
ABSTRACT  

DEUTSCH, ASHLEY R. Dietary Influences on the Masticatory Apparatus (Under the 
direction of Dr. Adam Hartstone-Rose). 
 
Animal behavior both shapes and is shaped by anatomy, including myology ï muscles ï 

and osteology ï bones. It is possible to apply patterns observed in modern species 

relating anatomy to behavior to extinct species to reconstruct behaviors of extinct 

species. Dietary behaviors are especially important as they are informative of larger 

ecological conditions and interspecific interactions. Diet relates to both masticatory, or 

chewing, muscles and skull morphology, and as skull morphology codes for masticatory 

myology, it is possible to apply patterns relating anatomy and behavior in extant taxa to 

extinct taxa to reconstruct diet in fossil species. This dissertation explores the 

relationships within this framework, presenting data on feeding behaviors, behavioral 

influences on skull morphology, and, finally, applying myological and osteological trends 

observed in modern species to reconstruct dietary behaviors in an extinct taxon. First, I 

present a feeding study, which explores the relationship between food shape and 

ingestive behaviors and finds that decisions about the amount of food to ingest in a 

single bite may relate to limitations on manipulating large pieces of food during 

mastication rather than how wide an animal can open its mouth or its oral volume as we 

had predicted. Next, I present an exploration of the influence of diet on skull 

morphology. In particular, I compare captive and wild skull morphology for two lineages 

ï one with substantially different captive and wild diets, bears, and one with nearly 

identical captive and wild diets, sea lions. These findings suggest that neither 

differences in mechanical properties nor degree of dietary specialization seem to fully 

account for these differences as was predicted. The surprising findings in both of these 

investigations highlight how much is still unknown about the relationships between 

feeding behaviors, masticatory myology, and skull morphology and point to questions 

that remain unanswered. Finally, I present a case study of the comparative method, 

reconstructing two key dietary variables ï jaw gape and bite force ï in S. fatalis. For 

both variables, our approach incorporates both reconstructed myology and osteology, 

as both of these components separately shape masticatory abilities. In doing so, this 

work additionally establishes novel osteological proxies for masticatory muscle fascicle 



length, a correlate of muscle stretch and jaw gape, which can be applied to reconstruct 

the myological component of gape in other extinct felids. Utilizing this integrated 

approach, for S. fatalis, we reconstruct similar jaw gape capabilities to modern 

pantherines and reduced bite force capabilities, suggesting that S. fatalis likely did not 

engage in killing behaviors that required high or sustained bite forces. The research 

within this dissertation explores the relationships between feeding behavior, masticatory 

myology, and skull morphology and the application of these relationships to dietary 

reconstruction for extinct taxa. In doing so, this work provides a strong foundation for 

future research. Overall, while the results are valuable contributions in their own right, 

they largely highlight how much is yet to be explored about these relationships. 
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Chapter One  
Introduction  

 

My research has predominantly centered on two seemingly disconnected but in 

fact deeply intertwined areas: 1) mammalian functional morphology and 2) psychology 

research. My psychology research has focused fundamentally on pathways to 

broadening participation in science, technology, engineering, and mathematics (STEM), 

and while my dissertation work explores mammalian functional morphology, it does so 

at the intersection of these two realms. 

For a portion of my PhD, I had the privilege of working on the ñSTEM Teens: 

Examining the role of youth educators as learners and teachers in informal STEM 

learning sitesò grant with an international team of researchers and STEM practitioners 

funded by the NSF and the Wellcome Trust. This work explored the impacts of youth 

educator programs at informal STEM sites (e.g., zoos, aquaria, and science museums), 

examining factors that increase studentsô sense of belonging in STEM and confidence 

in their STEM abilities. The project focused both on outcomes for youth educators 

themselves and for site visitors and evaluated how these outcomes relate to 

demographics, such as socio-economic status, age, gender, and ethnicity. While this 

research is still ongoing, the project has key findings in all of these areas. Both child and 

adult visitors learn and engage more when interacting with an educator compared to 

those without an educator (Mulvey et al., 2020; Joy et al., 2021; McGuire et al., 2022), 

and girls report more interest in math after interacting with female educators than male 

educators (McGuire et al., 2021). For program participants, we found that while youth 

learning and engagement in STEM decline over time, participation in youth programs 

counters this decline and promotes interest in STEM careers (Joy et al., 2023), 

especially in girls (Zhao et al., 2023a). These outcomes are, however, contingent on 

participants feeling a sense of belonging and inclusivity in their STEM site (Hoffman et 

al., 2021; Zhao et al., 2023b). As part of this project, I helped to communicate the 

benefits and best practices identified in this research to non-academic audiences, and I 



    

2 
 

am currently working on a paper translating some of these findings for public youth 

audiences. Through this work, I gained an understanding of best practices for inclusive 

STEM programs and learned a great deal about evaluating program outcomes and 

communicating science findings to public audiences, principals that I took forward into 

all of my functional morphology and comparative anatomy work, including that within 

this dissertation. 

Although I have prioritized inclusion and public science communication across all 

of my work (e.g., Deutsch, 2023), my psychology and basic science research have most 

clearly intersected in two projects, the first being my work studying animal behavior 

during solar eclipses. In 2017, I helped to organize a team of trained researchers as 

well as ñcitizen scientistò zoo guests to observe animal behavior during this rare event ï 

resulting in the recording of surprising and exciting animal responses (Hartstone-Rose 

et al., 2020). This project ignited interest in science in kids and adults at the zoo and 

beyond, and during the 2024 total solar eclipse, we expanded this project. I helped 

design a broader participatory science project, training thousands of people along the 

path of the eclipse to observe animal behavior. I also trained and supervised a team of 

forty high school students who collected animal behavior data at the Fort Worth Zoo in 

Texas. We are currently working on writing up several manuscripts describing these 

animal behavior findings, including a paper I am leading exploring primate behavior 

during the eclipse (Deutsch et al., in prep). We also have a manuscript in review 

documenting the impacts of this participatory science project, with findings suggesting 

that participating in these types of data collection projects can foster awe, which then 

leads to increases in science identity and belonging (Mulvey et al., in review). 

My psychology and basic science research nearly fully intersected in my work 

leading a National Science Foundation International Research Experiences for Students 

(IRES) program twice. This program focused on providing intensive functional 

morphology and comparative anatomy research experiences to college students from 

backgrounds historically minoritized in STEM and without previous research experience. 

The psychology research portion of this work, our evaluation of program efficacy, found 

that participants demonstrated significantly enhanced science identity and increased 

research self-efficacy, and participation influenced career trajectories for participants 
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(Cerda-Smith et al., in prep). The research content that I mentored these students in is 

the core of my basic science academic research. As part of this program, I mentored 

these students on the subject matter of my dissertation, teaching the students the 

concepts and methods of this work. One of these students, who was particularly 

engaged, has continued to work with me on Chapter Three and has earned 

coauthorship. 

Mentorship and engagement have been core to all of my research. While the 

questions explored within this dissertation are valuable in their own right, I strongly 

believe that the most important impact of my work is helping to inspire others. My 

research explores organismal biology topics that are exciting to students and the public, 

and through teaching about these topics, I have been able to promote interest and 

engagement in STEM. 

My research and the research that I have mentored these students in has 

encompassed four interconnected areas: 1) live animal behavior research (Hartstone-

Rose et al., 2020; Deutsch et al., in prep), which codes for anatomy, including 2) 

myology (Hartstone-Rose et al., 2018; Burrows et al., 2019; Dickinson et al., 2020; 

Hartstone-Rose et al., 2021; Martens et al., 2023; Dickinson et al., 2024). This myology 

leaves evidence of behavior on 3) osteology (Deutsch et al., 2020; Dickinson et al., 

2021; Deutsch et al., 2022), which can be used to compare extinct taxa to patterns 

identified in extant taxa to 4) reconstruct behavior in fossil species (Figure 1; Deutsch et 

al., 2023; Deutsch et al., 2024). 
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Figure 1. Cover of Journal of Morphology associated with Deutsch et al. (2023) 
featuring my art. 

 

 

The majority of my work and the contents of this dissertation follows this 

pathway from behavior to paleontology as it relates to adaptations of the chewing 

apparatus (masticatory muscles, skull, and teeth) to dietary specialization  ï in 

essence, how animals are adapted to eat what they eat. 

 

Outline of My Work on Masticatory Adaptations  

One approach to studying masticatory adaptations in the context of animal 

behavior, and the approach that I have taken in Chapter Two , is feeding studies in 

living animals. This chapter explores the key variables that drive ingestion behaviors by 

building on previous experimental work documenting the largest volume of food an 

animal can ingest in a single bite, a variable which is informative of masticatory 

adaptations and feeding energetics. This variable has previously been explored through 

ontogeny (Criste et al., 2012), intraspecifically (Hartstone-Rose & Perry, 2011), and as it 

relates to food mechanical properties (Hartstone-Rose et al., 2015), masticatory 
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anatomy (Perry & Hartstone-Rose, 2007; Perry & Wall, 2008; Perry & Hartstone-Rose, 

2010; Perry et al., 2011), and dietary specialization (Perry & Hartstone-Rose, 2010; 

Hartstone-Rose et al., 2015). Despite this breadth of research, it remained unclear what 

anatomical factor limits bite size. As all previous bite size studies utilized food cut into 

cubes of known dimension, this chapter, currently in revision in the American Journal of 

Biology Anthropology, attempts to address whether oral volume or linear jaw gape limit 

bite size by comparing bite size for cubes to a bite size derived of a more spheroid food 

shape. 

Myological research exploring masticatory adaptions focuses on quantifying 

dietary correlates of masticatory muscle architecture. While my fourth chapter builds on 

foundational work in felids, which documents a correlation between masticatory muscle 

architecture both prey size and the dietary mechanical properties (Hartstone-Rose et 

al., 2012), much of my own collaborative research has explored this area, including in 

other carnivorans (Hartstone-Rose et al., 2021), monkeys (Hartstone-Rose et al., 2018), 

and lemurs (Dickinson et al., 2024). This work collectively documents correlation 

between dietary variables and myology in these taxa. 

Much of my work has explored how, independently and through its relationship to 

myology, skull morphology relates to dietary behaviors. In particular, my work in this 

realm has related skull morphology to bite force in monkeys (Deutsch et al., 2020) and 

carnivorans (Dickinson et al., 2021). I have also explored the relationship between tooth 

root surface area and diet in primates and found significant correlation between tooth 

root surface area and both body size and dietary specialization (Figure 2; Deutsch et al., 

2022). Chapter Three  of this dissertation, however, rather than exploring how skull or 

tooth morphology can inform myology and behavior, explores how myology and 

behavior shape skull morphology. Bone is a plastic tissue that remodels in response to 

mechanical loading (Carter et al., 1991; Carter et al., 1996), as such the loading history 

of bone influences its shape. In controlled feeding studies, food texture does influence 

skull shape (Bouvier & Hylander, 1981; Beecher et al., 1983). Previous research has 

documented differences in skull morphology between wild animals and those in captive 

facilities, such as zoos (Hartstone-Rose et al., 2014; Siciliano-Martina et al., 2021; 

Antonelli et al., 2022; Cooper et al., 2023), and many of these authors have suggested 
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these observed differences may relate to differences in dietary mechanical properties 

between wild diets and those fed in captive facilities. Chapter Three  explores the 

influence of dietary mechanical properties on skull morphology by comparing data, 

collected with the help of IRES students, that quantifies skull morphology for three 

species ï two bears, which have substantially different captive and wild diets and 

should therefore have dramatically different skull shapes ï and sea lions, which, due to 

their nearly identical captive and wild diets, would be likely to have substantially similar 

skulls in captive and wild individuals. Through this comparison, this chapter attempts to 

elucidate factors that influence the morphological differences observed between wild 

and captive animals by exploring the contribution of dietary difference. 

 
Figure 2. Journal cover associated with Deutsch et al. (2022) featured on the inaugural 
cover of the redesigned journal (change-over issue from The American Journal of 
Physical Anthropology to The American Journal of Biological Anthropology) featuring 
volume rendered CT scans of skulls and tooth rows of thirteen different species of 
primate, and featured on the journalôs website as the first ñEditorôs Choiceò article of the 
rebooted journal. 
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The patterns observed in the osteology of living animals as they relate to 

myology and behavior can be applied to reconstruct diet in fossil taxa, with the most 

salient example being Chapter Four  in this dissertation. Two key variables for 

understanding dietary behaviors are jaw gape, how wide an animal can open its mouth, 

and bite force. Given the highly derived masticatory anatomy of Smilodon fatalis, saber 

toothed cats, there has been a great deal of interest and debate around their diet and 

masticatory capabilities. This chapter, published in The Anatomical Record (Deutsch et 

al., 2024), establishes osteological proxies for masticatory muscle stretch, which relates 

to jaw gape, by combining previously published felid myological data (Hartstone-Rose et 

al., 2012; Hartstone-Rose et al., 2021) with skull measurements and assessing 

correlation in extant felids. Along with previously established masticatory muscle force 

proxies (Thomason, 1991; Dickinson et al., 2021), these muscle stretch proxies were 

applied to the skulls of Smilodon fatalis to reconstruct its masticatory capabilities and 

dietary behaviors. This chapter clearly demonstrates both the process of relating 

myology to osteology and of using patterns relating morphology to behavior in extant 

taxa to reconstruct behavior in the fossil record, bringing the pathway from behavior to 

paleontology full circle. 

 

Research Aims  

This dissertation explores the relationship between diet and masticatory 

anatomy. The general aim of this research is to investigate dietary adaptation; however, 

it attempts to demonstrate that, in order to fully understand these adaptations, it is 

important to investigate the, in many ways reciprocal, relationships between behavior, 

myology, and osteology. To achieve this, the following chapters are presented in order 

from exploring variation in dietary behaviors (Chapter Two ) to investigating the ways 

myology and behavior shape skull morphology (Chapter Three ) to finally applying 

patterns relating skull morphology to myology and diet in extant taxa to fossils to 

reconstruct dietary behaviors of extinct taxa (Chapter Four ). Through these chapters, I 

address the following research questions: 
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1. Are linear dimensions, associated with gape, or food volume, associated with 

oral volume, more limiting for maximum ingested food size in lemurs? (Chapter 

Two ) 

2. Does captivity status have the same effect on skull morphology of bears ï which 

have very different diets in captivity compared to the wild ï and sea lions ï which 

have nearly identical diets regardless of captivity status, and how do these 

differences compare to those previously observed in lions and tigers? (Chapter 

Three ) 

3. Given the relationship between myological and osteological variation and diet 

observed in modern felids, what masticatory capabilities do we reconstruct for 

Smilodon fatalis? (Chapter Four)  
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Abstract  

Objectives:  Evaluations of Maximum Ingested Bite Size (Vb) ï the largest bite an 

animal will ingest whole without biting apart first ï provide insights into dietary 

adaptation. Despite extensive Vb research, it remains unclear whether linear gape or 

oral volume ï related to food minimum linear dimensions or maximal volume, 

respectively ï constrains ingestive bites. To that end, this study compares Vb for 

tricylinders ï a spheroidal shape (the intersection of three perpendicular cylinders) ï to 

cubes (the shape used in all previous Vb studies), to test the effect of different linear 

dimension-to-volume ratios on bite size. 

Materials and Methods: Cube and tricylinder Vb were quantified for 18 lemurs 

representing 9 taxa using the three foods used most extensively in the previous Vb 

research. 

Results: Across all foods, lemurs consumed larger tricylinders than cubes in both linear 

dimensions and volume. For the softest food, tricylinder Vb is 161% the volume and 

139% the maximal linear dimensions of cubic Vb. Vb for both shapes were highly 

correlated (r2 = 0.90-0.96). 

Discussion: Lemurs ingested significantly larger tricylinders than cubes, challenging 

the assumption in all previous Vb research that cube Vb represents an ingestive 

maximum. This suggests a strong influence of shape on ingestion and that Vb of 

tricylinders, a more naturalistic shape, may better approximate ingestive constraints. 

Alternatively, our findings may suggest lemurs ingest foods based on their maximal 

linear dimensions ï potentially related to limitations on their ability to manipulate large 

foods ï rather than gape or oral volume constraints. 

 

Keywords: ingestion, strepsirrhine, food shape, bite size, food size  
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Introduction  

The food ingested and processed by an animal must contain sufficient nutrients 

to meet its metabolic requirements. An animalôs ability to meet these metabolic 

requirements is directly related to food quality, ingestive and food processing rates, and 

the volume of food an animal can consume in each bite. To understand these ingestive 

behaviors in strepsirrhines, particularly the size of food that must be accommodated 

during gape, Perry and Hartstone-Rose (2010) evaluated maximum ingested bite size 

(Vb) ï the empirically determined maximum size of a particular food an animal will ingest 

in a single bite without biting it first into smaller pieces. In order to establish Vb with 

precision, all of the studies that expanded on that research (Hartstone-Rose & Perry, 

2011; Criste et al., 2012; Hartstone-Rose et al., 2015; Perry et al., 2015; Paciulli et al., 

2020) relied on food cut very precisely into cubes, the easiest shape to cut both 

precisely and across the large diversity of scales necessary to study primates across 

the entire body size of the order, from mouse lemurs (Perry & Hartstone-Rose, 2010) to 

gorillas (Paciulli et al., 2020). While these investigations demonstrate a relationship 

between Vb and dietary adaptations, they did so using a food shape that is inherently 

different than natural food shapes. As such, despite the depth and breadth of 

investigation of Vb in primates, and lemurs in particular, ingestive behaviors for more 

naturalistic food shapes and the particular anatomical factors that constrain Vb remain to 

be fully understood. 

Previously, Vb investigations have explored its stability over time (Criste et al., 

2012), variation within species (Hartstone-Rose & Perry, 2011), how it relates to the 

mechanical properties of a wide variety of foods (Hartstone-Rose et al., 2015), how it 

relates to the masticatory anatomy (Hartstone-Rose & Perry, 2011) and, although Vb 

analyses have expanded beyond their original strepsirrhine sample to include monkeys 

and apes (Perry et al., 2015; Paciulli et al., 2020), most Vb research has examined the 

variable in lemurs. It has been found to correlate with masticatory adductor fascicle 

lengths, which relate to jaw gape capabilities (Perry & Hartstone-Rose, 2007; Perry & 

Wall, 2008; Perry et al., 2011), and scales isometrically with body mass (Perry & 

Hartstone-Rose, 2010). This research has also explored how Vb relates to the 

mechanical properties of a wide variety of foods (Hartstone-Rose et al., 2015) and 
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dietary specializations (Perry & Hartstone-Rose, 2010; Hartstone-Rose et al., 2015). 

Because of the myological and osteological trade-offs between bite force and gape 

(Herring & Herring, 1974; Laird et al., 2024), the amount of food an animal can ingest in 

a given bite also relates to food material properties, with animals choosing to ingest 

smaller bites of more challenging foods (Shipley et al., 1994). As such, Vb scales 

relative to food mechanical properties. All lemurs eat larger pieces of softer foods (e.g., 

ripe melon) than they do more obdurate foods (e.g., carrot; Perry & Hartstone-Rose, 

2010). Furthermore, it appears that lemurs are adapted to be able to accommodate 

different food sizes based on their diets: Vb in frugivorous lemurs is large relative to 

body size compared to that of folivorous lemurs, suggesting adaptation for the 

consumption of large fruits which require large bites to ingest (Perry & Hartstone-Rose, 

2010). Additionally, Vb in frugivorous lemur taxa is more variable with food mechanical 

properties while it remains consistently small in folivorous taxa, suggesting that species 

adapted to eat tougher foods do not increase bite size to accommodate larger pieces of 

less mechanically challenging foods (Hartstone-Rose et al., 2015).  

While Vb has proven to be a behaviorally significant measure that directly relates 

to dietary specialization and anatomical adaptation, it remains unclear what anatomical 

factors limit bite size. In particular, the relationship between volumetric and linear 

dimension limitations has yet to be explored. While oral volume may impose constraints 

on the volume of food that can be consumed in a single bite, linear jaw gape or the 

extent to which an animal can open its mouth while still being able to produce adequate 

force to ingest and process a food item may constrain the linear dimensions of ingestive 

bites. All of the previous investigations of Vb were experimentally derived by studying 

the way that the subjects consumed foods cut into cubes ï the easiest shape to 

precisely and repeatedly cut into shapes of specific and varied dimensions. As the 

relationship between volume and linear dimensions differs between shapes, exploration 

of Vb for other shapes may elucidate which property is constrained by bite size. 

Additionally, cubes are a highly non-naturalistic food shape. Thus, although these 

studies have allowed important quantification of ingested food sizes across a wide 

spectrum of primate species and food mechanical properties, they have done so using a 

food shape radically different than that of any food that an animal would encounter in 
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the wild; wild foods generally lack sharp corners and are usually spheroid. Although 

cubes were chosen for those experiments because it is difficult to precisely cut foods 

into enough spheroidal shapes to establish Vb in taxa of interest to systematically 

establish the effects of food shape on ingestive behaviors, that is what we have 

attempted to do in the current study. 

To this end, in the current study, 1) we repeat the original method of measuring 

Vb  (Perry & Hartstone-Rose, 2010; Hartstone-Rose & Perry, 2011) ï using precisely cut 

cubes of three different food types across a sample of lemurs ï in order to establish our 

originally defined maximum ingested bite size in these specific study subjects, and 2) 

we repeat the same process with the same subjects and food types but using precisely 

punched ñtricylindersò ï a spheroidal shape created by cutting foods with a cylindrical 

punch in the three orthogonal axes (Fig. 1a). Although tricylinders are, by definition, not 

as regular in dimension as a sphere (which has only one radius), a tricylinder punched 

from a cylinder of a specific diameter has ~59% of the volume of a cube with the same 

side length (Fig. 1b) and a tricylinder of the same volume as a cube has a diameter 

120% as long as the cubeôs side length (Fig. 1c). By comparing the maximum size 

cubes and tricylinders that individual lemurs will eat of the same foods, we will therefore 

be able to establish whether individuals are ingesting food sizes based on linear gape 

constraints (i.e., consuming cubes and tricylinders with equal lengths and diameters 

respectively, but substantially different volumes) or by volumetric constraints (i.e., 

consuming cubes and tricylinders with equal volumes but substantially shorter cubic 

side lengths than tricylindrical diameters). 
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Figure 1 . Relative cubic and tricylindrical geometry. (a) Each food is punched with pipes 

(sharpened with a bevel) in three orthogonal planes (red, green, blue). (b) A tricylinder 

made with a punch-cylinder diameter equal the side length of a cube results in a 

spheroid tricylinder shape is 59% of the volume of the cube. (c) A tricylinder with a 

volume equal to that of a cube has a diameter 120% that of the cube side length. 

Tricylinders modified from Wikimedia Commons file ñSteinmetz-Kºrper aus 3 Zylindernò 

by user Ag2gaeh By-SA v.4. 
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Predictions and Hypotheses 

Hypothesis: Lemurs will consume cubes and tricylinders with equal side lengths and 

diameters, respectively, but substantially different volumes. 

In previous investigations, it appeared that lemurs were placing foods at specific 

bite points along their tooth rows and in specific orientations to seemingly minimize the 

gape requirements for ingestion (Hartstone-Rose & Perry, 2008; Perry & Hartstone-

Rose, 2010). That is, food was always consumed by orienting a minimum length 

between teeth. Since all foods tested thus far have been tested using cubes, this meant 

that, to our perception, no foods were ever oriented on angles or diagonals during 

ingestion but, rather, all cubes appeared to be oriented with their minimum side length 

placed directly between and in line with the cusps exerting the bite pressure. If this 

pattern is held with the tricylinders, this would mean that foods would be placed to bite 

along the minimum diameter as opposed to any of the diagonal corner dimensions ï all 

of which are, by definition, longer than the diameter of the cylindrical punch used to cut 

the foods. If this prediction holds and linear gape capabilities constrain Vb in lemurs, 

then lemurs will consume foods of equal minimal linear dimensions, but substantially 

different volumes (Fig. 1b).  

Alternative Hypothesis: Lemurs will consume cubes and tricylinders with equal volumes 

but substantially different side lengths and diameters, respectively. 

While we predict that lemurs consume foods based on their linear gape at the 

bite point, the maximum ingested food size may alternatively be based on the maximal 

volume of food that an animal is comfortable consuming of each type of food. That is, 

although it appeared in previous studies that primates were placing foods at bite points 

and in specific orientations to minimize gape requirements, it is possible that they were 

doing this while also considering comfort of the food relative to oral volume or 

swallowing bolus size ï perhaps to avoid choking. If this is the case, then lemurs will 

consume foods of equal volumes regardless of shape, but the tricylinders will have 

substantially longer diameters than those of the equivalent volume cubes (Fig. 1c). 
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Materials and Methods   

Subjects  

Data were collected at the Duke Lemur Center (DLC), in Durham, North Carolina 

between March 24th and April 14th, 2021. We collected observational data from 18 

subjects, spanning nine lemur species and three dietary categories (Table 1). All 

subjects were adults, and none were pregnant nor lactating at the time of data 

collection. When circumstances allowed, one male and one female conspecific were 

studied per species, though, in the case of Eulemur mongoz and Cheirogaleus medius, 

two males were studied, Microcebus murinus was represented by a single individual, 

and Vb was studied in three individuals of Lemur catta due to one subject refusing to eat 

muskmelon (Cucumis melo) tricylinders. The last measured body mass of each subject 

was used for body size adjustment. Our experimental protocol was approved by the 

Duke University Institutional Animal Care and Use Committee as well as the Duke 

Lemur Center Research Committee.  
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Table 1 . Full list of included subjects alongside sex, measured body mass, and species 

dietary categorization. 

Species  
DLC 
ID 

Sex 
Body 
Mass 

(g) 
Diet*  

Eulemur coronatus 7069 M 1640 Frugivore 

Eulemur coronatus 7214 F 1760 Frugivore 

Eulemur flavifrons 7291 F 2560 Generalist 

Eulemur flavifrons 7292 M 2020 Generalist 

Eulemur collaris 7320 F 1840 Frugivore 

Eulemur collaris 7270 M 1960 Frugivore 

Eulemur mongoz 7374 M 1480 Frugivore 

Eulemur mongoz 7158 M 1700 Frugivore 

Lemur catta 7139 M 2340 Generalist 

Lemur catta 6996 F 2920 Generalist 

Lemur catta 6849 M 2640 Generalist 

Varecia variegata  7154 F 3380 Frugivore 

Varecia  variegata  7155 M 3040 Frugivore 

Propithecus 
coquereli 

7075 M 4020 Folivore 

Propithecus 
coquereli  

7170 F 4260 Folivore 

Cheirogaleus 
medius 

7324 M 219 Frugivore 

Cheirogaleus 
medius  

7325 M 210 Frugivore 

Microcebus 
murinus 

7302 M 72 Generalist 

* Dietary categories are based on dietary descriptions from Mittermeier et al. (2012).   

 

Foods  

We assessed Vb for three foods for each individual following Perry and 

Hartstone-Rose (2010): the taproots of raw carrots (Daucus carota), the orange centers 

of sweet potatoes (Ipomoea batatas), and, for the majority of species, the flesh of 

muskmelons (Cucumis melo), with the exception of Propithecus coquereli, which had 

dietary restrictions and were instead fed cucumber (Cucumis sativus). Although similar 

in mechanical properties, this latter congener is stiffer and tougher than the more sugary 

melon (Hartstone-Rose et al., 2015). These foods were selected because they are 

normal components of the diets provided by DLC staff to the species included in this 
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study, and because they are able to be cut into large homogenous pieces. Seeds, rind, 

and peel were excluded from cut shapes to maximize uniformity in consistency. Foods 

were cut into cubes and tricylinders of precise dimensions. Cubes were cut following 

Perry and Hartstone-Rose (2010).  Tricylinders were cut by punching a cylinder from a 

food using sharpened, food safe steel pipes of specific diameters. Each cylinder was 

punched into the foods then rotated 90-degrees and punched again. This was repeated 

once more, creating three orthogonal punches to produce a tricylinder shape (see 

Figure 1). Punches ranging in inner diameter from 0.66 cm to 5.44 cm were used; 

however, due to the constraints of commercially available pipe sizes, increments 

between the pipe diameters were not as uniform as were the nearly limitless variations 

in cube dimensions. Tricylinders were selected because they are spheroid and able to 

be repeatedly cut to precise dimensions at the wide variety of sizes necessary to fully 

test the range of bite sizes in our sample using commercially available tools, something 

that would be infeasible with spheres. While spheroidal tools like ñmelon ballersò could 

theoretically be used to cut true spheres, there are very few sizes commercially 

available (machine tooling was infeasible), and it is actually very difficult to repeatedly 

cut full spheres using tools like this; it is easy to cut partial spheres with ballers, but 

cutting full spheres requires large amounts of food waste and even with sacrificing 

larger amounts of food, it is hard to align the edges of the spun semisphere to maintain 

a single diameter throughout the spherical volume. Tricylinders are highly repeatable 

and consistent, can be punched relatively efficiently out of foods and are substantially 

spheroidal even if not perfect spheres. 

 

Protocol 

Following previous methods of experimentally determining Vb (Perry & Hartstone-

Rose, 2010; Hartstone-Rose & Perry, 2011; Hartstone-Rose et al., 2015; Perry et al., 

2015; Paciulli et al., 2020), each animal was provided 3-6 identical homogeneous cut 

shapes of the same size for both food shapes (cubes and tricylinders) and all three food 

types. For each shape and food item given to a subject, we recorded the number of 

ingestive bites the subject took. If the animal ingested all items of a given shape and 

food type whole without biting them apart, the size of that shape and food item was 
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increased in the subsequent trial. If the animal took multiple bites prior to ingestions of 

all of the cut shapes of a given shape and food, the size of that shape and food item 

was decreased in the subsequent trial. This was repeated until a size for a given shape 

and food type was reached at which a subject ingested some cut shapes whole but bit 

apart others. If this pattern was repeated in a second trial, this was considered to be Vb, 

the maximum ingested bite size, for that shape and food type. This was repeated until 

Vb was established for each shape and food type pairing. Given limitations in tricylinder 

sizes due to the limited dimensions of commercially available pipes, when Vb fell 

between two sizes (e.g., 1.2 cm and 1.3 cm), Vb was recorded as the average of these 

bracketing sizes (e.g., 1.25 cm). 

 

Data Analysis 

All statistical analyses were performed, and figures were produced, using JMP 

Pro 17 (SAS). All statistical tests used a significance criterion of Ŭ < 0.05. Vb for each 

food type was analyzed separately. Paired t-tests were performed comparing Vb of 

tricylinders to cubes across all individuals. This was done for both linear and volumetric 

dimensions. When significantly different, the ratio of tricylinder dimension to cube 

dimension was calculated. A one-sample Wilcoxon signed-rank test was then performed 

comparing this ratio to the hypothesized mean of 1 to test the magnitude of difference 

between shapes as well as a hypothesized mean of 0.59 and 1.20 for volumetric and 

linear comparisons, respectively. These mean values are derived from predictions that 

linear dimensions of shapes will be the same (tricylinder:cube volumes = .59) or that 

shapes will have the same volume (tricylinder:cube side length = 1.20). These 

relationships relate to inherent properties of cubes and tricylinders. The volume of a 

tricylinder is expressed as V = ς Ѝςd 3, with d being the diameter of the intersecting 

cylinders, while the volume of a cube is expressed as V = l 3, with l being the side length 

of the cube. As such, when d and l are equal, the tricylinder will have ς Ѝς or roughly 

0.59 times the volume of the cube of equal linear dimensions (Fig. 1b). If, alternatively, 

a tricylinder and cube have equal volumes (V), d will be ρ ς Ѝςϳ  or roughly 1.20 

times l. Given that these comparisons examined Vb shape differences within an 
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individual, body size was not corrected for. ANOVAs were used to assess the 

differences in the ratio of tricylinder dimensions to cube dimensions between dietary 

categories. 

Resulting ratios approach equivalent maximum linear dimensions in two 

dimensions for both shapes with cube:tricyliner rations of 1:1.41 and 1:1.66 for linear 

dimensions and volume, respectively. As such, post-hoc one-sample Wilcoxon signed-

rank tests were also performed comparing this ratio to the hypothesized means of 1.41 

and 1.66 for linear and volumetric comparisons, respectively. 

For additional analyses, variables were log transformed and standardized; three-

dimensional variables, such as body mass (a product of volume) and food volume, were 

taken to the cubic-root. Variables were size adjusted by calculating residuals of OLS 

regressions of tricylinder and cube Vb dimensions against body mass. ANOVAs were 

used to assess the differences in tricylinder Vb dimensions between dietary categories. 

This was followed by Tukey post-hoc tests to find statistical differences between 

individual dietary categories. Regression was used to assess the relationship between 

Vb of cubes and tricylinders in lemurs. Correlation was assessed by regressing OLS 

residuals of tricylinder Vb dimensions against body mass on OLS residuals of cube Vb 

dimensions against body mass for both linear and volumetric dimensions for each food 

type, such that the correlation coefficient represents the strength of correlation between 

tricylinder and cube Vb dimensions when body size is adjusted for. Predictive equations 

relating Vb of cubes to tricylinders were produced using OLS regressions of tricylinder 

Vb dimensions on tricylinder Vb dimensions. 

 

Results  

Contrary to our expectations, lemurs consume larger spheroid foods in both 

volume and minimum linear dimensions than they consume cuboid foods. 

 

Vb Volume versus Linear Dimensions 

Paired t-tests revealed significant difference between Vb of tricylinders and cubes 

for both linear and volumetric dimensions across all food types (Table 2). One-sample 

Wilcoxon signed-rank tests revealed that the ratio of tricylinders to cubes differed 
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significantly from the hypothesized mean of 1 (the dimension of Vb is the same for both 

shapes) and the hypothesized means of 1.20 (the relationship between linear 

dimensions if volumes are equal) and 0.60 (the relationship between volumes if linear 

dimensions are equal) for linear and volumetric dimensions, respectively (Table 3). 

One-sample Wilcoxon signed-rank tests revealed that the ratio of tricylinders to cubes 

did not differ significantly from the ratios of equivalent maximal linear dimensions, 1:1.41 

and 1:1.66 for linear and volume respectively (Table 3; Figure 2a). 

 

Table 2 . Results of paired t-tests comparing Vb of tricylinders and cubes for the same 

individual. Mean difference reflects cube dimensions subtracted from tricylinder 

dimensions. All p-values are statistically significant at Ŭ < 0.05. 

 Volume  
Linear 

Dimensions  

  p-value  p-value  

Melon  0.02 <.0001 

Sweet 
Potato  

0.001 <.0001 

Carrot  0.003 <.0001 

 

Table 3 . Results of one-sample Wilcoxon signed-rank test comparing tricylinder 

dimension/cube dimension to hypothesized means of 1, 0.6, 1.2, 1.66, and 1.41. All p-

values are statistically significant at Ŭ < 0.05. 

 Volume  Linear Dimensions  

  Mean 
St. 

Dev. 

xↄ = 1    
p-

value  

xↄ = 0.6 
p-

value  

xↄ = 
1.66    
p-

value  

Mean 
St. 

Dev. 

xↄ = 1    
p-

value  

xↄ = 1.2 
p-

value  

xↄ = 
1.41 
p-

value  

Melon  1.61 0.46 <.0001 <.0001 0.66 1.39 0.13 <.0001 <.0001 0.53 

Sweet 
Potato  

1.60 0.39 <.0001 <.0001 0.55 1.39 0.11 <.0001 <.0001 0.48 

Carrot  1.57 0.39 <.0001 <.0001 0.37 1.38 0.12 <.0001 <.0001 0.31 
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Figure 2 . Relative cubic and tricylindrical geometry for the average ratio of the softest 

foods the lemurs consumed. Note that at this ratio, the tricylinder nearly perfectly 

circumscribes cube. a) A tricylinder made from a punch diameter 141% the side length 

of a cube will have a volume 166% that of the cube but will perfectly intersect the cube 

at all eight corners. The average observed tricylinders bite size for all tested foods 

nearly perfectly intersects the observed cube bite size at all eight corners for all tested 

foods, with tricylinders at Vb having diameters between 138% and 139% the side length 

of cubes and between 157% and 161% the volume. b and c) Schematic coronal view of 

a lemurid ingesting a cube and tricylinder, respectively, at approximate Vb for the softest 

sampled foods. Side length (blue) and maximal two-dimensional length (green) are 

indicated. Note that a cross section (c) at maximal height of a tricylinder (shaded plane 

in a) is a circle (the diameter of one of the orthogonal cylinders used to punch the 

tricylinder). c) a square is superimposed within the tricylinder for graphic purposes. The 

diameter (blue) is 141% that of the cube side length; however, maximal two-dimensional 

lengths (green) are equal. Due to the properties of a tricylinder, this is also true for the 

maximal three-dimensional lengths, which pass between opposing corners of the cube 

and square through the centers of either of these shapes. Tricylinder modified from 

Wikimedia Commons file ñSteinmetz-Kºrper aus 3 Zylindernò by user Ag2gaeh By-SA 

v.4. 
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Dietary Category and Tricylinder Vb 

For all three tested foods, tricylinder Vb dimensions differed significantly between 

dietary categories by ANOVA (p < 0.04; Table 4), with Tukey pairwise tests revealing 

that folivores have significantly smaller maximum ingested bites of all foods than 

frugivores (p < 0.04; Table 4) and than generalists for melon and carrot but not sweet 

potato (Table 4). Because of the way in which the variables are mathematically related, 

p-values are the same for both linear dimensions and volumes.  

 

Table 4 . ANOVA and Tukey postȤhoc test results for tricylinder Vb residuals by dietary 

category. * denotes statistical significance at Ŭ < 0.05. 

 

   
Folivore 

vs 
Frugivore  

Folivore 
vs 

Generalist  

Frugivore 
vs 

Generalist  

  p-value  F Ratio  DF p-value  p-value  p-value  

Melon  0.001* 11.39 2,13 0.001* 0.013* 0.287 

Sweet 
Potato  

0.042* 4.18 2,12 0.035* 0.076 0.913 

Carrot  0.002* 10.04 2,13 0.002* 0.006* 0.859 
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Relationship Between Tricylinder Vb and Cube Vb 

When adjusted for body size, tricylinder Vb was highly correlated with cube Vb 

across all foods with correlation coefficients (R) 0.96, 0.96, and 0.95 for melons, sweet 

potatoes, and carrots, respectively (Fig. 2). Again, as these variables are 

mathematically related, these correlations are the same for linear dimensions and 

volumes. The ratio of tricylinder dimensions to cube dimensions does not differ between 

dietary categories by ANOVA (p > 0.17). The predictive linear equations from OLS 

regressions of log transformed tricylinder Vb dimensions and log transformed cube Vb 

dimensions for predicting both tricylinder Vb diameter from cube side length and 

tricylinder Vb volume from cube volume for each tested food are reported in Table 5. 

 
Table 5 . OLS regression equations for tricylinder dimension prediction based on cube 

dimensions for both linear and volumetric dimensions of all food types. 

  Food  Fit line  r² 

L
in

e
a

r
 Melon  log(tric)(cm) = 1.11 * log(cube)(cm) + 0.12 0.96 

Sweet 
Potato  log(tric)(cm) = 0.89 * log(cube)(cm) + 0.16 

0.90 

Carrot  log(tric)(cm) = 0.87 * log(cube)(cm) + 0.16 0.93 

V
o

lu
m

e
 Melon  

log(įã(tric(cmį))) = 1.11 * log(įã(cube(cmį))) 
+ 0.04 

0.96 

Sweet 
Potato  

log(įã(tric(cmį))) = 0.89 * log(įã(cube(cmį))) 
+ 0.08 

0.90 

Carrot  
log(įã(tric(cmį))) = 0.87 * log(įã(cube(cmį))) 
+ 0.08 

0.93 

 

Discussion  

Contrary to expectations, lemurs ingested tricylinders of statistically significantly 

larger linear and volumetric dimensions than they did cubes across all tested foods. 

While we had predicted that either volume or linear dimensions, related to oral volume 

or required linear gape respectively, would limit Vb, and therefore, the limiting 

measurement would be consistent ï having a 1:1 ratio ï across both food shapes, both 

volume and linear dimensions differed significantly between cubes and tricylinders. 

Although this means that we cannot say for certain whether lemurs are consuming large 

foods maximally limited by their linear gape or oral volume, it is an interesting finding in 

and of itself. 
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This may indicate that food shape matters. Lemurs should be making these 

maximal ingestive decisions based on their oral capacity or gape capabilities, but 

shape, not capacity, may influence the size of the foods that they consume. While all 

previous work examining Vb has utilized cubes as they can be easily and repeatably cut 

to a wide range of sizes with accuracy and precision (Perry & Hartstone-Rose, 2007; 

Hartstone-Rose & Perry, 2008; Perry & Hartstone-Rose, 2010; Hartstone-Rose & Perry, 

2011; Perry et al., 2011; Criste et al., 2012; Hartstone-Rose et al., 2015; Perry et al., 

2015; Paciulli et al., 2020), contrary to previous assumptions, neither the linear 

dimension related to gape nor the volume of the cube seem to reflect actual maximal 

constraints as animals can ingest larger bites of the same foods with a different shape. 

Lemurs ingest smaller bites of non-naturalistic cube shapes than they do more 

naturalistic tricylinders. Although rounded shapes have been shown to be easier to 

manipulate than cubes (Cruz et al., 2021), which would suggest that it would be easier 

for lemurs to hold onto tricylinders and ingest them in multiple bites, we observed the 

opposite; lemurs seem to have a better grip on the cubes (e.g., the flat parallel sides 

and corners seem to be more secure than the relatively slippery sloping sides of the 

tricylinder), and this could be the reason that they bit foods presented to them as cubes 

into smaller pieces ï if it is easier for them to hold a piece of food at the high end of their 

ingestive comfort, then they can more easily bite it into smaller pieces prior to ingestion. 

An alternative consideration is that it is possible that the animals are disturbed by 

the sharp corners and edges of cubes and therefore either bite them into smaller pieces 

or consume smaller pieces whole. For instance, an animal might find the softer shape of 

the tricylinder acceptable at larger sizes, but would find the same size cube to be 

irritating. While it is hard to consider how empirical support could be gathered to test this 

hypothesis (perhaps through construction of other pointy or sharp food shapes?), it is 

clear, during experimentation, that the edges and corners deeply press into the animalsô 

cheeks; at large food sizes, the cube shape can be clearly seen through the surprisingly 

thin buccal margin during the initial masticatory chews.  

While we anticipated that either the linear dimensions of cube and tricylinder Vb 

would be the same ï with tricylinders having 59% the volume of cubes ï or the volumes 

of cube and tricylinder Vb would be the same ï with tricylinders having 120% the 
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diameter of cube side length, instead, tricylinders were significantly larger in both 

volume and linear dimensions ï on average 159% and 139%, respectively. This 

difference is largest for the softest foods ï melon. Lemurs tend to prefer to use their 

mouths rather than hands to manipulate soft food items (Peckre et al., 2019) likely to 

avoid the food losing its juice or its integrity in their hands (Hartstone-Rose et al., 2015). 

Thus, they are likely motivated to ingest larger melon pieces whole, across the board 

and especially when food pieces lack sharp edges. This trend is, however, largely 

driven by Varecia variegata, frugivorous lemurs that take extremely large bites of melon 

for their size. When they are excluded, the tricylinder measures are still larger than 

would be expected from cube measures; however, the tricylinder:cube ratio for melon is 

lower than that of the other foods. Across the full sample, tricylinder:cube ratio 

differences between foods are not statistically significant. 

 

Dietary Category and Tricylinder Vb 

As has been previously found for Vb derived from cubes (Perry & Hartstone-

Rose, 2010; Hartstone-Rose & Perry, 2011), tricylinder Vb relates to dietary 

specialization. We observed that frugivores ingested larger bites than did folivores for all 

three food types and larger bites than generalists for melon and carrot but not sweet 

potato. This is the same trend as has been observed for cube Vb and likely reflects 

adaptations of frugivore masticatory anatomy to ingest large fruits, something 

unnecessary for the ingestion of largely flat leaves. 

 

Relationship Between Tricylinder Vb and Cube Vb 

No food shape can be used as a fully realistic proxy for all naturalistic foods 

given the diversity of food shapes in the wild; however, among natural foods, spheroids 

are fairly ubiquitous (most volumetric foods are fairly round in at least some cross-

sections) and cuboids are a wholly unnatural food shape. Our findings show that, in 

lemurs, Vb derived from cubes does not reflect a maximum constraint on either ingested 

linear dimensions or volumes ï contrary to previous assumptions. As tricylinders 

represent a more common naturalistic shape ï especially for animals that consume 

foods other than leaves ï a Vb derived from tricylinder data likely more closely 
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approximates maximal adaptive ingested bite size. That being said, many studies have 

investigated Vb of cubes and much is known about this measure including that it scales 

with body mass across taxa, relates to dietary specialization and tracks with 

musculoskeletal markers (Perry & Hartstone-Rose, 2010) ï all of which affirm that, 

although cube-based Vb likely does not represent a maximal ingested bite size, it is 

informative of ingestive adaptation and likely could be scaled to better approximate a 

true maximal bite size.  

As cube Vb measures are highly correlated with tricylinder measures, our data 

allow for the conversion of cube Vb to tricylinder Vb ï i.e., a measure of Vb that may 

more closely approximate a maximum ingested bite size. This will make possible the 

comparison of all of the rich previously published cube Vb data from varied taxa and 

foods to tricylinder Vb data ï data that will likely better fit measures of the foods actually 

consumed by primates in the wild. Therefore, these data will provide more opportunities 

for understanding ingestive adaptation and bridging the gap between experimentally 

derived masticatory data and data collected in native environments. 

 

Vb and Maximal Shape Dimension 

While neither volume nor minimum linear dimension turned out to impose a 

limitation on Vb ï having a 1:1 ratio ï the observed relationship between tricylinder and 

cube dimensions may point to a different limitation on ingestive bite size: Our data 

clearly suggest that lemurs may be choosing maximum ingested food sizes base on 

their maximal dimensions. That is, while lemurs are eating tricylinders and cubes that do 

not correspond in terms of their volume or minimal length, the ratios we observed 

between cube and tricylinder maximal dimensions ï i.e., the corner to corner 

dimensions both in two dimensional and three dimensional extents ï are equivalent in 

the Vb findings for the two shapes. Lemurs were ingesting whole equivalent tricylinders 

and cubes that would intersect at all eight corners, with a tricylinder diameter 1.41 times 

the side length of the cube. This suggests that, although lemurs orient food to minimize 

gape requirements for ingestion by placing food minimum dimension between their 

teeth (i.e., Figure 2b, blue line; Hartstone-Rose & Perry, 2008; Perry & Hartstone-Rose, 

2010), they are not making decisions about maximum ingestive bite size based on that 
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linear gape ï in fact, they are gaping much larger to consume tricylinders than cubes ï 

nor are they making this decision based on the feeling of food volume within their 

mouth. Rather, they seem to be making decisions about ingestion based on maximal 

dimensions of food (Figure 2b&c green lines). It may be difficult for lemurs to reposition 

and manipulate foods that are too large in a maximal dimension. Food pieces that are 

too large may stretch the distance between the tongue and cheek creating a choking 

hazard for lemurs or requiring too much energy to manipulate and process. Based on 

the unique properties of tricylinders, however, it is unclear whether this maximal 

limitation is in two-dimensions or in three-dimensions: a tricylinder that circumscribes a 

cube, both intersects with all edges along each cube face ï the maximum length of 

these shapes in two-dimensions ï and at opposing corners of the cube in three-

dimensions ï the maximum length of these shapes in three-dimensions (Figure 2). 

Thus, unlike a sphere (which, when circumscribing a cube, only meets up with its 

corners and therefore has the same maximal dimension in three dimensions but is 

larger than the inscribed cube in two dimensions), establishing Vb comparing tricylinders 

and cubes cannot tell us whether lemurs are selecting maximal ingested food sizes 

based on their maximal dimensions in two- or three- dimensions.  

 

Limitations and Future Directions 

This peculiar property of tricylinders poses a substantial limitation. Thus, 

ultimately, our approach did not fully elucidate the shape-related factors limiting Vb. 

Future research should address these. In particular, future research should further 

explore how maximal linear dimensions influence ingestive bite size for other shapes. 

While the geometry of cubes and tricylinders precludes discrimination between two-

dimensional and three-dimensional signals, other shapes do not share these properties. 

This research utilized tricylinders as an approximation of spherical shapes; however, 

they are not truly spherical. Although there are tools to cut spherical shapes (i.e., a 

melon baller), they are not commercially available in a wide enough range of sizes to 

accommodate the many potential bite sizes. This can be solved with 3D printing, which 

would allow us to create semi-spherical cutters for cutting spheres of foods at any size. 

The use of spherical food pieces would help to determine whether lemurs are avoiding 
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food shapes with non-naturalistic corners (tricylinders are more naturalistic, but still 

dissimilar from even more spheroid fruits) or are making determinations about ingestion 

based on maximal linear dimensions and whether this determination is made based on 

this maximal dimension in two- or three-dimensions. While a tricylinder that 

encompasses a cube has a diameter 141% the side length of the cube and 166% the 

volume, a sphere would have a diameter of 173% that of the cube and 272% the 

volume. If lemurs ingest spheres with a diameter 173% that of their cube Vb, they would 

be producing much larger gapes while ingesting bites with the same maximal linear 

dimension.  

Also, as in previous work experimentally measuring Vb, this observed sample is 

made up of captive animals. As such, these findings may not reflect Vb for wild lemurs. 

Replicating this work in wild or semi-wild lemur populations would provide valuable 

insights into masticatory adaptation of wild lemurs; however, working with wild 

populations poses many additional challenges. Additionally, not all lemur individuals and 

lemur species desire the same foods equally. Motivation to eat a specific food item likely 

influences Vb. While Vb has previously been examined across various strepsirrhines and 

haplorrhines, this sample is limited to lemurs. Application of this method other primate 

taxa is needed to determine if the relationship observed between cube Vb and tricylinder 

Vb is the same across other taxa. Expanding this work to encompass a greater variety 

of mechanically diverse foods (e.g., as was done in Hartstone-Rose et al., 2015) would 

also potentially add valuable insight into how these species make decisions about their 

ingestive food sizes. 

 

Conclusions 

These findings demonstrate the importance of exploring not only food size but 

also food shape when assessing ingestive adaptations. As lemurs consistently ingested 

larger tricylinders than cubes in both linear dimensions and volume across all food 

types, cube Vb clearly does not reflect actual maximal ingestive bite sizes ï contrary to 

previous assumptions. However, cube Vb and tricylinder Vb are highly correlated, and 

the dietary trends assessed in this study for tricylinder Vb parallel previously published 

findings for cube Vb suggesting that those previous findings clearly have value for 
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understanding masticatory adaptation. With that said, tricylinders are a fairly naturalistic 

food shape and cubes clearly are not, and therefore tricylinder Vb is likely to be closer to 

an adaptive ingestive maximum. Further examination of this measure in broader 

taxonomic samples and across more mechanically diverse foods would provide new 

insights into dietary adaptations. Equations for the conversion of cube Vb to tricylinder 

Vb (above) will allow for the integration of new data with previously published work. It 

turns out that lemurs appear to be making determinations about ingestive bite size 

based on food maximal linear dimensions ï potentially related to difficulties 

manipulating food pieces that are too large during mastication ï rather than our 

hypothesized limitations based either on gape ï related to minimum linear dimensions 

of food ï or oral volume ï related to food volume. Future research should focus on 

further exploring the anatomical constraints on ingestion and extending these bite size 

findings to wild populations, mechanically different foods, and other taxa ï including 

explorations of whether anthropoid spheroid and cubic Vb follow the same trends that 

we saw in these lemurs. 
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Abstract  

Previous research has demonstrated that captive carnivorans have significantly different 

skull morphology than their wild conspecifics. Because these differences seem to 

cluster in parts of the skull that relate to mastication, they have largely been attributed to 

the different mechanical properties of the diet fed to captive animals. To further evaluate 

the influence of captive diet on morphology, this study quantifies skull morphology using 

a three-dimensional landmark based geometric morphometric approach in three species 

ï two bears, which have substantially different captive and wild diets and should 

therefore have dramatically different skull shapes ï and sea lions, which, due to their 

nearly identical captive and wild diets, would be likely to have substantially similar skulls 

in captive and wild individuals. Contrary to expectations, both bears and sea lions 

exhibit significant differences between captive and wild individuals, with the largest 

differences observed in sea lions. In both genera, morphological differences associated 

with captivity are largely related to anatomy associated with masticatory muscle 

attachments, with captive sea lions potentially being capable of producing larger bite 

forces than their wild counterparts. Together, these findings suggest that neither dietary 

difference between captive and wild individuals nor degree of dietary specialization fully 

explain morphological differences. Further investigation is needed to fully elucidate the 

factors that drive these morphological differences in captivity. 
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Introduction  

Previously, it has been shown that captivity status has a substantial effect on the 

skull morphology of carnivorans (Hartstone-Rose et al., 2014; Saragusty et al., 2014; 

Siciliano-Martina et al., 2021a; Antonelli et al., 2022). For instance, captivity status has 

approximately twice as much of an effect on the shape of the skulls of lions and tigers 

than does sex in these sexually dimorphic species (Hartstone-Rose et al., 2014). 

Likewise, captive black-footed ferrets differ more substantially from wild black-footed 

ferrets than wild black-footed ferrets differ from two congeners (Antonelli et al., 2022). In 

both of these lineages, captive animals also have substantially worse oral health 

(Antonelli et al., 2015; Kapoor et al., 2016) and that there is a direct correlation between 

oral health and Procrustes distances along the axis that most closely relates to captivity 

status (Kapoor et al., 2016). Both these skull changes and oral health correlates have 

been potentially attributed to the substantially different diet fed to animals in captivity. 

That is, while captive animals are generally fed diets that carefully meet their nutritional 

needs, these captive diets usually have substantially different mechanical properties: 

they are generally softer than those consumed by wild animals ï for instance, in the 

cases of these big cats and ferrets, their diets in captivity usually consisted of 

nutritionally supplemented ground meat.  

If it is the case that differences in the mechanical properties of the diet have 

driven these major craniodental differences between wild and captive conspecifics, then 

species that have greater or lesser differences in the mechanical properties of their 

captive diets should have less and more similar skull shapes respectively. While a study 

that investigated the impacts of the mechanical properties of diet on skull morphology 

by examining captive lions and tigers fed more naturalistic diets found that captivity 

explained less variation in the sample compared to lions and tigers with less naturalistic 

diets, when geographic variation was accounted for, captivity became more explanatory 

(Cooper et al., 2023).  

 

Differences Between Wild and Captive Individuals 

The morphology of captive carnivorans in accredited facilities has been shown to 

differ from their wild counterparts (Wisely et al., 2002; Saragusty et al., 2014; Curtis et 
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al., 2018; Siciliano-Martina et al., 2021a; Chirchir et al., 2022; Cooper et al., 2023). 

Although animals bred in captivity are often genetically distinct from wild populations 

(Lynch & O'Hely, 2001; Frankham, 2008; Christie et al., 2012), many have also 

attributed observed morphological differences to plastic responses to differing 

environmental conditions (e.g., Hollister, 1917; Wisely et al., 2002; Saragusty et al., 

2014; Harbers et al., 2020a; Harbers et al., 2020b; Neaux et al., 2021; Siciliano-Martina 

et al., 2021a; Chirchir et al., 2022; Zack et al., 2022). In particular, bone is a plastic 

tissue which remodels in response to mechanical loading (Carter et al., 1991; Carter et 

al., 1996). As such, behavioral differences between captive individuals and their wild 

counterparts may result in changes to skeletal morphology during the lifetimes of the 

animals. Many documented differences have been associated with behavioral 

differences related to captive enclosures, which often differ greatly from wild habitats. 

For example, research has pointed to postcranial morphological differences between 

captive and wild individuals related to locomotor and limb use differences (Chirchir et 

al., 2022; Zack et al., 2022).  

Stereotypic behaviors, which are more prevalent amongst captive animals than 

their wild counterparts (Mason, 1991; Mason, 2010; Kroshko et al., 2016), may also 

explain some of these differences. These repetitive behaviors are particularly common 

when animalsô habitats are difficult to replicate in captivity, such as having a large home 

range (Clubb & Mason, 2003; Kroshko et al., 2016). The abnormal muscle usage from 

repetitive behaviors can lead to osteological malformation. For instance, excessive 

grooming stereotypies in captive P. tigris has been associated with a broadening of the 

posterior sagittal crest (Duckler, 1998). 

Another important factor that may influence morphological differences is diet. 

While wild carnivorans often engage in foraging, hunting, prey capture and killing, and 

carcass processing, captive animals often experience a simplified feeding process that 

excludes many of these behaviors, which is associated with an increased prevalence of 

stereotypies amongst species with specialized diets or prey acquisition behaviors 

(Lindburg, 1998; McPhee & Carlstead, 2010; Kroshko et al., 2016). Furthermore, the 

composition and mechanical properties of the diet itself may also differ. In North 

American zoos, for example, many carnivorans have traditionally been fed 
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predominantly commercially prepared meat mixes, which consist of ground muscle and 

supplemented vitamins and minerals, as per the Association of Zoos and Aquariums 

(AZA) care manuals (Dierenfeld et al., 1994; AZA Small Carnivore TAG, 2010a, 2010b; 

Cheetah SSP, 2013). These commercial diets (e.g., Central Nebraska Packing Inc, 

2013; Milliken Meat Products Ltd, 2019) meet the nutritional needs of carnivorans but 

differ mechanically from natural diets (e.g., Hollister, 1917; Curtis et al., 2018), as they 

lack the more difficult to consume components of a carcass ï bones, skin, organs, and 

connective tissues.  

Previous Studies on the Effects of Captivity on Craniodental Morphology 

Previous research has explored the impacts of captivity on craniodental 

morphology in several taxa. Studies on dental morphology have shown that captive 

individuals often exhibit signs of dietary difference. For instance, malocclusion was 

observed to be more common in captive cheetahs (Acinonyx jubatus) compared to wild 

individuals, likely due to reduced masticatory loading (Fitch & Fagan, 1982). Similarly, 

poorer oral health observed in captive individuals has been attributed to the softer and 

less abrasive diets commonly fed in captivity (Antonelli et al., 2015; Kapoor et al., 2016). 

More extensive research has examined the impacts of captivity on carnivoran 

skull morphology, largely attributing the differences observed between captive and wild 

individuals to phenotypic plasticity in response to the relatively soft diet fed to captive 

carnivorans which leads to reduced mechanical loading on the skull (Curtis et al., 2010; 

Hartstone-Rose et al., 2014; Antonelli et al., 2022). Research comparing linear skull 

measurements of wild and captive black-footed ferrets (Mustela nigripes) revealed that 

some differences between captive and wild black-footed ferrets were greater than 

differences between black-footed ferrets and congeners; in particular, captive 

individuals had increased postorbital constriction and reduced condylar height indicative 

of larger but less mechanically advantageous temporalis muscles (Antonelli et al., 

2022). Similarly, using a combined linear and landmark based approach, a comparison 

of wild and North American captive lions (Panthera leo) and tigers (P. tigris) ï species 

with pronounced sexual dimorphism ï revealed that captivity status accounted for 

nearly twice as much morphological variation than sex, with captive individuals having 

wider zygomatic arches, associated with larger masseter muscles, and differently 
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shaped temporalis origin attachments (Hartstone-Rose et al., 2014). Comparable, 

though less pronounced, patterns were observed in the less hypercarnivorous coyote 

(Canis latrans; Curtis et al., 2018).  

A more recent investigation of the relationship between captive skull morphology 

and the mechanical properties of diet examined skull morphology in lions and tigers 

using a largely European captive sample fed predominantly full or partial carcass diets, 

which more closely replicate naturalistic mechanical properties. While sex explained 

over three times more variation than captivity status across the sample as a whole, for 

individual subspecies, captivity status had a greater influence, with captive individuals 

having wider zygomatic arches and reduced mandible heights (Cooper et al., 2023). 

This may suggest that skull loading related to other behaviors such as killing, ingesting, 

or manipulating food, rather than mastication, may explain differences observed in skull 

morphology; however, it is also possible that partial carcass diets fed to some 

individuals are dissimilar to the mechanical properties of wild diets, i.e., skinned meat off 

the bone or little skin or bones. 

Carnivorans Fed Substantially Different Diets 

In the current study, we have used three-dimensional landmark based geometric 

morphometric methods following Hartstone-Rose et al. (2014) to analyze the skull 

shape of captive and wild bears ï which have historically been fed even more 

substantially different diets in captivity compared to the wild than felids ï and sea lions ï 

which, in captivity, have generally been fed whole fish, much like the diets consumed by 

their wild counterparts ï to further explore the impacts of mechanical properties of diet 

on skull morphology. 

We chose to quantify the morphology of captive and wild individuals from the two 

bear species most commonly found in the American zoos from which we have access to 

cranial specimens ï American black bears (Ursus americanus) and brown bears (U. 

arctos). Both species in the wild have seasonally varied diets that include insects, 

grasses, sedges, tubers, fruit, nuts, and vertebrate prey (Costello et al., 2016). These 

diets are much more varied than those of the hypercarnivorous felids, which have been 

predominantly previously studied, and are, therefore, more diverse in dietary 

mechanical properties. While the Association of Zoos and Aquariums (AZA) do not have 
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published Animal Care Manuals for these species, a case study of seasonal diets for 

brown bears is listed under recommendations by the Nutrition Advisory Group to the 

AZA. While the case study reports positive health outcomes after introducing a more 

varied diet in 2009, which consisted of commercial ground meat products, fish, fruits, 

vegetables, insects, and bones, brown bears had previously been fed commercial 

ground meat products, dry dog food, fruit, vegetables, greens, and bread ï a diet 

substantially different from that consumed in the wild (Watts, 2009). Although not in the 

recommendations section of the Nutrition Advisory Group to the AZA website, a similar 

case study can be found for American black bears (Henry et al., 2019). This paper 

similarly describes a change diverse and appropriate diet; however, this change was not 

made until 2018 (Henry et al., 2019). A survey of captive American black bears in 

Ontario produced by a Canadian wildlife charity in 1999 reports a variety of diets; while 

some diets incorporated fruits, vegetables, and meat, most consisted largely or entirely 

of dog chow with some incorporating foods like bread, donuts, and marshmallows (Cole, 

1999). Although these most inappropriate diets were not fed by accredited facilities, 

similar diets have traditionally been fed to American black bears, as exemplified by 

ñWinnipegò ï a real bear at the London Zoo that inspired the Winnie the Pooh childrenôs 

books. Indeed, as was true of her fictionalized counterpart, the real Winnipeg had a 

sweet tooth, and as was custom at the time at the London Zoo in the early 20th Century, 

visitors physically interacted with her and fed her sweets ï including the real life 

Christopher Robin Milne, son of the creator of the Winnie the Pooh stories (Mattick, 

2015; Shea, 2015). Consequently, her skull shows severe gum disease related to a diet 

of honey and sticky buns (Shea, 2015). As the most recent bear specimen in our 

sample was accessioned in 2006 with a mean accession year of 1922, these taxa 

represent carnivorans with substantially different diets in captivity compared to in the 

wild. 

Unlike bears, which have diverse diets in the wild, the California Sea Lion 

(Zalophus californianus) primarily consumes whole fish that they may tear apart before 

swallowing or consume whole as well as a small amount of cephalopods and 

crustaceans (Garcia-Rodriguez & Aurioles-Gamboa, 2004). Like the bears, the 

Association of Zoos and Aquariums (AZA) do not have published Animal Care Manuals 
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for this species; however, a guide to feeding captive piscivorous animals under 

recommendations from the Nutrition Advisory Group to the AZA recommends a diet of 

frozen and thawed fish and marine invertebrates for sea lions (Bernard & Allen, 1997) ï 

a diet nearly identical to that in the wild. 

Aims and Predictions 

Following Hartstone-Rose et al. (2014), this research using a three-dimensional 

landmark-based geometric morphometric approach to capture shape differences more 

comprehensively than is possible through the use of linear measurements. By 

comparing bears ï species with substantially different diets in captivity and the wild ï 

and sea lions ï a species with nearly identical captive and wild diets ï this research 

further explores factors that drive differences in skull morphology between wild and 

captive individuals. In particular, it allows us to expand on previous work exploring the 

impacts of mechanical properties of diet on skull morphology. Additionally, we expand 

exploration of the morphology of captivity to as of yet unexplored taxa presenting data 

on pinnipeds and ursids for the first time. 

Prediction 1. A major source of variation in skull morphology will be differences between 

the sexes in bears and sea lions, which are both sexually dimorphic (Ohdachi et al., 

1992; McDonough & Christ, 2012; Kennedy et al., 2014; Franco-Moreno et al., 2015). 

While previous research exploring the impacts of captivity in lions and tigers ï also both 

sexually dimorphic ï fed more naturalistic diets found that sex explained more variation 

in skull morphology than captivity status (Cooper et al., 2023), in a sample of captive 

lions and tigers fed a diet substantially different from wild diets captivity status explained 

more variation than sex (Hartstone-Rose et al., 2014). 

Prediction 2. As previous literature has attributed morphological differences between 

captive and wild diets to differences in the mechanical properties of the diet (Hartstone-

Rose et al., 2014), the amount of variation in skull morphology explained by captivity 

status will be greater for bears than for sea lions because bear diets in zoos even less 

closely resemble the diets of their wild counterparts in terms of mechanical properties. 

Prediction 3. The differences in skull morphology between captive and wild sea lions will 

be less than in bears, tigers, and lions (Hartstone-Rose et al., 2014; Cooper et al., 
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2023), because their diet are nearly identical ï consisting mostly of raw fish ï both in 

captivity and in the wild. 

 

Materials and Methods  

Our sample consisted of all of the skulls available of captive and wild adults of 

three species ï Ursus americanus, Ursus arctos, and Zalophus californianus ï in the 

collections of the Smithsonian National Museum of Natural History (USNM; Washington, 

D.C), the American Museum of Natural History (AMNH; New York, NY), North Carolina 

Museum of Natural Sciences (NCMNS; Raleigh, NC), and Muséum national d'histoire 

naturelle (MNHN; Paris, France; Table 1 & S3). The specimens were sorted according 

to genus, species, sex, and captivity status based on collection records.  

Forty-one three-dimensional landmarks were recorded for each Ursus specimen 

and forty three-dimensional landmarks were recorded for each Zalophus specimen 

(Table 2; Figure 1; altered from Hartstone-Rose et al., 2014) using MicroScribe 3D 

Digitizers. Landmarks include 6 type 1 landmarks, 27 type 2 landmarks, and 8 type 3 

landmarks as defined by Booksteinôs landmark typology (1991). Included type 2 and 3 

landmarks capture skull morphology in regions lacking type 1 landmarks and were 

found to be repeatable with precision. Landmark analysis was carried out in MorphoJ 

(version 1.08.01). Data were analyzed in five different groupings including 1) all three 

taxa combined (for which the additional landmark was dropped from the Ursus 

specimens, such that all specimens had the same 40 landmarks), 2) both Ursus taxa 

combined, and for each taxon independently ï 3) Ursus americanus, 4) Ursus 

americanus, and 5) Zalophus californianus. Specimens were standardized (scaled, 

transposed, and rotated) using a Generalized Procrustes Analysis (GPA; Rohlf, 2003). 

A separate GPA was conducted for each of the above groupings. For specimens that 

had missing points (e.g., damaged), we replaced those specific landmark coordinates 

with the taxon-specific mean configuration or translated that mean point in three-

dimensional space based on closest neighboring landmark relative to the mean 

configuration. For example, if the lateral orbital point was missing on one side, then it 

was replaced for that specimen with the coordinates of the mean point or, if the other 

orbital points were translated substantially from the mean configuration, then the 
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missing point was replaced with the mean point translated in the same directions as the 

deviation of the nearest point from its mean point. Principal component analysis (PCA) 

using a covariation matrix was used to reduce dimensionality and explore morphological 

trends within these data. PC lollipop plots were produced in MorphoJ. Principal 

component (PC) axes with percent variance above 1 were retained. Analyses of 

variance (ANOVAs; Ŭ = 0.05) of these PCs were conducted using JMP software (SAS 

Institute Inc. version 17.0.0) with factors genus, species, sex, and captivity status. PC 

plots and ANOVA figures were produced in JMP. 

 

Table 1.  Sample Carnivore Population (N = 256) 
 

  Captive Wild Total 

Ursus americanus     72 

Males 15 25 40 

Females 4 21 25 

Unknown 5 2 8 

Ursus arctos     91 

Males 25 22 47 

Females 13 27 40 

Unknown 3 1 4 
Zalophus 
californianus     93 

Males 21 24 45 

Females 24 23 48 

Unknown 1 0 1 

Total      256 
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Table 2.  Landmark points measured. Common osteometric points defined based on 
Martin and Saller (1957). 
 
Total Sample and 
Zalophus  

Ursus   

Landmark/Anatomical 
Point 

Landmark/Anatomical 
Point 

Description 

1 
Foramen Magnum 
Ventral 

1 
Foramen Magnum 
Ventral 

Median point on the ventral lip of the foramen 
magnum 

2 
Foramen Magnum 
Superior 

2 
Foramen Magnum 
Superior 

Median point on the superior lip of the foramen 
magnum 

3 Inion 3 Inion Caudal-most point of the occipital protuberance 

4 Nasion 4 Nasion 
Convergence of the L and R frontal and nasal 
bones 

5 Rhinion 5 Rhinion Anterior-most convergence of the nasal bones 

6 Alveolare 6 Alveolare 
Anterior-most point on the premaxillary suture, 
between the alveoli of the left and right central 
maxillary incisors 

7 Infradentale 7 Infradentale 
Anterior-most point on the mandibular 
symphysis between the alveoli of the left and 
right central mandibular incisors 

8 
Antero-lateral nasal 
corner L 

8 
Antero-lateral nasal 
corner L 

Antero-lateral-most point on the L nasal bone 

9 
Buccal edge of 
maxilla 
at Canine L 

9 
Buccal edge of 
maxilla 
at Canine L 

Lateral-most point of L maxillary canine, where 
it enters the alveolus 

10 
Distal to most distal 
maxillary tooth L 

10 Distal M2 L 
Distal-most point on the last L maxillary molar 
(Zalophus - M1, Ursus - M2) 

11 Orbitale L 11 Orbitale L 
Ventral-most point along the bony rim of the L 
orbit 

12 Lateral orbit L 12 Lateral orbit L 
Dorsal-most point on the L zygomatic (jugal) 
bone L 

13 Superior orbit L 13 Superior orbit L 
Dorsal-most point along the bony rim of the L 
orbit 

14 Medial orbit L 14 Medial orbit L 
Medial-most point along the bony rim of the L 
orbit 

15 
Coronion 
(Coronoid tip) L 

15 
Coronion 
(Coronoid tip) L 

Dorsal-most point of the L coronoid process of 
the mandible 

16 Zygion L 16 Zygion L 
Lateral-most point of the skull on the L 
zygomatic arch 

17 Porion L 17 Porion L 
Dorsal-most point of the bony rim of the L 
external auditory meatus 

18 
Tip of mandibular 
angle L 

18 
Tip of mandibular 
angle L 

Caudal-most point of the L mandibular angle 
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Table 2 (continued). 
 

19 
Antero -lateral  
nasal corner R  

19 
Antero -lateral  
nasal corner R  

Same as Point 8 on the R  side  

20 
Buccal edge of  
maxilla at Canine R  

20 
Buccal edge of  
maxilla at Canine R  

Same as Point 9 on the R side  

21 
Distal to most distal 
maxillary tooth R 

21 Distal M2 R Same as Point 10 on the R side 

22 Orbitale R 22 Orbitale R Same as Point 11 on the R side 

23 Lateral orbit R 23 Lateral orbit R Same as Point 12 on the R side 

24 Superior orbit R 24 Superior orbit R Same as Point 13 on the R side 

25 Medial orbit R 25 Medial orbit R Same as Point 14 on the R side 

26 
Coronion  
(Coronoid tip) R 

26 
Coronion  
(Coronoid tip) R 

Same as Point 15 on the R side 

27 Zygion R 27 Zygion R Same as Point 16 on the R side 

28 Porion R 28 Porion R Same as Point 17 on the R side 

29 
Tip of mandibular  
angle R 

29 
Tip of mandibular  
angle R 

Same as Point 18 on the R side 

30 

Anterior edge of 
Canine  at 
premax/max suture 
L 

30 

Anterior edge of 
Canine  at 
premax/max suture 
L 

Anterior-most point on the L maxillary canine, 
at the premaxillary/maxillary suture where the 
tooth enters the alveolus 

31 
Posterior edge of 
Canine L 

31 
Posterior edge of 
Canine L 

Posterior-most point of the L maxillary canine, 
where the tooth enters the alveolus 

  32 
Anterior edge of 
lower P4 L 

Anterior-most point of mandibular L fourth 
premolar (P4) 

32 
Anterior edge of 
masseter origin L 

33 
Anterior edge of 
masseter origin L 

Ventral-most point along the anterior extension 
of the L masseter origin scar 

33 
Posterior edge of 
masseter origin L 

34 
Posterior edge of 
masseter origin L 

Dorsal-most point of the L zygomatico-temporal 
suture 

34 
Superior edge of 
zygomatic arch at 
suture L 

35 
Superior edge of 
zygomatic arch at 
suture L 

Dorsal-most point of the L zygomatico-temporal 
suture 

35 
Superior edge of 
masseter origin at 
thickest L 

36 
Superior edge of 
masseter origin at 
thickest L 

Dorsal-most point of the L masseter origin scar 
where the scar is at its thickest vertical 
measurement 

36 
Ventral edge of 
masseter 
origin at thickest L 

37 
Ventral edge of 
masseter 
origin at thickest L 

Ventral-most point of the L masseter origin scar 
where the scar is at its thickest vertical 
measurement 

37 
Anterio-superior 
corner of temporalis 
origin  L 

38 
Anterio-superior 
corner of temporalis 
origin  L 

Point on the dorsal surface of the L frontal 
bone, just behind the superior process of the 
orbit along the ridge of the temporal line 

38 
Posterio-superior 
corner of temporalis 
origin  L 

39 
Posterio-superior 
corner of temporalis 
origin  L 

Point on the most posterio-superior corner of 
the L 
parietal along the ridge of the temporal line 
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Table 2 (continued). 
 

39 

Posterio -inferior 
corner of 
temporalis origin  
L 

40 

Posterio -inferior 
corner of 
temporalis origin  
L 

Ventral -most point on the L temporalis 
origin scar  
dorsal to the mastoid process  

40 
Anterior-inferior 
corner of temporalis 
origin  L 

41 
Anterior-inferior 
corner of temporalis 
origin  L 

Point located on a small process just lateral 
to the L optic foramen 

 
 
Figure 1 . Fourty-one landmarks; anterior, superior, and lateral views. See Table 2 for 
landmark descriptions. 

 

 
Results  

Principal Component Analysis of Whole Sample 

When all three taxa ï American black bears, brown bears, and California sea 

lions ï are included in analysis, the first principal component (PC1) accounted for most 

of the variation in the sample (55.39%; Table 3). In PC1 shapespace, ANOVAs reveal 

statistically significant distinction by genus (p <0.0001) and species (p <0.0001; Fig 2a). 

As this PC largely describes the distinction between bears and sea lions, shape 
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configurations suggest that posterior skull and rostral landmarks are shifted downward 

while orbits are reduced in size in bear skulls relative to sea lion skulls (Fig 3a).  

PC2 accounted for 5.28% of the variation (Table 3). In PC2 shapespace, 

ANOVAs reveal statistically significant distinction by captivity status (p <0.0001), with 

captive and wild morphospaces overlapping at the positive end of PC2 but captive 

specimens extending to the negative end of the axis (Fig 2b), and species (p <0.0001), 

with sea lions occupying the largest morphospace (Fig 2c). In this PC shapespace, 

ANOVAs reveal statistically significant distinction by captivity status for black bears (p = 

0.001), brown bears (p < 0.0001), and California sea lions (p = 0.0003) individually. 

Along this PC, a configuration at the negative end of the axis is represented by dorsally 

shifted porion (#17 and 28), a ventrally and rostrally shifted mandibular angle (#18 and 

29), anteroposteriorly reduced zygomatic arch, and reduced temporalis origin area 

relative to the positive end of the axis (Fig 3b). Given that captive individuals occupy this 

end of the axis, this describes a morphology more commonly seen in captive 

individuals.  

PC3 accounted for 4.19% of the variation (Table 3). In PC3 shapespace, 

ANOVAs reveal statistically significant distinction by sex (p <0.0001; Fig 2d) and 

species (p = 0.0002; Fig 2b) driven by statistical difference between black bears and 

both other taxa. This principal component is driven in the positive direction by a more 

prognathic configuration with a narrowed neurocranium (Fig 3c). Given that this axis 

divides sex and species, this positive configuration represents a morphology more 

common in females compared to males (Fig 2c).  

PC4 accounted for 3.53% of variation (Table 3). In PC4 shapespace, ANOVAs 

reveal statistically significant distinction by species (p <0.0001; Fig 2e), sex (p = 0.01; 

Fig 1f), and captivity (p = 0.04; Fig 2g). The positive end of this PC primarily represents 

a black bear configuration and less so female and captive configurations (Fig 2e-g), 

which have a dorsoventrally narrowed posterior cranium and broadened anterior 

cranium, a reduced temporalis origin area, narrowed zygomatic arches, and a rostrally 

translated masseter origin (Fig 3d).  

PC5 accounted for 3.14% of variation (Table 3). In PC5 shapespace, ANOVAs 

reveal statistically significant distinction by sex (p = 0.0002; Fig 2f) and captivity status 
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(p = 0.03; Fig 2g). The positive end of this PC is driven by a posteriorly translated 

nasion (#4) and rhinion (#5) and anterior and ventrally shifted mandibular angles (#18 

and 29; Fig 3e). The positive end of this axis represents a configuration more common 

in male and captive individuals.  

PC6 accounted for 2.67% of variation (Table 3) and in the positive axis 

represents a superiorly shifted and anteroposteriorly narrowed zygomatic arch and 

masseter origin and rotated temporalis origin in multiple axes (Fig 3f); however, it is not 

explanatory of differences between groupings of interest.  

Notably, despite having a similar sample size to the other species, sea lions 

consistently occupied a larger morphospace across all PCs. Although additional PCs up 

to PC11 are explanatory of differences between groups of interest, these PCs explain 

less than 2% of shape variance (Table 3) and thus are not discussed in detail. 
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Table 3 . Principal Components Analysis Eigenvalues and Percent Variance (above 1%) 
for Total Sample ï U. americanus, U. acrctos, and Z. californianus. Significant 
differentiation between genus, species, sex, and captivity status established by t-test 
and ANOVA results reported. Asterisks represent p-values: *** < 0.0001, ** < 0.001, and 
* < 0.05 

  Eigenvalues 

Percent 
Variance 

(%) 

Cumulative 
Variance 

(%) 
Significantly 
Differentiates 

PC 1 8.79E-03 55.39 55.39 Genus ***  
Species *** 

PC 2 8.38E-04 5.28 60.67 Species ***  
Captivity Status *** 

PC 3 6.65E-04 4.19 64.86 Sex ***  
Species *** 

PC 4 5.60E-04 3.53 68.39 
Species ***  
Sex **  
Captivity Status * 

PC 5 4.98E-04 3.14 71.53 Sex ***  
Captivity Status * 

PC 6 4.24E-04 2.67 74.2  
PC 7 3.06E-04 1.93 76.13  
PC 8 2.75E-04 1.73 77.86  
PC 9 2.26E-04 1.43 79.29  
PC 10 2.22E-04 1.4 80.69  
PC 11 2.07E-04 1.31 81.99  
PC 12 1.77E-04 1.12 83.11  
PC 13 1.75E-04 1.11 84.21   
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Figure 2. Plots of PCs of entire sample ï American black bears, brown bears, and 
California sea lions. Markers represent black bears (black), brown bears (brown), 
California sea lions (blue), captive animals (solid), wild animals (open), males (square), 
females (circles), and specimens of unknown sex (triangles). a. Analysis of variance 
(ANOVA) of PC1 by species. Means diamonds represent the 95% confidence interval 
for each group mean. The center line of each diamond represents the sample mean of 
each group. p-values represent results of Tukey post-hoc tests for each pair. PC plots 
with (b-d) second principal component (x-axis) and third principal component (y-axis) or 
(e-g) fourth principal component (x-axis) and fifth principal component (y-axis). Minimum 
convex hulls represent morphospaces for: b and e. American black bears (black), brown 
bears (brown), and California sea lions (blue), c and g. captive (solid) and wild (dashed), 
and d and f. females (red) and males (teal). 
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Figure 3. óóLollipopôô diagrams of a. PC 1, b. PC 2, c. PC 3, d. PC 4, e. PC 5, and f. PC 6 
shape changes in three-dimensional data in lateral, superior, and anterior views for all 
taxa ï American black bears, brown bears, and California sea lions. Dots (óócandyôô) 
represent the shape at the mean shape configuration and the lines (óósticksôô) indicate 
the shape change in the positive direction along the axis. 

 

 

Principal Component Analysis of Bear Specimens 

When both bear taxa are included in a combined analysis, the first principal 

component (PC1) accounted for 16.11% of the variation in the sample (Table 4). In PC1 

shapespace, ANOVAs reveal statistically significant distinction by species (p <0.0001; 

Fig 4a) and captivity status (p = 0.007; Fig 4b). The positive PC1 configuration 

represents a dorsal and caudal shift of the rostrum, most notably seen in nasion (#4), as 

well as the foramen magnum (#1 and 2), a rostral shift of the masseter origin, and a 
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rostral and lateral shift of the temporalis origin (Fig 5a). Along PC1, American black 

bears and captive individuals largely occupy the positive end of the axis (Fig 4a,b).  

PC2 accounted for 9.96% of the variation (Table 4). In PC2 shapespace, 

ANOVAs reveal statistically significant distinction by captivity status (p <0.0001; Fig 4b), 

sex (p <0.0001; Fig 4c), and species (p = 0.0005; Fig 4a). Along PC2, the negative end 

of the axis represents a more orthognathic rostrum, widened zygomatic arches, a 

medially shifted anterio-superior corner of the temporalis origin (#38), and laterally, 

ventrally, and rostrally shifted mandibular angles (#18 and 29; Fig 5b). Given that this 

axis divided the sample by captivity, the negative extent of this axis represented a 

captive morphology. The most variation in PC1 by PC2 shapespace was explained by 

species with U. arctos occupying a more morphospace than black bears (Fig 4a). 

Captivity status explained the second most amount of variation in this shapespace with 

the morphospaces of wild individuals largely overlapping with that of captive individuals; 

however, the captive morphospace is substantially larger with several captive U. arctos 

specimens falling outside the wild morphospace (Fig 4b). Female and male 

morphospaces again largely overlap with males occupying a larger morphospace (Fig 

4c).  

PC3 accounted for 9.35% of the variation (Table 4). In PC3 shapespace, 

ANOVAs reveal statistically significant distinction by captivity status (p <0.0001; Fig 4d) 

and species (p = 0.02; Fig 4e). PC3 was driven positively by a dorsally shifted porion 

(#17 and 28), a ventrally shifted zygomatic arch, a posteriorly shifted masseter origin, 

and an anteriorly shifted nasion (#4; Fig 5c). Given that this axis divided the sample by 

captivity, the positive extent of this axis represented a captive morphology.  

PC4 accounted for 6.55% of variation (Table 4). In PC4 shapespace, ANOVAs 

reveal statistically significant distinction by species (p = 0.0002; Fig 4e), captivity status 

(p = 0.01; Fig 4d), and sex (p = 0.04; Fig 4f). PC4 was driven positively by a ventrally 

shifted rostrum and posterior skull, a superiorly shifted nasion (#4), and a rostrally 

extended inferior temporalis (Fig 5d). Given that this axis divided the sample by 

captivity, the positive extent of this axis represented a captive morphology. In PC3 by 

PC4 morphospace, wild morphospace largely falls within captive morphospace with 

captive morphospace extending beyond wild individuals in both PCs (Fig 4d). The 
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morphospaces of black bears and brown bears are distinct but substantially overlap (Fig 

4e). Female and male morphospaces are distinct but have more substantial overlap 

than species morphospaces (Fig 4f).  

Eigenvalues for additional PCs that explain more than 1% of variance are 

reported (Table 4) and are not explanatory of differences between groupings of interest. 

 
Table 4 . Principal Components Analysis Eigenvalues and Percent Variance (above 1%) 
for Ursus Sample. Significant differentiation between species, sex, and captivity status 
established by t-test and ANOVA results reported. Asterisks represent p-values: *** < 
0.0001, ** < 0.001, and * < 0.05 

  

Eigenvalues 
Percent 
Variance 
(%) 

 
Cumulative 
Variance 
(%) 

Significantly 
Differentiates 

PC 1 8.99E-04 16.11 16.11 Species *** 
Captivity Status ** 

PC 2 5.56E-04 9.96 26.07 
Captivity Status *** 
Sex *** 
Species *** 

PC 3 5.22E-04 9.35 35.41 Captivity Status *** 
Species *** 

PC 4 3.66E-04 6.55 41.96 
Species ***  
Captivity Status * 
Sex * 

PC 5 2.96E-04 5.3 47.27  
PC 6 2.33E-04 4.18 51.44  
PC 7 2.26E-04 4.04 55.48  
PC 8 1.84E-04 3.3 58.78  
PC 9 1.61E-04 2.89 61.67  
PC 10 1.42E-04 2.54 64.21  
PC 11 1.32E-04 2.37 66.58  
PC 12 1.14E-04 2.04 68.63  
PC 13 1.12E-04 2.02 70.64  
PC 14 1.05E-04 1.88 72.52  
PC 15 9.71E-05 1.74 74.26  
PC 16 8.95E-05 1.6 75.86  
PC 17 7.52E-05 1.35 77.21  
PC 18 7.00E-05 1.25 78.46  
PC 19 6.44E-05 1.15 79.62  
PC 20 6.33E-05 1.13 80.75  
PC 21 5.84E-05 1.05 81.79  
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Figure 4. PC plots of bear sample ï American black bears and brown bears ï with (a-c) 
first principal component (x-axis) and second principal component (y-axis) or (d-f) third 
principal component (x-axis) and forth principal component (y-axis). See Figure 1 for 
marker key. Minimum convex hulls are presented in descending explanatory order and 
represent: a. and e. American black bears (black) and brown bears (brown), b. and d. 
captive (solid) and wild (dashed), and c. and f. females (red) and males (teal) 
morphospace.    

 

  



    

58 
 

Figure 5. óóLollipopôô diagrams of a. PC 1, b. PC 2, c. PC 3, and d. PC 4 shape changes 
in three-dimensional data in lateral, superior, and anterior views for bear taxa ï 
American black bears and brown bears. Dots (óócandyôô) represent the shape at the 
mean shape configuration and the lines (óósticksôô) indicate the shape change in the 
positive direction along the axis. 
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Principal Component Analysis of American Black Bears 

For American black bears alone, PC1 accounted for 19.50% of the variation in 

the sample (Table 5). In PC1 shapespace, ANOVAs reveal statistically significant 

distinction by captivity status (p = 0.01; Fig 6a). PC1 was driven positively by a 

posteriorly shifted masseter origin attachment area, a reduced temporalis origin 

attachment area, posteriorly shifted coronoid processes (#15 and 26), and dorsally 

shifted porions (#17 and 28; Fig 7a). Given that this axis divided the sample by captivity, 

the positive extent of this axis represented a captive morphology.  

PC2 accounted for 10.85% of the variation (Table 5). In PC2 shapespace, 

ANOVAs reveal statistically significant distinction by captivity status (p = 0.0002; Fig 6a) 

and sex (p = 0.01; Fig 6b). PC2 was driven negatively by a laterally shifted anterio-

superior corner of the temporalis origin (#38), a reduced rostrum and elongated 

neurocranium, ventrally shifted mandibular angles, and dorsally shifted porions (#17 

and 28; Fig 7b). Given that this axis divided the sample by captivity, the negative extent 

of this axis represented a captive morphology. In PC1 by PC2, while the morphospace 

of wild individuals fell largely within captive morphospace, captive morphospace had 

nearly twice the area of wild morphospace (Fig 6a). Female and male morphospaces 

intersect entirely (Fig 6b).  

PC3 accounted for 9.40% of the variation (Table 5). In PC3 shapespace, 

ANOVAs reveal statistically significant distinction by captivity status (p = 0.02; Fig 6c). 

PC3 was driven negatively by dorsally shifted, mediolaterally widened, and 

anteroposteriorly narrowed zygomatic arches and a dorsally shifted rostrum and 

posterior cranium (Fig 7c). Given that this axis divided the sample by captivity, while 

wild and captive morphology largely overlapped, the negative extent of this axis 

represented a morphology more commonly observed in captive individuals (Fig 6c).  

PC4 accounted for 6.45% of variation (Table 5). In PC4 shapespace, ANOVAs 

reveal statistically significant distinction by sex (p = 0.002; Fig 6d). PC4 was driven 

positively by an anteroposteriorly shortened cranium, a mediolaterally widened 

zygomatic arch, and an expanded temporalis origin (Fig 7d). Given that this axis divided 

the sample by sex, the positive extent of this axis represented a male morphology.  
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Eigenvalues for additional PCs that explain more than 1% of variance are 

reported and are not explanatory of differences between groupings of interest. 

 

Table 5 . Principal Components Analysis Eigenvalues and Percent Variance (above 1%) 
for American Black Bear Sample. 

  
Eigenvalues 

Percent 
Variance 

(%) 

Cumulative 
Variance 

(%) 

Significantly 
Differentiates 

PC 1 7.68E-04 19.5 19.5 Captivity Status ** 

PC 2 4.28E-04 10.85 30.36 Captivity Status *** 
Sex ** 

PC 3 3.70E-04 9.4 39.76 Captivity Status * 

PC 4 2.54E-04 6.45 46.21 Sex * 

PC 5 2.02E-04 5.12 51.33  
PC 6 1.52E-04 3.85 55.18  
PC 7 1.47E-04 3.74 58.92  
PC 8 1.39E-04 3.53 62.45  
PC 9 1.04E-04 2.65 65.09  
PC 10 9.50E-05 2.41 67.51  
PC 11 8.96E-05 2.27 69.78  
PC 12 8.86E-05 2.25 72.03  
PC 13 8.07E-05 2.05 74.08  
PC 14 7.32E-05 1.86 75.94  
PC 15 6.93E-05 1.76 77.7  
PC 16 6.22E-05 1.58 79.27  
PC 17 5.92E-05 1.5 80.78  
PC 18 5.26E-05 1.34 82.11  
PC 19 4.75E-05 1.21 83.32  
PC 20 4.30E-05 1.09 84.41  
PC 21 4.22E-05 1.07 85.48  
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Figure 6. PC plots of American black bears with a. and b. first principal component (x-
axis) and second principal component (y-axis) or c. and d. third principal component (x-
axis) and forth principal component (y-axis). See figure 1 for marker key. Minimum 
convex hulls are presented in descending explanatory order and represent: a. and c. 
captive (solid) and wild (dashed) b. and d. females (red) and males (teal) morphospace.    
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Figure 7. óóLollipopôô diagrams of a. PC 1, b. PC 2, c. PC 3, and d. PC 4 shape changes 
in three-dimensional data in lateral, superior, and anterior views for American black 
bears. Dots (óócandyôô) represent the shape at the mean shape configuration and the 
lines (óósticksôô) indicate the shape change in the positive direction along the axis. 
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Principal Component Analysis of Brown Bears 

For brown bears alone, PC1 accounted for 14.25% of the variation in the sample 

(Table 6). In PC1 shapespace, ANOVAs reveal statistically significant distinction by sex 

(p = 0.02; Fig 8a) and captivity status (p = 0.05; Fig 8b). PC1 was driven negatively by a 

shortened and dorsally shifted rostrum, an anteriorly and ventrally shifted anterior 

neurocranium, a mediolaterally widened neurocranium, and dorsally shifted posterior 

cranium (Fig 9a). Given that this axis divided the sample by captivity, the negative 

extent of this axis represented a captive morphology.  

PC2 accounted for 11.55% of the variation (Table 6). In PC2 shapespace, 

ANOVAs reveal statistically significant distinction by captivity status (p < 0.0001; Fig 

8b). PC2 was driven negatively by dorsally shifted porions (#17 and 28), an anteriorly 

shifted nasion (#4), reduced temporalis origin area, and a posteriorly shifted and 

expanded masseter origin area (Fig 9b). Given that this axis divided the sample by 

captivity, the negative extent of this axis represented a captive morphology. In PC1 by 

PC2, female and male morphospaces overlapped nearly entirely with males having a 

larger morphospace (Fig 8a). While the morphospace of wild individuals fell largely 

within captive morphospace, captive morphospace had nearly twice the area of wild 

morphospace (Fig 8b).  

PC3 accounted for 8.25% of the variation (Table 6). In PC3 shapespace, 

ANOVAs reveal statistically significant distinction by sex (p = 0.01; Fig 8c), with females 

more densely occupying the positive end of the axis. PC3 was driven positively by a 

dorsoventrally narrowed skull and mediolaterally narrowed zygomatics (Fig 9c).  

PC4 accounted for 7.07% of variation (Table 6). In PC4 shapespace, ANOVAs 

reveal statistically significant distinction by sex (p = 0.01; Fig 8c), with males and 

females largely overlapping in the negative end of the axis and males extending into the 

positive end of the axis. PC4 was driven positively by an anteroposteriorly shortened 

zygomatic arch, a superioposteriorly shifted nasion (#4), and an inferioposteriorly shifted 

inion (#3) and posterior temporalis (Fig 9d).  

Eigenvalues for additional PCs that explain more than 1% of variance are 

reported and are not explanatory of differences between groupings of interest. 
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Table 6 . Principal Components Analysis Eigenvalues and Percent Variance (above 1%) 
for Brown Bear Sample. 

  
Eigenvalues 

Percent 
Variance 

(%) 

Cumulative 
Variance 

(%) 

Significantly 
Differentiates 

PC 1 8.01E-04 14.25 14.25 Sex * 
Captivity Status * 

PC 2 6.49E-04 11.55 25.8 Captivity Status *** 

PC 3 4.64E-04 8.25 34.04 Sex * 

PC 4 3.98E-04 7.07 41.11 Sex * 

PC 5 3.50E-04 6.23 47.34  
PC 6 2.78E-04 4.93 52.28  
PC 7 2.22E-04 3.96 56.23  
PC 8 2.03E-04 3.61 59.84  
PC 9 1.66E-04 2.95 62.79  
PC 10 1.61E-04 2.86 65.65  
PC 11 1.41E-04 2.51 68.16  
PC 12 1.34E-04 2.38 70.54  
PC 13 1.21E-04 2.15 72.69  
PC 14 1.01E-04 1.79 74.49  
PC 15 9.03E-05 1.61 76.09  
PC 16 8.84E-05 1.57 77.66  
PC 17 8.00E-05 1.42 79.09  
PC 18 7.62E-05 1.35 80.44  
PC 19 7.43E-05 1.32 81.76  
PC 20 6.81E-05 1.21 82.97  
PC 21 6.47E-05 1.15 84.12  
PC 22 5.87E-05 1.04 85.17  
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Figure 8. PC plots of brown bears with a. and b. first principal component (x-axis) and 
second principal component (y-axis) or c. third principal component (x-axis) and forth 
principal component (y-axis). See figure 1 for marker key. Minimum convex hulls are 
presented in descending explanatory order and represent: a. and c. females (red) and 
males (teal) b. captive (solid) and wild (dashed) morphospace. 
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Figure 9. óóLollipopôô diagrams of a. PC 1, b. PC 2, c. PC 3, and d. PC 4 shape changes 
in three-dimensional data in lateral, superior, and anterior views for brown bears. Dots 
(óócandyôô) represent the shape at the mean shape configuration and the lines (óósticksôô) 
indicate the shape change in the positive direction along the axis. 
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Principal Component Analysis of California Sea Lions 

For California sea lions alone, PC1 accounted for 18.20% of the variation in the 

sample (Table 7). In PC1 shapespace, ANOVAs reveal statistically significant distinction 

by captivity status (p = 0.0003; Fig 10a), with wild and captive individuals overlapping at 

the negative end of the axis, but captive individuals extending to the positive end of the 

axis. PC1 was driven positively by an anteriorly shifted zygomatic arch and masseter 

origin, a laterally shifted temporalis, and an anteriorly shifted posterior mandible (Fig 

11a).  

PC2 accounted for 15.55% of the variation (Table 7). In PC2 shapespace, 

ANOVAs reveal statistically significant distinction by captivity status (p < 0.0001; Fig 

10a), with wild and captive individuals overlapping at the positive end of the axis, but 

captive individuals extending to the negative end of the axis. PC2 was driven negatively 

by an anteriorly shifted mandibular angle (#18 and 29), a smaller but laterally shifted 

temporalis origin, and an anteroposteriorly expanded toothrow (Fig 11b). In PC1 by 

PC2, the morphospace of wild individuals fell largely within captive morphospace, 

captive morphospace had nearly twice the area of wild morphospace (Fig 10a).  

PC3 accounted for 10.87% of the variation (Table 7). In PC3 shapespace, 

ANOVAs reveal statistically significant distinction by sex (p = 0.0003; Fig 10b), with 

females occupying the positive end of the axis. PC3 was driven positively by an 

anteriorly and ventrally shifted masseter origin, a posteriorly and ventrally shifted inion 

(#3), and dorsally and posteriorly shifted mandibular angles (#18 and 29; Fig 11c).  

PC4 accounted for 9.45% of variation (Table 7). In PC4 shapespace, ANOVAs 

reveal statistically significant distinction by sex (p = 0.005; Fig 10b) and captivity status 

(p = 0.04; Fig 10c). PC4 was driven positively by a posterior and lateral shift of the 

superior temporalis origin and an anterior shift in the inferior temporalis origin as well as 

a shortened coronoid process (#15 and 26), posteriorly and slightly dorsally shifted 

mandibular angles, and ventrally shifted porions (#17 and 28; Fig 11d). Given that this 

axis divides captivity status, this positive configuration represents a morphology more 

common in captive individuals compared to wild individuals (Fig 10c). In PC3 by PC4, 

female and male morphospaces were distinct despite overlapping (Fig 10b), while wild 

and captive morphospaces largely overlap; however, unlike PC plots for other taxa, 
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many several wild male Z. californianus individuals fall outside of captive morphospace 

(Fig 9c).  

PC5 accounted for 4.99% of variation (Table 7). In PC5 shapespace, ANOVAs 

reveal statistically significant distinction by captivity status (p = 0.05), with captive and 

wild individuals largely overlapping at the positive extent of the axis and captive 

individuals extending to the negative extent of the axis. PC5 was negatively driven by 

an elongated toothrow, an anteriorly shifted zygomatic arch, and an expanded but 

medially shifted temporalis origin area (Fig 11e).  

Eigenvalues for additional PCs that explain more than 1% of variance are 

reported and are not explanatory of differences between groupings of interest. 

 

Table 7 . Principal Components Analysis Eigenvalues and Percent Variance (above 1%) 
for California Sea Lion Sample. 

  
Eigenvalues 

Percent 
Variance 

(%) 

Cumulative 
Variance 

(%) 

Significantly 
Differentiates 

PC 1 1.96E-03 18.2 18.2 Captivity Status *** 

PC 2 1.68E-03 15.55 33.75 Captivity Status *** 

PC 3 1.17E-03 10.87 44.62 Sex *** 

PC 4 1.02E-03 9.45 54.07 Sex ** 
Captivity Status * 

PC 5 5.39E-04 4.99 59.06 Captivity Status * 

PC 6 4.58E-04 4.25 63.31  
PC 7 4.07E-04 3.77 67.08  
PC 8 3.59E-04 3.33 70.4  
PC 9 3.15E-04 2.92 73.32  
PC 10 2.63E-04 2.44 75.76  
PC 11 2.30E-04 2.13 77.89  
PC 12 1.93E-04 1.79 79.67  
PC 13 1.50E-04 1.39 81.07  
PC 14 1.42E-04 1.31 82.38  
PC 15 1.34E-04 1.25 83.63  
PC 16 1.25E-04 1.16 84.78  
PC 17 1.19E-04 1.11 85.89  
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Figure 10. PC plots of California sea lions with (a) first principal component (x-axis) and 
second principal component (y-axis) or (b,c) third principal component (x-axis) and forth 
principal component (y-axis). See Figure 1 for marker key. Minimum convex hulls are 
presented in descending explanatory order and represent: a. and c. captive (solid) and 
wild (dashed) and b. females (solid) and males (dashed) morphospace.    
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Figure 1 1. óóLollipopôô diagrams of a. PC 1, b. PC 2, c. PC 3, d. PC 4, and e. PC 5 shape 
changes in three-dimensional data in lateral, superior, and anterior views for California 
sea lions. Dots (óócandyôô) represent the shape at the mean shape configuration and the 
lines (óósticksôô) indicate the shape change in the positive direction along the axis. 
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Discussion  

Overall findings in these data align with patterns observed in previous 

examinations of captive skull morphology with several notable exceptions. In the prior 

research literature on lions and tigers fed substantially different diets in the wild and 

captivity, while interspecific differences were most influential, captivity status explained 

differences in skull morphology nearly twice as much as sex (Hartstone-Rose et al., 

2014). Similar to lions and tigers, the taxa examined in this study ï American black 

bears, brown bears, and California sea lions ï are all qualitatively morphologically 

distinct from each other and sexually dimorphic (Ohdachi et al., 1992; McDonough & 

Christ, 2012; Kennedy et al., 2014; Franco-Moreno et al., 2015). As expected for these 

morphologically distinctive taxa, in combined analyses, taxonomic differences explained 

the greatest amount of variation in skull morphology. As was observed in tigers and 

lions, captivity status followed, explaining more variation in skull morphology than sex 

despite each of these species being sexually dimorphic. While this demonstrates a 

significant influence of captivity status across the sample as a whole, as it combines 

taxa with and without difference between captive and wild diets, subdivided analyses 

are more informative of the influences on captive morphology.  

Morphology of Bears with Substantially Different Captive Diets 

Given previous findings (Hartstone-Rose et al., 2014; Cooper et al., 2023) and as 

bears have traditionally been fed substantially different diets in captivity compared to the 

wild, we predicted large morphological difference between captive and wild bears. In a 

combined bear sample of brown and black bears, taxonomy again explained the largest 

amount of variation in skull morphology followed by captivity status and then sex. Within 

PC space for all three taxa combined, captivity status explained more variation than sex 

for both bear species individually; however, species specific analyses revealed a 

different pattern. In black bears, while captivity status accounted for more than twice the 

variation accounted for by sex alone (a finding nearly identical to Hartstone-Rose et al., 

2014), in contrast, in brown bears, sex accounted for very slightly more variation than 

captivity status. While the variation explained by captivity is still substantial given that 
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brown bears are sexually dimorphic (Ohdachi et al., 1992; McDonough & Christ, 2012), 

this is surprisingly less than was predicted.  

One explanation may be the potential prevalence of wild caught individuals 

among the captive brown bear sample. Brown bears, categorized as least concerned on 

the International Union for Conservation of Nature Red List (McLellan et al., 2017), may 

be relatively commonly brought into captivity from the wild due to a lack of dedicated 

breeding programs and the regular need to rescue abandon cubs. For example, the 

Bronx Zoo rescued three brown bear cubs from the wild as recently as 2010 (Barnett, 

2010). Museum records often lack comprehensive information for captive specimens 

and notation is inconsistent, making it difficult to clearly identify wild caught individuals. 

Based on these sparse records, we noted nine likely wild caught individuals of the 41 

captive brown bears in our sample; however, it is likely that there are other wild caught 

individuals that were not clearly identified as such exist in the sample. These individuals 

clustered within wild morphospace in PC1 by PC2 space; however, three of these 

individuals fell outside of wild morphospace in PC3 by PC4 space. Bone morphology is 

most shaped by loading in prior to sexual maturity (Pearson & Lieberman, 2004); 

however, previous literature found morphological differences between wild and wild 

caught boars (Neaux et al., 2021). Wild caught brown bears may largely retain early 

development in response to wild environments despite displaying some morphological 

difference; however, given the likelihood that unidentified wild caught individuals exist in 

the sample and that the age at which individuals entered captivity and the length of time 

they lived in captivity are unknown, it is unclear what drives the differences observed 

between wild and wild caught individuals. Future research should further explore 

differences between captive and wild caught individuals. 

Morphology of Sea Lions with Similar Captive and Wild Diets 

Our most unexpected finding is that captivity status explained more variation in 

skull morphology in California sea lionsðwhose diets are nearly identical in captivity 

and in the wildðthan in either bear species. This finding is contrary to both expectations 

and previous research that concluded that it is the mechanical properties of diet that 

seem to drive morphological differences, as has been shown in lions and tigers fed 
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more naturalistic diets in captivity showed reduced influences of captivity on skull 

morphology (Cooper et al., 2023). 

This suggests that mechanical properties of diet alone likely do not account for 

differences in skull morphology between captive and wild individuals. Cooper and 

colleagues proposed that skull loading related to prey capture, ingestion, and carcass 

manipulation may more significantly influence captive skull morphology (Cooper et al., 

2023); however, sea lions, unlike lions and tigers that take down and move large prey, 

largely consume relatively small fish and their capture in neutrally buoyant water likely 

does not require the forceful cranial manipulation that terrestrial predators endure. That 

being said, sea lions do rely on suction to draw in prey, and while previous research has 

not found osteological adaptations for this ability (Hocking et al., 2021), it is possible 

that suction forces required to capture living prey are greater than those required to 

capture dead prey fed in captivity. This difference in loading on the skull could explain 

the observed morphological differences. 

Morphological Differences and Functional Implications 

All three taxa ï American black bears, brown bears, and California sea lions ï

displayed differences in skull morphology related to captivity status, though these 

patterns varied. Although interpretation of the influences of captivity is complicated in 

this sample by many principal components explaining not only captivity status but also 

differentiating sex and/or taxon, overarching trends emerges. Previously, substantial 

differences associated with captivity in carnivorans have largely been observed in 

anatomy associated with masticatory muscle attachments (Hartstone-Rose et al., 2014; 

Siciliano-Martina et al., 2021a; Antonelli et al., 2022; Cooper et al., 2023), particularly 

wider zygomatic arches ï a trait linked to increased masticatory muscle mass and 

greater bite force (Thomason, 1991; Erickson et al., 2004; Dickinson et al., 2021).  

In the current dataset, as in the previous findings, principal components that were 

primarily explained by captivity status were apparently driven by the portions of the skull 

related to masticatory anatomy. In black bears, captive individuals exhibited wider 

zygomatic arches, posteriorly shifted masseter origins, and ventrally shifted mandibular 

angles, where the masseter inserts, likely resulting in a larger but less mechanically 

advantageous masseters with lengthened fascicles. These apparently more voluminous 
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(and therefore likely more massive) masseter muscles might produce greater force if 

they have equivalent fascicle lengths; however, the lengthened distances between their 

origins and insertions might imply longer fascicles, and, therefore, less overall force. 

Furthermore, some of these attachment areas are mechanically disadvantaged 

compared to the configuration in wild specimens. For example, some attachments 

indicate muscle lines of action that that are more extremely divergently angled than their 

wild counterparts and thus less of the force of these muscles would go into adduction 

with the rest being wasted on oblique vectors, e.g., ñwishboningò (Hylander et al., 1987). 

This gross configuration would further reduce muscle force generation.  

Captive individuals of both bear species also had reduced temporalis origin 

attachment areas and dorsally shifted porions ï likely driven by changes to the 

temporalis attachment ï and potentially relatively reduced temporalis volumes. These 

observations suggest that in captive individuals, wider skulls, generally associated with 

larger masticatory muscles, do not necessarily reflect increased bite force. It is possible 

that, in the absence of skull loading associated with wild behaviors, captive bears may 

have larger masseter muscles, potentially smaller temporalis muscles and their 

architecture may be reconfigured (e.g., with longer fascicles more obliquely oriented) 

resulting in potentially fairly large muscles capable of less bite force. Muscle 

maintenance is relatively metabolically expensive (Aiello & Wheeler, 1995). Consistent 

access to energy may allow bears in captivity to maintain more muscle volume despite 

a lack of corresponding increase in bite force capability.  

Interestingly, black bears also have a deepened mandible. In control studies, 

primates fed softened diets developed less deep mandibles than those fed hard but 

nutritionally identical diets (Bouvier & Hylander, 1981). The deepened mandible 

observed in black bears may suggest that, unlike previously studied felids (Hartstone-

Rose et al., 2014), black bears consume more obdurate diets in captivity. This may be 

related to the inclusion of kibble in the diets of captive bears, a food that is not texturally 

similar to wild foods but that is generally dry and apparently hard. 

California sea lions demonstrated very different morphological patterns to bears. 

Most consistently, the masseter muscle ï both origin and insertion ï was shifted 

rostrally in captive sea lions, which would allow for greater mechanical advantage (i.e., 
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its line of action being farther from the temporomandibular joint fulcrum), likely resulting 

in greater bite force capabilities. This is particularly surprising given that captive sea 

lions have nearly identical diets and likely require less suction during prey capture 

compared to their wild counterparts. 

Dietary Specialization 

One possible explanation for the differences in morphological change associated 

with captivity between bears and sea lions is that it relates to degree of dietary 

specialization. In this study, generalist species ï brown and black bears ï displayed 

morphological differences associated with captivity status, but the most pronounced 

differences were found in California sea lions ï a dietary specialist. This aligns with 

previous findings that the degree of morphological difference between captive and wild 

individuals is higher for species with more specialized diets than those with more 

generalist diets (Hartstone-Rose et al., 2014; Siciliano-Martina et al., 2021b, 2021a). 

This may be because highly specialized diets are accompanied by more specialized 

behaviors and morphology in the wild, allowing for greater difference in captivity.  

In previous literature, captivity in hypercarnivorous species was associated with 

widened zygomatic arches (Hartstone-Rose et al., 2014; Siciliano-Martina et al., 2021b, 

2021a). Here, this morphology was, however, observed in the much more generalist 

bears rather than the hypercarnivorous sea lions. In fact, previously in canids, no 

morphological effect of captivity was found in highly generalist species (Siciliano-

Martina et al., 2021a), while both black bears and brown bears had substantial 

influences of captivity on skull morphology. These differences may suggest that effects 

of captivity vary taxonomically. Additionally, unlike previously examined 

hypercarnivores, which consume softer diets in captivity (Hartstone-Rose et al., 2014; 

Siciliano-Martina et al., 2021a; Antonelli et al., 2022), sea lions consume similar diets in 

terms of mechanical properties regardless of captivity status. This supports previous 

suggestions that other factors such as prey capture and manipulation (Cooper et al., 

2023) or the prevalence of stereotypies in taxa with specialized diets (Lindburg, 1998; 

McPhee & Carlstead, 2010; Kroshko et al., 2016) may instead explain the observed 

differences. 
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Conclusions 

This study documents significant differences between captive and wild skull 

morphology in bears and sea lions for the first time. Given that difference is observed in 

both a lineage that has substantially different diets in captivity compared to the wild ï 

bears ï and one that eats nearly identical diets regardless of captivity status ï sea lions 

ï it is unlikely that differences in dietary mechanical properties fully explain 

morphological differences. While the largest difference is observed in sea lions ï dietary 

specialists ï the large observed differences in the more generalist bears suggest that 

degree of dietary specialization does not fully explain morphological differences.  

Despite this, morphological differences are predominantly seen in anatomy 

associated with masticatory muscles. In particular, captive bears seem to have larger 

but potentially less mechanically advantageous masticatory muscles, while captive sea 

lions seem to have more mechanically advantageous masseters, potentially resulting in 

greater bite force capabilities. It remains unclear what drives these different 

morphological responses to captivity between taxa. In part, these findings, which are 

contrary to previous work, may relate to methodological differences, as linear 

measurement approaches applied in most previous studies (Siciliano-Martina et al., 

2021a; Antonelli et al., 2022; Cooper et al., 2023) may not capture much of the 

morphology found to differ in these taxa. Future research utilizing a landmark-based 

approach as well as further exploring non-masticatory dietary behaviors, e.g., prey 

capture, and morphology in wild caught captive individuals is necessary to disentangle 

the relative contributions of factors driving morphological change in response to 

captivity. 
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