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Little, if any, quantifications have been made on the contribution of the 

vertebral column during jumping in quadrupedal mammals.  Previous studies of 

jumpers have focused on the morphological and physiological specializations of the 

hindlimbs.  In this study, such specialization was measured during the supramaximal 

jumps of the Pacific jumping mouse (Zapus trinotatus), whose peak of jump power 

occurs late during ground contact time, indicating the use of elastic mechanisms in the 

hindlimbs.   

However, since contribution by back muscles during jumping Zapus could not 

be ruled out, a second study measured the actual work contribution of the back 

muscles during standing vertical jumps in domestic cats to be 51-62% of total body 

work, increasing with jump height.  In addition, the peak of back power was measured 

a mean 14% of contact time prior to the onset of hindlimb power, suggesting the back 

provides an additive effect on ground reaction forces and stressing the importance of 

the relative timing of various musculoskeletal elements in jumping movements. 

Extending the role of the vertebral column during jumping to a larger 

ecological view, specimens of extant canids and felids were measured for basic 

morphological differences in their postcranial skeletons to explain fundamental 



 
 
 
differences in hunting technique.  As two distinct evolutionary lineages within the 

Order Carnivora, most canids are cursorial pursuit predators, while felids typically are 

ambush hunters who employ a pouncing locomotory technique.  Skeletal length ratios 

were found to be significantly higher on average in canids than in felids for the 

forelimb-to-thoracolumbar vertebrae, forelimb-to-hindlimb, metatarsal-to-femur, 

humerus-to-femur, and radius-to-femur.  Neural process heights for the T10 to L5 

vertebrae (adjusted for scaling effects) were significantly taller on average in canids 

and angles of the post-anticlinal vertebrae were oriented more caudally in canids than 

in felids.  Canids tended to have wider pelvises than felids, though no significant 

difference was found between pelvis-to-femur or ilium-to-pelvis length ratios.   

These studies provide further insight into the integrated nature of the 

musculoskeletal system during jumping and give evidence that jumping locomotion as 

manifested in hunting style is influenced by basic morphological differences between 

extant canids and felids. 
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General Introduction 

 

This dissertation investigates jumping in quadrupedal mammals with specific 

focus on the role of the vertebral column in helping to power jumps and influence 

hunting behavior.  Jumping ability varies widely in mammals due to different 

morphologies of the hindlimbs and the vertebral column as well as ecological needs.  

In this series of studies, I specifically investigated (1) the use of elastic amplifiers of 

the musculoskeletal system during jumping, (2) the power contribution of vertebral 

column muscles during jumping, and (3) the morphological characteristics of the 

vertebral column and hindlimbs that help define jumping movements during the 

different predatory behaviors of felids and canids.  My explorations into these topics 

were influenced primarily by my desire to understand more about the locomotory 

mechanisms of biological organisms as a result of my previous master’s thesis 

research and subsequent entrepreneurial efforts in biological-based robotics, as well as 

due to a lifelong fascination in the way humans have mimicked biology in the design 

of structures and devices. 

I began my exploration of jumping by examining the abilities of a phenomenal 

jumper found in the coastal mountains of the Pacific Northwest, yet previously 

unstudied in the laboratory.  This fascinating little creature, the Pacific jumping mouse 

(Zapus trinotatus), measures only 10cm long, but supposedly was able to jump up to 

several meters during standing single-shot jumps.  I wanted to know how the mouse 

performed this feat, hypothesizing that it must integrate both active muscular elements
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and the passive tendons and ligaments of its hindlimbs.  Elastic amplifiers have been 

demonstrated to be important during jumping in a number of animals, including 

insects, frogs, and mammals.  By studying the Zapus in the laboratory, I found that 

they indeed produced spectacular jumps with evidence that they were assisted by 

internal elastic mechanisms in muscles and tendons. 

As I observed the close-up and slowed-down jumping movements of Zapus, I 

was intrigued by how else their jumping abilities could be powered.  Particularly, I 

was curious what role, if any, their backs (i.e. vertebral columns) might play in their 

jumps.  I discovered that previous research studies described the role of the back 

during jumping in mammals as necessary and substantial, but none had definitively 

quantified the power contributions of the back experimentally in laboratory studies.   

However, pursuing the power contribution of the back proved difficult in 

Zapus due to their small size and to my inability to collect precise enough force 

readings for joint power measurement using the small custom force plate I had built 

for measuring Zapus jumps.  Thus, I chose domestic cats as larger, more measurable 

study subjects with highly flexible backs who were trainable and thus more reliable 

jumpers than the wild Zapus.  I found that in domestic cats, the back contributes 

roughly half of the whole body work needed to power a substantially high jump (1-

meter vertical), and that that work requirement increases with jump height.  In 

addition, I found that the back muscles are always active prior to the activation of 

hindlimb muscles, indicating that timing sequence is important in integrating the back 

and hindlimbs during a jump. 
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Just as my studies of jumping in Zapus revealed insights about the back that 

led to its further investigation in cats, so too, my research findings about the back’s 

contribution during jumping in the laboratory led me to explore the function of the 

back during jumping from a broader, evolutionary basis, examining the morphological 

distinctions of the vertebral column that influence predatory behavior.  My choice to 

investigate the dichotomy between cats and dogs was based not only on the promising 

results from my cat jumping studies, but also from my own personal observations of 

the locomotory and hunting behavior of carnivores while studying spotted hyenas 

(Crocuta crocuta) in the Masai Mara National Reserve of Kenya from 1994-1996.  

Because comprehensive jump performance data is not widely available for 

wild felids and canids (either in the laboratory or in the field), more general hunting 

style differences between canids and felids were chosen to distinguish jumping ability.  

In addition, while the vertebral columns of carnivores are noted for their flexibility, 

strength, and adaptability, more variation is actually observed in the limbs than in the 

vertebral column (Savage, 1977), and so I broadened my comparison within 

carnivorans to also include post-cranial characters of the limbs and pelvis.  Using post-

cranial skeletons of a representative sample of felid and canid species of varying body 

mass and extracting additional values from the literature, I measured a variety of 

morphological characters in the vertebral column, the pelvis, and the limbs.  I 

determined that a number of differences in these characters, particularly those of the 

pelvis and neural processes, help to explain the basic distinctions between the cursorial 

hunting style of canids and the ambush and pounce style of felids.   
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Abstract 

Previous studies have revealed morphological and physiological 

specializations that enable frogs and insects to power spectacular jumps. To determine 

whether jumping mammals can achieve similar levels of performance, we examined 

the jumping ability of a small rodent, the Pacific jumping mouse (Zapus trinotatus), 

reported by 20th-century naturalists to achieve heights up to 1m and distances of 4m, 

incredible for their size (~ 25g). We trapped Z. trinotatus and recorded their standing 

jumps with high-speed video in the lab. The maximal jump distances measured were 

0.42m vertically and 0.71m horizontally. Peak takeoff velocities measured from high-

speed video were in excess of 3.0 m/s. Using takeoff velocity, takeoff angle, and 

center-of-mass measurements, we estimated peak power outputs during jumping in 

excess of 1700 W/kg total hindlimb muscle mass. We assumed this power was 

developed primarily by hindlimb muscles since video observations indicate that 

forelimbs do not contribute significantly to force during jumping. This remarkably 

high power output exceeds published values for isolated rodent hindlimb muscle, 

which are no higher than 350 W/kg hindlimb muscle. In addition, the power profiles 

of jumps indicated the peak power occurred late in the jump at 75% of contact time.  

Possible explanations for this high power output during jumping include: (1) a 

significant contribution from elastic mechanisms in the hindlimb muscles and tendons, 

(2) a transfer of power from back and trunk muscles that assist the jump, and/or (3) 

exceptional contractile properties of the hindlimb muscles. 
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Introduction 

 The study of jumping as a means of primary locomotion provides insight into 

the integrated mechanical function of the musculoskeletal systems of animals.  

Jumping ability varies widely, based on both differing morphologies and ecological 

needs.  In mammals, jumping styles can be separated into those that typically use 

ricochetal locomotion, that is, a series of hops as a standard form of gait (e.g. 

kangaroos, lagomorphs, bipedal rodents) and those that typically jump in a more 

“single-shot” fashion from a stationary starting position for a variety of reasons (e.g. 

avoiding predators, capturing prey, overcoming obstacles, etc.).  During ricochetal 

hopping, energy can be cyclically stored and recovered in elastic tendons, thereby 

reducing long-term energy expenditure by the animal.  However, in single-shot 

jumping, energy must be generated anew from a standstill position prior to each jump. 

To maximize jump distance and/or height, a jumping animal must produce a 

large amount of mechanical power output during its takeoff from the ground (Bennet-

Clark, 1977; Marsh, 1994).  Previous studies have revealed unique morphological and 

physiological specializations that enable vertebrates to power spectacular single-shot 

jumps (Aerts, 1998; Peplowski & Marsh, 1997).  Such specializations include well-

developed hindlimb muscles, elongated distal elements of the hindlimbs, and a large 

capacity for pre-jump loading of energy into elastic tendons of the hindlimbs that can 

then later be recovered in coordination with muscular leg extension during the jump.  

This latter capability appears to be especially important in enhancing muscle power 
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output for spectacular “single-shot” jumps, exhibited most notably in vertebrates by 

frogs and bushbabies.   

For example, in Cuban tree frogs (Osteopilus septentrionalis), during a jump 

length of 1.44m in a 14g frog, peak power output of the hindlimbs was calculated to 

be 1650 W/kg hindlimb muscle mass (Peplowski and Marsh, 1997). For bushbabies 

(Galago senegalensis), peak power was reliably measured to be 1700 W/kg hindlimb 

muscle mass during a 1.5m vertical jump of a 0.280 kg animal (Aerts, 1998).  In both 

of these animal jumpers, the power produced during the jump exceeds the power 

available from isolated hindlimb muscle in isotonic contraction by at least sevenfold, 

suggesting that some power amplification is occurring.  It has been hypothesized that 

elastic tendons of the hindlimbs are stretched by the muscle early in the jump so that 

they may shorten late in the jump to provide the high power peak necessary for the 

jump.  Both Cuban tree frogs and bushbabies exhibit power vs. time curves with 

supramaximal peaks that occur characteristically late in the jump cycle (Marsh and 

John-Alder, 1994; Aerts, 1998). 

To investigate the possible role of elastic mechanisms in amplifying muscle 

output during single-shot jumps in rodents, we examined the jumping ability of the 

Pacific jumping mouse (Zapus trinotatus), a small rodent (25-30g) indigenous to the 

coastal mountains of the Pacific Northwest United States and known for its 

spectacular jumping capabilities.  Z. trinotatus range in total length from 20-25cm, 

with their long tails as 12-16cm of that length; hindlimb lengths range from 30-32mm 

(Verts, 1998).  Varying reports by 20th-century naturalists claim that Z. trinotatus can 
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make single leaps ranging from 1-4m in length during escape from predators (Svihla 

& Svihla, 1933; Hamilton, 1935; Maser, 1981; Verts, 1998). If such reports from the 

field are to be believed (e.g. up to 4m), then power outputs would approach in excess 

of 3000W/kg hindlimb muscle mass, among the highest recorded for any vertebrate. 

To quantify the energetics of these supposed jumping abilities, we measured 

jumps of Z. trinotatus in the laboratory to see if the two primary features of amplified 

power output due to elastic mechanisms were evident: (1) a supramaximal peak power 

compared to measured power of isolated muscles, and (2) an asymmetric power 

profile with the peak late in the jump.  This is the first known study to measure the 

jumping capabilities of a Zapus species in the laboratory. 

 

Methods 

Five female Pacific jumping mice (Zapus trinotatus), were caught in the wild 

in live Sherman traps during the summers of 2001 and 2002 on Mary’s Peak (N 

44.50450°, W 123.55110°) in the Coast Range 25km west of Corvallis, Oregon USA.  

Their habitat was marshy clover-fern undergrowth near a down-sloping creek in 

Douglas-fir forest at an approximate elevation of 1200m. Body masses ranged from 

19.6g to 34.3g during jumping trials. 

 In the lab, the mice were housed individually in 35cm by 23cm by 15cm 

plastic containers.  Temperature was maintained at 60°C with a 16h:8h light:dark 

cycle. The mice were fed daily with a mixture of seedless red grapes, sunflower seeds, 

and commercial rodent chow.  Water was provided ad lib and nesting material was 
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regularly changed.  All care and experimental procedures were approved by the 

Oregon State University Institutional Animal Care and Use Committee. 

Mice were encouraged by auditory cues to produce maximal standing 

horizontal and/or vertical jumps along a narrow jumping trackway.  High-speed video 

at 250 frames/second was collected from the lateral view (Motionscope 1000S, 

Redlake Imaging Corp., Morgan Hill, CA) and digitized (Object-Image 2.11 on 

Macintosh OS9), and smoothed (Igor Pro v4.06, Wavemetrics, Inc., Lake Oswego, 

OR) to obtain joint position and whole-body takeoff velocity (Vt) data.  Contact time 

(tc) was measured as the time interval between first sign of jump movement and toe-

off (or the moment of takeoff from the ground) in a frame-by-frame analysis (Figure 

2.1).  

Work and power outputs were obtained from modified ballistic formulas 

(Marsh, 1994; Marsh and John-Alder, 1994; Peplowski and Marsh, 1997).  Mass-

specific work (W, in J/kg) performed during a jump was calculated as the sum of the 

kinetic (Ek) and potential (Ep) energy:  

W = Ek + E p  E k = 1
2Vt

2  E p = g[Lcm ][sin(TA)]   

where g = acceleration due to gravity (9.81m/s2) and TA = takeoff angle, as measured 

by digitized video.  Lcm is the distance from the toes to the COM along the 

outstretched body at toe-off.  The exact position of a mouse’s center-of-mass (COM) 

was determined by measuring the balance point of the anesthetized mouse’s body 

mounted to a wooden ruler in an outstretched jumping position.  
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Total body mass-specific power (Pb, avg) was calculated by dividing total mass-

specific work (W) by contact time (tc).  This power calculation is the average power 

over the takeoff period.  The peak total body power (Pb, peak) is approximately twice 

the average power (Peplowski and Marsh, 1997).  Upon completion of experiments, 

the mice were euthanized and all the hindlimb muscles were dissected away and 

measured to be on average approximately 11% of total body mass.  This value was 

used to calculate the total peak power contributed by the hindlimb muscles (Pm), by 

dividing total body mass-specific power (Pb, peak) by 0.11. 

 In addition, a small strain gage-based force plate (35cm by 20cm) was 

constructed (modeled after Biewener and Full, 1992) to collect the force data for 

jumping mice in the anterior-posterior and vertical directions.   Ground reaction forces 

were smoothed and integrated (Igor Pro v4.06, Wavemetrics, Inc., Lake Oswego, OR) 

to obtain the time profile of the power output of each jump.  

 

Results 

From video observations in the laboratory, the highest observed peak mass-

specific power was 1737W/kg hindlimb muscle mass, recorded from a 24.5g jumping 

mouse during an 49cm long and 42cm high jump with a takeoff velocity of 3.2m/s and 

a contact time of 57ms.   This jump corresponds to a distance roughly equal to 5.5 

times body length (tail excluded) and a height 21 times the resting hip height of the 

mouse.   
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Overall, jump data for five mice was collected and jumps were chosen for 

analysis if the mouse started from a resting position (i.e. no running starts) with both 

feet together and parallel to the horizontal jump axis.  The five mice ranged in body 

mass from 19.6 to 31.7g, and the number of jumps analyzed for each mouse ranged 

from 2 to 8 for a total of 21 jumps analyzed.  In this data set of jumps, contact times 

varied from 44 to 72ms, takeoff velocities ranged from 1.20 to 3.56 m/s (depending on 

the jump height and distance and the takeoff angle), and peak mass-specific power 

outputs varied from 589 to 1737W/kg hindlimb muscle mass (Table 2.1).  All five 

mice produced jumps in excess of 1000 W/kg hindlimb muscle mass, which suggests 

that any given mouse was not unusually athletic. 

 The highest observed peak ground reaction force during a single jump as 

measured directly by the force plate was 11.6 times body weight, recorded from a 

23.5g jumping mouse during a jump with a takeoff velocity of 2.7m/s (Figure 2.2a).  

In that jump, the peak power produced was 1328W/kg hindlimb muscle mass, as 

measured directly from the peak of the power curve (Figure 2.2b).  This peak occurred 

late in the jump at 75% of the total contact time of 60ms.  Across all 21 jumps 

analyzed, the peak of the power curve occurred at a mean 78±5% of contact time. 

 

Discussion 

The high peak power outputs of Z. trinotatus during their “single shot” jumps 

are consistent with the use of an elastic mechanism to amplify power as recorded 

during jumps in the laboratory.  Peak power outputs of the hindlimb extensor muscles 
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of Z. trinotatus during single jumps can exceed five times the power outputs measured 

in isolated female white mouse hindlimb extensor muscles alone (92 W/kg for soleus 

and 247 W/kg for extensor digitorum longus) (Askew and Marsh, 1997). Such a power 

distribution enables Z. trinotatus to achieve great jump distances and heights relative 

to their body size.  While isolated muscle contractile properties of Z. trinotatus were 

not measured, it is unlikely that Z. trinotatus have unusual contractile properties that 

enable their muscles to produce such high power, since such properties tend to be 

conserved across vertebrate skeletal muscle.   

The second piece of evidence for a power-amplifying elastic mechanism 

comes from our observation that the peak power output of a Z. trinotatus jump occurs 

late in the takeoff phase, similar to that observed in tree frogs and bushbabies (Figure 

2.2b).  For Z. trinotatus, this power peak occurred at a mean 78±5% of contact time in 

both low and high power jumps.  This observation is similar to jump power peaks that 

occur at an estimated 86% of contact time for bushbabies (Galago senegalensis) 

(Aerts, 1998) and 78% for Cuban tree frogs (Osteopilus septentrionalis) (Marsh and 

John-Alder, 1994).  This power distribution suggests that Z. trinotatus are loading 

energy into the elastic tendons of their hindlimb extensors early in the jump that can 

then be released along with muscle contraction that produces hindlimb extension 

during takeoff.  This use of elastic energy storage to amplify the power of the jump 

does not change the overall work output required by the muscle, but just reallocates 

that work over a longer time period than the phase of muscle extension (Peplowski 

and Marsh, 1997).  
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Additionally, though mammals seem not to have evolved them (Alexander, 

1995), the use of a catapult or “catch” mechanism in Z. trinotatus to store elastic 

energy in tendons cannot be ruled out without additional study.  Catapults to amplify 

jump performance have been observed in insects, such as the semilunar processes of 

locusts (Bennet Clark & Lucey, 1967) and the resilin springs of fleas (Bennet-Clark, 

1975). 

Furthermore, the jumps measured in this study did not appear to use observable 

countermovements to help pre-stretch the muscle to increase its force.  

Countermovements are typically used by humans bending at the knees before a jump 

(Alexander, 1995).  In Z. trinotatus, the hindlimbs are held close to the ground fully 

flexed in a “sitting” position immediately prior to the jump and no further flexing is 

externally observed immediately prior to hindlimb extension.  Indeed, it is that sudden 

burst of a jump with no countermovement that makes that Z. trinotatus jump so 

distinctive, much like the explosive movement of a frog jump.   

 Our power estimates for the hindlimb muscles of Z. trinotatus may be 

conservative, since not all of the hindlimb muscle mass may be active during jumping, 

and some would presumably antagonize the extensors used for jumping.  This would 

give a lower value for the mass of the hindlimb muscles as a proportion of total body 

mass, and thus a higher hindlimb muscle power output.  Additionally, the jumps 

elicited in the laboratory setting are very likely to be submaximal compared to jumps 

made in the wild and thus performed with less effort. 
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Compared to other non-jumping mice, the hindlimb muscles of Z. trinotatus 

are more developed and make up a larger proportion of total body mass.  Two 

specimens of house mouse (Mus musculus, inbred strain 129SVE) were dissected and 

measured for comparison.  While Z. trinotatus averaged 10.7±0.3% for total hindlimb 

muscle mass expressed as a percentage of total body mass, M. musculus averaged 

7.9±1.1%. 

While it is clear the hindlimb extensor muscles are primarily powering jumps, 

it is unknown whether other muscle groups in the body are contributing to energy 

output during a jump.  These include the forelimbs and the back muscles (i.e. 

extensors of the vertebral column).  Video observations and force analyses indicated 

that forelimbs are held close to the body during takeoff and do not contribute to 

powering the jump. While the contribution of back extensors was not measured in this 

study, it is hypothesized that back extensors could act as a recruitable motor for high-

power activities, such as vertical jumping.  

The transfer of power from back extensors to the hindlimbs could be an 

important mechanism for overcoming potential limits to the mechanical power output 

of the hindlimbs during jumping that has yet to be quantified.  An addition of back 

power in this manner could have an additive effect on overall jump performance by 

increasing the total ground reaction force as well as the total contact time over which 

the COM of the animal can be accelerated.  This would result in an increased takeoff 

velocity, translating into higher kinetic energy outputs and higher and/or longer jumps.   
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This potential effect of the back would be similar to the effect on jump length 

observed by an increase in hindlimb length, wherein the total time the foot is in 

contact with the ground to produce an impulse is longer than if the hindlimb were 

shorter.  Indeed, in Z. trinotatus and other jumping species (e.g. bipedal rodents, 

lagomorphs, frogs), the general morphological trend of a lengthened hindlimb is 

observed compared to non-jumping species (Emerson, 1985).  For example in this 

study, the average hindlimb length was 29.4±1.5mm for Z. trinotatus and 19.0±0mm 

for the two specimens of Mus musculus examined.   

For Z. trinotatus and any spectacular jumper, extreme specializations in 

morphology and physiology can translate to increased survival rates if jumping is used 

as a primary means of escape from predators.  In the case of Z. trinotatus, this may 

indeed be the case.  Their habitats consist primarily of thick grassy or herbaceous 

underbrush in riparian zones or coniferous forests (Maser, 1998; Verts, 1998).  Their 

anti-predator response is to make a series of rapid leaps in different directions before 

diving headlong into the undergrowth in an effort to confuse a predator and mask their 

escape (Maser, 1998).   

Indeed, this single-shot jumping technique of Z. trinotatus is unique compared 

to the locomotory behaviors of other rodents that primarily use running or ricochetal 

hopping to escape predators, as in the case of the bipedal heteromyids (e.g. kangaroo 

rats) or dipodids (e.g. jerboas) which typically inhabit more open habitats like deserts 

or forest floor (MacDonald, 1993).  Biewener and Blickhan (1988) found that the 

hindlimbs of kangaroo rats (Dipodomys spectabilis) are specialized more for the rapid 
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accelerations observed in running rather than an ability to store and recover elastic 

strain energy like than of larger mammals.  It may be that Z. trinotatus developed a 

preference for single-shot jumping because their more confined habitats did not 

promote a more ricochetal gait and bipedal stance.   

The mechanics of their single-shot jumps, as revealed in this study, suggest 

that the integration of muscles, tendons, and skeletal elements in the body of a 

characteristic jumper is more complex than previously thought for such a coordinated 

movement.  This study presents strong evidence that suggests that Z. trinotatus are 

pre-loading the elastic tendons of their hindlimbs as power amplifiers to achieve 

higher jumps, similar to that mechanism observed in tree frogs and galagos. 
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Figure 2.1:   A 3-frame jump sequence of a Zapus trinotatus showing start of takeoff 
phase, mid-jump, and toe-off from the ground over a 56ms total contact time over 
which ground reaction forces were measured. 
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Figure 2.2: Ground reaction forces (A) and hindlimb power output (B) of a jump 
by a 23.5g Pacific jumping mouse (Zapus trinotatus) as measured by force plate.  
The ground reaction force (GRF) peak occurred at 11.6 times body weight and the 
takeoff velocity was recorded at 2.7m/s over a 52ms takeoff phase. 
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Table 2.1: Data for representative single-shot standing jumps of wild-caught Pacific 
jumping mice (Zapus trinotatus) as measured in the laboratory by video and force 
platform.  Peak force was measured as the total ground reaction force (presented as 
multiples of body weight [BW]), a combination of horizontal and vertical forces.  
Contact time was measured as the time period over which the mouse produced force 
while jumping.  Peak power was measured specific to total muscle mass of the 
hindlimbs (average = 11% of total body mass). 
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Abstract 

While the contribution of the hindlimbs to jumping locomotion in quadrupedal 

mammals has been extensively studied, the role of the vertebral column musculature 

in enhancing jump performance has only been suggested.  To determine this role, we 

measured the work contribution of the back muscles relative to the hindlimb muscles 

during standing vertical jumps in domestic cats using high-speed video and force plate 

analysis, as well as the relative timing of hindlimb and back muscle power production.  

We found that the back extensor muscles contribute roughly 51% of the total mass-

specific whole body work during a 1-meter high jump, and increases to 62% 

contribution for 1.23m jumps.  The peak of back power output occurred a mean 14% 

(of contact time of the ground reaction force) earlier than the peak of hindlimb power 

output for 1-meter high jumps.  One explanation for this observation is that by acting 

just prior to the activation of the hindlimb muscles, the back muscles act to increase 

the ground reaction force of the jumping animal. This study suggests that the role of 

the back during high-power activities such as jumping should be investigated further. 

 

Introduction 

 A defining characteristic of the evolution of the body axis in tetrapods has been 

the transition from an undulatory, lateromedial style of locomotion to a dorsoventral 

flexion-extension movement in the vertebral column. The contribution of dorsoventral 

bending from the extensor muscles and passive elastic structures of the vertebral 

column to whole-body mechanics and its functional significance is generally 
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unknown.  Here, we examine vertebral column mobility in one case, vertical jumping 

in cats, to see if the back contributes significantly to power production.  

Previous studies of jumping in cats and other animals focused only on the 

contribution of the hind limbs.  Alexander (1974) examined the mechanics of jumping 

in domestic dogs, providing evidence for elastic storage in gastrocnemius and plantaris 

muscles.  Studying jumping cats, Zomlefer et al (1977) used kinematics and 

electromyography to investigate the relative timing and forces of ankle muscles in 

jumping cats, while Zajac et al (1981) measured the kinematics of knee and ankle 

extensors.  Moving beyond the hindlimbs, Tokuriki (1979) speculated that the role of 

extending trunk muscles is to provide a reaction force to the hindlimbs and thereby 

increase total ground reaction force.  Alexander et al (1985) measured the potential for 

energy storage and recovery by elastic recoil in the passive tendons and ligaments of 

the vertebral column, using cadaveric measures of muscle and tendon masses and 

speculating a major energy-saving role in galloping locomotion.  Yet, for typical 

vertical jumping movements, direct kinematic and kinetic studies to quantify the 

back’s contribution to total body energy during jumping have not been performed in 

order to see if back muscles contribute significantly to power production and if back 

mobility has a functional significance.  While it has been observed that overall 

lumbosacral sagittal flexibility decreases with increasing body size (e.g. African 

bovids ranging from 4-9000kg, Halpert et al 1987; other mammals, Gal 1993 & 

Smeathers 1981), the mechanical consequences for locomotion due to vertebral 

column mobility differences is largely unexplored.  
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The primary goal of this research was to understand the role of the back 

extensor muscles in enhancing the performance of standing vertical jumps; this was 

accomplished by measuring the work contribution of the back muscles directly in a 

whole animal.  In addition, this study aimed to quantify the amount and timing of back 

extensor power production, relative to power produced by the hind limb extensors. 

 

Methods 

Five domestic cats (Felis catus, mass = 4.66±0.92kg, range = 3.74-6.40kg) were 

used as subjects and data was collected for four trials per subject per height.  Cats 

were supplied by volunteer owners.  Cats were trained to jump within this enclosure 

while standing on the force plate.  All experimental procedures were approved by the 

Oregon State University Animal Care and Use Committee. 

Fur around the hindlimb joints (ilium, hip, ankle, and tarsometatarsal) was 

trimmed and 1cm circles of reflective tape were placed on the skin overlying the 

approximate joint centers, using bony landmarks to aid in locating the center of 

rotation (Figure 3.1).  Skin movement around these joints was negligible, though for 

the knee, joint movement occurred quite visibly independently of skin movement, so 

position data for the knee joint was computed indirectly using a mathematical formula 

for determining the intersection of two circles.  By having the positions of the hip and 

ankle joints (x,y data from video) correspond to the centers of the two intersecting 

circles and the measured lengths of the femur and tibia correspond to their radii, the 

knee position (x,y) was computed as the solution for the intersection of those two 
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circles (Wilson, n.d.).  The hip joint angle was defined as the angle between lines 

drawn from the ilium, the hip, and the computed knee joint center.  The knee joint 

angle was defined as the angle drawn between lines drawn from the hip, the computed 

knee joint center, and the ankle.  The ankle joint angle was defined as the angle 

between lines drawn from the computed knee joint center, the ankle joint, and the 

tarsometatarsal (TMT) joint.  The TMT joint angle was defined as the angle between 

lines drawn from the computed ankle joint center, the TMT joint, and the toes of the 

hind foot. 

Total body kinetics and kinematics were measured with a force plate (Kistler 

9286A) and high-speed video camera (Motionscope1000S, Redlake Imaging Corp., 

Morgan Hill, CA).  A custom-built jumping enclosure constructed of wood and clear 

acrylic sheeting was used to measure vertical jumps to three fixed heights: Low 

(0.75m), Medium (0.985m), and High (1.23m).  The floor of the enclosure was the 

force plate (60cm length, 40cm width) and the landing platform, up to which the cats 

jumped, cantilevered out from the wall of the enclosure to prevent cats from using the 

wall as additional vertical support during a jump (Figure 3.2). 

Video was collected from a lateral view at 250 frames per second while the 

animal started from a resting standing position on the force plate and jumped up onto a 

fixed platform.  Only jumps where the two hind feet were even to one another 

anterioposteriorly and parallel to the plane of the camera were analyzed to avoid 

possible contribution to joint powers from mediolateral forces. Video was digitized 

(Object-Image 2.11 in Macintosh OS9), and smoothed using a smoothing spline 
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interpolation (smoothing factor = 1, standard deviation = 0.005) (Igor Pro v4.06, 

Wavemetrics, Inc., Lake Oswego, OR) to obtain joint position.  Joint moments were 

calculated by multiplying horizontal and vertical forces by the moment arms, that is, 

the respective distance of each joint position from the point of the center of pressure 

exerted by the feet on the force plate.  Joint powers were then obtained by multiplying 

joint moments and joint angular velocities (Biewener, 1989). 

Whole body work outputs were computed from ground reaction force data, 

which were smoothed using a smoothing spline interpolation (smoothing factor = 1, 

standard deviation = 0.1) and integrated (Igor Pro v4.06, Wavemetrics, Inc., Lake 

Oswego, OR) to obtain the time profile of the power output of each jump.  Total 

average body mass-specific power was calculated by dividing total mass-specific work 

by contact time.  Contact time was measured as the time interval between the onset of 

vertical forces above body weight and takeoff of the hindlimb from the ground.   

The values for back power were not measured directly from joint moment and 

velocity as were the powers for the joints of the hindlimb, but were obtained by 

subtracting the sum of the hindlimb joint powers from the center of mass power.  In 

other words, back power was determined by assuming that all of the work not supplied 

by the hindlimbs was supplied by the back.  To rule out alternatives to this back work, 

the forelimbs were observed slightly shifting from side-to-side and back-and-forth just 

prior to vertical jumps, suggesting that the forelimbs were used primarily for balance 

prior to vertebral column and hindlimb extension.  This was verified in preliminary 

observations by measuring the ground reactions forces produced by the forelimbs as 
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negligible compared to that of the hindlimbs.  Likewise, to rule out the possibility for 

the forelimbs’ contribution to total takeoff forces, it was measured that the major onset 

of back and hindlimb powers occurs after the forelimbs come off the ground.  

Moreover, the total body work during the time interval during which the forelimbs 

could possibly contribute to total body work (i.e. prior to forelimb takeoff) was 

measured on average to be less than 5% of the total body work occurring after 

forelimb takeoff. 

In addition, muscle-mass specific measurements were calculated using back 

musculature (“the extensors of the trunk, dissected free of the nuchal crest to the 

sacrum”) values found by Grand (1977) in domestic cats (n = 3) of approximately 

8.3% of total body mass (and 21% of total body musculature).  Hindlimb muscle 

measures of 3.23±0.57% of total body mass conducted by Harris and Steudel (2002) in 

dissections of 18 cats (mass range = 2.7-7.9kg) were used for the largest hindlimb 

extensors active during jumping—the lateral gastrocnemius (ankle extensor), the 

vastus lateralis (knee extensor), and the semimembranosus (hip extensor).  These are 

the three primary hindlimb extensor muscles that have been shown in multiple studies 

to be consistently and most electrically active during cat jumps (Zomlefer, 1976; 

Smith et al., 1977; Zomlefer et al., 1977; Walmsley et al., 1978; Zajac et al., 1981, 

1983; Zajac, 1985; Abraham and Loeb, 1985).   
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Results 

For the five domestic cats measured in this study, absolute back extensor work 

outputs showed a general trend to increase from low to high-level jumps, while 

hindlimb work increased from low to medium-level but decreased from medium-level 

to high-level (Figure 3.3).  The back extensor muscles contributed a mean 51.2% 

(95% confidence interval: 46.2 to 56.1%) of the total mass-specific whole body work 

needed during 0.985m vertical standing jumps (n=19), while the hind limb extensor 

muscles collectively contributed the remaining 48.8% (95% confidence interval: 43.9 

to 53.8%).  For the high level jumps at 1.23m (n=17), the back muscles contributed a 

mean of 61.7% (95% confidence interval: 57.5 to 66.0%), while hind limb muscles 

contributed the remaining 38.3% (95% confidence interval: 34.0 to 42.5%).  For the 

low level jumps at 0.75m (n=15), the back muscles contributed a mean of 65.1% (95% 

confidence interval: 61.4 to 68.8%), while hind limb muscles contributed the 

remaining 34.9% (95% confidence interval: 31.2 to 38.6%). In both height level 

increases from 0.75m to 0.985m and from 0.985m to 1.23m, there is convincing 

evidence that work outputs of both the back and hindlimb extensor muscles are 

different at different jump heights for all 5 cats as a group and each cat individually 

(p-value < 0.001, analysis of variance F-test).  It should be noted that variations within 

jump trials for each cat individually followed similar patterns for the proportion of 

back and hind limb work distribution at different jump heights (data not shown 

graphically).  
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Mean ground reaction forces (GRF) produced during standing vertical jumps 

increased by 94% (95% confidence interval: 71 to 118%; n=5 cats) from the low 

platform height (mean average GRF=1.2 times body weight; 95% confidence interval: 

1.03 to 1.37) to medium platform height (mean average GRF=2.4 times body weight; 

95% confidence interval: 2.17 to 2.63), and decreased by 30% (95% confidence 

interval: 10% to 50%) from the medium to the high platform height (mean average 

GRF=1.7 times body weight; 95% confidence interval: 1.52 to 1.88) (Figure 3.4).  

Peak GRF were higher but followed the same trend—an increase (76%, 95% 

confidence interval: 61 to 92%) from low height (mean peak GRF=2.2 times body 

weight; 95% confidence interval: 2.01 to 2.39) to medium height (mean peak 

GRF=3.8 times body weight; 95% confidence interval: 3.53 to 4.07) and a decrease 

(22%, 95% confidence interval: 8 to 35%) to high height jumps (mean peak GRF=3.0 

times body weight; 95% confidence interval: 2.8 to 3.2).  Force data for individual cats 

followed these trends by height as well. 

Average and peak total body powers increased as jump height increased, as 

did, in general, average and peak back extensor powers (Figure 3.5).  Total powers 

were calculated from force plate measurements, while hindlimb powers were 

calculated from inverse kinematics of digitized video.  While hindlimb extensor 

powers increased from low to medium-level jumps, they decreased from medium to 

high-level jumps.  In both height level increases from 0.75m to 0.985m and from 

0.985m to 1.23m, there is convincing evidence that power outputs of both the back 

and hindlimb extensor muscles are different at different jump heights for all 5 cats as a 
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group and each cat individually (not shown) (p-value < 0.001, analysis of variance F-

test).  

In examining the relative contributions to total power output by the 

musculature for the back and hindlimb extensors, the average back muscle mass-

specific powers show a significant increase (two-sided p-value < 0.05; t-test) from the 

medium to high level jumps, while the maximum back muscle mass-specific powers 

show significant increases at all height increases in nearly all cats.  For average and 

maximum hindlimb muscle mass-specific powers, there is a significant increase (two-

sided p-value < 0.05; t-test) from low to medium level jumps, but no clear trend from 

medium to high level jumps (Figure 3.6). 

After being normalized for varying contact times (x¯  =266ms, 95% confidence 

interval: 258 to 274ms), the peak of back power in jumps of medium height (n=18) 

occurred a mean of 13.9% of contact time (95% confidence interval: 9.8 to 17.9%), 

which equates to 37ms (95% confidence interval: 26 to 48ms), prior to the power peak 

produced by the hindlimb musculature (two-sided p < 0.001, paired comparison t-test).  

For individual cats, back peaks occurred from 8.3 to 21.0% of contact time before 

hindlimb peaks in medium-level jumps (Figure 3.7, representative cat). For low-level 

and high-level jumps, the difference in the timing of power peaks for the back and 

hindlimbs was not significant either between or within cats (Figure 3.8).  
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Discussion 

During standing vertical jumps, the back extensor muscles of domestic cats 

contributed approximately 44% to 69% of the total body work for the jump, depending 

on the height of the jump (Figure 3.3).   This suggests that the back extensors act to 

provide work that is significant relative to the hindlimb and that is activated during 

high-power activities, such as vertical jumping.   

There are several possible reasons that the back extensor muscles might assist 

the body during standing vertical jumps.  First, the mass of the back extensors may be 

equal to or greater than (rather than much less than) that of the hind limb extensors 

and thus produce work proportional to their relative muscle mass (as a percentage of 

total body mass).  While the excised muscles of the domestic cats in this current study 

were not sampled, Grand (1977) measured the back musculature (“the extensors of the 

trunk, dissected free of the nuchal crest to the sacrum”) in domestic cats (n=3) as 

approximately 8.3% of total body mass (and 21% of total musculature), compared to 

15.9% for all hindlimb musculature, including flexors and rotators (total body 

musculature amounted to 40.6% of body mass).  However, for the purposes of 

comparing hindlimb musculature to that of the back in this current study, a more 

specific measurement was used that included only the largest hindlimb extensors 

active during jumping: the lateral gastrocnemius (ankle extensor), the vastus lateralis 

(knee extensor), and the semimembranosus (hip extensor).  These are the three 

primary hindlimb extensor muscles that have been shown in multiple studies to be 
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consistently and most electrically active during cat jumps (Zomlefer, 1976; Smith et 

al., 1977; Zomlefer et al., 1977; Walmsley et al., 1978; Zajac et al., 1981, 1983; Zajac, 

1985; Abraham and Loeb, 1985).  Harris and Steudel (2002) found this combined 

measurement in dissections of 18 cats (mass range = 2.7-7.9kg) to be 3.23±0.57% of 

total body mass, which is less than the total body mass percentage for the hindlimbs. 

Thus, the ratio of back extensor muscle mass to hindlimb extensor muscle in this 

study was estimated at 2.6-to-1, using measurements of approximately 8.3% of total 

body mass for back extensors (Grand, 1977) and approximately 3.2% of total body 

mass for hindlimb extensors (Harris & Steudel, 2002).  It might be expected that, 

based on a comparison of ratio of back to hindlimb muscle masses, there would be a 

similar ratio to the amount of work produced by back muscles compared to work 

produced by hindlimb muscles.  In this study, however, when compared with the 

actual work produced by each muscle group during jumping, the ratio of back muscle 

work to hindlimb muscle work was typically less than the expected ratio of 2.6, 

ranging from 0.69 to 2.81 in different cats and jump heights (Figure 3.9).   In addition, 

the cats generated peak back muscle powers at levels 0.7 to 2.7 times that of hindlimb 

muscle powers (Figure 3.5b).  Thus, while the proportion of total body work 

attributable to the back musculature is less than what would be expected by their 

combined mass ratio with the hindlimb extensors, it is greater, in general, at all jump 

heights than the work attributable to the hindlimb musculature (Figure 3.3). 

For comparison with another champion mammalian jumper, Aerts (1998) 

concluded that in greater galagos (Galago crassicaudatus), which are long-legged, 
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long-tailed, vertical leapers, extreme pre-jump crouching increases the available 

acceleration distance during leg extension and push-off.  However, during that study 

(Aerts, 1998), the more bipedally-oriented galagos, produced much less peak power 

from their back muscles during maximal jumps than from their hindlimbs (e.g. 6.8 to 

8.1 times as much ankle power than back power).  Grand (1990) measured in galagos 

that the back extensor muscles comprise 5.1% of total body mass (and 14.4% of total 

musculature) in 1-kg galagos, and that all hindlimb muscles measure 15.0% of total 

body mass (and 42.6% of total musculature), a 0.34-to-1 ratio compared to the 2.6-to-1 

ratio of quadrupedal cats in our study.  The galagos produced approximately 200W of 

net power from the hindlimbs compared to 20W, a ten-fold difference (Aerts, 1998), 

while cats, in our study, produced hindlimb powers only two times of back power.   

It should be noted that using only the mass of the muscles when considering 

power outputs of the back or hindlimbs oversimplifies role of integrative function of 

the skeletal muscles and elastic elements such as tendons and ligaments (Roberts, 

2002; Biewener & Roberts, 2000).  The higher contribution of the vertebral column 

(compared to the hindlimbs) to work and power outputs in jumping cats is possibly 

due to the storage and release of energy in the elastic tendons and ligaments along the 

vertebral bodies.  Alexander, Dimery and Ker (1985) measured the elastic structures in 

domestic cats and dogs, among other mammals, and noted that they might “play a 

major energy-saving role in galloping” with their potential for internal kinetic energy 

storage during galloping locomotion.  In a 19kg dog, it was predicted that about 70% 

of the internal kinetic energy could be supplied by elastic strain energy.  During the 
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extreme flexion during a pre-jump crouch, it is probable that a good deal of elastic 

strain energy is stored as well, ready to be released during back extension during the 

jump.   

This type of pre-loading of and subsequent release of energy has also been 

measured in the tendons of the hind limbs in galagos (Aerts, 1998), domestic dogs 

(Alexander, 1974), and Cuban tree frogs (Peplowski and Marsh, 1997) and is a 

generally accepted mechanism by which vertebral jumpers use elastic elements to 

amplify power.  For example, Alexander (1974) found the gastrocnemius and plantaris 

muscles act as passive elastic bodies during jump take-off, storing elastic energy in 

tendons.  In the case of vertical jumping, while elastic mechanisms cannot supply 

work, they can store it temporarily and have an amplifying effect on instantaneous 

power output.  Due to the complexity of the multiple linkages within the vertebral 

column, however, separating out the passive elastic contribution from the active 

muscle force contributions is potentially more challenging.   

A second explanation for the ability of the back extensor muscles to assist the 

body during standing vertical jumps is due to the prior onset of back power with 

regard to hindlimb power which could add to the overall ground reaction forces 

produced by an animal.  The consistent timing of the back power peaks among all cats 

prior to the hindlimb power peaks suggests that the relative sequence of the muscle 

recruitment is important, at least in the medium-height jumps, with the back muscles 

active prior to the hindlimb muscles (Figures 3.7, 3.8).  Tokuriki (1979) used 

electromyography to reveal similar patterns of muscle activity during standing vertical 
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jumps in domestic dogs, finding that the activation of the certain vertebral column 

extensors (e.g. sacrospinalis, splenius, and semispinalis) occurred during back 

extension prior to the activation of hindlimb extensors. 

However, for low-height and high-height jumps in this current study, there was 

no consistent timing pattern between back and hindlimb power peaks.  The 

explanation for the low-height jumps may relate to the low overall power requirements 

of a low jump, and back and hindlimb power occur nearly at the same time.  For the 

higher jumps, the explanation likely lies with the cats’ different jumping and landing 

behaviors observed during higher jumps (see below). 

The observed timing of back extensor power prior to or simultaneous to that of 

the hindlimb extensor power may translate to an additive effect on ground reaction 

force (GRF) or takeoff velocity and thus overall jump performance. Tokuriki (1979) 

hypothesized that the role of extending trunk muscles was to provide a reaction force 

to the hindlimbs and thereby increase total GRF.  In this current study, GRFs followed 

a trend to increase from low-height to medium-height jumps, then decrease in high-

height jumps (Figure 3.4).  It is possible, perhaps due to relative angle differences 

among the vertebral column and hindlimb joints, that higher proportions of back work 

(compared to hindlimb joint work) do not mean an equivalently proportional increase 

in GRF.  Flexibility (or extension) limitation experiment would have to be done to test 

for this possibility.  In addition, for the higher jumps, another explanation is the cats’ 

different jumping and landing behaviors observed during higher jumps (see below). 
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Back extension may also increase the contact time over which the center-of-

mass of the jumping cat can be accelerated, thus increasing takeoff velocity. In other 

words, as ground reaction force increases, takeoff velocity must increase, contact time 

must decrease, or a combination of both must occur to cause the associated increase in 

acceleration. This, in effect, would be similar to increasing the length of the hind limb, 

a morphological trend observed in jumping frogs and mammals that assists with 

spectacularly long and/or high jumps (Emerson, 1985).  

In this current study, there was no significant trend in contact times varying 

between jump heights (p-value > 0.05, analysis of variance F-test), so no definite 

conclusions can be made (Figure 3.10).  Takeoff velocities (TOV), as measured by 

nose movement, did significantly increase (two-sided p-value<0.05; t-test) from one 

height to the next higher height in all but two cases (Figure 3.11).  Indeed, the ability 

to amplify jump height or length by increasing TOV or by recruiting additional 

musculature is an important adaptation for cats, which hunt prey by pouncing from a 

stationary crouch (Turner & Meister, 1988). 

The mechanism by which the back acts to amplify jumping power may be by 

producing an additional downward force on the body when the major hip and knee 

extensors are in the most appropriate position to exert ground reaction forces. This 

mechanism illustrates a definite coordination between joints but is still a 

simplification, because the back power during some jumps (e.g. Figure 3.7) does not 

produce a definite peak, but rather stays at a constant level throughout a large portion 

of the time the hindlimbs are pushing off the ground.  In humans, it is observed that 
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trunk and head extension occurs before much of leg extension in a standing vertical 

jump, which allows the forces that accelerate the trunk and head to be applied over a 

long time with greater applied impulse (Butcher & Bertram, 2004).  

A third explanation for the ability of the back extensor muscles to assist the 

body during standing vertical jumps is the possibility that the force of back extension 

both accelerates the mass of the “fore-half” of the body toward its target and pushes 

the “back-half” oppositely to the ground contact point, allowing hind limbs to exert 

isometric force, or pre-stretch and load elastic energy into tendons of the hindlimbs, 

without actually extending the joints.  This too effectively increases total GRF during 

takeoff. 

To test this simple model of vertebral column extension and compare it to the 

actual measurement of back power using kinematics and kinetics conducted in this 

study, a simple computer model (Working Model 2D v4.0, Knowledge Revolution, 

San Mateo, CA) of the vertebral column was constructed as a simple linear actuator 

between two point masses at the hip and shoulder joints. In this model, back force was 

estimated as the product of the “fore-half mass” and the acceleration of the nose, 

where fore-half mass was measured in domestic cats to be approximately 50% of total 

body mass (Hoy & Zernicke 1985). The nose was used (instead of the shoulder) 

because the extension of the “back” is due to both extension along the thoracic and 

lumbar region and extension along the cervical region to extend the neck and head, for 

which the nose was best observed to represent the acceleration.  Velocity of the back 

was calculated from the changing distance between the nose and the hip as the back 
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extended.  Power of back was then calculated as the product of “back force” and “back 

velocity” in the model, and work was computed as the integral of power.  The model 

estimated back work to be 22±6% of total body work.  Though this value is much 

lower than that found using the kinematic measurements of live cats (Figure 3.4), the 

use of a simplistic single linear actuator in the model begins to predict some of the 

contribution of the back.  The model lends support to a mechanistic explanation that 

with back motion a greater GRF is able to be exerted by the hindlimbs.  

While it might be expected that work outputs would directly increase with 

jump height, in this study, there was a greater observed change in work outputs from 

the low-level (0.75m) to the mid-level height (0.985m) than from the mid-level height 

to the high-level height (1.23m).  This is most likely due to a difference in 

jumping/landing styles between the mid-level and high-level heights.  For the mid-

level height, cats were observed to jump up completely onto the horizontal platform 

and land on their hind feet.  In contrast, cats at jumps to the highest level (1.23m), 

touched the landing platform with their fore limbs first then brought their hind feet up 

afterward, in effect assisting their upward motion by pulling and/or balancing their 

bodies with their forelimbs.  This observation is corroborated by the ground reaction 

force data, which indicate that the cats launched their center-of-masses with more 

force, and hence higher from the ground, during the mid-level jumps than during high-

level jumps, as measured (Figure 3.5). Based on post-analysis examination of video, 

one cat in particular exhibited this landing trait, which helps to explain why her work 

and power outputs are lower for the high-level jumps than for the mid-level jumps.  In 
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addition, it is possible that a cat produces more power during a jump than is necessary 

to achieve a height, or that a cat produces less power than is needed and then 

compensates by pulling up on the landing platform.   

This study provides evidence that the role of the back muscles in enabling 

high-power activities is significant when integrated with actions of the muscles, 

tendons, and skeletal elements of the hindlimbs for a coordinated movement such as 

jumping.  The most compelling explanation as to why the back contributes is that if 

the back were not to contribute, a potentially large motor would be left out, and jump 

height would be reduced.  However, it should be noted that different strategies 

certainly exist for powering jumping movements other than the extreme vertebral 

mobility observed in cats, such as that of ungulates, whose back stiffness increases 

with body weight (Halpert et al, 1987).  While our study measured jumping ability in 

domestic cats only, it raises the possibility that other quadrupeds recruit their back 

muscles to significant extents during normal jumping locomotion, with variations 

based on body mass, vertebral column stiffness, and typical locomotion patterns 

evolved over time.    
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Figure 3.1: Typical profile of the power output of the center-of-mass (COM), hindlimb extensors, and back extensors produced during 
standing vertical jumps in domestic cats.  The video frames show typical stages of a jump: (A) deep crouch showing vertebral column 
flexion, (B) mid-takeoff where back power output peaks, and (C) full vertebral column and hindlimb extension at takeoff.  Note the 
white reflective dots on the hindlimb joints used to calculate powers. 
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Figure 3.2: Illustration of enclosure used to measure standing vertical jumps in 
domestic cats.  Cats jumped up from the force plate that recorded vertical and 
horizontal forces.  The front of the enclosure was made from clear acrylic sheet to 
allow videotaping of the cats’ lateral view. The height of the landing platform was 
adjustable for the three different heights used in this study. 
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Figure 3.3: (a) Comparison of the absolute values and (b) relative values of body 
mass-specific work output of the back and hindlimb muscles during standing vertical 
jumps in domestic cats (n = 5, body mass range = 3.7 to 6.4kg).   The total work is the 
sum of the hindlimb and back muscle work.  Error bars give 95% confidence intervals 
for the mean of each set of jump trials.  A star (*) to the right of a particular bar 
indicates a significant difference (two-sided p-value<0.05; t-test) between the work at 
that height and the work at the next lower height.  A star (*) above a bar indicates 
significant difference between total body work at that height and total body work at 
the next lower height. 
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Figure 3.4: Comparison of the mean and maximum (peak) ground reaction forces 
produced during standing vertical jumps in domestic cats (n = 5, body mass range = 
3.7 to 6.4kg).  Forces are given in relative body weights. Error bars give 95% 
confidence interval for the mean of each set of jump trials.  All differences in forces 
from one height to the next higher height are significant (two-sided p-value<0.05; t-
test).  
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5: Comparison of (a) average and (b) maximum power outputs of the back 
and hindlimb muscles during standing vertical jumps in domestic cats (n = 5, body 
mass range = 3.7 to 6.4kg).  Error bars give 95% confidence interval for the mean of 
each set of jump trials.  A star (*) on the top of a particular bar indicates a significant 
difference (two-sided p-value < 0.05; t-test) between the power at that height and the 
power at the next lower height.  
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6: Comparison of the (a) average and (b) peak muscle mass-specific power 
outputs of the back and hindlimb muscles during standing vertical jumps in domestic 
cats (n = 5, body mass range = 3.7 to 6.4kg).  Error bars give 95% confidence interval 
for the mean of each set of jump trials.  A star (*) above the value inside a particular 
bar indicates a significant difference (two-sided p-value < 0.05; t-test) between the 
power at that height and the power at the next lower height. 
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Figure 3.7: Comparison of power curves for whole body (center-of-mass, COM), 
hindlimb joints, and back extensors of domestic cats during standing vertical jumps.  
Curves have been normalized in their timescales to 0 to 100% of contact time (0% = 
when vertical ground reaction forces first rises; 100% = takeoff of hindlimbs).  Curves 
are means for a representative subject, and standard errors are shown as vertical bars 
along each curve. 
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Figure 3.8: Relative timing of the peaks of power outputs for the center-of-mass 
(COM), back extensors, and hindlimb muscles during standing vertical jumps in 
domestic cats (n =5, listed by subject name on right of graphs).  Each horizontal line 
represents a single jump on which has been plotted the relative timings, indicated by 
different symbols: COM (�), back (�), and hindlimbs (�).  The time base for all 
jumps has been normalized to contact times, which span from first vertical force 
greater than body weight to the hindlimbs’ takeoff from the ground.  Means are shown 
for the medium-height jumps, as their differences are significant (p < 0.001, unpaired 
t-tests), but not for low and high-height jumps, since their differences are not 
significant. 
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Figure 3.9: Ratio of work contributed by back extensor muscles to work contributed 
by hindlimb muscles during standing vertical jumps in domestic cats.  For comparison, 
a dotted line is provided at approximately y = 2.6 to indicate the estimated average 
ratio of back extensor muscle mass to hindlimb extensor muscle mass for domestic 
cats.  Error bars give standard errors of the mean for each set of jump trials. 
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Figure 3.10: Contact times (in milliseconds) over which positive vertical ground 
reaction forces are present during standing vertical jumps in domestic cats (n = 5, 
body mass range = 3.7 to 6.4kg).  Error bars give 95% confidence intervals for the 
mean of each set of jump trials.  No significant differences were found in means (p-
value > 0.05, analysis of variance F-test). 
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Figure 3.11: Maximum takeoff velocity, as measured by nose movement, during 
standing vertical jumps in domestic cats (n = 5, body mass range = 3.7 to 6.4kg). Error 
bars give 95% confidence intervals for the mean of each set of jump trials. A star (*) 
above a bar indicates significant difference (two-sided p-value<0.05; t-test) between 
takeoff velocity at that height and takeoff velocity at the next lower height. 
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Abstract 

Modern canids and felids are representatives of two distinct lineages within the 

Order Carnivora which show fundamental differences in hunting behavior.  While 

most canids are classic cursorial pursuit predators, felids typically are ambush hunters 

who employ a “pouncing” or jumping locomotion style when obtaining prey.  This 

study investigated whether basic morphological differences between the postcranial 

skeletons of extant canids and felids could explain these fundamental differences in 

hunting technique.  Original measurements for vertebral column, limbs, and pelvic 

girdle characters were taken from museum specimens of 15 species of canids and 14 

species of felids and were combined with measurements extracted from literature 

values from 24 sources.  We found that the following skeletal length ratios were 

significantly higher on average in canids than in felids: forelimb-to-thoracolumbar 

vertebrae, forelimb-to-hindlimb, metatarsal-to-femur, humerus-to-femur, and radius-

to-femur.  Neural process heights for the T10 to L5 vertebrae (adjusted for scaling 

effects) were significantly taller on average in canids and angles of the post-anticlinal 

vertebrae were oriented more caudally in canids than in felids.  Canids tended to have 

wider pelvises than felids, though no significant difference was found between pelvis-

to-femur or ilium-to-pelvis length ratios.  This study gives evidence for a quantifiable 

set of morphological differences between canids and felids that help explain their 

different hunting strategies.  In addition, these findings can be used to predict and 

categorize both the locomotor ability and taxonomic classification of extinct 

carnivores. 
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Introduction 

The order Carnivora contains the greatest body size range among any 

mammalian order (Savage, 1977) and was fundamentally divided early in the 

Cenozoic into two primary lineages, the Feliformia and the Caniformia, a split which 

was complete by the late Eocene (~40mya) and may have even occurred earlier in the 

late Cretaceous (~60-70mya) (Van Valkenburgh, 1999).  Although there are notable 

exceptions, these two lineages primarily represent a dichotomy into two primary 

modes of hunting styles: “pursuit” (Caniformia) and “ambush” (Feliformia) (Van 

Valkenburgh, 1985).   

While past studies have attempted to correlate the morphology of the hindlimb 

and the forelimb to these distinctions (e.g. Gonyea, 1978; Van Valkenburgh, 1987; 

Iwaniuk et al.,1999; Andersson, 2004), few, if any,  studies investigate the differences 

of vertebral column morphology between these two lineages and their correlation with 

hunting behaviors.   Indeed, many authors have hinted at this distinction, suggesting 

that feliforms possess more flexible vertebral columns than caniforms, lending to their 

respective behavior differences (Taylor, 1989).  Specifically, the locomotor 

adaptations of felids are different from those of cursorial canids, since felids do not 

typically accelerate rapidly to pursue prey and do not maintain sustained chases 

(Taylor, 1989).  Canids, in general, are excellent runners and are not particularly 

adapted for the leaping movements involved in ambush type predation (Hildebrand, 

1954). 
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The purpose of this study then was to compare specific measurements of the 

vertebral column, limbs, and pelvis between canid and felid species to determine 

whether morphological differences correlate with basic hunting and locomotor 

strategies within these two distinct lineages in the Order Carnivora.   

 

Materials and Methods 

Specimens 

 The skeletal elements of adult specimens of 29 species of extant carnivorans at 

the U.S. National Museum of Natural History in Washington, DC were measured for 

various morphological variables: 15 species of family Canidae and 14 species of 

family Felidae (Table 4.1).  Living body masses were predicted using a regression 

equation with measured femur length (r2 = 99.3%) (Christiansen, 1999).  These 

collected measurement data were combined with morphological data for both felid and 

canid species extracted from 24 literature sources (Table 4.2).  Data was standardized 

to measurement unit, if necessary, and used in combined comparisons. 

 

Definition of Hunting Type   

The felids and canids compared in this study were grouped using three primary 

methods most often employed to pursue and capture prey, according to categories 

defined and assigned by Van Valkenburgh (1985) for carnivoran species:  Ambush (A) 

(“a short distance rush [<500m] frequently preceded by a stalk”, and often ending with 

forelimb “grappling”), Pounce-Pursuit (PP) (“a moving search which ends in either a 
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pounce or chase; grappling infrequent”), and Pursuit (P) (“a chase, typically long 

distance [>500m], rarely preceded by a stalk; no grappling with prey”).  Kleiman and 

Eisenberg (1973) term the pounce-pursuit hunting strategy of felids as a “pounce and 

strike” tactic, and note that except for the cheetah, felids rarely chase prey over any 

great distance but may use a “short rush” before striking.  When needed, these basic 

A-PP-P assignments were updated with data from Harris and Steudel (1997) and other 

study authors whose data was extracted and used here in combined comparisons.  

 

Morphological Measures 

 Twelve characters of the post-cranial skeleton were chosen for comparison 

between representative canid and felid species as were three characters of the vertebral 

column and nine characters pertaining to the limbs and pelvic girdle.  These measures 

have been previously proposed from biomechanical principles and/or demonstrated to 

be correlated with hunting behavior in carnivores in other studies.  Measured values in 

this study were obtained with a measuring tape (to the nearest mm) or calipers 

calibrated to 0.1mm.   

1. Forelimb Length to Thoracolumbar Vertebrae Length (FL/T+L):  Hildebrand 
(1952) used the thoracolumbar vertebral length as a common standard to relate 
measured morphological values including limb length values.  Specifically, 
Gonyea (1976) found the FL/T+L ratio higher (i.e. longer forelimbs) in felids 
inhabiting more open terrain, are thereby are more cursorial, than in forest-
dwelling felids, which are less cursorial. 
 

2. Neural Process Height (NH) and Neural Process Angle (NA):  NH was 
measured as the perpendicular distance from the tip of the neural process to the 
ventral part of the centrum.  NA was measured as the angle of the neural 
process with the longitudinal axis of the centrum.  Both of these measures have 
been used in studies of the mammalian vertebrate column since Slijper’s 
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(1946) classic work.  Longer thoracolumbar neural spines are an adaptation to 
stronger back muscles and their angles are indicative of the relative importance 
of various attached epaxial muscles (Hildebrand, 1954).  To remove scaling 
effects with body mass, neural process heights were normalized by femur 
lengths, shown by Christiansen (1999) to have a high correlation with body 
mass (r2 = 99.3%).  Only post-anticlinal vertebrae (T11 or T12) were 
considered for neural process angle, indicated by Slijper (1946) as a region of 
interest with regard to back flexibility in carnivorans. 

 
3. Intermembral Index (FL/HL), or the ratio of forelimb length to hindlimb 

length:  Howell (1944) found that relatively short forelimbs compared to 
hindlimbs was an indicator or jumping skills in various mammals.  Harris and 
Steudel (1997) found that relative hindlimb length is significantly related to 
prey capture methods and suggested that faster runners and good leapers 
should have longer hindlimbs. 
 

4. Metatarsal-to-Femur ratio (MT/F):  This ratio of the 3rd metatarsal length to 
femur length has been extensively used in studies of locomotion and maximal 
running speed in mammals (e.g. Garland, 1993; Van Valkenburgh, 1985; 
Christiansen, 2002), as an indicator of cursoriality (Van Valkenburgh, 1987). 
 

5. Femurohumeral index (H/F), or the ratio of humerus length to femur length:  
Howell (1944) found that this index largely follows the FL/HL, with 
disproportionate shortening of the humerus in some jumping mammals. 
 

6. Humeroradial index (R/H), or the ratio of radius length to humerus length:  
Davis (1964) found that jumping mammals had shorter radii, especially in 
felids.  Supporting this from the other viewpoint, Howell (1944) found that 
elongation of the distal limb element was an indicator of cursorial 
specialization. 
 

7. Pelvis Length to Femur Length (P/F):  Camp and Borell (1937), in studies of 
lagomorphs, found that a relatively shorter pelvis was indicative of better 
leaping ability. 
  

8. Ilium Length to Pelvis Length (I/P): Howell (1932) observed that the ilium was 
relatively shorter than the ischio-pubic region of the pelvis in jumping 
mammals and opposite in galloping mammals.  In addition, Camp and Borell 
(1937) found a similar “shorter ilium” trend in lagomorphs with better leaping 
ability. 
 

9. Pelvis Width to Length ratios:  Davis (1964) in his treatise on the giant panda 
used various “pelvic indices” to compare arctoid carnivores, but used only 
Canis lupus in comparisons to the Canidae.  These ratios used here include: 
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a. Pelvis Width (cranial) to Pelvis Length (PWcr/PL), using the width at 
the iliac crests 

b. Pelvis Width (caudal) to Pelvis Length (PWca/PL), using the widest 
width at the ischia 

c. Pelvis Width (acetabular) to Pelvis Length (PWac/PL), using width at 
the dorsal acetabula 

 
Analysis 

Because data was pooled from many literature sources, analyses are presented 

differently for certain morphological comparisons, since certain sources report only a 

ratio value between two measured variables (e.g. MT/F) without reporting the actual 

measured variables that comprise that index (e.g. metatarsal length, femur length).  In 

addition, to expand the data set used in this study, some morphological ratios were 

derived from others such that the raw length values were not always available for the 

original source.  In those cases without raw data, a comparison between the ratios for 

different groups is presented: for canids vs. felids, unpaired t-tests were performed and 

for species categorized into ambush vs. pounce-pursuit vs. pursuit predation type, 

single factor ANOVAs with Tukey LSD multiple comparison tests were performed.  

However, when data for the individual measured variables of a ratio were consistently 

available, a comparison of regression curves between the two variables is presented. 

 

Results and Discussion 

Limb Ratios 

Forelimb length to thoracolumbar vertebrae length ratio (FL/T+L) in canids 

(mean = 88.4%; 95% confidence interval: 84.8 to 92.1; n = 17 for 14 species) is 

significantly higher (two-sided p < 0.05, unpaired t-test) than in felids (mean = 79.8%; 
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95% confidence interval: 77.9% to 81.6%; n = 53 for 32 species) (Figure 4.1a).  When 

categorized by hunting behavior, ambush predators (felids) showed a significant 

difference in mean FL/T+L ratio compared to canids using pursuit or pounce-pursuit 

strategies (p < 0.05, analysis of variance F-test with Tukey LSD multiple 

comparisons) (Figure 4.1b).  When forelimb length and thoracolumbar length were 

plotted, there was a significant difference between the slopes of the regression lines 

for felids compared to canids and for ambush predators compared to pounce-pursuit 

predators (p < 0.05, analysis of variance F-test) (Figure 4.2). 

In a study of the body proportions of canids of all sizes, Hildebrand (1952) 

found wide variation in the length of the forelimbs, with better runners having the 

longest.  He found some notable exceptions: very long legs in Chryosocyon, despite its 

adaptation to small game pursuit in tall pampas grass rather than open-terrain speed 

(Savage, 1977), very short legs in Speothos, presumably an adaptation to moving in 

heavy undergrowth of its jungle habitat.  In felids, very long limbs are observed in 

Caracal serval, which pounces almost exclusively in a hunting style adaptation in its 

tall grass habitat, and Lynx canadensis, which chases or pounces on its prey in deep 

snow habitats (Harris and Steudel, 1997) with snowshoe-like feet that facilitate 

moving in snow (Sunquist and Sunquist, 2002).  These exceptions are noted as 

outlying data points in this study for the FL/T+L plot (Figure 4.1a).   

 In a similar trend, canids were found to have significantly longer forelimbs 

than hindlimbs (mean intermembral index (FL/HL) = 88.4%; 95% confidence interval 

87.5% to 89.2%, n = 76 for 26 species) when compared to felids (mean FL/HL = 
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83.2% , 95% confidence interval 82.5% to 83.9%, n = 124 for 33 species) (Figure 4.3).  

The regression line for forelimb length vs. hindlimb length indicates a higher slope for 

canids than for felids (Figure 4.4).  Some of the lowest intermembral indices found 

Felis concolor and Neofelis nebulosa, which agrees with Gonyea’s (1976) conclusions 

that both Felis concolor and Neofelis nebulosa possess differences in limb length as 

adaptations for jumping in the high relief regions or forest habitats respectively.   

In general, our findings agree with the observation that canids have longer, 

more gracile limbs, compared to the shorter, more robust limbs of felids (Meachen-

Samuels & Van Valkenburgh, 2009).  This is supported as well by the comparison of 

the femurohumeral index (H/F) in this study, which was significantly higher (two-

sided p < 0.05, unpaired t-test) in canids (mean = 90.7%; 95% confidence interval: 

89.8 to 91.5; n = 58 for 24 species) than in felids (mean = 86.4%; 95% confidence 

interval: 85.7 to 87.1; n = 127 for 33 species) and higher for pursuit and pounce-

pursuit predators than for ambush predators (Figure 4.5). 

Metatarsal-to-femur ratio (MT/F) was also significantly higher (two-sided p < 

0.05, unpaired t-test) in canids (mean = 45.6%; 95% confidence interval: 44.7 to 46.4; 

n = 90 for 24 species) than in felids (mean = 40.2%; 95% confidence interval: 39.3 to 

41.1; n = 84 for 31 species) (Figure 4.6a).  When categorized by hunting behavior, 

ambush predators (felids) showed a significant difference in mean MT/F ratio 

compared to canids using pursuit or pounce-pursuit strategies (p < 0.05, analysis of 

variance F-test with Tukey LSD multiple comparisons) (Figure 4.6b).  When 3rd 

metatarsal length and femur length were plotted, there was a significant difference 
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between the slopes of the regression lines for felids compared to canids and for 

ambush predators compared to pounce-pursuit predators (p < 0.05, analysis of 

variance F-test) (Figure 4.7a).  These data support other studies which find higher 

MT/F ratios in more cursorial carnivores (Van Valkenburgh, 1987). 

Similarly, humeroradial index (R/H) was significantly higher (two-sided p < 

0.05, unpaired t-test) in canids (mean = 99.4%; 95% confidence interval: 97.8 to 101; 

n = 75 for 27 species) than in felids (mean = 89.1%; 95% confidence interval: 87.6 to 

90.5; n = 78 for 32 species) and was higher in pursuit and pounce-pursuit predators 

compared to ambush predators (Figure 4.8).  In addition, when humerus length and 

radius length were plotted, there was a significant difference between the slopes of the 

regression lines for felids compared to canids and for ambush predators compared to 

pounce-pursuit predators (p < 0.05, analysis of variance F-test) (Figure 4.9).  These 

MT/F and R/H findings support Taylor’s (1989) more general observation that the 

longer leg length of cursors is associated with their distal elements, that is high 

propodial-epipodial (e.g. R/H) and propodial-metapodial ratios (e.g MT/F).  

 

Vertebral Measures 

Spoor (1988) observed that the vertebrae of cursorial carnivores show 

remarkably few morphological characteristics that are related to the differences in the 

flexibility of the spine.  Indeed, in his extensive study of mammalian vertebrae, Slijper 

(1946) noted that neither the presence or absence of accessory processes, nor the 

position of the articular processes gives a satisfactory explanation of these differences. 
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Nevertheless, it was found in the present study that felids have more cranially 

inclined neural processes than do the canids, with the difference in neural process 

angle greatest in the transition zone from thoracic to lumbar vertebrae (T12 to L3) 

(Figure 4.10).  One noted exception is Speothos, whose neural process angle profile 

curve is more similar to that of felids.  Hildebrand (1954) noted a similar finding in 

Speothos skeletons, suggesting a relatively weak M. spinalis and less cursorial ability 

in this species. 

Similarly, neural process height near the thoracolumbar junction is lower for 

felids than for canids, after being size-adjusted by femur length, which was the 

osteological variable found to correlate most with body mass by Christiansen (1999) 

(Figure 4.11).  This data was size-adjusted since Leach and Kleer (1978) found that 

body weight is a determinant of spinous process size in the marten and fisher.  In 

addition, the height of the neural process of the anticlinal vertebra (i.e. the one whose 

neural process inclination is intermediate and marks the transition from caudal to 

cranial orientation, usually T11 or T12 in Canidae and Felidae) is shorter in felids than 

in canids.  Argot’s (2003) findings suggest that this shorter anticlinal vertebra, coupled 

with the more cranial inclination of the post-anticlinal vertebrae near the 

thoracolumbar junction, promotes greater sagittal flexibility of the vertebral column in 

felids.  Slijper (1946), after studies of many different vertebral columns, concluded 

that the shorter neural processes of the anticlinal region allows high mobility and 

serves as the center of sagittal movement.  Two exceptions should be noted in neural 

process height (Figure 4.11).  Neural process heights are shorter in Chrysocyon 
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(maned wolf), a long-legged canid “pouncer” in the tall pampas grasses of South 

America and in foxes (Vulpes), also well-known “pouncers” in terms of hunting 

behavior. 

Furthermore, it would seem that in ambush predators like typical felids, the 

enhanced ability to flex and extend the vertebral column helps to accelerate the body 

and achieve speed in a short distance, as well as assist the pushing of the hindlimbs 

during leaping (Gambaryan, 1974).  Similarly, in a non-felid example, Argot (2003) 

found that the arboscansorial (i.e. tree-climbing) canid Urocyon had much more 

anteriorly inclined postanticlinal neural processes than the cursorial Canis lupus.  

Spoor (1988) observed that the Felidae showed considerable flexion and extension of 

the spine during jumping and the leaping gallop used in short sprints, while in 

Canidae locomotion is less characterized by extreme speed and more by endurance, so 

spinal movements are less impressive than in Felidae. 

 

Pelvic Ratios 

 No significant difference was found between the pelvis length to femur length 

(P/F) or the ilium length to pelvis length (I/P) ratios in canids vs. felids, perhaps 

indicating that these two measures scale together with body mass.  Indeed, Hildebrand 

(1952) found that in canids the length of the ilium was proportional to the length of the 

back and not to the length of the femur, but did not explain this in terms of muscle 

mechanics.   
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 However, when separated by hunting behavior, ambush predators had 

significantly lower I/P ratios than both pounce-pursuit and pursuit predators (Figure 

4.12).  This is explained by Maynard-Smith and Savage’s (1956) observation that the 

ilium is relatively shorter than the ischio-pubic region of the pelvis in jumping 

mammals and opposite in galloping mammals because of muscular tradeoff.  On one 

hand, the hamstring muscle groups, which originate on the ilium and run to the femur, 

provide rapid thigh extension during jumping, and on the other hand the gluteals, 

which originate instead on the ischio-pubis, provide slower but more powerful thigh 

extension.   

 In addition, taken internally, pelvic width to length ratios did show distinction 

between canids and felids.  Pelvic width at each of three points (iliac crests, acetabula, 

and ischia) in ratio with overall pelvic length was higher in all cases in canids than 

felids (Figure 4.13).  This translates to a narrower, longer pelvis in felids than in 

canids, perhaps an adaptation to jumping than to cursoriality.  Davis (1964) noted that 

Felis leo had a “notably narrow pelvis” when compared to bears and dogs and related 

its shape to the great size of the iliopsoas muscle group which originates on the iliac 

fossa and is associated with leaping.  Spoor (1988) found ilium breadth as % of ilium 

length to vary by family: 31-41% (Felidae), 50-56% (Canidae), 73% Crocuta crocuta, 

83-90% Hyaena hyaena (Spoor, 1988).  A greater ilium breadth provides a larger 

cross-section for attachment of M. gluteus medius fibers which run perpendicular to 

the ilium.  This makes the gluteus medius a very powerful muscle and important in 

stabilizing the hip and preventing unwanted adduction (Spoor, 1988).   
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Summary 

This study defined a quantifiable suite of morphological differences between 

felids and canids, in the vertebral column, limbs, and pelvis, which can help to explain 

the differences in basic hunting strategies employed by these groups (Table 3).  Since 

felids do not maintain sustained chases but need to accelerate rapidly during pouncing 

prey-capture techniques, the adaptations in their limbs, pelvis, and vertebral column 

are different from those of typically cursorial canids (Taylor 1989). 

While an effort was made to explain similarities, there are certainly more 

detailed relationships between these morphological characters and ratios that are worth 

exploring.  For example, other than this study and the more focused data collection in 

bears by Davis (1964), little investigation has been conducted into functional 

importance of the relative dimensions of the pelvis in carnivorans.  The distinctions 

highlighted here are intriguing possibilities for further research into the biomechanical 

significance of morphological differences, especially if used to predict (or corroborate) 

hunting and/or locomotion styles of or to categorize (or verify) the taxonomy of 

extinct carnivores from fossil measurements, in an effort to further signify what 

distinguishes the feliforms and caniforms with the order Carnivora. 
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(a) (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1:  Comparison of the relative forelimb-to-thoracolumbar vertebral ratio between felids (F) and canids (C). Vertical bars 
show mean and 95% confidence intervals.  (a) The difference in means is significant (two-sided p < 0.05, t-test).  (b) Categorized by 
hunting type (A = ambush, PP = pounce-pursuit, P = pursuit), the significant differences in pairwise means are indicated (analysis of 
variance F-test with Tukey LSD post-hoc comparisons). 
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Figure 4.2: (a) Scatterplot of the forelimb and thoracolumbar vertebrae lengths in 
felids (n=14; 13 spp.) and canids (n=15; 13 spp.). There is a significant difference 
between the regression line slopes (p-value < 0.05, analysis of variance F-test). (b) 
Comparison of the same ratio between felids (n=11; 11 spp.) and canids (n=15; 13 
spp.), categorized by hunting type (A = ambush, PP = pounce-pursuit, P = pursuit).  A 
significant difference in regression line slopes exists between A and PP. 
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Figure 4.3:  Comparison of the intermembral index (forelimb length/hindlimb length) between felids (F) and canids (C). Vertical bars 
show mean and 95% confidence intervals.  (a) The difference in means is significant (two-sided p < 0.05, t-test).  (b) Categorized by 
hunting type (A = ambush, PP = pounce-pursuit, P = pursuit), the significant differences in pairwise means are indicated (analysis of 
variance F-test with Tukey LSD post-hoc comparisons).   
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Figure 4.4: Scatterplot of the forelimb and hindlimb lengths in felids (n=30; 16 spp.) 
and canids (n=52; 28 spp.). There is a significant difference between the regression 
line slopes (p-value < 0.05, analysis of variance F-test). 
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Figure 4.5:  Comparison of the humerus-to-femur length ratio between felids (F) and canids (C). Vertical bars show mean and 95% 
confidence intervals.  (a) The difference in means is significant (two-sided p < 0.05, t-test).  (b) Categorized by hunting type (A = 
ambush, PP = pounce-pursuit, P = pursuit), the significant differences in pairwise means are indicated (analysis of variance F-test with 
Tukey LSD post-hoc comparisons).  
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Figure 4.6:  Comparison of the ratio of 3rd metatarsal to femur length between felids (F) and canids (C). Vertical bars show mean and 
95% confidence intervals.  (a) The difference in means is significant (two-sided p < 0.05, t-test).  (b) Categorized by hunting type (A = 
ambush, PP = pounce-pursuit, P = pursuit), the significant differences in pairwise means are indicated (analysis of variance F-test with 
Tukey LSD post-hoc comparisons).   
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Figure 4.7: (a) Scatterplot of the 3rd metatarsal and femur lengths in felids (n=26; 17 
spp.) and canids (n=40; 25 spp.). There is a significant difference between the 
regression line slopes (p-value < 0.05, analysis of variance F-test). (b) Scatterplot of 
the same measures in felids (n=21; 14 spp.) and canids (n=30; 18 spp.), categorized by 
hunting type (A = ambush, PP = pounce-pursuit, P = pursuit).  A significant difference 
in regression line slopes exists between A and PP. 
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Figure 4.8:  Comparison of the ratio of radius to humerus length between felids (F) and canids (C). Vertical bars show mean and 95% 
confidence intervals.  (a) The difference in means is significant (two-sided p < 0.05, t-test).  (b) Categorized by hunting type (A = 
ambush, PP = pounce-pursuit, P = pursuit), the significant differences in pairwise means are indicated (analysis of variance F-test with 
Tukey LSD post-hoc comparisons).   
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Figure 4.9: (a) Scatterplot of the radius and humerus lengths in felids (n=40; 23 spp.) 
and canids (n=49; 30 spp.). There is a significant difference between the regression 
line slopes (p-value < 0.05, analysis of variance F-test). (b) Scatterplot of the same 
measure in felids (n=30; 18 spp.) and canids (n=38; 22 spp.), categorized by hunting 
type (A = ambush, PP = pounce-pursuit, P = pursuit).  A significant difference in 
regression line slopes exists between A and PP. 
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Figure 4.10: Comparison of the neural process angles in the vertebral column between 
canids (n=16, 15 spp., mass range = 3-83kg) and felids (n=15, 13 spp., mass range = 
5-130kg).  Dotted lines indicate 95% confidence bands. 
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Figure 4.11: Comparison of neural process height of the vertebrae, normalized by 
femur length) between canids (n=16, 15 spp., mass range = 3-83kg) and felids (n=15, 
13 spp., mass range = 5-130kg).  Dotted lines indicate 95% confidence bands.
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Figure 4.12:  Comparison of the ratio of ilium to pelvis length between felids and canids. Vertical bars show mean and 95% 
confidence intervals.  (a) The difference in means is not significant (two-sided p < 0.05, t-test).  (b) Categorized by hunting type (A = 
ambush, PP = pounce-pursuit, P = pursuit), the significant differences in pairwise means are indicated (analysis of variance F-test with 
Tukey LSD post-hoc comparisons).   
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Figure 4.13:  Comparison of the ratios of (a) pelvis width at acetabula to pelvis length, (b) pelvis cranial width to pelvis length, and (c) 
pelvis caudal width to pelvis length between felids and canids. Vertical bars show mean and 95% confidence intervals.  In all cases, 
the differences in means are significant (two-sided p < 0.05, t-test).   
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Table 4.1: Specimens at the U.S. National Museum in Washington, DC that were 
measured for skeletal variables in this study.  Masses were estimated using femur 
length and regression equations established by Christiansen (1999). 
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Table 4.2: Literature sources of morphological data for canid and felid specimens used 
in analyses in this study. 
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Table 4.3: Summary of the skeletal measurements used in this study and their 
significant relative trends in Canidae and Felidae.  NS = no significant difference 
observed. 
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General Conclusion 
  
 

In this dissertation, I sought to quantify the importance of elastic elements, 

including those of the vertebral column, during the basic movement of jumping in 

quadrupedal mammals.  Experimentally, evidence was provided for elastic power 

amplification in a jumping mammal via a measured supramaximal power peak late in 

the jump of Zapus trinotatus.  Since the possibility of back muscle assistance could 

not be ruled out in those experiments, the vertebral column’s role during jumping was 

measured in a separate study with domestic cats, revealing its contribution at 50-60% 

of total body work depending on jump height. 

In addition, with these two experimental findings as basis, I sought to give a 

broader view of the importance of the vertebral column, as well as that of other post-

cranial skeletal differences, in influencing the locomotion styles, and by extension, the 

hunting strategies employed by the two major carnivoran lineages of feliforms and 

caniforms.  A comparison of measured values of extant canid and felid skeletons 

showed significantly different trends in limb segment ratios, vertebral column 

characteristics, and pelvic characteristics between representative canid and felid 

species. 

Further study of the role of morphology in shaping locomotory behaviors such 

as jumping are likely to provide added insight into the overall integration of various 

parts of the musculoskeletal systems of animals, including both active muscles and the 

passive tendons and ligaments.  Layering in data from extinct carnivores measured 
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from fossil specimens would be an important next step in an attempt to reveal what 

morphological characteristics truly define and distinguish felids and canids.  In 

addition, such insights from biological locomotion should inspire roboticists and 

computer scientists to design more accurate and successful locomotory mechanisms 

for the next generation of artificial organisms. 
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