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Abstract 

This study was established to estimate the bite-forces of Nom American 

carnivores and relate this parameter to primary prey size and skull morphology. 

Eight hundred and eighty eight (888) skulls, from five different families within the 

Order Camivora were utilized. Animals of both sexes from each of the Families of 

Canidae, Felidae Mustelidae, Ursidae, and Procyonidae were divided so as to 

represent a cline from smaller to larger species. Twelve (1 2) skull measurernents 

were taken from each individual. Of these measurements, eight were applied to a 

bite force estimation formula developed by Thomason (1 990). Since estimated 

bite force can be observed as a result of a function of size, bite force estimations 

were conelated with different skull parameters to determine if esümated bite 

forces can be easily and accurately predicted by one or a few skull 

measurements. Thrw selected parameters were also used in a Discriminant 

Analysis to determine if al1 the species in the study could be classified 

accordingly. Results of the Principle Component Analysis indicated that of the 

measured parameters, the maximum skull length, maximum skull wictth, and the 

cross sectional length of the masseter muscle were the three parameters rnost 

highly related to the estimated bite force. Further analysis showed that these 

three parameters combined could mate equations that could discriminate the 

population of carnivores with a high degree of accuracy. Furthemiore, it was 

revealed that the estimated bite forces were highly correlated with maximum skull 

width in certain species; however; not as highly in others. Also, when correlated 

with maximum skull width, each species maximum estimated bite force creates 



lines-of-best-fit that do not differ signifiiüy in dope (F=t .76 P>.05), but do in y- 

intercept (Fd4.35, P~.ûûû1). When maximum estimated bite force was plotted 

versus primary prey weight, a strong positive correlation occurred. Resuits will be 

discussed in ternis of aie evolution of maximum estimated bite force in relation to 

primary prey size in the Order Camivora. 

It was concluded that: 

1) maximum estimated bite forces of the Order Camivora in North America 

represent a continuum from the smallest to largest; 

2) three skull parameters (maximum skull width, maximum skull length, and the 

length of the cross- sectional area of the masseter muscle) are highly 

conelated with the maximum estimated bite force; 

3) maximum skull width was most highly correlated skull parameter with 

maximum estimatedbiie force for al1 species; 

4) 82 - 85% of the members of the fourteen species s tud i i  could be conectly 

designated to their appropriate grouping on the basis of the maximum &ull 

width, maximum skull length, and the length of the cross-sectional area of the 

masseter muscle; 



5) the accuracy was greater when only species considemci to be tnie carnivores 

as opposed to those considered omnivores were utilized in the anaiysis; 

6) the slopes of the relationship between the maximum estimated bide force and 

the maximum skull width in al1 families of the Order Camivora were not 

significantiy diierent, suggesting that similar evolutbnary forces have 

influenced al1 groups; 

7) variabili in skull parameters and maximum estimated bite force increases 

with the number of biomes and prey species that a species occupies and 

8) significant correlations exist between the maximum estimated bite force and 

the pnmary prey weight wittiin the Families Mustelidae, Felidae, and Canidae, 

and the Oder Camivora; 

9) the correlation coefficient betwwn the maximum estimated bite force and 

primary prey weight increases when omnivorous species are eliminated from 

the anaiysis; 

10) high variances of frequericy distributions of the maximum estimated bite 

force are representaüve of niche breadth and associatecl with species with a 

wider geographic distribution and primary prey species diiersity; 



11) in al1 cases where overlap of frequency distkutions of the maximum 

estimated bite force were signifiant, the species were altopatric and filled 

similar niches in their perspective geographic ranges; 

12) the degree of overlap between syrnpatnc species in the frequency 

distributions of the maximum estimated bite force reflect varying levets of 

interspecific cornpetition and character displacement. 
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Maximum Estimated Bite Force, Skull Morphology, and Primary Prey Size in 
North Arnerican Carnivores 

Introduction 

The Orâer Camivora first appeared 70 million years ago and the causal 

factors influencing the evolution and radiation of modem families from ancestral 

foms remain unclear (MacDonald 1984). Radinsky (1981) explored the 

differentiation of modem carnivore families in relation to niche selection, changes 

in skull morphology, and specifically variables that were primarily related to 

strength of bite. Radinsky (1981) suggested that among the four groups of 

carnivores (rnustelids, canids, felids, and viverrids), the rnustelids and felids 

would have the most powerful bites and canids, the least when properly scaled. 

Radinsky (1981) also showed that 62 species of viverrids, canids, mustelids and 

feljds could be grouped into their respective families on the basis of functionally 

significant aspects of skull morphology. Further studies by Radinsky (1981b) 

included the Families Ursidae and Pmcyonidae, and he concluded that there was 

a lack of correlation between diet and aspects of skull morphology related to bite 

strength. The sarne study also concluded that the skull shape and ability of the 

morphofogical measurements of the skull to classify the families might be related 

to other factors besides adaptative ones. Rosenzweig (1 966; 1968) found that 

larger camivorous mammals specialize on larger vertebrate prey and postulated 

that in mammalian predatorlprey systems a strong relationship would exist 

between predator size and prey site. Emerson (1 985) concluded further that the 

varying foraging strategies found among modem mammalian carnivores were 



linked to differences in skull morphology and jaw conformation. Studies by 

Mallory et al. (1996) found that of 47 cranial parameters, 6 were statistically 

significant for discriminating wohres (Canis lupus) from coyotes (Canis latrans) 

and these six parameters were associated with the lever mechanics of the jaw 

(temporalis moment ami, masseter moment am, tympanic bulla width, condyle 

to first molar length, brain case length, and mandibular length). This suggested 

that bite force was a major factor influencing differences in foraging strategies 

and speciation between these closely mlated species. 

The Order Carnivora is composed of marnmalian species whose diets are 

principally mammalian vertebrate prey that are captured, killed, and consumed 

(Biknevicius and Van Valkenburgh 1996). Species have been subdivided into 

" te  carnivoresu, those that consume primarily meat and "omnivores", those that 

consume a variety of items including plant, invertebrate, and vertebrate tissues 

(Pianka 1994). In this study, " te  carnivores" were considered members of the 

Families Mustelidae (weasel), Felidae (cats), and Canidae (dogs); while the 

Families Procyonidae -(raccoons) and Ursidae (bears) were considered 

"omnivoresn. 

Predators require adequate skull, jaw, muscle, and tooth morphology to 

capture, kill, and consume prey. In addition, predation has associated risks, as 

prey resist capture and often have defense systems such as antlers, homs, 

hooves, and teeth (Mallory et. al. 1994; Biknevicius and Van Valkenburgh 1996). 

Natural selection should favour predators with the optimal cranial morphology to 

minimize risk and maximize predation effiiency. Relationships of strength to 



loading rnay be fundamental to the mechanical design of the predator skull and 

the mechanical demands of mastication (Thomason 1991). During the evolution 

of mammals from reptiles, the skull has been modlied in direct association with 

changes in the masticatory ability (Van Valkenburgh and Koepfli 1993; Walker 

and Liem 1994). During this period, the lever mechanics of the rnasticatory 

apparatus and the cranium both adapted in response to changes in dietaiy 

specialization (Tumbull 1 970; Eisenberg 1 981 ). 

Morphological specialization in the skull and lower jaw have been shown 

to be correlated with difierences in feeding habits in the Orders Primata, 

Chiroptera, and Camivora (Radinsky 1981 ; Jaslow 1986) and analyses among 

higher taxa have revealed important information on morphological and ecological 

associations (Emerson 1985; Schmitz and Kolenosky 1985; Jaslow 1986; Wayne 

1986; Walker and Liem 1994). However, comparative analysis among related 

taxa are not well documented and further analysis may provide insight into 

resource partitioning, competition avoidance, and speciation in the Order 

Camivora. 

In North America, there are five main families of eutherian camivores 

(Mustelidae, Felidae, Canidae, Procyonidae, and Ulsidae) each with distinctiy 

d i r e n t  diets and hunting strategies. Ewer (1973) stated that camivores were 

very adaptable in feeding habits and few species were restricted to or even 

largely dependent upon a single food source. However, Krohne (1998) concluded 

that although a variety of prey items were consumed, camivores speciaiized on a 

single prey or a guild of closely related prey species to minimite competition and 



increase foraging efficiency. A search of the literature indicated that prey 

specialization did exist in al1 families studied (Ewer 1973; Pianka 1994; Krohne 

1 998). 

Mustelidae 

The Family Mustelidae has the smallest species and largest number of 

species of any carnivore farnily in Nof i  America (Ewer 1973; Linscombe et al. 

1982). The smallest member of the Family Mustelidae studied during this 

research was the ermine (Mustela emiiea). Although prey items consumed by 

this species ranged from plant material, invertebrates, rodents, small birds, and 

rabbits (Rosenzweig 1966), small rodents, particularly of the genus Microtus 

were considered the primary prey (Osgood 1936; Ewer 1973) and usually 

comprised more than 50% of the diet. 

The mink (Mustela vison) which is an efficient hunter in both aquatic and 

terrestrial environments has a diversified diet that commonly includes insects, 

crustaceans, fish, amphibians, reptiles, birds, and mammals (Linscombe et al. 

1982). However, the primary prey were from the Subfamily Microtinae and 

include voles and muskrats. 

The marten (Martes americana) is an opportunist and takes a wide variety 

of prey, especially when the preferred prey items are unavailable (Strictland et al. 

1982). Although bemes, eggs, insects, voles, chipmunks, squirrels, and hares 

have been found in the diet (8urt and Grossentieider 1952), rodents of the 



Subfamily Miiotinae and the Family Sciuridae are considered the primary prey of 

this mustelid (Francis and Stephenson 1972). 

The fisher (Martes pennanti) is also an opportunistic feeder (Strictland et 

al. 1982) and the diet varies with geographic location and season (Ewer 1973). 

According to Couiter (1960) and Clem (1977), there is no signlicant difference 

between the diets of males and females in spite of the large degree of semial 

dimorphism. Rosenzweig (1966) noted that fisher consurned larger prey than 

marten and primary prey species include small rodents, snowshoe hare, and 

porcupine. 

The wolverine (Gulo gulo) is limited to the Sub-Arctic and Boreal Forest 

Biomes and is the largest member of the Family Mustelidae. In Scandinavia 

during winter, wolverine feed primarily on reindeer (Ewer 1973; Wilson 1982); 

however; they have also been observed attacking young and diseased mooçe, 

roe deer, fox, hares, birds, rodents, and eating camion. For the purpose of this 

study, the primary prey of wolverine was considered to be caribou and hares. 

Felidae 

The Family Felidae is composed of species, which range from moderate 

sized predators such as the lynx and bobcat to the largest predator on the 

continent, the cougar (Ewer 1973; Linscombe et al. 1982). The bobcats (Lynx 

d u s )  is found in many biomes throughout North America (Eastern Deciduous, 

Prairie, Coastal Plain, Cordillerian, and Desert Biomes) and has been found to 

utilize a wide range of prey species including invertebrates, amphibis, reptiles, 



birds, small mammals, and the occasional deer (Matson 1948; Petraborg and 

Gunvalson 1962). Matson (1 948) found that when small game was plentiful, 

larger ungulates comprised a very small portion of the diet, Mile during harsh 

winters, shrews although not preferred, comprised a significant portion of the diet 

(Rolling 1945). However, data indicate that lagomorphs constitute the primary 

prey in the bobcat diet throughout the range (Young 1958). 

The lynx (Lynx canadensk) is limited to the Boreal Forest Biome in North 

America. In a study by Saunders ( l m ) ,  73 percent of the lynx diet was found to 

be composed of snowshoe hare, while the remaining 27 percent was 

represented by small rodents, birds, moose and caribou camon. Similarly, Nellis 

and Keith (1968) found that the diets of lynx in Alberta were comprised of 

snowshoe hares, ruifed grouse, and camon, which were represented at 61, 17, 

and 11 percent, respectively. All studies on this species indicate that lagomorphs 

and specifically snowshoe hare are the primary prey of lynx. 

Historically, the cougar (Felis concolor) was found in al1 biomes throughout 

North America except the Arctic and Boreal Forest (Burt and Grossenheider 

1952) and represented one of the most adaptive and ubiquitous mammalian 

species on the continent. In an extensive investigation of 3000 scats, Hibben 

(1939) found that deer remains (Odacoileus spp.) comprised 82 percent of the 

scat volume, while porcupine and lagmotphs each represented 6 percent. Other 

mammals killed and consumed included badgers, skunks, foxes, and coyotes 

(Ewer 1973). All studies indicate that members of the Family Ceividae (deer) are 

the primary prey of this felid. 



Canidae 

The Famiiy Canidae is composed of species that range from moderate to 

large sizes and representative species are found in al1 biomes throughout North 

America (Mech 1970; Ewer 1973). The range of the arctic fox (Alopex lagopus) is 

Iimited to the Tundra Biome in North America. It preys on a variety of items 

including plant material, invertebrates, eggs, small to medium sized birds, 

microtine rodents, arctic ground squirrels, arctic hare, and scavenges on wolf and 

polar b a r  kills and garbage around communities (Barabash-Nikiorov 1935; Burt 

and Grossenheider 1 952; Chesemore 1 968). However, arctic fox pnmarily prey 

on srnaIl rnamrnals of the genus Lemmus and Dicmtonyx. 

The red fox (Vulpes wlpes) is found throughout much of North America 

and occupies the Boreal Forest, Eastern Deciduous, Prairie, and Cordillera 

Biomes. It is an opportunistic feeder and has been reported to consume plant 

material, bemes, invertebrates, birds, small and medium sized rodents, and 

lagomorphs (Emngton 1935; Scott 1943; Fisher 1951 ; Samuel and Nelson 1982; 

Henry 1986). Scavenging on the remains of wolf kills has also been observed; 

however, small mammals (voles and mice) are considered the primary prey of 

this species (Samuel and Nelson 1982). 

Historically, the coyote (Cank latmns) was primarily associated with the 

Prairie, Desert, and Dry Tropical Forest Biomes of North America; however, it 

has recently expanded its range to include most of the continent, with the 

exception of the Tundra Biome. According to Ewer (1973), the food h a b i  of the 

coyote resembles that of foxes more than the woif and the pnrnary prey are 



lagomorphs and rodents. Carrion is readily eaten and killing d large prey such as 

deer is uncmmon (Bekoff 1982). Birds do not constitute an important item of the 

diet and Sperry (1933) found in a five-year study with >a000 stomachs sarnples, 

that lagomorphs were the principle prey item. 

Historically, the wolf (Canis lupus) was found in al1 biomes throughout 

North America, although in ment times this species has been extirpated from 

most of its former range south of the 49" parallel (Mech 1970; Ewer 1973; 

Carbyn et al. 1993). In al1 biomes, wolves subsisteci primarily on large ungulate 

prey (Lamothe 1991) and to a lesser extent on beaver, mamot, lagomorphs, and 

medium sized birds (Ewer 1973; Paradiso and Nowak 1982). As the sizes of 

ungulates varied with biome, wolf morphology varied widely across the continent 

(Mulders 1997). 

Procyonidae 

The Farnily Procyonidae is composed of species that are medium in sbe 

and representative species are found in the Eastern Deciduous Forest, Coastal 

Plain, Prairie, Cordillera, and Tropical Forest Biomes in North America. The most 

common species, the raccoon (Procyon lotor) has spread northward during the 

past century (Kaufrnann 1982) and is considered omnivorous (Ewer 1973; 

Kaufmann 1982). Stuewer (1943) found that animal matter was most common in 

the diet dun'ng the spring (approx. 50%) and microtine rodents and crayfish were 

the most common items consumed. As fruit and bemes ripened throughout the 

surnmer, vegetation become increasingly important and between July and 



Septernber plant material represented almost 80% of the diet. For the purpose of 

this study, crayfiih and maIl rodents were considered to be the pnmary prey 

items. 

U rsidae 

Historically, the Family Ursidae was found in al1 biomes throughout North 

America except in the Coastal Plan, Desert, and Tropical Forest Biomes. With 

the exception of the polar bear (Ursus arcticus), which specializes on seals and 

is a true carnivore, al1 ursid species (black bar, Ursus americanus and grizzly 

bear, Ursus honibilus) are highly dependent on vegetable food (Ewer 1973) and 

are omnivorous. 

The black bear (Ursus amencanus) is considered an omnivorous feeder 

(Ewer 1973), although animal matter has been found in the diet in the spring and 

early summer. Franaann et al. (1980) identified moose and deer remains in a 

stomach analysis and descnbed a moose killed by a black bear, However, 

vegetable matter foms the bulk of the diet in this species dunng most of the year 

(Ewer 1973) and Burt and Grossenheider (1952) indicated that the food of the 

black b a r  included bemes, nuts, tubers, insects, small mammals, eggs, and 

carrion. 

Cornpetition, Niche Sepration, and Character Displacement 

Evolutionary aieory is based on the prernise that limited resources result 

in cornpetition among ind~duals and this in tum drives the process of natural 

selection. Any variation that enhances the ability of an individuai to obtain and 



utilise resources will be selected for and lead to adaptations associated with 

niche separation and character displacement (Darwin 1859; Pianka 2000). 

The concept of "nichen was first described by Grinnell (1917) and was 

used to describe the physical location of an organism in the environment. In 

contrast, Elton (1927) defined 'ecological niche" as the role a species played in 

the ecosystem. Akhough both theories were valuable, they could not be 

quantified or analyzed mathematically. Hutchinson (1957) developed the concept 

further and indicated that a species 'nichen could be described, quantified, and 

analyzed as a series of resources for which the species had a range of 

tolerances. 

Character displacement is defined as the separation of morphological 

andor physiological characteristics among reiated populations, as a 

consequence of cornpetition (Kmhne 1998). If successful resource utilization 

depends on a particular morphological character and the distributions of the 

character overiap in the two populations (species), direct cornpetition will occur 

and natural selecüon will select against individuals of bath species that have 

morphological charactes that occur in the range of overlap (Figure 1). Over time, 

character displacement will occur and the two populations will difier in 

mo~hologicaî character and resource specialization. Evidence suggests that 

diierenœs in jaw morphology and related lever mechanics are a direct result of 

natural selection 



Figure 1. Hypothetical distribution frequency of a characteristic adapted from 
Krohne (1 998). As can be seen in the top figure, the two species have a large 
amount of overlap between the characteristic, but as competition for resources 
dependant on the character occun, sa does character displacement. The bottom 
portion of the figure represents the resuit of the competition on the distnîution of 
the character. 
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and the evolution of divergent foraging strategies (Emerson 1985; Schmitz and 

Kolenosky 1985; Jaslow 1986; Walker and Liem 1994). 

Jaw Mechanics 

D'ierences in morphology associated with diet have been found in both 

dentition and jaw mechanics. In al1 eutherian mammalian carnivores, anterior jaw 

morphology is specialized for capturing, killing, and tearing, while posterior jaw 

morphology is specialized for shearing and cnishing (Radinsky 1981). In 

addition, the structure of the bwer jaw is analogous to a tapered beam (Benedek 

and Villars 1994) (Figure 2). Vogef (1908) observed that resistance would be 

least and the deflection maximal, if a load was placed at distal end of a cantilever 

beam (anterior end of the lower jaw) and that the resistance to the load would 

increase steadily, as the load moved proximally towards the fukrum 

(temporomandibular joint). Also as the load moved closer to the fulcrum, the 

force that could be applied would increase and the deflection would become less 

indicating that the applied force could be greater, as one moved from the anteriot 

end of the jaw to the joint (Vogel 1988). 

The pn'mary objective of this research was to calculate and compare the 

maximum estimated bite forces of North Amencan terrestrial eutherian mammals 

of the Order Camivora in an attempt to understand ecological and evolutionary 

relationships arnong different species and families. The secondary objectives 

were to examine the correlation between primary prey sizes and estimated bite 



Figure 2. As can be seen by the overlaid drawing, the shape of the lower jaw can 
be viewed analogous ta a tapered bearn, and thus allow for simple lever 
mechanies to be applied. 





forces in fourken carnivore species and to examine the distribution of the 

estimated bite force for each species of tnre carnivores within each family. 

It was hypothesized that: 

1) maximum estimated bite force represents a continuum from small to large 

carnivores; 

2) maximum estimated bite force is highly correlated with a single or few skull 

parameters; 

3) variance in maximum estimated bite force is greater in species identified as 

omnivores cornpared to those identified as tnie carnivores; 

4) families of carnivores will exhibit similar trends with respect to the correlation 

of skull parameters and the maximum estimated bite force; 

5) variance in maximum estimated bite force is greater in species inhabiting a 

larger number of biomes; 

6) there is a correlation benNeen primary prey sire and the estimated bite force 

within each family and in the Order Camivora in North Arnerica; 

7) omnivores with greater dietary diiersity (Families Procyonidae and Ursidae) 

will Vary from true carnivores; 

8) the distribution of the relative frequency of the maximum estimated bite force 

will reflect the diet of a species, such that animals that have a greater 

variance in their diet will also demonstrate greater variance in the maximum 

estimated bite forces; and, 



9) the distribution of the maximum estlnated bite force will exhibit character 

displacernent among species of tnie carnivores and reflect the cornpetition 

between the species of true carnivores in each farnily. 



Materials and Methods 

Skull Parameters 

Eight hundred and eighty eight (n488) skulls representing the major 

families of North American Carnivores were utilized in this study. The Family 

Mustelidae was represented by the emine (Mustela emina) (n=55), the mink 

(Mustela vbm) (nSl), the marten (MaRes amen'cana) (n=61), the fisher (Martes 

pennanti) (n=4l), and the wolverine (Gu10 gulo) (n-34). The Family Felidae was 

represented by the bobcat (Lynx Nfus) (n=5l), the lynx (Lynx canadensis) 

(n=96), and the cougar (Felis concolor) ( ~ 1 7 ) .  The Family Canidae was 

represented by the arctic fox (Alopex lagopus) (n=74), the red fox (Vulpes 

vulpes) (n=42), the coyote (Canis latrans) (n=1 W), and the wolf (Canis lupus) 

(n=101). The Family Ursidae was represented by the black bear ( U s u s  

amencana) (n=70) and the Family Procyonidae by the racoon (Pfocym lotor) 

(n=38). Specimens were obtained from trappers and hunters and museum 

collections at Laurentian University (Sudbury, Ontario), the Royal Ontario 

Museum (Toronto, Ontario), and the Museum of Nature (Hull, Quebec). 

Geographical location, sex, and age were recorded for al1 specimens. 

Skull, foramen, and mandibular measurements were recordecl using 

electronic digital calipers (Canadian Scientlic 300 Model #:24160-15) and 

entend onto Miciosoft Excel Spreadsheets using CalExcel v1 .O4 (Heaton 1998) 

and a Electmnic Digital Caliper captioned-adapter intelligent interface device 

(Model # 0000-01) created by Marathon Management Company, specifically for 

this project. All data were measured to the nearest one-hunâredth of a millimeter 



by îhe same person (J.H.W.). A random sub-set of samples were re-measured to 

estimate sampling enor. 

Maximum Estimated Bite Force 

Maximum bite force was estimated using a modiiied technique developed 

by Thomason et al. (1990). The cross-sectional area of the temporalis and the 

masseterlmedial pterygoids muscles were required to estimate these parameters 

(Figure 3). To determine the best methd for rneasuring these cross-sectional 

areas, both an elliptical and rectangular model were considered using sub- 

samples from the Families Mustelidae, Felkiae, and Canidae. Image anaiysis 

was perfotmed by a Scan Jet Hp (Hewlett Packard) using Desk Scan 11: 1.5.2 on 

a Macintosh Ilci in the Fine-Particle Analysis Lab at Laurentian University. Al1 

measurements were conducted using the ~Mrnage~lPro 2.5.1 program 

(Grafetek CO. 1994) to accurately determine the cross-sectional area of the 

muscles and allow data to be compared to estimate values. 

Thomason (1991) compared the intraspecific means of biting forces 

estimated by muscle dissection for seven rats and eight opossums, with the 

means recorded in vivo for the same individuals. For both species, the means 

obtained by the two techniques were not signficantly diierent and no significant 

diierence occurred when the loglo values of the bite force estimated from muscle 

dissection was plotted against aie logto values of the bite force estimated from 

skull measurements. 

Estimated bite force was calculateci by the following equation: 

(1) Maximum Estimatmd Bite Force = 2 M x m + T x t 



Figure 3. Shown here on a Canis lupus skull are al1 the measurements taken and 
used in this study. Al1 measurements were taken with digital calipers to tI100 mm. 



1) Total Skull Length 
2) Length of Lower Jaw 
3) Maximum Skull Width 
4) Cross-Sectional Length of 

Masseter Muscle 
5) Cross-Sectional Width of 

Masseter Muscle 
6) Cross-Sectional Length of 

Temporalis Muscle 
7) Cross-Sectional Width of 

Temporalis Muscle 
8) Moment Ami of Temporalis 

Muscle 
9) Moment Ami of Masseter i 

Medial pterygoid Muscle 



The variable M represents the rectangular cross-sectional area of the combined 

masseter and pteiygoidal muscles muitiplied by 300 Mpa (mega pascal), the 

l mean force per unit area of mammalian muscle (Weijs and Hillen 1985; 

Thomason 1991). Variable M was detemiined by measuring the width 

(XSWMAS) and length (XSLMAS) of the foramen created by the lateral surface 

of the skull and the zygomatic arch (Figure 4). Variable T was the estimated 

rectangular cross-sectional area of the temporalis muscle multiplied by 300 Mpa. 

This variable was determined by measuring the length (XSLTEMP) and width 

(XSWTEMP) of the foramen accommodating the temporalis muscle (Figure 5). 

As established by Thomason (1991), estimated muscle forces were 

determined from the cross-sectional area of the masseterlmedial ptetygoidal 

muscles and the cross-sectional area of the temporalis muscle multiplied by 300 

Mpa. These values were subsequently multiplied by the length of the moment 

amis of the masseter (MARMM [ml) and temporalis (MARMT [t]) muscles. 

Length of the moment atm was determined by measuring from the center of the 

cross-section of each muscle to the joint where the muscle attached to the 

mandible (Figure 6). These components were doubled to account for both sides 

of the skull. The calculation was subsequently diiided by the lower jaw distance. 

This was the distance between the temporal mandibular joint and the 30% 

location along the lower mandible (W), where the maximum bite force occuned 

(G reaves 1 982; O reaves 1 995). 



Figure 4. The shaded area on this Canis lupus skull represents the rectangular 
cross sectional area occupied by the masseter and medial pterygoid muscles. 

Figure 5. The shaded area on this Cm13 lupus skull represents the area occupied 
by the temporalis muscle. 



Variable 



Figure 6. Length of the moment amis of the tempofalis muscle and the masseter / 
medial pterygoid muscles. A moment a m  is measured as the distance from the 
center of the maximum cross section area of the muscle to the joint where the 
muscle translates the force (temporal mandibuiar joint or TMJ). 



Moment 

'*. Moment Am T [t] 
O*. 



Mean Estimated Primary Prey Weight 

In order to understand the relationships between variation in skull 

morphology, estimated bite force, and primary prey weights, body weights for 

primaiy prey species consumed by each camivorous species were obtained from 

the literature, In the Family Mustelidae, primary prey weights for errnine (Buit and 

Grossenheider 1952), marten (Strickland et al. 1982), mink (Linscombe et al. 

1982), fisher (Strickland et al, 1982), and the wolverine (Wilson et al. 1982) were 

obtained as indicated. In the Family Felidae, primary prey weights for bobcat and 

lynx were obtained from McCord and Cordora (1982) and for cougar from Burt 

and Grossenheider (1952). In the Family Canidae, primary prey weights were 

obtained for arctic fox (UndeMlood and Mosher 1982), red fox (Samuel and 

Nelson 1982), coyote (Bekoff 1982), and the wolf (Muklers 1997). Data on 

pnmary prey weight for black b a r  and raccoons came from Burt and 

Grossenheider (1952). For each predator, primary prey were identified as the 

prey with the highest frequency in the diet. If h o  or more prey were recorded 

with equal frequent, the mean weight of the combined species was calculated. In 

order to arrive at a representative primary prey weight, the mean weight of both 

males and females were used for each prey species. 

Statistical Analysis 

Statistical analyses were perfomied only on adult specimens and a total of 

eight hundred and eighty eight skulls were measured. Data were tested for 

nomiality and considerd nonnally distributed if skewness was Ims than & 2.0 



(DESCRIPTIVE Program on SPSS 9.0 [SPSS Inc.] for Windows958). 

"DESCRIPTIVEw was also utiiized to calculate the n statistic, range, minimum, 

maximum, sum, mean, and variance for al1 variables and the mean maximum 

estimated bite forces. Probabilities of less than 5% were considered to have 

biological significance. One-way ANOVAs were used ta detemine significant 

differences in mean maximum estimated bite forces among species and families. 

Outliers were identifid using the sub-routine EXAMINE VARIABLES and 

BOXPLOT in ANALYZE DATA (SPSS 9.0). 

In carnivores, there are diierences in variability within and among 

families. ftius, a multivariate approach was used to explore diierences in 

variance. Relationships of populations may be more accurately interpreted when 

characters are considered as an integrated whole, rather than when each is 

considered separately (Skeel and Carbyn 1 977). 

Principal Component Analysis and Discriminant Analysis were conducted 

using SPSS-PC Windows 9.0 Graduate Student Ediiion, sub-programs FACTOR 

and DISCRIMINANT. These methods have been used by Sokal and Sneath 

(1963), Seal (1964), Momson (1967), Sokal and Rohlf (1969), Child (1 WO), 

Blackii and Reyment (1971), Zar (1974), Krzanowski (1977), Neff and Marcus 

(1 980), Williams (1 983), Romesburg (1 984), and Manly (1 986). 

Skull parameters with the highest factor-score and that were not directly 

related to maxhum estimated biie force were examined for correlation with the 

maximum estimated biie forces. Analyses were done for the Order Camivora, 

Families Mustelidae, Felidae, and Canidae and for each species. The parameter 



with the highest mean correlation coefficient was transformed to decrease the 

heteroscadacity and cunrilinearity (Zar 1974) and conelated with the maximum 

estimated bite force to create higher correlation coefficients, as well as lines-of- 

best fit. Lines-of-best-fi for each correlation were tested for significant 

differences in slope and y-intercept. 

Estimated bite-forces were comlated with primary prey weight for the 

three families of tnie carnivores (Mustelidae, Felidae, and Canidae). 

Homogeneity of the slope of the correlation's lines-of-best-fi was detemined and 

an ANCOVA was performed to determine significant differences in the y- 

intercepts. Correlation îines were not computed for the omnivore families 

(Procyonidae and Ursidae), due to the fact that only one species from each 

family was represented. 



Resuls 

Maximum Estimated Bie Force 

One of the primary objectives of this thesis was to determine the mean 

maximum estimated bite force in Newtons (N) for each species (Table 1). In the 

Family Mustelidae, the mean maximum estimated bite force ranged from 40N for 

ermine, 126 N the marten, 207 N for mink, 539 N for fisher and 844 N for 

wolverine. In the Family Felidae, the mean maximum estimated bite force for lynx 

was 541 N, which was similar to the closely related bobcat (548 N). The largest 

member of the Family, the cougar, had a mean maximum estirnated bite force of 

131 1 N. In the Family Canidae, the arctic fox had an mean maximum estimated 

biie force of 350 N, whiie the red fox had a mean maximum estimated biie force 

of 430 N. The coyote, the second largest member of the Family Canidae had a 

mean maximum estimated bite force of 681 N, while the wolf had a mean 

maximum estimated bite force of 2255 N. The other two species included in this 

analysis were the black b a r  and raccoon, which had mean maximum estimated 

bite forces of 2160 N and 346 N, respectively. Table 1 summarizes the mean 

maximum estimated bite forces, sample sire, standard deviation, and the 

difference in Newtons to the next largest estimated bite force or interspecific 

distance. 

Table 2 identlies the homogenous subsets of animals acoording to mean 

maximum estimated Fie forces as classified by the Tukey Post-hoc test. The 

smallest compriseci of the emiine, mink and marten represented Group 1, while 

Group II containeci the marten, raccwn and arctic fox. Group III was the largest 

containing the raccoon, arctic fox, red fox, bobcat, lynx and fisher, h i l e  Group IV 



Table 1: Displayed is the Mean Estimateci Bite Force of the 14 species of 
carnivores in the study. lncluded is the sample size, the change in the mean 
behveen the species (interspecific estimateci bite force distance) and the 
standard deviation of the mean. 

Species Mean N AMean Std. Deviation 

Emine 
Min k 
Marten 
Raccoon 
Arctic Fox 
Red Fox 
Fisher 
Lynx 
Bobcat 
Coyote 
Wolvenne 
Cougar 
Bear 
Wolf 2255.66 101 95.17 369.65 
Total 823.12 888 783.07 



Table 2: Homogenous subsets of animak accordhg to thair maximum estmated 
bite focces as classified by the Tukey Post-hoc test hm a one-way A N O V A.. 

Tuiœy a* 

FECIES - 
Ermine 
Mnk 
Marten 
Raccm 
Arctic 
Red Fox 
Fsher 
Lynx 
Boôcat 
Coyote 
WohFerine 
cougai. 
Btack Beai 
Wolf 
su 

Subset for al1 

a Aileans forgioups in hm- subseb are dispîayed. 

b. Uses Hamionic Mean Sam* Sire = 33.070. 



was cornprised of fisher, lynx, bobcat and coyote. Group V contained the coyote 

and the wolverine, while Gmup VI mis the cougar. Group VII was the wotf and 

the black bears. Overlap occurred among Groups as outlined in Table 2. 

Principle Cornponent Analysis 

f i e n  (15) variables were processed by Principle Component Analysis. 

Variables such as group, farnily, species, geographic location, sex, primary prey 

weight, and nine skull parameters were allowed to enter the analysis. Variables 

calculateci from the skull parameters, such as areas and bite forces were not 

used. A summary of the derived dimensions, eigen values, and factor loading for 

al1 components is illustrated in Table 3. Factor 1 (skull parameten) had an eigen 

value of 9.06 and accounted for 64.7% of the variance amongst the 14 species. 

Factor 2 (species and family membership) had an eigen value of 2.02 and was 

responsible for 14.4 % of the combined total of 79.1%. Factor 3 (sex, primary 

prey weight and location) had an eigen value of 1.2 and explained 8.8 % of the 

variance, bringing the total explained variance to 87.8%. Table 4 displays the 

results of the Rotated Component Matnx. Factor I was comprised of skull 

rnorphological parameters. The three variables with the greatest factor loading 

included maximum skuH length (0.981), maximum skull width (0.982), and cross- 

sectional length of the masseter muscle (0.989). 



Table 3: Results of the Principle Component Analysis. 

i n i i  Eigenmlues 
- 
Total - 
9.05 
2.01 
1.23 
-----a 

0.86 
0.50 
0.1 5 
0.06 
0.03 

0.03 
0.02 
0.02 
0.01 
0.0 
0.0 - 

Extraction Sums of 

Extraction Mhod: Principal Component Analysis. 

Rotatian Sums of 

Total 

B.96 
2.01 
1.32 .----- 

Table 3a: Definition of components extracted by the Principle component 
analysis 

# 

1 
2 
3 

Definition of Component 

Skull Parameters, Prey Weight 
Family and Species Label 
Geographic location and Sex 



Table 4: As can be seen in the Rotated Component Matrix, the first component is 
comprised of skull parameters, the second is comprised of species and family 
labels while the third is the geographic location and sex. 

Rotated Component MaWx 

Y 
SPEClES 
Eco 
Sex 
PREYWT 
Aream 
Areat 
LENGTH 
WIDTH 
XSLMAS 
XSWMAS 
TEMPL 
TEMPW 
LOWERJ 

Rotation Method: ~arim& wiîh ~ & e r  ~omialhation. 
a. Rotation mverged in 4 iterations. 

I 

I 

Family: Famiiy which the animal belongs to 
Species: Species 
Eco: Eco Zone in which animal was found 

iI 

I I 

W .  II . . 

PreyWt: Primary Prey weight of the specks to which the skull belongs 
AreaM: Cross Sectional Area of the Masseter / Pterygoidal muscles 
AreaT: Cross Sectional Area of the Temporalis muscle 
Length: Maximum length of skull 
Width: Maximum width of skull 
XSLMAS: Cross sectional Length of the Masseter / Pteiygoidal foramen 
XSWMAS: Cross sectional Width of the Masseter / Pterygoidal foramen 
TEMPL: Cross sectional Length of the Temporalis foramen 
TEMPW: Cross sectionai W i i  of the Temporalis foramen 
LowerJ: Total length of the Lower Jaw 

Extraction Method: Principal Component Analysis. 



Discriminant Analysis 

The variables, total skull length, total skull width, and cross-sectional 

length of the masseter muscle, were the three most highly related variables to 

Factor I and were utilized in the Discriminant Analysis. Table 5 represents the 

descriptive statistics for the 14 species. The first three canonical discriminant 

functions were used in the analysis. A sumrnary of the eigen values and the % 

variance for each discriminant function is shown in Table 6. As indicated, the 

first, second, and third functions contributed 87.2%, 12.0%, and 0.9% of the 

variance, respectively. Table 7 represents the classification results of the three 

discriminant functions. Wihin the Family Felidae, the discriminant analysis 

accurately classified 77.1 % of the lynx, 66.7% of the bobcat, and 100.0% of the 

cougar. Within the Family Canidae, the functions correctly classified n.0% of the 

arctic fox, 83.3% of the red fox, 97.1% of the coyotes, and 78.2% of the wolves. 

For the Family Mustelidae, the discriminant analysis correctly classified al1 (100 

%) of the three smallest members (emine, mink, marten), 82.9% of the fisher, 

and 94.4% of the wolverines. In the Family Ursidae, 64.3 % were classified 

correctly, while in the Family Procyonidae, 76.3 % of the specimens were 

classified correctly. In total, the three functions, skull length, the skull width, and 

the cross-sectional length of the masseter muscle correctly classified 85.0% of 

the North American carnivores ranging from the ennine to the black bear. 

To determine if the discriminant functions were generakable, the total 

number of specirnens were randomly hahred. Wih n = 451, a new set of 



Table 5: Group Statistics for the fourteen species of carnivores in the 
Discriminant Analysis. 

Std. Valid N 

LWX LENGTH 122.86 5.36 96.00 
WlDTH 86.88 3.32 96.00 

XSLMAS 33.03 2.18 96.00 
Bobcat LENGTH 124.05 10.81 51 .O0 

WlDTH 85.88 8.09 51 .OO 
XSLMAS 33.85 4.02 51 .O0 

Cougar LENGTH 184.41 10.91 17.00 
WIDTH 126.71 8.27 17.00 

XSLMAS 51.57 4.69 17.00 
Arctic Fox LENGTH 130.73 9.56 74.00 

WlDTH 68.97 4.29 74.00 
XSLMAS 28.73 2.64 74.00 

Red Fox LENGTH 146.31 9.96 42.00 
WlDTH 74.39 3.85 42.00 

Q 21 .SA 3 79 A9S(L 
Copte LENGTH 191.00 11.54 1 37.00 

WlDM 95.01 7.30 t 37.00 
0 137. 
Wolf LENGTH 255.60 14.34 101 .O0 

WlDTH 137.67 9.05 101.00 
XSLMAS 59.01 4.36 101 .O0 

Ennine LENGTH 40.91 3.95 55.00 
WlDTH 22.73 2.69 55.00 

XSI MAS 7.94 1.16 55.0Q 
Mink LENGTH 61.01 4.72 51 -00 

WlDTH 35.00 3.53 51 .O0 
XSLMAS 13.67 1.63 51 -00 

Marten LENGTH 83.91 5.02 61 .O0 
WIDW 46.50 4.32 61 .O0 

XSI MAS 19.88 1.59 61 .ûû 
Fisher LENGTH 120.63 5.16 41 .O0 

WlDTH 65.68 4.44 41 .ûû 
XSLMAS 32.17 1 -78 41 .W 

Wolvenne LENGTH 153.62 10.19 54.00 
WlDTH 98.34 7.44 54.00 

XSLMAS 37.96 3.63 54.00 
Bledc Bear LENGTH 262.58 25.83 70.00 

WlDTH 151.86 20.85 70.00 
XSLMAS 62.56 8.53 70.00 

Raccoon LENGTH 111.53 5.07 38.00 
WlDTH 67.35 6.21 38.00 

X-S 28.24 2.78 38.00 
Total LENGTH 152.47 66.53 888.00 

WlDTH 86.81 36.56 888.00 
C 36.34 1671 



Table 8 a), Classikation Function Coefficients 

a Variable 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
LEN 0.81 0.84 1.19 1.98 2.21 3.03 3.60 0.65 0.82 1.11 1.40 1.54 3.26 1.19 
WID 0.77 0.64 0.s4-o.u-0.76 -1 .os u.ss-o.04-o.os-o.2i -o.si 0.41 -0.27 0.01 
XSLM -1.26-1.05 -1.16-2.40-2.18 -3.13 -3.96-1.11-1.14-1.19-0.60-2.20 -3.860.81 
(Const) -64.80 -64.1 -1 35.9 -81 .O -99.3 -1 73.2 -287.6 -1 1.1 -1 9.0 -32.4 -60.4 -99.1 -289.7 0.77 

Fisher's linear discriminant functions 

Table 8 b). Eigenvalues 

Function Eiaenvalue % of Variance Cumulative % Canonical Correlation 
1 39.626 87.2 87.2 0.988 

Table 6 c). Wilks' Lambda 

df Sia. - 
1 through 3 0.003 5178.3 39 0.001 
2 throuah 3 0.1 12 1923.9 24 0.001 - 

3 0.721 287.5 11 0.001 
a First 3 canonical discriminant functions were used in the analysis. 

Species Classification: Lynx 
Bobcat 
Cougar 
Arctic Fox 
Red Fox 
Coyote 
won 
Ermine 
Mink 
Maiten 
Fisher 
Wolverine 
Black Bear 
Raccoon 



0' 0 ' 0 ' 0 ' 0 '  0' 0' 0 ' 0 ' 0 ' 0 ' 0 '  6'nL'u 
tl E l Z L  L C O C  6 8 L 9 9 P 8 2 1  



discriminant functions for each species were created and the first three canonical 

discriminant functions were used in the analysis. A summary of the Classification 

Functims for each species is shown in Table 8a. A summary of eigen values and 

the % variance for ea& discriminant functian are show in Table 8b and the 

WilKs Lambda and s i g n f i c e  of the functions in shown in Table 8c. As 

indicated, the first (total length of the skull), second (total width of the skull), and 

third (cross-sectional length of the masseter muscle) functions wntributed 

86.5%, 12.1% and 1.4% of the variance for the North Amencan Carnivores, 

respectively. As can be seen in Table 9, the classification resuits of the three 

discriminant functions for one haif of the random sarnpie was 84.5%. When the 

same functions were applied to the second haff of the sample, 83.1% of the 

cases were comcüy ciassified (Table 10). 

Mean Maximum Estimated Bile Forees and Skull Morphology 

Figures 7 ttirough 9 represent the distribution of the mean maximum 

estimated biie forces for each of the three families of true carnivores (Mustelidae, 

Felidae, and Canidae, mspectively). As can be seen the range, of maximum 

estimated bite force increases as the sire of the species increases, when 

animals wem piotted along the x-axis from smallest to large&. 

To examine the telatîonship between skull morphology and maximum 

estimated bite force, the measured parameters extracted from the Principle 

Camponent Analysis were plotted against the mean maximum estimated biie 

force for al1 of the mimals studii. As illustrated in Figure 10, in the Order 

Camivora maximum estimateci bite force has a cu~linear relationship with each 

of the îtiree skull parameters. 



Table 8 a). Classification Function Coefficients 

1 2 3 4 5 6  7 8 9 10 11 12 13 14 
LEN. 0.66 0.70 1.04 1.79 1.94 2.69 3.18 0.58 0.73 0.97 1.16 1.33 2.81 1.07 
WID. 1.02 0.89 1.18-0.23-0.42 -0.66 -0.26 0.06 0.07-0.01 -0.36 0.74 0.35 0.25 
XSLM *t .27 -1.04-1.26-2.36-2.17 -3.16 -3.98 -1 -13 -1.14-1.18 -0.20 -2.18 -3.85 -1.40 
Const -66.0 -66.9 -1 441-78.9 -9&6 -1 61.2 -374.6 -1 0.5 -1 8.4 -31.6 -58.26 -1 00.5 -275.5 -50.8 

Fisher's linear discriminant functions 

Table 8 b). Eigenvalues 
-- - .  

D n v a l u e  % of Va riance Cumulat ive % Canonical Correlatipn 
1 40.1 86.5 86.5 0.988 
2 5.6 12.1 98.6 0.921 
3 0.6 1.4 100.0 0.624 

a First 3 canonical discriminant functions were used in the analysis. 

Table 8 c). Wilks' Lambda 

c w  df .% 
1 through 3 0.002 2692.61 39 0.00 
2 through 3 0.092 1052.1 3 24 0.00 

3 0.610 718.19 11 Q,QQ- 

Species Classification: Lynx 
Bobcat 
Cougar 
Arctic Fox 
Red Fox 
Coyote 
Wolf 
Ermine 
Mink 
Marten 
Fisher 
Wolverine 
Black Bear 
Raccoon 



Table 9: Classification results of Discriminant Analysis for n = 451 of the Selected 
individual Carnivores. 

Lynx 68.2 31.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Bobcat 30.0 66.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.3 
Cougar 0.0 0.0 100 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Arctic Fox 0.0 0.0 0.0 67.6 29.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.9 
Red Fox 0.0 0.0 0.0 15.8 84.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Coyote 0.0 0.0 0.0 0.0 1.6 98.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
won 0.0 0.0 0.0 0.0 0.0 2.9 76.5 0.0 0.0 0.0 0.0 0.0 20.6 0.0 
Ermine 0.0 0.0 0.0 0.0 0.0 0.0 0.0100 0.0 0.0 0.0 0.0 0.0 0.0 
Mink 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0100 0,O 0.0 0.0 0.0 0.0 
Marten 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100 0.0 0.0 0.0 0.0 
Fisher 0.0 0.0 0.0 0.0 0.0 0.0 0.00.0 0.0 0.0100 0.0 0.0 0.0 
Wolverine 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100 0.0 0.0 
Black Bear 0.0 0.0 0.0 0.0 0.0 2.8 33.3 0.0 0.0 0.0 0.0 0.0 63.9 0.0 
Raccoon 5.6 5.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 88.9 

a. 84.5% of selected otigmal gmuped cases correctly 
classif ied 

Table 10: Classification resuits of Discriminant Analysis for n = 437 of the 
remaining Non-Selected individual Carnivores. 

S~ecies 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Lvnx 63.536.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Bobcat 28, 
Cougar 0, 
Arctic Fox O, 
Red Fox O, 
Coyote O, 
Wolf O# 
Ermine O, 
Mink 0, 
Marten O, 
Fisher 0, 
Wolverine O, 
BlackBear O, 
u 

b. 83.1 % of un! 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

87.5 12.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
17.482.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 4.1 95.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 6.1 81.8 0.0 0.0 0.0 0,O 0.0 1211 0.0 
0.0 0.0 0.0 0.0 100 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 100 0.0 0.0 0.0 0.0 0.0 

1 0.0 0.0 0.0 0.0 0.0 0.0 100 0.0 0.0 0.0 0.0 
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 50 0.0 0.0 0.0 
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 88.9 0.0 3.7 
1 0.0 0.0 0.0 44.1 0.0 0.0 0.0 0.0 0.0 55.9 O 
t 0.0 0.0 0.0 0.0 0,O 0.0 0.0 10.0 0.0 0.070.0 
elected original gmuped cases correctly classifiecl 



Figure 7. Mean (Distribution, Standard Error, and Standard Deviation) of the 
maximum estimated bite force of the five species representing the Family 
Mustelidae. 





Figure 8. Mean (Distribution, Standard Emr, and Standard Deviation) of the 
maximum estirnated bite force of the f i e  species representing the Family Felidae. 
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Figure 9. Mean (Distribution, Standard Enor, and Standard Deviation) of the 
maximum estimated bie force of the fiie species representing the Family 
Canidae. 





Figure 10. Lines-of-best-fit and correlation between the maximum estimated bite 
force and the three skull parameters (maximum skull width, maximum skull 18119th 
and cross-sectional length of the masseter muscle) for the Order Camivora in 
North America. 
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When applying a line-of-best fit to each figure, a quadratic equation was utilized, 

creating ? values for each relationship. Since the skull parameters were not 

independent variables, the ? values wre comrerted to r-values and the strength 

of the correlation was considered. When al1 specimens were considered, the 

strongest relationship (r = 0.967) was obsenred when the variable maximum 

estimated bite force was plotteci against the maximum skull widîh. The other two 

skull parameters, maximum skull length, and cross-sectional length of the 

masseter both had significantly lower values (p < 0.05, t = 2.166), (r = 0.9505 and 

r = 0.9618, respectively), 

When each of the three families of true carnivores was analyzed, they 

exhibited similar trends. Within the Family Mustelidae, the maximum skull width 

was the most highly conelated skull parameter with the maximum estimated bite 

force (Figure 11). The correlation of the maximum estimated bite force and this 

skull parameter (r = 0.982) was significantiy higher than the correlation of the 

other two skull parameters (maximum skull length r = 0.968 and cross-sectional 

length of the masseter r. = 0.965). The Family Felidae exhibited similar trends to 

the Order Camivora (Figure 12) and once again, the maximum skull width 

exhibited the highest correlation wiîh the maximum estimated bite force (r = 

0.97ï). Again, the cross-sectional length of the masseter muscle and the 

maximum skull length were slightly less with r-values of 0.966 and 0.971, 

respectively. All of the lines-of-best fi were highly significant (p c 0.0001) and the 

maximum skull width had a sgnificantly higher correlation, than the cross- 

sectional length of the masseter muscle ( t = 2.87, pc 0.05). 



Figure 1 1. Lines-of-best-fi and correlation between the maximum estimated bite 
force and the three skull parameters (maximum skull width, maximum skull length 
and cross-sectional length of the masseter muscle) for the Family Mustelidae in 
North Amenca. 
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Figure 12. Lines-of-best-fit and correlation between the maximum estimated bite 
force and the three skull parameters (maximum skull width, maximum skull length 
and cross-sectional length of the masseter muscle) for the Famiiy Felidae in North 
America. 
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The Family Canidae showed similar trends (Figure 13). The r-value for the 

correlation of maximum estimated bite force mth the maximum skull width was 

significantly higher than the ottier two skull parameters (t = 2.87, p< 0.05). The 

maximum skull width had a comtation coefficient of r = 0.954 with the maximum 

estimated bite force compared to r = 0.919 for the cross-sectional length of îhe 

masseter muscle and r = 0.91 5 for the maximum skull length. 

In order to determine if there were sirnilar trends in the species considered 

omnivorous, the Families Ursidae and Pmcyonidae were analyzed. Within the 

Family Procyonidae, the maximum estimated bite force was most highly 

correlated (r = 0.954) with the maximum skull width (Figure 14). The cross- 

sectional length of the masseter muscle had a correlation coefficient of r = 0.875 

with the maximum estimated bite force, which was signifiintly lower than the 

previous parameter (t = 3.84, p > 0.05). When aie skull parameters of the 

Ursidae were plotted versus the maximum estimated bite force (Figure 151, the 

maximum skull width had a correlation coefficient of r = 0.965, w h i  was 

significantly higher than îhe correlation of the other two skull parameters. 

Thirdly, the relationships of the three skuU parameters with maximum 

estimated bite force were examined by species to determine which skull 

parameter had a higher correlation coefficient, In the Family Mustelidae, the 

ermine had a maximum estimated bie force whkh was highly correlated with al1 

parameters of the skull; however, the highest (r = 0.929) was with the maximum 

skull width (Figure 16). The mink had both the maximum &il length (r = 0.921) 

and maximum skull width (r = 0.9 19) highiy 



Figure 13. Lines-of-best-fit and correlation between the maximum estimated bite 
force and the three skull parameters (maximum skull width, maximum skull length 
and cross-sectional length of the masseter muscle) for the Family Canidae in 
North America. 
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Figure 1 4. Lines-of-best-fit and correlation between the maximum estimated bite 
force and the three skull parameters (maximum skull widai, maximum skull length 
and cross-sectional length of the masseter muscle) for the raccoon (Procyon lotor) 
in North America. 
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Figure 15. Lines-of-best-fit and correlation between the maximum estimated bite 
force and the three skull parameters (maximum skull width, maximum skull length 
and cross-sectional length of the rnasseter muscle) for the black bear (Usus 
amencanus) in North America. 
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Figure 16. Lines-of-best-fi and correlation between the maximum estimated bite 
force and the three skull parameters (maximum skull width, maximum skull length 
and cross-sectional length of the masseter muscle) for the ennine (Mustela 
emhae) in North America. 
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comlated with the maximum estimated bite force (Figure 17). these values did 

not d i r  significantly from the r-value (r = 0.91 1) of the correlation between the 

maximum estimated biie force and the cross-sectional length of the masseter 

muscle. Figure 18 represents the correlation of the three skull parameters of the 

marten with the maximum estimated bite force. Again, the highest correlation 

was with the maximum skull width (r = 0.940), while the fisher similady had a very 

strong (r = 0.994) correlation coefficient between the maximum skull width and 

the maximum estimated bite force (Figure 19). The largest member of the Family 

Mustelidae, the wolverine had the highest correlation (r = 0.891) between the 

maximum skull width and the maximum estimated bite force and this was 

significantiy different (t = 2.22, p c 0.05) from the correlation values for the 

relationships between the maximum estimated biie force and the other two skull 

parameters (Figure 20). 

Figure 21 represents the distribution of the maximum estimated bite force 

with the three skull parameters for the lynx. As can be seen, the t- value for this 

species was lower than the r-value of al1 other species in the Farnily Felidae and 

the cross-sectional length of the masseter muscle had aie highest correlation 

with the maximum estimated bite force. Figure 22 represents the bobcat and the 

relationships that the skull parameters had with maximum estimated bite forces. 

As can be seen, maximum skull width had the second highest r-value (0.958), 

which was signifiintly higher than the correlation with the maximum skull length 



Figure 17. Lines-of-best-fit and correlation between the maximum estimated bite 
force and the thne skull parameters (maximum skull width, maximum skull length 
and cross-sectional length of the masseter muscle) for the mink (Mustela vison) in 
North America. 
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Figure 1 8. Lines-of-best-fit and correlation between the maximum estimated bite 
force and the three skull parameters (maximum skull width, maximum skull length 
and cross-sectional length of the rnasseter muscle) for the marten (Martes 
amencana) in North America. 
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Figure 19. Lines-of-best-fi and correlation between the maximum estimated bite 
force and the three skull parameters (maximum skull width, maximum skull length 
and cross-sectional length of the masseter muscle) for the fisher (Martes pennantr) 
in North America. 
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Figure 20. Lines-of-best-fii and correlation between the maximum estimated bite 
force and the three skull parameters (maximum skull width, maximum skull length 
and cross-sectional length of the masseter muscle) for the wolverine (Gu10 gulo) in 
North America. 
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Figure 21. Lines-of-best-fit and correlation beniveen the maximum estimated bite , 
force and the three skull parameters (maximum skull width, maximum skull length 
and cross-sectional length of the masseter muscle) for the Lynx (Lynx canadensis) 
in North America. 
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Figure 22. Lines-of-best-fi and correlation between the maximum estimated bite 
force and the three skull parameters (maximum skull width, maximum skull length 
and cross sectional length of the masseter muscle) for the bobcat (Lynx &us) in 
North Arnerica. 
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(r = 0.914, t = 3.2, p < 0.05), but not (t = 0.922, p > 0.05) with the cross-sectional 

length of the masseter muscle (r = 0.945). The r-values for the correlation 

between the skull parameters and the maximum estimated bite forces for the 

cougar were strongest with the maximum skull width (r = 0.933) (Figure 23). This 

correlation was significantly higher than the correlation with the maximum skull 

length (r = 0.632) and the cross-sectional length of the masseter muscle (r= 

0.555). 

Within the Family Canidae, the highest correlation coefficients were found 

with the correlation between the maximum estimated bite forces and the 

maximum skull widths. As can be seen in Figure 24, the maximum skull width of 

the arctic fox was correlated (r = 0.951) with the maximum estimated bite force, 

and this was significantly higher than the other two measured skull parameters 

(length, r = 0.860 and masseter, r = 0.913). In the red fox, al1 three skull 

parameters were correlated with the maximum estimated bite force and although 

the maximum skull width had a stronger correlation than the other two skull 

parameters there was no significant diierence between the r-values (t = 0.25, p > 

0.05, Figure 25). In the coyote, then was a strong correlation between the 

maximum estimated bite force and the maximum skull width with an r-value of 

0.935 (Figure 26). This correlation coefficient was significantly higher (t = 4.6, p c 

0.05) than the other two correlation values of r = 0.860 and r = 0.805 for the 

cross-sectional length of the masseter muscle and the maximum skull length, 

respectively. In the wolf, the highest correlation was with the maximum skull 

width (r = 0.665); however, there were no 



Figure 23. Lines-of-best-fi and correlation between the maximum estimated bite 
force and the thme skull parameters (maximum skull width, maximum skull length 
and cross-sectional length of the masseter muscle) for the cougar (Felis concolor) 
in North America. 
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Figure 24. Lines-of-best-fit and correlation behiveen the maximum estimated bite 
force and the three skull parameters (maximum skull width, maximum skull length 
and cross-sectional length of the masseter muscle) for the arctic fox species 
(Alopex lagopus) in North America. 
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Figure 25. Lines-of-best-ft and correlation between the maximum estimated bite 
force and the three skull parameters (maximum skull width, maximum skull length 
and cross-sectional length of the masseter muscle) for the red fox (Vulpes fulva) in 
North America. 
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Figure 26. Lines-of-best-fit and correlation between the maximum estimated bite 
force and the three skull parameters (maximum skull width, maximum skull length 
and cross-sectional lengîh of the masseter muscle) for the coyote (Canis latram) 
in North America. 



Masseter kull Wiâth 
Lenath 

Coyote - 
0 X.S. Length 

of Masseter 

r = 0.860 
7 

v Max. Wiâth 

of Skull 

r = 0.935 - 
x Max. Length 

of Skull 

r = 0.805 

700, 

600 a 

500 I 

400, 

300 
m I 

O 100 

Length of Skull Parameter (mm) 



significant diierences between the coirelation values of the cross-sectional 

length of the masseter muscle (r = 0.583) nor the maximum skull length (r = 

0.61 6) (Figure 27). 

Although the three skull parameters (maximum skull length, maximum 

skull width, and cross-sectional length of the masseter muscle) were al1 highly 

correlated, in most cases, the maximum skull width was the variably more highly 

correlated with the maximum estirnated bite force. Due to the cuniilinear 

relationship between maximum estimated bie force and this parameter, the data 

were transforrned to the square roots in order to minimize curvilinearity and 

reduce the amount of heteroscadacity. The new transfomed equations were 

developed solely using the maximum skull width for al1 species to determine the 

line-of-best-fi and compare sbpe and intetcept within and between families and 

species (Table 1 1 ). 

Slopes were evaluated for signifiant diierences with an ANCOVA and 

Tukey post-hoc analysis was used to determine sources of significant 

ditferences. As demonstrated above, the dope of the relationships between the 

square root of the maximum estimated bite force and the width of the skull for al1 

carnivores was 0.327 and increased to 0.332, when the "omnivoresn were 

removed. The line-of-best-fii for the relationship between the transfomed 

maximum estimated bite force and the maximum skull width for al1 of the 

carnivores and the true carnivores did not signlicantly diier. When al1 families 



Figure 27. Lines-of-best-fit and correlation between the maximum estimated bite 
force and the three skull parameters (maximum skull width, maximum skull length 
and cross-sectional length of the masseter muscle) for the wolf (Canis lupus) in 
North America. 
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were compared, the ANCOVA for the slopes of the regression lines of the square 

mot of the maximum estimated bite force with the skull width showed that îhere 

was a significant difference (F = 123.1, p < 0.0001) between the five families. 

Post hoc analysis mvealed that the Family Canidae had a steeper slope than al1 

the other carnivores, but did not differ from the Family Procyonidae. It was also 

revealed that the biack bear (slope = 0.365) was signiiicantly different from the 

Mustelidae and the Felidae. Finaliy, it also revealed that the two families with the 

lowest slopes (Felidae, m = 0.321 and Mustelidae, m = 0.296) were significantly 

difierent from al1 the other lhree Families, but did not significantly differ frorn each 

other. When al1 species were campared, there was no significant dierence 

benNeen gmups (F = 1.75, p = 0.051). Again, when the two omnivorous species 

(black bear and raccoon) were omitted from the analysis, the lack of significant 

differences became more evident (F = 1.07, p = 0.379). True camivorous species 

were gr0up8d into families to detemine if any general trends became 

discemable between the larger and smaller species, Within the Farnily 

Mustelidae, the slopes ranged from 0.339 width for the largest member to 0.388 

width for the smaller marten. There were no significant differences (F = 1.54 p = 

0.1915) amongst the siopes d the square root of the maximum estimated bite 

force and the skull width for this family. Within the Farnily Felidae, the slopes 

ranged from 0.297 width for the largest member to 0.327 for the smaller bobcat. 

There were no s ign i f i i  differences arnangst the slopes of the square root of 

the maximum estimated bite force and the skull width for this family. Within the 

Family Canidae, the slopes of the limes defiiing the correlation between the 



Table 1 1 : Summary of Lines of best fit for the correlation between the square mot 
of the maximum estimated bite force and the maximum skull width. 

n Classification Force SJope Elnter Sub Corr. Equation 
(N) JN set coeff 

888 All Camivora 823.1 0.335 -3.10 a 0.97 p0.33~-3.10 
780 True Carnivora 656.6 0.330 -2.74 a 
262 Mustelidae 351.8 0.296 0,26 c I 
t 64 Felidae 800.5 0.320 - 4.42 c ( 
354 Canidae 929.7 0.420 - 11.78 a 
38 Procyonidae 346.5 0.418 - 9.74 a ( 
70 Ulsidae 2160.8 0.365 b 
55 Ennine 40.8 0.360 -1.88 a ( 

51 Mink 126.5 0.380 -2.19 a ( 

61 Marten 207.6 0.390 -3.75 a ( 
41 Fisher 539.1 0.448 - 6,23 a 
54 Woiverine 844.9 0.330 -4.41 a I 
96 Lynx 541.5 0.304 -3.18 a ( 
51 Bobcat 548.5 0.327 - 4.79 a ( 

17 Cougar 1311.5 0.297 -1.45 a 
74 Arctic Fox 350.6 0.319 -3.29 a 
42 Red FOX 430.5 0.364 -6.35 a [ 
137 Coyote 681.9 0.355 - 7.71 a { 

101 Wdf 2255.7 0.301 5.83 a i 



transfomwd maximum estimated bite force and the skull width ranged from 0.301 

(maximum skull width) for the largest member to 0.364 (maximum skull width) for 

the red fox. Although there was a greater range in maximum estimated bite 

forces for the Canidae, there were no significant differences (F = 1.309, p = 

0.200) amongst the slopes of the square root of the maximum estimated bite 

force and the skull width for this family. 

Y-intercepts were evaluated for signifiint differences with an ANCOVA. 

When al1 species were allowed in the analysis, there was a significant diierence 

within the Order Camivora (F404.55, p c 0.001). Likewise, when the two 

omnivores species were omitted, signifiant differences were still evident (F = 

2.816, p = 0.013). The Order Carnivora was separated into the respective 

families to determine if any general trends became discernable between the 

families. For the Family Mustelidae, the line-of-best+t for the correlation 

betwen the square root of the maximum estimated bite force and the maximum 

skull width had a y intercept of - 0.268. The Family Felidae had a y- Rltercept of 

- 4.425 while the Family Canidae had a y-intercept of -1 1,789 for the same line- 

of-best-fi. The above data are also summarized in Table 11. When al1 families 

are compared, the ANCOVA for the y-intercepts of the regression lines for the 

square mot of the maximum estimated.bite force with the skull width showed that 

there is a significant difference (F = 179.59, p < 0.0001). Tukey post hoc analysis 

revealed that the Famiiy Canidae had the lowest y-intercept of -1 1.78 and that 

the tnie carnivores did each differ signifiintly from one another. The post hoc 

analysis also showed that the two omnivores were not different from each other 



and the family Canidae, but did significantly differ from the Felidae and the 

Mustelidae. Families were then separated into species to examine if trends 

became discemable. 

The y-intercepts of the relationships between the square root of the 

maximum estimated bite force and the width of the skull ranged fmm 5.83 N'" 

(square mot maximum estimated bite force) for the Canis lupus to -9.74 N'" for 

the Procyon lotor. Within the Family Mustelidae, the y-intercepts ranged from - 
1.88 NIR for the smallest member (ennine) to -6.23 N'" for the larger fisher. 

There were no significant differences (F=1.108 p-. 3536) amongst the y- 

intercepts of the line-of-best-fi for the square root of the maximum estimated bite 

force and the skull width for the species in this family. Within the family Felidae, 

the y-intercepts ranged fmm -1.45 N ' ~  for the largest member to 4.79 N" for 

the srnaller bobcat. There were no significant differences amongst the y- 

intercepts of the line-of-best-fit for the square mot of the maximum estimated bite 

force and the skull width for this family. Within the Family Canidae, the y- 

intercepts ranged from 5.83 NIR for the largest member to -7.71 NM for the 

second largest member, the coyote. There was a greater range in bite forces for 

the Famiiy Canidae, resuiting in signifiint differences (F4.835, p = 0.0007) 

amongst the y-intercepts of the square root of the maximum estimated bite force 

and the skull width for this family. Post hoc (Tukey) analysis showed that the wolf 

had a signifiintly higher y-intempt than the other members of this family. The 

remaining membets of the famiiy showed no significant difference between the y- 

intercepts for the lines-of-best-fit defining the correlation between the square root 



of the maximum estimated bite force and the maximum skull wicith. The scaling 

relationship between any linear skull dimension and the maximum estimated bite 

force is outline in Appendix 1. 

Primary Prey Weights 

To determine ii a relationship between estimated bite forces for the North 

American carnivores and prey weights exist, an extensive Iiterature search was 

cûnducted to identify the primary prey of each of the 14 species. The weights 

used in this project were determined from the single marnmalian prey species, 

which were recorded in the literature as composing the highest percentage of the 

diet. In the case of the omnivores, the largest mammalian prey species was 

used. 

The smallest member of the Mustelidae family represented in this study 

was the ermine, whose diet is compriseci primarily of mice resulting in a prey 

weight of 0.07 kg. The second member of this family, the mink feed primarily on 

muskrat, resuRing in a primary prey weight of 0.22 kg. The medium shed 

member of the Family Mustelidae, the marten, also preys on small mammais, 

although its primaiy prey item weight (red squirrel) is heavier at 1.12 kg. The 

fisher, has a diet composed of three primary items ( r d  squirrel, hare, vole) with 

an average weight of 1.23 kg. The largest member of the Mustelidae fmily, the 

woIverine feeds primarily on small ungulates with an average estimated prey 

weigM of 23.75 kg. 



Wihin the famiIy Felidae, three species were utilized in this study. lynx 

and bobcat are similar sized relatives; however, it is known that iynx is 

oonsidered a specialii whose diet is composed almost entirely of the snowshoe 

hare (Nellis et al., 1972; Brand and Keiü~ 1979; Van Zyll de Jong 1966a). Thus 

the prey weight according to McCord and Cordoza (1982) would be 1.49 kg. The 

bobcat, ahhough similar in size, is not considered to be a specialist, but more of a 

generalist with a diverse diet (Young 1958). The primary prey item for this 

Felidae member is that of the ootton tail rabbi, which according ta McCord and 

Cordoza (1982) is recorded as having an average weight of 1.35 kg. The largest 

member of the Family Feliiae family, the cougar, is known also to have a diverse 

diet, prirnafily comprised of large ungulates (Hibben 1939), such as daer with an 

average weight of 71 .O0 kg. 

Within the Family Canidae, four species were studied. The smallest 

member being that of the Arctic Fox. The primary prey item for this mernber of 

the Canidae farnily was recorded as the lemming, with an average weight of 0.07 

kg. The second largest member of the Fmily Canidae, the red fox, is recorded 

by Samuel and Nelson (1982) as having a diet composed primarily of small 

mammals (vdes, rabbis, squirrels, mice). According to the Wild Mammals of 

North America (Johnson and Johnson. 1983; Biner and Rongstad 1983; Tomich 

1983; FDyger and Gates 1983) the average weight of these species is 0.15 kg. 

The second largest member of the Famiiy Canidae, the coyote, has a diet 

ranging fmm birds to ungulates, but the diet is primarily composed of rabbits and 

hares with an average weight of 1.53 kg. The WON, has a diet that shifts 



depending on location (Mulders 1997). In total, the average weight of prey items 

for the North American wolf sampled four locations (Low Arctic, Tree line, Boreal 

Forest and Algonquin Park) was 229 kg. 

Maximum Estimated Bite Force and Primary Prey Weight 

Within the Order Camivora, there was no correlation between maximum 

estimated bite force and the mean estimated primary prey weight. However, log10 

transformation of the primary prey weight did result in significant positive 

correlations. When families were analyzed there was a significant relationship 

between the log10 prey weight and the maximum estimated bite force (F = 

1400.1, p c 0.001) with the line-of-best-fit having a r = 0.787 (Figure 28). When 

the two omnivores were removed from the analysis, the correlation coefficient 

increased by 9.0%, r = 0.851 (F = 1979.8, p < 0.001), which was significantly 

different from the previous analysis (Figure 29). When each family was analyzed 

separately, the Mustelidae (Figure 30) had the highest correlation coefficient of r 

= 0.920 (F = 1239.95, p < 0.001) for the relationship of the maximum estimated 

biie force and the loglo of the primaty prey weight. A strong correlation between 

these variables was also demonstrated by the Family Felidae (figure 31), which 

had a correlation coefficient r = 0.909 (F = 682.2 p < 0.001), and the Family 

Canidae (Figure 32), which had a correlation coefficient r = 0.915 (F = 1874.6, p 

c 0.001). 

In order to detemine if dierences existed in the relationship between 

mm'mum estimated bite force and prey weights among the families, a correlation 

analysis was conducted. To determine if there were signlicant differences 

among the correlation values for al1 carnivores including omnivores and true 

carnivores, a Student t-test was conducted. Results of the t-tests indicated that 

the r-value of the maximum estimated biie force and the loglo of the prey 



Figure 28. Line of best fi of the maximum estimated bite force (N) correlated with 
the mean logio primary prey weight (kg) for the Order Camivora in North America. 

Figure 29. Line of best f i of the maximum estimated bite force (N) correlated with 
the mean log10 primary prey weight (kg) for the North American Order of Carnivora 
with the two families of omnivores (Procyonidae and Ursidae) removed. 
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Fgure 30. Une of best fit of the maximum estimated bite force (N) conelated with 
the mean logio primary prey weight (kg) for the Family Mustelidae in North 
America. 

Figure 31. Line of best fit of the maximum estimated bite force (N) conelated with 
the mean loglo primary prey weight (kg) for the Family Felidae in North America. 
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Figure 32. Line of best fi of the maximum estimated bite force (N) correlated with 
the mean loglo primaiy prey weight (kg) for the Family Canidae in North America. 
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weight for al1 carnivores wem significantiy lower (t = 7.78 , p < 0.001) than the 

correlation when omniwrous animals removed, When the correlation values of 

the three Families of true carnivores were examined, no significant diierences 

were found. 

Sbpes of the lines-of-best-fit for the correlation of the maximum 

estimated bite force and the logjo of the primary prey weights were cornpared 

with an ANCOVA. The slope of the line-of-best-fi for the Order Carnivore was 

significantly diierent from that of ttw three species of true carnivores (t = 7.65 p c 

0.001) and the slope of the three true carnivore families combined was 

significantly different from that of each individual family. Of the three families of 

true carnivores, the Family Canidae had the steepest slope, m = 512 (N / Log 

Prey Wt.), the Family Felidae had the second steepest slope m = 430 (N I Log 

Prey Wt.), Mile the Farnily Mustelidae had the lowest dope with m = 321 (N / 

Log Prey wt.) and each skpe was significantîy diierent from one another (Table 

12). 

The y-intercepts created by the lines-of-best-fit for the correlation between 

the maximum estimated bite force and the loglo of the primary prey weight 

ranged between 876 N for the family Canidae to 334 N of the Family Mustelidae. 

The Order Carnivore had a y-intercept of 702 N. Once the animais considered to 

be "omnivorousn were removed from the analysis, this y-intercept decreased to 

626 N. When each of the ?nie carnivoresn were analyzed separately, it was 

show that y-intercept of the Famiiy Canidae was almost twice that of the Family 

Felidae, which had a y-intercept of 487 N. As with the slopes, al1 of the y- 



Table 12: Summaiy of lines-of-best-fii for the correlation beîween the maximum 
estimated bite force and the logio mean primary prey weight. 

N Classification Bite Slope Y-Inter Sub- Con. Equation 
Force (NI N/ka N Set Coeff. 

888 All Carnivora 823.1 546.4 702.0 a 0.787 y = 546 x + 702 
780 Tme Carnivora 656.6 495.4 626.1 b 0.851 v - - 495 x + 6 2 ê  
262 Mustelidae 351.8 321.7 334.3 c 0.910 y=321 x+334 
164 Felidae 800.5 451.2 474.5 d 0.915 y=451 x+474 
354 Canidae 929.7 51 2.6 876.1 e 0.920 y=512 x+876 



intercepts of the lines-of-best-fi for the correlation between the maximum 

estimated bite force and the loglo of the primary prey weight were signricsntly 

different from each other. 

Distribution of the Maximum Estimated Bite Force 

Relative frequency and distribution of the maximum estimated bite force 

were graphed to access degree of overlap, niche breadth and potential 

competition. When the distribution of the maximum estimated bite force were 

examined within the Family Mustelidae, five (5) relativety distinct namw bel1 

shaped distributions were found (Figure 33). W i i n  the Family Felidae, the same 

type of plot resulted in one narrow and two more widely overlapping distributions 

(Figure 34). Within the Family Canidae, the two smaller species (arctic and red 

fox) had overlapping maximum estimated bite force distributions, white the 

remaining larger species (coyote and wolf) had distributions that did not overlap 

(Figure 35). 



Figure 33. Frequency distribution (% of population) of the maximum estimated bide 
force (N) for the five species of the Famiiy Mustelidae in North America. 
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Figure 34. Frequency distribution (% of population) of the maximum estimated bite 
force (N) for the three members of the Family Felidae in North America. 
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Figure 35. Frequency distribution (% of population) of the maximum estimated bite 
force (N) for the four members of the Famiiy Canidae in North America. 
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Discussion 

Maximum Estimated Bie Force 

As noted by Thomason (1991), during the evolution of reptiles to 

mammals, the skull was modlied extensively to meet the demands of capturing, 

killing, and masticating prey and the evolution of incisors and canine teeth was 

necessary so carnivores could undertake these processes. Ewer (1973), Van 

Greaves (1 988a), Valkenburgh (1 W ) ,  and Thomason (1 991 ) noted the incisor 

teeth are primarily used to separate muscle tissue fmm bone and sheer meat into 

consumable sites. Van Valkenburgh (1996) also observed that more than 66% 

of the flesh consumed is separated from bon8 by the actions of the incisors and 

canine teeth and that over han of the action is due to the incisor teeth alone, 

while in the Family Canidae, the majority (>go%) of the muscle and bone was 

masticated by the larger camassiat teeth and molars (Van Valkenburgh 1996). 

This differed from the Family Hyenidae, which have been shown ta use the pre- 

rnolars primarily for this process (Van Valkenburgh 1996). The greatest amount 

of the bite force should be found along the tooth row of the lower jaw. Greaves 

(1 982) demonstrateci that maximum estimated bite forces for a given jaw length 

would occur along the length of the lower jaw, approximately 33% of the distance 

anterior from the temporal mandibular joint. 

Thomason (1991) repoited the mean estimated dry skull bite forces for 

lynx, cougar, red fox, coyotes, and wolves as being 345 N, 829 N, 238 N, 484 N, 

and 636 N, respectively. The mean maximum estimated bite forces for each of 

the same species in this study was lynx = 540 N, cougat = 131 1 N, red fox = 



430N, coyote = 681 N, and woif = 2255 N. Aithough diirences occurred 

between the values cakutateâ by fhomoison (1991) and those in this study, the 

small sample sizes used in Thomason's study likeiy explain ttiese differences. 

The estimated bite forces for the animals in Thomason's study were obtained by 

dissecting Oie musculature as well as dry skull estimation, but were only done on 

one sample of each species. It is important to note that the values reportecl hem 

are rnean values and that the major@ of Thomason's reported bite forces do fall 

within the range of the values in this study. As the strength of a muscie and in 

tum bite force is determmed in part by musde ske and cross-sectional area 

(Thornason 1991), several cranial features have been used to esthnate the size 

of the jaw muscles, in both fossil and extant species (Greaves 1995, Biknevicius 

and Van Valkenburgh, 1996). This project, for la& of significant difference from 

other methods useel a length by width estimation for cross-sectional area of the 

lower jaw adducting musculature allowing ease of cross species cornparison. 

It was originally hypothesized that al1 species would have distinct mean 

maximum estirnated bite forces, aiîhough this was not shown by the data. All 

species in the study ware different in body size and skull morphometries, yet as 

seen for swes such as the coyote and woiverine or the fox, lynx, and fisher, 

statistically similar estimated bite-forces were found. Species considered to be 

omnivorous (black bear and raccoon) had larger standard deviations for 

maximum estimated bite force, as compared to species identifieci as tnie 

carnivores, which had similar sarnpk sizes and mean maximum esürnated bite 

forces. 



According to Radimsky (1981) most recent camivores (viverrids, canids, 

felids, and mustelids) could be classified according to modifications in skull 

parameters such as length, width, temporalis muscle size, and masseter muscle 

size. However, he also demonstrated that camivores with omnivorous foraging 

habits, such as the ursids and procyonids did not readiîy classify within the tnie 

carnivore assemblages. As seen in the first Discriminant Anaiysis (created with 

atl species in this study, n = 888), the overall classification rate of the three 

Discriminant Functions created using the three skull parameters of maximum 

skull width, maximum skull length, and cross-sectional length of the temporalis 

muscle was 85 %. However, the classification rate increased to 88 % when the 

two omnivorous species (black bear and raccoon) were removed from the 

anaiysis. This showed that the species with diierent foraging habits could be 

classified according to modifications in the skull and that true carnivores were 

more readily ciassifieci by skull parameters than were omnivorous species of 

similar size. Similar resuits were found by Radinsky (1981). 

fo establish whether a single skull parameter could be used to estimate 

maximum bite force, a second Discriminant Analysis was run using the three 

skull parameters that were most highly correlated with maximum estimated bite 

force (skull length, skull width, and cross-sectional length of the masseter 

muscle). However, the second discriminate functions were created using a 

random 49.8% of the population and reapplied to the remaining 50.2% of the 

population to determine if the functions were generaîiible. Of the initial subset 

of species, 84.5% of the cases were correctiy classified, while the discriminate 



functions classified 83.9% of the remaining species correctly. Thus atthough 

species had similar maximum estimated Vie forces, it was possible to distinguish 

them using the three parameters. Also, since the functions generated by the 

random sample of 49.8% of the population correctly classified 83.9% of the 

species not used to generate the original functions, it was concluded that the 

functions were generalizable for the Order Camivora. The Discriminant Analysis 

also revealed that species classified as true camivores had higher classification 

rates than those that were classified as omnivorous. True camivores had less 

statistical variation in the maximum estimated bite force as compared to 

omnivorous species. Since meat and bone are similar in composition regardless 

of prey species, it was hypothesized that the predominant meat diet of true 

camivores would represent a significant evolutionary force creating similarities in 

skull and muscle design. Omnivorous species with a more diverse diet (live prey, 

vegetation, insects etc. - Ewer 1973) would be expected to have evolved greater 

variance in maximum estimated bite forces as seen in this study. 

Maximum Estimated Bite Force and Skull Parameters 

After detemiining that North American camivores could be classified 

accurately according to a specific set of skull parameters (maximum skull length, 

maximum skull width, and cross sectional length of the masseter muscle), 

attempts to identify which skull parameter was most highly correlated with 

maximum estimated bite force was pursueci. When al1 species were used in the 

anaiysis, the maximum width of the skull was the parameter most highly 



correlated with maximum estimated bite force. Turnball (1970) using dentition, 

the direction of jaw movement in the power stroke, and the relative mass of the 

four jaw muscles (masseter, temporalis, media1 pterygoids, lateral pterygoids) 

subdivided mammals into five categories, according to masticatory type. These 

categories were generalized as carnivore shearing, ungulate grinding, rodent 

gnawing, and miscellaneous. Al1 species in this study were similar and fell into 

Tumball's carnivore shearing group. Weijs (1 994) proposed that there are three 

main muscles utilized in the adduction of the lower jaw in carnivores, the 

temporalis, the masseter, and the medial pterygoids. According to Tumball 

(1970), the carnivore shear group has a hinge jaw joint with vertical movements, 

a dentition specialized for shearing, and a dominant temporalis muscle. It is the 

dominant temporalis muscle, which would cause the strong correlation beniveen 

maximum estimated bite force and the maximum skull width. 

When al1 the species were analyred independently, the maximum skull 

width was the most highly correlated with the maximum estimated bite force in aJl 

species except the mink, lynx, and cougar. The cougar and the mink exhibited a 

stronger correlation with the maximum skull length and the lynx exhibited the 

stranger correlation with the cross-sectional width of the masseter muscle. The 

length of the skull had the second highest correlation in al1 species. The strong 

correlation with the skull width in most of carnivore species appeared to be due 

to the fact that maximum skull width is npresentative of the size of the temporalis 

muscle, which is related dire* to bite force (Weijs 1994, Greaves 1995). In the 

present study, mean maximum estimate bie force was easiiy estimated from 



maximum skull width, when aie maximum estimated bite force was transforrned 

(square mot). 

When the square mot of the maximum estimated bite force was plotted 

with the maximum skull width, no signifiant diierences (F4.75, p = 0.051) 

among the slopes of the fourteen equations for North American carnivores was 

found. It was hypothesized that this trend would be similar in true carnivores, due 

to homogeneity of the meat diet. Removing the two omnivorous species, whose 

diet was more variable (Family Ursidae and Family Procyonidae) strengthened 

this finding, as the similarity between the slopes of the transfotmed maximum 

estimated bite forces and the maximum skull width increased. It is interesting to 

note that atthough the species and families differed, the trends between each 

species and their respective families were similar. It was thus concluded that 

there should be a similar relationship between primary prey weight and maximum 

estimated bite force. According to Radinsky (1981), there was no observable 

relationship between prey size and maximum estimated bite force in mammals. 

Since "optimal foraging theory" predicts that predators should attempt to 

maximize the benefii of foraging by preying on the largest food item that they a n  

safely capture and consume (Pianka 1994), it therefore seems reasonable to 

assume that a direct relationship between primary prey weight and maximum 

estimated bite force exists (Thornason 1991). As predators should pursue only 

animals that they can safely kill and consume and as a result specialize in prey 

species in certain size ranges (primary prey species), a correlation between 

maximum estimated bite force and primary prey size should exist. When al1 



species were grouped into their respective families, the slopes generated by 

ptotting the maximum estimated bite force and the maximum skull width did not 

diier significantly. Except for overall changes in size, the skull designs of North 

American carnivores were similar, as had been previously found by Radinsky 

(1981). The high correlation between maximum estimated bite force and 

maximum skull width in North American carnivores indicated that as the width of 

the skull increased so proportionately did the bite force. Since species can be 

separated according to skull parameters and one parameter, the maximum skull 

width can accurately predict maximum estimated bite force, these relationships 

could be used to estimate maximum bite force in field studies. 

Radinsky (1981) suggested that differences occurred among the Families 

Mustelidae, Felidae, and Canidae and that felids and mustelids would have 

larger relative bite forces, while the canids would have relatively weaker bile 

forces. Since in all cases in this study there was a positive correlation between 

maximum skull width and maximum estimated bite force and the rate of increase 

was similar in al1 families, it was concluded that no signifiant diierences 

occurred within the Order Camivora in North American. However as noted by 

Radinsky (1 981), the dimensions of skulls of the Families Mustelidae and Felidae 

are wider with respect to the length, than the skulls from the Family Canidae. 

What this difference infers still remains unknown. According to Thornason (1991), 

in the maximum estimated bite force equation, the maximum estimated bite force 

is calculateci from the cross-sectional area of the lower jaw adducting muscles 

dMded by the length of the lower jaw. In this study, the woif (Canis lupus) had 



the largest maximum estimated bite force, due to the larger size of the skull. If 

species were scaled according to body rnass or some other parameter, it would 

seem likely that the mustelids and the felids, which have relaîively wider skulls, 

would have larger mean maximum estimated bite forces relative to body mass. 

Although primary prey size may be a significant factor causing the 

evolution of differences in maximum estimated bite forces between carnivore 

species in North America, there maybe a possible relationship between the 

extent of geographical distribution and the degree of variability in maximum 

estimated bite force. For example, the wolf (C. lupus) had one of the largest 

variances in maximum estimated bite foice of the true carnivores. Historically, the 

wolf occupied every biome in North America, with the exception of the very hot 

deserts. Within each biome, wolves preyed predominately on ungulate species 

and subspecies that differed in size and catchability and the size of ungulates in 

North America varied from the bison (Bison bison) ta the small peccary (Tayassu 

tajacu), with many intermediary species between these two extremes. Mulders 

(1997) found that the prey of wolves in Canada varied from the small Peary's 

caribou (60 kg) in the Hi@ Arctic to the bison (720 kg) of the north-central 

Prairies and postulated that prey size was a major evolutionary force influencing 

differences in woif size and rnorphology. 

Similarly, the maximum estimated bite force of the bobcat was highly 

variable compared to the lynx, which was similar in size and conformation. 

Historically, the bobcat was found in the Eastern Deciduous Biome, the Coast 

Plan Biome, Cordillerian Biome, the Prairie Biome, West lndian Biome, and the 



Desert Biome, while the lynx was only found in the Boreal Forest Biome. It can 

be concluded that as the distribution of a species increases and includes a 

greater number of biomes, so does the amount of variation in the maximum 

estimated bite force. 

Maximum Estimated Bite Force and Primary Prey Size 

Andrews and Bertram (1996) noted that the bite force work associated 

with mechanical processes and prey handling behaviour required to subdue prey 

varied with prey size and that the bite force and the work associated with biting, 

increased with increasing prey body mass. As al1 carnivores appear to be under 

similar evolutionary forces, 1 was hypothesized that maximum estimated bite 

force would be highly conelated with the prhnary prey size and that behaviour 

would Vary in relation to prey of diierent sizes and catchability. 

Leyhausen (1965 b) concluded that the canine teeth in diiferent carnivores 

were specialized in size and shape to separate the first and second vertebrae 

and severe the spinal cord of prhary prey species. However, Radinsky (1981) 

reported that there was no correlation between prey size and esthnateci bite 

force. Similady in this study, Men the maximum estimated bite force was plotted 

against the mean estimated primary prey weight, there was liile or no 

correlation. However, when the data were transformed to minimize curvilinearity 

and heteroscadasity and the maximum estimateci bite force was plotted against 

the log 10 of the primary prey size, a stmg positive conelation emerged for al1 

camivores. When the two omnivore species were removed from the correlation, 



the r value (r = 0.808) increased to r = 0.878, further supporting the relationship 

between these two parameters. Similarly, within each family of tnie carnivores 

(Mustelidae, Felidae, and Canidae) correlation coefficients between the 

maximum estimated bie force and primary prey weight ranged between r = 0.893 

and r = 0.91 1. 

The results of this study indicated that there was a high correlation 

between maximum estimated bite force and primary prey site and as prey site 

increased so did the maximum estimated bite force. However, when the 

omnivores were included in the analysis, the correlation coefficient was lower 

than when they were removed. 

Maximum Estimated Bite Force, Niche Breadth, and lnferred Cornpetition 

When the frequencies of the maximum estimated bite force were analyzed 

to compare differences between species, bell-shaped distribution cuwes 

resulted. In the Family Felidae, the lynx known to specialize on the snowshoe 

hare (Lepus amencanus) (Keith 1983) had a very narrow distribution, 

demonstrating reduced variance in maximum estimated bite force for this species 

(Figure 31). In contrast, the bobcat although very similar in site, had a broader 

distribution of the maximum estimated bite force, demonstrating the high 

variability of this parameter in this species (Figure 31). In both these cases, the 

evidence supports the conclusion that the degree of variability is directly related 

to niche breadth and the variety of primary prey species that the species is 

associated with rather than cornpetition, as these species are allopatric 



throughout most of their range. The cougar, the largest member of the Family 

Felidae, which is sympatric with the bobcat throughout most of its range has a 

similar bmad niche breadth and shows little overlap with the bobcat in maximum 

estimated bite force. The evidence would suggest that in both these widely 

distributeci species, primary prey diversity and competition are working 

synergistically, causing the CO-evolution of broad niche breadths and prey 

specialization which minimizes competition, as cougar specializes on medium 

sized ungulates and the bobcat specialize on lagomorphs, 

Crompton (1989) stated that in extant mammals, that the jaw adductor 

actMty levels are directly related to food hardness. However, as muscle activity 

levels are directly related to muscle site, it can be concluded that carnivores, 

which feed on iarger prey items, will have increased muscle mass in the lower 

jaw adductors and in turn have an increased bite force. The high correlation of 

the maximum estimated bite force with the maximum skull width supports this 

conclusion. Kiltie (1982) reported that in two closely related species of peccaty, 

the white-lipped peccary (Tayassu tajacu) and the collared peccary (T. pecan'), 

îhat T. pecancould generate a bite force 1.3 x greater than T. tajacu. ln tum, this 

allowed them to eat a larger variety of nuts and fruits and gave them a 

competitive edge over their close relatives in some environments. 

When examining the distribution of the maximum estimated bite force for 

each of the species of true carnivores, 1 was seen that many of the species had 

overiapping frequency distributions of the maximum estimated bite force. It is 

hard to quantify aie amount of overiap between the species within the Order 



Carnivota that would be representative of competition between species. 

However, when examined at a species level, trends in competition become 

cfearer. 

Within the Family Mustelidae, the effects of intense intraspecific 

competition appears evident. The distribution of the maximum estimated bite 

forces for the five mustelid species resulted in fiie distinct narrow bel1 cuwes with 

relative little overlap, the exception being the fisher and the wolverine, which are 

allopatric in distribution and appear to occupy similar niches in different biomes. 

Unlike the other Families in this study, this family has the greatest number of 

mernbers and the hast amount of variation in maximum estimated bite force from 

the smallest to largest member. The fact that each species had a narrow 

distribution in the estimated bite force and little overlap supports the conclusion 

that the primary evolutionary force influencing this Family is interspecific 

competition resulting in prey specialization. 

Wihin the Family Canidae, both the arctic and red fox have relative 

namw distributions that overlap significantly. As both these species are allopatric 

and fiIl the sarne niche specializing primarily on small rnammals, the overlap 

should be expected as interspecific competition would be minimal between these 

two species. However, the geographic distribution and prey diversity appears to 

be reflected in the distribution of the red fox, which inhabii both the Boreal 

Forest and Eastern Deciduous Forest Biome, while the arctic fox is limited to the 

Tundra Biome. In contrast, the distributions of maximum estimated bite force in 

the coyote and the wolf both wide ranging species found in many diiferent 



biomes have a broad range indicating both species utilize a large diversity of 

primary prey species. In addiion, the limited overlap benNeen these two closely 

related species supports the conclusion that interspecific competition is a major 

force separating these species. 

The resuks of this study support the conclusions îhat: 

1) maximum estimated bite forces of the Ordet Camivora in North Arnerica 

represent a continuum from the srnaIlest to largest; 

2) three skull parameters (maximum skull width, maximum skull length, and the 

length of the cross- sectional area of the masseter muscle) are highly 

correlated with the maximum estimated bite force; 

3) maximum skull width was most highly correlated skull parameter with 

maximum estimated-bie force for al1 species; 

4) 82 - 85% of the members of the fourteen species studied could be conectly 

designated to their appropriate grouping on the basis of the maximum skuli 

width, maximum skull length, and the length of the cross-sectional area of the 

masseter muscle; 



5) the accuracy was greater when only species considered to be tnie carnivores 

as opposed to those considered omnivores were utilized in the analysis; 

I 

6) the slopes of the relationship between the maximum estimated bite force and 

the maximum skull width in ail families of the Order Camivora were not 

significantly different, suggesting that similar evolutionary forces have 

influenced al1 groups; 

7) variability in skull parameters and maximum estimated bite force increases 

with the number of biomes and prey species that a species occupies and 

utilizes; 

8) significant correlations exist between the maximum estimated bite force and 

the pnmary prey weight within the Families Mustelidae, Felidae, and Canidae, 

and the Order Camivora; 

9) the correlation coefficient between the maximum estimated bite force and 

primary prey weight increases Men omnivorous species are eliminated from 

the analysis; 

10) high variances of frequency distributions of the maximum estimated bite 

force are representative of niche breadth and associated with species with a 

wider geographic distribution and prirnary prey species diversity; 



11) in al1 cases where overlap of frequency distributions of the maximum 

estimated bite force were signifiint, the species were allopatric and filled 

similar niches in their perspective geographic ranges; and 

12) the degree of overlap between sympatric species in the frequency 

distributions of the maximum estimated bite force reflect varying levels of 

interspeclic cornpetition and character displacement. 
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Appendix 1 

Suppose for one species, diierent individuals have that each linear 
dimension is scaled by factor (S) relative to one %ference", (R) Individual. 

Thus using 

Lm: for cross sectional Length of the Masseter / Medial Pterygoid Muscles 
Wm: for cross sectional Width of the Masseter / Medial Pterygoid Muscles 
Lt: for cross sectional Length of the Temporalis Muscles 
Wt: foi cross sectional Width of the Temporalis Muscles 
Lj: for the Length of the Lower Jaw 

For Reference Individual from equation (1) we get : MEBF R = =m~+T~td - 

L~R 

Arranging the equation we get: MEBFR = - 2 (LmR WmR m~ + Lm Wm tR) 
L~R 

Any other individual has al1 Iinear dimensions scaled by Factor (S): 

SO MEBF = S'MEBFR 

Example with the Maximum Width of Skull (Ws) : Ws = S WsR, S = & 
WSR 

so (MEBF)'~ = ~ M E B F ~ ~  ws 
L S R  1 

Proportional to the W, with no intercept. 



Appendix 2 -Original Data 



Funily Speck8 Eco Sex Pi A m M  AmT W8F LJBhnu 
Lynx=48.5% Area 6 

1 1 6 2 3.14 457849.4 347734 311.67 1038.88 

6 3.14 350455.6 253899.9 142.12 473.75 
habcat=71.2% Area 6 











































- 

pshe~50.0% Area 6 
3 10 6 1 3.14 264745.4 189571.5 189.46 631.53 

3 10 6 1 3.14 265599.3 1 95761.9 200.48 668.26 
olverine=72.2% Area 1 

3 11 1 2 3.14 36ô339.6 356099.4 287.47 958.23 







1 1 2 2 3.14 362138.4 305430.8 . 270.8 902.67 
)~lack Bear4.O.k Ana 6&7 

4 12 6 3-14 909030.9 11 19755 769.68 2565.61 














