Palaeontology Program
Government of the Y ukon

Occasional Papersin Earth Sciences No. 7

o

LOCOMOTOR ADAPTATIONS AND ECOMORPHOLOGY OF SHORT-FACED
BEARS (Arctodus simus) IN EASTERN BERINGIA

Paul E. Matheus

The Alaska Quaternary Center, Department of Geology and Geophysics
and The Institute of Arctic Biology
University of Alaska Fairbanks

YUKON
Palaeontology Program
Department of Tourism and Culture
Elaine Taylor, Minister
2003









ot o o L L ool o’

Publication Note:

This monograph was originally written as
Chapters 2, 3, and 4 of the Ph.D. dissertation
entitled, “Paleoecology and Ecomorphology of the
Giant Short-Faced Bear in Eastern Beringia,”
completed by the author in 1997 at The University
of Alaska Fairbanks. The content is essentialy
unchanged, except for minor editing, typographic
corrections, and re-formatting. The complete
dissertation contained two additional papers
(Chapters 1 and 5) that are cited in this monograph

as Matheus 1995 and 2001. The dissertation also
contained an appendix with stable isotope data on
modern and Pleistocene carnivores along with a
manual for extracting and purifying collagen from
bone. The present monograph may be cited
directly, but if the citation is used to establish
when the ideas herein were established or data
herein made public, then the dissertation or
Matheus (1995) take precedence.

YUKON
Palaeontology Program
Department of Tourism and Culture
Elaine Taylor, Minister
2003



LOCOMOTOR ADAPTATIONS AND ECOMORPHOLOGY OF SHORT-FACED

BEARS (Arctodus simus) IN EASTERN BERINGIA

Paul E. Matheus

TABLE OF CONTENTS

Frontispiece Arctodus simus skeletal reconstruction by author ..........ccccceeevievevence s,
L] o] T or= 4T T 1N (o) SRRSO
N o ot SO

Part I: General Effects of Body Size and Limb Morphology in Large
Quadrupedal Mammals— Designs for Speed, Acceleration, and Endurance

INEFOTUCTION ..ottt
Current Ecological Models and the Hypotheses Being Tested .........
Primer on Arctodus’ Morphology ......cccceeevieveneninie s
Limbs are COMPrOMISES .....cceveveerieriereeneseeseeseseeseesieseeseeseseeseeneeses
The Comparative Approach and Layout of This Paper ...................
DEFINITIONS ..ot
Confusions Regarding CursorialiSm ........ccccceveverereeieeieeseeeeeeeeeeeee s
Quadrupedal GaItS ........cccevevererire e
Preliminary Remarks on Scaling and AHHOMELTY .....ccoovvvvvveveveceeee e,
AlIOMELTIC FUNCLIONS ...t
Similarity Hypotheses and Scaling Theory .......ccceveveeeccevceccecenine
Reservations About Scaling AppliCations ........ccccceveveveerecieeiencennens
Functional Interpretations Using AIOMELrY ......ccovecveeeeeeceeeciiennns
Energetics, Metabolism, and the Cost of Locomotion ...........cccccceveeveeveennene.
Setting the SEAgE ..ovveveeee e
The Cost Of TranSPOIt .......ccvevvererere e
Mechanics of Walking and RUNNING ........cccvvvvenenevenecese e
Locomoator Efficiency and the Role of Stored Elastic Strain
Energy— Advantages of BENG Big ......ccccevvveverienevnvesese s
Optimal Speeds Within a Gait and the Effect of Limb
Length— Reconsidering the Cost of Transport ........cccceeveevvieveneenn.
Scaling Of MUSCIE FOICE .....ocuvieceeeeeeceses e
Bones and Skeletal SLrESSES ..o
Predicted vs. Actual Bone SreSS .......ovvveveierinecseesee e
How do Large Animals Reduce Realized Bone Stress? ...................
What Triggers Gait Changes— More Clues into the Role
(o]l 2100 | .
An Upper Size Limit for Predators .........cccceeeveeveveeiesesese e
Summarizing the Relationships Between Force Generation,
Bone Stress, and Body SIiZe ........cccveeeieicercre e
LiMDS 8BS LEVEIS ...ttt sttt
LEVEN SYSIEMS ..ot st ee e
The Effects of Mechanica Advantage on Locomotor
PErfOrMENCE ..o
Low Gear and High Gear MusCle Systems .......ccccceveveecevcencenesieneens
Kinematics Of LiMbDS .....ccooiiiiiiiece s
Summary of Relationships Between Morphology and Locomotor
PEITOMMEBNCE ..ot e e e
GO0 ACCEIEIELONS ....ecveeeeeeiirieeeeie ettt beseens
Efficient RUNNEIS ..ot

21

22
24
28
28
29

31
33

35
37
37

37
39
41



PART II: Specific Morphological Featuresof Arctodus

INEFOTUCTION ..ottt 46
Was Arctodus Cursorially Adapted ? ....c.ooeeeeeveeresere e 47
Proximal-Distal Limb Proportions .........c.ccceevevievieveniesnsesiesnsennens 47

Limb Mass and AHOMELNY .....cooveveerececese e 50

0100 KRS 50

(1011000 = 50

[ONG DONES ... 50

RUMEIUS ... 51

FAAIUS/UING ... 51

FEIMUN e 61

HIA o 61

overall allometry and functional interpretations................. 61

Limb Posture and Conformational FEtUresS ..........cccveeveeerercniencns 66

Front LIMBDS ..o 66

Hip and FEMUE .......ooveee e 68

SUMMArY ON CUFSOMTAlISIM ... 73

Gait Selection and Speed: What Kind of Cursor was Arctodus? .........cc.ce..... 75
Galt SEIECHION ...voiieiiiieeece et e 75
ACCEIEIELION ..ovieeiciereee et 76

The Hyena Analogy— prosand CoNS .........cccceevvevveeneneseseneseseneens 77

S o 1cc o o) I = Y= 79
Postlogue and Preview of the Part Tl .........cccocveveirieccecieceecresee e 81

Part I11: Foraging Energetics, Car cass Productivity, and the Evolution of
Arctodus’ Scavenging Niche

INEFOTUCTION ..ottt 83
Forage Requirements and Population Parameters .........cccceevevveveeieececesennenn, 84
Forage REQUITEMENLS .......cceeerieeieeeeeeeseesee e sees e e e e st sneenens 84
Carcass REQUITEMENES .......cceeveieeiereerieseseeses e see e st snens 85
Population Density and Home Range Size .......cccccveveeevvvesesnnnnnns 87
Minimum Viable POpulation .........ccccceceeieieereeieereree e 89
Modeling Carcass AbUNAANCE ........cccceeueieeeeeeecee e 90
Carcass Production from Predation ..o, 90
Carcass Production from Natural Mortality .......c.ccceeevivieieenininnnnns 95
Modeling Herbivore Populations in Eastern Beringia ....... 95
Redmann’s Model ... 95
Blissand Richard' sModel ..........cccooveviviiiennne. 98
Combined Model ..o 99
Non-Predatory Mortality in Eastern Beringia .................... 99
Corollariestothe Model ..o 102
Short-Faced Bear Population Levels ..... 102
Predator-Prey Ratios ........cccccevevevvennne 102
Relying on Carcasses as a Continuous Food Source and the Evolution of
Arctodus’ Scavenging NIiChE ......ccocviiviiiiii e 104
Feasibility of aPure Scavenging Niche ........cccocevevevevececiceceee, 104
A theory for the Evolution of Scavenging in Short-Faced Bears........ 106
EXHNCLION ..ot 111

(LA = LU RS OA1 (<o ISR 113



ABSTRACT

The giant short-faced bear (Arctodus simus) was a
widespread Tremarctine (New World) bear indigenousto
North America until its extinction around 11,500 BP.
Arctodusinhabited Pleistoceneice-freerefugiain Eastern
Beringia(the northwestern limit of itsrange) until at least
20,000 BP. Arctoduswasthelargest bear and perhapsthe
largest speciesof terrestrial Carnivorathat ever lived, yet
it was characterized by agracile post-cranial morphology
anditwasrelatively long-legged. M ost ecol ogical models
reconstruct this bear as a high-speed cursoria pursuit
predator which preyed on a the largest herbivores of
Pleistocene North America. However, it aso has been
argued on energetic grounds that this bear was too large
to be carnivorous and evolved its large size within an
herbivorous/omnivorous niche. Within both models, the
immigration of brown bears into North America during
the late Pleistocene has been invoked as a possible cause
for the extinction of Arctodus.

Previously (Matheus 1994, 1995) | extracted fossil
bone collagen from east Beringian short-faced bears,
brown bears, and other carnivores for stable isotope
analysis (8 *C and & *N) in order to test competing
dietary model sand the competition hypothesis. Results of
that study showed that Arctoduswas highly carnivorous,
that its diet was completely terrestrial (i.e., no salmon),
and that it fed on herbivores which consumed C,
vegetation. The herbivore/omnivore foraging model was
thus rejected.

Given the knowledge that Arctodus was
carnivorous, | re-examined this giant bear’s postcranial
morphology and locomotor abilities in order to test
predictions of the predatory model. Within the predatory
model there are two sub-hypotheses that can be
constructed based on the types of prey which were
available to Arctodus: 1) Arctodus preyed on the largest
and slowest megafaunal species, or 2) Arctoduspreyed on
faster, moderate-sized megafaunal species. The first
hypothesis predicts alarge body and strong, robust build
in Arctodus and must be rejected because of Arctodus
gracile postcranial morphology. The second hypothesis
predicts that there should be certain morphological
features in Arctodus that would enhance one or more of
the following skills: top running speed, ability to
accelerate, or ability to maneuver at high speeds. Data
collected on running speed and bone strength in other
large mammal s show that abear the size of Arctoduswith
long gracilelimbswould not have been ableto endurethe
extreme dynamic forces incurred at high speeds, during
rapid acceleration, or during sharp turns, making it

unsuitable as a predator. Therefore, while the first
predatory sub-hypothesis accurately predicts Arctodus
largesize, it doesnot predict Arctodus' gracilebuild. The
second predatory sub-hypothesis is consistent with
Arctodus' gracile build but cannot explain itslarge size.

On the other hand, numerous aspects of Arctodus
morphology and body size indicate that it was an
incipient courser that had evolved not for speed, but
rather for increased locomotor efficiency during
prolonged travel. Arctodus swung its legs in a more
parasagital plane in-line with the body compared to other
bears, and it had a short, sloping back with tall front
limbs and short hind limbs. This conformation indicates
that Arctodus evolved to use a pacing gait— a highly
efficient, moderate-speed gait. Its large body size and
long legsalso would haveincreased locomotor efficiency
because these traits 1) increase the amount of elastic
strain energy that can be stored and recovered from
stretch tendons in mammalian limbs, and 2) increase
stride length— one of the most effective way to increase
locomotor efficiency. Considering these facts, | suggest
that this carnivorous bear had evolved as a specialized
scavenger adapted to cover an extremely large home
range in order to seek out broadly and unevenly
distributed large-mammal carcasses and to dominatethis
lucrative, but unpredictable carrion resource. Under such
a model, there would have been additiona selective
pressure for increased body size so that Arctodus could
procureand defend carcassesfrom other large carnivores,
some of which were gregarious.

To test the energetic feasibility of the scavenging
hypothesis | develop a model of carcass production on
Beringian landscapes based on estimates of herbivore
populations and their expected mortality rates. Results
indicate that Pleistocene environments would have
produced enough carcass biomass from natural mortality
and predation by other carnivoresto support at least twice
the required minimum viable population of short-faced
bears. The model helps show that Arctodus extinction
probably is best tied to the lack of year-round carcasses
on Holocene landscapes, a condition brought on by the
Holocene's less diverse herbivore fauna, which is
dominated by ruminants experiencing highly seasonal
mortality. The Holocene condition produces a seasonal
glut of carcasses (late winter-spring) followed by atight
dietary bottleneck (summer-early winter) when few
carcasses are available— conditions which led to the
demise of Arctodus.






LOCOMOTOR ADAPTATIONS AND ECOMORPHOLOGY OF
SHORT-FACED BEARS (Arctodus simus) IN EASTERN BERINGIA

PART |I: GENERAL EFFECTSOF BODY SIZE AND LIMB MORPHOLOGY ON
LOCOMOTOR PERFORMANCE IN LARGE QUADRUPEDAL MAMMALS
— DESIGNS FOR SPEED, ACCELERATION, AND ENDURANCE

1. INTRODUCTION

This three-part monograph re-examines the
locomotor abilities and ecomorphology of the extinct
giant short-faced bear (Arctodus simus), a formerly
widespread indigenous bear of Pleistocene North
America. Part | provides a general review of relevant
morphological features that influence performance
aspects of locomotion in large quadrupedal mammals.
Part Il is a specific diagnosis of locomotor function in
Arctodus. In Part 1Il, | model energetic aspects of
Arctodus foraging ecology and present a theory for the
evolutionary ecology of short-faced bears. These chapters
represent a detailed discussion of arguments presented
previously in Matheus 1994, 1995, 2001.

| undertake afairly lengthy review of locomotionin
Part | for anumber of reasons. First, | found that existing
interpretations of Arctodus' post-cranial morphology are
fairly cursory, speculative, and draw on inaccurate
concepts about locomotor dynamics. Consequently, it
seemed important to synthesize information relating to
the mechanics and physiology of locomotion relevant to
the Arctodus question— namely the effects of very large
body size and long gracile legs. However, in Part | |
discuss Arctodus very little. Instead, | lay down general
arguments for locomotor adaptation, which allow me to
be more direct and concise in Part Il; rather than
cluttering the discussion of Arctodus in Part 1l with
digressions and explanations of biomechanics and
physiology, | can refer the reader back to concepts
established here. | also feel that this elaboration is
necessary because | will make conclusions about
Arctodus which are not always intuitive and which are
contrary to current beliefs about this unusual bear’'s
behavior. Finally, the review in Part | may provide other
vertebrate pal eontol ogists with a convenient synthesis of
some current concepts regarding locomotion from the
perspective of physiologists and anatomists.

Current Ecological Models and the Hypotheses Being
Tested

Parts Il and 1Il of this monograph contain more
thorough discussions of the Arctodus problem, but | will
briefly introduce the issues here, so the reader

understandsthe direction | am heading (al so see Matheus
1995).

Kurtén (1967a) wasthefirst to seriously addressthe
functional implications of Arctodus' morphology, and he
concluded that this bear was a fast, cursorial super-
predator that had evolved asaspecialized hunter of North
America's Pleistocene megaherbivores. Kurtén's
conclusionsregarding Arctodus’ predatory behavior and
cursorialism were based on its powerful, robust cranium,
which Kurtén argued was adaptive for prey capture, and
long, gracile, legs, which Kurtén thought were adaptive
for speed and cursorial pursuit. The premise that
Arctoduswas at least carnivorous and probably an active
predator hasbeenwidely accepted withlittlequalification
from Kurtén's origina model (Harington 1973, 1977,
1996; Kurtén and Anderson 1980; Agenbroad and Mead
1986; Agenbroad 1990; Voorhies and Corner 1982,
1986; Guthrie 1988, 1990a; Gillette and Madsen 1992;
Churcher et al. 1993; Baryshnikov et al. 1994; Richards
and Turnbull 1995; Richards et al. 1996). However, itis
apremise | will refute.

Emslieand Czaplewski (1985) havevoiced theonly
dissent regarding Arctodus carnivorous habits. These
authorsargued that short-faced bearswerenot cursorially
adapted and must have been herbivorousbecause, intheir
estimate, such a large carnivore would have had to
procure an unrealistic amount of animal biomass (meat)
to achieve its energetic requirements. They formulated
the latter argument based on data in Eisenberg (1981),
who summarized patterns relating body size to trophic
position and showed that no modern terrestrial carnivore
approaches the size of Arctodus.

Using stable isotopes, | rejected Emslie and
Czaplewski's hypothesis by showing that short-faced
bears were highly, if not purely carnivorous (Matheus
1994, 1995; also see Bocherens et al. 1995). In those
works | also laid down preliminary arguments showing
that Arctodus was not built to be an effective predator
because it most likely was incapable of accelerating
rapidly and generating high speeds (or at least not
maneuvering at high speeds)— all traits that are
necessary to some degreefor essentially all modesof prey
capture. Asanalternative hypothesis, | suggested that this
bear showed the traits predicted for an animal that had



evolved to locomote with great economy and for
sustained travel. Thus, | proposed that Arctodus mainly
functioned as a wide-ranging scavenging specialist that
had evolved to efficiently travers alarge home range in
order to economically seek out, procure, and defend
megafaunal carcasses from other large carnivores.

In this monograph, | follow up on this model by
showing in more detail why it is unlikely that Arctodus
was much of a predator. Baryshnikov et al. (1994) also
have suggested that Arctodus may have had scavenging
habits (as do most carnivores). In addition, Voorhiesand
Corner (1986), Guthrie (1988, 1990a), Agenbroad
(1990), and Harington (1996) alluded to the possibility.
However, none of these authors has suggested that
scavenging was Arctodus primary occupation and they
assert that this bear was still an active, capable predator.
Moreover, none of these authors developed significant
arguments addressing mechanical aspects of short-faced
bear morphology. In contrast, | will use mechanical and
ecological evidence to demonstrate why Arctodus most
likely had evolved specifically asascavenger, and, while
| do not deny that Arctoduswas capable of killingitsown
prey when an easy opportunity arose, | will arguethat this
behavior was not the driving force that shaped Arctodus
morphol ogy— but scavenging was.

Primer on Arctodus Morphology

Knowing that Arctoduswas carnivorous, the key to
reconstructing its foraging ecology liesin diagnosing the
adaptive significance of its highly derived morphology.
Again, this subject will be addressed in detail in Part II;
only a summary of Arctodus morphology is provided
here for orientation. Also, this monograph will only
address specific detail s of post-cranial adaptations; while
Arctodus cranial morphology provides additional clues
into its foraging behavior, | will be addressing that
subject in a separate manuscript (in prep) (hypothesis
regarding Arctodus cranial features were presented in
Matheus 1995).

Short-faced bears were extremely large, even for
bears (Figs. 1 and 2), and various attempts have been
madeto estimatethe body weight of individual specimens
(Kurtén1967a; Nelsonand Madsen 1983; Agenbroad and
Mead 1986; Voorhies and Corner 1986; Churcher et al.
1993; Richards and Turnbull 1995; Harington 1991,
1996). Most of these estimates were calculated using
allometric equations relating long bone cross-sectional
area to body mass, while some are best guesses based on
comparisons to other bears. Generaly, these authors
estimated that males were around 600 - 700 kg and
perhaps reached 800 kg. Voorhies and Corner (1986)
even suggested that large males may have topped 1000
kg. Kurtén (1967a) showed that sexual dimorphism was
pronounced, asit isin other bears, onthe order of 15- 25

%; thiswould place femalesto be around 450 - 600 kg. If
Voorhies and Corner’s extreme estimate (1000 kg for
males) is correct, then some females may have even
reached nearly 750 kg. Considering Arctodus gracile
build, and the mass of modern bears, | think that \V oorhies
and Corner’'s estimates are too extreme. Nonetheless,
Arctoduswas alarge bear, and the bulk of thisPart | will
discuss the ramifications of such large size, and | will
frequently reiterate that body mass and both static and
dynamic forces of support increase with body size at a
greater rate than the support capability of long bones.
This should be astrong clue that such alarge animal like
Arctodus with gracile limbs must have been very lean.
Furthermore, Voorhies and Corner do not explain how
they derived their estimate of 1000 kg for large malesin
their 1986 paper, but based on the their 1982 article it
seems that they arrived at this value simply by their
impression with how big Arctodus long bones are
compared to those of modern black bears (Ursus
americanus).

Even if one accepts a conservative estimate of 500
kg and 600 kg for an average femal e and male short-faced
bear, respectively, this means that an average individual
was nearly as massive asa small domestic horse and two
to three times the mass of a modern, non-coastal grizzly
bear (Ursus arctos horribilis). Figure 1b compares the
skeletal size of Arctodus (a) to three morphs of male
brown bears: the largest known modern, male, brown
bear (which could al so represent the largest known polar
bear) (b); a very large modern, male, brown bear from
coastal Alaska or Kamchatka (also the size of atypica
large brown bear from interior Alaska during the
Pleistocene) (c), and; a large, modern, male brown bear
typical of interior Alaska, the contiguous 48 United
States, Europe, andinterior Russia(d). Figure2 compares
the size of Arctodus to other carnivores that are
discussed. A primary thesis throughout monograph will
be that Arctodus enormous size is one key to
understanding its locomotor abilities and foraging
behavior and that Arctodus was too large to be an
effective predator.

Comparisons to other bears, however, can be
misleading because Arctodus was not built like more
familiar modern bears. In contrast to the stereotypical
impression of a bear’s morphology, Arctodus had avery
light build, with alaterally compressed but deep thoracic
cavity, and limb bones that were very long, gracile, and
lacked much of the characteristic bowing and toe-in
posture of ursine bears (Part 11, Merriam and Stock 1925,
Kurtén 1967a). | discuss these traits in detail in the Part
I, where | also will show that, contrary to other
portrayals(e.g., Kurtén 1967a, Baryshnikov et al. 1994),
Arctodus frontlegswereespecially long comparedtothe
hind legs and that it had a fairly short back. This
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FIGURE 1. A) Reconstruction of the short-faced bear’s skeletal conformation. B) Size comparison between short-faced
bears and various brown bear morphs: a = large male short-faced bear, b = largest size attained by coastal brown bears
today (could also represent the largest polar bear), ¢ = large male brown bear typical for eastern Beringia during the
Pleistocene (also approximate size of alarge male modern coastal brown bear), d = large male grizzly from modern
interior Alaska (unitsin meters)(original illustrations by author).



steppe lion (Panthera |eo atrox) spotted hyena (Crocuta crocuta)

brown bear (Ursus arctos) wolf (Canislupus)

short-faced bear (Arctodus simus)

Figure 2. Body size and skeletal conformation of short-faced bears and other carnivores discussed in text. All body sizes
adjusted to depict adult malesin Pleistocene east Beringia, except hyena, which did not occur in Beringia. Bear illustrations
by author; others adapted from Ewer (1973).



configuration gave Arctodus a high-shouldered, sloped-
back appearance, which is significant for diagnosing its
gait and locomotor adaptations. Its manis and pes
(metapodials and phalanges) also were characteristically
long and slender and more elongated along the central
(thirdand forth) digits, compared to Ursine bears (Kurtén
1967a). This means that Arctodus feet were more
symmetrical than Ursine bears, whose feet have axes
aligned with the most lateral (fifth) digit (Kurtén 1967a).
Also, the first digit (hallux) of Arctodus was positioned
more closely against and parallel to the othersfour digits,
compared to Ursine bears (i.e.,, it had less latera
splaying)(Kurtén 1967a). Considering thesetraits, along
with its large size and its gracile build, Arctodus must
have appeared incredibly tall and lanky compared to
extant bears.

More details on Arctodus morphology follow in
Part 11, but here | want to make the point that Arctodus
morphology is quite derived from other bears, both
modern and fossil. In this regard, | disagree with
Baryshnikov et al. (1994:350) when they stated, “ These
limbs and locomotion are satisfactory for a scavenger,”
implying that there would be little, specific selective
pressure on the locomotor morphology of a scavenging
bear (emphasis on “satisfactory” is mine). The image of
Arctodus as an unspecialized forager that made aliving
on the “leftovers’ of other, more highly adapted,
carnivores and the idea that scavengers are necessarily
generalists, are two misnomers that | will try to dispel.
Baryshnikov et al.’s (1994) interpretation seems
especially inappropriate for a bear which had evolved a
morphology so divergent from other bears.

Limbs are Compromises

Performance aspects of quadrupedal locomation,
such as top speed, acceleration, endurance, and
maneuverability, depend on limb conformation in
conjunction with other body proportions, as well as
overall body size and metabolic limitations. Any analysis
of limb design also must consider that limbs do not
evolve solely for locomotion, but are employed for non-
locomotor functions as well.® Even within the realm of
locomotion, limb design isatradeoff between competing
demands: itispractically axiomatic among morphol ogists
that limbs designed for high velocity can not
simultaneously function for high power output
(Hildebrand 1995:445), and sometimes it is difficult to
make a priori determinations about the precise selective
pressures driving limb morphology in an extinct species.

! throughout this thesis, the term “designed for” is
used as an efficient phrase with the meaning “ evolved under
selective pressure for.”

Phylogeny and evolutionary time also place constraints
on the direction and rate of limb evolution. It is
unrealistic, for instance, to expect aspecieswith cheetah-
like proportions and running abilitieswill arisewithin an
ursid lineage in only one million years (yet thisis almost
what has been suggested for Arctodus). For the same
reason, one should not expect animals to be perfectly
adapted for a particular niche at any given time during
their evolution— but this does not mean that they are not
being shaped by strong selective pressures. Therefore,
multiple demands on limbs, as well as phylogeny and
evolutionary time frames, can confound attempts to
decipher the precise locomotor habits of an extinct and
unigque animal such asthe short-faced bear, which has|eft
few other clues about its niche.

The Comparative Approach and Layout of Part |

The most intuitive starting point in deciphering an
extinct species locomotor abilities is to make
comparisons with extant animals. However, | think that
there are no good analogsfor Arctodus. What’ smore, the
comparisons which have been made only involve
comparisonswith other speciesof Carnivora(e.g., Kurtén
1967a, Emdlie and Czaplewski 1985, Agenbroad and
Mead 1986, Baryshnikov et al. 1994). | believe that this
perspective has sent researchers down the wrong path
towards understanding this bear’s life, because short-
faced bears were not built like other Carnivora and they
were not simply scaled-up bears (discussed in detail in
Part 11). In fact, for some morphological features, | will
show that better anal ogs can be found from the ranks of
other very large, long-legged mammals outside of the
Carnivora. It is because of this problem of analogs, a
process which lends itself to oversimplified and
misleading comparisons, that | am approaching the
Arctodus problem mainly using first principles of
locomotor dynamics. That also is why | will spend so
much time discussing first principlesfor the remainder of
Part I. If one analyzes Arctodus without any a priori
assumptions about the way it moved, but instead dissects
its parts and proportions to determine the functions they
are optimized for, then a different picture of this bear
emerges.

Theremainder of Part | isdivided into nine sections
that discussfacets of locomotion relevant to the Arctodus
problem. The first four sections (Sections 2-5) mainly
define terms and introduce concepts which | refer to
repeatedly, including discussions on cursorialism, gait
terminology, and scaling in quadrupedal mammals. Then,
| review current conceptson the energetics of locomotion
(Section 6), where the importance of body size becomes
apparent. Body size also is the main theme in the next
two sections (7 and 8), which examine the waysthat body
size influences muscle performance and bone | oading—



two critical issues for very large mammals. Finaly, |
discuss limb mechanics from the classic perspective of
lever systems (Section 9) and kinematics (Section 10).
These last two sections mainly consider concepts of
mechanical advantage and the effects of limb mass on
locomotor performance, and it is here that | distinguish
ways that mammals are built for different types of
locomotor abilities such as acceleration, endurance, and
high speeds. Because of the two prominent traits in
Arctodus— its extraordinarily large body size and long,
gracile legs — the effects of body size and limb
dimensions on locomotor performance will be dominant
themes throughout these discussions. In Parts | and 11, |
will try to show that large size and long, gracile limbs
would have afforded Arctodus certain locomotor
advantages, such asincreased stride length and economy
of travel, while limiting it in other ways— namely the
ability to accelerate and maneuver at high speeds.

2. DEFINITIONS

The following terms will be used throughout this
monograph, some frequently and some in passing. They
are defined or summarized here for quick reference, but
important conceptual terms also are discussed in the text.

acceleration (a) = v/ t (generd linear); a= d v/ dt (instantaneous); a
= aV/ at (average); change in velocity per unit time usually
measured in m/ s as with velocity terms, the acceleration of
limbs or individual body parts is distinct from whole body
acceleration (change in ground speed).

angular acceleration (¢) = o / t (generd); « = d o / d t
(instantaneous); « = a w / a t (average); curvilinear equivalent
of linear acceleration.

angular momentum (L) = | - o ; the curvilinear equivalent of linear
momentum.

angular velocity (w)=L/1;w=dL/dl (instantaneous); w = a L/ a
| (average); curvilinear equivalent of linear velocity

cost coefficient of locomotion rate of energy consumption by each kg
of body mass during steady state locomotion; does not depend
on distance traveled but purely on mass-specific rate of
consumption; compare to cost of transport.

cost of transport amount of metabolic energy consumed per kg of
body mass per km traveled during locomotion; aso called the
mass specific cost of transport; not the same as the cost
coefficient of locomotion.

courser (cursorial) an animal that has evolved substantial
musculoskeletal features which reduce the effort required to
swing thelimbs and propel the body; includes animals adapted
as such for either sustained locomotion or higher sustainable
speeds, but these adaptations do not necessarily increase
acceleration (that is afunction of power output).

economy of effort similar to efficiency, itisaterm that emphasizesthe
amount of effort required for a given task; increased economy
may be achieved by increasing energetic efficiency or by
reducing the absolute amount of work necessary for atask.

endurance measure of an anima’s ability to sustain a given speed or
activity; enduranceisincreased by increasing economy of effort.

force (F) = m a; expressed in kg/lcm?or Newtons, forceisthe quantity
of push or pull that drives (accelerates) or slows (decelerates)
motion in a unit of mass; forces applied to solid surfaces are
caled loads, quantity of force generated by a muscle is a
function of its cross-sectional area.

gait aregular and repeated pattern of footfalls used by an animal
during locomotion.

inertia (m) measured as mass; tendency of an object to remain at rest
or in uniform motion (constant velocity and direction) unless
acted upon by aforce; weight is gravitational inertia, or mr g.

in-lever moment arm on the side of afulcrum (joint) receiving an in-
force; see moment arm.

kinetic energy (E,) = ¥2m- v 2 (rectilinear); E, = %21 - » 2 (curvilinear);
energy of motion; may be converted to potential energy (E,) or
stored as elastic strain energy in tendons; energy is used to
perform work.

limb velocity velocity of a whole limb or limb part relative to the
body’s center of mass.

load (and loading) any force applied to a solid object such as bone,
muscle, or tendon.

locomotor efficiency ratio of the energy consumed during locomation
versusan output variable such astheamount of work performed
or force generated.

mechanical advantage in-lever:oulever ratio in alever or limb; high
mechanical advantage gives a limb more torque but decreases
rotational velocity.

moment seetorque

moment arm or lever arm lengths of the levers (in-levers and out-
levers), or arms, in alever system; the length of amoment arm
timesaforceis called amoment, turning force, or torque.

moment of inertia (I ) = m- D ? the curvilinear equivalent of inertia;
I isafunction of mass and the length of its rotational axis.

momentum (M) = m- v; amoving mass capacity to resist achangein
velocity or overcome resistance.

out-lever moment arm on the side of a fulcrum (joint) delivering an
out-force; see moment arm.

power (P)=F-vor P=W/t; therate of force application or thetime
over which aunit of work is performed; in amuscle, power isa
function of theforce applied timestherate of contraction. Power
generation is directly related to limb/muscle acceleration.
Physiologists measure metabolic power as the rate of oxygen
consumption.

radius of gyration (D) length of arotational axis; in apendulumitis
the distance from the pivot point to the center of oscillation.

run any gait where each foot is on the ground less than half the stride
cycle and there is an unsupported (aerial) phase.

safety factor (safety margin) ratio between abone’ snormal strain and
yield strain.

speed (ground speed) average forward velocity of an animal’s center
of mass relative to the environment; calculated as stride rate x
stride length or as step length + by time of foot contact with the
ground (and by other means).

step length distance the body moves forward while asingle foot ison
the ground during a stride.



strain physical deformation in a solid material such as bone, muscle,
or tendon during the application of aforce (i.e., during loading).

strength (of bone) ability to deform under stress without breakage or
permanent deformation; or the ability to dissipate strain.

strength (of muscle) amount of work a muscle can perform; is not
equivalent to power.

stress force transmitted within a bone due to loading.

stridecycle cycleof motion during which each foot has completed one
footfall.

stride length distance the body moves forward during one complete
stride cycle.

stride sequence order of individual footfalls during a stride cycle.

torque, or turning force (t) = | - «; curvilinear equivalent of force; in
alever system atorqueis called amoment and is the product of
aforce times a moment arm.

velocity (v) = d/t (general, linear); v= dd/dt (instantaneous); v= a
d / a t (average); velocities are vectors so they have both
magnitude and direction; as with acceleration, the velocity of a
limb or body part is distinguished from thewhole body velocity,
or ground speed.

walk any gait where each foot is on the ground more than half the
stride cycle and there is no unsupported (aerial) phase.

work (W) = F - d; the distance over which aunit of forceisapplied; in
a muscle, work is roughly a function of volume; work is not
adways an informative concept in locomotion because it is not
time dependent and force can be exerted without performing
work if no change in position (distance) occurs.

3. CONFUSION REGARDING CURSORIALISM

When Kurtén (1967a) assessed Arctodus as afast,
cursorial predator, hefollowed common (mis)conceptions
about what cursorialismisand isnot. Cursorialismisnot
strictly, nor principally, about adaptations for running at
high speeds. That is merely one form of cursorialism.
Assuming that al coursers are built for speed (a
somewhat misused term, itself) gets away from the heart
of what -cursorial adaptations are all about:
musculoskeletal and physiological modifications that
increase the efficiency of energy expenditure (i.e.,
economy) while swinging the limbs and propelling the
body through a stride sequence. This definition most
closely followsHildebrand (19853, 1995), who considers
coursers to be animals that are structurally modified to
improve speed or endurance; they travel fast or far and
are distinguished from non-cursorial animals, which do
not show structural modification principally forincreased
locomotor efficiency and who rely principally onwalking
gaits (the latter are termed “amblers’).

Some authors (for example, Alexander and Jayes
1983) prefer Jenkins' (1971) definition of cursorialismin
mammals, which is based more on size and posture than
function. According to Jenkins, cursorial mammals stand
and run with their legs less bent, with the femur and
humeruspositioned nearly vertically, and they swingtheir

limbswith little deviation from the sagittal plane. By this
definition, nearly all mammals greater than 10 kg are
cursorial and no very smal mammals would be
considered cursorial. The strength of Jenkins' definition
isthat it does not use speed or running ability as criteria
for cursorialism, but its dependence on mass is
misleading. Small mammalsdo not necessarily move any
less “cursorially” than large mammals, but because the
stresses of locomotion and support scale in their favor,
small animals do not need to make such severe skeletal
modifications (see later sections). Furthermore, Jenkins
definition is too general for my purposes, since | am
discussing finer-scale details of cursorialism across a
relatively narrow range of taxa and body sizes.

Taylor (1989), who considered cursorialism
specifically in carnivores, distinguished three types of
coursers: 1) those designed for prolonged, moderate
speed travel, usually using atrot, but which seldom use
high speeds (e.g., hyenidsand some canids), 2) those that
depend on acombination of speed and staminafor higher
speed pursuit (e.g., African hunting dogs, Lycaon pictus),
and 3) those that are built for extreme acceleration and
high, but unsustainable, speed (e.g., large felids). |
suggest that these are more appropriately called
categoriesof running, rather than cursorialism, but Taylor
acknowledges the critical distinctions between high
speed, acceleration, and endurance, and the fact that
coursers make tradeoffs among these three (apoint | will
emphasize repeatedly).

Frequently, the distinction between coursers
adapted for sustained long range locomotion versus
locomotion at high speeds (running) is a matter of
ecology: animals adapted for sustained travel often
migrate to follow seasonally available resources and/or
are constantly onthe moveto forage, while those adapted
for accel eration or high speedsabsolutely rely on running
to capture food or to escape predation. The important
difference between the two categories often comes down
to this: while long distance coursers can run, they often
do not depend on it, and frequently they lack good
running skills. The camel, for example, is the
quintessential long range courser, and whileit can run, it
accelerates and maneuvers (at high speeds) very poorly.

Cursoria adaptations are most pronounced in the
appendicular skeleton and principally involve
modifications that affect the relative lengths of limb
segments and the distribution of weight along the limbs
(see section on kinematics). Generally cursorial
modifications do not directly increase top speed. The
main effect of cursorial modifications is that they allow
a given speed to be maintained for a longer period— by
decreasing the energy required to swing the limbs, the
muscles fatigue more dowly. Cheetahs, for example, are
less cursorially modified than the gazelles they chase.



Yet, cheetahs achieve the highest speeds amongst
guadrupeds and their success at hunting is based on their
ability to accelerate faster than their prey (after stalking
within range). Without doubt, cursorial adaptations are
beneficial to sprinters, such as the cheetah, but mainly
because they alow coursors to sustain their speeds for
longer periods, and | will be showing that some cursorial
adaptations improve acceleration, while others detract
fromit. Without itsadvanced cursorial features, acheetah
would perform no better than a diminutive lion. With
cursorial modifications, the cheetah till can only sustain
its extraordinary speeds for up to about ¥ km (Schaller
1969). After this distance, the cheetah is exhausted and
has accrued a large lactic acid debt, whereas the “more
cursorial” gazelle continues to run for many kilometers
without fatigue.

These examples illustrate how cursorialism is a
relative term. Some authors even go to the extreme by
considering only ungulatesto befully cursorial, referring
to most carnivores, including the cheetah, as “sub-
cursorial” (for example, Coombs 1978). Ungulatestruly
arethemost cursorially adapted quadrupeds, but cheetahs
also show advanced cursorial modifications, especially
compared to other felids, which are all much more
cursorial than brown bears, for instance. But this type of
comparison (ungulates versuslarge predators) shows the
falacy of defining cursorialism as a simple gradational
scale. There are distinct types of coursers, ranging from
high speed sprinters to long-range migrators and
comparisons of degree only should be made within
categories. When Kurtén (1967a) surmised that Arctodus
was cursorially adapted, he was probably correct, but |
will be showing that | think he was incorrect when he
assumed this implied Arctodus was adapted for high
speed running and sprinting.

4. QUADRUPEDAL GAITS

| provide the following review of gait terminology
and classification because | will argue in Part 1l that
Arctodus would have relied heavily on a very particular
gait— the pace— and that this fact reveals a lot about
Arctodus' behavior.

Quadrupedal locomoation involves the concerted
oscillation of four limbs through a repeated stride
sequence, or gait. A gait is the regular and repeated
pattern of footfalls used by an animal during locomation.
Gait selection varies with speed of travel and can differ
considerably among species. Over the past few decades,
Hildebrand has done the most, by far, to categorize
animal gaits and provide a formalized terminology to
describe gait patterns, and my definitions below mostly
follow his (Hildebrand 1959, 1976, 1977, 1980, 19853,
1995; but also see Muybridge 1899, and Gray 1968).
There are deviations in the literature from Hildebrand's

terminology, particularly in the use of the termswalk and
run, but the discrepancies are not of critical importance
here. Here, | am most interested in the strategies and
limitations of gait selectionin animals of acertain size or
shape, and what this implies about their behavioral
ecology.

In gait terminology, a stride sequence refersto the
order of footfalls, and one stride cycle is completed after
each foot has completed one stride. Stride length is the
distance the body moves over the ground during one
stride cycle. | also will refer to step length, which isthe
distance the body moves while a single foot is on the
ground (Gray 1968). Ground speed refersto ananimal’s
whole body velocity and is distinct from the velocity of
limbs or limb segments. Ground speed is a product of
stride length times stride rate or can it be calculated as a
singlefoot’ sstep length divided by the time of its contact
with the ground. An animal increases ground speed by
increasing either stride rate or stride (step) length, but
mostly the latter (Heglund et al. 1974).

A walk is defined as a gait whereby each foot ison
the ground for morethan half thetime of one stridecycle,
and during a wak there are no unsupported (aerial)
phases during which al feet are off the ground. Viewed
another way, there are never fewer than two feet on the
ground in a walk. When an anima runs, each foot
contactsthe ground for lessthan half the stride cycle, and
thereisat least one aerial phase. Numerous walking and
running gaits have been described and some can be used
either during a walk or a run, the distinction being
whether or not there is an aerial phase. Because of this
confusion, the terms “walking” and “running” can be
imprecise and they do not describe specific footfall
patterns. For this, the convention is to use terms such as
“singlefoot,” “trot,” “gallop,” and “pace.”

All theanimals| will discuss use asinglefoot when
walking at slow speeds (the singlefoot is not limited to
dow speeds as it isthe “running” gait of elephants, and
horses that “rack” (Hildebrand 1985a)). During the
walking singlefoot, each foot is placed on the ground one
at atime and consecutive footfalls are evenly spaced in
time— neither front nor hind feet move in couplets.
Furthermore, during slow walks most quadrupeds use a
lateral singlefoot, whereby each fore footfall follows the
hind footfall on the same side of the body. The lateral
singlefoot isavery stable gait, and animals can make the
transition from a lateral singlefoot to faster gaits
smoothly. The diagonal singlefoot is even more stable,
but it is used only by primates and wide-bodied
guadrupeds with short legs relative to their body length,
such as suids and hippopotami (Hildebrand 1976). Other
guadrupeds with longer legs apparently avoid the
diagonal singlefoot because diagonal pairs of front and
hind feet would causeinterference with each other during
the stride (Hildebrand 1976, Dagg 1979). Furthermore,
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wide-bodied quadrupedswoul d havedifficulty balancing
on lateral legs and perhapsthey retain short legsin order
to use adiagonal sequencewalk without leginterference.
Phylogeneticaly, it appears that the lateral singlefoot is
a primitive gait that gave rise to many other footfall
seguences (Hildebrand 1976).

The trot is a diagona gait whereby two legs on
opposite sides of the body swing asapair and ipsilateral
legs are considered to be “ out of phase.” Thetrot may be
used either as a fast walk or a slow run, but more
commonly the latter. It is the most frequently used
moderate-speed gait for mediumtolarge quadrupeds, and
it is favored by large carnivores (Hildebrand 1976).
Because ipsilateral legs are out of phase in the trot (one
swings forward while the other swings rearward)
interference betweenfront and hind feet must beresolved.
As a result, some quadrupeds trot with their bodies
“cocked” laterally a few degrees so that front and hind
feet are swung either to the inside or outside of each
other. Because of interference problems, small feet
appear to be an asset for trotters— big-footed bears, for
instance, rarely trot (but for more reasons than just foot
size— see below).

A major determinant of trotting ability appearsto be
the relative proportions of the limbs and back. Animals
with front legs considerably longer than their hind limbs
and with short, sloping backs either never or seldom trot
at moderate speeds. Examples include spotted hyenas,
giraffes, polar bears, brown bears, and camels (personal
observation; Pennycuick 1975, 1979; Hildebrand 1976;
Dagg 1979). | suggest two reasons for this. First, thetwo
in-phase legs on opposite sides of the body would have
very disparatenatural stridelengths, producing anuneven
and inefficient trot. Second, and more important, if an
animal with a short-back were to use atrot, there would
be too much overlap between the paths of the front and
rear legs on each side of the body, causing either
excessiveinterference or amuch reduced stride length. 1t
has also been observed that quadrupeds specializing in
long range migrations, such as blue wildebeest
(Connochaetes taurinus), may bypass the trot and go
directly from a walking singlefoot to a canter, even
though they are capable of trotting (Pennycuick 1975).
Later | will show specifically why short strides lead to
inefficient locomotion. In Part I1, I will show that short-
faced bears had short, sloping backs and were tall in the
shoulder, and that they probably were incapable of
trotting efficiently.

Quadrupeds that cannot trot typically will use the
pacefor moderate speed travel. In contrast to thetrot, the
pace is alateral gait whereby the front and hind legs on
each side of the body swing in phase. Like the trot, the
pace can be used as a wak or a run. Typical pacers
include camellids (all species), giraffids (Giraffa spp.,

Okapi johnstoni), saigaantelope (Saigatatarica), hyenas
(Crocuta crocuta and Hyena spp.), and long legged dog
breeds (Canis familiaris). Most large carnivores,
including bears, occasionally pace, (personal observation,
Hildebrand 1976, Dagg 1979), but in Part 11, | will show
why short-faced bears seem to have evolved specifically
aspacers. Pacing eliminatesthe issue of foot interference
encountered in trotting, so it is used by animalswith legs
that are long relative to the length of their back. But the
greatest assets of pacing seem to be that it alow for
longer strides and lets an animal use trunk muscles to
assist in extending and flexing the limbs (Dagg 1979).
Long stridesincreasel ocomotor efficiency, themechanics
of which will be discussed in Section 6. By using trunk
muscles, pacers spread thework of locomotion over more
muscle groups and each fatigues less quickly. | have
observed that sled dogs that normally trot will revert to a
pace when they become fatigued, or during training runs
in the early season, apparently because pacing relieves
tired leg muscles. The same pattern can arisein sled dogs
that receive minimal rest between hard workouts or in
older dogs (personal observation).

Gaits like the pace, which use laterally supported
legs, areinherently less stable than diagonal gaits (Dagg
1979, Hildebrand 1985a), and to keep balanced a pacing
animal must place itsfeet more directly under the body’ s
mass. Widefeet, such asin camels, and giraffes, also help
to maintain stability during a pace. Because of the pace's
instability, it is commonly believed that only animals
inhabiting open country with a smooth substrate utilize
the pace (Hildebrand 1977). However, Dagg (1979)
showed that there can be a phylogenetic propensity to
pace, regardless of habitat. She noted that all camellids,
including lamoids, have a tendency to pace even when
living in rough, mountainous terrain. Although thereisa
phylogenetic component to gait selection, there seem to
be two functional reasons why the pace has evolved in
largemammals: 1) to accommodatelong legsor legswith
disproportionatelengths(e.g., giraffidsand hyenas), or 2)
to increase the efficiency of prolonged travel at moderate
speeds(e.g., somecamellidsand saiga). L arge carnivores
tend to uselateral gaitsto alarge extent (Dagg 1979), but
few other than hyenas pace for long distances. These
arguments do not mean that al efficient long-range
courserswill be pacers. Caribou, for instance, do not pace
but are efficient long-range trotters. In caribou, trotting
may be necessary because tundra ground is very broken
and requires a more stable gait.

There seems to be a general belief that large bears
(e.g., brown bearsand polar bears (Ursus maritimus)) are
pacers. Based on my own observations of live and
videotaped bears, | believethisisafalse notion. Ambling
(walking) bears amost exclusively use a latera
singlefoot, like all other large carnivores. Occasionally,



awalking bear will pace, but this behavior seems to be
involved with intraspecific demonstrations (body
displays). Data on gait selection in Dagg (1979) and
Hildebrand (1976) also indicate that bears rarely pace,
and | believe the perceptions that bears pace has arisen
because the lateral singlefoot has a footfall pattern
superficialy resembling a pace. In the lateral singlefoot,
theleft hind leg is placed down, followed by theleft front
leg; then the right hind leg is placed down, followed by
the right front leg. The legs are also lifted in that order,
which can give the appearance that the two legson aside
are moving as a pair, but they do not. Especialy
misleading isthe fact that a photograph taken at the right
moment during footfalls can make a bear using a lateral
singlefoot appear to be pacing.

The few times| have observed brown bears pacing
has been mostly when they are making the transition from
a galloping gait (see below) down to a walking gate. In
these cases, the pace is done at moderate speeds (slow
run) and only for a brief transitional period. Bears using
this running pace look quite awkward because their hind
limbs are too long for the front limbs, causing them to
swing their hips laterally back and forth for each stride.
Therefore, this gait probably is relatively inefficient and
may be one of the reasonswhy bears (like other ambl ers)
rarely use intermediate speeds. | also have observed that
Polar bears, which have conspicuously high hips
compared to brown bears, will occasionally trot but rarely
pace. This seems especialy true of smaller individuals,
mainly females, where the tall hind quarters are
accentuated. Polar bears, with their high back ends,
actually adopt a trot similar to a canid's (persona
observation, but also see Hildebrand 1976). This pattern
is important because it shows how tall hind limbs
promote trotting over pacing in bears. The running style
of bears is discussed more below, and in Part Il | will
explainwhy it seemsthat short-faced bears, with their tall
shoulders and short hind-quarters, would have been
incapable of trotting and relied heavily on pacing.

The gallop and the bound are the two fast running
gaits used by the animals discussed in subsequent
sections. During both of these gaits, thetwo front and two
hind feet each travel as pairs and are called couplets. In
each couplet, the feet usually are somewhat out of phase
with each other, in which casethefoot leading in spaceis
called the “leading” foot, whilethe other isthe “trailing”
foot. Although trailing in its flight path, the trailing foot
usually hits the ground before the leading foot (as
Hildebrand (1976) pointed out, the trailing foot trailsin
space, not time).

In the bound, the spacing (in space and time)
between the leading and trailing feet is so small that each
couplet appearsto move with both feet virtually in phase.
A bounding animal essentially makestwo jumps— oneby
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the hind feet, then one by the front feet. In small
mammals with very flexible backs, like weasels, the
bound resembles a dinking motion. In the half bound,
there is no lead in the hind feet, but there can be
considerablelead inthe front feet. When abear suddenly
chargesfromastationary positionit usesahalf bound. Its
hind feet propel the bear asin aleap, and the front feet
support it on subsequent landings, after which they add
propulsion with their own leap. Because of abear’ slarge
size, there is only one brief aerial phase after the hind
leap. When thefront leap occurs, the hind feet are already
back on the ground, and there is no second unsupported
phase. There also is considerable lead between front
couplets in a half-bounding bear, and its back remains
fairly stiff throughout this gait, unlike the weasel’s full
bound. Whereas bears charge (rapid acceleration) using
ahalf bound, they run for longer distances at steady-state
speedsusing aconventional gallop. Based on mechanical
modeling and theoretical calculations, Alexander et al.
(1980) suggested that the bound is an energetically
expensive gait compared to galloping, but these authors
admit that their models do not account for the ability of
the muscles of the back and trunk to assist in locomation.

Except for charging bears and running
proboscideans, thegallopisessentially the universal high
speed running gait of large mammalian quadrupeds. In
the gallop there is considerable lead in both the front and
the hind feet, and there are one or two unsupported
phases. Two types of gallops are recognized: transverse
and rotary. In the transverse galop the leading foot in
each couplet is on the same side of the body. It seemsto
be more stable than the rotary gallop and tendsto be used
by larger mammalsin general, and by smaller mammals
while running at slow speeds. In the rotary gallop, lead
feet are on opposite sides of the body, and in a footfall
diagram it can be seen that there isarotary pattern in the
timing of each foot striking the ground (i.e., I€eft rear, left
front, right front, right rear, then repeated)(see
Hildebrand 1977). The rotary gallop is theoretically less
stable but appears to offers greater maneuverability.
Probably for these reasons, it isfavored at higher speeds,
whereincreased momentum hel ps maintain stability, and
by smaller mammals, which are inherently more stable.
Large predators use the rotary gallop to chase prey,
probably because it facilitates greater maneuverability
(Hildebrand 1985a).

The canter is a special kind of slow gallop during
whichthereisconsiderabl e distance between leading and
trailing feet in each couplet (cantering animals often
appear to have either a hesitation or a head bobbing
motionintheir stride). However, in acanter one diagonal
set of fore and hind feet touches the ground at nearly the
same time, like in a trot, while the other diagonal pair
swings out of phase with each other. The canter can be



used at surprisingly slow speeds, and isemployed mostly
by ungulates that engage in sustained moderate speed
travel during migrations, including blue wildebeest and
plains bison (Bison bison) (Pennycuick 1975, Guthrie
1990a). For migrating ungulates, the canter is the
functional equivalent of trotting in a carnivore. Because
the canter is essentially a gallop, it can be used to
modul ate smoothly between fast and slow speedswithout
changing gait, facilitating quicker and smoother
accel eration/decel eration. Theonly carnivorethat | know
regularly uses a canter isthe spotted hyena (Kruuk 1972,
Mills1989), and in Part I | discusshow thisrelatestoits
back and limb proportions and the weight of its head and
neck. There | will show that the pace and canter go hand-
in-hand for spotted hyenas, as they may have for short-
faced bears.

Duty factor, thefraction of the stride cyclethat each
foot is on the ground, is an important concept in running
gaits because it reflects the amount of time each foot has
to dissipate vertical ground forcesimparted on the limbs
(and thus the instantaneous velocity of these forces).
Later, | will show that these forces are disproportionately
greater in larger animalsand at higher speeds and that the
gaits of large animals traveling at high speeds are
dictated in part by the need to manage these increased
forces. Dangerously high duty factor is probably the
reason why large mammals (< 250 kg) have only one
unsupported phase per strideintheir gallop, which occurs
when the feet are gathered beneath the body; during the
extension phase, one or more of their front feet hits the
ground before the last hind foot leaves the ground.
Smaller mammals tend to have two aerial phases per
stride— both when thelegsare gathered beneath the body
and when they are extended. The number of aerial phases
also seems to be correlated to back flexion. When
gdloping, nearly all carnivores (except bears— see
below) have both gathered and extended aerial phases
because the spine flexes and extends with the legs. Most
ungulates do not flex the spine much and are not aerial
during the extended phase (Hildebrand 1960, 1977).

Hildebrand (1977) concluded that bears use a
transverse gallop. However, | have studied films of
running brown bears of varioussizes, and slowed the film
speed down to observe footfall patterns. All the bearsin
these films used only arotary gallop (unpublished data),
just asother large carnivoresdo. However, theretypically
islesslead in the hind feet couplet of a galloping bear,
compared to other carnivores. Also, bearsonly have only
one aeria phase (the gathered phase) when galloping,
probably because their large size prohibits them from
flexing their backs and achieving a second aeria phase
during extension. Smaller carnivores, such as felids and
canids, use both aerial phases (gathered and
extended)(Hildebrand 1960, 1977). Thelack of asecond

aerial phasein polar bears and brown bears suggests that
large extant bears experience limitations to galloping
abilities. | will argue in later sections of that this is
because they approach structural limitations of their
bones in relation to the very large dynamic stresses of
locomotion incurred by bears due to their large size. A
charging bear, as noted, usually will accelerate using a
half bound— essentially a series of leaps off the hind
limbswhereby the weight is supported during landing by
two largely out of phase front limbs. The difference
between a half-bound and gallop, however, isnot great in
an animal like a brown bear where there is little back
flexion. Essentially, the only difference is that there is
noticeable lead in the hind limbs during a gallop but not
during a half-bound.

5. PRELIMINARY REMARKS ON SCALING AND
ALLOMETRY

The effect of body size (scaling) on function is a
particularly critical factor impacting an animal’s
locomotor abilities. Practically every aspect of
locomotion is directly affected by body size. Large size
especialy is a double-edged sword: it affords an animal
certain energetic and spatial benefits, but very large
animals also face a host of structural thresholds which
limit high force locomotor activities. Scaling effects and
references to body size allometries will arise throughout
the remainder of Parts | and |1, so areview of alometry
and remarks on scaling principles seem in order.

Allometric Functions

Consider two related metrics (x and y) of an
animal’ sshape, physiology, or performance, suchasathe
length and width of a long bone. The relationship by
which these metrics co-vary over arange of sizes can be
described by the allometric (power) equation:

y=b-x* )

This equation yields a curvilinear relationship between x
and y where o is the power function, or alometric
constant, and bisthey-intercept. Untransformed (i.e., not
logarithmically transformed) data also can be fitted to a
linear equation:

y=ax+b @)

but this line often has a poorer statistical fit to the data
because body shape does not change in a linear fashion
over alarge sizerange. That is, the slope (a) does not
remain constant, and the slope of Equation 2 functionsas
an average dope. Using Equation 2 to describe
untransformed data is equivalent to forcing a rectilinear
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fit to curvilinear data.

Typically in alometric studies one is testing the
hypothesis that the data fit a particular equation, or line,
such that the values of y and x are driven by a conserved
allometry over a range of sizes. That is, the following
proportion remains constant:

(Y2!Y1)

(% /%) ©)

In scaling discussions biologists often are not concerned
with the precise values of X, y, or the y-intercept (but see
Gould 1971 for why these can be important). Instead
biol ogists apply the most biological meaning to the slope
(of log-transformed data) because it indicates the
proportionality of xandy, as per Equation 3. Statistically,
and visualy, this sometimes is easier if Equation 1 (a
power function) is logarithmically transformed into the
linear equation:

logy=«alogx+logb 4

where « is the slope of the line and b isits y intercept.
Log-transforming the data also can help to normalize
their variance (Lasiewski and Dawson 1969). Thisallows
one to perform parametric statistical tests on the data,
commonly aleast squares regression, to test their fit to a
specified line or dope (the hypothesis). Some authors
have rightly questioned whether the data should aways
be log-transformed (see discussions in Lasiewski and
Dawson 1969, Smith 1980, Harvey 1982, and Calder
1984). | think this is an important issue, and will be
discussing it more at the end of this section. Asagenera
procedure, both linear and power functions should be
derived for the untransformed data; if the correlation
coefficient (r?) and p-valueare substantially better for the
power function, then the data should be log-transformed
for linear statistical analyses. (Alternatively, non-linear
statistical tests can be applied directly to the power
function.)

Similarity Hypotheses and Scaling Theory

Biologists from diverse fields have invested
considerable effort into the theory of alometry,
proportionality, dimensional analyses, and similarity
hypotheses— that is, the regular manner in which animal
shape and function change with body size (see summaries
in Thompson 1942; Huxley 1932; Gould 1966, 1971;
Gunther 1975; Economos 1982, 1983; Calder 1984;
Schmidt-Nielsen 1984; and papers listed below by
McMahon and Alexander). Similarity hypotheses, in
general, predict that animal proportionswill change with
sizein systematic, or “similar” ways.

Early in their training, biologists are indoctrinated
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to the concept of geometric similarity and its predictions
about animal shapesat different sizes. Thisconcept states
that, according to geometric principles, as an animal is
scaled up or down, its structural surface areas (s) should
vary with linear dimensions (I ) ass = | %, and itsstructural
volumes (and masses) (m) should vary as m « | 3
Accordingly, structural surfaceareasand masses/volumes
(of the whole body or specific structures) should scaleto
each other as s = m?® — the famous two-thirds rule? It
follows that geometrically similar animals will have
different sizes but similar shapes, and thus are termed
isometric (iso = same, metric = measure). The slope («)
of a plot comparing two linear dimensions in isometric
animals will be 1, because changes in the proportions of
y areequal to changesin the proportion of x (Equation 3).
The slope of aline relating a surface areadimensionto a
linear dimensionin two such animalswill be 2, and aline
relating avolume (mass) dimensionto alinear dimension
will have a slope of 3 (on alogarithmic scale).
Thetwo-thirdsrule of geometric similarity predicts
that asanimals are scaled up in size, functions which are
dependent on surface areas (e.g., gasand fluid absorption
rates, bone strength) will not keep pace with increasesin
functionsthat scale proportional to volume or mass (e.g.,
cellular respiration rates or the forces exerted by the
body’ sweight). For these very reasons, one might predict
that animals generally should not be proportioned
geometrically (i.e., isometrically) over a large size
range— rather, they should be proportioned
allometrically (allos = different). Allometric scaling
implies that related animals of different size also will
have different shapes, or proportions. Changes in shape
and proportion (i.e, deviations from geometric
proportions) may be interpreted as ways that
morphologically similar animalstry to maintain adequate
levels of performance at dissimilar sizes to compensate
for problems that arise from geometric scaling, such as
inadequate bone strength, gas absorption rates, etc.. This
has led biologists to wonder if animals perhaps scale
according to some other principle of similarity— in other
words, is anima shape responding to changes in body
sizein asystematic way other than geometric similarity?
The theory of static stress similarity (originally
proposed by Galileo) predicts that surface areas should
increase as|® to keep pace with increasesin mass, but this
theory has been shown to be a poor predictor of animal
shape (Gunther 1975, McM ahon 19753, Schmidt-Nielsen
1984). Today, the leading alternatives to geometric

2 Traditionally, theoretical scaling exponents are
expressed as fractions and empirically-derived exponents are
expressed as decimal values. This convention will be
followed throughout the text.



similarity are the theories of  elastic similarity
(Rashevsky 1962, McMahon 1973, 19754) and dynamic
similarity (Gunther 1975, Alexander and Jayes 1983,
Economos 1983). The most rigorous tests of these
competing similarity hypotheses have been conducted on
limb bone dimensionsin mammalss, but their implications
have been extended to most other aspects of scaling and
allometry (Gunther 1975).

Elastic similarity borrows from engineering
principleswhich state that solid support structuresshould
be proportioned with the ability to dissipate static
bending stresses and resist bucking (Rashevsky 1962).
Biological elastic similarity theory predicts that animal
structures should be scaled to experience similar degrees
of elastic deformation during support and locomotion. In
plants, the lengths and diameters of trunks and limbs
seem to scale well according to properties of elastic
similarity (McMahon 1973), and McMahon extends the
logic to animal design (McMahon 1975a, 1975b). An
important prediction of elastic similarity is that lengths
and diameters (such asin abone) should scale as| « d #*
(geometric similarity predicts| < d), meaning limbs will
get proportionately wider asanimalsare scaled up. Since
mmust be proportional tol - d?, elastic similarity predicts
that | « m¥,3

Alexander’ s and his colleagues have demonstrated
anumber of inadeguacies of the elastic similarity model
and they question the premise that animal structures will
respond to elastic strain forces in ways similar to plants
and |-beams. They also contend that elastic similarity
primarily addresses static stresses, and does not
adequately account for dynamic forces incurred during
locomotion (Alexander 1977, 1985; Maloiy et al. 1979).
However, McMahon (1975b, 1977) has developed a
spring model that extends elastic principles to dynamic
systems. Alexander argues that animals should be scaled
so that homologous parts on different sized animals
experience equivalent net forces (strains) during
locomotion and support —that is, they should scaleto be
“dynamically similar.” Alexander and Jayes (1983)
specifically statethat under thelawsof dynamicsimilarity
the motions of two different sized animals could be made
identical by multiplying all linear dimensions by one
congtant, all time intervals by another constant, and all
forcesby athird constant. Later | will show how animals
which run in dynamicaly similar ways do so by
modifying their range of motion more than their
morphology.

3 1f | < d 25 thend | *2, Substituting | for din
the equation m« | - d 2yieldsm« | - (1%2) 2whichis
equivalent to m | 4, | then becomes proportional tom as |
o mJJA.

Reservations about Scaling Applications

Itisnot my intention to review or refute the various
scaling hypotheses. | bring them up to raise the point that
biologists still debate the principles by which size affects
shape and function, and because | am skeptical of the a
priori assumption that animals will follow scaling laws,
especially above the species level. Indeed, allometric
constants have been measured for numerous
morphometricfeaturesacrossagreat diversity of animals,
yet the data do not unequivocally support one similarity
hypothesis over the others. For instance, Alexander
(1977), Alexander et al. (1979), and Biewener (1982,
1983a) have shown that limb bone length and diameter
generally scale geometrically. However, the limb bones
of artiodactyls, especially bovids, are an exception and
scale better according to predictions of elastic similarity,
and some specific bones, especially metapodials and
femurs, can be completely aberrant (McMahon 1975b,
Alexander 19773, Alexander et al. 1979, Garland 1983).
Kinematic parameters related to gait, such as stride
frequency and limb excursion angles, also tend to scale
according to elastic similarity (Biewener 1983a).
However, maximum running speedsin mammalsscaleto
body massin closest agreement with dynamic similarity
(Garland 1983), suggesting that animalsdo, infact, runin
ways such that homologous parts experience equivalent
forcesand strains. Thiswill beanimportant consideration
when comparing Arctodus to other smaller carnivores
because as animals get larger, dynamic forces increase
faster than the strength of support structures (bones). |
will show that Arctodus did not evolve the bone strength
necessary to handle the dynamic stresses of high force
activities such as acceleration, maneuvering, or running
at very high top speeds, all of which areimplied directly
or indirectly by predatory modelsfor Arctodus. Thisisan
important point that | will return to frequently.

Throughout Parts | and I1, | will need to refer to
theoretical and empirical scaling relationships and the
consequences of large size. However, | have anumber of
reservations about the use of scaling functions and
allometry. First, there is a tendency to seek linear
equations or simple exponential functions to describe
relationshipsthat are complex and which may better fit a
polynomial equation (if any equation at all). This has
been the case, for example, for the relationship between
body size and maximum running speed in mammals
(Garland 1983). To some extent, there is a tendency for
larger mammals to have higher top speeds, but after
attempts by previous authors (e.g., Bakker 1975) to
derive alinear allometric relationship between maximum
speed and body size, Garland showed what should have
been obvious— that maximum running speed is not a
simple (single order) linear function of size. Otherwise,
the largest animals would also be the fastest. Garland's
data show that maximum speed fits a second order
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polynomial (quadratic) equation and tends to increase
with size up to about 119 kg, after which it declines. |
will be examining this pattern in detail in subsequent
sections because it suggeststhat thereisan upper limit to
body size in predators (Garland’'s data is discussed in
more detail later Part 1).

Furthermore, using logarithmically transformed
data, while necessary for some statistical analyses, canbe
misleading. Thisisbecause the magnitude of residualsis
not as apparent in plots of log-transformed data. In such
plots, large and biologically significant deviations from
a regression line become masked, especially when data
are plotted over alarge range of body sizes (the effect is
seen most in the small-bodied animalsin these plots). In
fact, that iswhy alog-log regression often lookslike such
agood fit to a data set.

Moreover, allometric constantsderived for multiple
taxa represent average slopes, and indicate the way that
body proportions or functions generally change with
body size. They reflect, but they do not indicate, actual
values, and averaging values over a wide range of taxa
washes individual species alometries. Stated another
way, an averaged interspecific allometry may not
resemble any of the actual individual allometries it
supposedly represents (interspecific alometries are
epiphenomena— see Fig. 3f and further discussion
below). Still, biologists frequently seek universal
principlesfrominterspecific allometric slopesrather than
looking for ways that species deviate from these slopes.
Y et, this often is where the real biological information
lies. For example, allometry has been used to investigate
the manner in which muscle mass scalesto body mass. In
mammals, musclemassis < m'° (Calder 1984). Emphasis
is placed on the meaning of the exponent, 1, and the idea
that perhaps a single relationship between muscle mass
and body mass can be found among mammals. Y et, this
general allometric equation for muscle massin mammals
predicts muscle mass in any given species very poorly.
Lions, for instance, have the greatest percentage of
muscle mass measured in any mamma— about 62 %
(Davis 1962). These types of patterns either are not
apparent from allometric data or they are not emphasized
as much as the scaling exponent, yet they are very
important biologically.

Arguing along theselines, Davishimsalf (1962:511)
remarked, “To me it seems unredlistic to assume a
universal growth constant (o) for organs, such as the
heart, whose size is directly related to performance. It is
possible, of course, to determine a mean value ... but it
does not follow that the mean value has any biological
significance.” Even Alexander (1985:37) commented, “ It
seems unprofitable in any case to persist in looking for
similarity principles. There is no reason to expect
evolution to seek similarity as such. Rather it seeks some

14

kind of optimality.”

Because of the above reservations, | will be using
scaling principles conservatively, and | prefer a loose
meaning of the term scaling, whereby | refer to the fact
that there are natural dimensional consegquences of
changes in body size— namely that linear dimensions,
surface areas, and volumes (masses) will increase at
differing rates, with real functional conseguences. As
alluded to above, it isthe predictive and axiomatic side of
scaling that | am dubious about— the notion that animals
across broad taxa will respond to body size changes in
systematic and predictable ways, and that their evolution
is somehow bounded by scaling laws. It seems more
reasonable to assume that an animal’s individual shape
and proportionsevolvenot asfunctionsof similarity laws,
but as function of selective forces acting on the realities
of the animal’s size, in conjunction with its phylogeny
and niche.

There is little reason to suspect that scaling rules
and similarity laws will supercede selection or that an
animal istied to itsallometry. Rather, allometry (or more
accurately, proportionality) islikeany other character that
changes in response to selective pressures, and | believe
that the most appropriate use of allometry and scaling are
inthe a-posteriori study of these changes. One may think
of it this way: scaling principles predict some physical
ramifications of body size changes, while the study of
allometry reveals how animals have or have not dealt
with thoserealitiesthrough their evolution. For instance,
Kurtén used allometry in many studies (including Kurtén
1954, 1955, 1967b, 1970; Kurtén and Rausch 1959) to
show that certain mammalian lineages have retained
similar proportions as body size evolved over short
periods of time, but that after long periods of time or in
responseto large changesin size, proportions changed as
species diverged. Kurtén held no preconceived notions
about scaling laws, but instead looked at the direct
functional reasons for why animals have evolved certain
proportions in consideration of body size ( he aso used
allometry to test phylogenetic hypotheses in the fossil
record).

Functional Interpretations Using Allometry

With the preceding caveats in mind, | next want to
offer some functional interpretationsthat can be made by
comparing alometries between species or subspecies.
Theideasin thisdiscussion will not be applied until Part
I, where Arctodus limb proportions are compared to
other bears using alometric techniques. But since the
discussionistheoretical and providesageneral review, it
isincluded in Part .

I'nany allometric comparison among taxa, one must
be clear in distinguishing between two confounding
forcesacting on the allometry— phylogeny and function.



Both phylogenetic and functional hypotheses can be
tested using alometry, but when functional hypotheses
are being tested one needs to be clear about the taxa’'s
phylogenetic relationships so their influence can be
gauged. However, if the phylogenetic relationships
among the taxain question are unclear, interpretations of
function may be dubious. For instance, if two taxa are
closely related or of direct ancestry, it islikely that one
allometry descended from the other, and any differences
in proportions for the structure in question may signify
either a functional change or compensatory growth
(growth in larger individuals that yields different
proportions— usually structures that are more robust—
inorder to retain function similar to smaller individuals).
Alternatively, the allometry and/or proportions of the
descendent taxa simply may be an extension of the
ancestral allometry without change, in which case it is
probable that not enough time has elapsed since
speciation for selection to significantly impact body
proportions— only body size has changed. If two more
distantly related taxa are being compared, then one
allometry is not assumed to be descended directly from
the other and it can be concluded that any differencesare
functional and that any similarities in proportions may
represent functional convergences.

My concern hereis principally about function, not
phylogeny. Therefore, | will be comparing not just the
dlope of allometric lines, but also their implications to
actua structural shape and performance (i.e., red
proportions). Itisimportant to reiteratethat astraight line
of allometry on alogarithmic scale does not imply that a
structure’ s shape is held constant over a range of sizes
(unless o = 1), but rather that its shape is changing with
size in a regular fashion, and that this probably has
functional implications. In the case of along bone, if o >
1 then the bone grows relatively wider as size increases,
if « < 1 it grows relatively narrower. Recall from
Equation 3 that the slope of log-transformed dataal so can
be conceptualized intermsof the non-transformed dataas
the conserved ratio of the proportionality of one variable
(y) versus the proportionality of the other (x) (Smith
1980) (also note for subsequent discussions that by
definition ¢ is both the slope of the log-transformed data
and the exponent of the power function derived from
untransformed data).

Smith (1980) and Harvey (1982) both have shown
that linearity isnot alwaysimproved by log- transforming
data nor does it necessarily produce a better fit to the
data. Furthermore, relationships which are linear before
log-transformation will remain linear when plotted on a
log-log scale. In Part 11, | will present allometric datafor
various bears and depict them on alinear (non-log) scale
because their trends are nearly linear without
transformation. Correlation coefficients for bone length

vs. width in those data are essentially identical when
either linear or power functions are derived. So, while
non-transformed datain presented, | will discussthemin
terms of o because « is a constant function of
proportionality which is independent of scale or units.
This is a requisite to test certain biomechanical and
evolutionary hypotheses based on proportionality when
comparisons are being made between animals of varying
size and between different bones. The slopes of
untransformed data could not be used for these
comparison in most cases because they represent
absolute, not relative, proportions and thus are not
comparable over wide rangesin size.

Five modes of allometric comparisonsare shownin
Fig. 3 for the hypothetical relationship between length
and width of a structure such as along bone in two taxa
(aand b), which may be species or subspecies. Figure 3a
depicts a simple example of two taxa that differ in body
size but haveidentical « and y-intercepts. This patternis
commonly seen in closely related taxa of recent descent
where the change in body size is not great or where the
divergence occurred very recently (Kurtén 1967b). As
long asa # 1 then the shape of the bonein taxon b will be
different than in taxon a. Functionally, this means that
taxon b has made no change to the allometry of this
structure in order to compensate for its larger size. Over
time, one would expect that natural selection would lead
to acompensatory change in allometry which would give
taxon b similar performance but different shape, aslong
as the structure’ s function remained the same. Since this
has not occurred in the taxa depicted in 3a, one may
conclude that selection has been for a new function or
performance level in the structure (especialy when the
differencein body sizeislarge or when the two taxa are
distantly related), or more likely that the two taxa only
recently diverged. When the latter can be ruled out by
other evidence, then achangein function or performance
can beinferred.

Figure 3b depicts two equal-sized taxa which have
the same « but different y-intercepts. The structurein an
individual of taxon b will be absolutely wider than in a
similar-sized individual of taxon a. From a performance
standpoint, if the structure is along bone then it will be
stronger but also relatively heavier in b than in a. The
allometries of a and b are different in this case, but the
difference does not compensatefor achangein body size,
since both taxa are the same size. In other words, the
allometry of taxon b cannot be explained as a means of
retaining similar function and performance as taxon a.
Instead, one would conclude that selection hasfavored a
morerobust limbin avs. b for functional reasons. A
common form of compensatory growth is shown in Fig
3c. Here two taxa of different size have similar «, but
different y-intercepts. This strategy has been interpreted
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as a means by which large animals retain proportions
similar to smaller relatives (Kurtén 1954, Gould 1971).
Consider the allometry of taxon a. Its« is> 1, which is
typical for long bones, meaning that the structure being
measured gets relatively wider (more robust) in larger
individuals of taxon a. If taxon &’ sline of allometry were
extended to the size range of taxon b, the structure’'s
proportions would become increasingly divergent from
the norm. Presuming that the shape of the structure is
adaptive, thissimple extension of lineawould changethe
performance of the structure, as discussed for the
examplein 6a. In order for alarger version of taxon b to
retain asimilar (geometric) shape, its allometry needsto
be “transposed,” as this type of compensation has been
termed by Meunier (1959a, 1959b in Gould 1971).
Kurtén (1954) also noted this pattern of allometry and its
compensatory effect on the dentition of two closely
related bears, cave bears and brown bears. However, in
subsequent sections | will be reiterating an important
point: that similarity in performance does not arise from
similarity in shape, especially over very large ranges of
body size. Thisiswhy « values of 1 are uncommon for
linear dimensions and why lines of allometry can only be
conserved over anarrow range of body sizes— the larger
o is, the narrower the size range. Furthermore, even
compensatory growth, which maintains similar
proportions between taxa, will lead to a change in
functional performance because, as will be shown, a
geometrically scaled structure does not perform the same
in large and small animals.

Figure 3d presents a case of two similar-sized taxa
with different «. Because there is no size disparity, the
differences in allometry can not be interpreted as
compensatory but must reflect a difference in
performance or function for the structure. A changein «
which may be interpreted as compensatory (for size
differences) isdepicted in 6e. Inthiscase, the structurein
taxon a may become too wide for practica use if
extended to the size range of taxon b. As many authors
have pointed out (e.g., Kurtén 1967b; Gould 1966, 1971,
Schmidt-Nielsen 1984; Calder 1984), this leads to
mongtrosities. In these cases, compensation is perhaps
more amatter of accommodation, rather than astrategy to
achieve similar performance. If both taxaare fast running
coursers, for instance, and « of taxon a > 1, thenthe bone
isgetting relatively heavier with increasing size. Perhaps
when reaching the size of taxon b, the additional weight
becomes considerable, and a change in allometry has
evolved to keep the limbslight. This may help taxon b to
remain swift, but in later sections | will discuss how this
implies compromises to other features of the limb,
including its strength. So while taxon b compensates to
retain certain kinematic advantages, it will need to curtail
other activities relative to taxon a, such as making sharp

turns, accelerating rapidly, or even running at slower
speeds (see Sections 7 - 10).

All of the above conclusions apply strictly to
allometries constructed for individual species or
subspecies, not those constructed for multiple species.
Such interspecific lines of allometry, or “average”
allometry, do not accurately quantify the way that shape
changes with size in any of the taxa or individuals
involved. Rather, interspecific allometries are
epiphenomena, even when closely related taxa are
involved, such as within a single genus. Thisis because
allometries are inherited, therefore are shared only at the
level of species and below (Gould 1971). Figure 3f
demonstrates why this is so. There it can be seen how
interspecific slopes essentially connect the median points
of individual species allometries. So within a species or
subspecies, one may cal cul ate the genetically-determined
ratio of proportionality (allometry), but, asFig. 3f shows,
even if astraight line of regression can be drawn through
multiple species, this line does not accurately match the
ratio of proportionality in any of the individual species.
As discussed above, this is because animals evolve
differencesinallometry (i.e., transpositions, changesin «)
which reflect the way that functional needs change with
size.

The discussions in this section were intended to
provide a sense for the way that scaling principles and
allometry are used to investigate the functional effects of
changesin body size and body proportions. What follows
isareview of some specific body size-dependent factors
of locomotion, including the effects of scaling on
energetics, the ability of muscles to generate force, and
the structural limitations of bones.

6. ENERGETICS, METABOLISM, AND THE COST
OF LOCOMOTION

There are various ways to look at energy
expenditures during locomotion and to account for the
costs of transport. On one level, biologists speak of the
amount of energy consumed (total, rate, or instantaneous)
during locomotion, which physiol ogists often measure as
the amount of oxygen consumed by ananimal. At another
level, biologists speak of the mechanics of locomotion,
that is, the exchange of metabolic energy for mechanical
work as performed by an animal’s muscles. The ratio of
thesetwo— metabolic energy input versuswork output—
equals muscular efficiency. In this section | will be
discussing whole body energetics, both in terms of
metabolic inputs and work outputs, and | will review the
mechanics of this energy conversion. | will show that the
efficiency by which animals convert energy to work
variesregularly with size. In the subseguent two sections
| look specifically at the way muscles generate force for
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locomotion and how the skeletal system dealswith these
forces, especially as animals get larger.

Setting the Stage

Hill (1950) set down a series of classic hypotheses
regarding locomotor costs and body size based on
dimensional analyses (scaling). Many of Hill’ sideas till
form the premises being tested in modern experimentson
animal locomotion, so they are worth repeating. Starting
with the assumption that the properties of individual
muscle fibers do not vary among taxa or animals of
different size, Hill used geometric scaling principles to
predict that all animals, regardless of size, should be
capable of achieving the same absolute levels of
performance for certain locomotor skills. Specificaly,
Hill predicted that all animalsshould theoretically beable
to achieve the same absolute top speeds and jump to the
same absolute heights, but the muscles of small animals
should consume energy faster and performwork at higher
rates than large animals. This latter prediction indicates
that smaller animal sshould fatigue morequickly and after
covering shorter distances. Taylor et al. (1982 pp. 2)
summarized Hill’ slogic asfollows: “ each gram of muscle
performs the same amount of work and uses the same
amount of energy during a step, but the small animals
have to take many more steps to cover the same distance
because of their shorter legs. Therefore, when running at
the same speed small animals should have higher stride
frequencies and consume energy at higher rates.” 1 will

discuss how modern analyses have shown Hill to be
wrong on afew of these points and correct on others, but
often for the wrong reasons.

The Cost of Transport

Locomotor physiologists have established that the
mass-specific rate of energy consumption increases with
speed but that the rate of increase is inversely
proportional to body size (Fig. 4)(Schmidt-Nielsen 1972;
Taylor et al. 1970, 1982; Taylor 1977; Kram and Taylor
1990). Data from those studies also show that the
“incremental cost of transport”— the amount of energy
consumed while moving a unit of body mass a given
distance— decreases as body size increases. The
incremental cost of transport scales < m %% according to
Taylor et al. (1970), « m 23 according to Taylor et a
(1982), and = m®# according to Kramand Taylor (1990)
(Fig. 4a).

The incremental cost of transport must be
distinguished from the “cost coefficient” of locomotion,
which is a constant and equals the rate of energy
consumption by each kilogram of body mass during
steady statelocomotion, independent of distancetraveled.
Thisvalueis mass independent (<« m°) so it is the same
for animalsof al size (Fig. 4c) (Taylor et al. 1982, Kram
and Taylor 1990). Therefore, whileanimalsexpend about
the same amount of energy per kilogram per step at
physiologically equivalent speeds, small animals take
more steps to cover a given distance. Physiologically

Figure4. Patternsof energy input and work output during locomotion showing how energetic efficiency increaseswith body size
and with speed in larger mammals, due to their increased ability to recoil elastic strain energy stored in leg tendons.
Body Mass (top row): The energy expended to move one kg of body mass over 1 km (cost of transport) decreasesin

larger animals (A). While smaller animals spend energy at afaster rate (per kg) (B), al animals spend about the same amount of
energy per kg per step (C)— smaller animals simply need to take more steps to move 1 km, and thus spend more energy doing
so. However, the mass-specific work performed by the musclesto move 1 km does not increase with size (D), meaning that work
efficiency (work performed : energy input) increases with body size (Valuesin G are per km efficiency derived astheratio of D
. A. Similar patterns arise from comparing E : B and F : C for work performed per second and per step respectively). But actual
performance of muscle fibers does not vary among mammals and the increased efficiency of larger mammals arises because they
are ableto store and recoil more elastic strain energy. H shows how the smallest mammal's recover amost no elastic energy even
when running, while this energy may account for nearly 50 % of the work performed in very large animals.

Soeed (bottom row): Mass-specific rates of total metabolic energy consumption increase linearly with speed, but at
slower ratesin larger mammals (I ), but the energy used by the muscles to perform work increases curvilinearly and at slower
overdl ratesin larger mammals (J). Thus, work efficiency also increases with speed (K) because the amount of kinetic energy
stored and recovered as elastic strain energy increases with speed. This effect isamplified as animals get larger, asdepicted in L
for atypical large courser (this pattern also is apparent from the dotted linesin upper graphs). (Datacompiled mostly from Taylor
et al. (1970, 1982) and Heglund et al. (1982b). « = slope; scales are logarithmic)

Largesizeand speed increaselocomotor efficiency because bothincreasevertical ground forcesimparted to thelimbs—
these are the forces that stretch leg tendons and become available as stored elastic strain energy. Large size (or long legs) also
increasesthe potential use of elastic strain energy because atendon’ s ability to stretch isdependent onitslength, which generally
increases with body size. These patterns of energetic efficiency mean that Arctodus’ large size and elongated legs allowed it to
recover considerable elastic strain energy during locomotion, even at low speeds. For reasons discussed in the text, Arctodus
probably rarely ran at high speeds, soitslimb morphology strongly suggeststhat it had evolved for super-efficient moderate speed
travel.
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equivalent speeds are speeds at which equivalent
locomotor events occur in different animals, such as
changing fromatrot to agallop or running at top speed—
these do not occur at the same absolute speeds for all
animals, but the events are considered to be a
physiologically equivalent (Heglund et al. 1974). Often
itismost meaningful to comparethe energeticsand stride
traits of different sized animas a physiologically
equivalent speeds, rather than absol ute speed.

Kleiber's (1961) well-known comparison of basal
metabolic rate (M ) and body size also shows a hegative
scaling relationship (mass specific M , « m °%; whole
body M , <« m°™), so it is not surprising that a similar
relationship holds for locomotor metabolism. This
relationship should not be taken to mean that large
animals are metabolically more efficient than small
animals. First of all, as Calder (1984) pointed out,
efficiency is a dimensionless term that implies aratio of
input versus output; comparing just mass-specific energy
inputs (which is what metabolic measurements do) says
nothing about outputs. But probably more important,
comparing energy consumption between large and small
animalspotentially leadsto the pitfall of doing so without
regard for the way that physiological time, space, and
rates scale to body size (Calder 1984, Lindstedt and
Swain 1988). For instance, whilelarger animalsconsume
less energy per kilogram per kilometer during a given
activity, they invariably performthat activity for alonger
time, over agreater distance, and over alonger lifetime—
and they have more kilograms to move.

It turns out that over the course of their lives, large
and small animals spend about the same amount of energy
to support a unit of body mass, regardless of size (Calder
1984). Thisdoesnot mean that large animalsdo not incur
certain benefitsfor their size. Indeed, they are abletotake
advantage of alarger home range and its greater spatial
diversity, and large animal s can more readily make large
scale migrations (Lindstedt and Swain 1988). Reciprocal
arguments can be made for the advantages/di sadvantages
of being small. It is important to emphasize that these
statements only hold true for metabolic input, not work
output. Later | will discuss how large and small animals
differ considerably in their inherent abilitiesto engagein
certain locomotor activities simply due to their size, and
that large animal s are more efficient locomotors because
they are better able to utilize elastic strain energy.

Mechanics of Walking and Running

Next, | turn to the mechanisms by which metabolic
energy is converted into work during locomation. As an
animal walks or runs, energy is expended to accelerate
and decel erate different parts of the body relative to each
other and relative to the ground. In thisregard, energy is
used primarily for two tasks: 1) lifting and accelerating
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the body’s mass against the vertical forces of gravity
(since the body’ s mass rises and falls with each stride),
and 2) accelerating/decel erating the limbs relative to the
body’s center of mass (Manter 1938; Cavagna et al.
1964, 1977a, 1977b; Alexander 1977b; Heglund et al.
1982a). The energy expended to lift the body’s mass
seemsto account for most of the energy expended during
locomotion, although there is some disagreement in the
literature regarding the relative importance of these two
expenditures (Taylor et al. 1980). For instance, Manter
(1938) trained catsto run over force plates and found that
the energetic component of moving thelimbsvaried from
amost 0to > 25 % of total energy expended, the most
important factor being the animal’s speed and rate of
acceleration. Using similar apparatus but more species,
Cavagna’ sgroup and others have concluded that the cost
of lifting the body’ s mass can be over 10 timesthe cost of
swinging the limbs (Cavagna 1977a, Taylor et al 1980,
Farley and Taylor 1991). In afour-part study, Heglund,
Taylor, Cavagna, Fedak, and Maloiy attempted to
account for the costs of locomotion in 15 homeotherms
by simultaneously measuring the metabolic energy
consumed during locomotion, the work performed to lift
the body’s mass, and the work performed to swing the
limbs (Taylor et al. 1982; Fedak et al. 1982; Heglund et
al. 1982a, 1982b). They found that swinging the limbs
may account for aslittle as 3 % or as much as 30 % of the
appliedforces, andlikeManter’ sdata, the most important
determinant was speed (they did not test acceleration).
Theoretical calculations by Alexander et al. (1980) also
show that the cost of moving the limbs can befairly high.
Anatomists (e.g., Smith and Savage 1956, Hildebrand
19853, 1985b, 1995) tend to emphasize the cost of
accelerating/decelerating the limbs, not necessarily to
discount other costs, but more to show the relative costs
of limb oscillation between animals of different builds. |
will return to these points in the section on kinematics,
whereit will be shown why the cost of swinging thelimbs
increases with speed.

Walking: When an animal uses a walking gait, its
center of massrisesand falls, during whichkinetic energy
(Ey) isexchanged for gravitational potential energy (E,).
As the animd lifts its mass, E, increases and E,
decreases, by which they are said to be out of phase.
When the body mass falls again, E, decreases and E,
increases. The process of walking depends on capturing
this E, asforward momentum by leaning the body’ s mass
forward. Up to 70% of the E, may be recovered in this
way (Manter 1938; Cavagnaet al. 1964, 1977a; Heglund
et al. 1982a). These mechanics are analogous to the
exchange of E, and E, in a pendulum or rolling an egg
end over end; when an animal walks it only performs
work to “keep theeggrolling” (analogy of Cavagnaet al.
19774, pp. 260). Later | will show that thereisan optimal



walking speed for this energy exchange and that it
increases with leg length, which partially explains why
long-legged animals naturally walk at higher speeds but
with slower stride rates.

Trotting and Pacing: Running isenergetically and
mechanically quite different than walking. When an
animal runs using a trot or a pace there is amost no
transfer between E, and E, because both rise and fall in
phase. That is, when the body massis lifted, E, rises but
sodoesE, . Thisoccursbecause E, isconverted to elastic
strain energy in tendons of the leg during each footfall
and is recovered again at the end of each footfall when
the body massis lifted. Both E, and E, are highest at the
body mass' s highest point, and both fall as the body falls
(E, falls because all of the elastic strain energy has been
consumed). Because of this stored elastic energy, the
running trot and pace are analogous to a spring or a
bouncing ball, not a pendulum (Cavagna et al. 19773,
1977h).

Galloping: The running trot and pace rely heavily
on aspring-like mechanism and recovery of elastic strain
energy, but when arunning animal changesfromatrot or
pace to a galop it utilizes both pendulum and spring
mechanisms. The shift in energy phases at the trot-gallop
transition is aresult of the acceleration process when an
animal changes from a steady state trot or pace to higher
galloping speeds. The exchange between E, and E, during
this transition is used to elevate the animal’ s body mass
even higher and to increase forward velocity— therefore,
there is a bounce and a lift. As the animal increases
speed, E, and E, become morein phase (they rise and fall
together) and purely spring dynamics take over again,
whereby elastic strain energy isused to perform much of
the work. But whereas the steady state running trot and
pace are analogous to a single spring, the steady state
gallop works like two springs because the front and hind
limbs function as independent pairs with two bounces
(energetic cycles) per stride.

Locomotor Efficiency and the Role of Stored Elastic
Strain Energy— Advantages of Being Big

| now have examined some of the metabolic
requirementsof locomotionin regardsto massand speed,
aswell asthe general way that energy is used by animals
to propel their mass. Next, | want to ook at the efficiency
by which muscles convert energy into work. Throughout
this and subsequent sections | will rely on the well
established fact that individual mammalian musclefibers
have essentially identical performance propertiesin all
species (Hill 1950; Alexander 1973, 1977b; Cavagna et
al. 1964, 1977b; Heglund and Cavagna 1985).

Typical striated muscle fibers are capable of
converting metabolic energy into usable work at about
25% efficiency; the balance islost as heat (Heglund and

Cavagna 1985). But when energy consumption and
amount of work performed are measured in running
animals, muscular efficiency appearsto increase as body
size and speed increase, and exceeds 25% (Fig. 4)
(Taylor et al. 1982, Heglund et al. 1982b). Those authors
show that the mass-specific energy consumption per
kilometer decreases with size for animals running at
equivalent speeds, whereasthe mass specific rate of work
performed per kilometer isindependent of body size (Fig.
4a and b). Looking at these relationships on a per step
basis, rather than per kilometer, it is apparent that mass-
specific energy consumption isindependent of body size
and that mass-specific work performed increases with
body size (Fig. 4c and d). The resulting ratio of
work:energy can beashighas 73 % inlarger animalsand
as low as 7 % in smaller animals. Energy input also
increases linearly with speed, but at afaster ratein larger
animals, while work output increases curvilinearly with
speed, but at a slower rate in small animals (Fig. 4e,
f)(Taylor et al. 1982, Heglund et al. 1982b). Therefore,
animals seem to use energy more efficiently at higher
speeds and when they are bigger (Fig. 4g and h). If all
muscles perform the same, how can this be so?

The explanation lies in the differing abilities of
animals to store and recover elastic strain energy using
tendons of the limbs— thereisno intrinsic differencein
muscle performance. The importance of elastic strain
energy in the energetics of locomotion is becoming
increasingly apparent, but evidently it only can be
effectively used by large animalsand/or at higher speeds,
thus explaining the body size patterns observed in Fig. 4
(elastic energy also is important for hopping animals)
(Cavagna et al. 1964, 1977a; Biewener et al. 1981;
Alexander etal. 1982; Alexander and Bennet-Clark 1977,
Alexander 1988, 1989; Heglund et al. 1982b; Heglund
and Cavagna 1985; Bennett and Taylor 1995). The
amount of energy stored in atendon is afunction of the
distance stretched, and since tendons stretch as a
percentage
of their length, long tendons store more energy. It takes
fairly high forces to stretch a tendon, such as the forces
generated at high speeds. But higher force also can be
generated by increasing mechanical advantage to the
tendon or by increasing the applied mass.

For these reasons, elastic storage can be used by
large animals even at modest speeds, whereas medium-
size mammals only store elastic energy while running at
high speeds. The camel stores a considerable amount of
elastic energy even at moderate speeds because it has
super-long tendons with high mechanical advantage,
which are stretched simply by the animal’s weight and
minimal dynamic forces (conclusion extrapolated from
datain Alexander et al. 1982). Thisisanimportant point,
becauseit shows how very large mammalswith long legs

21



are optimized to store elastic strain energy even at lower
speeds. Apparently, the tendons of small animals are too
stiff and too short to store significant amounts of elastic
strain energy and small animals generate less absolute
force during locomotion. Also, in order to store elastic
energy, tendonsmust comprise aconsiderabl e percentage
of the muscle/tendon length (Alexander 1992). In small
mammals, most of this length is comprised of muscle
(Alexander et al. 1981, 1982; Biewener et al. 1981).

Testsonin vitro tendons show they can return up to
93% of stored energy as elastic recoil, while only 7% is
lost as heat (Ker 1981). In running animals of moderate
size, up to ~ 50% of the work performed during each
stride can be derived from elastic recoil of energy stored
in tendons, but average recovery is more like 35%
(Cavagna 1964, 1977a; Alexander and Bennet-Clark
1977; Ker 1981; Alexander et al. 1982; Heglund et al.
1982b; Taylor 1985). Thus, it is likely that the disparity
between work efficiencies in large and small animals
described earlier (Fig. 4) can belargely attributed to their
differing abilitiesto store elastic strain energy. However,
Heglund et al. (1982b) suggest another compelling reason
for the difference: because small animal stake more steps
a a given speed, they must generate forces for
locomotion at higher rates and consequently they have a
higher percentage of fast-twitch muscle fibers. Fast-
contracting muscles generate force at reduced efficiency,
perhaps explaining some of the reduced work efficiency
of small animals.

McMahon (1975b, 1977, 1985) developed atheory
to describe animal locomotion based on the mechanics of
spring model sand stored el astic energy. He proposed that
most of the actual energy consumed by muscles at steady
state running speeds does not result in muscle shortening
(technically, no work is performed), but rather is used
isometrically to keep the springs (tendons) under tension.
Under this theory, a high percentage of the energy
exchanged during steady state locomotion is mediated
through spring oscillations. Furthermore, the theory

predicts that animal limbs, like springs, should oscillate
at natural harmonic frequencies that depend on size,
which will dictate optimal steady state speeds for each
gait (natural speeds, not maximum speeds). In fact,
Taylor (1985) showed that for any given gait, thereisan
optimal speed (limb frequency) that maximizes the
amount of recovered elastic strain energy. If an animal
runsbelow that frequency (too slow), the strain dissipates
as heat; if it travels above that frequency (too fast) there
isnot enough timefor the tendon to stretch or for the foot
to apply the tendon’s force. This is another reason why
small animals are not able to utilize much elastic strain
energy— becausethey naturally have greater striderates
and thus swing their limbs at higher frequencies.
McMahon's spring model is consistent with the findings
of Taylor et al. (1980), who showed that a great deal of
energy consumed by muscles is used isometrically and
during muscle stretch to control motion at the joints and
to maintain posture.

Optimal Speeds Within a Gait and the Effect of Limb
Length— Reconsidering the Cost of Transport

Hoyt and Taylor (1981) measured oxygen
consumption in horses that were trained to extend their
gaits(walk, trot, gallop) to speeds above and bel ow those
normally used within each gait (Fig. 5). Through this
manipulation they were able to show that energy
consumption increases curvilinearly with speed for each
gait, and that horses change gait where these lines
intersect (Fig. 5a). Furthermore, thereisan optimal speed
for each gait which minimizes the energy expended to
move agiven distance. When allowed to move at natural
speeds, the animal s chose these optimal speedswithlittle
variance (Fig. 5b). Pennycuick (1975) also observed that
wild African bovidschooseavery narrow range of speeds
withinagait. Hoyt and Taylor’ sdatafurther show that the
minimum cost to move a given distance isthe samefor a
walk, trot, or gallop— that is, cost of travel (per km) is
independent of speed. Later, Kram and Taylor (1990)

Figure5. Patternsof energy use and force application across gait transitionsin large mammals. A and B are modified from Hoyt
and Taylor (1981) who measured energy consumption in small horses (X mass = 140 kg) that were trained to extend their gaits
beyond normal speeds. Rates of energy expenditure increase curvilinearly with speed within each gait (A), but when animalsare
allowed to choose their own steady state speedsthey use speedsthat are energetically optimal for each gait (pointsa, b, and c for
walking, trotting, and galloping in B). Also note from B that the cost of moving a given distance (the mass-specific cost of
transport) is essentially independent of speed or gait at these optimal points (only rate of energy consumption varies). Since gait
transitions occur below optimal speeds (wherelines cross) they must not be triggered directly by energetics. C depicts Farley and
Taylor's (1991) data on horses that ran carrying extra weights, showing that gait transitions seem to be triggered when critical
levels of vertical ground force (limb stress) are reached, since animals carrying extraweight changed gaits at lower speeds.

Curvesin A and B shift to the right with increasing body size, so larger animals will naturaly walk, trot (or pace), or
gallop at higher speeds. However, top galloping speeds appear to belimited by critical levels of limb stress, asin C. The dynamic
forces of locomotion increase with body size at afaster rate than animals can increase skeletal strength, so critical forcelevelsare
reached at lower speedsin very large animals (also see Fig. 7).
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reasoned that this is because the cost of transport is
inversely proportional to step length, and whilean animal
may expend energy faster at higher speeds, the increased
efficiency of longer strides at higher speeds balancesthis
out, yielding no net change in the cost of transport.
Kramand Taylor (1990) revea ed another important
pattern relating limb length to the cost of transport.
Consider the fact that as running animalsincrease speed,
their feet contact the ground for a shorter percentage of
the stride (i.e., there is a longer aerial phase), yet the
magnitude of vertical ground forces increases. Since the
feet have less time to distribute these forces at higher
speeds, the mass-specific rate and magnitude of force
application to the limbs naturally increases with speed
(Cavagnaet al. 1977a, 1977b). Kram and Taylor (1990)
showed that the mass-specific rate of energy consumption
isinversely proportional to the mass-specific rateof force
application, i.e., energy is saved by applying force more
dowly. This means that animals which spread the forces
of locomotion over a greater time spend less energy on
locomotion. Now consider the following relationship:

V,= L/t (5)

where V is ground speed, L is step length, and t. is the
time each foot spends on the ground. Since step lengthis
directly related to leg length, it is apparent that, at any
given speed, long legs will bein contact with the ground
for longer periodsthan short legs. Asstep length (i.e., leg
length) increases, the time course of force application
increases and the cost of transport goes down
proportionately. (Later | will show that thispattern arises
because muscles use energy more efficiently when they
contract moreslowly— that is, whentheir forceisapplied
over a longer period of time.) Larger animals have
relatively longer legs and take longer strides, and their
steplengthincreaseslikeother linear dimensions, roughly
proportional to m®3 (Kram and Taylor 1990). Because
larger animals have longer legs, this helps explain why
they have alower cost of transport (per kg) and why this
cost can be reduced in any animal just by increasing leg
length. Furthermore, since smaller animals run at higher
stride rates and take more steps per kilometer, they
consume energy faster at al speeds. These areimportant
relationships that | will return to repeatedly, as they
clearly have implication for locomotor adaptations fo
short-faced bears.

As | move into the next sections, | will be
discussing locomotion less from the viewpoint of
physiologists and more from the viewpoint of
morphologists. There are a couple of reasons for this.
First, most physiological studies measure locomotor
energetics on animalsin steady state locomotion— that
is, animals traveling at constant speeds (no acceleration
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or deceleration), constant direction (no turning), and for
short periods (no fatigue). These conditions are not
typical for wild animals, especially carnivores, sothedata
is not aways relevant in terms of evaluating real-world
performance limits. In particular, these studies reveal
little about the mechanics of acceleration and anaerobic
contributionstolocomotion— two important i ssuesfor an
animal suspected of being a predator.

Furthermore, data from locomotor physiologists
explain some of the energetic advantages and
disadvantageous of animal size, but they have done a
poor job explaining the finer details of limb design, and
in particular, how animals built for long distance running
differ from those built for sprinting (for instance, see
Taylor et al. (1974), whose data show that the cost of
running is the same in a cheetah, gazelle, and goat). The
next three sections address these types of questions. First
| examine the way muscles generate force and bones
dissipate these forces, and how such variables depend on
body size and limb configuration. Then | evaluate limbs
as lever systems and discuss the concepts of mechanical
advantage and high gear/low gear muscles. The fina
section is a discussion of kinematics and the way that
mass distribution affects the performance of limbs.

7. SCALING OF MUSCLE FORCE

The performance of individual muscle fibers
remains essentially constant across mammalian taxa.
However, in order to understand the specific ways that
locomotor performanceisimpacted by relative body size
and limb morphology, itisimportant to consider how size
influences a muscle's capacity to generate force, power,
and work.

Force: Theforce generated by awhole muscleisa
function of the number of fibers contracting, which is
proportional to a muscle's cross-sectional area (Hill
1950; Alexander 1977a, 1992). Regardless of the scaling
scheme, area functions are predicted to increase with
body size at a slower rate than mass or volume functions
(e.g., area = m 2% under geometric scaling). Therefore,
one might expect that, as animals get larger, they will
haveincreasing difficulty generating the forces necessary
to movetheir own masses. It turnsout that cross-sectional
area and force generation in limb muscles scale around
m®, not m?® (Alexander et al. 1981), and for reasons |
discuss later, locomation in large animals is not limited
by their ability to generate adequate force.

Work: Thework (W= F - d) performed by amuscle
equals its force output (cross-sectional area) times its
shortening distance, which is about one third of its total
length (Hill 1950). This calculation (cross-sectional area
x length) makes work output a function of muscle
volume, and thusisometric with body mass (work « m-©)



(Alexander 19774). Therefore, work output is predicted
to keep pace with changes in body size. Previoudly |
mentioned that musclefibersgenerally convert metabolic
energy into mechanical work at about 25% efficiency, but
that recorded efficiencies are much higher in larger
animals and running animals. | also showed that this
“extrawork” is performed by elastic strain energy stored
in tendons, which can theoretically return up to 93% of
stored strain energy to perform work (Ker 1981). While
total work performed indicates something about
energetics and metabolic efficiencies, it is not aways a
very useful way to judgelocomotor performance because
it is not time specific— that is, when an animal moves a
given mass over a given distance the amount of work
performed isthe same, whether it takesaminute or aday.

Power: To evaluate features such as speed and
acceleration, it ismore useful to think in terms of therate
that work is performed or the velocity of force
application— thisis power (P):

P=W/t= F-v (6)

where Wis work, tistime, F isforce, and v is velocity.
Power isafunction of the velocity that amuscle contracts
in relation to the amount of work being done. For
comparison, a muscle's strength is measured by its
capacity for work, but power is a measure of how fast it
does that work— strength does not equal power.
Powerful muscles are energetically inefficient because
muscles consume energy at a rate that is directly
proportional to the forces they exert (Taylor et al. 1980)
and becausefast musclesuseenergy at disproportionately
high rates (i.e., they are less economical) (Alexander
1973, 1992). But fast musclesal so produce lessforceand
empirical data show that muscle economy is almost
doubled by cutting the speed of contraction in half
(Huxley 1974, Heglund and Cavagna 1985, Alexanders
1992).

Histologically, fast muscles are less efficient
because actin-myosin crosshbridges dissociate more
rapidly, before each has completed a full shortening
cycle. Also, crossbridges form and dissociate so quickly
that they do not aways pull in unison— some may be
shortening the filament while others have not released,
and so are resisting shortening (Close 1972, Heglund et
al. 1982b, Alexander 1992). Thisalso explains why fast-
contracting muscles generate lessforce, and why slower,
longer muscles are more energy-efficient and generate
higher forces (but more dowly— i.e., with less power).
The rate of muscle contraction aso is inversely
proportional to musclelength, solong musclesinherently
contract more slowly, generating more force but less
power than short muscles. This is because long muscles
have more filaments shortening simultaneously, and

crossbridges do not need to form and dissociate as
frequently asin short muscleswhilegenerating equivalent
forces. There also is evidence that pumping Ca" across
cell membranes (the trigger for a muscle twitch) may
consume up to 30% of the energy used by muscles
(Homsher et al. 1972). Since this trigger fires more
frequently infast muscles, it increasestheir rate of energy
consumption. Therefore, powerful muscles must be both
fast (short) and strong (large cross-sectional area). Later,
| will show that the power imparted to alimb by amuscle
also depends on the limb’ s mechanical advantage.

The power output of a muscle depends on muscle
size and speed of contraction, but ultimately it depends
on muscle loading, which varies considerably among
animals of different builds. Muscle loading is equivalent
in magnitude to the tensile forces resisting a muscle
during contraction. Therefore, it isafunction of the mass
being moved relative to the force exerted and the
muscle’ smechani cal advantage (mechanical advantageis
explained in the next section). Heavily loaded muscles
require more force to contract, but in order to generate
these forces they naturally contract more slowly, which
reduces power. Later | will discuss how thisisthetype of
musclefound in the limbsof animals such astortoisesand
fossorial mammals(diggers). Those animalshave heavily
loaded limbsthat do alot of work, but dowly. Thus, they
are strong— but not powerful— animals. Animalsthat rely
on accel eration have powerful limb muscles, becausethey
need to bring their limbs up to maximum velocity as
quickly as possible. Therefore, the muscles of a good
accelerator should have reduced loading, while muscle
force, size, and mechanical advantage should be
maximized. Thisformulapredictsacertain buildin good
accelerators: muscle mass should scale positively with
body mass, and muscles should be wide (to generate high
force) but short (for quick contractions). The remainder
of thissection on muscles uses published datato test each
of these predictions.

Muscle Mass: If mammalian muscles scae
geometrically, onewould expect muscle massto increase
« m*, Infact, the empirical valueisvery near thiswhen
all mammalian taxa are averaged (Alexander et al. 1981,
Calder 1984). Using the information above, we would
predict that powerfully-built mammals should deviate
from this average. Alexander et al. (1981) measured the
mass, length, and cross-sectional area of limb musclesin
relation to body mass in numerous mammals.
Unfortunately these authors pooled their data into a few
broad groups based on taxa, not locomotor style. For
instance, they combined datafor all Carnivora, including
diverse forms ranging from ferrets and mongooses to
lions and hyenas. However, their data still show that
muscle mass in carnivores scales higher than other
mammalsfor amost all musclesmeasured (Table1). The
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TABLE1. Scalingdimensionsinmammalianlimb muscles. All valuesare scaling exponents («) derived fromtheallometric
equationy = bm*®, where mis body mass. Mass and length data (first two columns) from Alexander et al. (1981), last two
columns calculated using those authors’ data.*

exponent of muscle
exponent of muscle

exponent of fiber length cr0$-seqiona1 area bulkin'&ssindex
muscle group muscle mass (mass + length) (SA. +length)
Adductor & Hamstrings
primates 1.06 0.26 0.80 0.54
carnivores 1.18 0.37 0.81 0.44
bovids 0.97 0.19 0.78 0.59
others 1.10 0.27 0.83 0.56
Quadriceps
primates 0.99 0.39 0.60 0.21
carnivores 1.16 0.42 0.74 0.32
bovids 0.94 0.25 0.69 0.44
others 1.08 0.32 0.76 0.44
Ankle Extensors
primates 112 0.30 0.82 0.52
carnivores 1.02 0.16 0.86 0.70
bovids 0.97 0.23 0.74 0.51
others 0.97 0.14 0.83 0.69
Deep Hind Flexors
primates 0.76 0.16 0.60 0.44
carnivores 1.03 0.24 0.79 0.55
bovids 1.03 0.18 0.85 0.67
others 101 0.20 0.81 0.61
Triceps
primates 1.27 0.36 0.91 0.55
carnivores 1.23 0.33 0.90 0.57
bovids 1.10 0.30 0.80 0.50
others 111 0.33 0.78 0.45
Fore Flexors
primates 1.19 0.38 0.81 0.43
carnivores 111 0.24 0.87 0.63
bovids 1.09 0.33 0.76 0.43
others 1.04 0.18 0.86 0.68

1 All values are exponents so division is by subtraction



scaling factor for carnivores varies by muscle and is
between m*% and m*? | with an average of m %2
Averages for bovids and primates are m % and m*?,
respectively. Calder (1984) compared actual muscle mass
inmammalsversusvaluespredicted by general allometric
equations. He showed that in dogs (the only carnivore he
analyzed) actual muscle massis 1.24 times greater than
the predicted value. Values for horse (Equus caballus),
deer (Odocoileus virginianus), and wapiti (Cervus
elaphus) are 1.14, 1.00, and 0.98 respectively. Davis
(1962) measured muscle mass in lions and found it to
congtitute up to 62.5% of body mass— the highest
amongst mammals. The average range for mammals is
about 44 - 50% (Pitts and Bullard 1968, Munro 1969,
Calder 1984). Values for other felids are between 56 -
59% (Munro 1969, Calder 1984). Thus, we can conclude
that powerfully-built mammals have above-average
muscle mass.

Muscle Force: Under predictions of geometric
scaling, muscle force should increase with body sizeasa
function of musclecross-sectional area, or m?3, However,
Alexander's (Alexander et al. 1981, Alexander 1985)
empirical data on muscle cross-sectional area indicate
that muscleforcesscalemorelikem®®, Alexander arrived
at thisvaluefor cross-sectional areaby measuring muscle
mass(m**) and fiber length (m°3) in numerous mammals,
and dividing the former by the latter (m?** + P2 = m°8,
These values are for proximal limb muscles, but values
for distal muscles are similar. The authors also suggest
that the actual scaling of muscle may be closer to m®?).
This value, although higher than predicted by geometric
scaling theory, is not surprising, since 2/3 scaling would
cause muscle force to lag well behind the mass it must
move. One might conclude that even m°® (or m %9)
scaling means that muscle force is not keeping pace with
body mass, but consider the following: Alexander et al.
(1981) calculated that if limb muscles generate maximum
forces proportional to m®8, but their moment arms scale
as m % (moment arms are discussed in section 7), then
the maximum bending forces generated by these muscles
will be m® x m% =m?2 In other words, bending
forces increase faster than body mass. It will be shown
bel ow that | eg bones can withstand bending momentsthat
are related to the cube of their diameter. * Bone diameter
scales as m %%, so withstandable bending moments scale
asm % (the result of cubing m°®%*). These calculations
show that the force generated by limb muscles (m*?) is
theoretically greater than the bending strength of limbs
they move (m*%), and that large animals should not be

4 the bending moment of aboneis equal to its
cross-sectional areatimesits length. Since SA=1 2, the
bending moment is equivalent to SA X |, or | 3,

fundamentally limited by the forces generated in their
muscles. Indeed, we will see that the bending strength of
bone becomes the limiting factor in large animals.

With those principles in mind, | still want to test the
prediction that powerful animals and good accelerators
will have limb muscles with relatively greater cross-
sectional areas (forces). Table 1 contains Alexander et
al.’s(1981) scaling exponents for muscle mass and fiber
length for six limb muscles in primates, fissiped
carnivores, and bovids. | have divided the massesof these
muscles by their lengthsin order to calculate their cross-
sectional areas. Cross-sectional area estimates the force
generated by a muscle. Results of these calculations
(Table 1, column 4) show that fissiped carnivores have
the highest force valuesfor nearly all muscle groups. The
higher value for triceps in primates is to be expected
because of their specialized locomotion (the group
includes brachiators). Vauesfor cross-sectional areas of
the deep hind flexors are highest in bovids, but these are
aminor group of muscles that mainly flex the digits and
are expected to be larger in bovids because they have
greatly elongated metapodials.

Muscle Length: Thecomparison getsmoredifficult
when one considers relative muscle lengths in mammals
(which | predicted would be relatively shorter in good
accelerators). This is because most ungulates reduce
(shorten) the muscle portion of a muscle-tendon unit,
effectively increasing the tendon portion so that more
elastic strain energy can be recovered (Alexander 19773,
1984; Alexander et al. 1981, 1982). So, in comparison,
the muscles fibers of large carnivores and other
powerfully built animals seem long, apparently
contradicting my prediction. To address this problem, |
have calculated a “bulkiness index” by dividing cross-
sectional area by fiber length (Table 1, column 5). This
index gives an indication of a muscle's relative width
versus length (i.e., its bulkiness). Muscles with long
stretch tendons in bovids have higher bulkiness indices
because these muscles have reduced lengths, not greater
widths. Theseinclude the hamstrings, deep hind flexors,
and the quadriceps (the quadriceps both extend the knee
and flex the thigh; the extensor portions can store elastic
strain energy and have longer ligamentous portions). For
all other muscles, the more powerfully built carnivores
and primates have bulkier muscles— that is, shorter for
quickness, and wider for high force generation.

Powerful Limbsvs. Efficient Limbs. So far, | only
have discussed muscles designed for high power output.
However, mammals vary considerably in muscle
configuration, balancing needsfor power and efficiency;
some emphasi ze sustained work, while others emphasize
sustained high speeds. | showed that powerful muscles
fatigue quickly because they contract rapidly and are
short. Musclesbuilt for economy have the oppositetraits.
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They are long and narrow to provide slower, more
efficient contractions. Animal swith thesetypesof muscle
that also devel op high top speeds do so by decreasing the
mechanical advantage of their limbs, which effectively
increases their turning velocities but reduces their
strength. In the next section on lever systems, it will
become apparent that this separates runnerswith high top
speeds from those that simply accelerate well. And in
fact, this is what drives the differences in muscle
proportions among the carnivores and bovidsin Table 1.

With Arctodus’ long legs, it stands to reason that
either its muscles were longer and/or it had long stretch
tendons. Considering the muscle anatomy of bears, it
seems unlikely that Arctodus had evolved elaborate
stretch tendons like ungulates. But even in running
humans, not known for their stretch tendons, about one
third of the work performed during running comes from
recovered elastic strain energy, and any large, long-
legged mammal will use a good deal of recoiled elastic
energy during locomotion (Alexander 1988, 1992;
Alexander and Bennet-Clark 1977; Alexander et al.
1982). Another important implication of Arctodus' long
legs is that the accompanying elongated muscles would
have been optimal for dow, repeated contractions, and/or
high force (but not power) generation; in a very large
animal, this would be most adaptive for efficient and
sustained locomotion, not for power or acceleration. |
also have been alluding to the idea that the long, slender
legs of such alarge animal could not have withstood the
strains of sudden turns, rapid speed changes, or high
speeds that characterize essentialy all modes of
predation. To understand why this is so, one needs to
consider how bone strength scales with body size and
how this affects a bone's ability to incur the forces of
locomotion. | address those issues next.

8. BONESAND SKELETAL STRESSES

As the primary elements of rigid support, bones
incur the static forces of supporting an animal’ s mass, but
also the greater dynamic forces of locomotion. In this
section, | will discuss how both the static and dynamic
forces of support increase with body size at rates faster
than skeletal strength, and that this scaling effect
ultimately limits animal locomotion.

Forces, or loads, incurred by bone are transmitted
internally as stresses (see definitions section) and are
dissipated as deformational strains, usually as bending,
compressive, torsional, shear, and tensile strains (tensile
strains are not significant in bones, but they are the main
strains incurred by muscles and tendons). A bone's
strength is a measure of its ability to deform under stress
without breakage or permanent deformation, and a bone
will break when stresses exceed its deformational
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capacity—i.e., itsstrain limits. For aimost all limb bones
(with exceptions such as metapodials in ungulates)
bending forces are by far the most important stress
threatening abone’ sintegrity— typically 80 - 90 % of the
stress in a bone is from bending; the balance is usually
compressivestress(Rubinand Lanyon 1982, Biewener et
al. 1988). When a bone yields to bending stresses it is
said to buckle. A bone's safety factor, or safety margin,
isthe ratio between its normal strain and itsyield strain.
Typically, boneswhichincur mainly compressivestresses
arestraight, whilethoseincurring mainly bending stresses
are curved. Curved bones are less resistant to bending
stresses, so this pattern seems odd at first. However, the
axis of curvature is invariably in line with the normal
direction of bending, and it has been suggested that this
curvatureis* predictive,” focusing bone straininasingle
direction, which then can be countered by strategic
remodeling (Rubin and Lanyon 1985, Biewener et al.
1988). This strategy conserves materials since the bone
does not need to be built to resist bending in other
directions or along its entire length.

Predicted vs. Actual Bone Stress

Here | want to briefly describe how dimensional
analyses of limb bones predict that larger animals will
incur greater dynamic forces in their bones, whereas the
actual data on bone stress show that they do not.

A bone' sstrengthisafunction of itsdimensionsand
thus is subject to scaling influences. Compressive,
torsional, and shear strength are primarily related to a
bone’ scross-sectional area, which would be proportional
to | 2and m?® if animals were built in a geometrically
similar fashion (recall | isany linear dimension, including
bone diameter, and | « m ¥® in geometrically similar
animals). On the other hand, the magnitude of
compressional, torsional, and shear forcesacting on bone
should be a function of body size (i.e., m*or 12%),in
geometrically similar animals. Therefore, it would be
surprising if large mammalsactually scale geometrically;
otherwise, how could they withstand the forces of
running? Alexander et al. (1979) measured limb bone
dimensions and found that most mammalian limbs bones
doin fact scale close to geometric proportions (except in
bovids). Specifically, those authorsfound that long bone
diameters (d ) are generally proportional to m %% —
dlightly, but not significantly, higher than m“® (they also
found that l<d %%, in accordance with geometric
proportions, except in bovids). Using Alexander et al.’s
data, cross-sectional area(d ?) thusscalesempirically as
m’”  (the sguare of m %% ), which is datistically
indistinguishable from geometric prediction of d2 « m?®
(statistical analysis performed by Alexander et al. 1977).
Thisimpliesthat the compressional, torsional, and shear
strength of bone should increase with body size only as



mP "2, meaning that stresseswill still increaseasm®?(i.e.,
as m - m%? (the same value was predicted by
Biewener 1982). In other words, larger animals incur
relatively greater compressional, shear, and torsional
stresses in their limb bones than smaller animals.

Similarly, bending strength, the most critical factor
determining dynamic bone strength, is a function of a
bone' s cross-sectional area times its length. Under rules
of geometric similarity, bending strength is predicted to
scaleasd? (I) =1 =m0 Using Alexander et al.’s
empirical datafor bone diameter (see above), actual limb
bone bending strength would appear to scale closer to
(d®%) 3 or m %, However, Alexander et al. (1981)
subsequently cal cul ated thetheoretical maximum bending
moments generated in limb muscles by multiplying their
cross-sectional area (=< m®®) times their moment arm (<
m °4), yielding bending forces « m %2 (see previous
section on muscle scaling). If maximum bending
moments of limb musclesincrease with body size = m*?,
but bending strength of limb bonesincreasesonly « m*%,
then one would predict that bending stresses also will
increase disproportionately with body size at a rate of
increase « m®*? (derived from m*? - m*%), Biewener
(1982) predicted this value to be m®%, identical to the
predictionabovefor increasesin compressional and shear
stresses.®

When dynamic stresses are actually measured in
bones, it is apparent that the mass-specific magnitude of
these stresses is fairly independent of body size
(proportional to mP) inanimalsrunning at physiologically
equivalent speeds, such as at gait transitions or at
maximum speeds. In fact, this is just what Alexander
(19774) initialy predicted when formulating histheory of
dynamic similarity (also see Alexander and Jayes 1983).
Not only are dynamic stresses independent of mass (i.e.,
not =« m%28 or m®2), but all mammals locomote within
about the same safety factor in their bones— around 2.1 -
3.1 (Alexander 1977c, Alexander et al. 1981, Alexander
and Jayes 1983, Rubin and Lanyon 1982, Biewener
1983b, Biewener and Taylor 1986, Biewener et al. 1988,
Kram and Taylor 1990). Figure 6 (modified from

5 These calculations, based purely on dimensional
analyses, arguethat mammalian limb bones scalegeometrically
and predict that larger animals should experience
disproportionately greater static and dynamic stresses in their
limb bones. | would qualify Alexander’ sconclusions, however,
by pointing out that Biewener’s (1983b) data on limb bone
diameter and length acrossabroad range of taxa show that they
scaleas| < d °®, which Biewener reports as being significantly
different from | « d *°. His data are combined for bovids and
non-bovids, but hisresults can be taken to mean that mammals
probably do increase bone diameter at a faster rate than bone
length as body size increasesin response to increased stresses.

Biewener 1982) depicts the absol ute bending strength of
bone measured in a variety of sizes of mammals and
shows how this value does not change significantly with
body size. Figure 6 al so shows the way that absolute bone
strength would need to increase with body size in
mammalsif dynamic stresses increased with body size
m %2 — the value predicted by strictly dimensional
analyses.

How do Large Animals Reduce Realized Bone Stress?

The reason why actual stressesin bone scale as n’
isimportant: the physical dimensions of large and small
mammals may scale roughly according to geometric
predictions, but large and small animals do not run in
geometrically similar ways. Large animals decrease the
realized stresses of locomotion and maintain similar
safety marginsasdo small animals by running much more
conservatively (but not necessarily slower) and through
modified limb architecture. By running more
conservatively, | mean that large animals accelerate and
decelerate at slower rates, and they avoid other sudden
changes in velocity, such as those incurred during rapid
turns. these are key principles that | will return to, but
first | want to discuss the ways that large animals modify
body architecture.

Architecturally, large animals reduce bone stress
using three strategies: 1) reducing bone curvature, which
scales as m ™%, 2) reducing angles of bone alignment,
which scale as m™%, and 3) reducing excursion angles,
which scaleasm™®* (McMahon 1975a, Biewener 1983b).
All of these strategies maximize axial loading
(compressive forces) and reduce transverse loading
(bending forces). Bone is more resistant to compressive
forces than bending forces, and these three strategies
reduce bending strains by keeping stresses more in line
with vertical ground forces (Biewener 1983b, Biewener
and Taylor 1986, Biewener et al. 1988). Thus, since
curved limb bones generate greater bending moments,
large mammals reduce bone curvature. Reducing the
angle of alignment between bones keeps the limbs less
bent at the joints. Reducing excursion angles makes the
limbs swing through a smaller radius during locomation.

While large animals stand and run with their legs
less bent than small animals to reduce dynamic stresses,
reducing joint angles has the additional effect of
decreasing the mechanica advantage of muscles
operating their limbs (levers and mechanical advantage
arediscussed inthe next section). Asaresult, the straight-
leg stance of larger animals generates less torque and
imparts|ess stressto the bones than the bent-leg stance of
smaller animals (Biewener 1983b). In the next section, |
will discuss how reduced mechanical advantage is one
reason why larger animals are less adept at acceleration.
Itisinteresting to note, however, that theless curved limb
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FIGURE 6. Actua bone strength in mammals (solid line) and the predicted bone strength that
would be required if all mammals ran in geometrically similar ways and still maintained the same
safety factor in their bones (dashed line). The slope of the line for actual bone strength is not
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strength in 2 1000 kg animal and extrapolating backwards using a slope of 0.28 to derive a y-
intercept value of 35. See text for derivation of slope. Adapted from Biewener (1982).



bones of Arctodus have been interpreted asan indication
of its cursorialism and running ability. Later, | will argue
that Arctodus did in fact make many modificationsto its
limbsthat were cursorial adaptations, but its straightened
limb bones most likely reflect the greater stresses
incurred by its large size and should not be strictly
interpreted as a cursorial adaptation.

Previously, some authors (e.g., Pennycuick 1975,
Alexander 1977b, 1977c) have suggested that large
animals may be reducing bone strain by increasing duty
factor. These authorsreasoned that an animal can reduce
the absolute magnitude of vertical ground forces and
stress in the limbs by increasing the percentage of time
that each foot contactsthe ground during a stride, thereby
spreading these forces over alonger period. For similar
reasons, these authors predicted that duty factor also
should increase with speed, since ground forces increase
with speed (within agiven gait). Pennycuick (1975) even
suggested that ungulates change gaits for the purpose of
increasing duty factor. Early dataof Alexander’s(1977b)
seemed to support these hypotheses. He showed that duty
factor is < m°®* for the front limbs of mammalsand m®*
for their hind limbs. However, the hypothesis that duty
factor increases with size or speed has largely been
refuted. The data of McMahon (1977) and Biewener
(1983b), for instance, show no increase in duty factor
with either size or speed in quadrupedal mammals.
Biewener's results even indicate that duty factor
decreases curvilinearly with speed, and scales to body
size with a slope not significantly different from zero
(i.e., m9). Later, Jayes and Alexander (1978) found that
there is adrop in duty factor at the walk-trot transition,
and that this increases leg loading. Subsequent studies
have failed to show much change in duty factor at the
transition from a trot to a gallop (McMahon 1977,
Biewener 1983b, Rubin and Lanyon 1982, Kram and
Taylor 1990).

Recent work has clarified the issue of force
application by the feet, and shows that it is not asimple
matter of changing duty factor. The pattern of force
application dependson many complex andinterdependent
factors such as speed, gait, limb compliance, and leg
length. Recall from the discussion of energetics that the
magnitude (and rate) of vertical ground force application
increases with speed within a gait, but that it decreases
again after agait transition (for example, after switching
from atrot to a galop). The same pattern holds true for
the rate of energy consumption (Hoyt and Taylor
1981)(Fig. 5a). Thisapply to animals of all sizes, but the
rate of increase should be greater in small animals (recall
Fig. 4). Next | want to return to Figure 4 and discuss
these patterns in more detail.

When Hoyt and Taylor's (1981) datais plotted as
the mass specific cost of transport (Fig. 4b), it can be seen

that once an animal reaches a higher gait and is allowed
to choose its own speed, it quickly settles on one that is
themost economical for that gait, after whichit consumes
energy at about the ssmerate asit did during the previous
gait. In Fig. 5b | showed that this steady state cost of
transport isnearly the same for each gait, meaning that an
animal expendsabout the same amount of energy to move
a given distance regardless of its speed (only rate of
energy consumption changes with speed— Fig. 5a).
Furthermore, since the rate of energy consumption
initially declines after agait change, Hoyt and Taylor and
others (Alexander et al. 1980, Alexander 1992,
Hildebrand 1985a) have concluded that animals change
gaits in order to save energy. This would be a correct
conclusion if animals changed gaits at speeds where the
lines in Fig. 5a and 5b cross. But this is not the case.
Taylor’'sgroup (Farley and Taylor 1991) later measured
energy expenditures in horses carrying various amounts
of extra weight and showed that these animals change
gaits at speeds bel ow those whichwould optimize energy
costs (speeds a, b, and c indicated on Fig. 5b). In other
words, animals switch from atrot to a gallop at speeds
where galloping actually requires more energy than
trotting.

What Triggers Gait Changes ?— More Clues Into the
Role of Body Size

If gait changes do not occur at a speeds that
optimize energy expenditure, then they must betriggered
by some other demand. There is good evidence from
Taylor (1985), Biewener and Taylor (1986), and Farley
and Taylor (1991) that animal s change gait in response to
threshold levels of musculoskeletal stress— that is, they
change gaits when a critical level of stress is reached,
regardless of speed. Almost universally, this point is
reached when the bone safety margin (ratio of yield
strain: applied strain) approaches 3 (Rubin and Lanyon
1982, Biewener and Taylor 1986, Biewener et al. 1988,
Farley and Taylor 1991). This process is exemplified by
Farley and Taylor's experiments with weighted-down
horses. The weights increased limb loading and caused
the animals to change gaits at subnormal speeds.
However, whiletheir speedsvaried, the horsesuniformly
changed gait when the same critical vertical ground
forces were reached. Biewener and Taylor (1986) used
this and other data to argue that maximum speeds in
animalsaredefined by the strain limitsof [imb bones, not
by an animal’ sability to generate enough force or power
(also see Taylor 1985 and next subsection).

But how istherate of force application reduced by
switching from a trot to a gallop? | indicated that some
earlier researchershypothesized that animal sreducethese
forces by increasing duty factor, but this hasbeen largely
disproved. McMahon (1985) presented a compelling
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argument showing that galloping reduces leg strain by
increasing leg compliance (a measure of leg stiffness).
Stiff-legged (hon-compliant) gaits like the trot and walk
use less energy to flex and maintain bent limbs, whereby
more of the work performed against the ground is
converted to propulsion. For these reasons stiff-legged
gaitsuse energy more efficiently than compliant gaitslike
the gallop. The tradeoff is that stiff legs transmit greater
vertical ground forces, and because theseforcesincrease
with speed there is a rather low speed limit for stiff
legged gaits (if safety margins are to be maintained).

Therefore, to dissipate increasing forces the legs
need to become more compliant at faster speeds. The
compliant legs of agallop “absorb” the increased ground
forces by flexing and then rebounding this energy asthe
feet are placed on the ground in rapid, non-overlapping
succession. This also distributes the forces more evenly
throughout the stride. The net effect is that peak vertical
forces in the feet are reduced, step length increases, and
the animal getsasmoother ride. McMahon’ s study shows
that compliant running consumes energy at a faster rate
than stiff-legged running, but it isthe only way to achieve
higher speeds without exceeded the safety margins of
limb bones. Recall, too, the important conclusions of
Kram and Taylor (1990), who show that longer legs
decrease energy costsand decreasethe magnitude of peak
vertical forces (but not total force) imparted to the limbs
because long legs afford an animal longer strides, longer
individual foot contact, and thus more time to distribute
these forces. Therefore, increasing leg compliance and
leg length achieves al the hypothesized goas of
increasing duty factor (and more), but without necessarily
increasing thetotal period of foot contact with the ground
(each foot spendsalonger time on the ground in agallop,
but because there is a prolonged aerial phase, total foot
contact as a percentage of the stride— i.e., duty factor—
does not increase).

McMahon' sdataon compliant gaitsprovidecritical
insight into the Arctodus question in terms of gait
selection. Recall that an animal uses the same amount of
energy to move a given distance regardliess of speed of
travel— al that changes is the rate of energy
consumption. But an animal cannot sustain maximum
galloping speeds indefinitely because it is limited by the
ratethat it can provide energy to its muscles (Margariaet
al. 1963, 1964). Combining this information with
McMahon's data on rates of energy consumption during
compliant and non-compliant gaits, one would predict
that animals which can maintain non-compliant gaits at
high speeds will have the fastest speeds of sustainable
travel; they will use energy at aslower rate and get to far
off destinations quicker, because they do not need to rest
as often.

The inherently smoother ride of a compliant gait is
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notinsignificant, asit reducesvertical displacement of the
body’ s center of mass. Rubin and Lanyon (1982) showed
that less displacement in a gallop (versus atrot) reduces
limb loading when the body mass comes down on the
feet. These authors also showed that the rate of strain
change in a bone— not the magnitude of peak strain—
often is the most relevant factor determining bone
strength. The stiff legs of atrot impart amuch more rapid
rate of strain change when the feet hit the ground than
would the compliant legs of a gallop, which absorb
vertical forces more gradually. Indeed, it was shown that
thisis probably why animals change gait (Taylor 1985,
Biewener and Taylor 1986, Farley and Taylor 1991).

Not only are bones subject to failure from rapid
strain change, but they also are prone to damage by
rapidly repeated strain, or repetitiveloading. Thistype of
“fatigue damage” occurs because the bone isnot allowed
to recoil, or “de-strain.” The accumulation of strain
means that even low levels of stress can cause failure
when applied constantly or in rapid succession (Rubin
and Lanyon 1982). The pattern of bone breakage in
mammalsindicatesthat both fatigue strain and the rate of
strain change can be more important than the magnitude
of strain in causing bone failure. For example, The vast
majority of fracturesin steeplechase horses occur during
jumps, both at takeoffs and landings (Currey 1981,
Biewener et al. 1988). Those are times when limbs
experiencethe most intenserate of strain changeand their
greatest rate of acceleration and deceleration; but the
fractures probably occur in part because of fatigue strain
accumulated during the course of the race.

Biewener (1983a) and Biewener et al. (1988)
measured bending and compressive strain at different
points along limb bones of running mammals (horses,
dogs, chipmunks) and found that distal bones generally
experience strains 1.5 to 2.0 times greater than proximal
bones. Thiswould suggest astrong evol utionary incentive
to keep distal bones stout, yet these bones are highly
reduced in many coursers (for reasons discussed in the
section on kinematics).

A closer look at patternsin Biewener’'s strain data
for the limbs of running horses shows that the tibia and
radiusreceivethe highest bending strain values, followed
by both metapodials (receiving predominantly
compressivestrains). But dataon bonebreakageinhorses
show that metatarsalsare fractured much morefrequently
than tibias (Currey 1981). Biewener (1983a) argued that
thisapparent discrepancy arisesbecausestrainistypically
measured in animalsrunning at a steady state, while bone
breakage occurs during brief periods of extreme stress,
concurring with Rubin and Lanyon’s (1982) data. When
Biewener (1983b) measured bone strain in a small
mammal (chipmunk, Tamias striatus), he found that its
metatarsals incur greater strains than its tibias. Small



animalsnormally run with relatively greater accel eration,
greater rates of force application, and greater stride rates
compared to large animals, so small animals routinely
experience more rapid changes in strains, more
accumul ated fatigue strain, aswell as greater peak strains
thanlarge animals. Therefore, Biewener arguesthat these
data on a small mammals more accurately assess bone
strain during strenuous locomotion such as during rapid
acceleration/deceleration and that these are the critical
tests of bone strength. Hence, during rigorous running, a
horse’ s metatarsal, not itstibia, probably experiencesthe
most strain, which the studies of steady state locomotion
could not demonstrate.

An Upper Size Limit For Predators

Throughout thisdiscussion, | have been aluding to
the notion that the scaling of locomotor forces sets an
upper body size limit for conventional predators—
somewhere in the neighborhood 250 kg. At this point |
want to examine this hypothesismore closely and present
what may be an important new empirical relationship
between maximum running speeds (MRS) and body size.
This discussion closely follows Fig. 7.

Figure 7areconstructs Garland’ s(1983, Fig. 1) data
relating MRS to body size across a wide range of
mammalian taxa, from shrews to elephants (Garland’s
data for the smallest mammals has been cropped out of
Fig. 10a). The polynomial fit to these data (log MRS =
1.47832 + .025892 (log Mass) - 0.06237 (log Mass) ?; r?
=0.574) showshow MRSincreaseswith sizebut plateaus
around 119 kg, after which it clearly drops off with
increasing body size. The physical and biological forces
driving this pattern have been discussed throughout Part
[, but only in aqualitative sense. In Fig. 7b, | propose a
quantitative reason for it. This plot shows empirical data
for two physical parameters. 1) the ultimate bending
strength of bone, represented by the solid horizontal line
(modified from Biewener 1982; same plot asmy Fig. 6),
and 2) the cross-sectional area of the humerus and femur
midshafts in 27 mammal species (data from Biewener
1983hb), which | have divided by body massto show how
their rel ative cross-sectional area(and strength) decreases
with body size. Datafor thetibia, radius, and ulnaare not
shown because they frequently are part of a two-bone
system, i.e., the combined support of the ulna-radius and
tibia-fibula would need to be considered.

The phenomenon | want to emphasizein Fig. 7 is
that the lines for bone strength and mass- specific cross-
sectional area (averaged for both bones) cross at nearly
the exact same body mass at which MRS begins to
decline— around 119 kg. Thispattern probably isnot just
an epiphenomenal artefact, since these three parameters
are functionally so tightly linked. Indeed, in the simplest
sense body support in mammalsisafactor of theinherent

strength of boney material and the fact that the cross-
sectional surface area of bone decreases relative to mass
increases (two thirds rule). | have been discussing at
length why this limits MRS and other facets of
locomotion, but what | am proposing in Fig. 7 is a
precise, functional relationship that predicts 119 kg asthe
natural limit to MRS, based on the physical properties of
boney material and the geometry of vertebrates. This
relationship supports the conclusion that speed in small
mammals is limited by their absolute size and limited
power output, not the strength of their bones. In
progressively larger mammals speed increases in
conjunctionwith their ability to generate absolutely more
power. At the sametime, rel ative bone strength decreases
with size until the crossing point in Fig. 7 is reached,
where skeletal safety margins can no longer be
maintained without reducing speeds. Garland's
polynomial equation relating top speed to body mass
could be used theoretically to predict MRS in an
unfamiliar or extinct mammal, such as Arctodus.
However, while this equation accurately describes the
general relationship between speed and body mass, it
does not predict MRS very precisely for any given
species, as evidenced by the broad scatter in the datain
Fig. 7a. Deviations from the trend line are considerable
and reflect morphological adaptations for divergent
locomotor and ecological strategies. For instance,
cheetahs are around 55 kg, but not all 55 kg mammals
would gain selective advantageif they too could sprint at
100 km/h. As with most exercises where an equation is
fitted to empirical data, one often gains the most insight
about a species by examining theway it divergesfromthe
average trend.

Along similar lines, consider the comparison
between goats and large breeds of dogs: both are about
the same size (~25 kg), but their skeletal builds are quite
different. Dogs run at much higher MRS and engage in
higher forceactivities, and their moremassive limb bones
reflect this. Biewener and Taylor (1986) showed that
these two mammals experience similar peak strains in
their bones a physiologically equivalent speeds,
including top speeds, but dogs do not reach critical levels
of strains until higher speeds because their bones are
larger (stronger). Using arguments summarized
throughout Part |, one also may conclude that dogs will
fatigue more quickly and use energy at afaster rate than
goats running at identical speeds. There is an important
conclusion to be drawn from this pattern in pertaining to
animals built like Arctodus: coursers built both to run at
high top speedsand to maneuver have heavier limbsthan
similar sized cour serswhichareadapted for straight-line
running or for endurance. Furthermore, as body size
increases coursers in the former category must make
even greater skeletal compensations because the forces
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FIGURE 7. The relationship between body mass and maximum running speed (MRS). A: Garland's (1983) data
for MRS and body massin awide variety of mammals. The second order polynomial which best predicts MRS as
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This function shows how MRS increases with speed until around 119 kg, after which it declines again. B: Plots of
bone’ s material strength (solid line) and the relative cross-sectional area of limb bones in mammals (dashed lines;
only humerus and femur plotted). The solid line has a slope of zero because the properties and strength of bone do
not change with body size. However, the realized strength of along boneis afunction of its cross-sectional area
and this decreases (relatively) with size. These two lines intersect around 119 kg, and | am proposing that this
relationship between bone property and scaling realities in mammalsis functionally significant and ultimately
explainswhy MRS also declines at 119 kg.



of locomotion increases disproportionately with size. On
the other hand, coursers with lighter limbs typically are
adapted for straight line running and/or increased
endurance; thisis especialy truein larger mammals.

Other equations besides Garland's have been
developed for calculating speeds in animals— either
maximum speeds or speeds at gait transitions (e.g.,
Bakker 1975, Heglund et al. 1974, Thulborn 1982) —
but these mostly tend to be reliable only over a narrow
range of body sizes and shapes. They are especially
inaccurate when applied to very large or unusually-
shaped animals. Furthermore, even though Garland has
produced a fairly accurate, if not precise, equation
predicting MRS, | believeit isdubiousto rely strictly on
body mass to predict speed, especially in an animal like
Arctodusthat has an unusual morphology. Alexander and
Jayes (1983) have developed a technique for estimating
speeds using principles of dynamic similarity and Froude
numbers, which are non-dimensional constants that scale
guantities of motion to linear dimensions in dynamic
systems. Alexander and Jayes technique is valuable in
that it uses readily measurable linear dimensionslike leg
length or stridelength instead of body mass, which canbe
difficult to estimate accurately. But even this technique
haspitfalls, astwo animalswith similar leg lengthsdo not
always locomote in similar ways or at similar speeds. In
Part 11, | will specifically address and estimate speed
capabilitiesin Arctodus with an approach that combines
both Garland’ s polynomial function based on body mass
and Alexander and Jayes technique based on scaled
linear dimensions.

Summarizing the Relationships Between Force
Generation, Bone Stress, and Body Size

At this point | want to briefly summarize how
limitations to locomotion differ in small versus large
animals both in terms of their ability to handle dynamic
stressesand the ahility of their musclesto generateforces.
At the beginning of this section | discussed how
dimensional analyses predict that smaller animals should
have stronger limb bones and experience less bone stress
than larger animals. Then | presented evidence which
showed that realized stresses in bone do not vary much
between animals of different size becauselarge and small
animals run in different ways and have different limb
architectures. That is, small animals are able to move in
ways that, if scaled up, would break bones in larger
animals— squirrels can safely jump out of a tree ten
times their own height, whereas a large bear or elephant
could not. Toreiterate, thisisbecausethe force of thefall
is proportional to the weight of the animal, which
increases faster with body size than the strength of its
bones.

Relative to their body size, the muscles of smaller

animals are proportionately stronger too; they generate
relatively more force and work than larger animals (even
though their muscles are not relatively much larger). But
thisis not primarily why a squirrel can leap many times
its own height, whereas a bear cannot. The main reason
for this is twofold. Firgt, if large animals jumped that
high, they could not handle the impact of landing. But
more important, very small animals are able to take
advantage of their ability to use sharp joint angles and
bent limb postures to increase their locomotive power
output. They can do this, because the bones of small
animals can handle higher bending forces. | showed that
muscles which have more time to contract can generate
more power and can reach top velocities more quickly,
and a crouched stance, often used by smaller mammals,
has the effect of increasing the time course of force
application because the greater angle of rotation at the
joints increases the effective limb length. As Biewener
(1983b) points out, thisiswhy a human can jump higher
if he/she starts out in a crouched stance. Large animals
with straighter legs (necessary so that bending stressesare
reduced) have shorter angles of flexion over which their
muscles must devel op forces of locomotion. To reiterate,
this does not mean they generate less force (that is a
function of cross-sectional area), but rather less power
(the time course of force application). The result is that
smaller animals generate relatively more power, and it is
primarily for this reason that they are better leapers and
accelerators. Thisalso iswhy small animalscan reachtop
speeds often on the first or second stride, whereas large
animals need numerous strides in order to accelerate to
top speeds. However, large animalswith their longer legs
can often reach higher top speeds, and more important,
they are able to sustain any given speed for a longer
period and over a greater distance.

So, large and small animals have inherently
disparate capabilitiesand thusexpl oit different regions of
thelocomotor spectrum (Fig. 8). Of course, this spectrum
iscomplex and multidimensional, ascontinuousvariables
such sizeand morphol ogy interact with diverselocomotor
needs. It also is a gradational scale— animals are not
accelerators or non-accelerators per se, rather thereisa
continuum between the best and worst accelerators.
However, it is redlistic to draw certain lines on such a
spectrum on one side of which, for example, one would
not find a mamma with good enough acceleration,
maneuverability, or top speedsto beaviablepredator. As
| haveindicated, the largest terrestrial carnivoresthat are
adept predators today (tigers and very large male lions)
rarely exceed 250 kg.

Indeed, bears in general seem to be over the line
demarcating reliance on strict predation . No brown bears
today rely solely on carnivory, much less predation. Polar
bears are strictly carnivorous and can reach aimost 700
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kg, but their form of predationisextremely specialized as
it primarily involveswaiting to ambush seal s at breathing
holes and liars. Polar bears also are adept scavengers.
Therefore, in order to make the argument that short-faced
bears were predatory, one would have to identify a very
specific and specialized predatory niche which it
exploited. As| follow up on this argument in the Part 11,
| will emphasize that this is a tenuous argument that
would require strong evidence to support it. Such
evidence does not exist. My argument, therefore, will be
that short-faced bears, based on their size and build,
resided on the locomotor spectrum beyond the line
demarcating conventional predatory skills. | think this
conclusion has not been reached before because short-
faced bears have been perceived as just a sort of super-
huge, lean brown bear. Even if this were a
morphologically correct statement, the point of my
arguments presented thusfar isthat such ascaled-up bear
would not experience scaled-up performance.

9. LIMBSASLEVERS

Lever Systems

Machines convert energy into mechanical work. As
such, limb muscles are biological machines that use
metabolic energy (and stored elastic energy) to generate
forces that move the limbs. A limb element rotating
around ajoint transmits forces from one end to the other
and thus constitutes a machine whose mechanics can be
described in terms of a lever system and its constituent
parts (Fig. 9a). A fulcrum is the pivot point of a lever
about which turning forces, or torques, are generated.
Simplelevershavetwo moment-armsor lever-arms— an
in-lever (L;,) and an out-lever (L) — which represent
the lengths (“arms’) of the lever on either side of the
fulcrum. Mechanical advantage equals the ratio of the
two lever-arms (L;, : L,,,). Forces are imparted to the in-
lever (F,) and generated on the out-lever (F,,). For
purposes of this discussion, levers have two turning
forcesor torques, referred to asmoments. The moment-in
() is equivalent to the force imparted at a point along
the in-lever times the length of that point down the in-
lever. The moment-out (t,,) equalstheforce generated at
apoint along the out-lever times the length of that point
down the out-lever:

Tin = Fin* Lin (7
Tout = Fou " Low 8
and when Tout = Tin 9)
then Fout * Low = Fin - Lin (10)

When describing or analyzing a bone-muscle
system as a lever system, one frequently is interested in
assessing the effect of changing an input value in
Equation 10, such as changing the amount of force
applied by amuscle (F,,) or changing the length of alever
arm(L,;,or L,,). For instance, the influence of thesethree
values on out-force generation can be stated as:

Fout = I:in ' I-in/ Lout (11)

It is important to note that in addition to generating
torques, moment-arms also have characteristic turning
velocities, which respond to their lengths in the opposite
way as forces. For example,

Vout = Vin ' Lout/ Lin (12)

Limbs essentially move as biomechanical levers.
Consider the example of aforearm rotating at the elbow
in arunning or digging bear (Fig 9b). The fulcrumis at
the semilunar notch, the olecranon process acts asthe in-
lever, and the ulna shaft distal to the semilunar notch acts
as the out-lever. When the propodium is extended, such
as during the propulsive phase of a stride, the torque
delivered to the distal phalanges equals the force of the
extensor muscles (long arm of the triceps illustrated in
Fig. 9b) times the length of the olecranon process (L;,)
divided by the combined length of the ulnashaft and hand
(Low)- Inthisexample, the ulnaacts as afirst order lever,
and Fig. 9 contrasts it to second and third order levers,
which also areimportant in biomechanical lever systems.

The Effects of Mechanical Advantage on Locomotor
Performance

InPart 11, 1 will show that the olecranon processand
anumber of other inleversof short-faced bear limbswere
shortened compared to other bears, reducing their
mechanical advantage. The remainder of this discussion
considersthefunctional ramificationsof lever lengthsand
mechanical advantage on locomotor performance.

Compare the mechanical advantage and muscle
configuration in alimb built for high rotational velocity
versus one built for high torque or high power (at this
point itisnot appropriateto compare energetic efficiency
or economy of effort). From Equation 12 it is apparent
that rotational velocity is increased by along outlever,
short in-lever (high L.,:L;), and by fast contracting
muscles. Recall that fast contracting musclesgenerateless
force and they use energy more quickly. Also, speed of
contractionisinversely proportional to musclelength, so
fast muscles tend to be short. If they also are not large,
they will perform less work because work = volume. So,
limbs modified for increased rotational velocity will
sacrificestrength and will fatigue quickly, although | have
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FIGURE 10. High and low gear muscle groups used by a bear to extend its femur. “ Gearing” relates to the relative
length of each muscl€’ sinlever (moment arm), drawn as a perpendicular line from the acetabulum to the muscle
(inlever shown for adductor femoris only). Short inlevers, such as those for the gluteal group, have reduced
mechanical advantage, so they provide little power. However, they require very little energy to extend the femur at
high speeds compared to low gear muscles. Thus, they are used mainly to sustain steady state speeds. The femoral
muscles have long inlevers (greater mechanical advantage) and provide power for acceleration. They are less
efficient than the gluteal muscles and fatigue more quickly. Position of insertion points and leg length also affect
mechanical advantage. For example, configuring femoral muscles with more proximal insertion points will reduce
their mechanical advantage and thus will decrease power output, but increase efficiency, meaning they will fatigue
less quickly. Long legs have a similar effect because they increase outlever lengths, and their longer muscles fatique
less quickly. Short-faced bears had longer limbs and more insertion points compared to other bears, which increased
their locomotor efficiency but reduced their ability to accelerate. (Concept for drawing adapted from Smith and
Savage 1956.)



shown that running specialists make other modifications
to increase endurance.

A limb designed for high torque will haveincreased
mechanical advantage (low L,,:L;) and muscles that
generate high forces and perform greater work. | showed
that muscles with these traits typically are large and
contract sowly. If the limb also isto be moved with high
power output (recall power equals the rate that work is
done or the velocity of force application), then the
muscles also must contract rapidly. In doing so, they
fatigue quickly. Therefore, one can distinguish between
alimb built strictly for high torque versus one built for
power. The muscles of the high torque limb will contract
dowly and fatigue dowly. This is what one finds, for
example, infossorial mammal sthat must dig continuously
but not rapidly (Hildebrand 1985c), or as | showed
earlier, in turtles which move alot of weight, but Sowly.
The muscles of a high power limb, on the other hand,
generate forces at a high velocity, such as when abrown
bear excavates a ground squirrel hole or when a lion
accelerates after prey. Both high power and high torque
limbs will have relatively high mechanical advantage.

What are the performance ramifications of limbs
that evolve for high rotational velocity, versuslimbsthat
evolve for high torque or high power? In the case of the
fossorial mammal, | showed that high-torque limbs
performalot of work, but dowly. These animals conduct
strenuous locomotor activities for long periods, but not
quickly. Limbs that evolve to rotate at high velocity are
obviously adaptive for high speed locomotion, however,
a strictly fast rotating limb is not optimally designed for
accel eration because acceleration requires power to get
the limbs up to speeds quickly. Therein lies the need for
powerful limbs in accelerators. While both fast and
powerful limbs may reach the same ultimate velocity,
animals with powerful limbs will get up to speeds more
quickly, while animals with “fast” (but not powerful)
limbs will fatigue less quickly, and thus will be able to
run longer and farther.

Runners evolve morphologies that balance their
needsfor power, speed, and endurance. But if one thinks
of limbs only as simple levers then an obvious paradox
arises: why don't “fast-limbed” animals also increase
power and acceleration by increasing muscular input?
This question arises because my comparison of limbs, so
far, has assumed that all limbs are identical, except for
their mechanical advantage and muscle input. This
assumption is wrong. It ignores the fact that limbs have
mass and the fact that changes to parameterssuch asL,,,
L, and muscle volume impact the quantity and
distribution of limb mass. This mass costs energy to
move, and this cost varies based on the muscle' sposition
onthelimb and itsrate of acceleration. These are matters
of kinematics and are discussed in the next section. After

that discussion, | will bring together all of the previous
issues and present an overview of locomotor adaptations
for speed, acceleration, and endurance.

Low Gear and High Gear Muscle Systems

Before moving on to kinematics, | want to briefly
discuss “low gear” and “high gear” muscles, since this
concept relates principally to lever dynamics and
mechanical advantage. In a classic paper, Smith and
Savage (1956) elaborated on the ways that muscle
configuration and the placement of musclesonalimb will
enhance either the speed or power of their action.
Hildebrand (1995) calls these high gear and low gear
muscles, respectively, as the former are used for
maintai ning high speedswith theleast effort and the latter
are used for acceleration.

Figure 10 (modified from Smith and Savage 1956)
shows the hind limb of a bear illustrating this concept.
Thegluteal group and thefemoral group arethetwo main
muscle groups that extend the femur about the
acetabulum. ® A perpendicular line (L,,) drawn from the
acetabulum to each muscle’ sline of action representsits
in-lever length. A vertical line (L) fromthe acetabulum
totheground representsthe system’ sout-lever length (the
same for both muscles). The ratio L;L,, is clearly
different for these two muscle groups when the femur is
inthe position shown (notethat each muscles’ mechanical
advantage changes with the angle of flexion). Assuming
that the length of contraction in a given unit of time is
equal for each muscle, then the gluteal group will swing
the femur through a greater arc than the femoral group
during that period of contraction. However, the femoral
group imparts more force because of its greater
mechanical advantage.

From this example, it can be seen how the gluteal
muscles are considered to be high gear muscles that
maintain steady state locomotion at a minimal cost,
whereas the muscles on the posterior surface of the hind
limb provide most of the power and acceleration for
locomotion (and other activities). When it comes to
fossils, one cannot alwaysidentify the precise attachment
points of individual muscles on bones, but often it is
possible make some qualitative assessments about the
relative importance of high gear and low gear muscles by

® The gluteal group is comprised of the g. minimus
and g. medius which originate primarily on the dorsal-lateral
surface of theilium (and partialy on the lumbar vertebrae)
and insert on the greater trochanter of the femur. The femoral
group is comprised of the biceps femoris, adductor femoris,
gracilis, semitendinosus, and the semimembranosus, which
originate on the posterior and dorsal surfaces of the ischium
and insert at various points along the posterior edge of the
femur and the proximal tibia.
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length of each muscl€’ sinlever (moment arm), drawn as a perpendicular line from the acetabulum to the muscle
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muscles have long inlevers (greater mechanical advantage) and provide power for acceleration. They are less
efficient than the gluteal muscles and fatigue more quickly. Position of insertion points and leg length also affect
mechanical advantage. For example, configuring femoral muscles with more proximal insertion points will reduce
their mechanical advantage and thus will decrease power output, but increase efficiency, meaning they will fatigue
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less quickly. Short-faced bears had longer limbs and more insertion points compared to other bears, which increased
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analyzing dimensions of limb bones (such as the femur)
and girdles (such as the pelvis). In Part 11, | will make
these assessments on Arctodus and show that it primarily
had evolved amuscul oskeletal configuration of the high-
gear sort.

10. KINEMATICSOF LIMBS

Sofar, | have considered the whole body metabolic
costs of locomotion, the effects of scaling on
muscul oskeletal performance, and the configuration of
limb levers. For the most part, these were discussions
about factors limiting energetic input in animals. Next |
want to consider the output side of the equation— the
amount of energy required to move agiven mass. Thisis
something paleobiologists can assess more easily on a
fossil, even if just in relative or qualitative terms.

Physiol ogistsassert that most of the energy spent on
locomotion is used to elevate the body’s mass, and that
only a small percentage goes to limb oscillation. Yet
anatomists have aways emphasized the energetics of
swinging the limbs and kinematics as central themesin
interpreting limb morphology. Kinematics addresses the
mechanics of objects (masses) in maotion (dynamics
address the for ces associated with motion), and as stated
in the previous section, any consideration of design
principles and performance features in limbs is
incomplete without accounting for the quantity and
position of the mass being moved.

If onethinksof limbsasoscillating massesswinging
back and forth during the course of a stride sequence
(Fig. 11), it can be seen that each limb passes through
four energetic phasesrelative to therest of the body (two
acceleration phases and two deceleration phases): 1)
when the limb is swung forward, energy is expended to
overcome inertiaand for acceleration, 2) at theend of its
forward motion, energy is expended to decelerate the
limb’smomentum to zero, 3) next, energy isexpended to
overcome the limb's resting inertia and accelerate it
rearward, 4) to end the cycle, energy is expended to
decelerate the limb's rearward motion, setting it up for
phase 1 again (Hill 1950; Alexander et al. 1979; Fedak et
al. 1982; Hildebrand 1985a, 1995). Certain mechanical
aspects of these four phases can be described using
principles of oscillating masses and pendulums, with a
few qualifications (Fig. 11). First, the energy expended
during each phase is unequal (Manter 1938, Fedak et al.
1982). Also, therearward accel eration phase must lift and
propel the animal’s body mass, which requires more
energy than the forward (recovery) phase. Energy
expended for the two deceleration phases are unequal,
too, since contact with the ground on the forward phase
helps brake the limb’s momentum.

The energetic cost of each oscillation phase is

dependent on two factors: the limb's inertia, which is
directly proportional to its mass, and the limb's
momentum, which is proportional to its mass times
velocity. It takes more energy to move and stop a greater
mass, butintermsof energy expenditures, thedistribution
of mass along the limb can be more important than total
mass. Distal mass is more expensive to move than
proximal massfor the following reasons. Consider alimb
traveling through an arc, similar to a swinging pendulum
(Fig. 11). Distal masses on the limb oscillate at higher
velocities than proximal masses, and the energy required
to move a given mass increases as the square of its
velocity:

E=%m-v? (13)

where E isthe kinetic energy of motion, mismass, and v
is velocity. The motion of limbs usualy is more
accurately quantified by curvilinear equations, but
rectilinear equations are more intuitive so | usually will
refer to both. Therectilinear equivalent of Equation 13is:

E=%l- o2 (14)

Where | is the momentum of inertia, and w is angular
velocity.

The energetic relationship between mass and
velocity explains why distal masses, which travel at
greater velocities, are more expensive to propel in an
oscillating system. However, it is perhaps more germane
for this discussion to think in terms of the force required
to accelerate a limb, and the effect of mass on
acceleration, as opposed to smplevelocity. Here, | draw
from Newton’s Second Law:

F=m-a (15)

where F is force and a is acceleration. Its curvilinear
equivaentis:

=1« (16)

where 1 is turning force (torque) and o« is angular
acceleration. Themoment of inertia(l), isameasure of an
object’ s resistance to accel eration/deceleration and, in a
curvilinear system, equates to mass times the square of
the radius of gyration (D):

I=m-D? a7
Conceptualy, D isthe distance from a pendulum’s pivot
point (e.g., hip, shoulder) to its center of oscillation,

whichisessentially thelimb’scenter of mass(Hildebrand
1985a). If legs were simple pendulums, which assume
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FIGURE 11. Kinematics of oscillation in the front limb of abear. A) An oscillating pendulum provides a useful
analogy for understanding kinematic ramifications of mass distribution and leg length in terms of energy costs
associated with acceleration and maintaining limb velocities. B) The four energetic phases of oscillationin alimb —
seetext for discussion. (Curvilinear and rectilinear formulae shown, with the latter in parentheses)



that a concentrated mass is suspended from a weightless
chord, then the length of the limb would suffice for D.
Sincelegsareunevenly shaped and have massesthat vary
along their lengths, D is difficult to measure but can be
assessed qualitatively. From Equations 15 and 16 it is
apparent that limbs which are heavy distaly are
disproportionately costly to accel erate/decel erate because
their moment of inertia increases by mass times the
square of that mass's distance down the limb (Equation
17).

Given that a = v/ t, Equation 15 can be rewritten
as:

F=m-v/t (18)

This relationship between mass, velocity, and time of
force application has critical implications for the
evolution of limbs. Firgt, it means that heavy limbs,
especially those that are heavy distally, require forces to
be applied for a longer period in order for the limb to
reach a given velocity. It other words, it will take a
distally heavy limb more time to reach a maximum
velocity for agiven level of force application compared
to a limb of similar mass but with its weight more
proximally distributed. Equation 18 also dictates that a
long limb will take more time to reach a given velocity
than ashort limb (for the same force application) because
its distal segments must be accelerated to greater
velocities (as per the pendulum discussion above). This
equatesdirectly to poorer acceleration, unlessmoreforce
can be applied, which isa principle reason why long legs
are generally counterproductive for acceleration.
However, Equation 18 dictates that long-legged animals
potentially can achieve higher overall velocities because
they have alonger period of forceapplication(i.e., longer
strides), even though it will take them more timeto reach
those vel ocities.

Looking at these relationships from the opposite
point of view, Equation 18 also dictates that lessforce is
required to swing a limb at given velocity if moretimeis
available to apply that force. That is just what long
legged animals accomplish through longer strides. Long-
legged animals take longer strides because, like a
pendulum, their limbs swing with an inherent periodicity
(T, thetimetakento complete an oscillation) that isbased
solely on their length (L):

T=21(L/g) (19)

where g is the constant of gravity (Hildebrand 1985a).
Note that mass plays no role in determining thisrate, and
that longer legswill havealonger natural periodicity. The
principle of natural periodicity in oscillating limbs
explains why long-legged animals will have inherently

dower stride rates compared to short-legged animals
traveling at similar speeds, and if fewer but larger strides
are taken to cover a given distance at a given velocity,
then the animal expends less energy. This deduction
agrees with the pattern found by physiologists described
in earlier sections (e.g., Kram and Taylor's (1990)
results). Recall too that longer muscles contract more
dowly, and in doing so generate greater overall forces
and use energy more efficiently.

It is a common axiom that coursers increase the
lengths of their distal limb segments over the course of
their evolution, and that many coursers (including fast
runners) have long legs. Thisis not contradictory to the
kinematic arguments presented here because coursers
evolvelimbsthat arelight distally so that increasing limb
length does not add significant distal mass or inertia to
thelimb compared to the advantagesgained by increasing
stride length. The result isincreased efficiency and often
increased top speed (if the animal is not very large).

So athough long-legged animals need to oscillate
limbs that by definition have longer distal portions, they
can do so more efficiently and without bulky muscles as
long asaccelerationis sacrificed. Their long stridesmean
that a given distance can be covered more efficiently
because the time of force application can be long and
dow, and thus lesstotal force needsto be applied. And |
showed how, from a kinematic standpoint, long-legged
animalsdo not necessarily need to sacrifice speed, either.
Garland’'s (1983) data on top speeds in mammals,
however, seem to indicate that there is a limit to this
strategy, which | argued is determined by limits to bone
strength— once a leg gets very long or body mass gets
very high, bending momentsbecometoo great, especially
fromtheforces generated at high speedsand during rapid
acceleration. This effect begins to limit speed, and
especially acceleration, inanimalsthat get much over 150
kg (Garland' svalueis 119 kg, but it isan averaged value
and | think the real weight limit is probably somewhat
higher). Another way to look at this phenomenon is that
increasing leg length helps increase top speeds— to a
point. That point isreached if legs get too long, or if the
mass supported by the limbs becomes too great. Of
course, in most cases, both factors come into play but to
differing degrees depending on an animal’s individual
morphology.

In the previous section on levers, | poised the
following question: why could not an animal built for
sustained running at high speeds also be built for
increased power, thereby aso making it a good
accelerator? For example, why haven’t ungulates done
this in order to both out-accelerate and out-distance a
predator? By now the answer should be apparent: by
adding the muscles needed for increased power, animals
add weight and hence decrease endurance. Al so, powerful
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animalsincrease the mechanical advantage of their limbs
and this, too, decreases endurance and potentialy
decreases limb velocity. Plus, an animal that has evolved
powerful muscles with high mechanical advantage in
addition to long, light limbs would most likely break
those limbs if it tried to run fast, accelerate rapidly, or
make any sharp turns. If in response to this dilemma the
limb bones are made stronger, they would be more
expensive (kinematically) to swing and this hypothetical
ungulate would look more like a carnivore, not an
ungulate. It would neither be able to out-distance a
predator, nor would it be as efficient at foraging as its
competitors.

11. SUMMARY OF RELATIONSHIPS BETWEEN
M ORPHOLOGY AND LOCOMOTOR
PERFORMANCE

Throughout this discussion | have been explaining
the effects of specific morphological traits on
performance aspects of locomotion, such as top speed,
acceleration, or endurance. In this summary section, |
want to turn the question around and describe the
morphological patterns one would predict to find in a
large courser built either for accel eration, hightop speed,
or endurance. | will show that there is much overlap in
thelatter two categories, but that good accel erators stand
out because of their powerful buildsand high mechanical
advantage, but minimal kinematic improvements.

Good Accelerators

Good accelerators should have muscles that
generate high forces, but are not too heavily loaded, so
they can aso contract quickly (recall that speed of
contraction isaprimary determinant of power). One key
to this formulais leg length. Short limbs normally will
have shorter outlevers (low L.,L;), increasing
mechanical advantage and thus power. Shorter legs also
have shorter muscles, which inherently contract more
quickly; aslong as these muscles have large volume, this
becomes a formula for generating high power.
Kinematically, short legs have less distal mass, which
makes them less costly to accelerate. But short legs
necessitate increasing striderate to achieve agiven speed
(since stride length is reduced), and thisis energetically
costly. But animals with long legs and long stride rates
take longer to reach top speeds, and that short legstaking
rapid strides are able to reach these velocities quicker.
Therefore, onewould expect the best accel eratorsto have
short legs with short, massive muscles.

Good accel eratorssacrificetraitswhichwould make
them more efficient for the sake of increasing power
output. In order for their bones to be stronger, they are
necessarily heavier. Moreover, configuring muscles for
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high mechanical advantage decreases their rotational
velocities. To make up for this and still achieve high
speeds, good accelerators have short legs to eliminate
distal mass. This is equivalent to running a car at very
high speedsin alow gear, or with very small tires. Such
acar, or animal, accelerates well, but is very inefficient
and itstop speed is limited.

Efficient Runners

Coursers that have evolved to run efficiently and
reduce the cost of transport share a host of diagnostic
traits that contrast sharply with those found in good
accelerators. Universally, efficient coursers reduce
overall body weight, which decreases the energy
expended lifting the body’s mass during each stride.
Efficient coursersalso evolvelegsthat arelight and long.
Long legs increase stride length, reducing the rate of
force application and giving the legs more time to reach
agiven velocity during each stride. Thisreduces the cost
of transport because the muscles can contract more
slowly and thus more efficiently. Light limbs, especially
those that are light distally, are important for coursers
with long legs because distal mass in an oscillating
system is expensive to move, and with long legs there is
alarger distal region. However, when high speedsare not
the goal, distal mass is less of an issue since its
mechanical burden isfelt most at high speeds. Coursers
built for efficiency also tend to evolve larger body size
because the cost of transport isinversely proportional to
body size. This is mainly because larger animals have
relatively longer legs, but also because larger animalsare
better able to store and release elastic strain energy in
stretch tendons.

Featuresthat improve accel eration are not common
in efficient runners, and in fact, acceleration is directly
compromised by long, light limbsand alarge body. Long
limbs are especially damning to accelerators for at least
four reasons: 1) long limbsreduce mechanical advantage,
2) long limbstypically have long, slender muscleswhich
do not generate high power output, 3) in oscillating
systems, longer chords (limbs) take longer to reach
maximum oscillating vel ocities because portionsthat are
more distally located ultimately have to be accelerated to
a greater velocity, and 4) long limbs generate larger
bending moments and greater bending strains in their
bones. In addition, light limbs are not strong enough in
large mammals to handle the sudden changesin velocity
incurred during acceleration, deceleration, and quick
turns because dynamic stresses of these high force
activitiesincrease disproportionately with sizerelative to
bone strength. So, whereas agood accel erator canleap to
top speedsin a couple of strides, often from a crouched
stance, efficient runners can not generate enough power
for such feats or handle the stresses, so they take more



strides to get up to maximum speed. Efficient runners
often can reach high speeds, but such coursers do not
have the bone strength necessary to handle sharp
maneuvers at high speeds, and | showed that very large
size limits speed. Indeed, it was shown that maximum
running speeds in all mammals are limited by the strain
limits of bone, not the ability to generate force or power.

Because smal and moderate-sized animals
experience relatively less dynamic stress than very large
animals during equivalent locomotion, they are better
suited to exploit niches that depend on acceleration,
speed, and agility. In fact, if an animal has evolved such
skills, onewould predict selection to favor amodest body
size, and perhaps even a reduction in body size if its
ancestral stock was large-bodied. For instance, a bear
evolving into a predatory niche would amost certainly
evolve a body size smaller than an average bear. On the
other hand, very small animals are limited in their ability
to generate enough absol ute power and speed to be good
predators, and there can be some incentive for them to
increase body size, depending on the size of their prey.”

" Because very small predators are relatively
limited in performance, they most commonly hunt prey much
smaller than themselves. In that case, predators truly are
much larger than their prey in order to outperform them.

But thislogic does not hold for very large mammals for
all the reasons discussed in thus far, and once amammal
exceeds around 150 kg, it must reduce top speeds and
curtail other activities which a smaller mammal can
performsafely. Takentogether, theseaxiomsof body size
mean that small and medium-sized mammals could reach
greater absolute top speeds and accelerate to them more
quickly by increasing body size. But this strategy works
only up to apoint (up to a certain body size), after which
both top speed and acceleration, but especially the latter,
decrease (recall Fig. 7). It isthese two competing factors
that act to constrain body size in predators.

InPart 11, | discuss specific locomotor adaptations
in Arctodus and why this bear seemsto clearly fal inthe
category of a courser that had evolved to decrease the
cost of transport and not for increased speed or
accelerating abilities. These conclusions and others
discussed in Part |11 on ecological energetics portray a
bear which did not evolve as a powerful super-predator,
but rather as a lanky, far-roaming bear, which | propose
was a unique scavenging specialist on Pleistocene
landscapes.
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LOCOMOTOR ADAPTATIONS AND ECOMORPHOLOGY OF
SHORT-FACED BEARS (Arctodus simus) IN EASTERN BERINGIA

PART 11: SPECIFIC MORPHOLOGICAL FEATURES OF ARCTODUS

1. INTRODUCTION

InPart I, | reviewed genera features of locomotor
dynamicsin large quadrupedal mammals. In particular, |
examined the waysthat body size and limb configuration
relate to an animal’ s ability to accel erate, maneuver, and
run at high speeds, and | discussed how scaling factors
limit these activities. | showed how all mammals
undertake locomotor activities within uniform and
predictable safety margins, but that the dynamic forces of
locomotion increase with body size faster than the
skeletal system’s ability to dissipate these forces. This
means that high force activities such as rapid
acceleration, rapid maneuvering, and running at high
speeds, which are critical for predators, become
increasingly stressful inlarger animals. Therefore, larger
animals curtail such activities, which is the primary
reason why modern terrestrial predators do not typically
exceed 250 kg.

Accordingly, onecan phrasethecompeting foraging
models for Arctodus (predatory versus scavenging) in
terms of their implicit predictions about this bear's
locomotor capabilities and post-cranial morphology.
These predictions then can be tested using the principles
laid down in the previous chapter and morphometric data
from Arctodus. Part Il examines and tests these
predictions.

Paleontologists have suggested a wide range of
potential prey species for Arctodus, including
probosci deans (Mammuthusand Mammut), giant ground
doths (Megalonyx), giant beaver (Castoroides), bison
(Bison), musk oxen (Ovibos and Bootherium), horses
(Equus), camels (Camel ops), peccaries (Platygonus and
Mylohyus), caribou (Rangifer), moose (Cerval ces), wapiti
(Cervus), and deer (Odocoileus) (Kurtén 1967a;
Harington 1977, 1996; Richards and Turnbull 1995).
Given the diversity of body sizes and running speeds
found in these potentia prey, | think it is best to
subdivide the predatory model into two sub-hypotheses:
those suggesting Arctodus had evolved as afast cursorial
predator specializing on faster, moderate-sized prey, and
those suggesting Arctodus had evolved to overpower
larger, but slower, Pleistocene megaherbivores.

The first hypothesis predicts Arctodus to have had
features adaptive for either high acceleration (if it wasan
ambush predator) or high top speeds (if it was a pursuit
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predator). In either case, this hypothesis predicts that
Arctodus should be fairly maneuverable at high speeds.
As a cursorial predator then, Arctodus should have
evolved limb muscles which could generate high power,
and limb bones which were strong enough to handle the
high stresses of these activities. It also follows (from the
Part I) that one would expect a predatory bear using
either ambush tactics or cursorial pursuit to evolve a
relatively smaller body size, because modern bears tend
to push the limits of body size and running abilities (data
in the previous chapter showed that in order to handle the
stresses of these activities it would be necessary for a
very fast bear, or one that accelerated rapidly, to evolve
asmaller body size).

The second predatory hypothesis— that Arctodus
had evolvedto overpower very large megaf auna— carries
certain morphological predictions that differ from the
cursorial pursuit hypothesis. First, it does predict large
body size, because this would be advantageous for
capturing and killing very large prey. But for the same
reason, this hypothesis predicts that such a predator
would evolve a strong robust build so that it could
overpower animalsthe size of proboscideans and ground
doths, for example. Such prey species are not fast, and it
would not require much speed, acceleration, or
maneuvering at high speeds to catch them, so one would
not expect to find many cursorial features, especially
limb-lightening, in this type of predator.

Contrasting with these two predatory hypothesesis
my (Matheus 1994, 1995) proposal that Arctodus
functioned asaspecialized scavenger, amodel whichalso
carriesaseriesof morphological predictions. First, based
on the assumption that large mammal carcasseswould be
dispersedfar apart and found at unpredictablefrequencies
(seePart111), it predictssel ection for increased |ocomotor
efficiency because Arctodus would have had to search
very large home ranges while foraging. | showed in the
previous chapter that locomotor efficiency is gained by
increasing body size, reducing relative body weight (i.e.,
a bigger but more gracile body), and increasing leg
length. Thus, these are the main post-cranial features
predicted by the scavenging model. Since such a
scavenger would not need to pursue and catch prey at fast
speeds, or accelerate rapidly, it could sacrifice limb
strength and power for muscular and kinematic
efficiency. This model predicts that Arctodus would



experience additional selective pressureto increase body
size because a larger body would make it a better
competitor against other carnivoresthat challenged it for
control over carcasses. In Part 111, | discuss how alarger
animal alsoisbetter suited metabolically for dealing with
anunpredictableboom-and-bust resourcesuch ascarrion.

There are two main sectionsto Part I1. In the first,
| address the fundamental question of whether Arctodus
was cursoridlly adapted. To do so, | examine the
proportions of itslimbs both in absolute terms and using
allometric analyses whereby | compare Arctodus with
other bears and other Carnivora. This provides insight
into the direction of Arctodus divergence away from it
relatives. Then | evaluate important conformational
featuresof itsappendicular and axial skeleton, examining
how Arctodus swung its limbs for more clues into the
cursorialism debate. In the second section, | reconstruct
the gait, speed, and locomotor style of short-faced bears
by taking a new look at the relationship between
Arctodus leg length and back length, and by drawing
upon some formulae discussed in the previous chapter.
The multitude of morphological evidence presented
throughout this chapter most strongly supports the
hypothesisthat thiscarnivorewascursorially adapted and
optimized for sustainable long range locomotion at
moderate speeds— traits which are more adaptive for a
scavenging specialist than an active predator. In the next
chapter | examine the ecological implications of this
niche and propose a model for how it evolved in
Pleistocene environments.

2. WAS ARCTODUS CURSORIALLY ADAPTED?

To many paleontologists, the degree of cursorial
adaptations in Arctodus is the primary unresolved issue
preventing us from reconstructing specific aspects of this
bear’ sforaging ecology and life history. In his predatory
model, Kurtén (1967a) used relative limb length to argue
that Arctodus was highly cursorial, and capable of
achieving high speeds, but Emslieand Czaplewski (1985)
interpreted the dataon limb length differently and argued
that Arctoduswas non-cursorial (discussed more below).
Even though stableisotope datareveal that Arctoduswas
carnivorous (Matheus 1994, 1995; Bocherens et al.
1995), there still are a number of different ways that
Arctodus could have locomoted and foraged for meat, as
outlined above, meaning the cursorial question is still of
prime importance. Indeed, questions about Arctodus
predatory skills(i.e., wasit ahigh speed pursuit predator,
an ambush predator that relied on rapid acceleration, or
a scavenging specialist built for locomotor efficiency)
seem mute if one can not first establish whether or not it
had cursorial advancements over other bears.
Traditionaly, this debate has focused on discussions

regarding the relative lengths of proximal and distal limb
segments. | will review this evidence and explain why
proximal-distal limb length is a poor indicator of
cursorialism in bears, followed by a look at other
indicators that provide better clues into Arctodus
cursorial abilities.

Proximal-Distal Limb Proportions

The ratio of proximal:distal segment lengths in
limbs is often used as an indicator of cursorialism for
kinematic reasons discussed in the previous chapter. To
reiterate, ascursorsevolvelonger legsthedistal segments
almost always become preferentially elongated because
they arelighter. The problem with applying thisprinciple
to Arctodus is that it does not work very well in bears,
which have very heavy distal limb segments due to their
large unspecialized feet. It would not be of any kinematic
advantage for a bear to evolve relatively longer distal
limb segments without concomitantly making them
lighter. This would include reducing the size of the feet
and the robustness of the propodia. In fact, elongation of
distal limb segments may be a poor indicator of
cursorialism in animals that are in the early stages of
cursorial evolution, especialy in an incipient courser
whose ancestors possessed large feet. With these
qualificationsinmind, | will briefly review the patternsof
elongation found in Arctodus and other bears.

Humeroradial (R/H) and Femurotibial (T/F) indices
for short-faced bears as well as other bears and other
Carnivora are shown in Table 2. These indices
demonstrate how the distal two bones (radius and tibia)
arerelatively unmodified in bears, including short-faced
bears, compared to traditional cursorial species. Often,
R/H and T/H values exceed 90 - 100 in lions, cheetahs,
other felids, canids and cursorial ungulates (Gonyea
1976), but they are much lower in bears and the index
valuesfor Arctodus are not appreciably different than for
other ursids. The greatest difference between bears and
other more specialized carnivores appears in the
proportions of the hind limb. Table 3 shows the relative
contribution of each bone (including metapodials) tolimb
length in a variety of bear species. These values also
reveal that the relative composition of the limbsissimilar
among bears, and that the distal bones of Arctodus are
even somewhat shortened.

Values for limb segment lengths in the single
Arctodus specimen measured by Emslie and Czaplewski
(1985) are shownin Table2. Thisbear had unusually low
R/H and T/F index values, which these authors used as
evidence against cursorialism. Moreover, they chose to
compare this specimen to modern brown bear samples
which included some individuals with unusualy high
indices (valuesin Table 2). Still, these authors argue that
their value for Arctodus is more accurate than Kurtén's
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TABLE 2. Humeroradial (R/H) and Femurotibial (T/F) indicesin Arctoduscompared to other carnivores. (R/H index =radius
length / humerus length X 100; T/F index = tibia length / femur length X 100).%2

Sample Size
Species (location) (R/H index) (T/F index) R/H, T/F Source
Arctodus (various) 85.6 745 6/8,7/8 3 Kurtén (1967a)
Arctodus (various) 86.1 74.9 13/13,11/13  calculated from datain Richards et
al. (1996)
Arctodus (Nevada) 78.2 714 1,1 Emslie and Czaplewski (1985)
Arctodus (Indiana) 80.8 734 1,1 Richards and Turnbull (1995)
Arctodus (Beringia) 84.2 78.94 4/4, 313 this study
Spectacled bear 834 73.9 4/4, 4/4 Kurtén (1966b)
brown bear 86.0 76.5 1,1 Kurtén (1966b)
brown bear 88.4 735 9,9 Emslie and Czaplewski (1985)
(83.0- 95.0)* (70.4 - 75.1)°
brown bear 87.7 73.7 5/5, 5/5 this study
(83.6 - 91.0)* (71.1-77.0°
polar bear 87.7 74.6 4/4, 4/4 this study
(87.0- 88.8)* (72.2-76.3)°
black bear 88.4 78.2 6/6, 6/6 this study
(82.8-90.2)* (75.2-82.7)°
wolf 100.0 106.0 6,6 this study
cheetah 103.3 105.0 6, 6 Gonyea (1976)
lion 98.3 90.6 6,6 Gonyea (1976)
leopard 90.5 94.8 6,6 Gonyea (1976)
tiger 89.8 90.1 7,7 Gonyea (1976)
puma 89.5 99.6 6,6 Gonyea (1976)

-

Preferably, values should be calculated on limb elements from the same animal rather than composites of isolated bones. Since few

paired elements exist for fossils, Arctodus values are cal culated using average lengths for each bone. Index ranges are given when

calculated on multiples of single individuals. Ranges do not exist for others because indices are cal culated from composite averages or
were not listed by authors.

bone length = the greatest length parallel to the shaft

N

w

Kurtén's sample size is presumably based on the number of sampleslisted in his various tables

IS

this value is probably too high because one of the three femurs was unusually small

o

variation in ratios seems to be most associated with specimen age, as juveniles tend to have relatively longer distal segments (see text)



TABLE 3. Relative lengths of limb bones as a percentage of whole limb length in Arctodus versus other bears.

short-faced
short-faced bear brown bear polar black black bear spectacled Florida cave

limb element bear 2 (Kurtén)®  brownbear®  (Kurtén)® bear © bear 7 (Kurtén) @ bear ° bear

humerus 47.6 48.2 46.2 475 46.8 46.9 46.4 485 489
(46.0-46.5) (46.8, 46.8) (46.4, 47.4)

radius 41.0 40.0 41.0 40.8 40.8 1.7 415 40.2 40.8
(40.3-41.6) (40.7, 40.9) (41.4,41.9)

longest metacarpal ™ 115 118 12.8 117 124 115 12.0 114 10.3
(12.2-13.3) (12.3,12.5) (11.3,11.6)

femur 51.1 51.3 499 49.8 50.6 50.2 499 49.2 51.5
(49.7-50.2) (50.3, 50.9) (50.1, 50.2)

tibia 38.3 38.3 374 38.1 37.2 38.8 385 39.9 38.0
(36.8-38.3) (36.7,37.7) (38.7,38.9)

longest metatarsal™? 10.6 10.5 12.6 12.1 12.2 111 117 10.9 10.5
(12.0-13.0) (12.0,12.3) (11.0,11.1)

1 ldeally, values should be calculated from complete skeletons rather than composites of isolated bones. However, very few complete skeletons are available for most of these species. It is noted
below whether values are from complete skeletons or composites.

2 composite values calcul ated from averages of multiple single elementsin Richards et al. (1996, appendix 2)

% composite values cal culated from averages of multiple single elementsin Kurtén (1967, Table 27)

4 calculated individually on 3 complete brown bear limbsin the University of Alaska Museum (UAM 14784, 16559, 19765); average listed with range in parenthesis

5 calculated from measurements in Kurtén (1966, Table 36) from a single, complete European brown bear

& calculated individually on 2 complete polar bear limbs in the University of Alaska Museum (UAM 16545, 16546); average listed with range in parentheses

" calculated individually on 2 complete black bears limbs in the University of Alaska Museum (UAM 3144, 14783); average listed with range in parentheses

8 calculated from measurementsin Kurtén (1966, Table 36) made on 5 separate individuals; Kurtén listed the resultant average but no other statistics

9 calculated from measurementsin Kurtén (1966, Table 36) made on a single spectacled bear

1% composite values calculated from averages of multiple single elementsin Kurtén (1967, Table 27)

M MC 11l in Arctodus, MC IV in other Tremarctines and all Ursines

2ZMT IV in Tremarctines, MT V in Ursines



because their's was derived from a single individual
whereas Kurtén's value was calculated from composite
measurements (e.g., femurs and tibias which came from
different individuals). However, data from a single
specimen from Indiana, measured by Richards and
Turnbull (1995), and composite values from Beringia
(this study), seem to confirm that Emdie and
Czaplewski’'s value for Arctodus is lower than average
and that their values for brown bears are somewhat high
(Table 2). | believe these discrepancies have arisen
because there can be a wide range in proximal-distal
indices within a given species, and it is my experience
that the variation seems to be most influenced by the
specimen’ sage, asyoung mammalshaverel atively longer
distal segments (unpublished data). | have observed, for
instance, that the occasional R/H values over 90 in bears
arefound only inindividualslessthan afew yearsold, so
Emdlie and Czaplewski’s (1985) value of 95 most likely
comes from a very young, and thus atypical, specimen.
This phenomenon, along with individual variation in
index values has muddled the question of whether
Arctodus had relatively long distal limb segments, and
thus whether or not it was cursorial.

The above data indicate that Arctodus did not
evolvesignificantly longer distal leg segmentsrelativeto
Ursine bears or even its closer Tremarctine relatives.
However, because such a strategy is unlikely to impart
any significant energetic benefitsto an animal with limbs
that are distally heavy, thisfact does not refute the notion
that Arctodus had cursorial tendencies. Therefore, the
next logical step isto look for ways that Arctodus may
have been reducing distal limb weight— a feature one
might see in a courser early in its evolution.

Limb Mass and Allometry

a. Podials

Kurtén (1967a) suggeststhat, ingeneral, thepodials
of Arctodus (e.g., scapholunar, navicular, calcaneum,
pisiform) were built somewhat lighter compared to other
Tremarctine and Ursine bears. This assertion and its
implications for locomotion are difficult to quantify ina
meaningful way. Nonethel ess, evendlight reductioninthe
weight of the feet may impart significant kinematic
advantagesbecausethefeet’ sdistal positionamplifiesthe
effect of their mass (Part 1). Thus, nterms of the cursorial
debate, podia morphology (as summarized by Kurtén
1967a) weakly fallsin favor of cursorialism.

b. Metapodials

In contrast, the metapodials of Arctodus do display
a clear trend towards weight reduction: while they are
absolutely longer than in other bears, they are relatively
both shorter and more slender (shown by Kurtén 1966a,
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19674). Kurtén's (1967a) Table 16 and his Figs. 24 and
27 reveal how the allometry of Arctodus metapodialsis
indeed transposed, indicating a Type Il form of
compensatory growth (see Part | allometry section). My
calculations of width/length percentages from Kurtén's
data indicate that this transposition reduces the relative
width (thus density) of the metapodials. This value for
width/length is 13.5 % for Arctodus, 17 % for brown
bears, 20 % for cave bears, and 18 % for T. floridanus.

While Arctodus metapodials are absolutely the
longest among bears, they are not relatively longer for
Arctodus' size or relative to its other limb bones (Table
3). Therefore, the slenderness of these bones is most
logically interpreted asaweight-reducing measure, not an
elongation of distal segments. Kurtén apparently thought
that their absolute length aone was evidence for
cursorialism, but data in Table 3 show that the
metapodials were not lengthened compared to relative
lengthsin other bears. Furthermore, thefact that all other
long bonesin Arctodus' limbsincreasedinrelativelength
indicates that the metapodials may have been selectively
shortened. This is consistent with my argument that
Arctoduswasintheinitial stagesof cursorial evolutionin
that it reduced limb weight, but not to the point where
increasing distal limb length brought it any kinematic
advantage. However, it should be pointed out that short
metapodial s seemto be the general trend for Tremarctine
bears, asindicated by valuesin Table 3for the spectacled
bear (Tremarctos ornatus) and the extinct Florida cave
bear (Tremarctos floridanus) — two bears which are
justifiably considered to be non-cursorial (Kurtén 1966a,
1967a, Kurtén and Anderson 1980).

c. Long Bones

| have quantified the gracileness of the limbsin
Arctodus and other bears using the width:length ratio
(W/L) of thefive major limb bones (Table 3). Assuming
equal densities and cortical thickness, this index of
gracileness functions as an indicator of relative limb
weight. The results show that all four elements in
Arctodus were significantly more gracile, and thus
relatively lighter, than in all species of Ursus—both when
compared to each speciesindividually or to the genus as
awhole. This is even more significant considering the
larger size of Arctodus; asper discussionsin Part |, larger
animals that engage in similar activities as smaller
animals must evolve thicker bonesin order to handle the
increased stress. Arctodusdid not do this; so, considering
its size, it must have been incurring relatively lower
stresses than modern bears.

Next | want to take a closer look at the allometries
of the humerus, radius, ulna, femur and tibiain Arctodus
compared to other bears of differing phylogenetic
distancefrom Arctodus. Thisapproach will help quantify



the direction and extent of morphological divergencein
Arctodus limbs. For instance, was Arctodus simply a
scaled up Tremarctine bear, or was it convergent on the
Ursine body plan? Only in the latter case will it be
justifiable to draw anal ogies about locomotion, ecology,
and behavior between Arctodus and these more familiar
bears. Furthermore, sinceit hasbeen suggested that short-
faced bears and brown bears became competitors in
North America (Kurtén and Anderson 1974, 1980;
Harington 1977, 1980; Richards et al. 1996), one might
predict certain convergences in body shape. Kurtén's
(1967a) work left many of these questions about long
bones unanswered or at least ambiguous, even though he
made conclusions that are dependent on their answers.
In discussing these patterns of limb bone
allometries, 1 will be referring directly to the data
presented in Tables 4 and 5 and Figs. 12 - 16, and to
conceptsand terms discussed inthe scaling and allometry
sections of Part |. Note in particular that 1 only will be
comparing lines of allometry for individual species, not
higher taxa, asit is misleading for the considerations at
hand to compare combined allometries— such as a
comparison between the allometry of short-faced bears
versus the combined allometry for al other Ursids (see
reasonsin Part I). Also, | will wait to discuss the overall
implications to locomotion until after summarizing the
specific patternsin each bone. It was not aways possible
to obtain large sample sizes for every bone in every
species, so some of the following conclusion could be
challenged by larger data sets. For similar reasons, some
tests of significance indicated in Tables 4 and 5 may be
spurious, and | indicate where the data are ambiguous.
Finaly, | would point out that the following discussion
exemplifies how difficult it is to reveal true functional
meaningin bone proportionality by comparingjust simple
proportions (e.g., length vs. width) or just lines of
allometry. Both need to be used together to examine the
functional effects of the way bone proportionality
changes with size, and that iswhat | attempt to do.

HUMERUS(Fig. 12): Comparedtoits Tremarctine
relatives, the humerusof Arctodusdisplaysaclassicform
of Typel compensatory growth (recall that compensatory
growth typically compensates for size, not function).
Slopes for all three Tremarctines are over 1.0, and
without some form of relative compensation, Arctodus
humerus would be hugely robust. The transpositionin its
allometry effectively gives it a somewhat similar
proportionality (W/L ration of 9.0) compared to the other
two Tremarctines, despite its size. But in order for
Arctodusto withstand similar (scaled up) dynamicforces
of locomotion as a smaller bear, it should be built
relatively more robustly. Sinceit had arelatively weaker
humerus for its mass, Arctodus must not have been

experiencing equivalent levels of force or running in a
similar fashion as T. ornatus or T. floridanus.

The same sort of pattern holds true when the
humerusof Arctodusiscompared to Ursinebears. Infact,
Ursine and Tremarctine humeri vary littlein proportions
or alometry, with the exception of short-faced bearsand
perhaps polar bears. Short-faced bears show the most
reduction in relative strength and weight of all bears,
while polar bears seem to have unusually robust humeri,
although the sample size for polar bears is small in this

study.

RADIUSULNA (Figs. 13, 14): Arctodus radius
allometry departs strongly from the Tremarctine plan. It
isboth transposed and hasavery low o (< 1); both reduce
W/L, making it amoregracilebonein Arctodus. Because
o <1, theradiusin Arctodus actually gets progressively
more gracile with increasing size. The relationship
betweentheradii of T. floridanusand T. ornatusdisplays
a good example of size enlargement without a
compensatory change in growth. The « of the radiusin
thesetwo speciesarenot significantly different fromeach
other (Student’s t-test , g P = 0.280 ), but their
absolute W/L ratios are different (Student’ st-test , ;i P
= 0.036). Effectively, extending T. ornatus line of
allometry into the size range of T. floridanus gives the
latter bear a very robust radius— the widest of al bears
tested. The compensatory allometry of Arctodus (both
Type | and I1) produces proportions of the radius (mean
WI/L = 5.4) more in line with the diminutive spectacled
bear. For a bear the size of Arctodus, this extreme
gracilenesswould make for arelatively much lighter and
weaker radius.

In order to make a definitive functional assertion
about the radius, data are needed for the ulna, since it is
possible that any reduction in the radius is compensated
for by strengthening the ulna. Data on Tremarctine ulnae
show that this bone does indeed get absolutely more
robust with size; mean W/L is 4.6 in T. ornatus but
reaches 5.3 in T. floridanus and 5.5 in Arctodus.
However, the radius and ulna both are robust in T.
floridanus, and the two bones have parallel proportions
in T. ornatus, meaning these two species probably had
forearms with comparable strength, weight, and
performance relative to their size. In Arctodus, however,
only the ulna remains proportionally stout, but in my
estimate, not enough so to completely compensatefor the
light radius; the forearm of Arctodusthusappearsto have
been more gracile and differed functionally from other
Tremarctines.

The alometry of Arctodus radius also deviates
strongly from Ursine bears, and in a way similar to its
deviation from Tremarctines. In fact, with the exception
of Arctodus, Ursineand Tremarctineallometriesare quite
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TABLE 4. Gracileness Index in long bones of Ursids measured as least shaft diameter =+ length X 100

humerus? radius? ulna?® femur # tibia®

species mean n SEE mean n SEE mean n SEE mean n SEE mean n SEE
A. simus 9.0 10 .1694 54 8 1071 55 11 .1385 8.8 15 1250  10.1 13 1524
T. ornatus 74 4 .9569 53 4 .2245 46* 4 .1190 76 4 .5233 75 3 .0800
T. floridanus 9.0 7 3795 6.1* 7 1795 5.2 6 .1340 9.3* 9 .0970 9.0 10 .2188
U. arctos 85 11 .2937 53 6 .3570 5.2 4 .0510 81 15 2179 81 5 .2846
U. maritimus 9.1 5 .2380 5.8 4 .2260 5.8 4 .0712 84 6 .2233 82 4 .0997
U. americanus 85~ 7 .1906 54 6 1742 50 7 .1599 8.0 7 1532 81* 6 .0959
Tremarctines ® 87 21 2192 5.6 19 .1240 53 21 1117 8.8 28 1427 9.4* 26 .2001
Ursines 8.7 23 .1543 55 16 .1585 53 15 1204 8.2 28 1250 81 15 .0984
combined Ursid ” 8.7 44 1324 5.6 35 .0983 53 36 .0814 85 56 .1024 8.9 28 1619
test of significance (P) in P, st = 000 P, e = .000 P, e = .000 P sty = .001 P i = .038

Tremarctinae vs. Ursinae

* index significantly different than Arctodusat P ;e < .05, using t-test and assuming equal variance
minimum transverse diameter of shaft
minimum anterior-posterior diameter of shaft
minimum transverse diameter of shaft above capitulum
minimum shaft diameter in transverse plane

minimum shaft diameter; can be in any plane
values shown include Arctodus, but test of significance calculated as Arctodus versus the other two Tremarctines
values shown include Arctodus, but test of significance calculated as Arctodus versus all other bears

1
2
3
4
5
6
7



TABLE 5. Linear (y = ax + b) and power (y = bx*) functions for length (x) versus width (y) in long bones of Ursids. Power functions indicate lines of allometry where
o equalsthe allometric constant. W/L ratio from Table 4 provided to indicate when a change of allometry may represents compensatory growth (see text and Fig. 3, Part
1). Lines are plotted in Figs. 12 - 16. (Testing of H, isby Analysis of Variation for linear equations, and by Student’ s t-test for power equations.)

HUMERUS Linear Equation Power Equation

WiL SEE P SEE P Ltailed P Liailed
species (n) (Table 4) equation r (of yestimate) H, a=0 equation r? (ofdope) Hy;a=0 Hoia=1
A. simus (10) 9.0 y=.1196 x - 13.9724 .95 2.1483 .0000 y=.0169 x +# .93 1232 .0000 .0293
T. ornatus (4) 74 y =.1200 x - 11.0569 .65 2.3295 .1949 y =.0009 x 1% .68 .8832 .0892 .2298
T. floridanus (7) 9.0 y = .1056 x - 6.0006 .60 4.3914 .0417 y=.0283 x 1% .67 .3756 .0124 3145
U. arctos (11) 8.5 y =.1286 x - 12.5093 91 2.5315 .0001 y=.0082 x 14 91 .1624 .0000 .0178
U. maritimus (5) 9.1 y =.1451 x - 18.9985 .92 1.3167 .0091 y=.0023 x % .92 .2663 .0952 .0565
U. americanus (7) 8.5 y =.0679 x + 4.9906 .66 15416 .0272 y =3.9039 x %8 .68 .2450 .2316 .2316




TABLE 5 (continued)

RADIUS Linear Equation Power Equation

W/L SEE P SEE P 1tailed P 1tailed
species (n) (Table 4) equation r (of yestimate) H, a=0 equation r? (ofdope) H,;a=0 Hya=1
A. simus (8) 54 y =.0452 x + 3.4752 12 1.3869 .0074 y =.1369 x %% .73 .2079 .0034 .2354
T. ornatus (4) 53 y=.0731x-4.0135 .63 1.0768 .2070 y=.0091 x % .62 7426 1076 .3501
T. floridanus (7) 6.1 y =.0860 x - 7.6395 .89 11781 .0013 y =.0054 x 142 .87 2511 .0012 .0776
U. arctos (6) 53 y =.1046 x - 14.6531 .98 0.8189 .0001 y =.0004 x 18 .98 1331 .0001 .0014
U. maritimus (4) 5.8 y =.0933 x - 10.6089 .83 1.3200 .0897 y=.0017 x 12 .85 4766 .0392 1615
U. americanus (6) 54 y=.0823 x - 7.0943 .79 1.0274 .0170 y =.0030 x 1% .84 3372 .0054 .0989
ULNA Linear Equation Power Equation

wWiL SEE P SEE P aited Py ailed
species (n) (Table 4) equation r (of yestimate) H, a=0 equation r? (ofdope) Hy;a=0 Hya=1
A. simus (11) 55 y=.0807 x - 11.5234 .87 1.7900 .0000 y =.0043 x 142 .83 .2175 .0001 .0428
T. ornatus (4) 4.6 y=.0304 x + 3.8135 54 .5709 .2667 y=.3119 x %% .51 .4502 1423 .2591
T. floridanus (6) 5.2 y=.0927 x - 13.2913 43 1.1396 .1542 y =.0006 x 17 A4 1.0007 .0748 .2396
U. arctos (4) 5.2 y=.0542 x - .7731 .96 3525 .0212 y =.0355 x 1% .96 .1583 .0107 3591
U. maritimus (4) 5.8 y=.0571x + .4054 91 .5920 .0480 y =.0625 x %% .90 .2361 .0263 .4850
U. americanus (6) 5.0 y =.391 x + 3.0932 A7 1.2518 .1340 y=.1885x°7 48 .3960 .0628 .2886




TABLE 5 (continued)

FEMUR Linear Equation Power Equation

W/L SEE P SEE P1-taited P taited
species (n) (Table 4) equation r (of yestimate) H, a=0 equation r? (ofdope) H,;a=0 Hya=1
A. simus (15) 8.8 y=.1054 x - 9.4423 .90 2.5168 .0000 y=.0293 x 1 .89 1156 .0000 .0826
T. ornatus (4) 7.6 y =.1519 x - 20.4205 .57 2.9531 .2482 y =.0003 x 202 54 1.3068 1314 .2584
T. floridanus (9) 9.3 y=.1078 x - 6.0827 .95 1.1324 .0000 y=.0361x 1% .96 .0947 .0000 .0675
U. arctos (15) 8.1 y =.1048 x - 9.6964 .82 3.1664 .0000 y=.0160 x +# .80 1759 .0000 .0744
U. maritimus (6) 84 y=.1030 x - 8.1830 .81 2.5452 .0135 y=.0190 x 1 .83 .2766 .0054 .2173
U. americanus (7) 8.0 y=.1061 x - 8.340 .87 1.2658 .0020 y=.0133x 13 .90 .2000 .0006 .0909
TIBIA Linear Equation Power Equation

W/L SEE P SEE P1-tailed P taited
species (n) (Table 4) equation r (of yestimate) H, a=0 equation r? (ofdope) H,;a=0 Hya=1
A. simus (13) 10.1 y=.1331x- 13.5728 94 1.7445 .0000 y=.0140 x 1% .93 1117 .0000 .0066
T. ornatus (3) 7.5 y =.0452 x + 6.2817 .87 .2053 .2339 y=.6398 x .86 .2377 1202 1672
T. floridanus (10) 9.0 y =.1600 x - 20.0259 .93 1.1632 .0000 y=.0015x 17 .92 1811 .0000 .0020
U. arctos (5) 8.1 y=.1315x- 13.3426 .83 1.5289 .0320 y=.0031x 1% .81 4373 .0182 .1383
U. maritimus (4) 8.2 y =.0677 x + 4.3681 .95 1.2964 .0276 y =.2156 x °& 94 1523 .0160 .1902
U. americanus (6) 8.1 y=.0926 x - 3.0291 .86 .6255 .0072 y=.0307 x ¥ .87 .2225 .0031 .0101
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FIGURE 12. Humerus allometry in bears. Line formulas located in Table 5. Minimum
diameter isin transverse plane. Discussion in text.
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FIGURE 13. Radiusallometry in bears. Line formulas located in Table 5. Minimum
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FIGURE 15. Femur allometry in bears. Line formulas located in Table 5. Minimum
diameter isin transverse plane. Discussion in text.
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similar for the radius. Values for « tend to be higher in
Ursines, so their radii get somewhat stronger and heavier
in larger individuals of a given species compared to
Tremarctines, but T. floridanus stands out because of its
high absolute W/L ratio. The relative transposition of
Arctodus allometry and its extremely low o give this
largest of bearsnearly the lowest mean W/L for itsradius.
Considering the increased static and dynamic forces
imparted by its large size, Arctodus radius was
substantially lighter and weaker than that of all other
bears.

The ulna of Arctodus did not increase
proportionately with size to compensate for a lighter
radii, whereas it did in other Tremarctines. The same
pattern essentially holdstrue when Arctodusis compared
to Ursines. Bear ulnae in general have low o values
compared to other long bones, and whileit seemsthat this
bone increases in robustness with size at a fast rate in
Arctodus(i.e., high e) thistrend probably isnot as strong
asits appears. | make this statement because the datain
Fig. 14 (and the dtatistics in Table 5) show that there is
considerable variation in ulnae proportions within a
species, especially Arctodus, and the apparently high «
(1.42) in Arctodusisjust barely statistically distinct from
1 (P =0.0428).

Overall, the forearm of Arctodus was not a scaled
up version of any bear in consideration, nor does its
allometry compensate (functionally) for its large size—
both theradiusand ulnaof Arctoduswererelatively weak
and light.

FEMUR (Fig. 15): Like the humerus, the femur
allometry of Arctodus exhibits a clear transposition
compared to the other two Tremarctines. And since the
absolute proportion (W/L) of Arctodus femur is
significantly lessthan that of the other two, the arguments
presented for the humerus also apply here, but even more
so— the femur of Arctodus was relatively lighter and
weaker than that of its closest relatives.

Functionally, one gains better insight into the
proportions of Arctodus femur by comparingit to that of
themorefamiliar Ursine bears, wherethe pattern doesnot
parallel the humerus. Here, one finds that Arctodus
femur is practically indistinguishable from the larger
Ursines. Mean W/L and o of Arctodusare not statistically
distinct from polar bears, but more importantly, thereis
not much difference in femur proportions between large
brown bears and small short-faced bears (see area of
overlapinFig. 15). Arctodusshowssignificant allometric
transposition only from the much smaller black bears, as
one would expect— but even here the deviation is less
than it is between Arctodus and its closest small relative,
T. ornatus. Thus, the femur of short-faced bears
converges with the Ursine plan, and since there is a

substantial zone of size overlap between Arctodus and
very large Ursines, it would be difficult to argue that the
bending strength of their femurswas much different. The
fact that mean W/L in Arctodusisgreater thanin Ursines
argues that femur proportions in short-faced bears
maintained similar strength despite their large size (i.e.,
they retained the same relative strength). Morphological
convergence with Ursines does not necessarily imply
functional convergence, even though it can be concluded
that bending strengthswereroughly similar betweenthese
distantly related bears. After summarizing data on the
tibia, where a similar pattern arises, | will discuss
possible reasons for this convergence and suggest a
reason why the bones of Arctodus hind limbs were
heavily built whereasiits front limbs were lightly built.

TIBIA(Fig. 16): Mean W/L is10.1in Arctodus, but
only 9.0 in T. floridanus and 7.5 in T. ornatus, so in
absolute terms Arctodus' tibiais quite robust compared
to its Tremarctine relatives. Concordantly, its line of
allometry is only dightly transposed (sample size is too
small for T. ornatusto produce areliableregression line,
so this statement is made upon visual inspection and in
comparisonto T. floridanus). Arctodus' line of allometry
for itstibiaisonly dightly transposed compared to other
Tremarctines, and since all « values are essentialy
greater than 1inthisgroup (samplesizeistoo small in T.
ornatus to tell for certain), this suggests a lack of
compensatory growth. Asaresult, thetibiaof short-faced
bearsisrelatively wide. Thetibiaisthe only long bonein
Arctodus which is truly more robust than in other
Tremarctines, and therefore it must have been
functionally stronger (relatively) and heavier.

Compared to Ursine bears, Arctodus tibia is
absolutely more robust and itsline of allometry displays
practically no compensation, similar to the patten seenin
its femur. The fact that its line of allometry seemsto be
an extension of the brown bear's line adds to the
suggestion that the tibia in Arctodus was a strong bone,
functionally on par with other bears, even considering its
size. | would conclude that selection in Arctoduswas for
astrong tibia.

d. Overall Allometry and Functional Interpretations

In terms of the cursoriad debate, the overall
allometric trends and absolute limb dimensions in
Arctodus demonstrate that this very large bear reduced
the relative weight and strength of its limb bones,
comparedto bothitsclosest rel atives (Tremarctine bears)
and Ursine bears. Some of these changes were
implemented through compensatory growth, in which
casethe absolute proportionsof Arctodus’ limb bonesare
not much different than other bears. In the previous
chapter, | emphasized that as geometricaly similar
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animals get larger, dynamic and static stresses in their
bonesincreasefaster than bone' sability to dissipatethese
forces. Therefore, geometrically similar animals of
greatly different size cannot perform in geometrically
similar ways, larger animals must curtail high force
activities, or have bones that are relatively thicker. So
while evidence such as limb weight reduction suggests
that Arctodus was evolving cursorial tendencies, it does
not seem plausible that this bear was built to withstand
the high forces of fast running or radica high-speed
maneuvers.

An important pattern to note in the limbs of
Arctodus is that although this species did not evolve
longer distal segments, it did reduce distal mass,
especialy in the front limbs. This is indicated by the
highly transposed alometry of the radius and lack of
compensatory growth in the ulna (earlier | noted that the
metapodials of Arctodus also are relatively lighter).
Previoudly, | commented that it is not logical to predict
increased distal limb length in a cursorial bear because
bear feet are so heavy, giving the limbs considerable
distal weight. It islogical, however, to expect such abear
to reduce distal weight— and that is what Arctodus did.

Dimensional data showed that the hind limb bones
of Arctodus are somewhat more robust (shorter and
heavier) thanitsfront limb bones. | believethispatternis
easily explained by the relative lengths of these bones.
Table6 presentsdatafor the absolute and relative lengths
of the major limb bones and axial segments of Arctodus
and other bears discussed in this chapter. Table 7 shows
two indices calculated from these data— Back Length
Index (BL1) and Intermembral Index (IMI)(Fig. 17). BLI
is calculated as the length of the thoracic and lumbar
regions divided by the combined lengths of the four
major limb bones; IMI is calculated as the combined
length of the humerusand radiusdivided by the combined
length of the femur and tibia . These data primarily will
be used later in discussions on gait selection, but here |
use them to point out how the IMI of Arctodus reveals
that its front limbs were relatively much longer than its
hind limbs. In terms of limb allometries and gracileness,
changing limb bone lengths without changing patterns of
relative growth will have obviousimpactson W/L values
and allometric parameters. Simply shortening the hind
limbs will make them relatively more robust and
lengthening the front limbs makes them relatively more
gracile. Kinematically, therelatively robust hind limbs of
Arctoduswoul d not have been disadvantageous sincethey

! Length of each vertebral region was determined
by measuring the anterior-posterior width of individual centra
at their widest point and summing these widths for each
region. Length of long bones was measured as the greatest
length parallel to the long axis of the shaft.
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wereshort, meaning the mechani cal encumbrance of their
weight was minimal.

It is puzzling to note that both Kurtén (1967a) and
Baryshnikov et al. (1994) conclude that Arctodus had
relatively long hind limbsand relatively short front [imbs
compared to other bears. The data for IMI in Tables 6
and 7 and Fig. 17 clearly indicate that Arctodus was
relatively tall in the shoulders and short in the hind
quarters(also seeFig. 1a, Part I, which shows an accurate
reconstruction of Arctodus skeleton using skeletal data
presented here). In Kurtén's case, | can only suggest that
this conclusion was the result of using composite
measurements for limb lengths in Arctodus (he used
complete skeletons of modern species for comparison).
At the time of his study, no complete skeletons of
Arctodus were available (the data for the various bear
speciesin Table6 areall fromsingleindividuals). Kurtén
reported lengths for the front and hind limbs as
percentages of presacral length (lumbar, thoracic, and
cervical vertebrae plus skull length), but as noted in
footnote 8 of Table 6, he erred in his calculation of axial
segment lengths for T. floridanus and T. ornatus (his
values are too high). While this error does not affect
comparisons of front and hind limb length, it does give
the impression that the legs were shorter than they
actually were in these two bears. The error aso led
Kurtén to the erroneous conclusion that the neck of
Arctodus was substantially shorter than in these two
relatives. Neck length, asaproportion of vertebral length,
isabout the same for all Tremarctines and does not differ
much from Ursines (Table 6).

It isnot clear how Baryshnikov et al. (1994) came
totheir conclusion about relative limb lengthin Arctodus,
since the only surviving long bone in the specimen they
studied was a single tibia. They do not cite data from
other specimens or discuss comparative lengths of any
limb bones in bears other than for the tibia It is
impossible to make a conclusion about intermembral
ratios with data on only a single limb element, yet they
state that, “the length of the hind leg bones indicate [sic]
the animal was high in the hind quarters, not lowered as
in Ursus spelaeus.” (p. 350). Regarding their conclusion
that Arctoduswasascavenger, but poorly adapted for this
niche, these authors also make the statement that, “ These
limbs and locomotion are satisfactory for a scavenger.”
(p- 350), which would imply that selection for locomotor
abilities necessarily will belax in ascavenger. Inthe next
chapter | present energetic and ecol ogical argumentswhy
there would be strong selective pressure on a large
bodied scavenger to evolve certain locomotor features,
particularly the ability to cover large home ranges with
maximum efficiency, contrary to the non-selectionist
position of Baryshnikov et al. (1994).

Indeed, the relative changes in front and hind limb



TABLE 6. Absolute and relative lengths of limb and axial segmentsin Arctodus versus other bears'. See Table 7 for comparison of BLI and IMI in these bears and other carnivores.

spectacled spectacled Florida cave
short-faced short-faced bear bear @ bear bear * Florida cave bear
bear 3 (Kurtén) brown brownbear polar black (Kurtén) (Kurtén) (Kurtén) (Kurtén)

element(s) 2 PM 24880 (females)* bear ®  (Kurtén) bear © bear 7 miss-calculated actual miss-calculated actual
humerus (H) 594 — 304 357 369 321 235 235 — —
radius (R) 480 — 273 307 321 278 195 195 — —
femur (F) 651 — 352 395 446 355 259 259 — —
tibia (T) 478 — 271 302 322 279 210 210 — —
IMI ® 95 — 93 95 90 94 92 92 — —
cervical vertebrae (c)™° 238 181.5 148 169.4 214.6 122.4 163.7 115.1 288 214.7
thoracic vertebrae (t) 584 538 360 425.5 522.6 398.4 308.4 308.4 472.0 472.0
lumbar vertebrae (1) 426 367.7 267 304.0 381.3 313.6 2251 2251 324.0 324.0
c+t+l 1248 1087 775 898.9 11185 834.4 697.2 648.6 1384.0 1010.7
c/c+t+1X100 19.1 16.8 19.1 18.8 19.2 14.7 235 17.7 26.6 21.2
t/c+t+1X100 46.8 49.5 46.5 47.3 46.7 47.7 44.2 47.5 43.6 46.7
I/c+t+1X100 341 33.8 34.5 338 34.1 37.6 32.3 34.7 299 32.1
BLI® 46 — 53 54 62 58 59 59 — —

1 The most accurate values will be derived from complete skeletons, not composite measurements from separate individuals. Values for short-faced bear, brown bear, polar bear, black bear, and
spectacled bear are from complete skeletons. Kurtén's (1967a) values for Florida cave bear are composites, but fairly accurate because they are derived from several nearly complete skeletons.
NOTE: Kurtén's (1967a; Table 9) values for axial composition include skull length, which is not included in this table; his values presented here have been adjusted to reflect this difference.

vertebral lengths measured as greatest anterior-posterior length of centra; these lengths should not be taken to be actual lengths because they do not account for vertebral discs or spina flexure

data calculated from PM 24880 in Richards and Turnbull (1996); several vertebrae missing; missing centra depths estimated from neighboring vertebrae; PM 24880 is avery large-bodied specimen

datafrom Kurtén (1967a)

UAM 14784, University of Alaska Museum

UAM 16545, University of Alaska Museum

UAM 14783, University of Alaska Museum

Table 9in Kurtén (1967a) reports relative lengths of axial segments for T. ornatus and T. floridanus based on raw datain Kurtén (1966); inspection of Kurtén's raw data reported for AMNH 2861
shows that he miscalculated the total for cervical vertebrae length. This total, when calculated directly from raw datain Kurtén's (1966) Table 8 is much lower than histotal listed in Table 12.
Apparently, hisvaluein Table 12 includes the axis and atlas, which he excluded for other bears when cal culating percentages in the 1967a paper’s Table 9. The result isthat his proportions for the
neck are too high and those for the thoracic and lumbar are too low. As aresult, Kurtén's conclusion that T. floridanus and T. ornatus were relatively longer necked than Arctodus isincorrect.

9 IMI (Intermembral Index) =H+R/F+T BLI (Back LengthIndex) =t+I/H+R+F+T

10 cervical portion does not include axis and atlas, for consistency with Kurtén (1966, 1967a)
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TABLE 7. Intermembral Indices (IMI) and Back Length Indices (BLI) for Arctodus and other carnivores discussed in text.

Mt
species X range n BLI?2
spotted hyena® 98 95 - 101 8 49
short-faced bear 96 95-96 2 46
black bear 93 88 - 97 6 58
brown bear 92 90-93 4 52
wolf 91 90-92 6 54
spectacled bear 90 84-95 4 59
polar bear 89 87-90 4 62
lion® 86 83-88 10 63

1 IMI = humerus length + radius length / femur length + tibia length x 100

2 BLI = thoracic length + lumbar length / humerus length + radius length + femur length + tibia length x 100;
values reported taken on single individual s for which complete vertebrae were available (bears are same
specimens asin Table 8), but are corroborated by measurements from photos

% dataon lion and hyena from photos and scale drawings; values are less precise, but checks on data for bears
and wolves confirm that accurate measurements can be made using this technique

proportions of Arctodus compared to other bears have
important functional implications. Thedisproportionately
long front limbs would have generated larger bending
moments, yet their gracileness meant they had less
resistance to bending strains, relative to other bears. This
means the front limbs could not withstand scaled up
dynamic forcesof locomotion on par with other bears. On
theother hand, thischange madethefront limbsrelatively
lighter and kinematically less costly to oscillate. In later
sections | will talk about how the long front limbs
facilitated gait dynamicswhich also increased efficiency.
There | will show that gait dynamics also explain the
advantage of short hind limbs. The robustness of
Arctodus hind limbsis relative, and only stands out in
comparison to the gracileness of the front limbs. The
femur, for instance, is still less robust than in T.
floridanus and has proportions similar to those of Ursine
bears. Because the hind limb bones were relatively
shortened, and thuslighter overal, it would bedifficult to
argue that their robustness was kinematically
disadvantageous. Thisisespecialy trueif they oscillated
at slow to moderate speeds because the kinematic effect
of limb mass increases exponentially with speed. Also,
because bones of the hind limbs were not lengthened as
much as those of the front limbs, their distal mass would
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not have been such akinematic encumbrance. Therefore,
their greater robustness adds little additional energetic
costs at low speeds.

| think that last statement is the real key to
understanding the type of cursorialism displayed by
Arctodus. Since | showed evidence of cursorial
modificationsin Arctodus, but not aspecific reductionin
distal mass, this pattern suggests that Arctodus most
likely was adapted for prolonged travel at moderate
speeds, not for sustaining high speeds. In previous
chapter’s section on kinematics, | discussed how the
energy required to oscillate a given mass and the force
required to accelerate it are a product of its velocity and
its length down the limb. In a courser built for sustained,
but not fast locomotion, distal weight isnot as critical in
determining thelimb’ sefficiency— because the vel ocity
of distal massesis kept low, and the momentum which
needsto be overcome four timesper strideismuchlower.
For a courser of this type, the real key is limb length;
increasing stridelengthisby far the most effective way to
increase efficiency. However, the mass of the entire limb
is gtill an important factor in the energetic (kinematic)
equation and the overall weight reduction of the entire
limbismost logically interpreted asameansto reducethe
energy reguired to swing the limb as awhole. Therefore,
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FIGURE 17. Back Length Index (BLI) and Intermembral Index (IMI) for short-faced bears
compared to other bears and selected carnivores (plotted from datain Table 9). While short-
faced bears were long-legged overall, the high IMI shows how their front legs were elongated
the most, and that the hind legs were relatively short. The BLI reveals that the backs of short-
faced bears also were short relative to leg length. In fact, their proportions are most similar to
spotted hyenas. Large mammals with this type of conformation, especially those with high
IMIs, use a pace as their mid-range gait because there is so much disparity between front and
hind limb lengths. Of the species depicted, spotted hyenas are pronounced pacers, while the
other speciesrarely pace. Pacing is an efficient gait for prolonged locomotion, and it is argued
that short-faced bears were adapted for efficient long-range travel using such a gait. Species
which accelerate well, such as felids, have relatively longer hind limbs (low IM1), which short-
faced bears lacked. (sample sizes in parentheses; bars represent ranges of values for IMI; ranges
not listed for BLI because actual vertebral lengths were only measured in bears-- in other
species, back lengths were estimated from photos and lack the precision to warrant range bars.)



thekey featurein the cursorialism debatein Arctoduslies
with the fact that the entire limb, not just the distal ends,
had evolved to be lighter and longer. This pattern
suggests that Arctodus had evolved for sustained high-
efficiency locomotion at moderate speeds, where the
kinematic effects of distal weight are not so pronounced.

Critics of thisinterpretation may contend that all of
these adaptations in Arctodus' limb morphology would
also be adaptive for sustaining high speed and thus for
predation. But this cannot be the case because of the
bear’ s extreme mass. Arctodus' long, gracile front limbs
would not have been strong enough to handle the forces
of very high speed travel in such alarge mammal, and,
even if capable of sustaining high speeds, these legs
would have been too weak to handle sudden force
changesincurred during accel eration and maneuvering at
high speeds— forces typically incurred by a predator. |
would challenge proponents of the predatory model to
demonstrate how such a“ straight-line runner” could bea
successful predator, or how Arctodus specific
morphology fits a particular predatory strategy. It would
be contradictory for a courser the size of Arctodus to
have such gracile limbs (or more precisely, to not have
robust limbs) if its cursoria style was characterized by
high force locomotion involving rapid acceleration and
maneuvering at high speeds.

Limb Posture and Conformational Features

In addition to limb mass and proximal-distal limb
proportionsthereare other skeletal indicatorsin Arctodus
which attest to its cursorialism. These features primarily
involve modifications to limb posture, which either
reduce the energy of oscillation or decrease lateral leg
excursion during a stride. Both adaptations potentially
increaselocomoator efficiency, but could alsoincreasethe
velocity of limb oscillation.

Compared to amblers, cursors swing their legsina
more parasagittal plane (parallel to the body), and their
foot path tends to follow a nearly straight line that
circumscribes a narrow horizontal ellipse or figure 8 on
the ground (Jenkins and Camazine 1977) (Fig. 18). The
limbs of less cursorialy adapted mammals are swung
with considerable lateral migration (abduction) during a
stride, thereby traveling through awider ellipse or figure-
8 pattern (particularly in the hind limbs). Unlike cursors,
the body’s mass is lifted little during the stride of
amblers, which is partially why amblers do not swing
their hind limbs under the body so much as to the sides
(Jenkins and Camazine 1977; Hildebrand 1985a, 1995).
Consequently, their femurs are positioned in a more
abducted (laterally splayed) position and there is
considerable lateral pelvic rotation during a stride. This
primitive pattern of motion would beinefficient at higher
speeds or for prolonged travel, so more cursorial species
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have made significant modifications to this plan
(Hildebrand 1976, Jenkins and Camazine 1977). Joint
angles (particularly the knees) in cursors also are more
aligned with the sagittal plane, alowing the limbs to
swing under the body smply by flexing them (i.e,,
without being swung laterally) (Jenkins and Camazine
1977, Hildebrand 1995).

The advantage of moving the limbs through a
straight and parasagittal plane is twofold. First, the feet
travel a shorter overall distance because there is less
lateral migration. This reduces the energy needed to
swing the limbs, increasing efficiency and endurance, but
it also canincrease the animal’ s speed sincealimb which
travel sashorter overall distancecompletesitsstride more
quickly. Second, fewer muscle groups, and thus less
energy, are needed to swing a limb when it follows a
parasagittal trajectory because skeletal mechanismsrather
than muscles can be employed to constrain the direction
of limb movement (Part I, Section 4). This process
increases efficiency and endurance but probably does
littleto directly enhance speed. But, since muscle massis
reduced, it has the added effect of making the limb
lighter, and, as shown in Part I, this can help increase top
speed and acceleration in some animals (mainly small to
medium ones less than about 100 kg). It also should be
noted that nearly all of these modifications which restrict
abduction and adduction of the limbswill limit their use
for other dextrous functions.

With the preceding considerations in mind, | next
will examine whether Arctodus displays cursorial
modificationsto itslimb posture and line of travel. First,
I will make a brief qualitative assessment of Arctodus
anterior limb conformation, followed by a more detailed
evaluation of its hind limbs and pelvis using quantitative
indicators of locomotor style. The hind limb assessment
will include comparisonsto other carnivoreswith diverse
locomotor habitsranging fromracoonsand modern bears
(two non-cursorial carnivores) to felids and canids, two
cursorial carnivore morphs which use their limbs quite
differently.

a. Front Limbs:

Earlier, | showed that, compared to other bears,
Arctodus had evolved long front limbsrelative to itshind
limbs. Now, | want to show that the conformation of its
front limbs differed from other bears and that Arctodus
must have swung its front limbs quite differently than
contemporary bears. Evidence for these conclusions
comes from the morphology of Arctodus ribs and
thoracic cavity. Richardsand Turnbull (1995) and Kurtén
(19664) provide measurements on ribs in Arctodus and
other bears. Their data show that the ribs of Arctodus had
less bowing and were relatively longer than in other
bears, indicating that its chest wastaller and narrower. In
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Figure 18. Schematic of some cursorial featuresin Arctodus
compared to Ursus. A The foot flightpath of amblers, such as
Ursus, circumscribes awide figure 8, which isless efficient but a
necessary accommodation for awide body and a steady, wide-
legged stance. Coursers, such a Arctodus, swing their legsin a
tighter figure 8 or even an ellipse. This flightpath is energetically
more efficient, but can be potentially unstable. B The
conformation of the front and hind limbs and girdlesin Arctodus
allowed it to position its limbs more medially and to swing them
in amore parasagittal plane compared to Ursus. The thoracic
cavity wastall and narrow and widest at the 10th rib, as opposed
to the 9th in Ursines. Thislatter feature means the widest part of
the thoracic cavity was located more posteriorly in Arctodus,
allowing the front limbs to take longer strides without significant
lateral splaying. Reduced lateral splaying inthe hindlimbis
brought about partially by a more acute angle in the neck of the
femur and less medial-lateral bowing in the femur shaft.
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addition, the 10™ rib is the longest of the series in
Arctodus; normally the 9™ rib is longest in bears.
Therefore, thechest’ sgreatest depth wasmore posteriorly
located. Functionally, thesefeaturesof thethoracic cavity
would have positioned Arctodus front limbs more
medially (closer together) and thus moredirectly beneath
its body. The limbs also could have been swung farther
posteriorly before flaring laterally, since the largest part
of the chest was most posterior (Fig. 18). The locomotor
advantagesof thesetraitsarethat: 1) thefront limbscould
be swung in anear parasagittal plane more parallel to the
body; by reducing lateral excursioninthefront limbs, the
feet circumscribed a tighter ellipse, 2) effective stride
length could be increased, and 3) placing the limbs more
directly beneath the body increasesthe stability of lateral
gaits. Thelatter point isespecially important in very large
animals because they are inherently less stable
(Hildebrand 1985a, 1995). In fact, one way of
interpreting this repositioning of the front limbs could be
that the condition had evolved specifically to facilitate a
lateral gait with long strides, such as the pace— more on
thislater.

As a fina note on the front limbs, it seems
somewhat surprising that the scapula of Arctodus shows
little variation from thetypical ursid plan. Even the shape
of its vertebral border (an evolutionarily and
developmentally plastic trait (Wolffson 1950, Smith and
Savage 1956) is essentially of the typical ursid form, and
the postscapul ar fossahousing the powerful subscapularis
minor muscle— atrademark of bears— isstill prominent
in Arctodus. This feature and others, such as its
plantigrade foot posture (Kurtén 1967a) indicate that
Arctodus was an incipient, not advanced, courser.

b. Hip and Femur:

Next | discusshind limb postureand morphology in
variouscarnivoreshaving diverselocomotor abilitiesand
then place Arctodus into that spectrum. Many of my
guantitative analyses closely follow those of Jenkinsand
Camazine (1977), and, unless stated otherwise, the data
| cite for non-bear taxa comes from these authors.
Conformational features | discuss will address the
morphology of the pelvisand acetabular joint, along with
the shape of the femur and its articulation with the hip.
Comparisons will be made in terms of their effects on
femoral posture, the limb’sline of travel, and locomotor
energetics. The carnivores being used for comparison are
raccoons, brown bears, felids, and canids. Modern bears
and racoons both are amblerswhich have highly dextrous
limbscapable of widelateral excursions. Whenthey walk
their hind limbs circumscribe a broad figure-8 (Jenkins
and Camazine 1977) (Fig. 18). Canids contrast most with
amblers and other Carnivora in that their limbs are the
most restricted intermsof lateral movement (Jenkinsand
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Camazine 1977). Inthisregard, canids can be considered
“strict cursors’ becausetheir limbsare essentially useless
for most other purposes (besidesdigging, whichin canids
has a motion parallel to running). Felids, on the other
hand, use their limbs for many dextrous functions other
than locomotion, such as climbing and handling large
prey which require more limb mobility (Ewer 1973,
Jenkins and Camazine 1977, Kitchener 1991).

Thehip and femur morphology of raccoons-classic
amblers— gives them a wide range of motion in the hind
limb, including extensive abduction and adduction. The
inferior surface of its pelvis forms a sharp angle when
viewed posteriorly (Fig. 19). This angle between the
lateral edge of the ischium and the horizontal plane is
around 50° in raccoons (Table 8). The acuteness of this
angle means that the femur is naturally splayed laterally
(abducted). The neck and head of the femur project from
the shaft at arelatively obtuse angle— only about 49° —
adding further to the femur's naturally abducted position
(Table 8, Fig. 19). The femur shaft, however, is bowed
inward medio-laterally, whichtendsto bring the hind foot
back to a more medial position under the body, giving
raccoonsa‘ bowleggedness’ appearance. Theacetabulum
is shallow and the margins of the articular cartilage are
broad. These two features allow for a greater range of
rotation of thefemur head when articulated. The articular
surface of the femur head is quite broad and extends onto
the neck, alowing for a broad extent of rotation in the
acetabulum (Jenkins and Camazine 1977).

The utility of amobilefemur and hip articulationin
raccoons is that it allows the animal to place itslegsin
amost unlimited postures, which greatly increases
stability and maneuverability over broken terrain and
during diverse activities. The raccoon commonly
scrambles over objects and climbs, necessitating this
flexibility. Evidently, thereislittleevolutionary incentive
for racoons to develop structures which limit femur
rotation to a parasagittal plane, as these animals have
little need to increase locomotor efficiency, nor are they
required to maintain significant speedsfor long periodsor
travel uninterrupted for long distances. Bear hips
resembl e those of raccoons in certain ways, but because
| want to compare bears more with cursoria carnivores,
it will be convenient to first describe hip morphology in
the latter.

Thecanid pelvisand femur (afox, Vulpesvulpes, in
the case of Jenkins and Camazine's study) contrast
strongly with those of the raccoon, aswould be predicted
based onthedifferencesinlocomotor habits. Theinferior
angle of the pelvisisonly around 21° in the fox, but my
own data show that this angle is considerably steeper in
wolves— around 30° (Table 8). Thefox'sfemur neck and
head project from the shaft at an angle of approximately
65° (~53° in wolves) and the femur shaft is rather



Table 8. Inferior ischial angle (when viewed posteriorly) and angle that femur neck projects from shaft in carnivores that

are discussed in text

inferior angle that femur neck

species (n) ischial angle projects from shaft source

raccoon 50° 49° Jenkins and Camazine (1977)
domestic cat 34 63 Jenkins and Camazine (1977)
red fox 21 65 Jenkins and Camazine (1977)
wolf * (10) 30 53 this study

brown bear * (6) 62 52 this study
short-faced bear? (2) 65 55 this study
spectacled bear (2) 60 na this study

* measured on specimensin the University of Alaska Museum Department of Mammalogy

2 measured on F:AM 8027 (American Museum of Natural History, New Y ork) and PM 24880 (Field Museum of Natural History,

Chicago)

FIGURE 19. Angle of femur neck projection, viewed anteriorly, and inferior ischial angle
viewed posteriorly (both examples represent Arctodus).



straight. The net effect of thispelvic angle, the projection
of the femur neck, and a straight femur is that the hind
limb has little lateral splaying (femora abduction)
compared to raccoons. Because foxes and raccoons are
similar in size, it is not appropriate to invoke arguments
about body sizeto explainthefox’ sstraighter femur. That
is, foxes (and other canids) most likely have evolved
straighter femurs to position the leg so that they can
swing morein-line with the body and to reduce splaying.
The acetabulum in canids is deep and the margins form
sharp inward angles, which effectively lock the femur
head in place and limit most movement in all but the
sagittal plane. The articular surface on the head in canids
is the least extensive of the carnivores examined, and it
does not extend onto the dorsal neck, being particularly
reduced on the medio-ventral margins of the head, which
further limits abduction (Jenkins and Camazine 1977).
The neck of the femur also is very short in canids.

The femur and hip articulation in canids has the
advantage of eliminating the need to control femur
position using bulky and energetically costly adductor
and abductor muscles. These muscles either have been
eliminated, which decreasesweight and locomotor effort,
or they have been employed as flexors and extensors,
which will help distribute the work of locomotion and
thusincrease endurance (Hildebrand 1995). The effect of
these modificationsis that canids swing their hind limbs
in line with the body more than most carnivores (Jenkins
and Camazine 1977). This singular dedication of the
limbs increases efficiency, but limits dextrous activities.
Thus, canidsexcel at long distance pursuit and prolonged
running bouts, but they are for the most part poor
climbers and their limbs are useless for grabbing large
prey.

Felidshave evolved quite different locomotor skills
and activities than canids, and this is reflected in the
morphology of their pelvisand femur. Domestic catshave
an inferior ischial angle around 34°, considerably more
than foxes, but less than raccoons (Table 8). However,
because the neck of the femur projects at 63° (only
dightly less than canids), their femur is positioned more
vertically, with ailmost no lateral splaying. And like the
fox, thereislittlelateral flexion of thefemur shaft. (When
the stance of canidsand felidsiscompared, it can be seen
that the canid femur splays outward (laterally) a few
degrees, while the felid femur is held nearly perfectly
vertical.) The acetabular depth is intermediate in cats,
with broad coverage of thearticular cartilage. In addition,
the articular surface of the femur head extends more
broadly onto the neck than in canids, but less than in
raccoons (data on domestic cats from Jenkins and
Camazine (1977)) (Table 8).

These features, characteristic of felids in general,
agreewell withtheir habits. Whereas canidshave evolved
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for more or less straight line travel and prolonged
endurance, felidsare agile, good climbers, and frequently
use sharp maneuversin their predatory tactics. They also
use their limbs to handle and subdue prey. These
demands require more medio-lateral mobility in the
femur, and indeed, the structure of the felid hip
articulation facilitatesmore adduction and abductionthan
in canids, though not as much asin raccoons. Speed also
isvital to felids, and it is important to note that they are
quite capable of rotating the femur through a narrow
ellipse and in parasagittal plane. However, since felids
lack skeletal featuresto direct thismotion, it must require
muscular control. Inthisregard, felids are acompromise
morph, and might be said to have " sloppy” limbsbecause
they are not kept in position by skeletal structures so
much as by muscles. When felids run, they must be
expending energy through adductor and abductor muscles
to keep the legs swinging inclined with the body. Thisis
a costly, but necessary, compromise, since when a lion
(for example) catchesits prey it must have flexible limbs
inorder to grab and manipulate the prey (even though the
prey iskilled by biting). Often, alion may even stand on
its hind limbswhen pulling down large prey. Thisdesign
probably has placed constraints on felid evolution, in
particular preventing them fromradiating into nichesthat
necessitate long range, efficient locomotion.

The hips and femurs of bears also reflect a suite of
functional compromises, but of a different sort than
felids. Bears have pelvises with the steepest inferior
angles measured in this study (Table 8). Theoretically,
this should project the femur laterally at a strong angle.
However, the head and neck of the femur typically
project from the shaft at approximately 52° (in brown
bears), which reduces the effective angle of femoral
abduction. The acetabulum of bears is more similar to
felids, being deeper than in raccoons and shallower than
in canids. Furthermore, the articular surface of the femur
head isbroad in bearsand extends onto the dorsal surface
of the neck. However, bears are not nearly as extreme in
this regard as raccoons.

These characteristics show how the hips of bears,
when compared to all other carnivores, have a unique
conformation. They resemble other amblers like the
raccoon in that their hind limbs are free to move in many
planes (but not nearly to the same extent), and their
femurstend to be splayed laterally and then bowed back
medially. But bears also are a hit like felids in that the
angle of the femur neck increases to compensate for a
sharper ischial angle (a sharp ischial angle splays the
femur laterally, but acommensurateriseinthe neck angle
brings the femur back to near-vertical). Theischia angle
in bears, however, is extreme, and the angle of the femur
neck is not nearly steep enough to bring the femur
completely back to vertical. So it seems that bears are



doing something quite different in regard to hip
conformation. Later, | will show how thesefeaturesrelate
best to the ability of bears to use an upright, bipedal
stance.

Before bringing short-faced bears into this
comparison, | want to examine in detail the position of
the fovea capitis femoris (FCF) in various carnivores,
using techniques described in Jenkins and Camazine
(1977). The FCF, located on the articular surface of the
femur head, is the point of insertion for the ligamentum
capitis femoris, the ligament directly connecting the
femur head to the acetabulum (it originates in the
acetabular fossa— see inset of Fig. 20). Since the FCF
and the acetabular fossa should be aligned when the
femur is positioned neutrally, its placement on the femur
head is a good estimator of the femur’s natural posture
and degree of normal abduction at rest.

The position of the FCF can be quantified for
comparison by projecting an equator and a prime
meridian on the femur head and then measuring the
latitude (E) and longitude (M) of the FCF in degrees
(inset of Fig. 20)(Technique of Jenkins and Camazine
1977). Interms of femur posture, M measuresthe amount
of deviation from the sagittal plane, or how much the
femur is cocked with the toe inward or outward. E
measures the proximal-distal position of the FCF and
indicates the amount of normal femoral abduction. A
bivariate plot of E and M can be used to visually separate
animals by their locomotor specializations (Fig 20).
These values have been calculated for species of felids,
canids, and amblersby Jenkinsand Camazine (1977), and
are plotted in Fig. 20, along with values calculated for
Arctodusin this study.

Theamblersin Fig. 20, including raccoons, skunks,
and Ursine bears, cluster to the upper right, indicative of
their highly abducted femurs(E) and toe-in stance (M). In
these regards, Ursine bears appear to stand out as the
most extreme, but | would argue that the position of the
FCFinbearspartially compensatesfor their strongischial
angles, working in conjunction with an acute angle of the
femur neck. Nonetheless, Ursine bears cluster well with
other amblers.

Felids have both low E and low M values, meaning
their femursnormally have the least amount of abduction
and toe-in positioning (i.e., their legs are most naturally
inclined with the sagittal plane). This agrees with the
observations made earlier and makes sense since felids
need to keep their hind legs parallel to the body as much
as possible during high speed locomotion. Felids, with
their long backs, also have the least problem with front
and hind leg interference (described in Part 1) so they do
not need to swing their hind legs laterally to clear the
front legs nearly as much as other carnivores. Also, the
pelvis is relatively wide in felids, so the hind legs are

naturally positioned farther apart. However, as the
previousdiscussionindicated, felidsstill retain the ability
to move the femur in other planes and its“normal” mode
of swinging in the sagittal plane must be maintained by
muscular effort.

Canids have E values that are much higher than
felids, but their M values are nearly identical. This is
consistent with the typical canid stance where the knees
and toes face predominantly forward, in-line with the
direction of travel (low M), but where the femur is
somewhat abducted (high E). E in canids is on par with
amblers, but this should not be taken to mean that actual
femoral abduction is equal, since abduction is enhanced
in amblers by a high ischial angle. Slight femoral
abduction in canids probably reflects their need to swing
the hind legs laterally as they move forward in order to
avoid interference with thefront legs. This compensatory
motion must be necessary in canids, in contrast to felids,
because canids have relatively short backs and narrow
pelvises. Short backsin canidsresult inalonger period of
front limb/hind limb overlap, and narrow pelvises mean
that their hind legs are not far apart, which necessitates a
dlight bow to the legs.

Now | want to examine the hip and femur
conformation of Arctodus by comparing it to the various
modes described for amblers, felids, canids, and other
bears. The inferior ischia angle of Arctodus’ pelvisis
high (~65°), but within the range observed for other
bears, whilehigher thanits closest relative, the spectacled
bear (~60°)(Table 8) (statistical significance has not be
determined since the measurement was made on only two
Arctodus specimens and two spectacled bears). The neck
of thefemur projectsat approximately 55° from the shaft,
dlightly higher than in Ursus, and commensurate with
Arctodus' steeper ischia angle. However, the position of
the FCF in Arctodus is quite divergent from other ursids
(Fig. 20), and, in fact, its position is unlike amblers in
general.

Thelow Eand M of Arctodusindicatethat itsfemur
waslessabducted and that short-faced bearsrequired less
of a toe-in stance than contemporary bears. In these
regards, Arctodus had converged on the patternin felids,
having ahind limb that normally assumed amore vertical
posture yet retained a high degree of flexibility in
multiple planes. Evidence for this flexibility lies in the
fact that the acetabulum is not particularly deep in
Arctodus and that the articular surface of the femur head
isfairly broad and extendswell onto the dorsal surface of
the neck— traitswhich arethe normfor bears. The femur
and tibia of short-faced bears do not display the bowing
seen in other bears, which | think was necessary in part to
reduce bending stresses in this huge bear. Recall from
Part | that larger animalswill reduce curvatureinthelong
bones because it reduces bending moments by keeping
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FIGURE 20. Position of the fovea centralis femoris (FCF) on the femur head in short-faced bears versus
other carnivores. E (equator) measures the proximal-distal position of the FCF (in degrees “North”) and
isan indicator of the extent of femoral abduction when the femur isin aneutral position. M (meridian)
measures the amount of deviation from the sagittal plane (in degrees “East”) and is an indicator of how
much the femur is normally chocked outward. VValue for short-faced bears was obtained on F:AM
95654, American Museum of Natural History. Techniques for drawing a reference equator and prime
meridian are imprecise, so resulting values of E and M are difficult to reproduce consistently. The ellipse
drawn around the value for FFAM 95654 represents a qualitative estimate of its precision. Original
graph and data from Jenkins and Camazine (1977, Fig. 9) with data for short-faced bears and brown
bears added from this study. (a) bears (Ursus spp.), (b) skunks (Mephitis spp.), (c) raccoon (Procyon
lotor), (d) red fox (Vulpes vulpes), (€) wolf (Canislupus), (f) African hunting dog (Lycaon pictus), (g)
puma (Felis concolor), (h) bobcat (Lynx rufus), (i) lynx (Lynx canadensis), (j) cat (Felis domesticus).



the bone more in-line with vertical ground forces.

Reduced femoral abduction and less of a toe-in
stance mean that Arctodus swung its hind limbsin anear
parasagittal plane, in-line with the body’s long axis. If
therewaslesslateral excursion to the hind limbs, then the
feet most likely circumscribed atight ellipse or figure 8
flight path during each stride. It has been a theme
throughout this section that these traits increase
locomotion efficiency (and thus endurance and economy
of effort), since the legs travel less overall distance per
stride, and because more of this distance contributes to
forward motion. Furthermore, since these patterns are
found universally among cursorial carnivores, their
presence in Arctodus suggests that this bear was
cursorially-adapted. However, it remainsto be explained
why Arctodus had evolved such an acute ischia angle,
compared to its closest relatives, since that promotes
abduction. Spectacled bears most closely resemble the
primitive stock of Tremarctine bears. The fact that
spectacled bears have aless acute ischial angle suggests
that there was sel ective pressure on Arctodusto increase
ischial steepness. | believethisiswheretheimportance of
bipedal standing comesinto play.

When a bear stands upright, the femur is severely
flexed relativeto the pelvisand spine, but it also ishighly
abducted. Abducting the femur isimportant when a bear
stands up because it provides a wide platform for
stability. The extension of the femur head's articular
surface onto the dorsal surface of the neck helps
facilitates this action, as this is the region that would
contact the acetabulum during extreme femora
abduction. Jenkins and Camazine (1977) have
documented thistrait in the femur heads of brown bears,
and | have seen it expressed in brown bears, polar bears,
American black bears, and spectacled bears. Since all of
these species are able to stand upright, this is not
surprising (however, thistrait obviously is not unique to
bears— see Jenkins and Camazine 1977).

The femur morphology of Arctodusisbut oneline
of evidence suggesting that it used an upright stance.
Additional evidence liesin the morphology of Arctodus
ilium and the length of itsback and hind limbs. Theilium
of Arctodus has a very wide neck compared to other
bears. Thishasbeen noted by other authors(Merriamand
Stock 1925, Kurtén 1967a, Richardsand Turnbull 1995),
but itsfunction hasremained elusive. | think the function
becomes apparent if one considers the mechanics of a
bear standing upright. Figure 21 model sthe mechanics of
thisaction. There, it can be seen that the extensor muscles
of the femur provide the force for the action, and the
acetabular joint acts as the fulcrum. The in-lever of this
systemisformed by the portion of the pelvis posterior to
the acetabulum, namely the ischium. The out-lever is
formed by the ilium, spine, and head. The torque

opposing thelifting action isgenerated by the entire body
mass anterior to the acetabulum. This mass must have
been considerable, sinceit constitutes all of thetorso and
includesthe heavy head. The great length of the out-lever
relative to the in-lever magnifies this torque— all of
which comes to bear most intensely at the out-lever's
proximal end, which is the neck of theilium.

Three prominent features unique to Arctodus
(compared to other bears) would have had the effect of
improving performance in this lever system (Fig. 21).
First, the thick neck of the ilium strengthened the out-
lever's weakest point in front of the fulcrum. Secondly,
the short back of Arctodus reduced the length of the out-
lever, and thus the torque it exerted in resistance against
the extensor muscles. Third, the short hind legs of
Arctodus would have made it more stable during a
bipedal stance because its center of mass would have
been kept low. Later, | will discuss back length and limb
proportions in terms of locomotion, where it will be
shown that they confer other advantages. However, none
of these traits would have evolved exclusively for one
function, and the fact that they increased the ease with
which Arctodus could have stood upright probably is not
insignificant. In the next chapter | will discuss why it
seems logical that an upright posture in Arctodus would
have been advantageous as an aggressive posture for use
in intimidating other carnivores at carcasses.

Summary on Cursorialism

| showed that short-faced bears did not lengthen
distal limb segments— atrait which might be predicted
for a courser— but that this trait is only to be expected
amongst advanced cursors becauseit is beneficia only if
thedistal segmentsarelight, which they generally are not
in bears. Furthermore, long distal segments are most
important in cursors that use high speeds, so | suggested
that if other cursorial traits could be found in Arctodus
then this would indicate that it was a courser that
emphasized endurance and locomotor efficiency at
moder ate speeds.

Additional evidence of cursorialism was found.
First, patterns of allometry, aswell as actual proportions
in the long bones, show that Arctodus had reduced the
overall weight of its limbs. These data also showed that
short-faced bears had lightened their limbs distally, but
not strongly so. But since gracile limbs are not only
lighter, but also weaker, | emphasized that it is unlikely
that Arctodusengagedin scal ed-up, high-forcelocomotor
activities equivalent to other bears.

One of the most prominent signs of cursorialismin
Arctodusisits advanced limb posture compared to other
bears and amblers. Arctodus deep but narrow chest
allowed itsfront limbsto be held more medially beneath
the body and facilitated longer strides with less lateral
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FIGURE 21. Arctoduswas configured well for a bipedal
stance, which | propose was used as an intimidation posture. It
also would have been important for surveying the environment
and scenting-out carrion, important traits for a scavenger. The
shortened back reduced the length of the outlever (out-L)
formed by the anterior portion of the body. This reduced the
torque of the body’ s weight (and heavy head) which opposes
the action of the hind leg extensors when a bear stands upright.
The neck of theilium in Arctodus was unusually thick and
strong compared to other bears. Thisisthe point where the
torque of the body’ s mass is the most intense when a bear
stands up because it isimmediately in front of the fulcrumin
this lever system. Its short hind legs also mean the center of
gravity would have been kept low while standing upright.

position of most intense torque
while lifting the body’ s mass

neck of ilium taller
(dorso-ventrally)
compared to other bears

out-F

A o

extensor
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TABLE 9. General cursorial traitsand their level of expression in anon-cursor (brown bear), along distance cursor (short-

faced bear), and a high speed sprinting cursor (cheetah).

cursorial trait brown bear short-faced bear cheetah
proximal muscle attachments no yes? yes
limbs placed medially under body no yes yes
c
e}
" limbs swing in parasagital plane no yes yes
N
8 distal segments lightened no dightly yes
E_ (limb bones reduced, restructured)
|
E distal segmentsrelatively elongated no no i yes
o i
5 non-locomotor functions of limbs no no i yes
2 curtailed i
= i
@ digitegrade / unguligrade no no i yes
8’ L
© distal segments lightened further no no no
through bone fusion and/or loss
flaring thanistypical for bears. Thefront limbsalso were Gait Selection

elongated, which further increased stride length and
reduced the cost of transport. The configuration of the
front limbs conforms with those of cursors that use
laterally-supported gaits like the pace (see below).
Arctodusswungitshind limbsin anear parasagittal plane
by reducing femoral abduction and lateral excursionsin
ways that resemble more cursorial carnivores. However,
Arctodus retained the ability to abduct the femur when
necessary, probably to facilitate an upright stance.

Table 9 summarizes cursorial traits displayed in
Arctodusand contraststhemwiththeir level of expression
in cheetahs (coursers specialized for extremely high
speeds) and brown bears(non-coursers). Asdemonstrated
by the patternsin thistable, short-faced bears apparently
were incipient coursers when they became extinct.

3. GAIT SELECTION AND SPEED: WHAT KIND OF
COURSER WAS ARCTODUS ?

In the previous section, | concluded that Arctodus
had evolved rudimentary cursoria abilities and that its
cursorial adaptations are indicative of a courser that had
evolved to reduce the cost of locomotion at moderate
speeds and for sustaining these speeds, rather than for
running at high speeds or for other high force activities,
such asaccel eration or maneuverability— traitsnecessary
for most kinds of predation. Next, | want to analyze other
aspects of Arctodus morphology in order to reconstruct
its gait and estimate its speed of travel.

InPart |, | correlated gait selection in carnivoresto
proportionsintheir limbsand back. | noted that atrotting
mammal requires amoderate to long back, relativeto leg
length, so that front-hind limb interference is minimized.
Large carnivoreswith short backs (relative to leg length),
namely hyenas and long-legged dog breeds, do not trot
but instead use a pace for moderate speed travel. | also
contended that the front limbs of pacers (including non-
Carnivora) tend to beelongated rel ative to the hind limbs,
giving the back a sloped appearance. Trotting is difficult
and inefficient for such an animal because front-hind
diagonal pairs of feet cannot take equal-length strides.
Thisisnot aproblemfor pacerswherelateral limbsswing
as pairs, because flexure in the trunk increases the stride
of the shortened hind limbs (thisisnot possiblein thetrot
because the trunk must be kept stiff). But gait choice is
more than just an accommodation for morphology, since
gaits also influence energetics. Recall, for instance, that
pacers are able to utilize trunk muscles to assist in
oscillating the limbs, and pacers can take longer strides
than non-pacers because there is no front-hind limb
interference. Long strides correlate directly to adecrease
in the cost of transport (Part |, Kram and Taylor 1990).
Because of the association between limb morphology,
gait selection, and energetics, it seems reasonable to
assumethat limbsand gaits co-evolve under strong forces
of selection.

To quantify limb and back proportions and assess
gaitsin Arctodus, | will usethe Intermembral Index (IMI)
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and a Back Length Index (BLI) discussed earlier. These
indices were calculated for the short-faced bear, brown
bear, black bear, polar bear, spectacled bear, wolf, lion,
and spotted hyena. These last three (non-ursid) species
were analyzed because they represent a broad spectrum
of locomotor styles in large carnivores. Modern bears
were examined in order to investigate conformational
similarities between them and Arctodus, which will help
determine if they are appropriate analogs for
reconstructing gaitsin Arctodus.> The morphology and
scaled proportions of these carnivores are compared in
Figs. 1 and 2 (Part I).

Calculationsof BLI and IMI show that 1) Arctodus
back was shorter (relative to limb length) than any of the
modern carnivores tested, and 2) the disparity between
front and hind limb length was considerable in Arctodus,
being nearly as great as in spotted hyenas— known
pacers (Table 7, Fig. 17).2 In fact, short-faced bears
resemble spotted hyenas more than they do any other
carnivore, including other bears, in terms of limb and
back conformation. As noted, nearly all large mammals
with short hind limbs and tall fore limbs relative to the
length of their backs (i.e., tall shoulders) do not trot, but
pace when traveling at moderate speeds. | conclude from
the above data that Arctodus would have been a pacer,
and perhaps locomoted in other ways similar to spotted
hyenas. (After estimating speed of travel below, | will
return to a detailed comparison with hyenas).

Acceleration

The IMI aso can be used to assess some aspects of
acarnivore's ability to accelerate. In Part I, | discussed
how long limbs in general are not beneficia for
accel eration. However, whilethe best accel eratorstend to
have short limbs, their hind limbs are long relative to
their front limbs (Gonyea 1976). Thisis characteristic of
felids, for example— the best accelerators among large
carnivores (Ewer 1973, Gonyea 1976, Kitchener 1991).
Relatively long hind legsin felids allow them to burst up
to top speeds almost instantaneously because their first
stride off the hind legs is essentially a leap from a
crouched stance. The crouched stance greatly increases
the length of the first stride, which gives the muscles of
the hind limbs a longer contraction period to generate

2 Complete skeletons were measured for all bears
and wolves, including length of individual vertebrae. Data for
lions and hyenas were taken from scale drawings and
photographs. The vaidity of this technique was confirmed by
performing it on photos/drawings of bears and wolves, for
which the actual values were known.

3 Indices for bears were derived from datain Table
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their force (thus, they generate more power). This
“leap” allowsthelimbsto reach ahigh velocity onthefirst
stride (Biewener 1983b). In contrast to felids, short-faced
bears had very short hind limbs relative to their front
limbs (high IMI), aconfiguration that would have greatly
reduced their ability to accelerate rapidly (Fig. 17).
Likewise, it is reasonable to conclude that Arctodus had
to take numerous strides to reach top speed.

A relatively long, flexible back, represented by a
high BLI, also increases a quadruped’s ability to
accelerate because it allows the body to be flexed and
extended during aerial phases, which increases stride
length. Not surprisingly, felids have essentially the
highest BLIs of the carnivores tested. The BLI of the
polar bear appearsto be higher, but thismay likely be an
artefact of small sample size; bears in general have low
BLIsand aretoo large to flex and extend the back much
while galloping. Flexing and extending the back during
the aerial phase of a full gallop exposes the spine to
sudden vertical forces upon landing, and since the forces
of running increase with mass faster than skeletal
strength, very large mammal s (around 200 kg and above)
do not run with flexed backs (Hildebrand 1960). Thisis
not aliability for alarge mammal that is able to sacrifice
acceleration, and in fact, a stiff back seems to be
preferred by mammals of all sizes which engage in
prolonged travel. The long distance trotting wolf
maintains a rigid back, as do the migrating bison and
wildebeest, althoughfor different reasons(Guthrie 1990).

The intermediate back length of wolves (Fig. 17)
seemswell-suited for an efficient trot because the back is
long enough to prevent too much interference between
front and hind feet, yet short enough to remain rigid
without much muscular exertion. For atrotting wolf (or
dog of comparable size), the whole body is noticeably
non-compliant and a stiff back providesarigid platform
fromwhichit can suspenditslegs. InPart I, | showed that
non-compliant gaits are more efficient than compliant
gaits, and indeed, a wolf can keep up its trot for long
periodswithout fatiguing (Mech 1970). In fact, efficient,
long-range trotting could be considered one of the
hallmarks of large canid evolution (Ewer 1973). The
lion'slong back, in contrast, formsavery long span (Fig.
17), which must be energetically more costly to support.
Pennycuick (1979) suggested that large felids are
generally less efficient at locomotion, compared to other
carnivores, because of thedual function of their limbsand
their specialization for ambush hunting. Whilethelion's
long, flexible back may detract from locomotor
efficiency, thesetraitsenhanceaccel eration and top speed
because they increase stride length during a gallop
(Hildebrand 1960, 1985).

Guthrie (1990a) assessed the relationship between
back/limb morphology and cantering gaits in wildebeest



and plains bison. Guthrie showed that these migratory
ungulates need stiff backsto oppose thetension of stretch
tendonsin their necksin acomplex arrangement whereby
elastic strain energy isused to “kick-out” the hind legs as
the head is lowered. Their back also needs to be stiff
because these cantering ungulates take long strides with
their front legs, during which the hind legs are suspended,
thereby placing a heavy load on the spine for extended
periods (Guthrie 1990a).

Givenitssize, aflexible and long back would have
been fairly useless in short-faced bears. By all modern
standards, Arctoduswastoo big to incorporate prolonged
aerial phasesin its gallop when the back was flexed and
extended. The role of the back during locomotion in
Arctodus, | believe, wascomparableto large ungulatesin
that it transferred elastic strain energy. But an even better
parallel isfound amongst spotted hyenas, so | turn next to
adiscussion of locomotion in this carnivore, which may
appear to have a strange build and unseemly gait, but
which in fact is magnificently balanced for an unusual,
but effective, form of locomotion.

The Hyena Analogy— Pros and Cons

In this discussion, | will not be arguing that
Arctodus was a scaled-up hyena— it was not. Instead, |
will show why an animal might evolve some proportions
seen in both hyenas and Arctodus by discussing the
advantages and disadvantages they confer. | beginwitha
relevant review of the way hyenas approach their prey
using different gaits. These generalizations follow
patterns established in Kruuk and Turner (1967), Kruuk
(1972), and Mills (1989) and from my own observations
of videotaped hyenas.

Hyenasaresocia carnivores, but even when part of
agroup, each hyena acts and hunts fairly independently
or perhapsin pairs, except when specifically hunting for
very large prey such as zebra (but even then, there is
minimal co-ordination of hunting effort). Essentialy,
each hyena in a “group” is hunting on its own and a
pursuit most often is initiated by a single hyena with
others apparently joining in when the hunt looks
promising. Hyenas seem to test their prey more than
almost any other large predator, and it istypical to seean
individual hyena move into a group of wildebeest (their
primary prey in most regions) and force them to scatter,
whereby the hyena can detect or create an opportunity
which it can exploit. When such an opportunity arises—
for instance the discovery of a wildebeest running
awkwardly— other hyenas may join the pursuit or kill.

When hunting in this manner, a hyena use three
distinct gaits for different stages of the process. When
approaching and scouting a group of wildebeest, the
hyena will walk using a long-stridden pace. When it
confronts and disrupts a group, the hyena will use a

faster, bouncy canter (dow gallop) as it assesses
individual prey for vulnerabilities. If an animal is picked
out for pursuit, the hyena accelerates from a canter to a
full gallop and will pursueintently for usually lessthan 1
km. At this point, other hyenas may join in.

Kruuk (1972) specifically notes that hyenas often
pursue and catch their prey at remarkably slow speeds—
often around 15 km/hr. This is because their strategy of
moving amongst the herds and constantly testing
individual sfrequently | eadsto serendi pitousopportunities
to kill prey. But it is important to note that hyenas still
rely on high speed pursuit for a large amount of their
hunting, and successful hunts at slow speeds are most
common during group hunts after zebra. Therefore, it is
not appropriate to extend this argument and suggest that
short-faced bears could have been successful predators
without high speed pursuit. All predators need high
speeds, or at |east rapid accel eration, at timesand must be
able to maneuver at those speeds. Plus there is no sound
basisto argue that Arctoduswas socia (I believe that the
only way a carnivore the size of Arctodus could be
predatory would be if it used social hunting tactics, but
calculations in the next chapter show that a “pack” of
short-faced bears would require more prey biomass
production than any terrestrial system could provide.)

In addition to the above course of events, five
relevant patterns in hyena locomotion are: 1) hyenas
continuously change speeds within their gallop (Kruuk
1972), 2) hyenas locomote over a wide range of speeds
without changing gait (personal observation), 3) hyenas
are on the move and work their prey for longer periods
than most predators (Kruuk 1972, Mills 1989), 4) hyenas
use a pace for moderate speed travel when scouting an
area or moving from one point to another (Kruuk 1972,
Mills 1989), and 5) in the Serengeti, hyenas regularly
“commute” long distances (~50 km) during the dry
season to hunt migratory prey (Kruuk 1966, Hofer and
East 1993a).

| propose that the key to understanding locomotor
strategies and gait selection in hyenas lies in
understanding the role of their long necks and heavy
heads. Both of these traits are related to the hyena's
ability to process large mammal carcasses quickly and
thoroughly, and they probably have evolved for these
purposes. Part of my contention will be that hyena
locomotion and post-cranial morphology have evolved
around these constraints.

The heads of hyenas are robust and heavily built to
house strong masticatory muscles, massive teeth, and to
be ableto handlethe stresses of forceful biting, including
bone processing (Sutcliffe 1970, Kruuk 1972, Ewer
1973). The long, strong neck seems to relate most to
competition at kills. Competition between individual
hyenas at a kill is keen, and the strategy which seemsto
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have evolved is one where each hyena grabs what it can
and eats as quickly as possible before the carcass is
totally consumed by other hyenas (Kruuk 1972, Bertram
1979). For this reason, hyenas bolt large chunks of food,
but they also remove large pieces— often entire limbs—
and carry them a few meters away from the Kill,
especially when being chased by another hyena (Kruuk
1972). Doing so requires a strong neck since the piece
being carried can weigh nearly as much as the hyena
itself. For these muscles to evolve such strength, they
would have had to become not only wider, but aso
longer— as per discussions in Part |, muscles need to
contract over greater lengths to be strong.

To balance this long, heavy neck and head and to
prevent their center of gravity frombeing too far forward,
hyenas would have needed to evolve certain
modificationsto their post-cranial morphology. | suggest
that thelong front [imbs and short hind limbs accomplish
this by creating aradical pivot point at the shoulders. If
one models the shoulder as a fulcrum with the axia
skeleton on the anterior and posterior sides forming two
levers, it can be seen how the low, heavy hind end hasthe
effect of counterbalancing and passively lifting the heavy
head and neck. If the hind end weretall and proportioned
like other carnivores, then the hyena s center of balance
would be too far forward, and it would be difficult (or at
least costly) to keep the head up. Therefore, within this
theory, hyenas have evolved short hind ends to
mechanically counterbalance the head and keep it
propped up.

Next, consider the situation when a hyena scouts a
wildebeest herd using a pacing gait. Its head typically is
held low (Kruuk 1972), which functions to tense the
muscles and tendons of the neck and back, whichin turn
makes the back more horizontal and elevates the pelvis.
This process increases clearance for the hind limbs and
allows them to be swung more stiffly (without being
flexed), which effectively increases their length and
stride. Only when this is accomplished through lowering
the head can one front and one hind limb be swung as a
pair (pacing). This being achieved, the hyena can utilize
a long-stridden, efficient pace which allows it to scout
herds for long periods without fatigue. Hyenas spend
most of their hunting time engaged in this scouting
behavior (Kruuk 1972, Mills 1989), and they commonly
commute distances of 30 - 60 km between dens and
hunting areas (data reviewed by Hofer and East 1993b;
also see Pennycuick 1979). Therefore, hyenas represent
an example where pacing has evolved in a species where
selection should be high for increased locomotor
efficiency.

When breaking into a canter and entering a herd, a
hyena has atotally different look, not only because of its
slow galloping motion, but because its head is raised.
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Referring back to the lever analogy, raising the head has
the effect of releasing tension on the muscles and
tendons of the back and lowering the hind end. Since the
two hind and two front limbs each swing as couplets
independent from each other during the canter, the stride
lengths of each couplet do not need to match. Moreover,
because the two hind limbs are moving together, they can
be swung in a wide arc beneath the body. During this
action, the back half of the body essentially moves as a
unit, pivoting at the shoulder. When the back legs are
then extended, they can make along stride which propels
the animal forward and dightly upward upon which it
lands on semi-stiff front limbs. Because the front limbs
are not very compliant, but act more as pivot points, the
slow gallop has a bouncy, rocking motion. The gait also
looks bouncy because the head bobs up and down to
alternately tense and relax the back when the hind end
flexes and extends. When used at high speeds, the
rocking motion decreases because the front limbs flex
(become compliant) and increase their propulsive
contribution to the gait, rather than just acting as pivot
points. During this style of fast galloping, the hind limbs
till extend far forward and have an elongated step length
because the back flexes considerably. In conventional
gdlops, the front limbs provide about 65 % of the
propulsion (Manter 1938, Cavagna et al. 1977), but |
would venture that the hind limbs are more important in
the fast running hyena.

| also contend that the whole phenomenon of short,
dloping backs has evolved in other mammalsfor the same
reasonsit did in hyenas— to accommodate a heavy front
end. The same pattern can be found, for example, in
giraffes and camels, whose long necks would act to
amplify the mechanical leverage of the head’'s weight.
Balancing this weight requires getting the back end low
to the ground, which is accomplished through a rearward
sloping back and el evated shoulders. It seemslogical that
this was driving body proportions and locomotion in
Arctodus as well. While Arctodus neck was relatively
short (Table 6), its head was very massive (Kurtén
1967a), and either along neck or aheavy head will place
a mechanica encumbrance on the lever system | just
described, requiring counter-balancing by the rear-end.
Moreover, hyenas, giraffes, camels— and amost
certainly short-faced bears— accommodate this
morphology by using a pacing gait instead of atrot for
moderate-speed travel. Asarough equivalent to trotting,
pacing is a fairly fast gait, being quicker than the
singlefoot walk (Hildebrand 1976, 1985). It can even be
used as arunning gait, and | showed that pacers are pre-
adapted for efficient, long range locomotion (although
non-pacers a'so may develop this trait). Furthermore, |
will show below that because of is size, Arctodus would
have been afast pacer.



But isit realistic to extend the hyena analogy so far
as to say that Arctodus and spotted hyenas galloped in
similar ways? | think the answer is yes, to a limited
degree. Mechanically, Arctodus gallop must havelooked
like ahyena sgallop in that the hind end likely moved as
a single unit, rocking at the shoulders, and being swung
far forward beneath thetall front legs. But in application,
its likely these two species differed substantially. The
hyena’ s habit of changing speedswithinitsgallop alows
the animal to break into faster speeds more quickly,
which is useful for hyenas in their specia form of
predation. However, thisis not energeticaly efficient. If
my arguments are correct that Arctodus would not have
engaged in high speed, high force locomotion, then there
would belittlereasonfor it to use avariable-speed gallop
like that of hyenas. But by no means am | arguing that
Arctodus could not gallop (run). Infact, it may have been
capable of fairly high speeds— faster than a grizzly |
would think. My argument simply has been that it would
have been straight-line running, and a short-faced bear
would have needed to take numerous strides to reach top
speeds— very much unlike agrizzly. Next, | will attempt
a more precise estimation of Arctodus pacing and
running speeds.

Speed of Travel

There are a number of techniques and formulae
available for estimating speeds (but not necessarily top
speeds) in extinct animals. Many of thesewere devel oped
specifically for applications to fossilized trackways.
These techniques provide general estimates of the speed
of travel when the tracks were laid down, but say little
about top speeds or norma speeds of travel. Other
techniquesinvolvelinear correlationsbetween body mass
or limb length and running speed, but these techniques
have been shown to be very imprecise, especialy when
applied to very large mammals. Moreover, these
techniques have been applied mostly to dinosaurs and
provide only very basi ¢ estimates of speedsfor agroup of
animals which are essentialy a mystery. However,
Arctodus is essentially a modern mammal with close
living relatives, so a more precise indicator of speed
should be used. The two methods which seem most
applicable are: 1) Alexander and Jayes' (1983) method
for scaling locomotion using Froude numbers and linear
dimensions, and 2) Garland's polynomial for maximum
running speed (MRS) using body mass.

Alexander and Jayes (1983) method scales
locomotion in animals with similar builds but different
size using Froude numbers— non-dimensional constants
that scale size and motion in dynamic systems. Scaled
animals move in dynamically similar ways at speeds that
make their Froude numbers equal. Consequently, this
method predicts the speed of animals during

physiologically-equivalent events, such as the speed of a
gait change, using the following equation:

F=v2/g-I (20)

where F isthe Froude number, visground speed, gisthe
force of gravity, and | isleg length (I could also be some
other linear dimension of locomotion, such as stride
length). Alexander and Jayes have shown further that
guadrupeds generally change from a walk to a trot (or
pace) at F ~ 0.5, and from atrot (or pace) to agallop at F
~2.5 (theseare approximate valuesand the generalization
is somewhat oversimplified, but these are the most
appropriate values to use for calculations performed
below— see Alexander and Jayes (1983) for more
detailed correlations between gait change and Froude
number).

By scaling limb length (I) in Arctodus to that of
hyenas, it would be possible to make a fairly accurate
estimate of the speed at which Arctodus changed from a
walking singlefoot to a pace and the speed at which it
broke into agallop. Unfortunately, these speeds have not
been measured in hyenas. Nonetheless, it is possible to
make rough calculations for Arctodus using its limb
length and the above menti oned average Froude numbers.
Then these estimates can be qualified from observations
of how hyenas deviate from other large mammals. Using
Formula 20 and values on Arctodus' hind limb length in
Table 6, | derived the following estimates:

speed,, ;. =4/0.5 x 1.129 x 9.8 m/sec

- pace transition

= 2.6 m/sec (8.5 kmvh, 5.3 mph)

speed =y2.5 x 1.129 x 9.8 m/sec
P

ace- gallop transition

= 5.3 nVsec (18.9 kmvh, 11.8 mph)

These cal cul ations suggest that Arctoduswould not
have broken into a gallop until reaching nearly 12 mph,
afairly high speed. Garland’ s(1983) polynomial formula’
relating MRS to body mass predicts a top speed of 51
km/hr (32 mph) in a short-faced bear weighing 700 kg
(Table 10)(see Fig. 7 of Part | and its discussion of
Garland' s polynomial). But | showed that few mammals
actuadly run with MRS similar to this theoretica
prediction, and an animal’s build must be assessed

4 log MRS= 1.47832 + 0.25892 (log Mass-kg) -
0.06237 (log Mass-kg)?
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TABLE 10. Maximum Running Speeds (MRS) in km/h for selected large mammals
reported by Garland (1983) versus MRS calculated using hisformula: 1og MRS= 1.47832
+ 0.25892 (log Mass) - 0.06237 (log Mass)?

species mass?* MRSreported? MRS calculated
CARNIVORA
Lycaon pictus 20 70 51
Canis familiaris 25 67 52
Canislupus 40 64 54
Acinonyx jubatus 55 110 55
Panthera pardus 60 60 55
Crocuta crocuta 65 65 55
Ursus americanus 135 48 56
Panthera leo 150 59 56
Panthera tigris 230 56 55
Ursus arctos 300 48 55
Ursus maritimus 400 40 54
Arctodus simus 700 — 51
NON-CARNIVORA
Antilocapra americana 50 100 55
Rangifer tarandus 120 80 56
Ovis canadensis 150 48 56
Equus hemionus 260 70 55
Equus zebra 300 64 55
Equus caballis 400 70 54
Cervus elaphus 300 72 55
Alces alces 450 56 53
Camelus dromedarius 500 32 53
Bison bison 900 56 50
Loxodonta africana 6000 35 37

1 Masses represent species averages reported by Garland, which he collected from various general
sources. Therefore, values for mass and MRS not from the same individual

2 Speeds are those given by Garland. Itiswell known that many reported top speeds for mammals are
unreliable (usually too high), and many of them in this table are undoubtably inaccurate. Despite
this, they still represent the values used by biologists because they are the best or only ones
available.



qualitatively in order to understand why its actual MRS
fallsabove or below predicted values (Fig. 7, Part 1). For
instance, actual MRSin brown bearsisabout 40 km/h (25
mph), but Garland’s polynomia predicts 55 km/h (34
mph) for a 300 kg brown bear. This and other valuesin
Table12indicatethat all modern bearshave actual MRSs
well below speeds predicted from their mass, while
obligate predators have MRSs much higher than
predicted.

Based purely on the kinematic implications of
Arctodus build (i.e., its reduced limb mass), one could
conceivably argue that its morphology had evolved to
increase top speeds relative to other bears. This
essentially was Kurtén's contention, but | have been
trying to show throughout these chapters that such an
argument isunrealistic: because of itsextreme mass, such
high speeds most likely would have exceeded Arctodus
skeletal strength— at least if it tried to maneuver at these
speeds. Without the ability to maneuver, high speeds are
of limited value to a predator that hunts solitarily. Given
these considerations, a reasonable estimate of MRS in
Arctodus might be closer to 40 - 45 km/h, rather than the
value of 51 km/h predicted by Garland’s formula.

Interestingly, the above calculations using Froude
numbers indicate that Arctodus' moderate speed gait —
its pace— would have been fairly fast. In Fig. 5, Part 1, it
was shown that mammal snormally (and optimally) trot or
pace at a speed roughly halfway between their walk-pace
transition and their pace-gallop transition. In Arctodus
thiswould be about 13.7 km/h (8.5 mph). That isafairly
high valuefor moderate speed travel, but it does not seem
out of line. Mills(1989), for instance, reportsthat spotted
hyenastypically travel cross country at approximately 10
km/h (6.2 mph).

| have argued that short-faced bears were not built
specifically to be runners, but | am not contending that
they were incapable of running, or never encountered
occasions where it was necessary to run. Moreover, my
estimates of top running speeds up to 40 - 45 km/hr mean
that short-faced bearswerenot dow. InPart I11, | explain
why competition between Pleistocene carnivores for
control over carcasses probably was intense, and why it
seems likely that Arctodus had evolved to dominate this
rivalry. Giventhisassumption, itislikely that any carcass
on the Pleistocene landscape would have attracted quite
a hit of attention and would have led to direct conflict
among carnivores. In such a situation, short-faced bears
would have needed to express their dominance through
aggressive behavior and intimidation. As | aluded to
earlier, standing upright would have been one likely
means to accomplish this, but it also is likely that
Arctodus would have needed to drive carnivores off of
carcasses, in which case it could have used its modest
galop. Arctodus also may not have successfully

dominated every situation because some of itsrivalswere
social, and would have aggregated into formidablegroups
(see Part 11). In those cases, Arctodus actually would
have needed to run away from a carcass and recal citrant
pursuers. Neither of those types of running (aggressive
and defensive) require rapid acceleration or even very
high speeds, nor do they demand much maneuverability
in the form of sharp turns. These activities seem to be
quite within the range of Arctodus’ structural capacities.

Furthermore, | stated from the onset that it is
unrealisticto think that Arctodus never would havekilled
itsfood directly. | simply amarguing that predatory skills
did not form the basis for selection in Arctodus
evolution. Even though it seems to have evolved
specifically as an exploiter of scavenging opportunities,
Arctodus undoubtably killed prey that presented itself as
an easy target. At times, this would have required a
galoping form of running. Finaly, athough it is
speculative, | canimagine ashort-faced bear harassingits
competitors at a carcass by patrolling around them,
demonstrating its presence with a type of bouncing slow
gallop similar to hyenas. Infact, thisvery behavior canbe
observed today in hyenas which are vigilant in trying to
drive lions off of carcasses.

4. POSTLOGUE AND PREVIEW OF THE PART |1

At the beginning of this chapter, | stated that there
were three credible foraging hypotheses which could
explain Arctodus carnivory: 1) it was a powerful
predator that overwhelmed very large but slow
megafauna, 2) it was afast cursorial pursuit predator, or
3) it was a scavenging specialist. Each of these
hypotheses makes specific predictions about the
locomotor adaptations one would expect to find in such
acarnivore, sinceeachimpliesselective pressurefor very
disparatelocomotor and dextrous ahilities. | havetried to
show that the morphology of Arctodus does not support
the predictions of the two predatory hypotheses, but is
consistent with those of the scavenging hypothesis.
Foremost, Arctodus' skeleton wastoo wesk to handlethe
locomotor forces normally incurred by predators, and
indeed, no predator today comes closeto Arctodus’ size.
The reason for this is because the relative strength of
bone decreases with body size, as does running ability.

In a priori evolutionary terms, it is difficult to
understand how selection under a predatory lifestyle
would lead to the suite of morphological traits found in
Arctodus. Forinstance, if Arctoduspreyed onlarge, Slow-
moving pachyderms (hypothesis 1), then why did it
evolve such a gracile build? It would seem that such a
predator would need to be as strong as possible and built
more like atypical bear. If Arctodus preyed on fast prey
(hypothesis 2), then why wasiit so large? To capture fast
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prey, Arctodus would have evolved in a direction that
increased speed, maneuverability, and accel eration. Since
smaller carnivores are more adept at these skills than
larger ones, selectionis predicted to havefavored smaller
body sizein short-faced bears. Evenif evolution did lead
to a predator the size of Arctodus which engaged in high
force running (something that | showed was highly
improbable), then it most certainly should have evolved
amore robust, not more gracile, skeleton.

Although not afast or agilerunner, Arctoduswasan
incipient courser with featuresindicating it was built for
locomotor efficiency and for sustaining moderate speeds
over extended periods using apacing gait. Stableisotope
data indicate that Arctodus was carnivorous (Matheus
1994, 1995; Bocherens et al. 1995), so | suggested that
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these morphological traits would be most advantageous
in a scavenger which needed to cover avery large home
range. This seemed logical since one might predict that
carrionresourceswerewidely scattered and unpredictably
distributed during the Pleistocene. A scavenger searching
for large mammal carcasses on the landscape would need
to cover alarge area and stay on the move in order to
increaseits chances of finding enough carcass biomassto
sustain itself.

Part 111 examines the energetic ecology of these
predictions and tests them in a model of Pleistocene
carcass production. There, | also discuss the necessary
conditions leading to the evolution of a pure scavenging
niche in a large carnivore, and | finish by suggesting
probable mechanisms underlying Arctodus’ extinction.



LOCOMOTOR ADAPTATIONS AND ECOMORPHOLOGY OF
SHORT-FACED BEARS (Arctodus simus) IN EASTERN BERINGIA

PART 111: FORAGING ENERGETICS, CARCASS PRODUCTIVITY, AND
THE EVOLUTION OF ARCTODUS SCAVENGING NICHE

1. INTRODUCTION

InPartsl andll, | established argumentscontending
that Arctodus post-cranial morphology had evolved for
increased |ocomotor efficiency withinascavenging niche.
Part 11l explores probable ecological and energetic
reasonsfor the association between locomotor efficiency
and scavenging.

Energetic axioms predict that a very large,
carnivorous endotherm will require an extremely large
home range and will not have a high population density
(Clutton-Brock and Harvey 1978, 1983; McNab 1963,
1980; Eisenberg 1981). Trophic principles and rules of
ecological efficiencies also dictate that terrestria
carnivores have much lower population densities than
herbivoresand that larger carnivoreswill haveevenlower
densities (Elton 1927, Slobodkin 1961, McNab 1980,
Gittleman and Harvey 1982). These generalities suggest
reasons to hypothesize that a pure carnivore the size of
Arctodus would have existed at low population densities
and needed to forage over an extremely large homerange
in order to obtain enough food to meet its energetic
requirements.

Consider the case where such an anima also
foraged on highly dispersed food items and invested
considerable search effort into each unit of food— food
units such as large mammal carcasses that are widely
distributed in space and time. Optimal foraging theory
predicts that this “big investment, big reward” system
should provide selective pressure for both larger size and
increased locomotor efficiency. Increased size is
predicted because alarger animal 1) can eat more at one
feeding whenit findsalarge food item, 2) can go longer
between meals, and 3) has a reduced cost of transport.
Increased locomotor efficiency is predicted because such
an animal should not expend more energy searching for
highly dispersed food items than it gains from them
(Emlen 1966; Schoener 1969, 1971, Rapport 1971; Pyke
et al. 1977; Houston 1979; Krebs et al. 1981; Eisenberg
1981).

These sorts of predictions provide the ecological
reasoning to argue that Arctodus morphology would
have been most adaptive within a scavenging niche.
Without this rationale, it would remain unclear why a

carnivorewould evolve the morphological traitsfoundin
Arctodus, including its extremely large size. This
reasoning also provides an additional means to test the
scavenging hypothesis. Namely, it should be possible to
model the energetic needs of a population of scavenging
short-faced bears and then examine whether Pleistocene
ecosystems were capable of supporting these needs. If
theseecosystemsdid not produce enough carrion biomass
to support the popul ation, then the scavenging hypothesis
can be rejected. In Part I, | perform this test by
modeling energetic and life history parameters of the
Arctodus population in eastern Beringia, and the likely
amount of carrion that Beringia would have been
producing.

Throughout this modeling exercise | will rely
heavily on established correl ationsbetween body sizeand
energetic life history parameters in modern carnivores,
but frequently | will draw back from these strictly
mathematical correlations and modify them by using
direct observations and analogies in modern carnivores.
Even though Arctodus inhabited a variety of landscapes
and ecosystemsin North America, | will be constructing
input variables based purely on ecosystem parametersin
eastern Beringian, to keep the model manageable. This
approach a so should providethe most rigoroustest of the
scavenging hypothesis because Beringia was relatively
less productive than many other northern, Pleistocene
ecosystems (Hopkins et al. 1982, Guthrie 1990a). To
construct the model, | will estimate the annual food
requirements (kg of meat/km?year) of a carnivore the
size of Arctodus (700 kg), followed by an estimation of
individual home range size and population densities so
that | can determine the annual carrion requirements
(kg/km?/year) of a minimum viable population of short-
faced bears. Then it will be necessary to compare this
requirement to the amount of carcass production which
could bereasonably expected from Beringian ecosystems.
Todothis, | will estimate carcass biomassproductionvia
both predation by large carnivores and natural mortality
in Beringia's large herbivores (kg/km?/year). Both of
these latter tasks will require secondary modeling of
popul ation dynamics and productivity in both herbivores
and carnivores.
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2. FORAGE REQUIREMENTSAND POPULATION
PARAMETERS

In order to model the energetic ecology of theentire
population of short-faced bearsin eastern Beringia, | first
will need to estimate the foraging areaand annual energy
budget of a single bear. Then, after making certain
demographic considerations, this budget can be
extrapol ated to thewhol e popul ation, whose size al so will
need to be estimated. Fortunately, numerous studies have
documented correlations between body size and a wide
range of energetic life history traitsin mammals; many of
these relationships have been specifically developed for
carnivores (summaries in Kleiber 1932, 1961; McNab
1963, 1980, 1983, 1989, 1990; Gittleman 1985, 1986;
Damuth 1987; Peters 1983; Calder 1984; Eisenberg
1981; Schmidt-Nielsen 1984).

As with other scaling relationships, these
correlations are described in terms of the allometric
equation:

P=bM®? (21)

where P isthe parameter in question and M is body mass.
The regular log-linear relationship between various
biological parameters and body size is premised on the
scaling of metabolic rate to body size in endotherms.
Using these empirical relationships, one can cautiously
predict general features about a species, such asitshome
range, foraging (energetic) requirements, and minimum
viable population density, based solely on its body mass
and trophic level. Many authors warn that such scaling
relationshipsare purely descriptive of the speciesthey are
measured on, and are not intended to be used as
predictors in unstudied species. However, these
relationships provide a good starting point to estimate
such variables in an extinct population since they
certainly suggest general trends within a group of
animals. Naturaly, it may be necessary to quaify a
prediction based on ancillary information, and | will be
doing this throughout the following sections.

Forage Requirements

Harestad and Bunnell (1979) showed that the
amount of flesh consumed per day by a carnivore (FCin
grams) isequal to:

FC = 1.7 M 06800 (22)

(in thisequation, M also isin grams). For alarge 800 kg
mal e short-faced bear thiswould beequivalentto 17.6 kg
(17561 g) of food eaten every day, or 6424 kg per year.
A 600 kg female would require 5271 kg/year, and the
population average (assuming 700 kg) would be 5853
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kglyear. Farlow (1993) derived an estimate of annual
mass-specific food intake for predators as:

FC = 48.87 M °® (23)

where FC is kg food consumed per kg body mass per
year. Using this equation, the annual kg of flesh eaten
annually by the average 700 kg short-faced bear would
have been 4793 kg, somewhat lessthan thefirst estimate.

Harestad and Bunnell’s equation is derived from
actual values on grams of food consumed per day by
mammalian carnivores as reported in field studies, but
includes al types of food eaten (i.e., flesh and vegetable
matter) and their data were derived mostly from small
carnivores. Farlow’s eguation is more theoretical. First,
he uses food consumption rates (in watts) reported for a
widerange of birds and mammals, including herbivores.
Then he converts watts to kg of flesh required by a
carnivore using the energy content of animal tissue (~
7,000,000 joules/kg). Farlow’s method yields a lower
value probably because it unrealistically assumesthat all
food eaten by acarnivoreispureflesh, whichisrelatively
high in energy content. | aminclined to use Harestad and
Bunnell’s equation because it is derived from data on
actual mammalian carnivores, anditshigher prediction of
flesh requirements will be a more rigorous test of the
scavenging hypothesis.

The predictive power of Equation 22 can be
examined using known ratesof food consumptioninlarge
predators. Spotted hyenasin the Serengeti consume 3 kg
of prey per day, equal to 1095 kg per year (Kruuk 1972).
Using avalue of approximately 60 kg for the weight of an
average Serengeti hyena (Kruuk 1972, Nowak 1991), the
equation predicts this consumption rate perfectly.
However, as | will discuss later, hyenas in the
Ngorongoro ecosystem consume only 2 kg/day. The
disparity arises probably for two reasons: 1) the method
by which* consumed” prey is cal cul ated (see below), and
2) because hyenas in Serengeti make long “commutes’
between denning areas and foraging areas to hunt
migratory prey, whereas hyenas in Ngorongoro do not
commute (Kruuk 1972, Hofer and East 1993a).
Therefore, Serengeti hyenastruly may eat more because
they incur greater costs of locomotion.

In comparison, Kolenosky (1972) estimated that
wolves hunting white-tailed (Odocoileus virginianus)
deer in Ontario consume 0.1 kg of prey per kg of 1 kg of
body mass, whichistwicetherate of hyenas. Mech et al.
(1971) estimated 2.5 kg of deer per day for wolvesin
Minnesota, whichisonly slightly greater than the amount
predicted for a 40 kg wolf (2.3 kg/day) by Equation 22.
Numerousother studiesonwolf foraging al so have shown
that individuals consume about 1.5 - 3.0 kg/day (e.g.,
Pimlott et al. 1969; Mech 1970, 1977; Peterson 1977;



Peterson et al. 1984; Frittsand Mech 1981; Ballard 1981,
1993; Ballard et al. 1987). Field data on consumption
rates can only be taken as rough approximations of food
requirements because these calculations are made by
dividing the estimated prey mass killed by total predator
mass. Prey mass almost aways is estimated, and the
assumption that this entire mass is consumed, or
consumed by the predator in question, is seldom valid.
Wolves also have been known to consume over 12 kg of
food at one feeding (Mech 1970), and Kruuk (1972)
recorded one hyenaeating 14.5 kg and another eating 9.3
kg in single feeding bouts. Incidents like these can
potentially lead to an overestimation of daily food intake
and energy requirements.

Carcass Requirements

In order to estimate carrion requirements of a
scavenging short-faced bear, consumption data must be
converted to carcass biomass. For modeling purposes, |
will assume that carrion in the Beringian system was
being produced by the hunting activities of large
predators and natural mortality in the three dominant
large herbivores— mammoth, bison, and horse (Guthrie
1968, 1982, 19844, 1990a). The following values for
herbivore body mass will be used:

mammoth 3800 kg
bison 650 kg
cabalinehorse  175kg

These represent an approximation of mean adult body
massaveraged for malesand females, but they differ from
estimates used in other studies, so | will explain their
derivation.

Mammoth: The wooly mammoth (Mammuthus
primigenius) was the smallest species of mammoth.
Shoulder height wasabout 2.8 m according to Kurténand
Anderson (1980), which means it stood a little shorter
than the African bush elephant (Loxodonta africana
cyclotis) and alittletaller thanthe African forest el ephant
(Loxodonta africana africana). Its shoulder height is
more on linewith the Asiatic elephant, towhichitismore
closely related (Kurtén and Anderson 1980). Haynes
(1991) notes that mammoth limb bones are 20 % wider
than Loxodonta bones of similar length, meaning
mammothswereeither engaging inhigher stressactivities
or were carrying more body weight for their height—
most likely the latter, since mummies of mammoth show
that they carried large amount of fat through the winter
(Guthrie 1990a). Using this information and the weights
listed in Table 11 (from Nowak 1991), | will assign
mammoths aweight of 2700 kg for females and 4900 kg
for males, with an average of 3800 kg. Guthrie (1968)
used an estimate of 3000 kg, while Bliss and Richards

(1982) (in a model discussed later) used 2230 kg, for
unspecified reasons. My estimate is higher because | am
interpreting the mammoth’ sstouter bonesasanindication
that these probosci deanswere more heavily built for their
height compared to modern elephants.

Horse: It is now apparent that two size classes of
horses probably inhabited Beringiaduring latter stages of
the Pleistocene, a moderate-sized hemione (Equus
(hemionus) cf. kiang) and a smaller cabaline (E.
(caballus) lambei) (Guthrie 1968, 1982, 1990a; Guthrie
and Stoker 1990; Sher 1974, 1986, 1987; Harington and
Clulow 1973; Harington 1977, 1978, 1980; Burke and
Cing-Mars 1996). The temporal range and taxonomy of
thesetwo equidsare unclear but it seemslikely at present
that they were contemporaneous. However, the fossil
record indicatesthat the smaller caballinewasmuch more
common, especialy in the late Pleistocene (one theory
holdsthat nearly all large horsesin eastern Beringia date
to the early and mid Pleistocene), so | will use it as the
representative equid (biomass representation is balanced
by the fact that the smaller specieswould have had higher
population densities). Modern domestic and feral horses
have aconsiderable sizerange, often averaging 350 - 500
kg, but some may approach 1000 kg. Their large sizein
genera is a product of domestication. Primitive wild
caballines such as the tarpan and Przewalski’ s horse are
smaller and stockier and weigh 200 - 300 kg; Ponies,
such as the Shetland are about 150 - 175 kg (Nowak
1991). Since the small caballine of Beringia was, on
average, alittlelarger than a Shetland (Guthrie 1984a), |
will assign it a weight of 175 kg. In Guthrie's (1968)
biomass estimates, he assigned horses a mass of 250 kg,
but thiswasbefore it wasrecognized that two size classes
inhabited eastern Beringia. Bliss and Richards (1982)
used an estimate of 150 kg in their model.

Bison: Tomy knowledge, noonehassystematically
estimated the mass of Pleistocene steppe bison (Bison
priscus) using skeletal indicators. However, it is widely
accepted that they were larger than either present day
plains or wood bison (Skinner and Kaisen 1947; Guthrie
1968, 1970, 1990a; Harington 1977, 1978, Kurtén and
Anderson 1980, Anderson 1984, McDonald 1981). Data
in these studies indicate that steppe bison may have been
15 - 20 % larger than either modern plains (Bison bison
bison) or wood bison (Bison bison athabascae). Nowak
(1991) listed a size range of 350 - 1000 kg for modern
plains bison, with an average weight around 450 kg for
females and 750 kg for males. Carbyn et al. (1993)
estimated the average weight of modern male and female
wood bison to be 625 kg and 450 kg, respectively.
Adding 15 - 20 % to the average weight of modern bison
(= 550 kg, combined for malesand females), yields633 -
660 kg. Considering thesedata, | will use aweight of 650
kg for Bison priscus in this model. Guthrie's (1968)
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TABLE 11. Weights of modern elephants (from Nowak 1991) and estimates of male and female mammoth weights.

female male
weight- kg shoulder ht.- cm weight- kg shoulder ht.- cm

L. africana cyclotis range 2400 - 3500 240 - 340 range 4000 - 6300 300 - 400

mean 2800 250 mean 5000 320
L africana africana range — 160 - 240 range — - 6000 160 - 286

mean 2700 210 mean — 250
Elaphus maximus (Nowak range — 250 - 300 range — 250 - 300
makes no distinction for male- mean 2720 — mean 5400 —
female shoulder ht.)
Mammoth primigenius mean 2700 — mean 4900 —

average mammoth estimates for model = 3800 kg; shoulder ht. =2.8 m

approximationfor the average weight of steppebisonwas
500 kg, and Bliss and Richards (1982) used 450 kg in
their model, based on the weight of modern bison (Bliss
and Richards did not adjust for Pleistocene body size).

Total Carcasses: In terms of whole carcass mass,
5853 kg (the annual dietary requirement of an average
short-faced bear) is equivalent to:

1.5 wooly mammoth, or
9.0 bison, or
33.4 caballine horses

Obvioudly, certain qualificationsto these estimatesarein
order. First, roughly 10% of alarge mammal’ sbody mass
is composed of skeleton, which | will consider to be
inedible for now. In terms of edible, caloric portions,
about 45% of body mass is muscle, and the balance is
comprised of skin, digestive organs, fat, blood, and liver
in descending order (Calder 1984). Considering that the
energy content and digestibility of these tissues differs,
and accounting for skeletal weight, | will use a value of
75% for the edible and accessible body mass of awhole
mammal. Thisalso isthe value used by Peterson (1977),
while Schaller (1972) suggests it is lower and Pimlott
(1967) estimates 80% (also see Fuller and Keith 1980).
With a75% adjustment, the number of carcassesrequired
annually for one short-faced bear becomes:

2.0 wooly mammoth, or
12.0 bison, or
44.6 caballine horses

It isjust as important to consider that a scavenger
will seldom encounter a complete carcass and that
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carcasses putrefy over time, at arate that is dependent on
temperature. For instance, in subtropical grassland and
savannah ecosystems with high densities of competing
carnivores, carcasses usually do not last more than afew
hours to a few days, depending on their size. Carcasses
< 113 kg are completely consumed within 4 hoursin the
Serengeti and Ngorongoro ecosystems, usualy by the
predators that killed them (Blumenschine 1987). Adult
Africanbuffalo (Synceruscaffer; 300 - 900 kg), however,
persist for nearly four days on average, and el ephants can
last 11 days before putrefying if they are not found by
carnivores(Blumenschine 1987). Theseestimatesarea so
in line with those of Houston (1979).

Carcasses of ungulates in northern North America
tend to last longer than similar-sized African species.
Ungulate carcasses in Alaska, Minnesota, and
northwestern Canada remain on the landscape for about
4 to 5 daysin late winter and spring and 2 - 10 days in
summer, but they are repeatedly visited and fed upon by
carnivores during that time (Magoun 1976, Magoun and
Valkenburg 1996, Haynes 1982, Oosenbrug and Carbyn
1982). The main large-bodied, carcass-consumers are
brown bears, wolves, and wolverines. In Wood Buffalo
National Park, Alberta, wolves spend an average of 2.5
days on abison kill in winter before moving on, but they
may return to the carcass again later in the season; soft
tissue can be found on bison carcassesin the park for up
to 1 month, after which only bone remains (Oosenbrug
and Carbyn 1982). On Isle Royale, wolves preying on
moose utilize nearly the entire carcass over the course of
afew days (Mech 1966, 1970).

In Africa, carcasses are processed very rapidly
mostly because of intense competition amongst large
carnivores, but in North America the competition isless



intense and dominance hierarchies are simpler: brown
bears dominate over both wolves and wolverines at
carcasses unless highly outnumbered. However, brown
bears are only competitors in the summer, leaving just
wolves and wolverines along with raven and fox in the
winter. In Alaska, brown bears and wolverines process
and protect carcasses more thoroughly than do wolves,
although carcass utilization increases in al three
carnivores when carcasses are not abundant, or when
these carnivores are denning and feeding young (Murie
1944, 1981; Magoun 1976; Magoun and Vakenburg
1996; Haynes 1982; Gardner 1985).

This information suggests that competition for
carcasses would have been a key issue for any scavenger
in Pleistocene North America, when carnivore diversity
was higher than at present. But Arctodusamost certainly
would have been dominant over other Pleistocene
carnivores, except perhaps for large groups of socia
carnivores (Matheus 1995, 2001), so it would be
inaccurate to envision Arctodus as being dependent on
random carcass availability in the form of “leftovers’
from other carnivores. Attheend of Part 111 | evaluatethe
level of socidity in Pleistocene carnivores and their
competitiveinteractionswith Arctodus. Therel will make
the argument that competition for carcasses was indeed
keen, and that body size in Arctodus most likely was
driven by its need to exert dominance. Likewise, body
size and the size of social units in other Pleistocene
carnivores most likely were shaped by this highly
competitive environment.

Population Density and Home Range Size

Asastarting point for modeling carcassavailability,
| first will estimate the population density and home
range size (HR) for short-faced bears. In the next section
| will calculate the required carcass density for such an
area. Both population density and HR size have been
scaled to body size in mammals and are tied to the scale
effects of metabolism, the density of food energy
(productivity) on the landscape, and trophic level
(McNab 1963, 1980, 1983; Harestad and Bunnell 1979;
Eisenberg 1981; Damuth 1981, 1987). It isimportant to
notethat anindividual’sHR may not translate directly to
population density, unlessitisan exclusive HR, whichis
rare (Sandell 1989). In addition, HR can include areas
that an animal occupies for reasons other than foraging.
Still, it will be instructive to explore predictions for both
density and HR in a carnivore the size of Arctodus, and
then discuss them in terms of other large carnivores.

Harestad and Bunnell (1979) provide the most
recent estimate of home range size specificaly for
carnivores:

HR=011M® (r2=0.81) (24)

where massisin grams and HR isin hectares. Note that
the scaling exponent is >1, meaning home range
requirementsincrease faster than body sizein carnivores.
The exponents for herbivores and omnivores range
between < 1 to not significantly different from 1.
According to Equation 24, each 700 kg short-faced bear
is predicted to have a home range of 9,788,722 ha
(97,887 km? equivalent to 24,471,805 acres, or 38,237
miles?) — an area nearly as large as the state of Ohio,
whichisobviously unrealistic. Thisisagood example of
how it does not work well to scale some life history
parameters over a large range of body sizes, and why
these types of relationships often fail as predictive tools.
However, this calculation emphasizes the fact that
Arctodus would need to forage over an enormous area
simply because of its size and trophic level. Indeed, the
positive scaling of foraging area to body size in
secondary consumers is the primary reasons why it is
believed that carnivores do not attain such large sizes
(Elton 1927, Colinvaux 1978, McNab 1980, Eisenberg
1981) and indirectly why Emglie and Czaplewski (1985)
argued that Arctodus could not have been carnivorous.
Turning to density estimates, Damuth (1987)
compiled data on population densities in hundreds of
terrestrial mammals, including 46 carnivores ranging in
size from small mustelids to bears. His regression for
population density (D) in “vertebrate-consumers”’ is:

D=347M % (r2=0.67) (25)

Assuming an average weight of 700 kg for Arctodus (half
males, haf femaes), Damuth's equation predicts a
density of 0.0064 bears/km?, equivalent to 156 km? for
each bear (134 km? for a 600 kg female, and 176 km? for
an 800 kg male). It is important to note, however, that
Damuth’s equation is derived almost entirely from
carnivores that are predatory. In other words, estimates
based on his equation are indirect estimates of prey
densities, not carcass densities. Naturally, carcass
densities will be much lower than prey densities.
Therefore, thecal culation of 156 km? for each short-faced
bear will be regarded asthe maximum theoretical density
of individualsin prime habitat, but it cannot be construed
as an estimate of individual HR size.

Lacking an accurate mathematical predictor of HR
or density in such alarge scavenger, | will make a some
approximationsusing comparisonsto other large, solitary
Carnivora. The HR of barren ground grizzlies in arctic
Canada, where bear densitiesarevery low, isaround 414
km? for males and 73 km? for females (Pearson 1975,
1976), but valuesas high as 3029 km? have been reported
for individual bears (Servheen 1983). Ballard et al.
(1981) estimated an average HR between 313 - 382 km?
for grizzliesin southcentral Alaska. Again, these are HR
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sizes, not population densities. For perspective, the HR
predicted for a 200 kg grizzly using Harestad and
Bunnell’s equation for carnivores is 1,781,531 HA, or
17,815 km?* — again, extremely divergent from any
realistic value. But grizzly bearsmay not be good anal ogs
for HR in short-faced bears, since grizzlies are not strict
carnivores. Harestad and Bunnell’s equation for HR in
omnivoresis:
HR= 0.059 M %2 (r2=0.90) (26)

For a 200 kg grizzly, Equation 26 predicts 44 km?2 —
close to the minimum HR in a female grizzly in some
habitats, but it still is a poor estimate for the species
average.

Nowak (1991) lists a wide range of HR values for
brown bears, from an average of 80 km?2in Y ellowstone,
to upwards of 600 km? Over the course of a lifetime
individual brown bears can inhabit an area covering
thousands of km?, and males tend to have much larger
HRs. There can be considerable overlap in brown bear
HRs, and population densities are on the order of one
bear per 100 km 2 In Denali National Park, Alaska, the
density is one bear per 30 km 2, while in tundra areas of
northern Alaska and Canada it is one bear per 150 km 2
(Nowak 1991).

Data from puma may be instructive since it is a
wide-ranging solitary carnivorethat livesinlow densities.
Puma have HRs aslarge as 277 km? according to sources
cited in Sandell (1989), and as large as 293 km?
according to Nowak (1991). But a cougar in Texas was
reported to have roamed over 1826 km? (Lindzey 1987).
Based on data in cumulative sources cited by Nowak
(1991), a good approximation for average puma HR
seems to be around 150 km 2. Population densities for
puma range from 0.048 - 0.005 puma/km?, or 1 puma
every 21 - 200 km? (Nowak 1991), so even this solitary,
reclusive carnivore may experience considerable overlap
in HR (mostly between males and females).

Next, | will discuss data on wolf demographicsina
fair amount of detail because theinformationwill be used
later when | model population parametersin Pleistocene
carnivores.

Harestad and Bunnell (1979) calculated amean HR
size for wolves of 2027 km?, based on published data. |
believe their valueis erroneous and represents the HR of
entirepacks, notindividual wolves(thismistake probably
is partially responsible for their inaccurate line of
allometry correlating HR to body size in very large
carnivores). A closer look at specific data shows that
individual HRs are much smaller.

Wolf packs in northern Alaska and northwestern
Canada typically range over an area around 500 -1000
km? through the course of a year, and generally are
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comprised of 5 - 9 permanent members, equivalent to 56 -
143 km? per wolf (Murie 1944; Mech 1970; Ballard
1982; Ballard et al. 1981, 1990; Stephenson and James
1982; ADFG Wolf Report 1994). Wolves hunting bison
in Wood Bison National Park, however, form packs
averaging around 10 individual s (Oosenbrug and Carbyn
1982). Stephenson and James (1982) reported that wolf
densities in northwestern Alaska are around 0.0026
wolves’km? in the foothills of the Brooks Range, but
down around 0.0019 wolves’km 2 on the Arctic Slope.
Thelater valueisthe same reported by Nowak (1991) for
the lowest known density of wolves. Home ranges are
large in northwestern Alaska, around 1300 km?for packs
of about 5- 8 individuas. Ballard (1993) found local
areasin thisregion with wolf densities ten times as great
in prime habitat, but area-wide densities are on the order
of 0.004 wolves'’km? according to estimates by the Alaska
Department of Fish and Game (ADFG Wolf Report
1994). Statewide estimates from this report show that
overall wolf densities in northern Alaska are generally
between 0.002 - 0.005 wolves’km?, pack sizeisaround 5
- 9 wolves, and HR size for an average pack commonly
reaches 1000 - 2000 km?.

In south-central Alaska, Ballard (1982) reported
that the 61,595 km? Nelchina basin supported
approximately 450 individualsin 1965. Thisisequivalent
to 0.007 wolves’km 2, or 137 km? per individual wolf.
However, a fair amount of this area— about 18,798
kmP— is high altitude, and Ballard implies that this area
isnot part of normal wolf habitat. Adjusted density inthe
Nelchina basin using the 1965 popul ation then would be
0.011 wolves’km?, or 95 km? per wolf . This agreeswith
Ballard’s estimate of 73 - 119 km 2 per wolf during the
mid-1970s. Since this population was recovering from a
previous predator control project, it was howhere near
carrying capacity in 1965. Homerange sizein these packs
was on the order of 500 - 800 km 2, and an average pack
had around 8 individuals. The ADFG 1994 Wolf Report
indicates that densities of wolves in interior and
southcentral Alaska generaly are around 0.005 - 0.01
wolves’km?, pack sizeisaround 6 - 9, and pack HRs are
on the order of 600 - 1000 km 2. Pack size tends to be
larger for wolves that hunt large prey like moose (Earle
1987).

Homerangesfor wolvessouth of Alaskaaresmaller
and their densities are considerably higher than in the
north. In Algonquin National Park (Ontario), where
wolves feed mainly on white-tailed deer, packs of 4 - 7
wolves typically have a HR around 100 - 300 km?, or
approximately 35 - 40 km? per wolf. Overall densitiesin
Algonquin are 0.038 wolves’km? (Pimlott et al. 1969). In
northern Minnesota, wolves also primarily hunt white-
tailed deer, but their HR size tendsto be larger— around
200 -350 km 2 for a pack of 5 - 8 wolves, or around 50



km? per wolf. Average densities there are approximately
0.015-0.040 (Mech 1970, Van Ballenbergheet al. 1975,
Fritts and Mech 1981, Nelson and Mech 1981, Keith
1983, Fuller 1989). On Isle Royale, about 20-25 resident
wolves use the 544 km? island to hunt moose, yielding a
density of 0.037 - 0.046 wolves/kn?, or ~ 24 km? per
wolf (Mech 1966, 1970; Pimlott 1975; Peterson 1977,
Peterson and Page 1983). Pimlott (1975) believesthisis
about the highest sustainable density for wolves.

Nowak (1991) also reviewed wolf HR size and
population densities, and arrived at similar generalitiesto
the ones made here. From these compilations, |
conservatively estimate that it takes at least 100 km? to
support one wolf for energetic purposes, equivalent to a
population density of 0.01 wolves/km? But it is not rare
for populations to exist at densities as low as 0.002
wolves’km? or as high as 0.02 wolves/km?.

| showed that Harestad and Bunnell’s (1979)
equation grossly overestimates HR in large carnivores,
and that Damuth’s eguation has similar inadequacies
estimating population densities. Using actual carnivore
population data discussed above as a guide, | will make
a rough estimate of exclusive HR size and population
density for short-faced bears for use in subsequent
discussions. A conservative (low) estimate will make the
model more rigorous. Following that guideline, and
assuming that Arctodus foraged on a highly dispersed
food resource, afirst estimate might be that each short-
faced bear required 500 - 1000 km 2 of exclusive HR;
probably closer to the latter. Since | am assuming that
HRs are exclusive, this yields a population density of
0.001 - 0.002 bears’/km?. For purposes of this model, |
will use 0.001 bears’km? becauseit will err on the side of
rarity.

As an additional consideration, Sandell (1989)
observed three key patterns relating HR size to food
distribution in solitary carnivores, which | will use to
further narrow my estimates for Arctodus: 1) HR size, at
least for females, seems to be determined by the
abundance and distribution of food biomass during the
most critical times of the year, such as during gestation
and lactation. Whenfoodisabundant during critical times
and not dispersed, thisleadsto smaller HRs. 2) HRswill
be exclusive when food resources are stable and evenly
distributed; they overlap when there is much temporal
variation in food supply, and 3) Exclusive HRs will be
smaller than overlapping HRs. In discussions at the end
of this paper, | will be showing why itislikely that short-
faced bears had large HRs with afair amount of overlap
because carcasses would have been widely dispersed and
seasonally scarce. Sandell also recognized two ways that
solitary carnivores are spatially arranged which are
relevant to this discussion: 1) because males are larger
and require more energy, their HR isusualy larger than

females. 2) males will keep to territories when females
are evenly distributed; when females roam, so do males.
3) male HRs do not overlap when females are evenly and
densely distributed. 4) when males roam, their HRs are
largest and overlap more during mating seasons, but their
foraging HRs are smaller than their overall HR. | will be
working under the assumption that female short-faced
bears roamed widely because of the random and
dispersed nature of their food resource (carcasses), and
thus so were males. Males would have had larger HRs
because of their size, but HRs would have overlapped
considerably. Territoriality in males would have been
nearly non-existent because femalesand carcasseswould
have been randomly and distantly distributed; therewould
have been little reward for a male which guarded a
territory, since there would have been little predictability
inwhere carcasses (or females) would occur, and it would
have been energetically inefficient to guard such a huge
area. The only thing worth guarding was a carcass, and,
for the most part, they are small, ephemeral, and their
location is not permanent. All of these factorslead meto
predict that the short-faced bear had a very large HR
somewhere on the order of 1000 kn?.

Earlier, | estimated that theaverage short-faced bear
(700 kg) needed to consume 5853 kg of flesh per year,
equal to about 16 kg per day or ~100 kg of edible carrion
every 6.25 days. If its HR was 1000 kn?, this
necessitates that its habitat had to produce an available
carcass biomassof at least 5.85 kg flesh/km?/year. | want
to test whether east Beringian ecosystemswere capabl e of
this level of carcass productivity, but first | will briefly
examine whether a HR of 1000 km? represents a
reproductively-viable population of short-faced bears.

Minimum Viable Population

Even if it can be shown that the Beringian system
was able to produce 5.85 kg flesh/km?/year, the question
arises whether a population density of 0.001 short-faced
bears’km 2 represents a minimum viable population—
that is, one that is able to resist chance extinction.
Goodman (1987) developed a method for predicting the
probability of chance extinction in a species over time
based on its body size and variability in its growth rate
(r). Goodman’s method actually estimates the minimum
breeding population size (N,,) required for a species to
have a 95 % chance of surviving chance extinction every
1000 years. Belovsky (1987) expanded the method by
taking into account the influence of environmental
variability on r in a species. In this modified model,
Belovsky derived two allometric equations relating body
mass to N,,,, one for species with high variancein r:

N, = 409,540 M 03 (27)
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and one for species with more constant r:
N,,= 19,018 M 04 (28)

The two equations yield vastly different results, so it is
important to have information about r. For instance, with
an average mass of 700 kg, these two equations predict
Arctodus would have required a minimum breeding
population size of either 38,731 (Equation 27) or 1384
(Equation 28). When addressing variationinr, Belovsky
was mainly concerned with how much r isinfluenced by
variation in environmental and climatic factors. Within a
given bear species, reproductive output varies and
variation is correlated to environmental factors (Bunnell
and Tait 1981), but in general bears are conservative
breeders and their population growth rates do not seem
tightly linked to levels of climatic variation. Therefore, |
would expect avaue for N, in Arctodus to be closer to
the lower value.

For the sake of these calculations, | will consider all
the short-faced bears in eastern Beringia to congtitute a
single population (In comparison, Farlow (1993) made
similar calculations for carnivorous dinosaurs and
considered all individual sinhabiting theentire continental
United States to be one population). Using maps in
Hopkins et al. (1982) | estimate that unglaciated eastern
Beringiawasabout 2,000,000 km?2. A minimum breeding
population of 1384 bears would yield a density of one
bear per 0.0007 km?. My density estimate of 1 bear per
1000 km? (0.001 bears’km?) requires a population of
2000 bearsin eastern Beringia— a number not far from
1384. In comparison, apopul ation of 38,000 bearsyields
adensity of 1 bear per 53 km? (0.02 bears’km?) — an
unrealistically high density for such alarge carnivore.

It is important to place some perspective on the
numbers just calculated. First, 2000 individualsin all of
eastern Beringiaisavery small number. For comparison,
the population of brown bears in Alaska today is
estimated to be around 29,000 - 40,300, not including
Kodiak Island; another 6000 - 7000 bears inhabit the
Y ukon Territory (Brown 1993). Thisisjust about equal
to the average value predicted by Belovsky's two
equations (assuming 200 kg mass). Therefore, because
brown bear populations in these areas are well above
minimum breeding numbers, this is a good reason to
suspect that the second equation (low variationinr) isthe
better predictor of minimum viable population size in
bears. Still, 2000 short-faced bears seems like a very
small number.

Table 12 shows the density of carrion, and its
equivalentinlarge mammal carcasses, required to support
apopul ation of 2000, 4000, and 20,000 short-faced bears
in eastern Beringia (densities of 0.001, 0.002, and 0.010
bears/km? respectively).
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3. MODELING CARCASS ABUNDANCE

Next, | address the rate at which carcasses were
produced on the Beringian landscape, in order to see if
any of the population densities depicted in Table 12 can
be supported. Keep in mind that | am testing the
hypothesis that Arctodus made a living just by foraging
on available carcasses, without killing any prey itself.
Carcassesthereforeshould beavailablefrom two sources:
predation by other carnivores and natura mortality
among large herbivores.

Carcass Production from Predation

A good modern anal og for mammalian communities
or predator-prey relationships of Pleistocene east
Beringia does not exist. In addition to short-faced bears,
fossils of large carnivores from the region include wolf
(Canis lupus), lion (Panthera leo atrox), brown bear
(Ursus arctos), wolverine (Gulo gulo), scimitar
(sabertoothed) cat (Homotherium serum), and dhole
(Cuonalpinus) (listedin order of descending abundance).

Recently (Matheus2001), | examined thecarnivore
guild of eastern Beringiaand compared it to other guilds
in the Pleistocene Holarctic. There, | made the assertion
that it is unlikely that more than three or four of these
large carnivores inhabited the region at any given time
during the mid to late Pleistocene (also see Harrington
1977, 1978; Guthrie 1990a). Patterns of fossil
abundances also led meto concludethat wolvesand lions
were the only significant, long-term, predators that
occupied eastern Beringia during the late Pleistocene.
The other carnivores either are not significant predators
(brown bear, wolverine), or appear to have alimited (or
at least unknown) chronological range in Beringia
(scimitar cat, dhole). | discuss predation in lions and
wolves in detail below, but first 1 will make brief
comments on the other species.

Brown Bear: Brown bears migrated to eastern
Beringia from Asia probably in the early Wisconsinan
Glaciation (Kurtén 1960, 1963, 1966b, 1968, 19733,
1976a; Kurtén and Anderson 1974, 1980; Guilday 1968;
Harris 1985) but they should not be considered
significant predators in the system. Stable isotope ratios
(C, N) in fossil brown bears from eastern Beringia
indicate that they ate mostly vegetation, but also varying
amountsof terrestrial meat (Matheus 1994, 1995). Today,
no population of brown bears relies primarily on
carnivory, even though predation and scavenging can be
locally or seasonally important. Predation by brown bears
onungulatesin Alaska, for instance, occursmostly during
the brief period of calving seasons when caribou, moose,
and occasionally sheep are taken. At these times, brown
bear predation can be intense, but brief, and the biomass
harvestedisrelatively small (Magoun 1976, Murie 1981,



Ballard 1982, Boertje et al. 1988, Gasaway et al. 1992).
But being adept scavengers, brown bears will compete
with other carnivores for existing carcasses throughout
theyear, and brown bearswill cacheand defend carcasses
(Mysterud 1973, Magoun 1976, Ballard 1982, Magoun
and Vakenburg 1996).

Wolverine: Wolverineswere minor membersof the
Pleistocene large carnivore guild. They can be highly
carnivorous and are adept at processing large mammal
carcasses. They mainly operate asscavengersand existin
low popul ation densities. Whilewol verinesare somewhat
predatory, and even can kill caribou, they are not
significant predators of large herbivores. However,
because of their abilities to find carrion and defend it
voraciously, they would have been a competitor to any
scavenger on the landscape (Rausch and Pearson 1972;
Magoun 1985; Hornocker and Hash 1981).

Homotherium: Homotherium's importance to the
carcass economy of eastern Beringiais unclear, as their
temporal and geographic range in the region is sketchy.
Homotheriumfossilsarerare, andit is possible that these
scimitar cats were extinct in Beringia before the
Wisconsinan period (Harington 1977, Guthrie personal
communication, Matheus 2001). However, in terms of
sabertooths, both Homotherium and Smilodon would

have coexisted with Arctodus in other areas of North
America south of Beringia.

Dhole: The abundance and temporal range this
small canid in eastern Beringia is even more uncertain.
Currently, thereis no good evidence to suggest that they
even coexisted in aguild with al or any of the previously
mentioned species. Dholes are advanced cursoria social
predators and adept processors of carcasses. Packs of
dholes can be formidable defenders of carcasses.

Next | want to examine typical predation rates for
eastern Beringia' stwo main predators, wolvesand lions.
| will examine not only normal rates of carcass
production by these predators, but also rates of surplus
killing in order to assess their potential to kill additional
prey when other predators confiscate carcasses. But first,
it is worth considering an example of extreme carcass
production—  that of spotted hyenas in Africas
Ngorongoro Crater, a system where predator and prey
densities are high and where predators take a very large
percentage of the prey population each year (Kruuk 1972,
Schaller 1972, Hilborn and Sinclair 1979).

Sootted Hyena: Kruuk (1972) calculated that 430
spotted hyenas in the 250 km 2 Ngorongoro ecosystem
each consumed 2 kg of prey per day, including adultsand
calves of wildebeest, gazelle, zebra, and miscellaneous

TABLE 12. Carcass requirements of an average short-faced bear (700 kg) in eastern Beringia (an area of 2,000,000 km?) and

necessary carcass densities as a factor of population size.

population size (bear skm?)

energetic parameter, per individual bear 2000 (0.001)* 4000 (0.002) 20,000 (0.010)
size of mutually exclusive home range (km?) 1000 500 100
required annual carcass production (kg/lkm?/year) 2 5.85 11.70 58.53
equivalent in carcass numbers/ densities > 4
(average distance between carcasses)®
small caballine horse (175 kg x 75 %) 45/ 0.045 45/ 0.090 45/ 0.450
(22.2) (11.1) (22
bison (650 kg x 75 %) 12/0.012 12/0.024 12/0.120
(83.3) (41.7) (8.3
mammoth (3800 kg x 75 %) 2/0.002 2/0.004 2/0.020
(500) (250) (50)

1 minimum viable breeding population, estimated in text

2 assumes an average bear weighs 700 kg, and requires 5853 kg of carcass flesh per year (=16 kg per day) according to equation

intext

® number of carcasses required by asingle bear per year; density of carcasses expressed as number of animals per km?
4 carcass masses are reduced by 25 % to reflect non-caloric body parts — see text

5 calculated as the inverse of carcass density
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species for atotal of 313,787 kg annually. (Kruuk made
his calculation by totaling average weights for carcasses
on which hyenaswere observed feeding and dividing this
by the number of resident hyenas; total animalsconsumed
= 2331, average weight = 135 kg.) This equates to 9.3
carcasses of 135 kg each, or 1255 kg/km?/year. But only
about 62 % of this biomasswas confirmed asbeing killed
directly by hyenas,; agood deal of theremainder probably
was scavenged. Hyenas scavenge far less in the
Ngorongoro Crater, however, than they do in the
Serengeti. Assuming hyenas kill 70 % of their food,
direct carcass production by hyena predation becomes
879 kg/km?/year, which means that at least 376
kg/km?/year still is being “produced” by other means
(other predators and natural mortality) in this system.

Kruuk also noted that during certain seasons hyenas
will kill alarge surplus, and that hyenasin general are not
limited by their ability to kill prey, but rather on seasonal
prey abundance. In fact, in the Serengeti each hyena
“consumed” 3 kg of prey per day (as opposed to 2 kg in
Ngorongoro)* according to K ruuk (consumed isin quotes
because Kruuk derived this value by dividing prey
biomass by the number of hyenas— not al of this
biomass is necessarily consumed). During wildebeest
caving season, Kruuk recorded a daly carcass
production of 5.4 kg/hyenain the Serengeti— more than
double their daily needs.

Thetheoretical confiscation of 5.8 kg/km?/year (the
minimum requirement to support short-faced bears) of the
hyena's prey in the Ngorongoro would represent only
0.7% of the edible carcass mass produced directly by
hyena predation. However, the density of prey and
predators in the Ngorongoro, and tropical
savannahsg/grasslands in general, is exceptionaly high
(Petrusewicz 1967, Kruuk 1972, Schaller 1972, Sinclair
and Norton-Griffiths 1979). Furthermore, there are other
carnivorescompeting with hyenasfor their carcasses. But
these predators also add more carcasses to the system.
More will be said on hyena carcass losses in the
following discussion on lions.

Lion: Guthrie (1990a) stated that lions probably
wereBeringia smost prevalent carnivore (based onfossil
abundance). However, based on the number of fossilsin
the Alaskacollection of the American Museum of Natural
History it seems that wolves may have been just as
common, or more so. Lions are highly predatory but they
readily turn to scavenging when it is beneficial and

It isunclear how much of this discrepancy is due
to methodological errors or the likelihood that hyenasin the
Serengeti have higher energetic costs because they commute
long distances to hunt on migratory prey, whereas hyenasin
the Ngorongoro Crater do not (Kruuk 1972, Hofer and East
19933).

92

available (Kruuk 1972, Schaller 1972). They aso are
good processors of carcasses, but not on par with hyenas
(Kruuk 1972; Ewer 1973; Van Vakenburgh 1989, 1996).

Schaller (1972) found that lionsinthe Seroneraarea
of the Serengeti consume approximately 2500 kg of prey
per lionannualy, yieldingadaily individual consumption
rate of 6.8 kg. The mean body mass of fivefemaleand 14
male lions weighed by Schaller was 166 kg. For this
weight, theexpected daily food consumption predicted by
Harestad and Bunnell’ s equation (Equation 22) is 6.0 kg
per day. Schaller was able to confirm that 75 % of this
2500 kg was killed directly by lions, while 16 %
definitely was scavenged and 9 % wasof uncertainorigin.
At 75%, it is reasonable to assume that each lion killed
5.1 kg of its own food per day, or 1875 kg annually
(variationsin edibility rates do not need to be accounted
for because Schaller reported actual consumption).

Schaller estimated that about 2,000 - 2400 lions
(including nomads) live within the 25,500 km? Serengeti
ecological unit, for a density of one lion every 10.6 -
12.75 km?, or 0.078 to 0.094 lions’km?. This means that
lionsinthe systemwere producing up to 176 kg/km?/year
(1875 kgllion/year x 0.094 lions’km?), which can be
considered an extreme rate because of the high density of
lions. Kruuk (1972) reported densities for lions in
Ngorongoro in the range of 0.12 - 0.23 lions/kn?, the
highest anywhere, but Nowak (1991) compiled datafrom
numerous more recent studies in the Serengeti and
estimated an average density of 1 lion every 10.0 - 12.7
km?, or 0.01 - 0.08 liongkm? including nomadic
individuals. Using Nowak’ saveragevalue, annual carcass
production from lion predation is roughly 166
kg/km?year. Removing 5.8 kg/km 2/year from such a
system by scavenging short-faced bears would represent
only 3.5 % of thelions' kills.

Schaller provided little data on the biomass of
surplus killing by lions, but stated that 1.4 - 4 % of
wildebeest and zebrakilled by lions (by far the two most
common prey species for lion) were left uneaten or
mostly whole (for unknown reasons). Extrapolating from
his data on total prey killed (and subtracting 25% for
inedible material), this represents nearly 20-56
kg/lion/year, or 3.2 - 11.2 kg/km?/year of surplus uneaten
prey (20 kg/lion/year x 0.16 liong/km = 3.2; 56 kg/lion x
0.20lionsg’km?=11.2). These“scraps’ represent only 0.9
- 3.0 % of the lion’s normal kill rate, but represent
practically the entire annual requirement of a population
of short-faced bears in eastern Beringia (assuming each
bear has an exclusive HR of 1000 km?). Schaller also
stated that whole, untouched carcasses can be found on
the Serengeti landscape (mostly in wooded areas) but he
gave no estimate of their biomass or density.
(Blumenschine (1987) studied carcass availability in
Serengeti, but he also did not record dataon biomass. His



study examined carcass longevity.)

Some additional surpluskilling fromlionscould be
expected because of losses to other large carnivores,
especially spotted hyenas. Ingeneral, however, lionstend
to be dominant over other carnivores. The fact that
hyenas engage in substantial surpluskilling also suggests
that predatorsin general are capable of killing at higher
rates when forced to do so by competition. Consider
further that hyenas in Ngorongoro nearly double their
predation rate during wildebeest calving season when
prey are easy to obtain (Kruuk 1972). Hyenas normally
lose 21% of their killsto lionsin Ngorongoro, according
to Kruuk, and in 63% of these cases lions confiscate a
substantial part of the carcass. This means hyenas in
Ngorongoro need to kill about an additional 15% because
of lossesto lions. Recall that the normal predation ratein
these hyenasis about 879 kg/lkm?/year. Therefore, hyena
losses to lions in the Ngorongoro Crater are about 132
kg/km?year. This is about one third of the lions' diet,
which is right in line with Kruuk’'s estimates for
scavenging rates by lions in Ngorongoro. In the
Serengeti, lionskill amuch larger proportion of their own
food, and hyenas lose fewer kills to lions. | will show
below that a roughly analogous competitive relationship
exists between brown bears and wolves today in Alaska.

Now | want to cautiously extrapolate some of this
information about modern lions to Pleistocene lions in
Beringia. Guthrie (1990a) provides compelling evidence
that Beringian lions formed small prides or even hunted
alone or in pairs as do some modern nomadic lions. He
cites datain Van Orsdal et al. (1985) which shows that
pride size correlates positively with prey density and
territory size correlates negatively with prey density.
Since Guthrie (1990a) argues that herbivore population
densitieswould have beenlow in Beringia, it follows that
lions would have formed small socia groups that
occupied large territories. Guthrie also uses paleolithic
paintings in Europe as an indication that lions formed
small groups. He shows that where lions live in high
densitiestoday, males have elaborately devel oped social
organs because competition to control prides is intense
(social display organsadvertise conditionand status). But
paleolithic paintings depict males with small manes, and
they frequently show scenesof malesand femaleshunting
together. Today males primarily hunt cooperatively with
females only when pride associations are loose and when
individuals are somewhat nomadic (Bertram 1975). The
notion that Pleistocene lions hunted in pairs or alone also
is supported by observations of fossil frequencies at
Rancho La Brea. There, equal numbers of male and
female lions representing all age classes are found
(Jefferson 1992). If these lions had formed prides, one
would not expect such a good cross-section of the
population, but rather some sort of biased sampling—

perhaps more young dispersing malesor old infirmmales
looking for an easy meal, since both are excluded from
access to female-killed carcasses in modern populations
that form prides.

According to data summarized in Nowak (1991),
modern nomadic lions typicaly form groups of 2 to 4
individuals, and such apride may occupy an areaaslarge
as4000 km? (at the extreme). For the sake of cal culations,
I will work off of Guthrie's arguments and make the
conservative assumption that lions in Beringia were
nomadic and that 2 lions hunted together over an
exclusive territory of 500 km?, for a density of 0.004
lions/km?. For perspective, thisequatesto only 8000lions
in al of eastern Beringia and is 1/100 the density of
Serengeti lions; Equation 28 predicts a minimum viable
population size of 2438 lions in Beringia, assuming an
average mass of 170 kg. From the previous calculations,
each lion is predicted to consume 2500 kg of prey each
year. Assuming that scavenging opportunities for lions
were limited (by the presence of Arctodus), nearly all of
this 2500 kg would have had to come from predation,
yielding a carcass production rate of 10 kg/km?/year. It
was shown that hyenas can double their kill rate during
calving seasons, and can be induced to kill at least an
extra 15 % when they loose carcasses to a dominant
carnivore. Below, it will be shown that wolves can be
forcedtoincrease predation by nearly 50% inareaswhere
brown bears steal carcasses. Therefore, under the
assumption that Beringian lions could be forced to
increase predation rates by aminimum of 20%, we might
expect them to minimally provide an additional 2.0
kg/km?year under pressure from a dominant carnivore
such as Arctodus. That is about one third of Arctodus
annual requirement.

Wolf: Innorthern North Americatoday, wolvesare
the most significant predators of large herbivores. (Puma
rely heavily on deer and elk in western North America,
but puma typically do not exist in high densities.) In the
arctic and subarctic of North America, wolves typically
exist in low densities compared to wolves farther south
(seeearlier discussion). | nthese northern regions caribou
arethewolf’ smain prey intundrahabitat, whereasmoose
are theits primary prey in the taiga. In the southern part
of their range, wolves mainly hunt white-tailed deer but
also moose in some areas. In terms of understanding
secondary productivity in Pleistocene Beringia, datafrom
these systems will be highly instructive.

| discussed earlier how pack sizesin arctic wolves
preying on caribou are highly variable, and population
densities are low— as low as 0.002 wolves’km? on the
arctic coastal plain. Area-widedensitiesseemto beonthe
order of 0.003 wolves’km? (around 1 wolf per 300 - 400
km?), but better habitats in the arctic support densities
near 0.01 wolves’km?. Asagenerality, arctic wolveskill
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a caribou about once every 4 days, and a moose every 7
daysif moose are available. Wolf densities for the arctic
coastal plain and northern foothills of the Brook Range
are around 1 wolf per 350 - 450 km? (Stephenson and
James 1982, ADFG Wolf Report 1994, Stephenson 1978,
Ballard et al. 1990, Haber 1977, Murie 1944, Peterson
1977, Dale 1993).

In a study of two wolf packsin northwest Alaska,
Stephenson and James (1982) found that caribou
congtituted 96 - 97 % of their prey biomass. Collectively,
these packs hunted over an area of 2600 km?, and killed
acaribou every 3 - 4 days on average (mostly adults; X
mass = 104 kg), for atotal of about 10,846 kg/year, or
4.2 kg/km?/year. Accounting for a 75 % edibility factor,
the realized values become 8135 kglyear and 3.1
kg/km?year. This is afairly typical kill rate for wolves
feeding on large cervids (Mech 1966, 1970; Peterson
1977; Peterson et al. 1984; Frittsand Mech 1981, Ballard
1982; Ballard et al. 1987). Wolf densities in the region
were 1 wolf per 390 km 2, so this amount of predation
represents the activities of about 6 wolves, for arealized
average of 1356 kg/wolf/year, or 3.7 kg/wolf/day.

In the same study, Stephenson and James measured
actual consumption rates (as opposed to kill rates) for a
4 month period, during which the wolves were observed
eating 1861 kg of adult caribou. Extrapolating this value
for the remainder of the year (1861 kg x 3), the
consumption rate becomes 2.5 kg per wolf per day, or 2.1
kg/km?/year. This seems like avery accurate estimate of
daily meat consumption since it agrees with results from
other studies (Pimlott et al. 1969; Mech 1970, 1977,
Kolenosky 1972; Peterson 1977; Peterson et al. 1984;
Frittsand Mech 1981; Ballard 1982; Ballard et al. 1987)
and it is 91 % of the value predicted by Equation 22 (2.3
kg/day for a 40 kg carnivore). This is very close to the
actua percentage of caribou in the diet of these wolves
noted above (96 - 97 %).

If annual predation is 3.2 kg/km?/year and
consumptionis 2.1 kg/km?year, then approximately 1.1
kg/km?year of surplus carcass biomass is produced by
these low density predators. For comparison, this is a
little lessthan the amount of surpluspredation | predicted
for a population of Beringian lions.

Today, grizzlies, wolverines, foxes, and ravens
consume surplus carcass biomassin northern Alaska and
Canada(Magoun 1976, Murie 1981, Carbyn et al. 1993),
but competition generally is less intense compared to
other carnivore systems | discussed, mainly because
carnivore densities are low in northern North America
Ballard (Ballard 1982, Ballard et al. 1981) conducted a
study on wolf-grizzly interaction and predation rates on
moose in the Nelchina Basin of southcentral Alaska
where competition for carcasses between these two
carnivores can be intense. He noted two important
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patterns. First, areaswith high moose densitieshad higher
wolf densities but lower levels of wolf-grizzly
competition for carcasses, compared to areas with low
moose densities (grizzly density did not vary). Second,
wolvesincreased their predation ratesin areaswherethey
lost carcasses to grizzlies.

Ballard (1982) reports that the carcass biomass
produced by Nelchinawolvesin all areaswas around 4.6
kg/wolf/day, but in areaswith competition, wolveshad to
produce 6.2 kg/wolf/day — an increase of nearly 50 %.
These are numbers calculated by Ballard, and already
reflect the 75 % edibility of carcasses. Two packs of
wolves (7 and 8 individuals) foraged over a combined
areaof 1399 km?yielding an effective average density of
1 wolf for every 93 km? wolf density for the entire
Nelchinabasin below 1200 misaround 100 wolves’km?,
Using the later value and the two predatory rates above,
annual carcass production would be at least 16.8
kg/km?year in low competition areas and 22.6
kg/km?year in high competition areas. This yields a
surplus predation rate of 5.8 kg/lkm?year induced by the
loss of carcasses to grizzlies. Even 16.8 kg/lkm?/year in
areas of low competition is equivalent to nearly 8
kg/km?year of surplus production, assuming that wolves
requirearound 2.3 kg of meat per day. Therefore, carcass
production, in general, is higher in the Nelchina Basin
than in northwest Alaska because both predator and prey
densitiesaregreater inthe NelchinaBasin (seearguments
in Fuller 1989).

In areas of southern Canada and the northern
contiguous U.S. states, wolves feed mainly on white-
tailed deer, but also varying amounts of moose. In these
areas, wolf packs average about 4 - 8 individuals and
area-widewolf densitiesare around 0.02 wolves’km?, or
1 wolf per 50 knm? Exclusive pack territories are
approximately 200 km?, or around 33 km? per wolf, and
they kill adeer about once every 3 - 4 days (X mass=50
kg) (Mech 1970, Pimlott 1969, Fritts and Mech 1981,
Nelson and Mech 1981, Fuller 1989, Keith 1983).
Studies in these southern areas of the wolf’s range also
confirm that an average wolf eats a little over 2 kg of
meat per day.

Itisinformative to note that, in the southern part of
their range, the size of wolf packs does not differ much
among packs that hunt moose and packs that hunt white-
tailed deer (Mech 1970). However, the popul ation density
of wolves that hunt moose (in the south) can be greater
than those that hunt white-tailed deer. As an extreme
example, wolf densities on Isle Royale average around
0.04 wolves per km?2, or 1 wolf per 25 km? Wolves in
thissystemtypically kill 13-19% of the moose population
per year and kill amoose every 3 days. Thisfeeds18- 20
individuals (pack sizes are unusually high on Ide
Royale), so assuming a modest average moose mass of



300 kg, wolves on Isle Royale produce at least 46.8
kg/km?/year of carcass mass annually, equivalent to
approximately 1.9 kg/km?/year of carcass production
fromeachwolf (Mech 1966, 1970; Jordan 1970; Peterson
1977). Inthe north (Alaskaand northern Canada), wolves
that feed on moose have densities 2 -3 times lower than
wolves that feed on moose in the south. Moreover,
northern wolves feeding on caribou have densities that
are about 1/10 of those in the south (Mech 1970; Ballard
1982; Ballard et al. 1981, 1990; Stephenson and James
1982; Oosenbrug and Carbyn 1982; ADFG Wolf Report
1994).

Using these generdlities, it is possible to infer
certain aspects of wolf densities and predation on the
mammoth steppe of Pleistocene east Beringia. With the
presence of lions, it is quite possible that wolves were
competitively excluded from utilizing some larger prey
which they otherwise would have hunted. This may
explain why late Pleistocene wolves in Beringian were
smaller than present (Matheus 2001). If wolves were
smaller-bodied and were hunting smaller prey, they
probably existed in higher densities during the
Pleistocene, but in order to remain conservative (i.e.,
emphasize minimum values) in my calculations, | will
assume an approximate wolf density of 1 wolf per 300
km? in eastern Beringia (0.0033 wolves’km?) — similar
to area-wide densities in the modern arctic.

| showed that wolves require about 2.5 kg of meat
per day (912.5 kg/year) but they kill about 3.0 - 3.5 kg of
meat per day (1095 - 1277.5 kglyear) in areas with little
or no competition, yielding a surplus of about 100 - 365
kg/wolf/year (11-40 %). Assuming a density of 0.01
wolves'kn?, the typical northern wolf population today
provides (in principle) approximately 1.0 - 3.7
kg/km?year of carcass flesh to scavengers. In my
theoretical, modest Beringian population with 0.0033
wolves’km?, thenormal surplus(i.e., without competition)
is predicted to be 0.33 - 1.2 kg/lkm?/year. But | also
showed that in areas where competition is high and
wolves lose carcasses to bears, they can be induced to
produce an additional 5.8 kg/km?/year (in an areawith a
density of 0.01 wolves’km?). Extrapolated to a
hypothetical population with 0.0033 wolveskn? this
equates to an additional surplus of 1.9 kg/km?/year, for a
combined total surplus of 2.3 - 4.9 kglkm?year from
wolves. That is, 1.0 - 3.7 kglkm?year from normal
surplus, plus 1.9 kg/km %year from induced predation.
These estimates are very conservative.

Earlier, | showed how Beringian lions might be
expected to provide a surplus of at least 2.0 kg/km?/year
when pressured by competition from a dominant
carnivore. According to these conservative estimates, the
two primary predators of the Mammoth Seppe could
collectively produce at least 4.3 - 6.9 kg/km?/year of

edible surplus carcass biomass via both natural over-kill
and when induced to do so by aggressive competition
(reductions for inedible carcass mass were made in the
initial calculations). Thiswould have been just about the
right amount of biomass to support a minimum viable
population of short-faced bears (needing 5.85
kg/km?/year).

Carcass Production from Natural Mortality

1. Modeling Herbivore Populationsin Eastern Beringia

The preceding cal culations show that the predatory
actions of wolves and lions alone could arguably support
the dietary needs of a minimum viable population of
scavenging short-faced bearsin Pleistoceneeast Beringia.
| was conservative throughout these estimates, but they
still cannot be considered to be very precise
Furthermore, reflecting on the densities of other large
mammals today, it is not completely convincing that a
density of 1 short-faced bear per 1000 km? constitutes a
viable breeding population. Therefore, evidence of
additional carcass production is necessary for the
scavenging hypothesisto be accepted as wholly credible
from an energetic standpoint.

So far | have made no consideration of natural
mortality in herbivore populations, a factor which
certainly would have been adding carrion to the system.
A thorough modeling of ungulate population dynamicsis
beyond the scope of thispaper, and | think it is necessary
only to estimate the general magnitude of carrion being
produced by the system through natural mortality.
Furthermore, whereas Pleistocene carnivore population
dynamics have not been modeled, attempts have been
made to qualitatively and quantitatively model
Pleistocene herbivore populations and secondary
productivity. | will discuss and modify two such
models— Redmann (1982) and Bliss and Richards
(1982). Both were designed to address the issue of
secondary productivity inBeringia, but | believethereare
shortcomingsin each: Redmann stopped short of making
specific estimates for Beringia; his model was more a
reflection of productivity in northern grasslands. Bliss
and Richards were primarily interested in determining
how many humans could be supported by the Beringian
landscape, so they modeled harvestable levels of big
game. While Bliss and Richard’'s model sounds very
applicable to the issues in this paper, | think there are
serious flaws with its assumptions about ecosystem
structure and function on the Mammoth Steppe of eastern
Beringia, as well as the data they use to establish input
parameters.

Redmann’'s (1982) Model: Redmann’s model
estimates the biomass density of large herbivores in a
northern grassland using the following conditions and
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assumptions: 1) primary productivity of edible above
ground biomass is set at 150 kg/km ?/year; this is the
amount of forage (“herbage” in Redmann) available to
herbivores and is a conservative approximation based on
productivity rates measured in modern cold-temperate
grasslands, 2) apositivelinear rel ationship existsbetween
the rate of forage production and herbivore biomass
density, 3) annual consumption (C) by herbivores scales
to body mass (M) in amanner consistent with metabolic
scaling:

C=32.85M07 (29)

4) energy is the only dietary factor limiting secondary
production; protein and other nutrientsare not limiting, 5)
energy (herbage) is available throughout the year.
Redmann's model is a general predictor for north
temperate grasslands, and some of its assumptions will
have to be adjusted to fit Beringia.

Thekey element of thismodel isthat it accountsfor
the observation that herbivore biomass and diversity are
strongly influenced by level s of speciesdominancein the
community. When a large-bodied herbivore dominates,
higher overall biomass is achieved, but most of it is
allocated to the dominant species. The lowest biomass
occurs in herbivore communities dominated by a small-
bodied species.

Redmann uses his model to predict the biomass
density for five theoretical northern grasslands, each with
the same five herbivore species but at different levels of
dominance (relative density): 1) strong dominance by a
large species, 2) strong dominance by asmall species, 3)
weak dominance by alarge species, 4) weak dominance
by a small species, and 5) no dominance. When onelarge
herbivore dominates the system, 150 kg/km?year of
herbage production yields a standing herbivore biomass
density of 13,500 kg/km?, of which 84 % isintheform of
the dominant species. The other four scenarios in
Redmann’s model yield 6720, 12,000, 8300, and 10,200
kg/km?/year respectively.

The first estimate, based on a dominant large
herbivore, yields an unredlistically high density for
Beringia, since equivalent levels in modern ecosystems
only can be found in tropical grasslands and savannahs
and in one ecosystem in Alberta (see Table 13). The
system modeled in this scenario might resemble the
community dominated by bison on the far northern great
plains of Canada 200 yearsago. Past great bison herds of
the plains have been estimated to have densities on the
order of 10 - 14 bison/km? (Seton 1909, Roe 1970,
McHugh 1972, Dary 1974), but Redmann’'s equation
predicts approximately 25 bison/km?, assuming that the
average bison weighed 450 kg (modern weight) and that
bison constituted 84 % of the system’s biomass.

96

Redmann’ s scenario which assumes no dominance
may be more appropriate than one which assumes the
presence of one large dominant species because there
were three co-dominant herbivores in Beringia —
mammoth, bison, and horse. The “no dominance”
scenario predicts asomewhat reduced herbivore biomass
of 10,200 kg/km? One possible way to distribute this
biomasswould be among 1 mammoth (3800 kg), 4 bison
(2600 kg), and 15 caballines (2650 kg), along with 1175
kg of other less common herbivores on each km? of
Beringia. If only bison were present, their density would
be nearly 16 bison/km? — as dense astheformer herdson
the great plains. These values gtill seem unreasonably
high and exceed the biomass densities given by Redmann
himself for many modern temperate grasslands.

Redmann sets annual herbage production at 135
kg/km ?/year in all scenarios of his model. However, it
may be unrealistic, and unnecessary, to invoke such high
ratesto account for high levels of secondary productivity
in Pleistocene Beringia, and even though Redmann’s
estimateis conservative for grassiands, it probably istoo
high for Beringia. Secondary productivity and herbivore
diversity in Beringiaarebest explained by modelsrelying
on increased digestibility and extractable nutrition in
Pleistocene vegetation (i.e., increased consumption
efficiency and assimilation efficiency in herbivores),
along with staggered spikes in the timing of green-up, a
longer growing season, and increased habitat
heterogeneity (Guthrie 1976, 1982, 19844, 1984b, 1990a,
1990b). This assessment of Guthrie’s casts doubt on two
assumptions in Redmann’s model: 1) that energy
(herbage) is available all year, and 2) that energy, not
protein, is the limiting factor determining biomass
density. While the first assumption is necessary to keep
the model manageable, and it is a standard assumption
when comparing ecosystems, Guthrie's arguments show
that the timing and duration of available high quality
forageprobably arethekey factorsregul ating popul ations
in Beringian mammals, past and present. High quality
forage means high protein forage, and it is protein, not
energy, that limits herbivore populations (Janis 1976,
Hanley 1980, Robbins 1993).

Moreover, biomass density is not equivalent to
population density (i.e., number of individual animals),
and Guthrie’s model mainly addresses patterns not of
biomass quantity, but biomass distribution and itsimpact
on mammalian body sizes. At an ecosystem level,
however, a population composed of fewer, but larger,
individualsisenergetically “moreefficient,” and it would
takelessenergy to maintain suchapopulation. Therefore,
a greater diversity of species can be maintained for a
given amount of trophic energy if their average body size
islarger and population numbers are fewer.

The above arguments suggest that it isbest to use a



TABLE 13. Large mammal standing biomass densities of modern ecosystems and the predicted density for |ate Pleistocene

east Beringia

ecosystem large mammal biomass

(type of biomass reported) (kg/km?) source
entire Serengeti Plain annual X = 4222 Schaller 1972

(large herbivore prey)

woodlands of western Serengeti
(large herbivore prey)

savannah of Kruger Park
(large herbivore minus elephant)

savannah of Kruger Park
(large herbivore minus elephant)

grassland/savannah of Ngorongoro Crater
(large herbivore prey)

Ruwenzori Park, Uganda
plains-tropical forest ecotone

(large herbivores, but includes many elephants/hippos)

boreal forest of Alberta
(large herbivores)

semidesert of southcentral Russia
(saiga biomass in a protected park)

grassland of South Dakota
(large herbivores)

grasslands of Nebraska
(large herbivores)

parkland of Alberta
(large herbivores)

dry tundra of St. Elias - Kluane region, Yukon
(large mammals)

tundra of Southampton Island, Northwest Territories
(caribou)

apine tundra of southern Norway
(caribou)

southern boreal forest on Isle Royale
(moose)

northern boreal forest of interior Alaska and Y ukon
(moose)

tundra of Alaskan arctic slope
(caribou- Western Arctic Herd)

tundra of south-central Alaska (NelchinaBasin)
(large mammal)

Mammoth Steppe of Eastern Beringia
(total large herbivor e biomass)

seasonal range = 998 - 7234
3110

7785

9000

16,200

20,000

5700

5200

3640
919

2530

89 (actual estimated)
175 (potential estimated)

36
233
401

9-289

(assumes X moose = 200 kg)

91
(assumes X caribou = 100 kg)

<300

1000

Bell 1967 (in Schaller 1972)

Schaller 1972

Watson and Turner 1965 in
(Schaller 1972)

Kruuk 1972

Eltringham 1974 (in
Redmann 1982)

Telfer and Scotter 1975 (in
Redmann 1982)

Bannikov 1967 (in
Redmann 1982)

Petrides 1956 (in Redmann
1982)

Petrides 1956 (in Redmann
1982)

Flook 1970 (in Redmann
1982)

Geist 1978 (in Redmann
1982)

Parker 1975 (in Redmann
1982)

@stbye 1975 (in Redmann
1982)

calculated from datain
Mech 1970

calculated from datain
Gasaway et al. 1992

calculated from datain
Ballard et al. 1990

Guthrie 1968

models revised in this study




cautious, conservative, estimate of secondary productivity
in Beringia when calculating the carcass biomass
produced by natura mortaity. Since Redmann’s
estimates appear too high for Beringia, | will usehalf his
value— 5100 kg/km?/year— and examine the herbivore
populations this could support. To do so, | need values
for the division of biomassin the system. Guthrie (1968)
estimated the relative biomass of Pleistocene large
mammalsfromfour sitesin Interior Alaskabased ontheir
fossil abundance, and derived the following biomass
percentagesfor thetop three herbivores: 46% Bison, 33%
mammoth, and 17% horse (averaged over the four sites).
I will modify Guthrie's numbers dlightly to reflect
subsequent finds from around Beringia which suggest a
higher frequency of minor taxa; the values | will use for
relative biomass are 40% bison, 30% mammoth, 18%
horse, and 12 % other herbivores. Table 14 shows the
resulting population densities calculated for this
theoretical system assuming a total standing large
herbivore biomass of 5100 kg/km?/year. Results show
that thissystemwoul d simultaneously support population
densities of 0.402 mammoth/km?, ~3.138 hison/km?,
5.246 caballines’kn?, and still leave another 612 kg/km?
divided between other minor species (e.g., caribou,
muskox, saiga, elk, camel, etc.). Thislatter amount would
support 2.5individual s/km? of aspeciesweighing 250 kg,
for instance. Before estimating carcass production from
natural mortality in these populations, | will check their
validity using Bliss and Richard’s model.

Bliss and Richard's (1982) Model: Bliss and
Richards constructed amodel of finer detail specifically
for Beringia. Their model essentially takes the view that

the Mammoth Steppe was a tundra biome, but with a
higher percentage of dry sedge-grass tundra compared to
today’ s northern tundra. Under this view, the Mammoth
Steppe supported a more diverse and productive large
herbivore community thantoday’ secosystem becausedry
sedge-grass tundra is the most productive type of tundra
habitat. As | mentioned, the goal of these authors wasto
determine how much meat such a system could provide
for humans, and in turn, whether this was enough to
sustain a viable human population— a question very
similar to the one | am addressing.

These authors began their reconstruction by
collecting data on primary and secondary productivity in
avariety of modern habitats in the arctic and subarctic,
including well-drained upland sedge fields, tussocky
tundra, shrubby tundra, apine tundra, and sedge-moss
meadows. Then, using published data on Pleistocene
vegetation patterns, they reconstructed the percentages of
these habitat types in a hypothetical Beringian river
valley spanning 1000 km?. Next, they used consumption
datain analogousmodern mammal sto estimatetheforage
requirements of the system’'s predominant herbivores,
which they concluded were mammoth, horse, bison,
muskox, caribou, and moose. Finally, they used modern
values of net primary production (NPP) and
consumability for each habitat, and extrapolated them to
the presumed distribution of each habitat on the
mammoth steppe, in order to estimate how much
herbivore biomass would be supported for each species
in each habitat. | will briefly review the results of their
simulation.

Blissand Richard's hypothetical system contained

TABLE 14. Estimated population densities and total numbers of dominant large herbivoresin eastern Beringia according to a
modified biomassestimate using Redmann’ s (1982) model. Total biomass predicted by themodified model is5100 kg/km?, which
was divided amongst each speci es according to rel ative biomass estimates modified from Guthrie (1968)*. Values generated from
thismodified model are considered too high, asdiscussed in text. Compare valuesto thosein Table 15 (Blissand Richard’ s 1982

model) and Table 16 (values ultimately derived from this study).

total population in eastern

% of resultant biomass resultant population Beringia (= pop. density x
species (massin kg) biomass* density (kg/km?) density (animals’km?) 2,000,000 km?)
mammoth (3800) 30 1527 0.402 804,000
bison (650) 40 2040 3.138 6,276,000
horse (175) 18 918 5.246 10,491,429
others (X = 250) 12 612 2.448 4,896,000

1 Biomass percentages modified from Guthrie’ s (1968) estimates, which were based on fossil abundances at four sites near Fairbanks, Alaska.
Guthrie' s values were modified by the present author based on subsequent discoveries and data from alarger region.
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65% upland sedge-grass tundra, 20% upland cushion
plants (alpine tundra), 10% wet sedge tundra (tussocky
tundra), and 5% tall willow tundra (shrub tundra). They
estimated the amount of forage each herbivore would
extract from each habitat based on their presumed diet
and the ability of each habitat to provide for it. For
example, mammoth were presumed to get 40% of their
forage fromtall willow habitat, 40% from wet sedge, and
20% from upland sedge-grass. The amount of standing
herbivore biomass and the predicted population density
for each species using Bliss and Richards model is
presented in Table 15. Comparing Tables 14 and 15
shows that Bliss and Richards' model predicts about 80
% less standing biomass than my modified Redmann
model (~1000 kg/km? vs. 5000 kg/km?).

Bliss and Richards are highly regarded experts on
the subject of productivity in modern tundra ecosystems,
and whilethe productivity estimated by their model could
have supported the Pleistocene herbivore community, |
have strong reservations about their assumptions
regarding ecosystem structure and function on the
Mammoth Steppe. First, while some authors, relying
mainly on floral evidence, subscribe to the idea that the
mammoth steppe was a modified tundra ecosystem (e.g.,
Schweger and Habgood 1976; Cwynar and Ritchie 1980;
Ritchie and Cwynar 1982; Colinvaux 1980, 1986;
Colinvaux and West 1984; Ager 1982; Giterman et al.
1982; Schweger 1982), theideahas been strongly refuted
by others (e.g., Guthrie 1968, 1982, 1984a, 1984b,
1990a, 1990b; Sher 1974, 1986; Matthews 1982; Y urtsev
1982). Thislatter group arguesthat the full glacial fauna
of Beringia was dominated by herbivores which had
evolved asgrazing specialists, indicating theindisputable
presenceof acold grassland (steppe) biome. Eventhough
grassy elements grow in tundra environments, true
grasslandsaredistinct fromtundraand eachismaintained
by vastly different processes (Walter 1973, Tieszen and
Detling 1983, Guthrie 1990a).

Therefore, Bliss and Richards' decision to use
tundraanalogs, especially to model energy flow, seemsa
poor choice. For instance, they use data on secondary
productivity, consumption rates, and popul ation turnover
rates from modern tundra systems across arctic Alaska,
Canada, and Russia, and they often rely on microtines as
mammalian models for the conversion of primary
productivity into herbivore biomass. Furthermore, as |
emphasized earlier, the key to higher levels of secondary
productivity in Pleistocene Beringiawas not higher NPP;
instead, more of the primary production was available to
consumers— a trait of grasslands, not tundra. In these
regards, Redmann’ smodel ispreferred becauseitisbased
on grassland systems.

Combined Model: Despite their shortcomings, |
will usetheresults of these two modelsto conservatively

estimate that large-herbivore biomass (standing crop) in
late-Pleistocene Beringia was in the range 1000 kg/km?.
Consideringthelevel of productivity achievedin northern
grasslandstoday, 1000 kg/km?isnot unreasonable (Table
13), athough it is 3 to 10 times higher than what one
finds in modern taiga and tundra systems (Table 13). |
will propose the following conservative, round-number
estimates of herbivore standing biomass in late
Pleistocene (full glacial) eastern Beringiausing Guthrie’ s
(1968) modified estimates of relative biomass and 1000
kg/km? total standing biomass (values also presented in
Table 16):

mammoth (3800 kg) @ 30 % of biomass:
= 300 kg/km? = .079 mammoths’km? = 158,000 mammoths

bison (650 kg) @ 40 % of biomass:
= 400 kg/km? = .615 bison/km? = 1,230,000 bison

horse (175 kg) @ 18 % of biomass:
= 180 kg/km? = 1.029 horse/km? = 2,058,000 horses

others = 12 % of biomass

2. Non-Predatory Mortality in Eastern Beringia

Non-predatory mortality ratesareknown for enough
modern large mammals that it should be possible to
estimate such rates for Beringian herbivores using the
preceding population estimates.

Hilborn and Sinclair (1979) calculated that non-
predatory mortality for adult wildebeest in Serengeti was
5% annually in years without catastrophic die-offs,
although Talbot and Talbot (1963) and Houston (1979)
suggested it may be nearer 8% and 12%, respectively.
Kruuk (1972) stated that non-predatory mortality for
wildebeest living in Ngorongoro was somewhat higher
than in the Serengeti, as wasthe population turnover rate
as a whole. Zebra lost 3% of the adult population
annually to non-predatory mortality, according to
references cited in Kruuk (1972), and 16.5 % of the adult
hyenas in his study died each year. Sinclair (1977)
reported that adult African buffalo experienced 4-12%
non-predatory mortality annually, and average around
8%. In Manyara, Tanzania, a system where half the
deathsarefrom hunting by humans, adult el ephants suffer
3-4% annual losses (Owen-Smith 1988). Owen-Smith
presented similar mortality rates for other populations of
elephants, and he suggested that they are somewhat
higher than natural rates because of hunting. Over-all,
Owen-Smith indicated that adult natural mortality in
megaherbivores is around 2-5% per year.

In the boreal forest of interior Alaska and the
Y ukon Territory, moose mortality varies depending on
each population’s stability. Annual adult mortality is6 -
6.8 % in steady or increasing moose populations, but as
high as 19 % when populations are declining (Gasaway
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TABLE 15. Estimated biomass, population densities, and total numbers of dominant herbivoresin Pleistocene east Beringia according to the model of Bliss and Richards
(1982). Biomass estimates come directly fromthe model ; densities and popul ation numbers cal cul ated first using body weights given by Blissand Richards, then using weight
estimates from this study. Compare values to those in Table 14 (Redmann’s model) and Table 16 (values derived from this study).

standing adjusted population population
biomass body weight body weight density per density using total population in total population
density from used by Bliss used in this Blissand adjusted body Eastern Beringia per in Eastern Beringia using
model and Richards study Richards weights Blissand Richards adjusted body weights

species (kg/km?) (ko) * (kg) * (animals’km?) (animals’km?) (= 2,000,000 km?) (= 2,000,000 km?)
mammoth 96 - 136 2230 3800 .043 - .061 .025 - .036 86,000 - 122,000 50,000 - 72,000
horse 84 - 236 150 175 .560 - 1.573 480 - 1.349 1,120,000 - 3,146,000 960,000 - 2,698,000
bison 127 - 305 450 650 .282 - .678 .195 - .469 564,000 - 1,356,000 390,000 - 938,000
caribou 132- 270 100 200 1.320- 2.700 .660 - 1.350 2,640,000 - 5,400,000 1,320,000 - 2,700,000
musk ox 151 - 289 180 400 .840 - 1.605 .320- .578 1,680,000 - 3,210,000 640,000 - 1,156,000
moose 209 300 400 .697 .523 1,394,000 1,046,000
total 799 - 1445

1 Body weights used by Bliss and Richards are weights from modern species or estimated from modern relatives. Adjusted body weights are those proposed in this study. Adjusted body weights

only change estimates of population size and density, not biomass density.



TABLE 16. Conservative estimates of herbivore populationsand carcass densitiesin | ate Plei stocene east Beringia, based on an overall herbivore biomassdensity of 1000 kg/km?.

total population annual  ediblecarcassesfrom natural mortality =  edible carcass total carcass
biomass population in eastern adult carcass production minus 50% 2 biomass from biomass from
density * density Beringia mortality surplus predation and
species (kg) (kg/km?) (no./km?) (2,000,000 km?) rate (%)  kglkm?year no./km?year km?carcass  predation ® natural mortality
mammoth (3800) 300 0.079 158,000 3 4.50 .0012 833 -5 -5
bison (650) 400 0.615 1,230,000 5 10.00 .0154 65 -5 -5
horse (175) 180 1.029 2,058,000 7 6.30 .0360 28 -5 -5
other herbivores 120 —4 —4 —4 —4 —4 —4 -5 -5
TOTAL 1000 1.723° 3,446,000 ° — 20.80° .0526° 19° 6.3 kglkm?/year  27.10 kg/km?lyear

! based on the following biomass percentages. bison 40 %, mammoth 30 %, horse 18 %, others 12 %

2 25 9% loss assumed for inedible portions of carcass, 25 % loss due to losses to other carnivores and undiscovered carcasses

3 see text for derivation of edible carcass biomass from surplus predation

4 not an appropriate calculation unless species and weight are specified

5 calculating predation levels for individual species requires too many assumptions and is beyond the resolution of this model

® only includes mammoth, bison, and horse



et at. 1983, 1992). In a five-year study on bison in the
badlands of South Dakota, Berger and Cunningham
(1994) found that adult bison experienced a maximum of
only 3.2 % annual mortality. However, thisisaprotected
system without significant predation, and bison numbers
are increasing and well below carrying capacity. Bison
mortality in natural systems must therefore be higher.
Earlier, | discussed ecological arguments which
predict that Beringia sPleistocene herbivoresmost likely
existed in small populations of larger bodied individuals
(following Guthrie 19844). Species such as this, where
more biomassis housed in fewer, but larger, individuals,
tend to haverelatively lower population turnover rates—
that is, longer lifespans and lower mortality rates
(Eisenberg 1981, Hennemann 1983, Calder 1984, Owen-
Smith 1988). Large-bodies species like mammoth and
bison would have had even longer lifespans and even
lower mortality rates. A general allometric model scaling
mortality ratesto body size doesnot exist, but many other
lifehistory parametersscal ein accordancewith metabolic
scaling— that is, « M %™, This is believed to be the
reason why longevity, for instance, scales reciprocally
=M %% (Calder 1984), and why the rate of population
increase scales < M %2 (Hennemann 1983). Calder also
reviews data showing that age-specific death rate
increases « M %% — 0% Gince mortality is inversely
proportional to longevity and should scale similar to the
rate of population increase, it seems reasonable to
generally assume that mortality scales nearly < M 2,
Using this logic and the data listed above for
mortality in modern mammals, | will calculate a rough
approximation for annual adult mortality in mammoth,
bison, and horse. Starting with a conservative assumed
adult mortality rate of 5 % for the 800 kg steppe bison,
and applying a -0.25 scaling constant (scaled to body
mass), the rates in horse (175 kg) and mammoth (3800
kg) arepredicted to be 7.2 % and 3.3 % respectively. But
considering that both equids and proboscidian have
conservative life history strategies relative to bison, it
seems best to lower these latter two estimates somewhat.
| will usevaluesof 6 % for horses and 3 % for mammoth.
Inputting these mortality rates onto my population
model, it is possible to estimate the rate of carcass
production from non-predatory mortality in each species.
The results using conservative population estimates are
shown in Table 16. Assuming a standing live biomass of
1000 kg/km?, arrived at in the earlier discussion, thetotal
carcass biomass resulting from natural mortality in al
major large herbivores is estimated to be around 41.38
kg/km?year. Asbefore, 25% should be subtracted for the
non-caloric portion of acarcass. It also seems prudent to
subtract an additional 25% to account for carcasses that
are partially consumed by other predators and carcasses
which go undiscovered, leaving a total of 20.80

102

kg/km?/year.

Adding my earlier estimates on surplus predation
(averageof 6.3kg/km?/year), total carcass productionon
the Pleistocene landscape is predicted to be roughly
27.10 kg/knmP/year. That is over four times the amount
needed to maintain a minimum viable population of
short-faced bear s, ther eby supporting the hypothesisthat
Beringian ecosystems could have sustained a 700 kg
carnivore that obtained all of its meat through
scavenging. Terrestrial ecosystems of Pleistocene
Beringia were far more productive than today, but they
probably were less productive than most other ice-free
regions of North America (Guthrie 1968, 1982, 19844,
1984b, 1990; Hopkins et al. 1982). Therefore, from this
“worst case scenario,” it is plausible to argue that
Arctodus could have functioned as scavenger across its
entire range in North America.

3. Corollaries to the Model

Short-Faced Bear Population Levels: Throughout
this modeling exercise, | started with a minimal viable
population of scavenging short-faced bears and looked
for ways that Beringia's Pleistocene ecosystem could
support it energetically. Now that these conditions seem
to be met, | want to turn the equation around and ponder
the maximum number of short-faced bearsthe ecosystem
could support. If the annual requirements of a 700 kg
short-faced bear was 5853 kg of carrion, then 27.10
kg/km?year of carrion should support an Arctodus
density of = 0.005 bears’km?, equivalent to one short-
faced bear every 200 km? or 10,000 bearsin all of eastern
Beringia. Considering Arctodus' size, theseestimatesare
very muchin linewith densities of other large carnivores
| discussed, and it supports my earlier prediction that
Arctodus may have had an exclusive home range assmall
as 500 km?. Relying on conventional wisdom, 10,000
bears in a 2,000,000 km? area seems like a much more
reasonable population than 2,000— yet it still isnot alot,
and | will be arguing later that a primary reason for
Arctodus demisemay have beentheinherent untenability
of acarnivorousnichefor such alargemammal dueto the
fact that it would be difficult for to maintain a minimal
viable population density that still allowed each
individual to extract enough energy year-round from the
ecosystem.

Predator-Prey Ratios: My model’s estimates of
secondary productivity also can be turned around and
used to predict predator densitiesin Pleistocene Beringia.
Thisalsowill provideasecondary test of my model, since
one can ask whether the predicted densities seem
realistic. Trophic principles dictate that carnivore
biomass will be far less than herbivore biomass
(Slobodkin 1961; Clutton-Brock and Harvey 1978, 1983;
Gittleman and Harvey 1982). Conventional wisdom is



that ecological efficienciesin secondary consumers will
be around 10 % (Slobodkin 1968, Pimm 1982), but
Turner (1970) showed that they really are much lower—
generally < 2% in endotherms, with maximum values
reaching about 3%. Sincethe systemin questionisone of
endotherm consuming endotherm, predator-prey biomass
ratios should then be around 1:100. Ratios in terrestria
vertebrate food webs often are lower than this (discussed
below), but many certainly no longer represent natural
systems. Becausethereisno regular, predictive pattern of
predator size to prey size in nature, the numbersratio of
predator:prey (as opposed to biomass ratio) will haveto
be examined from empirical evidence.

Data in the Alaskan wolf studies cited earlier
suggest a general wolf:prey numbersratio of alittle over
1:100 and a general biomass ratio of around 1:250, in
areas where wolves experience some population control
by hunting or management. Both ratios are higher
(relatively more wolves) in areas without significant
human control (data also reviewed in Keith 1983). On
Isle Royale, the biomass ratio is similar, although the
number ratio is higher (~ 1:30) because large-bodied
moose congtitute the vast mgjority of prey (on Isle
Royale, wolves and moose are not hunted or controlled).
In southern boreal forests of Ontario and Minnesota,
where deer are the main prey, predator prey ratios are
about 1:100 - 1:150, but biomass ratios still are around
1:200.

Puma, North America’'s only other significant
predator of large mammals, have extremely low numbers
comparedtotheir prey (Hornocker 1970). Numbersratios
are aslow as 1:600, but approach 1:200 in more pristine
areas (Nowak 1991). Respective biomass ratios are
around 1:524 and 1:46 (puma frequently kill prey larger
than themselves, leading to a higher biomass than
numbers ratio)(Longhurst et al. 1952, Hornocker 1970,
Seidensticker et al. 1973, Lindzey 1987).

Ratiosfor Africanlions can be difficult to calculate
because much of their prey is migratory. If only resident
prey areconsidered, Serengeti lionsexperienceanoverall
predator-prey ratio of approximately 1:129 and abiomass
ratio of 1:118 (calculated from datain Schaller 1972 and
Van Orsdol et al. 1985). Ratiosfor individua prides are
usually much higher. For example, Schaller’ sdatafor the
Masai pride in the Serengeti show a predator-prey
numbers ratio as high as 1:20. For my purposes, area-
wide numbers are more useful.

Serengeti hyenas have a predator-prey numbers
ratio of 1:86 and abiomass ratio of 1:266 (Kruuk 1972)
(for consistency sake, Schaller’s numbers for Serengeti
prey were used for this calculation, but hyena numbers
came from Kruuk). Considering lion and hyenatogether,
total ratios are around 1:51 for numbers and 1:82 for
biomass. But both of these ratiosunderestimate herbivore

numbers and mass because they do not include migratory
animals, which constitute over twice as much biomass as
the resident herbivores (Schaller 1972). Since they are
part of the system for only part of the year, their
contributionishard to estimate, but they are animportant
part of the diet for both predatorsand probably reducethe
actual ratios by nearly one-half.

Thereisahigher density of both predatorsand prey
in Ngorongoro than in Serengeti. Hyena densities, for
instance, are about 14 times greater. Yet, using data in
Kruuk, | estimate that the ratio of hyena (385) to prey
(23,660) actually is 1:62 with a biomass ratio of 1:140.
Therelatively fewer lions (50) in Ngorongoro leads to a
total (lion plus hyena) predator prey ratio of 1:54 and a
biomassratio of 1:97, nearly identical to those cal culated
for Serengeti. But considering the number and biomass of
ungulatesmovinginto Serengeti seasonally, predator:prey
ratios in Ngorongoro truly are higher.

The above data suggest that the pristine ecosystems
of late Pleistocene Beringiamight reasonably be expected
to have a predator-prey numbers ratio of at least 1:100,
while the biomass ratio could be set conservatively at
around 1:200, yielding an ecological efficiency of 0.5%.
The two ratios imply that carnivores were consuming
prey which was generally twice their own mass. Guthrie
(1968) estimated Beringian predator:prey ratios from
fossil frequencies and derived a numbers ratio of 1:130
for wolves and 1:250+ for lions, for a combined ratio of
around 1:86. Even though there are reasons to suspect
preservational and collector biases against the smaller-
bodied carnivores, Guthri€e's ratios are very close to my
theoretical predictions. Using a ratio of 1:200, the
herbivore biomass of eastern Beringia (1000 kg/kn)
would have supported approximately 5.0 kg of predators
per km?. Based on modern population dynamics and the
fossil record, one might expect thisbiomassto bedivided
evenly between wolves and lions at 2.0 kg/lkm? each,
leaving 1.0 kg/km? for other minor predators. This
trandates into 1 wolf every 25 km? (0.04 wolves/knm?;
assuming a Pleistocene body size of 50 kg) and 1 lion
every 100 km? (0.01 lions/km?; assuming a Pleistocene
body size of 200 kg).

These numbers are well in-line with modern
demographics, and even suggest somewhat higher
densitiesthan present in the case of wolves. Of coursethe
estimate is not very precise, and the 50-50 split between
lion and wolf is only a best guess based on fossil
frequency. The predicted lion density comparesvery well
to densitiesof modernlions (averagevaluesaround 0.01 -
0.08 according to Nowak 1991). The wolf estimate is
exactly on order with the density of wolves in areas of
Minnesotaand Ontario, wherethey feed mostly on white-
tailed deer in forest ecosystems (no parallel in ecosystem
structureisimplied)(Mech 1973, Van Ballenbergheet al.
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1975, Frittsand Mech 1981, Fuller 1989). To expect such
wolf densities in Pleistocene Beringia may be too
optimistic, but the fact that Pleistocene wolves were
smaller and may have been relegated to smaller prey
items suggests that this estimate may not betoo far off. It
certainly is within the range of my conservative
suggestion of 0.0033 wolveskm? and compares
reasonably well with the density of wolves in modern
Alaska

Prediction for both wolf and lion densitiesbased on
predator:prey ratios suggest that my initial general
predictions (0.01 for wolves, 0.004 for lions) may have
been too conservative. Alternatively, these levels of
tertiary productivity suggest that the Pleistocene large
carnivore guild may have been fairly rich, and able to
support scimitar cats, and dholes along with lions and
wolves. Either way, the implication to a population of
scavenging short-faced bears is that there would have
been many opportunities to confiscate carcasses from
other carnivores, in addition to scavenging on herbivore
carcasses resulting from non-predatory mortality.

4. RELYING ON CARCASSESASA CONTINUOUS FOOD
SOURCE AND THE EVOLUTION OF ARCTODUS'
SCAVENGING NICHE

Some authors have made the point that no large
mammalian carnivore today is able to make a living by
pure scavenging (see Houston 1979), and thisis true —
inmodern ecosystems (vulturesare the only large-bodied
endotherm that does so today). Inthissection, | will show
how a pure scavenging niche may be tenable for alarge
mammal under certain ecological and environmental
conditions. | aready demonstrated how it seems likely
that North American ecosystems produced enough
carcass biomass annually during the Pleistocene to
support scavenging short-faced bears. It is another
guestion all together, however, whether that carrion
would be available year-round and on aregular basis. If
mortality among Pleistocene herbivores was highly
seasonal, for instance, then short-faced bearswould have
faced seasons of huge dietary surplusesfollowed by long,
lean periods and certain energetic bottlenecks. The
following discussion will explore such issues. In the
process | will try to show that the key to Arctodus
extinction probably lies in changing patterns of carcass
availability caused by changesin herbivore demographics
at theend of the Pleistocene. | will concludeby proposing
a theory for the events which may have driven the
evolution of a pure scavenging nichein Arctodus.

Feasibility of A Pure Scavenging Niche

I contend that there are two reasons why no large
terrestrial carnivore today subsists solely by scavenging.
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First, few ecosystems provide enough carrion biomass
distributed evenly throughout the year. Second, no large
carnivoreliving in such an ecosystem today hasthe large
body size necessary to monopolize and defend carcass
resources from its competitors and to survive long bouts
without food. | addressthesereasonsin order and explain
how bears, and particularly short-faced bears, were pre-
adapted to overcome them.

Seasonal Carcass Abundance: The most critical
tenet of the scavenging hypothesis may be the question of
seasonal carcass abundance and whether carrion would
have been areliableyear-round food sourcefor Arctodus.
While this is probably the most difficult aspect of the
hypothesisto test, | believe light can be shed on theissue
by re-examining aspects of the large herbivore
popul ationsin Pleistocene Beringiaversusthose of today.
In my model of Beringian herbivore populations |
followed Guthrie’ s (1982, 1984a, 1984b, 1990a, 1990b)
rationale that Pleistocene herbivores were large-bodied
and existed in low population densities. In the simplest
terms, the reason for this pattern, according to Guthrie, is
that Beringia' s Pleistocene winter range supported fewer
individuals of any given species and heavy winter
mortality kept most populations of large herbivores
understocked. Selectionwasfor larger-bodiedindividuals
which were able to take advantage of alonger and more
productive growing season and invest conservatively in
reproduction, often delaying reproduction for aseason or
two. Such individuals and their offspring would
experience increased fitness because they were more
likely to survive subsequent winter bottlenecks in
Pleistocene environments.

Guthrie emphasized that this large-body strategy
only applies to ruminants, not monogastric herbivores,
because the latter have slow growth potentials and thus
are not adapted to take advantages of seasonal spikes of
high quality forage. Asaresult, Pleistocene monogastrics
like horses and mammoths were not giants, but actually
diminutive compared to their ruminant counterparts.
However, since monogastrics are better adapted to using
poor quality winter range, more of them may have been
ableto overwinter and thus summer productivity could be
turned into more, but smaller, individuals.

This sets up the following likely situation in
Pleistocene Beringia: ruminants, dominated by bison,
would have been in their worst condition and mortality
rates would have been highest in late winter to early
spring just before green-up. Carcasses of hison would
have been plentiful for Arctodusat that time, but perhaps
rare during other seasons. Today, mortality is highest in
winter and spring among northern ungulates, including
bison (Soper 1941, Klineand Olson 1960, Clutton-Brock
et al. 1982, Balard et al. 1981, Leader-Williams and
Ricketts 1982, Berger and Cunningham 1994). In



contrast, mortality amongst Beringia's horses and
mammoths (the dominant monogastrics) should have
been more evenly distributed throughout the year. Both
proboscidian and equids have conservative growth
strategies and live long lives (Klingel 1969, Janis 1976,
Owen-Smith 1988, Haynes 1991), and rates of natural
mortality in both are predicted to be low. Mortdlity in
most populations of modern African elephants — a
monogastric roughly analogous to mammoths— is not
particularly seasonal, according to causes of death listed
by Haynes (1991) and Owen-Smith (1988). Massdie-offs
do occur in elephants, but are related mostly to droughts
(Hanks 1979, Owen-Smith 1988). They also occur most
frequently in extremely arid areas such as western
Hwange Park, Zimbabwe, where it can be difficult for
elephants to fulfil their requirement for daily water
(Haynes 1991). Still, the earlier model showed how even
low natural mortality ratesin horse and mammoth alone
could provide ample carcass biomass for short-faced
bears — aslong as it was evenly distributed throughout
the year. Given Guthrie's demographic predictions, this
seems plausible.

In stark contrast, the large herbivore guild of
Holocene Beringiaiscomposed exclusively of ruminants.
In the most recent millennia, caribou and moose have
dominated, but muskox, sheep, bison, and wapiti were
common in the early to mid Holocene. All of these
species experience highly seasonal mortality, and this
factor, combined withlow overall ungulate biomassleads
to a situation whereby there are not enough carcasses
available year-round to support an exclusive scavenger,
much less such alarge one.

Even wolverines, the carnivore most dependent on
scavenging in the regiontoday, do not subsist compl etely
on carrion (Rausch and Pearson 1972, Hornocker and
Hash 1981, Magoun 1985, Gardner 1985). It is my
impression that carcasses are arare commodity overal in
present day Beringia but that they can be a nutritional
windfall at times when happened upon by wolves,
wolverines, and brown bears. If a carcass has been
mutualy located by any two of these carnivores,
competition can be high, but there is a clear dominance
hierarchy— bearsdominate. Wolveswill harassbearsfor
accessto acarcass, but they seldom prevail (Murie 1944,
1981, Ballard 1982, Magoun and Vakenburg 1996).
Wolverines, while known for their ferocity, aso are no
match for brown bears (Murie 1981). Brown bears,
wolves, and wolverinesall will cache carrion presumably
to prevent detection by other scavengers(Mysterud 1973;
Murie 1981; Magoun 1976, 1985; Gardner 1985). Thisis
understandableinwolvesand wolverines, but there seems
to be little reason for brown bears to cache carcasses,
since they normally remain near a carcass until it is
consumed, as Murie's many anecdotes describe, and no

other present-day carnivore can redlistically steal a
carcass from an attendant brown bear, except maybe a
pack of wolves. Perhaps this behavior in brown bearsis
a reflection of past habits, when another, larger bear
monopolized all carcasses unless they could be hidden
from detection (especialy by smell). A test of this
hypothesis would be to examine whether brown bearsin
Eurasia habitually cache carcasses, since those
popul ations have evolved in the absence of Arctodus.

| hypothesized earlier that no modern carnivore
subsists totaly by scavenging because few modern
ecosystems provide enough carrion biomass distributed
more or less evenly throughout the year, and in those
ecosystems that might, there is no large carnivore big
enough to monopolize and defend carcass resources and
survive lean seasons. Now | have presented reasons to
suspect that Beringia s Pleistocene ecosystem may have
been structured in away such that carcasses were more
evenly distributed throughout the year— mainly because
of the former prominence of more monogastric
herbivores.

The argument extends equally well to most of
North America, which had even more monogastrics and
other large herbivores with conservative growth
strategies, including camellids, edentates, additional horse
species, and another proboscidian (mastodons). In
addition, western North America was occupied by a
diverse group of antilocaprid species (Kurtén and
Anderson 1980), which may fit well into the present
Arctodus model, but for adifferent reason. Antilocaprids
are ruminants, but they are small-bodied, which means
they have rapid population turnover rates (higher rates of
both mortality and fecundity) than larger ungulates
(Eisenberg 1981, Hennemann 1983, Calder 1984, Owen-
Smith 1988). The American pronghorn, the only extant
antilocaprid, experiencesfairly high mortality rates, even
though it is moderately protected (Baker 1954, Folkner
1956, Fichter and Nelson 1962, Kitchen 1974). Baker
(1954), for example, recorded a 10% (non-hunting)
winter mortality in 1952 for Wyoming pronghorn, while
Hailey et al. (1966) reported a Texas population that
experienced a 30 % decreasein numbersinasingleyear.
Twinning also is the norm in pronghorns, which adds to
their rate of production (Chattin and Lassen 1950,
Folkner 1956, Kitchen 1974).

A diversity of such antilocaprid species would
collectively contribute more, but smaller, carcassesto the
system on a more regular basis. These species still may
have experienced a peak of seasona mortality in the
winter, as do modern pronghorn, but overall this pattern
of high herbivore turnover would work well for an
obligate scavenger, even avery large one, because such
a scavenger does not need large carcasses so much as it
needsa“large-enough” carcassat frequentintervals. A 50
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kg pronghorn, for instance, represents about one week of
food for Arctodus. Therefore, | predict that a system
supporting an obligate scavenger will have one or both of
the following two characteristics. First, it will provide
carcasses on a regular basis, which occurs when the
system contains herbivores with conservative growth
patterns and herbivoresthat do not have marked seasonal
mortality. Second, the system should have a fair number
of smaller-bodied herbivores with rapid populational
turnover rates.

Carcass Dominance and Carnivore Body Sze:
Having addressed the question of ecosystem structure,
there gtill remains my second point about the scavenger’s
body size. In this regard, it seems that only bears, with
their inherent large size, are preadapted to a niche of
exclusive scavenging because only they are able to reach
body sizes which allow them to monopolize carcasses.
One could argue that big bears exist today in the
Holarctic, yet none are exclusively scavengers. | would
counter that Holarctic ecosystems today do not provide
large amounts of carcass biomass throughout the year.
Some modern temperate and tropical ecosystems may
provide the necessary carcass biomass year-round, but
they do not have bears or any other carnivore large
enough to monopolize carcasses and survive occasional
starvation bouts, and | would argue that no other group of
terrestrial carnivores is big enough to cross that critical
sizethreshol d becausethey and their ancestorshave come
from the ranks of obligate predators. In Part [, | showed
how being a predator encumbers a species with certain
morphological and size constraints, and that there is an
upper size limit for mammalian predators because of
locomotor demands involved with successful predatory
tactics. From that standpoint, it is difficult to envision a
group of predators evolving a large enough body size to
then cross over to a mode of searching out, and, more
importantly, defending carcases. There also are energetic
barriers to overcome, as | have been discussing in the
present chapter. Namely larger predators need to capture
larger prey or many smaller prey more frequently. Their
bigger size makes the latter more difficult, and being
dependent on larger prey means dependence on a food
source that is inherently less abundant. All of these
factorskeep predatorsrelatively small, makingit difficult
for them to evolve body sizes large enough to be
dominant at carcasses.

Incontrast, bearshave evolved their largesizeasan
integral part of their evolution away from pure carnivory
and predation (Kurtén 1964, 1966a, 1967; Martin 1989;
Stirling and Derocher 1990). Still, al bears retain a
predisposition for carnivory. But their size and build
makes them poor predatorsin all but the most opportune
situations. At least one bear lineage — the brown bear-
polar bear line— has secondarily increased its level of
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carnivory (Kurtén 1964), and this propensity seems to
persist in the Ursidee. What is important to this
discussion, however, isthe ability of abear to exploit its
sizefor the purpose of dominating other carnivores. Bears
today clearly are aggressive towards other carnivores
(e.g., Rogersand Mech 1981, Ramsay and Stirling 1984,
Miller 1985), and the original impetus for size evolution
inbearsduring the Miocene seems best explained, at least
in part, as a defense against predators, since bears could
no longer outrun them.

A Theory for the Evolution of Scavenging in Short-
Faced Bears

Given these dispositions in bears, | propose that
short-faced bearsdiverged fromamoregeneralized stock
of forest-dwelling Tremarctine bears (around 1.5 - 2.0
Mya) asthey increased their use of open habitats. Carrion
is more easily located in non-forested environments
(Schaller and Lowther 1969, Schaller 1972,
Blumenschine 1989), so acritical factor in thisevolution
may have been the increased percentage of open
savannahs and parklands in the western half of North
Americaat theend of the Pliocene. Carcassesaredifficult
to find in forested environments and frequently they go
undiscovered there presumably because they are hard to
detect, as odors do not travel far and carcasses are
difficult to spot in closed habitat (Craighead and
Craighead 1972, Mysterud 1973). Therefore, it would
seem unprofitable for a carnivore to focus its foraging
efforts searching for carcasses in forests, and indeed,
Arctodus fossils are associated with non-forested
environments (Harington 1973, Kurtén and Anderson
1980, Harris 1985, Richards et al. 1996). In an open
environment the scent of a carcass will carry farther and,
once its direction is determined, visual detection is far
easier than in a closed environment. Carcasses could be
detected and found with little addition to abear’ snormal
foraging efforts. But this statement holds true for any
carnivore in open terrain. What other carnivores lack,
however, issize— enough sizeto dominate acarcassthey
find and monopolize carcass resources in general.
Without thisahility, it ishard to imagine how acarnivore
could evolve a niche dependent on large mammal
carcasses as its primary or exclusive food source.

Becauseof their size, bearsareuniquely preadapted
to evolve into a scavenging niche if the appropriate
environmental conditions arise. Once a bear moves into
such aniche andincreasesits dependence on carrion, and
competition from other carnivores is keen, | would
predict there to be selective pressures for even larger
body sizein order to ensureitsdominance. But larger size
hasother key advantagesfor ascavenger. A larger animal
can go longer between feeding bouts, and if it finds a
large meal, it can eat more at one time (Houston 1979,



Eisenberg 1981). These are ideal traits for a scavenger
that depends on large carcasses for food— larger
carcasses come from larger animals, which in turn have
lower population densities and therefore will be less
abundant.

Likewise, a larger anima has a lower cost of
transport (previous paper) and thus can more efficiently
traverse a foraging area. Reciprocally, it can cover a
larger area at areduced cost. But such a strategy means
the scavenger must find an absolutely greater amount of
carrion to meet the energetic needs of alarge body, even
if itismetabolically moreefficient. If such alarge-bodied
scavenger begins to focus primarily or exclusively on
large carcasses for food, then selection should favor
morphol ogical changesthat increaselocomotor efficiency
even further. These would include a reduced
musculoskeletal mass, increased leg (stride) length,
cursorial limb posture, and an economical gait for
moderate speed travel— traits which al are found in
Arctodus.

But why did Arctodus evolve such a huge size?
Those who subscribe to predatory models have used
Arctodus size asanindication of its prey size— in other
words, as a reflection of herbivores in the mammal
community. Under the scavenging model, Arctodus’ size
becomes a reflection of other carnivores in the
community — that is, it is an indicator of the level of
aggression, and perhaps the degree of sociaity in
Pleistocenecarnivores. If Arctodusonly needed to defend
carcasses against afew wolves or alion or two, thenitis
hard to see why it had evolved to be so large. Even the
energetic reasons | have discussed may not be reason
enoughto explainitssize. Given corroborating evidence,
| think it isreasonableto conclude that Arctodus ssizeis
an indicator of high levels of competition amongst
carnivores and that Arctoduswas defending itself and its
resources against groups of social carnivores which had
alarge cumulative biomass(i.e., group size need not have
been large if individuals were large-bodied).

Today clear examples can be found of competition
driving the size of carnivore socia units as well as body
size. Lionsand spotted hyenas are classic examples. Two
female lions (weighing about 150 kg each) can keep 5 -
6 spotted hyenas (weighing about 50 - 60 kg each) from
stealing their kills, but the mere presence of amalelion
(weighing 200 - 250 kg) can keep up to 12 hyenas at bay
(Eaton 1979). Indeed, the large size of male lions is
believed to have evolved in part because of their rolein
defending kills and prides against the smaller, but highly
social hyena (Kruuk 1972, Schaller 1972, Eaton 1979).
(Male lion size also appears to be driven by male-male
competition as coalitions of males vie for control of
prides (Packer et al. 1988)). Evenasmall pride of female
lionsis nearly invincible to hyenas with a male present.

Competitive dynamics of body size and group size also
play out in interactions between these two dominant
carnivores and hunting dogs, leopards, and cheetahs. The
solitary nature of leopards and cheetahs ranks them very
low in their competitive abilities, but the large packs of
the highly social African hunting dog make them nearly
equal competitors to the larger-bodied hyena (Estes and
Goddard 1967; Kruuk and Turner 1967; Kruuk 1972;
Lamprecht 1978, 1981; Eaton 1979).

Earlier | summarized arguments showing why
Pleistocene lions probably existed in very small groups
and most likely did not form typical prides, at least in
Beringia. But still, two or three large lions constitute
quite a threat to any mammal, even to a 700 kg short-
faced bear. Thisisespecially true considering therevised
carnivore body mass estimates of Anyonge (1993);
according to Anyonge, Pleistocene lions weighed 344 -
523 kg. Previous estimates have placed them about 1 %2
times the size of modern lions, in the range of 200 - 375
kg (Anderson 1984, Stock and Harris 1992). In Part I, |
tried to show that body size severely limits predatory
abilitiesin carnivores over about 250 kg. If thisanalysis
is correct, then Anyonge' s estimates are hard to believe,
since a 523 kg lion would have been an inept predator.
Using either of the above estimates of lion body size, the
presence of lions in North America seems like a
compelling forcedriving increased body sizeevolutionin
Arctodus.

Other Pleistocene felids in North America almost
certainly were not social, with the possible exception of
sabertooths. Pumas are not socia cats, neither are
Jaguars, which inhabited western North America during
warmer intervals of the Pleistocene (Kurtén 1973b,
Kurtén and Anderson 1980, Shultz et al. 1985). The
American Cheetah (Miracinonyx) was most closely
related to pumas (Van Vakenburgh et al. 1990), and is
unlikely to have been social. Traditionally, it has been
argued that Smilodine and Homotherine sabertooths
probably did not form prides, mainly because a solitary
lifestyle is the rule for felids, with lions being the only
exception. Radinsky (1975) and Hemmer (1978) argued
further that sabertooths were non-social based on brain
size and morphology. Turner (1997) questions the
validity of comparing brain size, even when scaled to
body size, because accurate estimates of body size do not
exist for the morphol ogical ly-unique sabertooths. Turner
(citing Graham 1976) further argues that the high
occurrence of Homotheriumdeciduousteeth and juvenile
mammoth remains a Friesenhahn Cave provides
circumstantial evidence that these cats may have hunted
young proboscidians, and Turner believes this would
have been inconceivable for a predator the size of
Homotherium unless it hunted in groups. The high
incidence of bone lesions found on Smilodon fossils at
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Rancho La Brea, and the case of a sabertooth canine
being lodged inthe skull of another sabertooth, have been
cited as evidence that sabertooths were aggressive
towards each other and generally asocial (summarizedin
Turner 1997). But Shaw et al. (1991) and Heald (1989)
haveinterpreted healed woundsin Smilodon asasign that
this sabertooth was socia because it is difficult to see
how an injured sabertooth with bone pathologies could
survive unlessit had accessto kills made by pride-mates.

In groups, or alone, sabertooths probably were
formidable competitors in Pleistocene North America,
and Anyonge's (1993) latest estimates for body mass are
146 - 231 kg in Homotherium and an amazing 347 - 442
kg in Smilodon. Marean and Ehrhardt (1995) argue that
Homotherium was capable of disarticulating large
mammal carcasses, but this is questionable due to the
extreme specialization of sabertooth dentition for killing
and cutting at the cost of bone processing abilities (Ewer
1967,1973; Blumenschine 1987, 1989; Marean 1989).
Either way, sabertoothsweretheleast adapted of al large
carnivoresfor processing carcassesto their fullest, and it
is likely they left considerable edible material on the
bodiesof animalsthey killed (Schaller and L owther 1969;
Ewer 1967, 1973). Sabertooth killsthuswould have been
a real boon for a scavenger with abilities to process
carcasses more thoroughly— an idea which has been
proposed for hominid scavengers as well (Schaller and
Lowther 1969; Marean 1989; Blumenschine 1986, 1987,
1988).

Potential large canid competitors of Arctodus in
North Americaincluded wolves, direwolves, and perhaps
coyotes (Canis latrans). Modern coyotes depend on
carcasses from other predators’ kills perhaps more than
any other large canid (Young 1951) and coyotes will
form temporary associations at carcasses to defend them
(Bueler 1973, Bekoff and Wells1986). Coyotesalso have
an occasiona tendency to form cohesive social groups
when hunting cooperatively for large prey in areaswhere
coyotes and wolves are not sympatric (Bowen 1981).
Coyoteswerelarger inthe Pleistocene (Nowak 1979), but
given the tendency of coyotesto be subordinateto larger
canids (namely wolves), the presence of two other
(socia?) canids in Pleistocene North America suggests
that Pleistocene coyotes were solitary.

Thereisprobably little descent for the assertion that
Pleistocene wolves were socia, but it is difficult to
estimate their pack size. Wolves today can form large
packs, sometimes upwards of 15 to 20 individuals, but
this is rare (Rausch 1967, Mech 1970, Haynes 1982).
Also, the mechanisms driving pack size remain elusive
(Rausch 1967, Pimlott et al. 1969, Mech 1970, Rodman
1981, Pulliam and Caraco 1984, Earle 1987). There is
some evidencethat wolvesformlarger packsin situations
wherethey frequently lose carcassesto grizzlies (Ballard
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1982), but the prevailing theoriesimplicate prey size and
prey density as the determinants of pack size: packs that
hunt |larger prey and/or prey with low-densitieshavemore
individuals (Murie 1944, Burkholder 1959, Rodman
1981, Oosenbrug and Carbyn 1982, Pulliam and Caraco
1984, Earle 1987). Body size in wolves is only loosely
associated with prey size, and it seemsthat the strategy of
wolvesisto match pack size rather than body sizeto prey
size. Pleistocene wolveswere slightly smaller than today
(Matheus 2001), but for the reason just stated, this may
not have reflected prey size. Instead, it may suggest that
packswerelarger, since apack of giventotal masscanbe
composed of many small individuals or few large
individuals.

Inthisregard, Pleistocene wolves may have hunted
morelikethe smaller African hunting dog of today, which
specializes on small to moderate-size bovids by hunting
in large packs— averaging around 7 - 11 individuals
(Kruuk 1972, Bertram 1979). Hunting dogs can kill
animals as large as adult wildebeest (at least 5 - 7 times
their own size), but their small size excludes them from
hunting the very largest African bovids. The hunting
dog'sforteis using its speed and large numbers to chase
down swift bovids, mainly gazelles, which they capture
when the gazelle makes asharp evasive turn and runsinto
awell-positioned pack member (Kruuk and Turner 1967).
Hunting success rates are high in hunting dogs, but they
must hunt often because each kill must feed many
individuals, and because their prey is relatively small-
bodied. If Pleistocene wolves were hunting this way, it
would explain how prey resources were partitioned
between them and lions, which because of their size must
have been focusing on much larger-bodied prey. The
large pack size of hunting dogs also makes them rank on
par with the larger spotted hyenafor accessto carcasses
(Eaton 1979). The same could be said for apack of small
Pleistocene wolves trying to defend carcasses from lions
or short-faced bears. Also, the prediction that these small
wolves killed smaller prey, but more frequently,
compliments Arctodus’ niche, as presented in this paper,
because it would increase the average number of
carcasses on the landscape at any given time.

There is no direct evidence of pack size in dire
wolves, but their exceptionally high numbers at Rancho
La Brea— where they are more abundant than any other
species— has been interpreted as an indication that they
formed large packs (Stock and Harris 1992). Compared
to grey wolves, the direwolf was dlightly larger and more
heavily built in both its limbs and cranium. Its canines
and carnassialswerelarger, too, and thelatter werehighly
sectorial. Because of itsrobust build and dentition, it has
often been suggested that the dire wolf may have done
substantial amounts of scavenging (Kurténand Anderson
1980, Stock and Harris 1992, Van Vakenburgh 1989),



but | find little logic in this. First, the canines of the dire
wolf were long and compressed, an adaptation for
piercing and killing (Van Vakenburgh and Ruff 1987).
Whileitslarger premolars would function better as bone
crackers, bone-cracking does not necessarily signify a
scavenging lifestyle, so much asit indicatesthe degreeto
which acarcassisutilized. As| havetried to show in this
chapter, an argument for specialized scavenging requires
one to demonstrate that the whole animal has evolved to
maximize its access and ability to utilize carrion
resources, often at the expense of predatory skills. Yet,
the number of traits in dire wolves that point to a
predatory lifestyle are equally great, such as canine size
and shape. Moreover, al predators will engage in
scavenging behavior when the opportunity arises, so to
speculate on whether an extinct predator scavenged, or to
what degree, can be pointless. Of course, thisisdifferent
than building the argument that a species evolved
specifically within a scavenging niche.

If any of these predators faced a constant threat of
losing their prey to an exceptionally large, carcass-
stealing specialist, then there would have been clear
impetus to increase body size and/or pack size for
defense. Lions displayed large body size, as did dire
wolves. Both may have had only small social units, but
their size and strength may have made them competitive
with short-faced bears, even in small numbers. Wolves
apparently took a different route in this competitive
scheme. They were smaller-bodied, but they likely
formed larger packs than today. In response to this
competition, selection in Arctodus would have been for
even larger size, as long its scavenging niche remained
energeticaly tenable (later, | will discuss how this
tenability may have been lost).

In Part I, | noted that Arctodus' inflected pelvis,
short hind limbs, and short back were well suited for a
bear that used an upright stance. In context of the current
discussion, | would argue that this behavior would be
valuable in an animal that intimidated other aggressive
and social carnivores either while defending a carcass or
stealing one. If a scavenger wants to ensure its control
over acarcass, it must make an unmistakabl e presentation
to other carnivores that clearly states its dominance, and
size is the clearest indicator. Larger social groups of
competitors require the impression of even larger size,
and an upright stance has the effect of greatly increasing
an animal’s apparent size, especialy during a frontal
display. | estimate that when the average Arctodus stood
upright it would have been about 2.5 m tall at head
height. Harington (1996) and Voorhies and Corner
(1982) estimate that the largest short-faced bears would

have stood 3.4 mtall, with avertical reach of 4.3 m! 2 As
with the propensity for large size, being able to stand
upright in an intimidating posture is a trait uniquely
available to bears, as no other large carnivore can
realistically stand bipedally. It should be noted that an
upright stance is not the standard aggressive posture or
threat display of Ursine bears. Hererra et al. (1991: 67)
noted, however, that spectacled bears, the only surviving
Tremarctine bear and Arctodus' closest living relative,
have a reputation amongst local people for chasing
humans while standing upright. They stated: “... bears
will chase people away and are very dangerouswhen they
get up on their hind legs.”

Elsawhere (Matheus 1995), | argued that Arctodus
cranial and dental morphology aso supports the
scavenging hypothesis (also see comments in Voorhies
and Corner 1985, Guthrie 1988, Baryshnikov et al.
1994). Its massive jaw musculature and shortened
outlevers of its teeth would have yielded a very strong
bite force, and its carnassials, which were ill-adapted for
sectorial action, would have been positioned well to
function as bone-cracking hammers (Matheus 1995).
Such a suggestion can almost be taken for blasphemy
amongst mammalogists, but Van Vakenburgh (1996)
recently showed that African large carnivores display
considerable“slop” intheuseof their teeth for prescribed
functions, and indeed she records the regular use of
carnassials as bone cracking devises in spotted hyenas
and hunting dogs (aso see Sutcliffe 1970).

Such featuresof the skull in Arctodusareindicative
of a carnivore that had the ability to open and process
large mammal carcasses, and | disagree with Kurtén
(19674) that the skull is adaptive in any significant way
for predation. Kurtén argues, for instance, that Arctodus
wide palate was adaptive for “worrying prey,” but this
trait may just be coincident with a wide snout that was
used to smell-out carcasses over a large area. Standing
alone, neither proposal ismoreor lessreasonablethanthe
other, but the latter fits more congruoudly with other data
on Arctodus.

Likewise, Arctodus canines do not suggest any
adaptation for predation, such as lateral compression
(using criteria of Van Vakenburgh and Ruff 1987).
Instead, they are round and generic like those of other

2 My estimate of bipedal height is based on the
length of the hind legs (femur and tibia) plus the length of the
spine and the height of the skull. Using data from Table 6 in
Part |1, these lengths total ~ 2.5 m. It is unclear how other
authors have derived such large estimates.
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bears, only larger. Speculating on therole of Arctodus as
aflaker of Pleistocene bone, Voorhiesand Corner (1986)
seemtoimply that short-faced bearscould have used their
caninesto break bones, and Guthrie (1988) commentson
the ability of brown bears to puncture steal with their
canines. Larger canines may have evolved in Arctodus
from this selective pressure, but it seems unlikely to me.
One of the primary functions of caninesisto pull and rip
flesh. This ahility is important for any carnivore in the
initial stages of consuming a carcass, whether it was
hunted or scavenged. Amongst other alternatives is the
possibility that Arctodus’ canineswere used agonistically
against other short-faced bears. Indeed, the degree of
sexual dimorphism in canine length is correlated to
breeding systems (e.g., monogamy, polygyny) in
Carnivora, not diet (Gittleman and Van Valkenburgh
1997). | did not examine the degree of canine sexual
dimorphismin short-faced bears, but this question should
be pursued as a possible clue into Arctodus breeding
biology.

Furthermore, if Arctodushad evolved asapredator,
there should be a greater dissimilarity between its teeth
and those of other bears. For instance, during its rapid
and relatively recent radiation from brown bears, the
highly predatory polar bear has developed teeth that are
clearly distinct from those of brown bears. Polar bear
teeth are smaller, higher crowned, narrower, and more
trenchant, than brown bear teeth giving polar bear teeth
more sectoria qualities. Over its 1.5 to 2.0 million year
history, Arctodus never developed comparable traits.
Kurtén (1967a) argued that the protocone of Arctodus’ P*
was positioned moreposteriorly, giving thiscusp ablade-
like quality (Stock and Harris 1992 concur). | have
examined most of the Arctodus dentitions in existence
and do not see this trait in the P *. Therefore, | can not
agree with the conclusion of these authors. Instead, | find
that there is high variability in the position of the
protocone both in Arctodus and other bears (except polar
bears), and, if anything, the P # has a broader and more
pyramidal shape in Arctodus. As| mentioned, this tooth
would function best asabone cracker, and it typically has
a farly flat anterior-posterior wear-facet inclined
lingually about 20°, a pattern similar to that found on
premolars of spotted hyenas. Given the fact that the
remainder of Arctodus cheek teeth remained so “bear-
like,” it seems most congruousto argue that they retained
their function ascrushing apparatuses. Thisconfiguration
would suit acarcass-processing animal well becausesuch
an animal could use its broad posterior molars to crush
smaller bone and it could fracture large cortical bone
using the apex of its P * and the triconid of the M, as
cracking hammers. Itisevenpossible, but asyet untested,
that Arctodus had evolved the ability to digest bone as
modern hyenas have. Energetically, osteophagy extends
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the feasihility of the scavenging niche, and perhapsis a
key component of it (Martin and Martin 1993).

Repeatedly, | have madethe point that simple one-
to-one comparisons between Arctodus and other
carnivores could lead to spurious conclusions, and that a
first-principlesapproachismoreappropriate. Theformer
approach led Baryshnikov et al. (1994: 350) to conclude
that, “Arctodus simus was not as highly specialized a
scavenger as Crocuta or Canis dirus. Their carnassials
lay [too far] forward, to be effective. Crocuta can ‘cut’
and ‘crush’ bones.. . Arctodus simus could less
effectively crush small bones; big bones of mammoths
were probably not accessible for Arctodus.” (secondary
quotes are mine). | find these conclusions puzzling
because they do not agree with the morphology of
Arctodus, and to expect such a strict morphological
recipe for bone processors is unreasonable. Moreover,
Crocuta appears to have evolved as an osteophagous
predator, and the carnassials are not the fundamental
tooth used by Crocuta, or any other modern carnivore to
process bone (Sutcliffe 1970; Ewer 1967, 1970; Kruuk
1972; van Valkenburg 1989, 1996). Also, hyenas do not
“cut” bone, they crack and crush it. Bone “cracking,” as
opposed to “crushing,” is a process by which strong
biting forces are transmitted usually to a single, well-
backed apex on atooth so that theseforcesarefocused on
anarrow point of the bone. Thisinitiatesafracturein the
crystalline bone matrix. When the wider basal portion of
thetooth isdriven into the bone, this expandsthe fracture
and causes it to propagate as along crack. Any tooth of
the proper configuration and positioninthetooth row can
be employed for such a function (as long as the action
does not generate so much torque asto dislocate the jaw,
which is more likely with more posterior teeth because
they have shorter outlevers). In contrast, “crushing”
occurs when one solid object obliterates the structural
integrity of another softer and less dense object. Thereis
less need when crushing bone to focus the biting force in
a single apex, in which case broad, flat teeth which are
close to the jaw articulation suffice.

Baryshnikov et al.’s (1994) contention that
Arctodus' carnassials were too far forward to process
bone, aso is difficult to accept. If these authors were
looking for anal ogous structures in Crocuta, they should
have compared Arctodus’ carnassial to Crocuta’s P and
P,, which are conical-shaped and the primary teeth used
by Crocuta to crack bone. Also, the forward position of
Arctodus carnassials in the tooth row is less significant
than the fact that the face was shortened overall, which
brought the carnassials closer to the jaw articulation and
gave them increased mechanical advantage. Finaly,
Baryshnikov et al.” sstatement that “ Arctodussimuscould
less effectively crush small bones’ seems to go against
reason. A bear that large and with such a powerful



masticatory anatomy would have no problem crushing
small bones, as discussed above. Even the much smaller
wolverine can crush and crack large mammal long bones
(Krot 1959, Haglund 1966, Magoun and Valkenburg
1996).

Extinction

Throughout these chapters| alluded to two possible
contributing factorsin Arctodus extinction, both relating
toitshugesize. Herel will briefly summarizetheminthe
form of two hypotheses.

1) When discussing home range size and
population densities, | suggested that Arctodus faced a
fundamental conflict due to its size: how does such a
large-bodied carnivore exist in population densities low
enough so that each individual has a large enough
exclusive foraging area, yet still retain a minimal viable
population size? The first tenet of this question is an
energetic one relating to the prediction that a carnivore
thesize of Arctodusmust forage over atremendoushome
range just to find enough food to meet its energetic
requirements. Indeed, that iswhy | argued that Arctodus
was built for increased locomotor efficiency. But it is
conceivable that large mammal carcasses became so
widely scattered that each bear would haveto forage over
an increasingly larger area, to the point where the
environment supported a population density so low that
the species fell victim to inevitable chance extinction.
Thisprocesswould have been amplified by thelikelihood
that home range overlap decreased as densities dropped,
leading to populations that were further fragmented,
whereby the chance of random extinction increased
further.

Stated in another way, decreasing carcass densities
would haveincreasedthesizeof individual foraging areas
to apoint where each bear would have had to travel so far
to find carcasses that it became impossible to balance its
energetic budget between foraging costs and foraging
gains. This may have even become a limiting factor
before population sizes fell below minimum levels
required for reproduction.

2) Rather than a reduction in absolute carcass
production, the most important factor in Arctodus
extinction may have been a change in the regime of
carcass abundance— namely, from aPleistoceneregime,
characterized by weakly seasonal carcass availability, to
a Holocene regime, characterized by strongly seasonal
carcass availability. In my modeling, | suggested that
increased herbivore diversity during the Pleistocene and
the presence of monogastric herbivores with more
conservative growth strategies (i.e., equids,
proboscideans, and other non-ruminants) would have
made carcasses readily available year-round in Beringia
and the rest of North America. The abundance of small

ungulates with rapid turnover rates also would have
produced more carcasses more consistently. In contrast,
Holocene ecosystems are marked by seasonal spikes of
carcass availability because of reduced herbivore
diversity and the predominance of ruminants. Today,
carcass spikes are a nutritional windfall for northern
carnivores, but none can make aliving completely from
carrion.

Regardless of the proximal causefor its extinction,
it must have been Arctodus huge size that ultimately
brought on its demise. An obligate carnivore the size of
Arctodus would have required such alarge mass of flesh
at regular intervals that, despite its energy-conserving
design, this bear’s annual energetic budget could not be
balanced in Holocene ecosystems of North America.
Those large carnivores that did survive Pleistocene
extinctions are antitheses to Arctodus. Wolves switch
types and size of prey (small prey will have higher
turnover rates), and their foraging unit— the pack— has
a flexible “body size” that changes seasonally. Brown
bearsarethe hallmark of dietary and ecological plasticity;
they have the behavioral flexibility Arctodus probably
lacked, and, perhaps most important, brown bears do not
need to eat for more than half the year because they
hibernate. Itisnot known whether short-faced bearscould
hibernate. | have suggested that it was unlikely (Matheus
1995), one reason being that winter and spring would be
the most productive seasons for a carcass-dependent
scavenger. In some ways, wolverines are like miniature
short-faced bearsin that they are the most focused of all
extant carnivoreson carrionresources. Y e, like thewolf,
they do not require such large amounts of meat year-
round. Most important, however, istheir size— because
they are so small, wolverines can get significant energy
fromboth small and large carcasses. Arctodus sizemade
it dependent on carcasses of large mammals. The
wolverine also is a capable predator, able to find it
profitable to hunt prey in avariety of sizes, from ground
squirrels to small caribou. While | will not claim that
Arctodus never killed any of itsfood, this monograph has
been devoted to making the point that it was not an adept
predator and does not show signs of a carnivore that had
evolved in a predatory niche. And unlike the wolverine,
if Arctodus was a predator, its size dictates that it could
not have gained any significant energetic benefit from
hunting prey the size of a ground squirrel. Puma are the
only solitary obligate large predators extant in northern
North America, but their persistence also may relate
mostly to their size. Like the wolf, they are able to use
large and smal prey items and can switch prey
seasonally. The puma'’ s ability to use avariety of broken
terrain, fromdenseforest to badlands, givesit aflexibility
Arctodus may have lacked, since it needed to be in
environments where it could detect carrion. Indeed,
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Arctodus distribution indicates that it had a strong
preference for open terrain (Harington 1973, Kurtén and
Anderson 1980, Harris 1985).

In closing, | submit that if short-faced bears were
predatory, and had a penchant for larger prey, then they
should have persisted into the Holocene as hunters of the
great bison herdsinhabiting central North America. Of all
late Quaternary carnivores, Arctodus would have been
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best ableto follow the bison herds because of itssize and
ability totravel long distancesefficiently. Alas, Arctodus
inability to catch and kill bison meant it could not follow
such a strategy. Today, wolves follow caribou herds in
northern Alaskaand Canada (Kuyt 1972, Stephensonand
James 1982) but they do not wait for caribouto die, or for
another predator to kill them. Instead, the wolf isbuilt to
both follow the caribou and to kill it. Arctodus was not.



LITERATURE CITED

ADFG (Alaska Department of Fish and Game) 1994. “Wolf
Report,” M. V. Hicks (Ed.). Federal Aid in Wildlife
Restoration Survey—Inventory Management Report,
Alaska Department of Fish and Game, Division of
Wildlife Conservation.

Agenbroad, L. D.,and Mead, J. |. 1986. Large carnivoresfrom
Hot Springs Mammoth Site, South Dakota. National
Geographic Research 24:508-516.

Agenbroad, L. D. 1990. The mammoth population of the Hot
Springs Site and associated megafauna. In
“Megafauna and Man: Discovery of America's
Heartland,” L. D. Agenbroad, J. |. Mead, and L. W.
Nelson (Eds.). The Mammoth Site of Hot Springs,
South Dakota, Inc. and Northern ArizonaUniversity,
Flagstaff.

Ager, T. A. 1982. Vegetational history of western Alaska
during the Wisconsin glacia interval and the
Holocene. In “Paleoecology of Beringia” D. M.
Hopkins, J. V. Matthews, C. E. Schweger, and S. B.
Young (Eds.). Academic Press.

Alexander, R. McN. 1973. Muscle performancein locomotion
and other strenuous activities. In “Comparative
Physiology,” L. Bolis, S. H. P. Maddrell, and K.
Schmidt-Neilsen (Eds.). North Holland Press.

Alexander, R. McN. 1977a Allometry of the limbs of
antelopes (Bovidae). Journal of Zoology, London
183:125-146.

Alexander, R. McN. 1977b. Mechanics and scaling of
terrestrial locomotion. In “Scale Effects in Animal
Locomotion,” T. J. Pedley (Ed.). Academic Press.

Alexander, R. McN. 1977c. Terrestrial locomotion. In
“Mechanics and Energetics of Animal Locomotion,”
R. McN. Alexander and G. Goldspink (Eds.). John
Wiley and Sons.

Alexander, R. McN. 1984. Walking and running. American
Scientist 72:348-354.

Alexander, R. McN. 1985. Body support, scaling, and
allometry. In “Functional Vertebrate Morphology,”
M. Hildebrand, D. M. Bramble, K. F. Liem, and D.
B. Wake (Eds.). Harvard University Press.

Alexander, R. McN. 1988. “Elastic Mechanisms in Animal
Movement,” Cambridge University Press.

Alexander, R. McN. 1989. Optimization and gaits in the
locomotion of vertebrates. Physiological Reviews
69:1199-1227.

Alexander, R. McN. 1992. “ Exploring Biomechanics: Animals
in Motion,” Scientific American Library.

Alexander, R. McN., and Bennet-Clark, H. C. 1977. Storage of
elastic strain energy in muscle and other tissues.
Nature 265:114-117.

Alexander, R. McN., Jayes, A. S, Maoiy, G. M. O., and
Wathuta, E. M. 1979. Allometry of thelimb bones of
mammals from shrews (Sorex) to elephant
(Loxodonta). Journal of Zoology, London 189:305-
314.

Alexander, R. McN., Jayes, A. S, and Ker, R. F. 1980.
Estimates of energy costs for quadrupedal running
gaits. Journal of Zoology, London 190:155-92.

Alexander, R. McN., Jayes, A. S., Maloiy, G. M. O., and
Wathuta, E. M. 1981. Allometry of the leg muscles
of mammals. Journal of Zoology, London 194:539-
552.

Alexander, R. McN., Maloiy, R. F., Ker, A. S, Jayes, A. S,
and Waru, C. N. 1982. Therole of tendon elasticity
in the locomotion of the camel (Camelus
dromedarius). Journal of Zoology, London 198:293-
313.

Alexander, R. McN., and Jayes, A. S. 1983. A dynamic
similarity hypothesis for the gaits of quadrupedal
mammals. Jour nal of Zoology, London 201:135-152.

Anyonge, W. 1993. Body mass in large extant and extinct
carnivores. Journal of Zoology, London 231:339-
350.

Baker, T. 1954. Pronghorn winter kill. Wyoming Wildlife
18(1):22-23.

Bakker, R. T. 1975. Experimental and fossil evidence for the
evolution of tetrapod bioenergetics. In “ Perspectives
of Biophysical Ecology,” D. M. Gates and R. B.
Schmerl (Eds.). Springer-Verlag.

Balard, W. B. 1982. Gray wolf-brown bear relationships in
the Nelchina Basin of south-central Alaska. In
“Wolves of the World: Perspectives of Behavior,
Ecology, and Conservation”, F. H. Harrington and P.
C. Paguet (Eds.). Noyes Publications, Park Ridge,
NJ.

Balard, W. B. 1993. “Demographics, movements and
predation rates of wolves in northwest Alaska.”
Unpublished Ph.D. Dissertation. University of
Arizona, Tucson AZ.

Balard, W. B., Stephenson, R. O., and Spraker, T. H. 1981.
Nelchina Basin wolf studies. Final Report, Alaska
Department of Fish and Game Federa Aid in
Wildlife Restoration Final Report. Project W-17-8,
W-17-9, W-17-10, W-17-11.

Bdlard, W. B., Whitman, J. S., and Gardner, C. L. 1987.
Ecology of an exploited wolf population in south-
central Alaska. Wildlife Monographs 98:1-54.

Balard, W. B., Ayres, L. A., Fancy, S. G., Reed, D. J.,, Roney,
K. E., and Spindler, M. A. 1990. Demography and
movements of wolvesinrelationto thewesternarctic
caribou herd of northwest Alaska. AlaskaDepartment
of Fish and Game Division of Wildlife Conservation
Research Progress Report.

113



Bannikov, A. G. 1967. Some remarks concerning
determination of biomassof wild ungulatesin natural
geographic zones of the USSR. In “Secondary
Productivity of Terrestrial Ecosystems. Principles
and Methods,” K. Petrusewicz (Ed.). Polish Academy
of Sciences.

Baryshnikov, G., Agenbroad, L. D., and Mead, J. |. 1994.
Carnivores from the Mammoth Site, Hot Springs,
South Dakota. In“TheHot Springs Mammoth Site,”
L. D. Agenbroad and J. I. Mead (Eds.). Fenske
Printing Inc., Rapid City, South Dakota.

Bekoff, M. and Wells, M. C. 1986. Socia ecology and
behavior of coyotes. Advances in the Study of
Behavior 16:251-338.

Bell, R. 1967. Annua report of the Serengeti Research
Ingtitute. Cited in Schaller (1972).

Belovsky, G. E. 1987. Extinction models and mammalian
persistence. In “Viable Populations for
Conservation,” M. E. Soulé (Ed.). Cambridge
University Press.

Bennet, M. B., and Taylor, C. R. 1995. Scaling of elastic strain
energy in kangaroos and the benefits of being big.
Nature 378:56-59.

Berger, J., and Cunningham, C. 1994. “Bison: Mating and
Conservation in Small Populations,” Columbia
University Press.

Bertram, B. C. R. 1975. Socia factors influencing
reproduction in wild lions. Journal of Zoology,
London 177:463-482.

Bertram, B. C. R. 1979. Serengeti predators and their social
systems. In “ Serengeti: Dynamics of an Ecosystem,”
A. R. E. Sinclair and M. Norton-Griffiths (Eds.).
University of Chicago Press.

Biewener, A. A., Alexander, R. McN., and Heglund, N. C.
1981. Elastic energy in the hopping of kangaroo rats
(Dipodomys spectabilis). Journal of Zoology,
London 195:369-383.

Biewener, A. A. 1982. Bone strength in small mammals an
bipedal birds: do safety factors change with body
size? Journal of Experimental Biology 98:289-301.

Biewener, A. A. 1983a. Allometry of quadrupedal |ocomotion:
the scaling of duty factor, bone curvature and limb
orientation to body size. Journal of Experimental
Biology 105:147-171.

Biewener, A. A. 1983b. Locomotor stresses in the limb bones
of two small mammals: the ground squirrel and
chipmunk. Journal of Experimental Biology
103:131-154.

Biewener, A. A. and Taylor, C. R. 1986. Bone Strain: a
determinant of gait and speed? Journal of
Experimental Biology 123:383-400.

114

Biewener, A. A., Thomason, J. J., and Lanyon, L. E. 1988.
Mechanics of locomotion and jumping in the horse
(Equus): in vivo stress in the tibia and metatarsus.
Journal of Zoology, London 214:547-565.

Bliss, L. C., and Richards, J. H. 1982. Present-day arctic
vegetation and ecosystems asapredictivetool for the
arctic-steppe mammoth biome. In “Paleoecology of
Beringia,” D. M. Hopkins, J. V. Matthews, C. E.
Schweger, and S. B. Y oung (Eds.). Academic Press.

Bloom, W. and Fawcett, D. W. 1968. “A Textbook of
Histology,” W. B. Saunders Company.

Blumenschine, R. J.  1986. Early hominid scavenging
opportunities: implications of carcass availability in
the Serengeti and Ngorongoro ecosystems. British
Archaeological Reports Series 283.

Blumenschine, R. J. 1987. Characteristics of an early hominid
scavenging niche. Current Anthropology 28(4):383-
407.

Blumenschine, R. J. 1989. A landscape taphonomic model of
the scale of prehistoric scavenging opportunities.
Journal of Human Evolution 18:345-371.

Bocherens, H., Emdlie, S. D.., Billiou, D., and Mariotti, A.,
1995, Stable isotopes (**C, *N) and paleodiet of the
giant short-faced bear (Arctodus simus). Comptes
Rendus de I’Académie des Sciences de Paris
320:779-784.

Boertje, R. D., Kellyhouse, D. G., and Grangaard, D. V. 1988.
Predation on moose and caribou by radio-collared
grizzly in east-central Alaska. Canadian Journal of
Zoology 66:2492-2499.

Bowen, W.D. 1981. Variation in coyote socia organization:
the influence of prey size. Canadian Journal of
Zoology 59:539-652.

Briand, F., and Cohen, J. E. 1987. Environmental correlates of
food chain length. Science 238:956-960.

Brown, G. 1993. “The Great Bear Almanac,” Lyons and
Burford Publishers.

Bueler, L. 1973. “Wild Dogs of the World,” Steins and Day
Publishers. New Y ork.

Bunnell, F. L., and Tait, D. E. N. 1981. Population dynamics
of bears— implications. In “Dynamics of Large
Mammal Populations,” C. W. Fowler and T. D.
Smith (Eds.). John Wiley and Sons.

Burke, A., and Cing-Mars, J. 1996. Dental characteristics of
late Pleistocene Equus lambei from the Bluefish
Caves, Yukon Territory, and their comparison with
Eurasian horses. Géographie physique et
Quaternaire 50(1):81-93.

Burkholder, B. L. 1959. Movements and behavior of a wolf
pack in Alaska Journal of Wildlife Management
23:1-11.



Calder, W. A. 1984. “Size, Function, and Life History,”
Harvard University Press.

Carbyn, L. N., Oosenbrug, S. M., and Anions, D. W. 1993.
“Wolves, Bison, and the Dynamics Related to the
Peace-Athabasca Delta in Canada's Wood Buffalo
National Park,” Canadian Circumpolar Institute,
University of Alberta.

Cavagna, G. A., Saibene, F. P, and Margaria, R. 1964.
Mechanical work in running. Journal of Applied
Physiology 19(2):249-256.

Cavagna, G. A., Heglund, N. C., and Taylor, C. R. 1977a.
Mechanical work interrestrial locomotion: two basic
mechanisms for minimizing energy expenditure.
American Journal of Physiology 233(5): R243-261.

Cavagna, G. A., Heglund, N. C., and Taylor, C. R. 1977b.
Walking, running and galloping: mechanica
similarities between different animals. In “Scae
Effects in Animal Locomation,” T. J. Pedley (Ed.).
Academic Press.

Chattin, J. E., and Lassen, R. 1950. California antelope
reproductive potentials. California Fish and Game
36(3):328-329.

Churcher, C. S., Morgan, A. V., and Carter, L. D. 1993.
Arctodus simus from the Alaskan Arctic Slope.
Canadian Journal of Earth Science 30:1007-1013.

Close, R. I. 1972. Dynamic properties of mammalian skeletal
muscles. Physiology Review 52:129-197.

Clutton-Brock, T. H., and Harvey, P. H. 1978. Mammals,
resources and reproductive strategies. Nature
273:191-195.

Clutton-Brock, T. H., Guiness, F. E., and Albon, S. D. 1982.
“Red Deer: Behavior and Ecology of Two Sexes’,
University of Chicago Press.

Clutton-Brock, T. H., and Harvey, P. H. 1983. The functional
significance of variation in body size among
mammals. In “ Advancesin the Study of Mammalian
Behavior,” J. F. Eisenbergand D. G. Kleiman (Eds.).
Special Publications of the American Society of
Mammalogists, Lawrence, Kansas.

Colinvaux, P. A. 1978.“Why Big Fierce Animalsare Rare: An
Ecologist’ sPerspective,” Princeton University Press,
NJ.

Colinvaux, P. A. 1980. Vegetation of the Bering Land Bridge
revisited. Quarterly Review of Archaeology 1:2-15.

Colinvaux, P. A. 1986. Plain thinking on Bering Land Bridge
vegetation and mammoth populations. Quarterly
Review of Archaeology 7:8-9.

Colinvaux, P. A., and West, F. H. 1984. The Beringian
ecosystem. Quarterly Review of Archaeology 5:10-
16.

Coombs, W. P. 1978. Theoretical aspects of cursoria
adaptations in dinosaurs. The Quarterly Review of
Biology 53:393-418.

Craighead, F. C., Jr., and Craighead, J. J. 1972. Grizzly bear
prehibernation and denning activities as determined
by radio tracking. Wildlife Monographs 32:1-35.

Currey, J. D. 1981. What is bone for? Property-function
relationships in bone. Symposium of the American
Society of Mechanical Engineers 45:13-26.

Cwyner, L. C., and Ritchie, J. C. 1980. Arctic steppe-tundra: a
Y ukon perspective. Science 208:1375-1377.

Dagg, A. I. 1979. The walk of large quadrupedal mammals.
Canadian Journal of Zoology 57:1157-1163.

Ddle, B. W. 1993. “Wolf—caribou relationshipsin amultiple
ungulate prey ecosystem.” Unpublished Master’s
Thesis, University of Alaska Fairbanks.

Damuth, J. 1981. Population density and body size in
mammals. Nature 290:699-670.

Damuth, J. 1987. Interspecific allometry of population density
in mammals and other animals: the independence of
body mass and population energy-use. Biological
Journal of the Linnean Society 31:193-246.

Dary, D. A. 1974. “The Buffalo Book,” Swallow Press.

Davis, D. D. 1962. Allometric relationships in lions vs.
domestic cats. Evolution 16:505-514.

Earle, M. 1987. A flexible body mass in social carnivores.
American Naturalist 129(5):755-760.

Eaton, R. L. 1979. Interference competition among carnivores:
a model for the evolution of socia behavior.
Carnivorell 1:9-16.

Economos, A. C. 1982. On the origin of biological similarity.
Journal of Theoretical Biology 94:25-60.

Economos, A. C. 1983. Elastic and/or dynamic similarity in
mammalian design? Journal of Theoretical Biology
103:167-172.

Eisenberg, J. F. 1981. “The Mammalian Radiations,”
University of Chicago Press.

Elton, C. 1927. “Animal Ecology,” MacMillan Press.

Eltringham, S. K. 1974. Changes in the large mammal
community of Mweya Peninsula, Rwenzori National
Park, Uganda, following removal of hippopotamus.
Journal of Applied Ecology 11:855-865.

Emlen, J. M. 1966. The role of time and energy in food
preference. American Naturalist 100:611-617.

Emdlie, S. D., and Czaplewski, N. J. 1985. A new record of
giant short-faced bear, Arctodus simus, from western
North America with a re-evaluation of its
paleobiology. Contributions in Science 371:1-12.
Natural History Museum of Los Angeles County.

Erdbrink, D.P. 1953. A Review of Fossil and Recent Bears of
the Old World. Lange, Deventer.

Estes, R. D., and Goddard, J. 1967. Prey selection and hunting
behavior of the Afrcian wild dog. Journal of Wildlife
Management 31:52-70.

115



Ewer, R. F. 1967. The fossil hyaenids of Africa— a
reappraisal. In “Background to Evolutionin Africa,”
W. W. Bishop and J. D. Clark (Eds.). University of
Chicago Press.

Ewer, R. F. 1973.“The Carnivores,” Cornell University Press,
Ithica.

Farley, C. T.,and Taylor, C. R. 1991. A mechanical trigger fro
thetrot-gallop transition in horses. Science 253:306-
308.

Farlow, J. O. 1993. On the rareness of big, fierce animals:
speculations about the body sizes, population
densities, and geographic ranges of predatory
mammalsand large carnivorousdinosaurs. American
Journal of Science 293-A:167-199.

Fedak, M. A., Heglund, N. C., and Taylor, C. R. 1982.
Energetics and mechanics of terrestrial locomotion
Part 11: kinetic energy changes of the limbs and body
as a function of speed and body size in birds and
mammals. Journal of Experimental Biology 79:23-
40.

Fichter, E., and Nelson, A. E. 1962. A study of pronghorn
populations. Idaho Department of Fish and Game
Project Report W85-R-13.

Flook, D. R. 1970. A study of sex differential inthe survival of
wapiti. Canadian Wildlife Service Report no. 11.

Folkner, R. V. 1956. “ A preliminary study of antelope herdsin
Owyhee County, ldaho.” Unpublished Master's
Thesis, University of 1daho.

Fritts, S. H., and Mech, L. D. 1981. Dynamics, movements,
and feeding ecology of a newly-protected wolf
population in northwestern Minnesota. Wildlife
Monographs 80:1-79.

Fuller, T. K. 1989. Population dynamics of wolvesin north-
central Minnesota. Wildlife Monographs 105:1-41.

Fuller, T. K., and Keith, L. B. 1980. Wolf population
dynamics and prey relationship of northeastern
Alberta. Journal of Wildlife Management 44:583-
602.

Gardner, C. L. 1985. The ecology of wolverines in south-
central Alaska. Unpublished Master's Thesis,
University of Alaska Fairbanks.

Garland, T., . 1983. The relationship between maximum
running speed and body massin terrestrial mammals.
Journal of Zoology, London 199:157-170.

Gasaway, W. C., Stephenson, R. O., Davis, J. L., Shepherd, R.
E. K., and Burris, O. E. 1983. Interrelationships of
wolves, prey, and man in interior Alaska. Wildlife
Monographs 47:1-50.

Gasaway, W. C., Boertje, R. D., Grangaard, D. V., Kellyhouse,
D. G., Stephenson, R. O., and Larsen, D. G. 1992.
The role of predation in limiting moose at low
densities in Alaska and Y ukon and implications for
conservation. Wildlife Monographs 56:1-59.

116

Gillette, D. D., and Madsen, D. B. 1992. The short-faced bear
Arctodus simus from the late Quaternary in the
Wasatch Mountains of central Utah. Journal of
Vertebrate Paleontology 121:107-112.

Gittleman, J. L. 1985. Carnivore body size: ecological and
taxonomic correlates. Oecologia 67:540-554.

Gittleman, J. L. 1986. Carnivore life history patterns:
allometric, phylogenetic, and ecol ogical associations.
American Naturalist 127(6):744-771.

Gittleman, J. L., and Harvey, P. H. 1982. Carnivore home-
range size, metabolic needsand ecology. Behavioral
Ecology and Sociobiology 10:57-63.

Gittleman, J. L., and van Valkenburgh, B. 1997. Sexua
dimorphism in the canines and skull of carnivores:
effects of size, phylogeny, and behavioral ecology.
Journal of Zoology, London 242:97-117.

Giterman, R. E., Sher, A. V., and Matthews, J. V. 1982.
Comparison of the development of steppe-tundra
environments in west and east Beringia: pollen and
macrofossil  evidence from key sections. In
“Paleoecology of Beringia,” D. M. Hopkins, J. V.
Matthews, C. E. Schweger, and S. B. Y oung (Eds.).
Academic Press.

Gonyea, W. J. 1976. Behavioral implications of saber-toothed
felid morphology. Paleobiology 2:332-342.

Goodman, D. 1987. The demography of chance extinction. In
“Viable Populationsfor Conservation,” M. E. Soulé
(Ed.). Cambridge University Press.

Gould, S. J. 1966. Allometry and size in ontogeny and
phylogeny. Biological Reviews 41:587-640.

Gould, S. J. 1971. Geometric similarity in allometric growth:
a contribution to the problem of scaling in the
evolution of size. American Naturalist 105:113-136.

Graham, R. W. 1976. “Pleistocene and Holocene mammals,
taphonomy and ecology of the Friesenhahn Cave
local fauna, Bexar County, Texas’. Unpublished
Ph.D. Dissertation, University of Texas.

Graham, R. W., and Lundélius, E. L. 1984. Coevolutionary
disequilibrium and Pleistocene extinctions. In
“Quaternary Extinctions: a Prehistoric Revolution,”
P. S. Martin and R. G. Klein (Eds.). University of
Arizona Press, Tucson.

Gray, J. 1968. “Anima Locomotion.” W. W. Norton, New
York.

Guilday, J. E. 1968. Grizzly bearsfrom eastern North America.
American Midland Naturalist 791:247-250.

Gunther, B. 1975. Dimensional analysis and theory of
biological similarity. Physiological Reviews
55(4):659-699.

Guthrie, R. D. 1968. Paleoecology of the large-mammal
community in interior Alaska during the late-
Pleistocene. American Midland Naturalist 79(2):346-
363.



Guthrie, R. D. 1970. Bison evolution and zoogeography in
North America during the Pleistocene. Quaterly
Review of Biology 45:1-15.

Guthrie, R. D. 1976. Environmental influences on body size,
social organs, population parameters and extinction
of Beringian mammals. In“Beringiain the Cenozoic
Era” V. L. Kontrimavichus (Ed.). Trandated by R.
Chakravarty, Amerind Publishing Company, New
Delhi (1984).

Guthrie, R. D. 1982. Mammals of the Mammoth Steppe as
palecenvironmental indicators. In “ Paleoecology of
Beringia,” D. M. Hopkins, J. V. Matthews, C. E.
Schweger, and S. B. Y oung (Eds.). Academic Press.

Guthrie, R. D. 1984a. Alaskan megabucks, megabulls, and
megarams: the issue of Pleistocene gigantism. In
“Contributions in Quaternary Vertebrate
Paleontology: A Volume in Memoria to John E.
Guilday,” H. H. Genowaysand M. B. Dawson (Eds.).
Soecial Publication of the Carnegie Museum of
Natural History 8:1-538.

Guthrie, R. D. 1984b. Mosaics, alelochemics and nutrients: an
ecological theory of late Pleistocene megafaunal
extinctions. In“ Quaternary Extinctions: A Prehistoric
Revolution,” P. S. Martin and R. G. Klein (Eds.).
University of Arizona Press.

Guthrie, R. D. 1988. Bone litter from an Alaskan Pleistocene
carnivore den. Current Research in the Pleistocene
5:69-71.

Guthrie, R. D. 1990a. “Frozen Faunaof the Mammoth Steppe:
the Story of Blue Babe” University of Chicago
Press.

Guthrie, R. D. 1990b. Late Pleistocene faunal revolution: a
perspective on the extinction debate. In “Megafauna
and Man: Discovery of America's Heartland”, L. D.
Agenbroad, J. I. Mead, and L. W Nelson (Eds.).The
Mammoth Site of Hot Springs, South Dakota, Inc.
and Northern Arizona University, Flagstaff.

Guthrie, R. D., and Stoker, S. 1990. Paleoecological
significance of mummified remains of Pleistocene
horses from the North Slope of the Brooks Range,
Alaska. Arctic 42: 267-274.

Haber, G. C. 1977. “ Socio-ecological dynamics of wolvesand
prey in a subarctic ecosystem”. Ph.D. Thesis,
University of British Columbia. Published by the
Joint Federal-State Land Use Planning Commission
for Alaska

Haglund, B. 1966. De stora rovdjurens vintervanor. Viltrevy
4:81-299.

Hailey, T. L., Thomas, J. W., and Robinson, R. M. 1966.
Pronghorn die-off in Trans-Pecos, Texas. Journal of
Wildlife Management 30(3):488-496.

Hanks, J. 1979. “The Strugglefor Survival,” Mayflower Press.

Hanley, T. A. 1980. “Nutritional constraints on food and
habitat selection by sympatric ungulates.”
Unpublished Ph.D. Dissertation, University of
Washington.

Harestad, A. S., and Bunnell, F. L. 1979. Home range and
body weight— a reevaluation. Ecology 60(2): 389-
402.

Harington, C.R. 1969. Pleistocene remains of the lion-like cat
(Panthera atrox) from the Yukon Territory and
Northern Alaska. Canadian Journal of Earth
Sciences 6:1277-1288.

Harington, C. R. 1973. A short-faced bear from ice age
deposits at Lebret, Saskatchewan. The Blue Jay
311:11-14.

Harington, C. R. 1977. “Pleistocene Mammals of the Y ukon
Territory.” Unpublished Ph.D. Dissertation,
University of Alberta.

Harington, C. R. 1978. “Quaternary Vertebrate Faunas of
Canada and Alaska and Their Suggested
Chronological Sequence,” Syllogeusno. 15, National
Museum of Canada.

Harington, C. R. 1980. Pleistocene mammals from Lost
Chicken Creek, Alaska. Canadian Journal of Earth
Sciences 17:168-198.

Harington, C. R. 1989. Pleistocene Vertebrate Localities in
the Y ukon. In “Late Cenozoic History of the Interior
Basins of Alaskaand the Yukon,” L. D. Carter, T.D.
Hamilton, and J.P. Galoway (Eds.). United States
Geological Survey Circular 1026.

Harington, C. R. 1991. North American short-faced bears.
Neotoma 29:1-3.

Harington, C. R. 1996. North American short-faced bear.
Beringian Research News 4:1-4.

Harington, C. R., and Clulow, F. V. 1973. Pleistocene
mammals from Gold Run Creek, Yukon Territory.
Canadian Journal of Earth Sciences 10:697-759.

Harris, A. H. 1985. “Late Pleistocene V ertebrate Pal eoecol ogy
of the West,” University of Texas Press, Austin.

Harvey, P. H. 1982. On rethinking alometry. Journal of
Theoretical Biology 95:37-41.

Haynes, G. 1982. Utilization and skeletal disturbances of
North American prey carcasses. Arctic 35(2):266-
281.

Haynes, G. 1991. “Mammoths, Mastodonts, and Elephants:
Biology, Behavior, and the Fossil Record,”
Cambridge University Press.

Heald, F. P. 1989. Injuries and diseases in Smilodon
californicusBavad, 1904, (Mammalia, Felidae) from
Rancho La Brea, California. (Abstract). Journal of
Vertebrate Paleontology (supplement to no. 3)
9(3):24A.

117



Heglund, N. C, Taylor, C. R., and McMahon, T. A. 1974.
Scaling stride frequency and gait to animal size: mice
to horse. Science 186:1112-1113.

Heglund, N. C., Cavagna, G. A., and Taylor, C. R. 1982a.
Energetics and mechanics of terrestrial locomotion
Part I11: energy changes of the center of mass as a
function of speed and body size in birds and
mammals. Journal of Experimental Biology 79:41-
56.

Heglund, N. C., Fedak, M. A., Taylor, C. R., and Cavagna, G.
A. 1982h. Energetics and mechanics of terrestria
locomotion Part IV total mechanical energy changes
as a function of speed and body size in birds and
mammals. Journal of Experimental Biology 97:57-
66.

Heglund, N. C. and Cavagna, G. A. 1985. Efficiency of
vertebrate locomotor muscles. Journal of
Experimental Biology 115:283-292.

Hemmer H. 1978. Socidlization by intelligence: socid
behavior in carnivores as afunction of relative brain
size and environment. Carnivore | 1:102-105.

Hennemann |11, W. W. 1983. Relationship among body mass,
metabolic rate, and the intrinsic rate of natural
increase in mammals. Oecologia 56:104-108.

Herrera, A. M., Nassar, J., Michelangeli, F., Rodriguez, J. P.,
and Torres, D. 1921. “The spectacled bear in the
Sierra Nevada Nationa Park of Venzuela”
International Studbook for the Spectacled Bear,
Lincoln Park Zoological Gardens, Chicago.

Hilborn, R., and Sinclair, A. R. E. 1979. A simulation of the
wildebeest population, other ungulates, and their
predators. In “Serengeti: Dynamics of an
Ecosystem,” A. R. E Sinclair and M. Norton-Griffiths
(Eds.). University of Chicago Press.

Hildebrand, M. 1959. Motions of the running cheetah and
horse. Journal of Mammalogy 20(4): 481-496.

Hildebrand, M. 1960. How animals run. Scientific American,
May (Reprinted in “Vertebrate Structure and
Function,” Readings from Scientific American,
1974.)

Hildebrand, M. 1976. Analysis of tetrapod gaits: genera
considerations and symmetrical gaits. In “Neural
Control of Locomotion,” R. M. Herman, S. Grillner,
P.S.G. Stein,and D. G. Stuart (Eds.). Plenum Press.

Hildebrand, M. 1977. Analysis of asymmetrical gaits. Journal
of Mammal ogy 58(2):131-156.

Hildebrand, M. 1980. The adaptive significance of tetrapod
gait selection. American Zoologist 20:255-267.

Hildebrand, M. 1985a. Walking and running. In “Functional
Vertebrate Morphology,” M. Hildebrand, D. M.
Bramble, K. F. Liem, and D. B. Wake (Eds.).
Harvard University Press, Cambridge.

118

Hildebrand, M. 1985b. Energy of the oscillating legs of afast-
moving cheetah, pronghorn, jackrabbit, and el ephant.
Journal Of Morphology 184:23-31.

Hildebrand, M. 1985c. Digging of quadrupeds. In “ Functional
Vertebrate Morphology,” M. Hildebrand, D. M.
Bramble, K. F. Liem, and D. B. Wake (Eds.).
Harvard University Press, Cambridge.

Hildebrand, M. 1995. “Analysis of Vertebrate Structure,” 4™
Edition. John Wiley and Sons Inc.

Hill, A. V. 1950. The dimensions of animals and their
muscular dynamics. Science Progress 38(150): 209-
210.

Hofer, H., and East, M. 1993a. The commuting system of
Serengeti spotted hyaenas: how apredator copeswith
migratory prey. |. socia organization. Animal
Behavior 46:547-557.

Hofer, H., and East, M. 1993b. The commuting system of
Serengeti spotted hyaenas: how apredator copeswith
migratory prey. l1. intrusion pressureand commuters
space use. Animal Behavior 46:559-574.

Homsher, E., Mammaerts, W. F. H. M., Ricchiuti, N. V., and
Wadlner, A. 1972. Activation heat, activation
metabolism and tension related heat in frog
semitendonosus muscle. Journal of Physiology,
London 220:601-625.

Hopkins, D. M., Matthews, J. V., Schweger, C. E., and Y oung,
S. B. 1982. “Paeoecology of Beringia,” Academic
Press.

Hornocker, M. G. 1970. An analysis of mountain lion
predation upon mule deer and elk in the Idaho
Primitive Area. Wildlife Monographs 21:1-39.

Hornocker, M. G., and Hash, H. S. 1981. Ecology of the
wolverine in northwestern Montana. Canadian
Journal of Zoology 59:1286-1301.

Houston, D. C. 1979. The adaptations of scavengers. In
“Serengeti: Dynamics of an Ecosystem,” A. R. E
Sinclair and M. Norton-Griffiths(Eds.). University of
Chicago Press.

Hoyt, D. F., and Taylor, C. R. 1981. Gait and the energetics of
locomoation in horses. Nature 292:239-240.

Huxley, J. S. 1932. “Problems of Relative Growth.” Methuen
Press, London.

Huxley, A. F. 1974. Muscular contraction.
Physiology 243:1-43.

Janis, C. 1976. The evolutionary strategy of the Equidae and
the origins of rumen and cecal digestion. Evolution
30:757-774.

Jayes, A. S, and Alexander, R. McN. 1978. Mechanics of
locomotion of dogs (Canis familiaris) and sheep
(Ovis aries). Journal of Zoology, London 185:289-
308.

Journal of



Jefferson, G. T. 1992. The M, in Panthera leo atrox, an
indicator of sexual dimorphism and ontogenetic age.
Current Research in the Pleistocene 9:102-105.

Jenkins, F. A. 1971. Limb posture and locomotion in the
Virginiaopossum (Didel phis marsupialis) and other
non-cursorial mammals. Jour nal of Zoology, London
165:303-315.

Jenkins, F. A., and Camazine, S. M. 1977. Hip structure and
locomotion in ambulatory and cursoria carnivores.
Journal of Zoology, London 181:351-370.

Jordon, P. A., Botkin, D. B., and Wolfe, M. L. 1970. Biomass
dynamics in a moose population. Ecology 52:147-
152.

Keith, L. B. 1983. Population dynamicsof wolves. In“Wolves
in Canada and Alaska: Their Status, Biology, and
Management,” L. N. Cabyn (Ed.). Canadian
Wildlife Service Report Series no. 45.

Ker, R. F. 1981. Dynamic tensile properties of the plantaris
tendon of sheep (Ovis aries). Journal of
Experimental Biology 93:283-302.

Kitchener, A. 1991. “The Natural History of the Wild Cats,”
Comstock Publishing Associates (a division of
Cornell University Press).

Kitchen, D. W. 1974. Social behavior and ecology of the
pronghorn. Wildlife Monographs 38:1-96.

Kleiber, M. 1932. Body size and metabolism. Hilgardia
6:315-353.

Kleiber, M. 1961. “The Fire of Life,” John Wiley and Sons,
New York.

Klein, D.R.,and Olson, S. T. 1960. Natural mortality patterns
of deer in southeast Alaska. Journal of Wildlife
Management 24(1):80-88.

Klingel, H. 1969. Reproduction in the plains zebra, Equus
burchelli boehmi: behavior and ecological factors.
Journal of Reproduction and Fertility supplement
6:339-345.

Kolenosky, G. B. 1972. Wolf predation on wintering deer in
east-central Ontario. Journa of Wildlife Management
36:357-369.

Kram, R., and Taylor, C. R. 1990. Energetics of running: a
new perspective. Nature 346:265-267.

Krebs, J. R., Houston, A. |., and Charnov, E. L. 1981. Some
recent developments in optima foraging. In
“Foraging Behavior,” A. C. Kamil and T. D. Sargent
(Eds.). Garland STPM Press.

Krott, P. 1959. “Demon of the North,” Alfred Knopf.

Kruuk, H. 1966. Clan-system and feeding habits of spotted
hyaenas (Crocuta crocuta Erxleben). Nature
209:1257-58.

Kruuk, H. 1972.“The Spotted Hyaena,” University of Chicago
Press.

Kruuk, H., and Turner, M. 1967. Comparative notes on
predation by lion, leopard, cheetah and wild dog in
the Serengeti area, East Africa. Mammalia 31:1-27.

Kurtén, B. 1954. Observations on allometry in mammalian
dentitions: its interpretation and significance. Acta
Zoologica Fennica 85:1-13.

Kurtén, B. 1955. Sex dimorphism and size trend in the cave
bear, Ursusspel aeusRosenmdiller and Heinroth. Acta
Zoologica Fennica 90:1-48.

Kurtén, B. 1960. A skull of the grizzly bear (Ursus arctosL.)
from Pit 10, Rancho La Brea Contributions in
Science 371: 1-12. Natural History Museum of Los
Angeles County.

Kurtén, B. 1963. Notes on some Pleistocene mammal
migrations from the Palaearctic to the Nearrctic.
Eiszeitalter u. Gegenwart 14:96-103.

Kurtén, B. 1964. The evolution of the polar bear, Ursus
maritimus Phipps. Acta Zool ogica Fennica 108:1-30.

Kurtén, B. 1966a. Pleistocene bearsof North America1: genus
Tremarctos, short-faced bears. Acta Zoologica
Fennica 117:1-60.

Kurtén, B. 1966b. Pleistocene mammals and the Bering
Bridge. Commentationes Biologica 298:1-7.

Kurtén, B. 1967a. Pleistocene bearsof North America2: genus
Arctodus, short-faced bears. Acta Zool ogica Fennica
115:1-115.

Kurtén, B. 1967b. Some quantitative approaches to dental
microevolution. Journal of Dental Research 46:817-
828.

Kurtén, B. 1968. “Pleistocene Mammals of Europe.”
Weidenfeld and Nicolson Publishers, London.

Kurtén, B. 1970. The neogene wolverine Plesiogulo and the
origin of Gulo (Carnivora, Mammalia). Acta
Zoologica Fennica 131:1-22.

Kurtén, B. 1973a. Transberingian relationships of Ursus
arctos Linne (brown and grizzly bears).
Commentationes Biologicae 65:1-10.

Kurtén, B. 1973b. Pleistocene Jaguars in North America.
Commentationes Biologicae Societas Scientiarum
Fennica 62:1-23.

Kurtén, B. 1976a. Trans-Beringian carnivore populations in
the Pleistocene. In “Beringia in the Cenozoic Era,”
V. L.Kontrimavichus(Ed.). Translated from Russian
by Amerind Publishing Company, New Delhi (1984).

Kurtén, B., and Anderson, E. 1974. Association of Ursus
arctosand ArctodussimusMammalia: Ursidaeinthe
late Pleistocene of Wyoming. Breviora, 426, 1-6.

119



Kurtén, B., and Anderson, E. 1980. “Pleistocene Mammals of
North America,” Columbia University Press, New
York.

Kurtén, B., and Rausch, R. 1959. Biometric comparisons
between North American and European Mammals.
Acta Arctica Fasc. X|1: 1-44 with plates.

Kuyt, E. 1972. Food-habits and ecology of wolves on barren-
ground caribou range in the Northwest Territories.
Canadian Wildlife Service Report no. 21.

Lamprecht, J.  1978. The relationship between food
competition and foraging group size in some larger
carnivores: a hypothesis. Zeitschrift fir
Tierpsychologie 46:337-342.

Lamprecht, J. 1981. The function of socia hunting in larger
terrestrial carnivores. Mammal Review 11(4):169-
179.

Lasiewski, R. C., and Dawson, W. R. 1969. Calculation and
miscalculation of the equations relating avian
standard metabolism to body weight. Condor 71:
335-336.

Leader-Williams, N., and Ricketts, C. 1982. Seasonal and
sexual patterns of growth and condition of reindeer
introduced into South Georgia. Oikos 38:27-39.

Lindstedt, S. L., and Swain, S. D. 1988. Body size as a
constraint of design and function. In “Evolution of
LifeHistoriesof Mammals,” M. S. Boyce (Ed.). Yae
University Press.

Lindzey, F. 1987. Mountain lion. In “Wild Furbearer
management and conservation in North America,”
Novak, M., Baker, J. A., Obbard, M. E., and
Malloch, B. (Eds). Ontario Ministry of Natura
Resources Publication no. 18.

Longhurst, W. M., Leopold, A. S., and Dasmann, R. F. 1952.
A survey of California deer herds, their ranges and
management problems. California Department of
Fish and Game Bulletin no. 6.

Magoun, A. J. 1976. “Summer Scavenging Activity in
Northeastern Alaska.” Unpublished Master’ sThesis,
University of Alaska Fairbanks.

Magoun, A. J. 1985. “Population characteristics, ecology, and
management of wolverinesin northwestern Alaska.”
Unpublished Ph.D. Dissertation, University of Alaska
Fairbanks.

Magoun, A. J., and Vakenburg, P. 1996. Caribou remains at
kill sitesand therole of scavengers. Oral Presentation
at the Alaska Anthropological Association 23
Meeting. April 4-6 1996. Fairbanks, Alaska.

Maloiy, G. M. O., Alexander, R. McN., Njau, R., and Jayes, A.
S. 1979. Allometry of the legs of running birds.
Journal of Zoology, London 187:161-167.

Manter, J. T. 1938. The dynamics of quadrupedal walking.
Journal of Experimental Biology 15:522-540.

120

Marean, C. W. 1989. Sabertooth cats and their relevance for
early hominid diet and evolution. Journal of Human
Evolution 18:559-582.

Marean, C. W. and Ehrhardt, D. L. 1995. Paleoanthropological
and pal eoecol ogical implicationsof thetaphonomy of
asabertooth’ s den. Journal of Human Evolution 29:
515-547.

Margaria, R., Cerretelli, P., Aghemo, P., and Sassi, G. 1963.
Energy cost of running. Journal of Applied
Physiology 18(2):367-370.

Margaria, R. Piiper, J,, Mangili, F., and Ricci, B. 1964.
Aerobic and anaerobic metabolism in exercising
dogs. Journal of Applied Physiology 19(1):24-28.

Martin, L. D. 1989. Fossil history of the terrestrial carnivora.
In “Carnivore Behavior, Ecology, and Evolution,” J.
L. Gittleman (Ed.). Comstock Publishing Associates
(Cornell University Press).

Martin, L. D. and Martin, J. B. 1993. Why are there bone-
crushing carnivores? Journal of Vertebrate
Paleontology, 133, Supplement: Abstract of Papers
of the 53rd Annual Meeting of the Society of
Vertebrate Paleontology, pp. 48a.

Matheus, P. E. 1994. The Late Pleistocene Paleoecology of
Short-Faced Bears and Brown Bears in Eastern
Beringia. Abstracts of the 45th Arctic Science
Conference of the American Association for the
Advancement of Science, Arctic and Pacific
Divisions, and the Far East Branch of the Russian
Academy of Science: “Bridges of the Science
Between North America and the Russian Far East,
Abstracts Book 2.” Vladivostok, Russia

Matheus, P.E. 1995. Diet and co-ecology of Pleistocene short-
faced bears and brown bears in eastern Beringia
Quaternary Research 44:447-453.

Matheus, P.E. 2001. Pleistocene carnivores and humans in
eastern Beringia: did short-faced bears really keep
peopleout of North America?In “Zooarchaeology in
the North: People and Animalsin Alaska, the Arctic,
and Northwest North America,” S. C. Gerlachand M.
Murray (Eds.). British Archaeological Reports
944:79-101.

Matthews, J. V. 1982. East Beringia during late Wisconsin
time: a review of the biotic evidence. In
“Paleoecology of Beringia’ D. M. Hopkins, J. V.
Matthews, C. E. Schweger, and S. B. Y oung (Eds.).
Academic Press.

McDonad, J. N. 1981. “North American Bison: Their
Classification and Evolution,” University of
Cadlifornia Press.

McHugh, T. 1972. “The Time of the Buffalo,” Alfred Knopf.

McMahon, T. A. 1973. Size and shape in biology. Science
179:1201-1204.



McMahon, T. A. 1975a. Allometry and biomechanics: limb
bones in adult ungulates. American Naturalist
109:547-563.

McMahon, T. A. 1975b. Using body size to understand the
structural design of animals: quadrupedal
locomotion. Journal of Applied Physiology
39(4):619-627.

McMahon, T. A. 1977. Scaling quadrupeda galloping:
frequencies, stresses, and joint angles. In “Scale
Effects in Animal Locomation,” T. J. Pedley (Ed.).
Academic Press. New York.

McMahon, T. A. 1985. Therole of compliancein mammalian
running gaits. Journal of Experimental Biology
115:263-282.

McNab, B. K. 1963. Bioenergetics and the determination of
home range size. American Naturalist 97:130-140.

McNab, B. K. 1980. Food habits, energetics, and the
population biology of mammals. American Naturalist
116:106-124.

McNab, B. K. 1983. Ecological and behavioral consequences
of adaptations to various food resources. In
“Advancesin the Study of Mammalian Behavior,” J.
F. Eisenberg and D. G. Kleiman (Eds.). Specid
Publication no. 7, American Society of
Mammalogists.

McNab, B. K. 1989. Basal rate of metabolism, body size, and
food habits in the order Carnivora. In “Carnivore
Behavior, Ecology, and Evolution,” J. L. Gittleman
(Ed.). Cornell University Press.

McNab, B. K. 1990. The physiological significance of body
size. In“Body Sizein Mammalian Paleobiology,” J.
Damuth and B. J. MacFadden (Eds.). Cambridge
University Press.

Mech, L. D. 1966. The wolves of Isle Royale. U.S. National
Park Service Fauna Seriesno. 7., Washington D.C..

Mech, L. D. 1970. “The Wolf: The Ecology and Behavior of
an Endangered Species,” University of Minnesota
Press.

Mech, L. D. 1973. Wolf numbers in the Superior National
Forest of Minnesota. Forest Service Research Paper
NC-97, U.S. Department of Agriculture.

Mech, L. D. 1977. Population trends and winter deer
consumption in Minnesota wolf packs. In
“Proceedings of the 1975 Predator Symposium,” R.
L. Philips and C. Jonkel (Eds.). Montana Forest and
Conservation Experiment Station, University of
Montana

Mech, L. D., Frenzel, L. D., Ream, R. R., and Winship, J. W.
1971. Movements, behavior, and ecology of timber
wolves in northeastern Minnesota. In “Ecological
Studies of the Timber Wolf in Northeastern
Minnesota,” L. D. Mech and L. D. Frenzel (Eds.).
USDA Forest Service Research NC-52., St. Paul,
Minnesota.

Merriam, J. C. and Stock, C. 1925. Relationships and
Structures of the Short-Faced Bear, Arctotherium,
fromthePleistoceneof California. Carnegielnstitute
of Washington Publications 347(1):1-35.

Meunier, K. 1959a. Die Allometrie des Vogelfllgels.
Zeitschrift fuer Wissenschaftenliche Zoologie.
161:444-482.

Meunier, K. 1959bh. Die Grissenabhéngigkeit der Korperform
bei Vogeln. Zeitschrift fuer Wissenschaftenliche
Zoologie 162:328-355.

Miller, S. D. 1985. An observation of inter- and intra-specific
aggression involving brown bear, black bear, and
moose in southcentral Alaska. Journal of
Mammal ogy 66:805-806.

Mills, M. G. L. 1989. The comparative behavioral ecology of
hyenas: the importance of diet and food dispersion.
In “Carnivore Behavior, Ecology, and Evolution,” J.
L. Gittleman (Ed.). Cornell University Press.

Munro, H. N. 1969. Evolution of protein metabolism in
mammals. In“Mammalian Protein Metabolism,” Vol.
3., H. N. Munro (Ed.). Academic Press.

Murie, A. 1944. “The Wolves of Mount McKinley,” U.S.
National Park Service Fauna Series no. 5. Published
by the University of Washington Press (1985).

Murie, A. 1981. “The Grizzlies of Mount McKinley,”
Scientific Monograph Series no. 14. U.S. National
Park Service. Published by the University of
Washington Press (1985).

Muybridge, E. 1899. “Animal Locomotion.” Republished as
“Animals in Motion,” L. S. Brown (Ed.). Dover
Publications, New Y ork (1957).

Mysterud, I. 1973. Behavior of the brown bear (Ursus arctos)
at moose kills. Norwegian Journal of Zoology
21:267-272.

Nelson, M. E., and Mech, D. M. 1981. Deer social
organization and wolf predation in northeastern
Minnesota. Wildlife Monographs 77:1-53.

Nelson, M. E., and Madsen, J. H. 1983. A giant short-faced
bear (Arctodus simus) from the Pleistocene of
northern Utah. Transactions of the Kansas Academy
of Science 86:1-9.

Nowak, R. M. 1979. “North American Quaternary Canis,” The
Museum of Natural History Monograph No. 6,
University of Kansas, Lawrence.

Nowak, R. M. 1991. “Walker's Mammals of the World,” 5"
edition, Johns Hopkins University Press.

Oosenbrug, S. M., and Carbyn, L. N. 1982. Winter predation
on bison and activity patternsof awolf pack in Wood
Buffalo National Park. In “Wolves of the World:
Perspectives of Behavior, Ecology, and
Conservation,” F. H. Harrington and P. C. Paquet
(Eds.). Noyes Publications. Park Ridge, NJ.

121



Jstbye, E. 1975. Hardangervidda, Norway. In “ Structure and
Function of TundraEcosystems,” T. Rosswall and O.
W. Heal (Eds). Ecological Bulletins 20:255-262.
Swedish Natural Science Research Council.

Owen-Smith, R. N. 1988. “Megaherbivores: The Influence of
Very Large Body Size on Ecology,” Cambridge
University Press.

Packer, C., Herbst, L., Pusey, E., Bygott, J. D., Hanby, J.P.,
Cairns, S. J., and Mulder, M. B. 1988. Reproductive
success of lions. In “Reproductive Success,” T. H.
Clutton-Brock (Ed.). University of Chicago Press.

Parker, G. R. 1975. An investigation of caribou range in
Southampton Island, N.W.T. Canadian Wildlife
Service Report Series no. 33.

Pearson, A. M. 1975. The northern interior grizzly bear Ursus
arctos L. Canadian Wildlife Service Report Series
34:1-86.

Pearson, A. M. 1976. Population characteristics of the arctic
mountain grizzly bear. In “Bears— Their Biology
and Management,” M. R. Pelton, J. W. Lentfer and
G. E. Folk (Eds.). Third International Conference on
Bear Research and Management.

Pennycuick, C. J. 1975. On the running of the gnu
(Connochaetes Taurinus) and other animals. Jour nal
of Experimental Biology 63:775-799.

Pennycuick, C. J. 1979. Energy costs of locomotion and the
concept of “Foraging Radius.” In *“Serengeti:
Dynamicsof an Ecosystem,” A. R. E. Sinclair and M.
N. Norton-Griffiths (Eds.). University of Chicago
Press.

Peters, R. H. 1983. “The Ecological Implications of Body
Size,” Cambridge University Press.

Peterson, R. O. 1977. Wolf ecology and prey relationships on
Isle Royale. U.S. National Park Service Science
Monographs 11:1-210.

Peterson, R. O., Woolington, J. D., and Bailey, T. N. 1984.
Wolves of the Kenai Peninsula, Alaska. Wildlife
Monographs 48:1-52.

Peterson, R. O. and Page, R. E. 1983. Wolf—moose
fluctuations at 1sle Royale National Park, Michigan,
U.S.A. Acta Zoologica Fennica 174:251-253.

Peterson, R. O., Woolington, J. D., and Bailey, T. N. 1984.
Wolves of the Kenai Peninsula, Alaska. Wildlife
Monographs 88:1-52.

Petrides, G. A. 1956. Big game densities and range carrying
capacities in East Africa. Transactions of the North
American Wildlife Conference 21:525-537.

Petrusewicz, K. 1967. “ Secondary Productivity of Terrestrial
Ecosystems: Principles and Methods,” Polish
Academy of Sciences.

122

Philips, M. K. 1987. Behavior and habitat use of grizzly bears
in northeastern Alaska. In “Bears— Their Biology
and Management,” P. Zager (Ed.). 7" International
Conference on Bear Research and Management
7:159-167.

Pimlott, D. H. 1967. Wolf predation and ungul ate popul ations.
American Zoologist 7:267-278.

Pimlott, D. H. 1975. Ecology of thewolf in North America. In
“The Wild Canids: Their Systematics, Behavioral
Ecology and Evolution,” M. W. Fox (Ed.). Van
Norstrand Reinhold Publishers.

Pimlott, D. H., Shannon, J. A., and Kolenosky, G. B. 1969.
The ecology of the timber wolf in Algonquin Park.
Ontario Department of Lands and Forests Research
Report (Wildlife) no. 87.

Pimm, S. L. 1982. “Food Webs,” Chapman and Hall
Publishers, New Y ork.

Pitts, G. C., and Bullard, T. R. 1968. Some interspecific
aspects of body composition in mammals. In “Body
Composition in Animals and Man” Natural
Resources Council, Washington D.C. (Ed.). National
Academy of Sciences.

Pulliam, H. R., and Caraco, T. 1984. Livingin groups: isthere
an optimal group size? In “Behavioral Ecology: An
Evolutionary Approach,” 2™ edition, J. R. Krebsand
N. B. Davies (Eds.). Blackwell.

Pyke, G. H., Pulliam, H. R., and Charnov, E. L. 1977. Optimal
foraging: a selective review of theory and tests.
Quarterly Review of Biology 52:137-154.

Radinsky, L. B. 1975. Evolution of the felid brain. Brain,
Behavior, and Evolution 11:214-254.

Ramsay, M.A., and Stirling, I. 1984. Interactions of wolves
and polar bears in northern Manitoba. Journal of
Mammalogy 65:693-694.

Rapport, D. J. 1971. An optimization model for food selection.
American Naturalist 105:575-587.

Rashevsky, N. 1962. “Mathematical Biophysics,” Dover Press,
New York.

Rausch, R. L. 1967. Some aspects of the population ecology of
wolves, Alaska. American Zoologist 7:253-265.

Rausch, R. L. and Pearson, A. M. 1972. Notes on the
wolverine in Alaska and the Yukon Territory.
Journal of Wildlife Management 36:249-268.

Redmann, R. E. 1982. Production and diversity in
contemporary grasslands. In “Paeoecology of
Beringia,” D. M. Hopkins, J. V. Matthews, C. E.
Schweger, and S. B. Y oung (Eds.). Academic Press.

Richards, R. L ., and Turnbull, W. D. 1995. Giant short-faced
bear (Arctodus simus yukonensis) remains from
Fulton County, Northern Indiana. Fieldiana:
Geology New Series 30:1-34.



Richards, R. L., Churcher, C. S., and Turnbull, W. D. 1996.
Distribution and size variation in North American
short-faced bears, Arctodus simus. In “Paleoecol ogy
and Pal eoenvironmentsof L ate Cenozoic Mammals,”
K. M. Stewart and K. L. Seymour (Eds.). University
of Toronto Press.

Ritchie, J. C., and Cwyner, L. C. 1982. The late Quaternary
vegetation of the north Y ukon. In “Paleoecology of
Beringia,” D. M. Hopkins, J. V. Matthews, C. E.
Schweger, and S. B. Young (Eds). Academic
Press.Robbins, C. T. 1993. “Wildlife Feeding and
Nutrition,” Academic Press.

Rodman, P. S. 1981. Inclusivefitness and group sizesin lions
and wolves. American Naturalist 118:275-283.

Rogers, L. L., and Mech, L. D. 1981. Interactions of wolves
and black bears in northeastern Minnesota. Journal
of Mammal ogy 62:434-436.

Roe, F. G. 1970. “The North American Buffalo: A Critical
Study of the SpeciesinitsWild State,” University of
Toronto Press.

Rubin, C. T. and Lanyon, L. E. 1982. Limb mechanics as a
function of speed and gait: a study of functional
strains in the radius and tibia of horse and dog.
Journal of Experimental Biology 101:187-211.

Sandell, M. 1989. The mating tactics and spacing patterns of
solitary carnivores. In“ Carnivore Behavior, Ecology,
and Evolution,” J. L. Gittleman (Ed.). Cornell
University Press.

Schaller, G. B. 1968. Hunting Behavior of the cheetah in the
Serengeti National Park, Tanzania. East African
Wildlife Journal 6:95-100.

Schaller, G. B. 1972. “The Serengeti Lion,” University of
Chicago Press.

Schaller, G. B., and Lowther, G. 1969. The relevance of
carnivore behavior to the study of early hominids.
Southwest Journal of Anthropology 6:95-100.

Schmidt-Neilsen, K. 1972. Locomotion: energy cost of
swimming, flying, and running. Science 177:222-
228.

Schmidt-Neilsen, K. 1984. “Scaling: Why is Animal Size so
Important,” Cambridge University Press.

Schoener, T. W. 1969. Models of optimal size for solitary
predators. American Naturalist 103:277-313.

Schoener, T. W. 1971. Theory of feeding strategies. Annual
Review of Ecologoy and Systematics 2:369-404.

Schultz, C. B., Martin, L. D., and Schultz, M. R. 1985. A
Pleistocene jaguar from north-central Nebraska
Transactions of the Nebraska Academy of Sciences
13:93-98.

Schweger, C. E., and Habgood, T. 1976. The late Pleistocene
steppe-tundra in Beringia— a critique. AMQUA
Abstracts 4:80-81.

Schweger, C. E. 1982. Late Pleistocene vegetation of eastern
Beringia: pollen analysis of dated colluvium. In
“Paleoecology of Beringia,” D. M. Hopkins, J. V.
Matthews, C. E. Schweger, and S. B. Y oung (Eds.).
Academic Press.

Seidensticker, J. C., IV, Hornocker, M. G., Wiles, W. V., and
Messick, J. P. 1973. Mountain lion social
organization in the Idaho Primitive Area. Wildlife
Monographs 35:1-60.

Servheen, C. 1983. Grizzly bear food habits, movements, and
habitat sel ectionintheMission Mountains, Montana.
Journal of Wildlife Management 47:1026-1035.

Seton, E. T. 1909. “Life-Histories of Northern Animals: an
Account of the mammals of Manitoba,” Scribner’'s
Sons Publishers.

Shaw, C. A, Hedd, F. P, and Romig, M. L. 1991
Paleopathological evidence of social behavior in
Smilodon fatalis from Rancho La Brea (Abstract).
Annual Meating of the California Academy of
Sciences no. 19.

Sher, A. V. 1974. Pleistocene mammal s and stratigraphy of the
far northeast USSR and North America. International
Geological Review 16:1-284.

Sher, A. V. 1986. On the history of mammal fauna of
Beringida. Quartérpal éontologie 6:185-193.

Sher, A. V. 1987. Olyorian land mammal age of Northeastern
Siberia. Palaeontographia Italica 74:97-112.

Sinclair, A. R. E. 1977. “The African Buffalo,” University of
Chicago Press.

Sinclair, A. R. E. and Norton-Griffiths, M. (Eds.) 1979.
“ Serengeti: Dynamicsof an Ecosystem” University of
Chicago Press.

Skinner, M. F., and Kaisen, O. C. 1947. The fossil Bison of
Alaska and preliminary revison of the genus.
Bulletin of the American Museum of Natural History
89:127-256.

Slobodkin, L. B. 1961. “Growth and Regulation of Animal
Populations,” Holt, Rinehart and Winston Publishers.

Slobodkin, L. B. 1968. How to be a predator. American
Zoologist 8:43-51.

Smith, J. M., and Savage, R. J. G. 1956. Some locomotor
adaptations in mammals. Journal of the Linnean
Society, Zoology 92:603-622.

Smith, R. J. 1980. Rethinking allometry. Journal of
Theoretical Biology 87:97-111.

Soper, J. D. 1941. History, range, and home life of the
northern bison. Ecological Monographs 11(4):348-
412.

Stephenson, R. O. 1978. Characteristics of exploited wolf
populations. Alaska Department of Fish and Game
Federal Aid in Wildlife Restoration Final Report.
Project W-17-3 through W-17-8.

123



Stephenson, R. O. and James, D. 1982. Wolf movements and
food habits in northwest Alaska. In “Wolves of the
World: Perspectives of Behavior, Ecology, and
Conservation”, F. H. Harrington and P. C. Pagquet
(Eds.). Noyes Publications. Park Ridge, NJ.

Stirling, 1., and Derocher, A. E. 1990. Factors affecting the
evolution and behavioral ecology of the modern
bears. In“Bears— Their Biology and Management,”
L. M. Darling and W. R. Archibald (Eds) 8"
International Conference on Bear Research and
Management 8:189-204.

Stock, C., and Harris, J. M. 1992. “Rancho LaBrea: A Record
of PleistoceneLifein California,” 7" Edition, Natural
History Museum of Los Angeles, Science Series no.
37.

Sutcliffe, A. J. 1970. Spotted hyaena: crusher, gnawer, digester
and collector of bones. Nature 27:1110-1113.

Tabot, L. and Talbot, M. 1963. The wildebeest in western
Masailand. Wildlife Monographs 12:1-88.

Taylor, C. R. 1977. The energetics of terrestrial locomotion
and body size in vertebrates. In “Scale Effects in
Locomotion,” T. J. Pedley (Ed.). Academic Press.

Taylor, C. R. 1985. Force development during sustained
locomotion: a determinant of gait, speed, and
metabolic power. Journal of Experimental Biology
115:253-262.

Taylor, C. R., Schmidt-Neilsen, K., and Raab, J. L. 1970.
Scaling of energetic cost of running to body size in
mammals. American Journal of Physiology
219(4):1104-1107.

Taylor, C. R., Shkolnik, A., Dmi’el, R, and Baharav, D. 1974.
Running in cheetahs, gazelles, and goats: energy cost
and limb configuration. American Journal of
Physiology 227(4):848-850.

Taylor, C. R., Heglund, N. C., McMahon, T. A., and Looney,
T. R. 1980. Energetic costs of generating muscular
force during running. Journal of Experimental
Biology 86:9-18.

Taylor, C. R, Heglund, N. C., and Maloiy, G. M. O. 1982.
Energetics and mechanics of terrestrial locomotion:
Part |. metabolic energy consumption asafunction of
speed and body size in birds and mammals. Journal
of Experimental Biology 97:1-21.

Taylor, M. E. 1989. Locomotor adaptations by carnivores. In
“Carnivore Behavior, Ecology, and Evolution,” J. L.
Gittleman (Ed.). Cornell University Press.

Teffler, E. S. and Scotter, G. W. 1975. Potential for game
ranching in boreal aspen forests of western Canada.
Journal of Range Management 28:172-180.

Thompson, D.A. W. 1942, “On Growth and Form,”
Cambridge University Press.

124

Thulborn, R. A. 1982. Speeds and gaits of dinosaurs.
Paleogeography, Paleoclimatology, Paleoecology
38:227-256.

Turner, A. 1997. “TheBig Catsand Their Fossil Relatives: An
Illustrated Guide to Their Evolution and Natural
History,” Columbia University Press.

Van Ballenberghe, V., Erickson, A. W., and Byman, D. 1975.
Ecology of the timber wolf in northeastern
Minnesota. Wildlife Monographs 43:1-43.

Van Orsdal, K. G., Hanby, J. B., and Bygott, J. D. 1985.
Ecological correlates of lion socia organization
(Pantheraleo). Journal of Zoology, London 206:97-
112.

Van Vakenburgh, B. 1989. Carnivore dental adaptations and
diet: a study of trophic diversity within guilds. In
“Carnivore Behavior, Ecology, and Evolution,” J. L.
Gittleman (Ed.). Cornell University Press.

Van Valkenburgh, B. 1996. Feeding behavior in free-ranging,
large African carnivores. Journal of Mammalogy,
771, 240-254.

Van Valkenburgh, B., and Ruff C. B. 1987. Canine tooth
strength and killing behavior in large carnivores.
Journal of Zoology 212:1-19.

Van Vakenburgh, B., Grady, F., and Kurtén, B. 1990. The
Plio-Pleistocene cheetah-like cat Miracinonyx
inexpectatusof North America. Journal of Vertebrate
Paleontology 10(4):434-454.

Voorhies, M. R, and Corner, R. G. 1982. Ice age
superpredators. Museum Notes no. 70, The
University of Nebraska State Museum and
Planetarium.

Voorhies, M. R., and Corner, R. G. 1986. The giant bear
Arctodus as a potential breaker and flaker of late
Pleistocenemegafaunal remains. Current Researchin
the Pleistocene 3:49-51.

Walter, H. 1973. “Vegetation of the Earth in Relation to
Climate and the Eco-Physiological Conditions,”

Springer-Verlag.

Watson, R. and Turner, M. 1965. A count of the large
mammalsof the LakeManyaraNational Park: results
and discussion. East African Wildlife Journal 3:95-
98.

Wolffson, D. M. 1950. Scapula shape and muscle function
with special reference to the vertebral border.
American Journal of Physical Anthropology 8:331-
338.

Young, S. P. 1951. “The Clever Coyote,” The Stackpole
Company, Harrisburg, PA, and the Wildlife
Management Institute, Washington D.C.

Yurtsev, B. A. 1982. Relics of the xerophyte vegetation of
Beringia in northeastern Asia. In “Paleoecology of
Beringia,” D. M. Hopkins, J. V. Matthews, C. E.
Schweger, and S. B. Y oung (Eds.). Academic Press.






