipedalism, particularly 

if it is associated with selection for reductions in energy costs of locomotion (Sockol et al. 2007; 

Pontzer et al. 2009, we might predict that lumbar lordosis would appear before significant 

changes in the pelvis. 

Anthropological context 

 Although this dissertation utilized an animal model to explore adaptations associated with 

upright postural and locomotor behaviors, the goals and ultimate questions were anthropological 
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in nature. The driving questions that led to generating the hypotheses for this dissertation were 

derived from a strong interest in both how and why humans became bipedal. An animal model 

provided a means to explore these questions in a way that can’t be answered using human 

models. Although the findings from the animal model in this dissertation explores the skeletal 

response in rats from mechanical load, ultimately the patterns of skeletal response are most 

informative because they can be used to generate predictions directly relevant to the exploring 

the role of plasticity in human bipedal anatomy and evolution. In the end, the results of this 

dissertation should provide an example of the utility of using animal models for answering 

anthropological questions in cases where human models are not appropriate.
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Abstract 

Researchers have long debated the locomotor posture used by the earliest bipeds. While many 

agree that by 3-4 Ma, hominins walked with an extended-limb human style of bipedalism, 

researchers are still divided over whether the earliest bipeds walked like modern humans, or 

walked with a more bent-knee, bent-hip (BKBH) ape-like form of locomotion.  Since more 

flexed postures are associated with higher energy costs, reconstructing early bipedal mechanics 

has implications for the selection pressures that led to upright walking.  The purpose of this study 

is to determine how modern human anatomy functions in BKBH walking to clarify the links 

between morphology and energy costs in different mechanical regimes.  Using inverse dynamics, 

we calculated muscle force production at the major limb joints in humans walking in two modes, 

both with extended limbs and BKBH.  We found that in BKBH walking, humans must produce 

large muscle forces at the knee to support body weight, leading to higher estimated energy costs.  

However, muscle forces at the hip remained similar in BKBH and extended limb walking, 

suggesting that anatomical adaptations for hip extension in humans do not necessarily diminish 

the effective mechanical advantage at the hip in more flexed postures.  We conclude that the key 

adaptations for economical walking, regardless of joint posture, seem to center on maintaining 

low muscle forces at the hip, primarily by keeping external moments at the hip low.  We explore 

the implications of these results for interpreting locomotor energetics in early hominins, 

including australopithecines and Ardipithecus ramidus. 
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Introduction 

The selection pressures that led to the origins of upright bipedalism, a hallmark trait of 

the human lineage, remain a point of major debate among paleoanthropologists (e.g., Stern and 

Susman 1983; Susman et al. 1984; Wheeler 1991; Hunt 1996; Lovejoy et al. 1999; Stern 2000; 

Richmond et al. 2001; Ward 2002; Thorpe et al. 2007; Crompton et al. 2008; Lovejoy et al. 

2009a; 2009b).  One model for the evolution of bipedalism suggests that hominins shifted to 

walking upright to reduce the energy cost of locomotion compared to a chimpanzee-like 

quadrupedal ancestor (e.g., Rodman and McHenry 1980; Sockol et al. 2007).  This model is 

supported by evidence that humans, and early hominins such as australopithecines, have 

morphological adaptations for walking on an extended hind limb which reduce the energy cost of 

locomotion compared to chimpanzees walking both quadrupedally and bipedally (Sockol et al. 

2007; Pontzer et al. 2009).  Others have suggested that early hominins walked bipedally in a way 

that involved more flexed hips and knees (bent-hip, bent-knee or BKBH), which likely leads to 

higher energy costs, but may still have offered an energetic advantage compared to chimpanzee-

like locomotion (e.g., Stern and Susman 1983; Susman et al. 1984; Stern 1999, 2000).  

While recent work on the Laetoli footprints supports the hypothesis that extended limb 

bipedalism had evolved by 3.6 MA (Raichlen et al. 2010; Crompton et al. 2012), the form of 

bipedalism used by the earliest hominins remains unclear (e.g., Richmond et al. 2001; Thorpe et 

al. 2007; Lovejoy et al. 2009b).  Reconstructing locomotion in early hominins is complicated 

because we do not fully understand how anatomical traits in humans and earlier bipeds function 

under different locomotor regimes, and it is therefore difficult to determine the adaptive value of 

specific morphologies.  For example, Carey and Crompton (2005) demonstrated that when 

humans adopt chimpanzee-like limb joint angles (i.e., BKBH bipedalism), their energy costs 
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remain lower than chimpanzees walking bipedally, even though energy costs are higher than in 

normal human walking (see Sockol et al. 2007).  This is in some ways an unexpected result, 

since one might predict that human anatomy is not well suited for locomotion in more ape-like 

postures, and could therefore lead to higher energy costs than those of apes.  To better 

understand how bipedal anatomy evolved, and to identify the key features that led to the 

evolution of lower energy costs in our ancestors, it is essential to develop a more complete 

understanding of how human anatomy performs in different locomotor postures.  The purpose of 

this study is to use our current understanding of the biomechanical determinants of energy costs 

to explore how human anatomy functions during BKBH walking.  

Linking anatomy to cost 

Previous work has shown that locomotor costs are well explained by the amount and rate 

of muscle volume activated to support the body against the force of gravity (e.g., Kram and 

Taylor 1990; Taylor 1994; Roberts et al. 1998a; Roberts et al. 1998b; Griffin et al. 2003; 

Biewener et al. 2004; Pontzer 2005, 2007; Sockol et al. 2007; Pontzer et al. 2009; Weyand et al. 

2010).  Thus, an experimental approach using inverse dynamics (estimating muscle forces from 

kinematic, kinetic, and anatomical data) can help us determine how morphology impacts the 

energetic cost of locomotion (COL; kCal/s).  During walking, hind limb joints experience a 

moment equal to the product of the ground reaction force (the force exerted by the ground; GRF) 

and the moment arm of the GRF (the perpendicular distance from the GRF vector to the joint 

center; i.e., momentext = GRF x moment armGRF), combined with inertial and gravitational 

moments due to segmental accelerations.  In general, the effects of segment accelerations on 

these moments are small relative to the effects of the GRF at walking speeds (Biewener et al. 

2004).  Extensor muscles must resist this flexion moment by producing an opposing moment that 
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is equal in magnitude and opposite in direction to the external moment acting on the joint 

(momentmuscle = muscle force x moment armmuscle) (Kram and Taylor 1990; Roberts et al. 1998a; 

Roberts et al. 1998b; Pontzer et al. 2009).  Producing muscle force requires the recruitment and 

activation of muscle which ultimately costs metabolic energy (Kram and Taylor 1990).   

Since inertial and gravitational moments are small relative to the moment of the GRF, the 

amount of muscle force produced, and therefore energy expended, to resist external moments 

during walking is determined mostly by three main factors: 1) the magnitude of the GRF, 2) the 

length of the GRF moment arm, and 3) the length of the extensor muscle moment arms that must 

resist the external moment.  First, the magnitude of the GRF is affected by the amount of time 

the foot is on the ground in stance phase (contact time).  All else being equal, the shorter the 

contact time, the greater the magnitude of the GRF, and therefore the greater the magnitude of 

the external moment acting on a joint (Kram and Taylor 1990; Pontzer 2005, 2007).  Second, the 

length of the GRF moment arm is determined, in large part, by the orientation of the GRF vector 

and its distance from hind limb joint centers (e.g., Biewener et al. 2004).  For example, during 

extended limb walking, the GRF vector passes close to the knee and hip joint centers, leading to 

shorter moment arms and thus smaller external moments compared to walking with flexed limbs 

(Kram and Taylor 1990; Roberts et al. 1998a; Roberts et al. 1998b; Sockol et al. 2007; Pontzer et 

al. 2009).  Finally, the length of the moment arm for the muscle(s) that must resist the external 

moment will determine how much muscle force is required to support the body.  For any given 

combination of GRF magnitude and GRF moment arm at a given joint, a larger extensor muscle 

moment arm will allow an individual to resist an external moment with lower amounts of muscle 

force.  
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This relationship between the muscle moment arm and the amount of muscle force 

required to resist external moments is a key element linking anatomy to cost.  Walking in ways 

that increase external moments (e.g., on more flexed hind limb joints) will necessarily lead to 

higher energy costs because muscles produce more force by recruiting larger amounts of muscle 

volume, and the energy costs of muscle activity are correlated with the amount of muscle volume 

activated (e.g., Kram and Taylor 1990; Roberts et al. 1998a; Roberts et al. 1998b; Pontzer 2005, 

2007; Pontzer et al. 2009).  However, over evolutionary time, selection can alter skeletal 

anatomy to increase muscle moment arms, effectively reducing muscle forces required to support 

the body against external moments in a given posture.   

An important example of this type of selection acting on the human skeleton is the human 

ischium.  Previous work has linked the low energy costs of human walking to the relatively low 

muscle forces produced at the hip joint to resist external moments.  In humans, and earlier 

hominins such as the australopithecines, a dorsally oriented ischial tuberosity maintains large 

muscle moment arms in extended-limb postures, allowing for full hip extension, and therefore 

small external moments from the GRF, during bipedal walking (Robinson 1972; Sockol et al. 

2007; Pontzer et al. 2009).  This configuration differs from apes, where the ischial tuberosity is 

oriented caudally, increasing the extensor muscle moment arm when the hip is in highly flexed 

postures (such as climbing), but decreasing the extensor muscle moment arm when the hip is in 

an extended posture.  The ape ischial orientation acts as a constraint on their ability to walk on 

extended hind limbs, since their muscles cannot generate extensor moments in these limb 

postures (Sockol et al. 2007).  Thus, previous work suggests that the human ischium is an 

adaptation for reducing energy costs in extended-limb walking (Robinson 1972; Fleagle and 

Anapol 1992; Sockol et al. 2007), and the ape-ischium is an adaptation for extensor moment 
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production in the more flexed hip postures experienced during vertical climbing (e.g., Isler 

2005).  

While these types of adaptive explanations are plausible, they are generally based on 

comparative biomechanical studies (e.g., Sockol et al. 2007).  Here, we use an experimental 

alteration of walking mechanics to examine how human anatomy performs using different limb 

postures (i.e., flexed limb walking vs. extended limb walking).  These data are compared to 

biomechanical data collected in a previous study of chimpanzee locomotion (Sockol et al. 2007) 

to provide insight into how selection has acted on human anatomy to generate low energy cost 

extended limb bipedalism.  We hypothesize that human anatomical adaptations to extended limb 

bipedalism, such as the dorsally oriented ischial tuberosity, will lead to higher muscle forces in 

more flexed limb postures, contributing to the higher energy costs of BKBH walking (see Carey 

and Crompton 2005).  

Methods 

To test how human anatomy performs during BKBH bipedalism, we collected kinetic and 

kinematic data from eight recreationally fit adult humans and utilized previously collected 

chimpanzee kinematic and kinetic data from Sockol et al. (2007).  The human sample consisted 

of 5 females and 3 males between the ages of 24 and 30 (mean body mass [S.D.] = 66.3±11.8 

kg).  Institutional Review Board approval was obtained by The University of Arizona prior to the 

study and subjects gave informed consent prior to their participation.  

Subjects walked barefoot across a trackway at self-determined slow, preferred, and fast 

speeds under two experimental conditions: 1) extended-limb bipedal walking, and 2) BKBH 

posture using a hip angle of ~130º and knee angle of ~150º (following Carey and Crompton 

2005).  A goniometer was used to find a posture with the appropriate degree of flexion for each 
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subject and a visual guide was constructed to ensure that each subject maintained the appropriate 

joint angles throughout each trial.  The guide consisted of a string that ran along the trackway, 

parallel to the floor, and was set at shoulder level when each subject was at ~130º of hip flexion 

and ~150º of knee flexion.  Subject speeds were standardized using Froude numbers 

[velocity
2
/(gravitational acceleration x limb length)] (Alexander and Jayes 1983).  Here, we 

calculate limb length as the distance from the hip to the ground while standing for extended-limb 

and at midstance for BKBH walking (i.e., effective limb length; see Pontzer 2005, 2007).   

Kinetic data were collected using a force-plate (AMTI, Watertown, MA) embedded in a 4 

meter trackway recording at 4 kHz.  Kinematic data were recorded using a 6-camera motion 

capture system (Vicon, Los Angeles, CA) capturing at 200 Hz with reflective markers fixed to 

hind limb joint centers.  Kinetic and kinematic data were processed using custom-designed 

software in MATLAB (MathWorks, Natick, MA).  A zero-lag Butterworth, low-pass filter was 

used to smooth kinematic (fourth-order filter with a 6 Hz cutoff) and kinetic (ninth-order with a 

100 Hz cutoff) data (Winter 2004). 

An inverse dynamics approach was used to estimate muscle force production to 

determine how anatomy and posture interact to generate energy costs (Kram and Taylor 1990; 

Taylor 1994; Roberts et al. 1998a; Roberts et al. 1998b).  This method assumes that the 

metabolic COL is equal to the rate at which muscle volume is activated to support body weight 

(Taylor et al. 1980; Kram and Taylor 1990; Taylor 1994; Roberts et al. 1998a,b; Pontzer 2005, 

2007; Sockol et al. 2007): 

 

[Eq. 1]  Ėmetab = (Vmusc /tc) k 
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where Ėmetab (J N
-1 

s
-1

)
 
is estimated metabolic cost, Vmusc (cm

3 
N

-1
) is the mass-specific volume of 

muscle activated over a single step, tc (s
-1

) is the duration that the foot is on the ground, k (J cm
-3

) 

is a constant that describes the rate at which a unit volume of muscle uses energy (Roberts et al. 

1998a,b), and g is gravitational acceleration.  This method described by Eq. 1 results in an 

estimation of net metabolic COL (after subtracting resting metabolic rate).  The value of k is 

assumed to be constant across species (Roberts et al. 1998b), and is constant in humans at 

walking speeds between 0.5 and 1.5 m/s (Griffin et al. 2003).  While k may differ between 

extended limb and BKBH walking, for the purpose of this study, we assume k is also constant 

across locomotor modes in humans.  The impact of this assumption was tested by comparing the 

difference in Vmusc/tc between locomotor modes with the difference in COL (Ėmetab measured by 

respirometry) between locomotor modes in Carey and Crompton (2005).  If the proportional 

difference in Vmusc/tc between locomotor modes is similar to the measured difference in Ėmetab, 

then the assumption that k is similar across locomotor modes is supported (see equation 1).  

The amount of muscle volume (Vmusc) activated over a step was calculated following 

methods reported in detail by Sockol et al. (2007).  Briefly, for a given muscle group (i.e., hip, 

knee, and ankle extensors), Vmusc is the product of muscle fascicle length (lfasc) and the active 

cross sectional area of the muscle (A) (see Sockol et al. 2007; Pontzer et al. 2009).  We used 

mean lfasc for a given muscle group scaled to subject body mass from the literature (Biewener et 

al. 2004).  A is the product of the extensor muscle force (Fmusc) required to counter flexing 

moments at each hind limb joint, and σ, a constant relating muscle force to muscle cross-

sectional area, typically 20 N/cm
2

 for all species (Biewener et al. 2004).  Fmusc was found by 

estimating the net joint moments resisted by a given extensor muscle group.  The net joint 

moments were calculated using the combination of the ground reaction force (GRF) vector, limb 
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segment accelerations, and the flexor moments generated by two-joint muscles following Winter 

(2004) and Biewener et al. (2004).  Extensor muscles at each joint were chosen following 

Biewener et al. (2004).  Weighted mean muscle fascicle lengths for each extensor muscle group 

were taken from Biewener et al. (2004) and were scaled to body masses of each subject in our 

study.  Segment accelerations were calculated using the second-order finite differences method 

(Winter 2004).  Net moments, M, were determined for each kinematic frame at each joint using 

the free-body method described in Winter (2004), and segment inertial properties were estimated 

from equations in Winter (2004).  Extensor muscle forces (Fankle, Fknee, and Fhip) to generate these 

moments were determined by solving the system of equations given in Biewener et al. (2004): 

[Eq. 2]  Mankle = Fankle rankle       

[Eq. 3]  Mknee = Fknee rknee  - FG,knee rG,knee - FH,knee rH,knee    

[Eq. 4]  Mhip = Fhip rhip - FRF,hip rRF,hip       

where the bi-articular muscles are gastrocnemius (G), hamstrings (H), and rectus femoris (RF).  

Human extensor muscle moment arms (rankle, rknee, and rhip) were calculated using equations that 

relate moment arms to joint angle from the literature for the hamstrings, quadriceps, and 

gastrocnemius (Rugg et al. 1990; Visser et al. 1990).  Moment arms were scaled to each subject 

by body mass (hip and knee) or segment length (ankle).  These values provide an estimation of 

extensor muscle moment arms as they change with joint angle, better reflecting muscle 

performance during locomotion.  Chimpanzee extensor moment arms were assumed to be 

constant across a normal range of flexion (see Thorpe et al. 1999).  Flexor moments generated by 

two-joint muscles (gastrocnemius and hamstrings) were calculated assuming the force produced 

by each muscle in an extensor group is proportional to its physiological cross sectional area 
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(PCSA; Biewener et al. 2004) and using moment arms for these muscles, r, scaled to body mass, 

taken from Biewener et al. (2004).  Following Biewener et al. (2004), muscle force impulses 

were divided by GRF impulses, and these values were used to determine total limb Vmusc  as 

follows:  

[Eq. 5]  ����� = 1/σ 	
���,��� ��������� + 
���,���� ������
���� + 
���,����� �������

���� � 

As outlined above, Vmusc has units cm
3
 N

-1
 and is the volume of muscle required to 

produce one Newton of ground force.  Note that (∫Fmusc / ∫GRF) is equal to the inverse of the 

effective mechanical advantage for a given joint, since R/r = ∫Fmusc / ∫GRF; we used the 

convention lfasc/EMA in a previous analysis (see Eq. 2 in Pontzer et al. 2009).   This method also 

accounts for segmental and gravitational acceleration, which is especially important for 

determining the correct moments at proximal joints, particularly at the hip (Biewener et al. 2004; 

Winter 2004).  All statistical comparisons between BKBH and normal walking using the 

variables outlined above were made using a two-tailed, paired Student’s t-test. 

Results 

During BKBH walking, subjects held their joints in consistently more flexed postures 

than during normal walking, as expected (Fig. 1).  Despite these differences in joint angles, 

external joint moments were broadly similar between the two modes at the hip and the ankle, 

however external moments at the knee differ in magnitude (see Fig. 2).  Differences in external 

moments led to increased values of Vmusc/tc during BKBH walking.  Vmusc/tc  increased 

significantly in BKBH walking for slow, preferred and fast speeds by 58.1% ± 13.0%, 47.1% ± 

9.5% and 43.1% ± 7.3%, respectively (Table 1; Fig. 3).  Averaged over all speeds, Vmusc/tc 

increased by 47.8% ± 8.3% in BKBH compared to extended-limb walking.  The difference in 

Vmusc/tc in BKBH and extended-limb trials is not due to a difference in velocity between 
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experimental conditions.  Froude numbers were not significantly different between modes of 

walking within slow (p=0.12) and fast (p=0.14) speed categories (see Table 1).  However, 

Froude numbers in the preferred speed category were significantly faster in extended-limb trials 

compared to BKBH trials (Table 1).  Since Vmusc/tc tends to increase with higher Froude numbers 

(Table 1), the higher Froude numbers in extended-limb preferred speed trials compared to BKBH 

preferred speed trials serves to reduce the observed difference in Vmusc/tc between these two 

modes.   

FIG. 1 – Joint angles in extended limb and BKBH walking 

FIG. 2 – Joint moments in extended limb and BKBH walking 

 Vmusc/tc is determined by both active muscle volume (Vmusc) and contact time (tc) as 

described in Equation 1.  In this study, contact times do not significantly differ between walking 

modes at slow or fast speeds, but are significantly larger in BKBH trials at preferred speeds 

(Table 1).  This difference is likely due to subjects selecting slower preferred speeds in BKBH 

trials relative to extended limb trials.  However, even with the slower speed and longer contact 

times, Vmusc/tc is still larger in BKBH trials. 

Thus, increases in Vmusc/tc values during BKBH walking were due largely to increased 

whole limb active muscle volume in BKBH walking (see Table 1; Fig. 4).  However the 

contributions of active muscle volume to estimated locomotor costs are not evenly distributed 

across the major joints.  Reflecting the pattern of external moments at hind limb joints, active 

muscle volume (Vmusc) at the knee increased significantly in BKBH walking and represented the 

largest component of total limb Vmusc/tc across all speeds, comprising more than half of the total 

active limb muscle volume.  In contrast, active muscle volume at the hip and at the ankle were 

not significantly different between the two modes at any speed (see Table 1).  Therefore, the 
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difference in Vmusc/tc between BKBH and extended-limb bipedalism is explained by increased 

active muscle volume at the knee.   

TABLE 1 

FIG. 3 – Vmusc /tc across speeds in humans 

FIG. 4 – Active muscle volume in humans 

 Vmusc/tc is higher in chimpanzees (either bipedal or quadrupedal) than in human BKBH 

walking (Table 2; Fig. 5).  Only preferred speeds were used to compare across species because 

these data represent self-selected speeds for humans and chimpanzees.  On a mass-specific basis 

(i.e., per kg of body mass), bipedal chimpanzees use 63.4% more total limb active muscle 

volume, while quadrupedal chimpanzees use 52.6% more active muscle volume than human 

BKBH walking at preferred speeds (note that reliable statistical analyses are not possible due to 

the small sample size of the chimpanzee dataset).  The majority of this difference comes from 

elevated muscle volumes at the hip in chimpanzees (Fig. 6; Table 3).   

TABLE 2 

FIG. 5 – Vmusc /tc across species 

TABLE 3 

FIG. 6 – All species active muscle volume 

Discussion 

Compared to chimpanzees, human anatomy reduces Vmusc/tc across a range of postures.  

Vmusc/tc values for human BKBH bipedalism, while 47.8% ± 8.3% higher than for normal human 

walking, are lower than Vmusc/tc values for chimpanzees walking quadrupedally.  These results 

agree remarkably well with data from Carey and Crompton (2005) showing that BKBH walking 

in humans was 52% more energetically expensive than normal extended limb bipedalism.  Thus, 
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the energetic difference between these locomotor modes is robust and not sensitive to sample 

composition or methodology.  In addition, this comparison between studies acts as a check on 

our assumption that k in equation 1 (the variable that describes the rate at which a unit volume of 

muscle uses energy) is constant across BKBH and normal walking.  Since the difference in 

Vmusc/tc is similar to the difference in Ėmetab measured by oxygen consumption (Carey and 

Crompton, 2005), k is not expected to differ between BKBH and normal walking.  While we 

believe these results suggest k does not change within an individual across locomotor modes, we 

suggest this hypothesis requires further direct testing in future work. 

Using inverse dynamics, we identified increased active muscle volume at the knee as the 

main source of increased energy costs in human BKBH walking.  This finding corroborates a 

recent forward dynamics simulation which found that crouched walking required significantly 

higher knee extensor muscle force generating capacity (Steele et al. 2012).  One way to interpret 

our results is to consider the position of the GRF vector relative to the knee and hip across these 

locomotor modes. The knee is the primary source of increased energy costs because during 

stance phase in BKBH locomotion, the GRF vector is positioned posterior to the knee joint but 

passes directly through the hip joint (see Fig. 7), resulting in large external knee moments and 

requiring an increase in the amount of force produced by the knee extensor muscles.  Because 

the GRF vector remains close to the hip joint in both extended-limb and BKBH walking, muscle 

forces and therefore active muscle volumes at the hip are low in both forms of locomotion. It is 

important to note that reductions in inertial and gravitational moments due to segment 

accelerations could also lead to lower hip relative to knee moments.  Future experiments may 

explore the effects of inertial properties on joint moments in different locomotor modes by 

experimentally altering segment mass distributions using added mass. 
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The higher values of Vmusc/tc in human BKBH walking are consistent with the hypothesis 

that human anatomy is the product of selection to reduce energy costs of extended limb 

terrestrial locomotion (Rodman and McHenry 1980; Sockol et al. 2007; Pontzer et al. 2009). 

However, human morphology leads to lower metabolic cost than chimpanzee anatomy even in 

flexed postures. Compared to humans, chimpanzees activate significantly more muscle volume 

at the hip, due primarily to the increased moment arms of the GRF in these postures (see Sockol 

et al. 2007). Thus humans walking with bent knees and hips do so in a way that still minimizes 

muscle volumes at the hip, while chimpanzees using similar locomotor postures have the greatest 

difference in muscle volume at the hip.   

FIG. 7 – Midstance diagram  

Linking anatomy to cost 

This difference between human and chimpanzee locomotion suggests that adaptations for 

reducing flexion moments at the hip were likely key drivers in the evolution of energetically 

economical bipedal walking.  Since inertial and gravitational moments are generally small at 

walking speeds (Biewener et al., 2004), we believe adaptations that alter moments due to the 

GRF through increased hip and knee extension were likely responsible for generating the 

differences in cost between human and chimpanzee locomotion. Anatomical changes to the 

human pelvis clearly play a major role in the evolution of full hip extension during bipedalism 

(Robinson 1972; Fleagle and Anapol 1992; Sockol et al. 2007).  Specifically, the dorsal 

orientation of the ischial tuberosity increases the length of the hip extensor muscle moment arm 

in extended-limb postures, allowing for moment production when the hip is fully extended 

(Robinson 1972; Fleagle and Anapol 1992; Sockol et al. 2007).  In chimpanzees, a more caudally 

oriented ischium increases hip extensor mechanical advantage in the more flexed hip postures 
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used during climbing (e.g., ~130 degrees of flexion; Isler 2005), but reduces mechanical 

advantage in more extended-postures (Robinson 1972; McHenry 1975), constraining joint angles 

to highly flexed positions during walking (Sockol et al. 2007).   

Our results highlight the complexity of linking skeletal adaptations directly to reductions 

in energy costs.  While human ischial anatomy is necessary for full hip extension, it does not 

lead to increased muscle forces at the hip during the moderate degrees of flexion used in BKBH 

walking, which suggests that a dorsally oriented ischial tuberosity can function well under a 

range of joint angles.  Rather than ischial anatomy driving low energy costs in human BKBH 

walking, our results emphasize the importance of keeping the GRF vector close to the hip joint 

regardless of overall joint posture.  When walking at a constant speed, the GRF vector is 

generally oriented from the center of pressure under the foot toward the center of mass of the 

body (Alexander 2004).  To maintain a GRF vector that passes near the hip joint center, the trunk 

(and therefore the center of mass of the trunk, head and arms) must remain erect and centered 

over the pelvis.  Thus, we hypothesize that this feature of human walking, whether it is with a 

flexed or extended hind limb, is made possible by specific anatomical adaptations in the lower 

back.  Among the anatomical features that likely reduce costs during human walking, the lumbar 

lordosis is particularly important because it acts to maintain an erect trunk during stance phase 

(see Ward 2002; Lovejoy 2005).  Without a lordosis, chimpanzees (and bonobos) walk with a 

trunk that slopes forward from the hip during bipedalism (D’Août et al. 2002; Alexander 2004), 

leading to a GRF vector that passes anterior to the hip joint (Sockol et al. 2007).  Although one 

might expect that this posture would simply bring the GRF vector closer to the knee in order to 

reduce moments at this joint, chimpanzees activate significantly more muscle volume at the knee 

as well as the hip compared to humans walking in BKBH or extended limb postures (see Fig 6).  
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Therefore, the results from this study suggest that the lack of a lumbar lordosis in chimpanzee 

bipedalism is likely a contributing factor in their increased energy COL compared to humans.   

Although this direct connection between lumbar lordosis and lowering the energy costs of 

bipedalism in humans requires more detailed testing, the evolutionary history of the spine and 

pelvis in hominins provides a possible roadmap to the origins of energetically economical 

upright walking (e.g., Shapiro 1993; Sanders 1998; Lovejoy 2005; Whitcome et al. 2007).  An 

early purported hominin, Ardipithecus ramidus, is described as having ‘situational’ lumbar 

lordosis combined with a more chimpanzee-like ischial orientation (Lovejoy et al. 2009b).  If this 

combination of features were present, the ischial orientation in Ar. ramidus seems well adapted 

to vertical climbing (i.e., high extensor moment production on flexed hips) and this species 

would not have been able to walk on a fully extended hip (i.e., lack of extensor moment 

production for hip extensors due to small moment arms).  However, if Ardipithecus did have a 

lumbar lordosis, reduced external moments at the hip would have led to lower energy costs of 

BKBH walking in this taxon compared to chimpanzee-like locomotion.  Since no lumbar or 

sacral vertebrae were found, and the anterior portion of the iliac blades are missing, it is 

impossible to confirm the presence of a lumbar lordosis. Thus, we must await future fossil 

discoveries to more fully understand the energetics of locomotion in this early hominin taxon.   

In contrast, the presence of a human-like lumbar lordosis (Ward 2002; Been et al. 2012) 

and a dorsally oriented ischial tuberosity (e.g., Robinson 1972; Stern and Susman 1983; Tague 

and Lovejoy 1986) in australopithecines suggests a more complete transition to reduced energy 

costs in terrestrial locomotion, despite anatomical differences in the vertebrae of these taxa (e.g., 

Shapiro 1993; Sanders 1998).  Based on our interpretation of ischial orientation and 

performance, this commitment to low energy costs in extended limb bipedalism may have led to 
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a loss of vertical climbing performance in australopithecines compared to living apes due to 

reduced ability for force production when the hip joints are highly flexed.  This emphasis on 

terrestrial behaviors does not downplay the potential importance of some arboreal behaviors as 

suggested by features such as a cranially oriented glenoid fossae and curved phalanges found in 

the australopithecine fossil record (e.g., Stern 2000; Berger et al. 2010; Green and Alemseged 

2012).  Additionally, although ankle anatomy reflects a shift away from arboreal adaptations 

(DeSilva 2009), australopithecines may have retained soft tissue adaptations that would have 

allowed climbing similar to that seen in modern human hunter gatherers (see Venkataraman et al. 

2013).  Thus, changes in hip architecture likely reflect a shift in selection pressures towards 

increased terrestrial bipedal performance without fully compromising climbing capabilities. 

Conclusion 

The results of this study highlight the importance of experimentally examining the 

performance of skeletal morphology in studies of human locomotor evolution.  We found that 

differences in joint posture generate higher energy costs in humans due to an increase in active 

muscle volumes at the knee.  These results lead to two conclusions important for understanding 

the evolution of human bipedalism.  First, human hip anatomy linked to extended limb walking 

does not lead to the higher energy costs of BKBH walking.  The dorsal orientation of the human 

ischium permits low muscle volumes at the hip during BKBH walking, and instead, the higher 

energy costs of humans walking with flexed limbs is mostly due to the increased moment arm of 

the GRF at the knee.  Second, our results highlight the importance of orienting the GRF vector 

near the hip to maintain low energy costs of walking in humans compared to chimpanzees 

regardless of lower limb postures.  We believe the orientation of the GRF vector is likely tied to 
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an erect trunk posture, and therefore to the evolution of the lumbar lordosis, although this 

hypothesis requires more detailed testing.   

Taken together, these conclusions help us better understand the evolutionary changes in 

locomotion that occurred during early hominin evolution.  The earliest fossil hominin pelvis, that 

of Ar. ramidus, suggests that hip extensor muscles optimized for climbing may have been 

combined with a lumbar spine capable of lordosis.  If true, then this hominin may have walked 

terrestrially with lower energy costs than living chimpanzees even though it could not walk on a 

modern human-like extended hind limb (but see Lovejoy and McCollum 2010).  With the 

australopithecines, we see the first evidence of both dorsally oriented ischial tuberosities and true 

lumbar lordosis, indicating an abandonment of climbing capabilities similar to living apes and a 

commitment to reduced energy costs during bipedal walking.  Future studies should focus on 

both the role of the lumbar lordosis in managing energy costs of bipedalism, and on 

interpretations of spinal anatomy in early hominins to best determine when selection produced 

low energy costs of walking during the evolution of bipedalism.  Experimental studies focused 

on testing performance hypotheses for morphological adaptations will help us clarify the 

evolutionary scenarios that led to human walking biomechanics and to the evolution of the 

human skeleton. 

Acknowledgements 

This project was supported through funding from the University of Arizona, School of 

Anthropology.  We thank our human subjects for their time and effort.  The comments from the 

associate editor and two anonymous reviewers greatly improved this manuscript



59 

 

References 

Alexander R.M. 2004. Bipedal animals, and their differences from humans. J. Anat. 204(5):321-

330 

Alexander R.M., Jayes A.S. 1983. A dynamic similarity hypothesis for the gaits of quadrupedal 

animals. Journal of Zoology, London 201:135-152 

Been E., Gómez-Olivencia A., Kramer P.A. 2012. Lumbar lordosis of extinct hominins. Am. J. 

Phys. Anthropol. 147(1):64-77 

Berger L.R., de Ruiter D.J., Churchill S.E., Schmid P., Carlson K.J., Dirks P.H.G.M., Kibii J.M. 

2010. Australopithecus sediba: A New Species of Homo-Like Australopith from South 

Africa. Science 328(5975):195-204 

Biewener A.A., Farley C.T., Roberts T.J., Temaner M. 2004. Muscle mechanical advantage of 

human walking and running: implications for energy cost. J. Appl. Physiol. 97:2266-2274 

Carey T.S., Crompton R.H. 2005. The metabolic costs of 'bent-hip, bent-knee' walking in 

humans. J. Hum. Evol. 48:25-44 

Crompton R.H., Pataky T.C., Savage R., D'Août K., Bennett M.R., Day M.H., Bates K., Morse 

S., Sellers W.I. 2012. Human-like external function of the foot, and fully upright gait, 

confirmed in the 3.66 million year old Laetoli hominin footprints by topographic 

statistics, experimental footprint-formation and computer simulation. J. R. Soc. Interface. 

9(69):707-719 

Crompton R.H., Vereecke E.E., Thorpe S.K.S. 2008. Locomotion and posture from the common 

hominoid ancestor to fully modern hominins, with special reference to the last common 

panin/hominin ancestor. J. Anat. 212:501-543 

D’Août K., Aerts P., De Clercq D., De Meester K., Van Elsacker L. 2002. Segment and joint 

angles of hind limb during bipedal and quadrupedal walking of the bonobos (Pan 
paniscus). Am. J. Phys. Anthropol. 119:37-51 

DeSilva J.M. 2009. Functional morphology of the ankle and the likelihood of climbing in early 

hominins. Proceedings of the National Academy of Sciences 106(16):6567-6572 

Fleagle J.G., Anapol F.C. 1992. The indriid ischium and the hominid hip. J. Hum. Evol. 22:285-

305 

Green D.J., Alemseged Z. 2012. Australopithecus afarensis Scapular Ontogeny, Function, and 

the Role of Climbing in Human Evolution. Science 338(6106):514-517 

Griffin T.M., Roberts T.J., Kram R. 2003. Metabolic cost of generating muscular force in human 

walking: insights from load-carrying and speed experiments. J. Appl. Physiol. 95(1):172-

183 

Hunt K.D. 1996. The postural feeding hypothesis: an ecological model for the evolution of 

bipedalism. S. Afr. J. Sci. 92:77-90 

Isler K. 2005. 3D-kinematics of vertical climbing in hominoids. Am. J. Phys. Anthropol. 

126(1):66-81 

Kram R., Taylor C.R. 1990. Energetics of running: a new perspective. Nature 346:265-267 

Lovejoy C.O. 2005. The natural history of human gait and posture. Part 1. Spine and pelvis. Gait 

Posture 21:95-112 

Lovejoy C.O., Cohn M.J., White T.D. 1999. Morphological analysis of the mammalian 

postcranium: a developmental perspective. Proc. Natl. Acad. Sci. 96:13247-13252 



60 

 

Lovejoy C.O., McCollum M.A. 2010. Spinopelvic pathways to bipedality: why no hominids ever 

relied on a bent-hip–bent-knee gait. Philosophical Transactions of the Royal Society B: 

Biological Sciences 365(1556):3289-3299 

Lovejoy C.O., Suwa G., Simpson S.W., Matternes J.H., White T.D. 2009a. The great divides: 

Ardipithecus ramidus reveals the postcrania of our last common ancestors with African 

apes. Science 326:100-106 

Lovejoy C.O., Suwa G., Spurlock L., Asfaw B., White T.D. 2009b. The pelvis and femur of 

Ardipithecus ramidus: the emergence of upright walking. Science 326:71e71-71e76 

McHenry H.M. 1975. The ischium and hip extensor mechanics in human evolution. Am. J. Phys. 

Anthropol. 43:39-46 

Pontzer H. 2005. A new model predicting locomotor cost from limb length via force production. 

J. Exper. Biol. 208:1513-1524 

Pontzer H. 2007. Predicting energy costs of terrestrial locomotion: a test of the LiMb model in 

humans and quadrupeds. Journal of Experimental Biology 210:484-494 

Pontzer H., Raichlen D.A., Sockol M.D. 2009. The metabolic cost of walking in humans, 

chimpanzees, and early hominins. J. Hum. Evol. 56:43-54 

Raichlen D.A., Gordon A.D., Harcourt-Smith W.E.H., Foster A.D., Haas W.R., Jr. 2010. Laetoli 

footprints preserve earliest direct evidence of human-like bipedal biomechanics. PLoS 

ONE 5(3):e9769 

Richmond B.G., Begun D.R., Strait D.S. 2001. Origin of human bipedalism: the knuckle-

walking hypothesis revisited. Yrbk. Phys. Anthropol. 44:70-105 

Roberts T.J., Chen M.S., Taylor C.R. 1998a. Energetics of bipedal running: II. limb design and 

running mechanics. J. Exp. Biol. 201:2753-2762 

Roberts T.J., Kram R., Weyand P.G., Taylor C.R. 1998b. Energetics of bipedal running: I. 

metabolic cost of generation force. J. Exp. Biol. 201:2745-2751 

Robinson J.T. 1972. Early hominid posture and locomotion. University of Chicago Press, 

Chicago 

Rodman P.S., McHenry H.M. 1980. Bioenergetics and the origin of hominid bipedalism. Am. J. 

Phys. Anthropol. 52:103-106 

Rugg S.G., Gregor R.J., Mandelbaum B.R., Chiu L. 1990. In vivo moment arm calculations at 

the ankle using magnetic resonance imaging (MRI). J. Biomech. 23:495-501 

Sanders W.J. 1998. Comparative morphometric study of the australopithecine vertebral series 

Stw-H8/H41. J. Hum. Evol. 34(3):249-302 

Shapiro L. 1993. Evaluation of "unique" aspects of human vertebral bodies and pedicles with a 

consideration of Australopithecus africanus. J. Hum. Evol. 25(6):433-470 

Sockol M.D., Raichlen D.A., Pontzer H. 2007. Chimpanzee locomotor energetics and the origin 

of human bipedalism. Proc. Natl. Acad. Sci. 104:12265-12269 

Steele K.M., van der Krogt M.M., Schwartz M.H., Delp S.L. 2012. How much muscle strength is 

required to walk in a crouch gait? J. Biomech. 45(15):2564-2569 

Stern J.T. 1999. The cost of bent-knee, bent-hip bipdeal gait. a reply to Crompton et al. J. Hum. 

Evol. 36:567-570 

Stern J.T. 2000. Climbing to the top: a personal memoir of Australopithecus afarensis. Evol. 

Anthropol. 9:113-133 

Stern J.T., Susman R.L. 1983. The locomotor anatomy of Australopithecus afarensis. Am. J. 

Phys. Anthropol. 60:279-317 



61 

 

Susman R.L., Stern J.T., Jungers W.L. 1984. Arboreality and bipedality in the Hadar hominids. 

Folia. Primatol. 43:113-156 

Tague R.G., Lovejoy C.O. 1986. The obstetric pelvis of A.L. 288-1 (Lucy). J. Hum. Evol. 

15(4):237-255 

Taylor C.R. 1994. Relating mechanics and energetics during exercise. Advances in Veterinary 

Science and Comparative Medicine A 38:181-215 

Taylor C.R., Heglund N.C., McMahon T.A., Looney T.R. 1980. Energetic cost of generating 

muscular force during running: a comparison of large and small animals. J. Exper. Biol. 

86:9-18 

Thorpe S.K.S., Crompton R.H., Günther M.M., Ker R.F., McNeill Alexander R. 1999. 

Dimensions and moment arms of the hind- and forelimb muscles of common 

chimpanzees (Pan troglodytes). Am. J. Phys. Anthropol. 110(2):179-199 

Thorpe S.K.S., Holder R.L., Crompton R.H. 2007. Origin of human bipedalism as an adaptation 

for locomotion on flexible branches. Science 316:1328-1331 

Venkataraman V.V., Kraft T.S., Dominy N.J. 2013. Tree climbing and human evolution. Proc. 

Natl. Acad. Sci. 110(4):1237-1242 

Visser J.J., Hoogkamer J.E., Bobbert M.F., Huijing P.A. 1990. Length and moment arm of 

human leg muscles as a function of knee and hip-joint angles. Eur. J. Appl. Physiol. 

Occup. Phys. 61:453-460 

Ward C.V. 2002. Interpreting the posture and locomotion of Australopithecus afarensis: where 

do we stand? Yrbk. Phys. Anthropol. 45:185-215 

Weyand P.G., Smith B.R., Puyau M.R., Butte N.F. 2010. The mass-specific energy cost of 

human walking is set by stature. The Journal of Experimental Biology 213(23):3972-

3979 

Wheeler P.E. 1991. The thermoregulatory advantages of hominid bipedalism in open equatorial 

environments: the contribution of increased convective heat loss and cutaneous 

evaporative cooling. J. Hum. Evol. 21(2):107-115 

Whitcome K.K., Shapiro L.J., Lieberman D.E. 2007. Fetal load and the evolution of lumbar 

lordosis in bipedal hominins. Nature 450(7172):1075-1078 

Winter D.A. 2004. Biomechanics and motor control of human movement, 3rd edn. Wiley, 

Hoboken, NJ 



62 

 

Figure Legends 

 
Figure 1. Joint angles in extended limb and BKBH walking. Average joint angles across all 

individuals at preferred speeds from 1-100% of stance phase in both extended and BKBH modes 

(grey line indicates extended limb, black line indicates BKBH) at the hip (A), knee (B), and 

ankle (C). The shaded portion represents the standard error of the mean (SEM). For all joints, 

smaller angles are more flexed joints. 

 
Figure 2. Joint moments in extended limb and BKBH walking. Average joint moments across all 

individuals at preferred speeds from 1-100% of stance phase for extended hip (A), BKBH hip 

(B), extended knee (C), BKBH knee (D), extended ankle (E) and BKBH ankle (F). The black 

line indicates the average while the shaded portion represents the SEM. Positive moment values 

indicate flexion while negative values indicate extension. 

 

Figure 3. Vmusc/tc across speeds in humans.  Average (Vmusc/tc; cm
3
 N

-1
 s

-1
) values for all 

individuals for slow, preferred, fast walks, and an average across all speeds in extended and 

BKBH modes. The error bar is the SEM. 

 

Figure 4. Active muscle volume in humans.  Average activated muscle volume (Vmusc; cm
3
 N

-1
) 

for all individuals for slow, preferred, and fast walks in both extended and BKBH modes.  The 

error bars are the SEM. 

 

Figure 5. Vmusc /tc across species.  Total limb (hip, knee, and ankle combined) average Vmusc/tc 

(cm
3
 N

-1
 s

-1
) values across inviduals for bipedal chimpanzees, quadrupedal chimpanzees 

(forelimb and hind limb values), BKBH humans, and extended limb humans.  The error bars are 

the SEM. 

 

Figure 6. All species active muscle volume.  Active muscle volume values (Vmusc; cm
3
 N

-1
) at 

each joint for bipedal and quadrupedal chimpanzees, and extended limb and BKBH bipedalism 

in humans.  Values for quadrupedal chimpanzees combine the hip and the shoulder, knee and 

elbow, and ankle and wrist since both are used during this form of locomotion and are analogous 

joints.  Total limb values are a summation of all joints involved in that form of locomotion.  The 

error bars are the SEM. 

 

Figure 7. Midstance diagram. Human locomotion at midstance for BKBH (A) and extended limb 

(B) bipedalism.  The vertical line represents the position of the ground reaction force (GRF) 

vector which is approximated from the data.  During extended limb bipedalism (B) the GRF is 

oriented through the knee and hip.  During BKBH bipedalism (A), the GRF is also oriented 

through the hip, but is behind the knee, creating a joint moment. 
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Table Legends 
 

Table 1.  Kinematics and muscle volume data for extended limb and BKBH walking in humans 

P-values are from paired student’s t-tests.  S.D. is the standard deviation. 

 

Table 2. Vmusc/tc and contact time for chimpanzees and humans 

Note: Values for Vmusc/tc (cm
3
 N

-1
 s

-1
)
 
and contact times (s

-1
) for chimpanzees walking 

quadrupedally and bipedally and humans BKBH and extended limb bipedalism. All individuals 

are walking at preferred speeds.  The contact time for the quadrupedal chimpanzees is 

represented by a single number because it was the same value for both fore- and hind limbs. S.D. 

is the standard deviation. 

 

Table 3. Active muscle volume (Vmusc) for chimpanzees and humans 

Values for active muscle volume (Vmusc ; cm
3
 N

-1
) for chimpanzee quadrupedalism and 

bipedalism and human BKBH and extended limb bipedalism.  All individuals are walking at 

preferred speeds.  S.D. is the standard deviation. 
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Table 1 

Variable Speed Extended S.D. BKBH S.D. p-value 

Froude number Slow 0.07 0.03 0.07 0.02 0.12 

Froude number Preferred 0.17 0.03 0.13 0.03 <0.05 

Froude number Fast 0.27 0.05 0.26 0.07 0.14 

(Vmusc/tc) Slow 0.69 0.23 1.64 0.44 <0.05 

(Vmusc/tc) Preferred 1.11 0.26 2.09 0.26 <0.05 

(Vmusc/tc) Fast 1.71 0.29 3.01 0.35 <0.05 

contact time (sec) Slow 0.92 0.20 0.96 0.23 0.40 

contact time (sec) Preferred 0.65 0.08 0.74 0.09 <0.05 

contact time (sec) Fast 0.50 0.04 0.56 0.05 0.11 

Hip Vmusc Slow 0.06 0.03 0.18 0.15 0.06 

Knee Vmusc Slow 0.18 0.14 0.94 0.30 <0.05 

Ankle Vmusc Slow 0.37 0.04 0.38 0.05 0.28 

Total Vmusc Slow 0.61 0.16 1.50 0.20 <0.05 

Hip Vmusc Preferred 0.10 0.03 0.19 0.15 0.12 

Knee Vmusc Preferred 0.23 0.11 0.95  0.28 <0.05 

Ankle Vmusc Preferred 0.38 0.02 0.39 0.07 0.73 

Total Vmusc Preferred 0.71 0.14 1.52 0.17 <0.05 

Hip Vmusc Fast 0.13 0.05 0.21 0.13 0.08 

Knee Vmusc Fast 0.37 0.18 1.08 0.21 <0.05 

Ankle Vmusc Fast 0.36 0.02 0.37 0.04 0.84 

Total Vmusc Fast 0.87 0.17 1.66 0.12 <0.05 
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Table 2

  Chimpanzees Humans 

Variable Bipedal S.D. Quadrupedal S.D. Extended S.D. BKBH S.D. 

(Vmusc/tc) 6.35 1.19 3.92 1.15 1.11 0.26 2.09 0.26 

Contact Time (sec) 0.68 0.07  0.80  0.03  0.65 0.06 0.74 0.07 
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Table 3 

 

  Chimpanzees Humans 

Joint Quad. Hind limb S.D. Quad. Forelimb S.D. Bipedal S.D. Extended S.D. BKBH S.D. 

Hip/Shoulder 2.15 0.36 0.16 0.05 2.86 0.47 0.1 0.03 0.19 0.15 

Knee/Elbow 0.13 0.13 0.14 0.04 0.713 .21 0.23 0.11 0.95 0.28 

Ankle/Wrist 0.54 0.21 0.09 0.02 0.574 0.04 0.38 0.2 0.39 0.07 

Total 2.82 0.52 0.39 0.09 4.15 0.44 0.71 0.14 1.52 0.17 
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73 

 

Figure 7 

 

 



74 

 

 

 

APPENDIX B: PAPER TWO: “Developmental origins of mammalian limb length variation” 

 

Developmental origins of mammalian limb length variation 

 
Adam D. Foster

1*
, David A. Raichlen

1 

 
1
School of Anthropology, University of Arizona, Tucson, AZ, 85721, USA 

 

 

 

 

 
 
* Correspondence to: Adam D. Foster, School of Anthropology, 1009 E. South Campus Drive, 

University of Arizona, Tucson, AZ 85721, USA; Tel: 520-621-2585; Fax: 520-621-2088; E-

mail: adfoster@email.arizona.edu 

 

 

 
KEY WORDS: developmental plasticity, limb length, bipedalism 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



75 

 

 

 

Summary 
 

There is a high degree of variation in mammalian limb length that is attributable to adaptations 

for locomotion. Accordingly, limb length is also negatively correlated with energy costs of 

locomotion and thus is a target for selective forces, which played a particularly important role in 

human evolution. Therefore, understanding the mechanisms that can generate morphological 

shifts in limb length are important for reconstructing mammalian and human evolutionary 

processes. Research has shown that differences in limb length can be attributed to physical 

alterations in the growth plate. However, the mechanisms that can produce these changes are 

unclear. One candidate mechanism for altering limb length is the inherent developmental 

plasticity of bone given that it responds in a predictable manner to alterations in load. Here, we 

show that experimentally inducing bipedal locomotor behavior under different loading 

conditions using a rat model can generate increases in limb length relative to control groups. We 

find that increasing mechanical load in both bipedal locomotion and upright postural support can 

generate significantly longer hindlimbs. We also find that these increases in limb length under 

bipedal loading regimes are correlated with reductions in energy costs of locomotion when 

compared to quadrupedal controls. Therefore, developmental plasticity is a plausible mechanism 

for generating changes in limb length which are tied to reducing energy costs of locomotion. Our 

results have significant implications for understanding limb length variation in both inter- and 

intra-specific comparisons. Developmentally plastic changes in limb length in response to 

upright behaviors also provides a plausible mechanism for how stem hominins may have 

generated adaptations for bipedalism in the initial transition to upright walking. 
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There is a large degree of variability in limb length among mammals which is attributable 

to climate, behavior, and especially locomotor modes (Biewener, 2003). For example, limb 

length is often considered a strong target of selection due to fact the that it is negatively 

correlated with energy costs of locomotion, which may explain a majority of limb length 

variation in mammals (Kram and Taylor, 1990; Pontzer, 2005, 2007; Pontzer, 2012). Since 

human evolution is marked by a major shift towards longer limbs (Richmond et al., 2002; 

Pontzer et al., 2009), possibly in the earliest bipeds, understanding the mechanisms responsible 

for altering limb length in mammals can provide important insight into mammalian 

diversification and adaptation, and possibly into the origins of the human lineage (Pontzer, 

2012). This study explores the hypothesis that developmental mechanisms can play a role in 

generating limb length diversity in mammals, including humans.  

Experimental research suggests that differences in limb length are often attributed to 

processes at the level of the growth plate relating to both the timing of cellular events and the 

rate of chondrocyte proliferation (Rolian, 2008). One significant factor that can influence growth 

plate behavior and growth rate is mechanical loading (Stokes et al., 2006; Stokes et al., 2007; 

Zhang and Yokota, 2008; Villemure and Stokes, 2009; Hammond et al., 2010; Zhang et al., 

2010; Zhang and Yokota, 2012). Experimental work on animal models shows that increases in 

load can lead to changes in the rate of growth of the growth plate which can in turn lead to 

significant increases in the length of the bones through lengthening of the proliferative and 

hypertrophic zones (Stokes et al., 2006; Stokes et al., 2007; Zhang and Yokota, 2008; Villemure 

and Stokes, 2009; Hammond et al., 2010; Zhang et al., 2010; Zhang and Yokota, 2012). These 

effects can be significant. For example, reduced limb loading patterns during human 

development due to paralysis of the lower body leads to limb lengths approximately two standard 

deviations shorter compared to children with full use of their lower limbs (Duval-Beaupere et al., 

1983). These data suggest that habitual loading is an important component of longitudinal 

growth in human lower limb long bones (Duval-Beaupere et al., 1983), and perhaps variation in 

loading patterns may explain variation in limb growth across taxa. However, experimental 

procedures used in animal models (static loads, mainly in compression) (Stokes et al., 2005; 

Stokes et al., 2006; Stokes et al., 2007; Zhang and Yokota, 2008; Zhang et al., 2010; Zhang and 

Yokota, 2012) do not replicate the range of forces typically experienced during postural and 

locomotor behaviors (i.e. dynamic loading), and it is unclear whether the amount of load and/or 

the type of load (i.e. static vs. dynamic) is responsible for generating changes in long bone 

length.  

Clarifying load-induced changes in limb length may have the potential to explain 

evolutionary changes in skeletal morphology across mammals. Traditionally, the primary 

mechanism for producing phenotypic variation is associated with mutation events. However, an 

environmentally directed change in developmental trajectory, referred to as developmental 

plasticity, is a demonstrably powerful mechanism for generating selectable variation during the 

lifetime of an organism (Pigliucci, 2001; West-Eberhard, 2003; Pfennig et al., 2010; Moczek et 

al., 2011). In fact, the relationship between musculoskeletal morphology and mechanical load is 

well established, and has been linked to producing differences in long bone geometry (Lanyon 

and Rubin, 1985; Lanyon, 1992; van Der Meulen and Carter, 1995; Turner, 1998; Pearson and 

Lieberman, 2004; Ruff et al., 2006; Tanck et al., 2006). This relationship is particularly 

pronounced if loading occurs during ontogeny (Pearson and Lieberman, 2004; Ruff et al., 2006). 

This novel variation can then become genetically fixed (i.e., the range of variation produced by 

mechanical stimuli is narrowed so that it no longer requires environmental stimuli to produce the 
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trait) within a population in a process called ‘genetic accommodation (West-Eberhard, 2003; 

Dworkin, 2005; Grether, 2005; Ghalambor et al., 2007; Lande, 2009; Moczek et al., 2011).  

Genetic accommodation is expected when the variation is strongly associated with a 

performance characteristic that affects survival or reproduction. In the case of limb length, 

energy costs of locomotion are often considered an important target of selection and therefore 

developmental plasticity may provide a plausible mechanism for adaptation, and later, genetic 

accommodation (Robinson, 1972; West-Eberhard, 2003; Pontzer, 2005, 2007; Sockol et al., 

2007; Pontzer et al., 2009). Increased limb length is linked to reduced energy costs of walking 

across mammals by increasing foot-ground contact time, which reduces the magnitude of the 

ground reaction force which allows extensor muscles to generate force over a longer period of 

time (Kram and Taylor, 1990; Pontzer, 2005, 2007). Therefore, the inherent plasticity of 

musculoskeletal tissue in response to mechanical load may represent a mechanism responsible 

for altering developmental processes to generate selectable changes in limb length. If true, an 

exploration of ontogenetic loading patterns in extant and exctint species may help explain the 

evolution of limb length variation across mammals, including humans. 

Here, we use a rat model to explore the role of developmental plasticity in generating 

changes in limb length when organisms shift from quadrupedal to bipedal locomotor postures.. 

For a more realistic change in loading patterns, we employed an experimental design that altered 

posture in exercisingq rats, more naturally increasing forces on the hindlimbs using body weight 

as the load. After a week of acclimation, four-week-old Sprague-Dawley (Harlan) rats 

(n=14/group; see Methods) were placed in a custom harness system mounted on a treadmill (see 

Figure 1) which allowed for bipedal locomotion or upright postural support over 60-minute 

periods, 5 days a week, for twelve weeks. The harness imparts an adjustable upward force on the 

torso which alters the load experienced by the hindlimbs. Rats were randomly assigned to one of 

five groups: fully loaded bipedal walking (hindlimbs experience ~90% body weight; change in 

amount and direction of load), partially loaded bipedal walking (hindlimbs experience ~45% 

body weight; change in direction but not amount of load), bipedal standing without locomotion 

(hindlimbs experience ~90% body weight; only static load), quadrupedal, and no activity 

controls.  

We measured maximum hindlimb long bone lengths (femur length + tibia length) from 

µCT scans in all experimental groups prior to the start of daily exercise and at the end of the 

experiment at Week 12. A one-way ANOVA demonstrated a significant difference in relative 

limb length (percent change in limb length at Week 12 from Week 0) among experimental 

groups (F[4,65] = 6.14, p = 0.0003). Using a Fisher’s LSD post-hoc test to account for multiple 

comparisons, we found that relative hindlimb length in all bipedal groups was significantly 

longer than in the quadrupedal control group. Relative hindlimb lengths in the fully loaded and 

standing groups were significantly longer than in the no activity control group. However, the 

largest differences (largest effect sizes [Cohen’s d]) with the control groups are seen in 

comparison with the experimental groups that experience a change in the amount of load (Table 

1; Figure 2). These results suggest that mechanically induced changes in long bone length are 

generated as a result of a change in the direction of load, with the largest differences coming 

from increasing the load. Moreover, changes in limb length can be generated by forces from 

standing or dynamic forces from walking. 

 At Week 12, we measured net cost of locomotion in fully loaded bipedal and quadrupedal 

groups walking both bipedally and quadrupedally (both groups walked using both locomotor 

modes) at four velocities (which correspond to the same Froude numbers [velocity
2
/limb 
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length*gravity] in bipedal and quadrupedal locomotion) (see Figures 3,4). The bipeds walking 

bipedally had significantly lower costs compared to quadrupeds walking bipedally (Repeated 

Measures ANOVA: F[1,72] = 6.20, p = 0.015). When comparing the fully loaded bipedal group 

and the quadrupedal group walking quadrupedally, a repeated measures ANOVA showed no 

significant differences (F[1,72] = 0.08, p = 0.784). 

 The results of this study show that experimentally inducing bipedal locomotor behavior 

during ontogeny in a quadrupedal animal model can generate changes in hindlimb length. This 

finding demonstrates the power of developmental plasticity as a means of adapting to a new 

behavior and in particular, for shedding light on a possible mechanism for producing changes in 

limb length. Therefore, developmental plasticity is a plausible mechanism for generating 

variation in limb length in mammals. 

The results of this study demonstrate a particular pattern of behaviors that can generate 

changes in limb length. The experimental groups that are associated with significantly longer 

limbs compared to control groups are those that experienced both a change in the amount and 

direction of load, with the largest effect occurring from a change in the amount. However, there 

were no distinctions between the types of load (static vs. dynamic). Thus, changes in limb length 

can be generated through a shift in the direction and the amount of load during ontogeny. 

The lower cost of locomotion (COL) in the fully loaded bipedal group walking bipedally 

relative to quadrupeds links morphological change with reduction in metabolic cost. Our results 

are consistent with previous work showing a relationship between limb length and locomotor 

costs, both inra-specifically and inter-specifically, regardless of the number of limbs used (Kram 

and Taylor, 1990; Pontzer, 2005, 2007). This result underscores the power of developmental 

plasticity to generate adaptive changes in response to a novel behavior that has direct impacts on 

performance. Mammals may be able to rapidly adapt to changing conditions where selection is 

acting on limb length without altering their genetic makeup. 

 Evidence of load-induced changes in limb length have wide ranging implications for 

understanding mammalian skeletal development and evolution. Comparative data show that 

mammalian long bone length scales isometrically with body mass (Alexander et al., 1979). 

However, despite general isometric scaling, there is variation around average values and the 

results here may help us understand that variation. That is, loading conditions may help explain 

residually higher limb lengths for body mass. In interspecific comparisons, this loading signal 

may be more acutely seen in animals that begin walking unassisted at an earlier age or that walk 

for longer daily durations relative to other animals of similar body mass. Similarly, this loading 

relationship may impact hindlimb growth in organisms that carry relatively larger loads on their 

hindlimbs during development, like primates (Demes et al., 1994). In fact, recent work has 

shown that juvenile primates shift peak loads from forelimbs to their hindlimbs during 

development (Young, 2012). These data suggest that differences in the timing of peak load shifts 

may explain interspecific differences in hindlimb length. However, these data may not speak to 

limb length proportions in primates like chimpanzees and orangutans who have relatively short 

hindlimbs that are adapted to provide powerful muscle forces for vertical climbing (Isler, 2005; 

Payne et al., 2006). 

 These results also provide an important perspective for understanding variation in 

hindlimb length during ages surrounding the acquisition of bipedalism in children. For example, 

we know that limb length is correlated with age during growth and development (Kelly and 

Diméglio, 2008), but the predictive power of this relationship is low at very young ages (Kelly 

and Diméglio, 2008). Variation in limb length at young ages may be related to variable loading 
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patterns, and the acquisition of bipedal walking may canalize growth and accelerate the growth 

velocity for limb length. Future work should explore this relationship. 

Finally, the results of this study have clear implications for the evolution of human 

bipedalism. Human evolution is marked by an increase in hindlimb length that begins in early 

bipeds (Steudel-Numbers and Tilkens, 2004; Pontzer, 2012). Moreover, this increase in limb 

length is hypothesized to be the result of selection for reduced energy costs of locomotion 

(Robinson, 1972; Sockol et al., 2007; Pontzer et al., 2009). However, the mechanisms underlying 

the evolution of bipedalism and the origins of these traits are unresolved (Rodman and McHenry, 

1980; Hunt, 1994, 1996; Sockol et al., 2007; Thorpe et al., 2007; Crompton et al., 2008). The 

results of this study provide experimental evidence that a locomotor shift from quadrupedalism 

to bipedalism can generate adaptations consistent with the evolution of human bipedalism which 

also reduce COL. Even without invoking genetic accommodation, the act of transitioning from 

crawling to walking likely alters the loading environment in a way that increases long bone 

length in humans and our bipedal ancestors (Duval-Beaupere et al., 1983). In fact, previous work 

has correlated long bone cross sectional geometry with length, demonstrating a relationship 

between loading and long bone development (Sumner and Andriacchi, 1996). The results of this 

study show that simply a change in the direction of load can generate changes in limb length, at 

least when compared to a quadrupedal control. This has implications for understanding the 

evolutionary processes that underpin the transition to bipedalism in the earliest hominins. Our 

results suggest that developmental plasticity may be a plausible mechanism for generating 

adaptations for bipedalism in the initial transition to upright walking and lends support for 

considering locomotor and loading behaviors as life history traits (Zihlman, 1992). 

  

Methods Summary 
 

Four-week-old Sprague-Dawley (Harlan) rats (n=14/group) were placed in a custom harness 

system mounted on a treadmill (see Figure 1) which allowed for bipedal locomotion or upright 

postural support. The harness imparts an adjustable upward force on the torso which alters the 

load experienced by the hindlimbs. The load was monitored throughout each experimental period 

(see Supplementary Materials). Bipedal walking, standing, and quadrupedal rats were trained 

over a two week period using increasing time intervals to acclimate to their randomly assigned 

experimental condition, which consisted of 60 minute periods, five days a week, for twelve 

weeks. The quadrupedal control group was exercised using a normal gait in the harness for the 

same period as other experimental groups but did not experience any upward force on the torso. 

µCT scans were taken before exercise and at the end of the twelve week experiment track 

changes in limb length (measured as the sum of femoral and tibial length) (see Supplementary 

Materials). Skeletal element lengths were measured from the most superior to most inferior 

points using Amira (FEI Visualization Sciences Group). 

 

Measures of O2 and CO2 for calculating VO2 were collected at the end of the twelve week 

experiment using an open flow system. Air was collected using a mass flow unit (20 L/min; 

Sable Systems) and subsampled at a rate of 20 ml/min and dried by passing through a column of 

Drierite (CaSO4). Fractional concentrations of O2 and CO2 were measured from the subsample 

using a Foxbox analyzer (Sable Systems). Metabolic analyses were conducted using custom 

software in MATLAB (Mathworks) using published equations(Lighton, 2008). Each trial used 

an established baseline sample of room air and the average levels of O2 and CO2 during the last 
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two minutes of exercise after reaching steady state equilibrium. All methods and procedures 

were approved by the University of Arizona IACUC. 
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Tables 

 

Table 1. Fisher’s LSD post-hoc p-values for difference (in parentheses) and Cohen’s D effect 

size in percent change in limb length from week 0 to week 12 across experimental groups. 

Values are given as p-values for pair-wise comparisons. Bold values are significant at alpha = 

0.05. 

  Full Biped Partial Biped Standing Quad No Activity 

Full Biped x 0.443 (0.188) 0.093 (0.771) 1.528 (0.001) 1.368 (0.004) 

Partial Biped x x 0.490 (0.109) 0.883 (0.025) 0.686 (0.099) 

Standing x x x 1.442 (<0.001) 1.267 (0.002) 

Quad x x x x 0.391 (0.535) 

No Activity x x x x x 
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Figure legends 

 

Figure 1. Treadmill mounted harness system for bipedal locomotion and postural support 

Figure 2. Percentage change in limb length ((Week 12 – Week 0)/Week 0) by experimental 

group 

Figure 3. Net cost of locomotion (COL) for fully loaded bipeds and quadrupeds walking 

bipedally at four velocities. Error bars are the SEM. 

Figure 4. Net cost of locomotion (COL) for fully loaded bipeds and quadrupeds walking 

quadrupedally at four velocities. Error bars are the SEM. 
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Supplementary materials 

 
Methods 

Rats were randomly assigned to one of five groups. Each of the exercise and standing 

groups were placed in a custom-built harness system mounted on a treadmill which allows for 

comfortable and effective bipedal locomotion or upright posture. Each rat wore a rat jacket (SAI 

Infusion) which connected to a hanging scale to monitor load during the experiment. The scale 

was connected to a data logger to monitor subjects during the experiment to ensure that each rat 

was experiencing the proper amount of hindlimb loading and to store logs of each exercise bout. 

The hanging scale could also be moved supero-inferiorally in order to reduce the amount of load 

by increasing upward force on the torso.  

 The rats were acquired from Harlan at three weeks of age and were allowed one week of 

acclimation. Beginning at four weeks of age, rats were acclimated to their experimental 

condition using increasing time intervals to acclimate to their randomly assigned experimental 

condition, which consisted of 60-minute exercise periods, 5 days a week, for twelve weeks. The 

rats walked at a speed determined to be a visually comfortable pace for the bipedal walking 

group (~0.13 m/s) which was then converted to a Froude number [velocity2/(gravitational 

acceleration x limb length)] to ensure dynamic similarity across all locomotor groups and 

throughout development (Alexander and Jayes, 1983).   

To track skeletal adaptation and growth, each rat underwent in vivo µCT scans prior to 

exercise and at the end of the twelve week experiment using a small animal scanner (Inveon; 

Siemens Medical Solutions).  Rats were anesthetized using isoflurane (1.5%; 1.5L of O2 per 

min).  Images were acquired at 80 kV and 500 µA with 440 exposures at 475ms per projection, 

using a binning factor of 4. Total rotation of the gantry was 220º. Low magnification was used to 

accommodate whole body scans at a pixel size of 105 µm. CT scans were reconstructed using 

Cobra software (Exxim). Images were standardized using Hounsfield units (Schneider et al., 

1996).  Prior to each scanning period, a distilled water phantom was scanned using the protocol 

described above and reconstructed using Inveon Research Workplace (Siemens Medical 

Solutions). After reconstruction, a measurement of the voxel intensity was taken every 20 slices 

to determine an average voxel intensity for water, which was applied to a scale factor of 

(1000/(mean voxel value)). This value was used to reconstruct each animal scan. Voxel density 

values for segmenting reconstructed scans were determined using an iterative threshold 
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algorithm in Fiji to provide an objective value (Schindelin et al., 2012). Amira (FEI 

Visualization Sciences Group) was used to generate isosurfaces and to take linear joint 

dimensions (see Table 1). 

 
Supplementary figures 
 
S. Fig 1. Example of scan 
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SUMMARY (250 words) 

 
The size and shape of hindlimb joints strike a balance between mobility and load resistance. 

Trade-offs between these demands are often used to explain the relationship between joint size 

and body mass and to explain the large joint surfaces of humans relative to other anthropoid 

primates and mammals. However, to date there is no experimental evidence linking weight 

support and joint dimensions. In this study, we induce an ontogenetic shift to bipedalism in rats 

using a treadmill mounted custom harness system under three experimental conditions: fully 

loaded bipedal walking, partially loaded bipedal walking, and upright standing. Quadrupedal and 

no activity groups are used as controls. These conditions allow us to explore how load 

orientation and load magnitude separately impact joint dimensions during ontogeny. We find that 

a shift to bipedalism can generate changes in joint dimensions in both the femur and the tibia, but 

that there are differential effects from the amount of load and the direction of load at each joint. 

We found that the proximal femur is responsive to alterations in the direction of load, but that the 

distal femur and tibia are only responsive to changes in the amount of load. This suggests that 

there is a link between joint dimensions and weight support, but loading has variable effects on 

distal and proximal joints. Implications for early hominins such as Orrorin tugenensis and 

Ardipithecus are discussed. 
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INTRODUCTION 

The size and shape of limb joints strikes a balance between range of motion, stability, and 

weight support. Although these competing demands invariably lead to trade-offs, joint design 

must be able to support body weight and limit undue strain and damage to underlying skeletal 

structures from peak loads (Currey, 1980; Currey, 1984; Hodge et al., 1986). Some have argued 

that since joint surface area functions primarily to support body weight, particularly within 

organisms engaging in similar locomotor behaviors, surface areas should scale isometrically with 

body mass (Alexander, 1977; Alexander et al., 1979; Alexander, 1980; Alexander, 1981; 

Biewener, 1982; Biewener, 1983; Rubin and Lanyon, 1984; Biewener and Taylor, 1986; Jungers, 

1988). This relationship has been shown to be broadly true across a range of mammals (Godfrey 

et al., 1991), and may be related to the maximum forces placed upon them, which also scale with 

isometry (Alexander, 1980). However, this relationship hasn’t been fully tested. 

There is also variation in scaling patterns in narrower phylogenetic analyses that may 

help us better understand what drives species-specific joint dimensions. For example humans 

have larger joint surfaces than expected for their body size (Jungers, 1988; Ruff, 1988; Jungers, 

1991). When compared with other primates, humans exhibit positively allometric hindlimb 

articular joint sizes, which is attributed to an increase in load on these hindlimb joints from a 

shift to upright bipedal gait (i.e., body weight is carried solely by the hindlimbs) (Jungers, 1988; 

Ruff, 1988; Jungers, 1991; Ruff and Runestad, 1992). This pattern of large joint sizes is 

consistent within hominins and extends back to Orrorin tugenensis approximately 7 million 

years ago, with human-like dimensions occurring in H. erectus (e.g., McHenry, 1974; Pickford et 

al., 2002; Lovejoy, 2005; Green et al., 2007; Lovejoy, 2007; Gordon, 2013). In fact, femoral 

head size is often used as a predictive variable for detecting signals of bipedalism in the fossil 

record (e.g., Richmond and Jungers, 2008). Joint dimensions relative to body mass became even 

larger in members of the genus Homo, and some have used this increase as a morphological 

marker of higher forces due to endurance running and increased ranging behavior beginning with 

Homo erectus (Bramble and Lieberman, 2004).  

However, despite the correlations between joint dimension and an increase in load from a 

shift to upright walking in hominins, the causal mechanism underlying this relationship in 

humans is unclear. An experimental analysis is needed to clarify this relationship, and determine 

whether the increase in load associated with bipedalism leads to relatively larger joint 
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dimensions. In this study, we directly test the relationship between increased mechanical load 

and joint dimensions by inducing a locomotor shift to bipedalism in a quadrupedal animal model. 

Using this experimentally generated increase in weight support in rats, we can directly test the 

hypothesis that increased joint dimensions are caused by increased loading during locomotion. 

  

Developmental plasticity and skeletal morphology 

Despite the association between human bipedalism and large joint dimensions (Jungers, 

1988; Ruff, 1988), there is no direct experimental evidence to support the hypothesis that human 

bipedalism is responsible for increased lower limb joint surface size. However, there is indirect 

evidence from the demonstrated relationship between mechanical load during ontogeny and 

larger proliferative zones in the articular cartilage, which suggests that load can influence 

skeletal growth in articular surfaces (Stokes et al., 2006; Tanck et al., 2006; Stokes et al., 2007; 

Villemure and Stokes, 2009; Hammond et al., 2010). This relationship, called chondral modeling 

theory, specifically predicts that mechanical loading regulates cartilage growth in articular 

regions (Frost, 1979; Frost, 1999; Hamrick, 1999; Murray et al., 2001; Carter and Wong, 2003; 

Plochocki et al., 2009), and therefore any changes in load could presumably impact joint size.  

Previous work has tested this hypothesis in the postcranium by increasing loads through 

exercise. For example, researchers have experimentally tested how loading from exercise 

impacts joint surface area in sheep, but found no statistical difference between exercised and 

non-exercised animals (Lieberman et al., 2001). However, experimental research comparing 

exercised and non-exercised mice found that in histological comparisons of the femoral head, 

exercised groups had larger chondral tissue area, greater chondral cell proliferation and larger 

bone tissue area (Plochocki et al., 2006). It is possible that the conflicting results arise from 

differences in loading amounts, since loading patterns in this design cannot be tightly controlled 

in either experimental or control groups. 

The experimental design we use in this study to test the relationship between mechanical 

load and joint morphology relies on chondral modeling theory specifically, but more generally 

takes advantage of the inherent developmental plasticity of musculoskeletal tissue in response to 

mechanical loads (e.g., Frost, 1987; Currey, 2002; Pearson and Lieberman, 2004; Ruff et al., 

2006). Developmental plasticity is defined as an adaptive mechanism that relies on 

environmental stimuli to direct developmental rates and trajectories, leading to alternative 
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phenotypes without altering the underlying genotype (e.g., West-Eberhard, 2003; Fusco and 

Minelli, 2010; Moczek et al., 2011). Morphology can be flexible because there is a range of 

phenotypic variation, called the norm of reaction, that is possible from any given genotype, but 

may not be expressed under stable environmental conditions (Pigliucci, 2001; Pigliucci and 

Murren, 2003; West-Eberhard, 2003; Moczek et al., 2011).  In the case of musculoskeletal tissue, 

mechanical loads serve as the environmental stimuli, which produce an adaptive phenotype that 

most effectively resists a given force. Often referred to as Wolff's Law (Pearson and Lieberman, 

2004; Ruff et al., 2006), both theoretical and experimental evidence demonstrate that alterations 

in load can result in significant changes in bone shape and size, particularly during development 

(e.g., Goodship et al., 1979; Lanyon et al., 1982; Lanyon and Rubin, 1985; Rubin and Lanyon, 

1985; Pearson and Lieberman, 2004). Therefore, traits that are generated through plasticity are 

an indicator of the genetically coded norm of reaction and have a potential for adaptive value 

and, in this case, understanding the relationship between mechanical load and morphology. 

This study will use well established relationships between load and skeletal adaptation to 

directly test for the roles that mechanical load (a shift from quadrupedal to bipedal standing and 

locomotion) has in generating adaptive morphology in the postcranial skeleton during ontogeny 

and adulthood using a rat model. This model will also allow us to examine a variety of 

behavioral changes (e.g., static posture vs. locomotion) to determine how different loading 

regimes have an impact on changes in joint dimension. This will provide a novel means to test 

whether mechanical load can impact joint size, and the loading regimes that can produce these 

changes. 

Previous work with inducing locomotor shifts in animal models 

While this is not the first study to employ a shift from quadrupedal to bipedal walking in its 

experimental design, this study will provide greater control over the amount and type of loads 

experienced and the time over which those loads are experienced. Previous studies that have 

experimentally altered locomotion in animal models to study the relationship between 

musculoskeletal morphology and load have used primates, mice, rats, and a goat (see Wada et 

al., 2008 for review). Early work with bipedal rats involved amputating the forelimbs and tail to 

induce bipedal postures for clinical research investigating scoliosis (Colton, 1929; Pratt, 1943; 

Goff and Landmesser, 1957; Sakamoto, 1959; Simon and Papierski, 1982; Simon, 1983; Smit-

Vis, 1983). There is also published data on Japanese macaques trained to walk bipedally as well 
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as a goat born without forelimbs. Many of these studies identified changes in joint dimensions 

associated with animals forced to walk bipedally, although results were often in conflict and 

were not consistent across studies (Colton, 1929; Slipjer, 1942a, b; Goff and Landmesser, 1957; 

Saville and Smith, 1966; Preuschoft et al., 1988; Nakatsukasa et al., 1995).  

While informative and important, these experiments lack strict control of kinematics, the 

duration of the locomotor shift, and the amount of mechanical load experienced by the 

hindlimbs, which may have led to the conflicting results. Because previous rodent studies did not 

include an exercise regime but rather relied on animals to walk bipedally on their own in a cage, 

it is not clear whether morphological changes in these models are the result of supporting the 

body in an erect posture (i.e., bipedal standing but not walking), how much support was offset by 

leaning against cage walls for the rats, or if experimental rats utilize an upright posture or walk 

bipedally more than control rats (Bailey et al., 2001). In addition, small sample sizes in some 

studies limit their generalizability. In the macaque study (n=2; Nakatsukasa et al., 1995) and the 

goat study (n=1; Slipjer, 1942b, a), the sample sizes used to test morphological data do not allow 

us to use statistical techniques to determine the norms of reaction for different skeletal elements 

and therefore limit our ability to explore these relationships. 

 

Experimental design  

In this study, we use a range of experimentally controlled conditions with larger sample 

sizes to clarify the influence of different types of mechanical load on joint dimensions. Each 

experimental group was designed to test a specific hypothesis about the effect that the amount of 

load, direction of load, and the role that static vs. dynamic forces play in skeletal adaptation to 

mechanical forces. In the fully loaded bipedal group, rats exercised on a treadmill while wearing 

a harness (see Fig 1) that held them upright and supported 10% of their body weight. Loading the 

hindlimbs with ~90% of body weight amounts to doubling the normal load experienced by the 

hindlimbs (see below) and was used to determine how dynamic forces (locomotion) drive 

morphological adaptation.  The partially loaded bipedal walking group walked bipedally while 

wearing the harness and supported 45% of their body weight on their hindlimbs (the average 

amount supported by rat hindlimbs while quadrupedal; Giszter et al., 2008).  The standing group 

stood bipedally in the harness with no exercise (on a static treadmill belt) while supporting 90% 

of their body weight on their hindlimbs.  This group was used to determine how static forces 
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drive morphological adaptation and how they compare to locomotor adaptations.  The 

quadrupedal group walked normally on the treadmill wearing the harness, but with no upward 

force on the torso. Finally, the control group remained in their cages and did not participate in 

treadmill exercise. This design allowed us to explore the separate effects of load direction and 

magnitude by comparing bipeds and quadrupeds who support the same amount of weight on 

their hindlimbs with bipeds that support almost all of their body weight on their hindlimbs.  

 

MATERIALS AND METHODS 

Rats were randomly assigned to one of five groups. Each of the exercise and standing 

groups were placed in a custom-built harness system (Figures 1 and 2) mounted on a treadmill 

which allows for effective bipedal locomotion or upright posture. Each rat wore a rat jacket (SAI 

Infusion) which connected to a hanging scale to monitor load during the experiment. The scale 

was connected to a data logger to ensure that each rat was experiencing the proper amount of 

hindlimb loading and to store logs of each exercise bout (see Supplementary Materials). The 

hanging scale could also be moved supero-inferiorally in order to reduce the amount of load by 

increasing upward force on the torso.  

 The rats were acquired from Harlan at three weeks of age and were allowed one week of 

acclimation. Beginning at four weeks of age, rats were acclimated to their randomly assigned 

experimental condition using increasing time intervals until they reached the maximum exercise 

session, which consisted of 60 minute periods, 5 days a week, for twelve weeks. The rats walked 

at a speed determined to be a visually comfortable pace for the bipedal walking group (~0.13 

m/s) which was then converted to a Froude number [velocity
2
/(gravitational acceleration x limb 

length)] to ensure dynamic similarity across all locomotor groups and throughout development 

(Alexander and Jayes, 1983).   

To track skeletal adaptation and growth, each rat underwent in vivo µCT scans prior to 

exercise and at the end of the twelve week experiment using a small animal scanner (Inveon; 

Siemens Medical Solutions) (see Supplementary Materials).  Rats were anesthetized using 

isoflurane (induction: 3.0% isoflurane, 2.0% O2 per min; maintenance: 1.5% isoflurane, 1.5L of 

O2 per min).  Images were acquired at 80 kV and 500 µA with 440 exposures at 475ms per 

projection, using a binning factor of 4. Total rotation of the gantry was 220º. Low magnification 

was used to accommodate whole body scans at a pixel size of 105 µm. Although this pixel size is 
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larger than in higher magnification scans, it accommodated full body scans with a short enough 

scan duration to allow for in vivo scans. CT scans were reconstructed using Cobra software 

(Exxim). Images were standardized using Hounsfield units (Schneider et al., 1996).  Prior to each 

scanning period, a distilled water phantom was scanned using the protocol described above and 

reconstructed using Inveon Research Workplace (Siemens Medical Solutions). After 

reconstruction, a measurement of the voxel intensity was taken every 20 slices to determine an 

average voxel intensity for water, which was applied to a scale factor of (1000/(mean voxel 

value)). This value was used to reconstruct each animal scan. 

Voxel density values for segmenting reconstructed scans were determined using an 

iterative threshold algorithm in Fiji to provide an objective value (Schindelin et al., 2012). Amira 

(FEI Visualization Sciences Group) was used to generate isosurfaces and to take linear joint 

dimensions (see Table 1). We measured the maximum dimension of the proximal femur in the 

supero-inferior (SI) and antero-posterior (AP) planes. For the distal femur and the proximal tibia, 

we measured the maximum dimension in the AP and medio-lateral (ML) measurement. 

However, the AP dimension of the distal tibia is not included in this study because it could not 

be reliably measured. Joint dimensions in this study were compared during growth and 

development using is a size corrected method that uses a percentage difference between 

measurements taken at the first scan (prior to the initiation of the experiment) and the final scan 

[i.e, ((Week 12 – Week 0)/Week 0)]. Percentage differences in joint dimensions were compared 

across experimental groups using a repeated measures MANOVA to reduce type I error 

associated with large numbers of pair-wise comparisons. If a MANOVA test determines 

significant differences in multivariate mean differences, then pair-wise Fisher’s LSD 

comparisons were performed to determine which of these variables were driving the significant 

differences. Effect sizes were calculated used Cohen’s D. 

 

RESULTS 

The MANOVA results indicated that group multivariate means were significantly 

different and thus warranted individual pair-wise comparisons to determine which variables 

differed between groups (Table 2). A follow up Fisher’s LSD post-hoc test found two distinct 

patterns. First, bipedal posture seems to have an effect on the SI dimension of the proximal 

femur (see Table 3, Fig. 3). There were no significant differences in the proximal femur SI 
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dimension among the three bipedal groups (fully loaded, partially loaded, and standing). The 

fully loaded bipedal group had significantly larger proximal femur SI dimensions compared to 

the quadrupedal and no activity groups. The partially loaded and standing groups had 

significantly larger proximal femur SI dimensions compared to the quadrupeds, but there were 

no significant differences between these two bipedal groups and the no activity group. This result 

suggests that the proximal femur may respond more readily to a change in the direction of load, 

and does not necessarily require a change in the amount of load. In the AP dimension of the 

proximal femur, there were significant differences between all bipedal groups and the 

quadrupedal group, and the quadrupedal group and the no activity controls (Table 4; Figure 3). 

All significant differences in the proximal femur have a large effect size (Cohen’s d >0.8). 

The second set of significant differences is found in the AP dimension of the distal femur. 

Here, the fully loaded bipeds had significant differences in percentage change of this joint 

dimension relative to all other groups, with effect sizes that were moderate to large (Table 5; 

Figure 3). All other group comparisons were non-significant. This pattern differs from the SI 

dimension of the femoral head because these results suggest that the distal femur responds only 

to a large increase in load (i.e. only in the context of forces from upright walking).  

While some significant differences in other joint dimensions (distal femur ML and tibia 

joint dimensions) were found (Fig. 3; Tables 6-9), the results are less consistent. In the ML 

dimension of the distal femur, there were significant differences between the standing group and 

the fully loaded, partially loaded bipeds, quadrupeds, and no activity controls (Table 6; Figure 3). 

While this dimension may respond to an increase in load, this difference is driven by two 

outliers. When these two data points are removed, the standing group differences lose 

significance. Accordingly, most differences between groups show only moderate effect sizes 

(Table 6). 

For the AP dimension of the proximal tibia, there were significant differences between 

the standing, fully loaded bipeds, and no activity group and the quadrupedal group, but all other 

comparisons were not significant (Table 7; Figure 3). Cohen’s D values for these comparisons 

reflect the same trend of small to moderate effect in nearly all comparisons, aside from the 

standing group compared to the quadrupedal group (Table 7). For the ML dimension of the 

proximal tibia, significant differences were found between the quadrupedal groups and all other 

groups. There were also significant differences between fully loaded bipeds and quadrupeds, and 
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the quadrupeds and no activity controls (Table 8; Figure 3). Effects sizes for these comparisons 

are all large and reflect the reduced joint size in the proximal tibia of the quadrupedal group 

(Table 8). 

In the ML dimension of the distal tibia/fibula joint, there were significant differences that 

showed that fully loaded and standing bipeds had larger joint dimensions than the partially 

loaded and quadrupedal controls (Table 9; Figure 3). While effect sizes are large for these 

comparisons, the overall growth in distal tibia/fibula joint dimension was very small across all 

groups (mean changes during ontogeny were generally less than 10%). Overall, dimensions in 

the ML dimension of the distal femur and the proximal tibia showed no consistent pattern and 

may represent an inability for these metrics to pick up a strong signal from mechanical load.  

 

DISCUSSION 

 This is the first study to experimentally demonstrate the relationship between joint 

dimensions and mechanical load as the result of a locomotor shift. By using experimental groups 

that parse the role of the amount of load and direction of load in generating morphological 

changes in joint dimension, we were able to demonstrate that the proximal femur is responsive to 

a change in the direction of load, but in the distal femur, and possibly the distal tibia, joint 

dimensions are only responsive to the largest changes in the amount of load. These results are 

consistent with comparative studies that suggest that increased joint sizes respond to a shift in 

human weight support (Jungers, 1988; Ruff, 1988; Swartz, 1989; Jungers, 1991; Ruff and 

Runestad, 1992), but also provide some nuance to these loading relationships that will be 

discussed below. 

The results for distal joints are not quite as clear as those in the proximal and distal 

femur. However, in many cases, more variation in results is driven by a reduced change in joint 

size in quadrupedal groups relative to other groups over ontogeny. When multiple comparisons 

are made without the quadrupedal group, the results become clearer and show a similar pattern 

where the only significant differences are found between the bipedal groups in the proximal 

femur and only the fully loaded bipedal group compared to all other groups in the AP dimension 

of the distal femur. Overall, the results including the quadrupeds are somewhat surprising given 

the expectation that quadrupedal treadmill exercise should lead to higher loads than in the no 

activity group. However, a recent study examining the role of exercise on joint dimensions found 
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no difference in all the measurements used in this study when comparing sedentary mice vs mice 

with access to wheel exercise (Kelly et al., 2006). While other studies examining skeletal 

adaptation have shown significant differences between sedentary and exercise groups in 

variables such as bone mineral density and cross sectional areas (e.g., Newhall et al., 1991; 

Notomi et al., 2000; Mori et al., 2003), the results of Kelly et al. (2006) may suggest that A-P 

and M-L dimensions in the epiphyses of the femur and tibia may not be responsive to loads 

experienced during stereotypical quadrupedal gaits. That said, the pattern of joint dimensions of 

no activity controls exhibiting larger joint dimensions than quadrupedal exercise groups in this 

study does require an explanation. It is possible that the no activity group engaged in a wide 

range of behaviors in the cage, reflected by the higher range of variation in joint dimensions (see 

Fig. 3), and that some of these rats experienced higher loading patterns than the quadrupedal 

group. It is also possible that the forces generated during exercise in the quadrupedal group were 

increased on the forelimbs more than the hindlimbs. In any case, future work should examine the 

relevance of no activity control groups by measuring cage behavior in these groups compared to 

exercise groups. In addition, measurements of ground reaction forces during experimental 

exercise conditions will help us better understand why quadrupedal exercise may produce results 

that are not fully consistent with expectations. Despite the more variable results at distal joints, 

the overall patterns of increased growth and larger effect sizes in bipedal groups, especially in 

the proximal femur, suggest that a change in loading associated with bipedal walking can lead to 

important changes in joint dimensions during ontogeny. 

The results are generally consistent with comparative studies showing that articular 

surface area is highly constrained, in that differences in joint dimensions were not large and did 

not exhibit a relationship with load at all joints and in all dimensions (i.e., the proximal tibia), but 

there were some clear significant differences that reveal a relationship with particular kinds of 

load (Ruff, 1988; Ruff et al., 1991). The SI dimension of the proximal femur exhibited a clear 

pattern of alterations with joint size associated with a change in the direction of mechanical load. 

In the distal femur, there was a clear relationship between the amount of load as a result of fully 

loaded upright walking in the AP dimension of the joint surface.  

This pattern of adaptation fits within previous experimental data examining differences in 

the response to load between proximal and distal skeletal elements as a result of distal tapering. 

Distal tapering, seen in both skeletal elements and muscle tissue, serves as a strategy to reduce 



103 

 

 

energy costs by decreasing a limb’s mass moment of inertia (Hildebrand, 1985; Raichlen, 2004; 

Raichlen, 2005, 2006). Thus, in our experimental design, one might expect to see proximal 

elements respond to more varied loading regimes, while more distal elements are constrained to 

limit bone mass and therefore only respond to the largest changes in load (Rubin and Lanyon, 

1984; Biewener et al., 1986; Carter and Beaupré, 2001; Lieberman et al., 2001). Further, our data 

are also supported by evidence that chondral modeling may have a different threshold of 

response at proximal and distal joints and between skeletal elements (e.g., Congdon et al., 2012).  

These location-dependent changes in joint dimensions in rats may help us understand the 

evolutionary pathway leading to adaptation to bipedalism in hominins. One of the earliest 

hominins, Ar. ramidus, lacks many morphological adaptations seen in other bipedal hominin 

groups, including the australopithecines, like a stable ankle, stiff foot, and a bowl shaped pelvis 

with a dorsally oriented ischial tuberosity (Lovejoy et al., 2009b; Lovejoy et al., 2009a). While 

some suggest Ar. ramidus was fully bipedal (Lovejoy et al., 2009b; Lovejoy et al., 2009a), our 

results may help us better understand whether this taxon was a committed biped, experiencing 

the associated higher hindlimb loads compared to quadrupedal apes. Lovejoy et al.(2009a) 

provide data for the SI dimension of the acetabulum, which is highly correlated with associated 

femoral head SI dimension (Ruff, 2010). While the size of the acetabulum in Ardipithecus is 

similar to that of other early hominins (Ar. ramidus = 36-42 mm; australopiths = 37-45 mm; 

Ruff, 2010), the reconstructed body mass of the Ardipithecus skeleton (51 kg; Lovejoy et al., 

2009b) is much higher than reconstructed body masses in these australopiths (24.1-30.6 kg; Ruff, 

2010). Thus, Ardipithecus may have had an acetabulum and femoral head that are small for its 

body size. Given our results suggesting that the femoral head SI dimension, and possibly the AP 

dimension, is highly responsive to changes in load direction associated with bipedalism, it is 

possible that the relatively small acetabulum implies lower levels of postural and locomotor 

bipedalism during ontogeny in this species. By contrast, the relatively large femoral head of 

Orrorin tugenensis (Pickford et al., 2002), suggests more time spent in bipedalism during growth 

and development.  

Combining analysis of both proximal and distal joints will further refine reconstructions 

of behavior in the earliest hominins. For example, changes in the AP dimension of the distal 

femur are only responsive to the highest increases in mechanical load imposed by our 

experimental conditions. In our study, this dimension was only responsive to increases in load 
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from bipedal locomotion and did not respond to changes in load from postural support (or from 

just a change in the direction of load). Thus, a relatively large distal femur in fossil hominins 

likely reflects regular unassisted bipedal locomotor behavior. Accordingly, an early hominin 

femur that exhibited only increases in the size of the femoral head but not the distal femur would 

suggest that it was engaging in postural or assisted bipedal behaviors and not engaging in regular 

fully loaded terrestrial bipedal locomotion. 

When generalized in this way, our experimental results allow us to develop predictions 

for which skeletal elements are expected to shift more readily from a change in either direction 

or amount of load during the transition to bipedalism in early hominins as well as whether 

postural or terrestrial bipedalism may have occurred first. Given the response of proximal 

hindlimb joints to changes in load during ontogeny, our results provide preliminary support for 

the hypothesis that the size of the femoral head during human evolution may reflect ontogenetic 

loads associated bipedalism. Future fossil discoveries with more complete femoral joint surfaces 

will help us more fully understand the frequency of bipedal loading patterns in our early 

ancestors. 

 

CONCLUSION 

 Experimentally inducing a shift to bipedal locomotion in an animal model to test the 

relationship between joint dimensions and weight support demonstrates that developmental 

plasticity can generate changes in both the tibia and femur. However, the proximal and distal 

joints responded differently to orientation and amount of mechanical load. The proximal femur 

changed in size in response to both a change in the amount and direction of load, which suggests 

that only a change in the direction of load is sufficient to induce a change in the size of the 

proximal femur. However, the distal femur only responded to a change in the amount of load as 

the result of fully loaded bipedal walking. The tibia shows a more complicated pattern that may 

ultimately reflect the inability for the skeletal measurements taken in this study to detect signals 

of adaptation to load. However, there was a pattern suggesting that only the distal tibia is 

responsive to changes in the amount of load. 

These data are supported by previous studies which demonstrate differential remodeling 

responses and growth plate size and proliferation at proximal and distal epiphyses and between 

skeletal elements (Lieberman et al., 2003; Congdon et al., 2012). These results suggest that there 
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is a link between weight support and joint dimensions, but that joints and skeletal elements vary 

in the pattern of response to different types of mechanical load. Because the evolution of 

bipedalism is associated with an increase in relative joint dimensions, the results of this study 

have implications for predicting which elements of the postcrania are most susceptible to 

morphological changes and suggest a model for predicting which morphological adaptations 

would appear in the earliest hominins.  

For example, the data suggest that if earlier hominin fossils exhibit larger femoral head 

size than expected, these hominins may have engaged in postural behaviors either from feeding 

or in above branch bipedal locomotor behaviors. If fossils exhibited larger distal femoral 

dimensions, particularly in the A-P dimension then this would be suggestive of fully committed 

terrestrial bipedalism. Considered together, these data suggest that the earliest hominins may not 

have necessarily engaged in fully committed terrestrial bipedalism, but rather utilized other 

behaviors that eventually led to a less energetically costly form of locomotion (Sockol et al. 

2007; Pontzer et al. 2009). 
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Tables 

 
Table 1. Measurement definitions 

 

Variable Measurement 
Femoral proximal width Greatest M-L length across femoral head 

Femoral proximal height 

Femoral distal width 

Greatest S-I length across femoral head (relative to sagittal plane) 

Greatest M-L length across condyles 

Femoral distal depth Greatest A-P length across medial and lateral condyles 

Tibial proximal width Greatest M-L length across tibial plane 

Tibial proximal depth Greatest A-P length across tibial plane 

Tibia/Fibula distal width Greatest M-L length across tibia/fibula joint (lateral and medial malleolus) 

  

 

Note: A-P is antero-posterior, S-I is supero-inferior (axis relative to the sagittal), M-L is medio-lateral.  Measurements following Kelly 

et al. (2006). 

 

Table 2. Repeated measures MANOVA test statistics for differences in joint dimensions ((Week 12 – Week 0)/Week 0) across 

experimental groups (fully loaded biped, partially loaded biped, standing, quadrupedal, no activity). All statistical tests for 

multivariate mean differences when comparing experimental groups are significant. DF1 is the numerator degrees of freedom for the 

F-ratio and DF2 is the denominator. Bold values are significant at alpha = 0.05. 

 

Source of Variation Statistic Value F R
2
 DF1 DF2 p-value 

Group Pillai Trace 0.79151 3.15764 0.19788 20 256 1.26E-05 

Group Wilks’ Lambda 0.38115 3.43038 0.25235 20 203 3.95E-06 

Group Hotelling-Lawley Trace 1.20306 3.60585 0.23122 20 238 1.04E-06 

Group Roy’s Greatest Root 0.73506 9.40875 0.42365 5 64 9.29E-07 
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Table 3. Fisher’s LSD post-hoc test p-values for difference (in parentheses) and Cohen’s D effect size for the supero-inferior 

dimension of the proximal femur ((Week 12 – Week 0)/Week 0) across experimental groups. 

 

  Full Biped Partial Biped Standing Quad No Activity 

Full Biped x 0.497 (0.264) 0.537 (0.162) 1.353 (<0.001) 1.084 (0.006) 

Partial Biped x x 0.117 (0.774) 1.008 (0.011) 0.704 (0.090) 

Standing x x x 0.795 (0.024) 0.513 (0.157) 

Quadruped x x x x 0.305 (0.379) 

No Activity x x x x x 

 

 

Table 4. Fisher’s LSD post-hoc test p-values for difference (in parentheses) and Cohen’s D effect size for the antero-posterior 

dimension of the proximal femur ((Week 12 – Week 0)/Week 0) across experimental groups. 

 

Full Biped Partial Biped Standing Quad No Activity 

Full Biped x 0.082 (0.827) 0.164 (0.658) 1.885 (<0.001) 0.219 (0.609) 

Partial Biped x x 0.0716 (0.822) 1.579 (<0.001) 0.258 (0.466) 

Standing x x x 1.631 (<0.001) 0.332 (0.341) 

Quadruped x x x x 1.482 (0.001) 

No Activity x x x x x 

 

 

 

 

 

 

 

 

 

 

 



113 

 

 

Table 5. Fisher’s LSD post-hoc test p-values for difference (in parentheses) and Cohen’s D effect size for the antero-posterior 

dimension of the distal femur ((Week 12 – Week 0)/Week 0) across experimental groups. 

 

  Full Biped Partial Biped Standing Quadruped No Activity 

Full Biped x 1.219 (0.010) 1.149 (0.016) 1.329 (0.005) 0.654 (0.020) 

Partial Biped x x 0.094 (0.874) 0.148 (0.798) 0.078 (0.804) 

Standing x x x 0.242 (0.679) 0.031 (0.928) 

Quadruped x x x x 0.152 (0.614) 

No Activity x x x x x 

 

 
Table 6. Fisher’s LSD post-hoc test p-values for difference (in parentheses) and Cohen’s D effect size for the medio-lateral dimension 

of the distal femur ((Week 12 – Week 0)/Week 0) across experimental groups. 

 

  Full Biped Partial Biped Standing Quadruped No Activity 

Full Biped x 0.385 (0.592) 0.605 (0.051) 1.363 (0.081) 0.114 (0.784) 

Partial Biped x x 0.764 (0.014) 0.911 (0.222) 0.108 (0.793) 

Standing x x x 1.151 (<0.001) 0.589 (0.027) 

Quadruped x x x x (0.629) 0.139 

No Activity x x x x x 

 

 

Table 7. Fisher’s LSD post-hoc test p-values for difference (in parentheses) and Cohen’s D effect size for the antero-posterior 

dimension of the proximal tibia ((Week 12 – Week 0)/Week 0) across experimental groups. 

 

  Full Biped Partial Biped Standing Quadruped No Activity 

Full Biped x 0.363 (0.482) 0.306 (0.468) 0.036 (0.395) 0.109 (0.712) 

Partial Biped x x 0.654 (0.155) 0.899 (0.155) 0.329 (0.285) 

Standing x x x 1.367 (0.005) 0.101 (0.721) 

Quadruped x x x x 0.783 (0.014) 

No Activity x x x x x 
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Table 8 Fisher’s LSD post-hoc test p-values for difference (in parentheses) and Cohen’s D effect size for the medio-lateral dimensions 

of the proximal tibia ((Week 12 – Week 0)/Week 0) across experimental groups. 

 

  

Full 
Biped Partial Biped Standing Quadruped No Activity 

Full Biped x 0.272 (0.577) 0.170 (0.681) 1.238 (0.013) 0.211 (0.472) 

Partial Biped x x 0.465 (0.334) 1.212 (0.050) 0.402 (0.204) 

Standing x x x 1.415 (0.004) 0.090 (0.758) 

Quadruped x x x x 1.026 (0.002) 

No Activity x x x x x 

 

 

 

Table 9. Fisher’s LSD post-hoc test p-values for difference (in parentheses) and Cohen’s D effect size for the medio-lateral dimension 

of the distal tibia ((Week 12 – Week 0)/Week 0) across experimental groups. 

 

  Full Biped Partial Biped Standing Quad No Activity 

Full Biped x 1.361 (<0.001) 0.396 (0.257) 1.460 (<0.001) 0.379 (0.207) 

Partial Biped x x 1.228 (0.008) 0.099 (0.865) 0.891 (0.012) 

Standing x x x 1.414 (0.013) 0.440 (0.897) 

Quadruped x x x x 0.928 (0.018) 

No Activity x x x x x 
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Figure 1. 

 

 
 

Figure 2. 
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Figure 3. Boxplots showing percentage differences for joint dimensions for all measured 

variables. (A) Proximal Femur SI; (B) Proximal Femur AP; (C) Distal Femur AP; (D) Distal 

Femur ML; (E) Proximal Tibia AP; (F) Proximal Tibia ML; (G) Distal Tibia ML  
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[S. Fig 1.] Example scan 

 

 
 

 

 

 

 

 


