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Abstract 

The primary aim of this thesis was to quantify the ways Daubentonia uses its 

specialized feeding apparatus during naturalistic feeding behaviors.  This can be 

divided into two main objectives.  The first objective was to better understand how these 

extreme specializations function in the extractive foraging niche of Daubentonia.  The 

second objective was to use Daubentonia to test for previously unmeasured behavioral 

modifications of bite forces using the post-cranial musculature.  To do this I carried out 

two experiments measuring the kinetics of wood gnawing and the energetics of feeding 

behaviors.  The main results of these experiments were: 1) Daubentonia does not generate 

relatively high magnitude bite forces during wood gnawing compared to their maximal 

voluntary bite force, but wood gnawing is extremely energetically costly compared to 

other feeding behaviors. 2) Daubentonia recruits post-cranial musculature during wood 

gnawing, most frequently generating a neck-extending moment that increased the 

magnitude of bite forces on the mandibular incisor. 3) The energetic costs of feeding 

were positively correlated with the toughness of foods. 4) The rate of energetic costs (J/s) 

incurred during the processing and mastication of whole nuts is not significantly greater 

than the rate of costs to masticate small pieces of nut kernels, but the increased handling 

time increases the net cost per gram of food consumed (J/g).  Taken together, these 

experiments inform the primary aim of this study.  Daubentonia appears to possess a 
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highly specialized toolkit for fracturing stress-limited foods.  Their large jaw adducting 

musculature, rodent-like incisors, and relatively short mandible allow them to produce 

large bite pressures to rapidly fracture the shells of nuts.   Furthermore, it was 

demonstrated that Daubentonia transfers some forces from the post-cranial musculature 

to its incisors during wood gnawing and that the energetic costs of this wood gnawing 

behavior approach what is expected for sustained locomotor costs.  This work 

illuminates a new avenue for investigation in jaw biomechanics: the assistance and 

modification of bite forces using the post-cranial musculature. 
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1. Introduction 

 The overarching goal of this research is to examine the ecomorphology of 

Daubentonia.  That is, the relationship between the morphology of the feeding apparatus, 

ingestive behavior, and diet in the aye-aye, Daubentonia madagascariensis, in order to 

provide new insights into the feeding biomechanics and evolution of the primate skull.  

Lab-based experimental studies of mastication have yielded significant insight into jaw 

movements (Hiiemae and Kay 1973; Kay and Hiiemae 1974; Hylander et al., 1987; Wall, 

1999), jaw-muscle activity (Crompton and Hiiemae, 1970; Hylander et al. 2000, 2005; 

Wall et al. 2006; Vinyard et al, 2008; Hylander et al. 2011), and the internal forces 

experienced by the mandible (Hylander 1977, 1979a,b, 1985, 1986; Hylander et al. 1998).  

Data from these studies provide the empirical basis for hypotheses of craniofacial form-

function links and the inference of feeding behavior and diet in fossil taxa (Ravosa 1991; 

Daegling 1992; Wall and Krause 1992; Daegling 1993; Ravosa 1996; Daegling and 

Hylander 1997, 2000; Taylor 2006; Vinyard et al. 2006). 

Species that bite into items that have resistant (tough, strong, and/or hard) 

exteriors show dental specializations for processing such items (Hylander 1975b; 

Rosenberger 1978; Chattah 2011; Croft et al, 2011; Rybczynski 2008).   Morphometric 

studies show clear functional correlates to skull form in wood-gouging species.  These 

studies show that primates that gouge trees to elicit sap flow and remove hardened 
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gums have a suite of osteological, myological, and ligamentous features that allow large 

gapes (e.g., a low condyle relative to the tooth row), while specializations that are 

predicted for generating and resisting high anterior biting forces are lacking (Williams et 

al. 2002; Vinyard et al, 2003; Taylor and Vinyard 2004, 2008; Taylor et al. 2009; Mork et 

al. 2010).   

However, there are few in vivo studies of ingestion that evaluate whether there 

are biomechanical links between ingestive behaviors and the proposed morphological 

specializations. Numerous studies have measured isometric bite forces on a bite force 

transducer in non-human primates (Hylander 1978, 1979b; Hylander and Bays 1979; 

Hylander and Johnson, 1985, 1994).  However, there is only one study has collected in 

vivo data on the bite forces associated with ingestive behavior (Vinyard et al. 2009).  

While bite transducer data is valuable for measuring the bite forces an animal is capable 

of producing, they do not represent natural behaviors.  The Vinyard et al. (2009) data 

characterizes the forces produced during an extractive foraging behavior (i.e., bark-

gouging) in Callithrix jacchus.  They found that relatively low bite forces were produced 

during tree gouging compared to isometric transducer bites.  Notably, this result is 

counterintuitive for species that feed on mechanically resistant, structurally defended 

foods, but is nevertheless consistent with morphological analyses.   
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Currently it is not known whether the low gouging forces exhibited by C. jacchus 

are typical of ingestive behavior in other primate species. Furthermore, whether bite 

force production during ingestion co-varies with the structural properties of food is 

unknown.  Experimental performance data that describe the function of morphological 

features are a robust way of understanding the relationship between observed 

morphological specializations, the way they are used, and how they relate to the niche 

occupied by the species (sensu Bock and vonWahlert, 1965).   The lack of comparative 

performance data limits our ability to understand the functional significance of variation 

in skeletal, muscular, and dental form with respect to important aspects of feeding 

behavior in living and fossil primates.  In order to better understand the correlations 

between food mechanical properties, ingestion strategies, the resulting mechanical 

demands on the skull and the potential selective pressures shaping the face, more 

species must be studied.   

Previous investigators have proposed that emphasizing these foods in the diet 

necessitates one or more of the following four behaviors or morphological 

specializations: (1) The use of high magnitude jaw adductor muscle force to generate a 

large bite force, (2) An increase in jaw adductor muscle leverage by shortening the jaw, 

moving the teeth posteriorly, and/or moving adductor muscles anteriorly (Dumont 1997, 

Vinyard et al 2003), (3) The use of relatively low magnitude bite forces many times 
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within and among gouging sequences, as in C. jacchus (Vinyard et al, 2009), (4) The use 

of extra-oral behaviors to prepare objects  (e.g., banging seeds against rocks to initiate 

fracture and/or crack propagation), as in Cebus apella (Fernandes 1991, Fragaszy et. al. 

2004) and Pan troglodytes (Whitesides, 1985). 

This thesis generates predictions of the relationships between skull form, feeding 

apparatus function, and ingestive behavior.   Daubentonia madagascariensis is an excellent 

experimental model because it has a unique suite of anatomical features that are thought 

to be critical for ingestive behavior. Thus, studying the biomechanics of ingestive 

behavior in Daubentonia extends the behavioral and morphological range of potential 

specializations for ingestion in primates.  

 The ever-growing, gnawing incisor teeth, enlarged brain, and specialized 3rd and 

4th digits are proposed to be components adapting it to a niche of extractive foraging on 

structurally-defended foods (Erickson, 1991; Lhota et al, 2008; Sterling, 1994; Soligo, 

2005). Moreover, ecological studies of wild Daubentonia show that they occupy a wide 

range of environments that range throughout the west, north, and east of Madagascar.  

These studies have also shown that Daubentonia, unlike other Malagasy strepsirrhines, is 

not a seasonal breeder (Sterling, 1994b).  While the associated phenomena of feeding on 

abundant, structurally-defended foods and its lack of seasonal breeding are suggestive, 

the ecomorphology of Daubentonia is poorly understood, as are the energetic costs of this 
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unique feeding strategy and the biomechanical specializations to it.  Additionally, the 

only in vivo experimental data we have on anterior tooth use is from Callithrix jacchus, a 

small platyrrhine weighing about 320 g (Fleagle 1999).  Daubentonia is much larger, 

weighing about 2.7 kg, and has a larger skull, including a longer mandible (Sterling 

1993).  Size differences of this magnitude have important consequences for jaw 

kinematics and gape (Wall 1995, 1999). 

This thesis is focused on quantifying how Daubentonia uses its unique feeding 

structures using kinetic, kinematic, and energetic data collected during naturalistic 

feeding behaviors.  It is divided into two main goals.  The first is to use these data to 

tease apart competing hypotheses concerning what type of extractive foraging niche 

Daubentonia is adapted to.  The context for this debate is discussed in section 1.3.  The 

second goal is to present data on incisal behavior in Daubentonia that informs an 

expanded biomechanical model of anterior tooth use, building on previous work in 

Callithrix.  

1.1 Craniodental Features of Daubentonia 

The extremely divergent craniodental morphology of Daubentonia 

madagascariensis is unparalleled in the order Primates (Figure 1).  Daubentonia has dental 

formula (1.0.1.3/1.0.0.3) that is greatly reduced from the typical Strepsirrhine pattern 

(2.1.3.3./2.1.3.3) (Ankel-Simons, 1996). Its incisor morphology is most similar to that 
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found in rodents, with a single, continuously erupting incisor per quadrant, lacking 

enamel on the lingual aspect of the tooth (Quinn and Wilson, 2004).  The thinned lingual 

enamel of marmosets resembles the absent lingual enamel found in Daubentonia, and is 

thought to represent a specialization to maintaining a sharpened edge for gouging 

(Rosenberger, 1978).  Daubentonia takes this specialization another step to continuous 

eruption as is found in the incisors of rodents.  The upper premolar and molar teeth are 

reduced in size, have minimal occlusal relief, and are separated from the central incisors 

by a diastema.   

 

Figure 1: Image A shows Daubentonia’s maxillary dentition from a lateral 

view.  Image B shows Daubentonia’s mandibular dentition from a medial view 

 

Daubentonia’s skull features an anteroposteriorly short facial skeleton, enlarged 

neurocranium and a flexed, klinorhynchic cranial base (Cartmill, 1974).  As shown in 

Figure 2, the mandibular corpus is thicker in its parasagittal plane compared to other 

strepsirrhine primates when scaled against mandible length.  (Toler, 2010).   The 
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moment arm for the masseter insertion in Daubentonia is also longer than in other 

strepsirrhines when scaled to mandible length (Toler, 2010).  The short, robust facial 

skeleton, deep mandibular condyle, and long masseter moment arm suggest that 

Daubentonia is capable of producing larger bite forces than other strepsirrhines. 

 

Figure 2: Green Lines represent mandible length.  Red lines represent 

mandible corpus depth at M1.  Daubentonia (A) has a higher ratio of corpus depth to 

mandible length than in other Strepsirrhines, as in Varecia (B). 

The temporomandibular joint (TMJ) morphology is markedly different from 

other strepsirrhines.  The superior aspect of the mandibular condyle falls beneath the 

molar occlusal plane (Toler, 2010).  Both the mandibular condyle and the temporal 

articular surface are longer in the anteroposterior dimension than other strepsirrhines 

when scaled against mandible length (Toler, 2010). The mediolateral width of the 

mandibular condyle is narrow compared to its anteroposterior length (Tattersall, 1982).  

The articular surface primarily covers the superior and anterior aspects of the condylar 

process, but also extends onto the posterior surface of the condylar process (Vinyard, 

1999).  The condyle is highly convex in a lateral view, nearly forming a semicircle 
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(Vinyard, 1999).  The glenoid (mandibular) fossa is flat (in both the frontal and coronal 

planes), lacks both a postglenoid process and an articular eminence (Tattersall, 1982), 

and forms a trough that mirrors the mediolateral and anteroposterior dimensions of the 

condyle (Vinyard, 1999).  The total surface area of the mandibular condyle is greater in 

Daubentonia compared with other strepsirrhines when scaled against mandible length 

(Toler, 2010).  The TMJ of Daubentonia is often compared to that of a generalized rodent, 

emphasizing the capacity for anteroposterior translation of the condyle (Biegert, 1956).  

The low height and high degree of anteroposterior convexity in the mandibular condyle, 

as well as the anteroposterior length of the temporal articular surface suggest that 

Daubentonia is capable of producing large gapes.  Additionally, the increased total 

surface area of the mandibular condyle suggests that it is capable of withstanding the 

compressive forces at the temporomandibular joint that result from producing large bite 

forces. 

Data on jaw muscles in Daubentonia is limited to two specimens, one juvenile 

(Perry and Wall, 2008) and one adult (Perry et al, 2014).  The juvenile specimen exhibited 

relatively long jaw adductor fascicles, relatively low pinnation angles, but relatively low 

jaw adductor mass and physiological cross-sectional area compared to other 

strepsirrhines (Perry and Wall, 2008).  These findings suggest that despite having 

slightly shorter total mandible lengths, juveniles are capable of producing adult-like 
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gapes but not adult magnitudes of bite force (Perry et al, 2014).  This is consistent with 

data from Krakauer (2005), showing that subadult Daubentonia are capable of producing 

gouge marks in wood of comparable lengths to adults, despite performing the task less 

efficiently.  In part, Perry et al found that when scaled to a geometric mean of cranial 

measurements: 1) relative raw adductor fascicle length dropped in the adult specimen 

(0.0373) compared to the juvenile specimen (0.0790) 2) relative jaw adductor mass is 

much greater in the adult (0.000886) compared to the juvenile (0.000345), and 3) relative 

jaw adductor PCSA is much larger in the adult (3.63) compared to the juvenile (0.629).  

(Perry et al, 2014 pg 315).  While residual values for jaw adductor fascicles in the adult 

Daubentonia are still relatively high compared to other strepsirrhines, it appears that in 

adulthood, they may sacrifice some degree of gape capacity for an increased ability to 

produce high magnitude bite forces.  The gape / bite force trade-off is inferred primarily 

from the shorter muscle fiber lengths and larger pinnation angles in the adult.  

1.2 Ecology and Niche Occupation 

Daubentonia was originally placed in the squirrel genus Sciurus by Gmelin in 1788 

(Quinn and Wilson, 2004).  During the late 18th and early 19th centuries, it was placed 

repeatedly with the rodents because of its ever-growing, labially-banded incisor tooth 

and lack of canines (Figure 1), features which are diagnostic of rodents (Quinn and 

Wilson, 2004).  Daubentonia’s middle digit has elongated metacarpals and thin, elongated 
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phalangeal bones with a highly mobile ball and socket joint at the metacarpal-

phalangeal joint (Quinn and Wilson, 2004).  Daubentonia also exhibits a high degree of 

encephalization compared to other strepsirrhines which is correlated with omnivourous 

extractive foraging and complex sensorimotor intelligence (Gibson 1986).  Early 

observations of Daubentonia in the wild reported a tap-foraging behavior, in which they 

would tap branches and tree trunks with their elongated middle digit and listen and/or 

feel for hollow spaces beneath the wood (Owen, 1866; Laberton 1911).  Thermal imaging 

of foraging behavior reveals that Daubentonia dynamically warms up its middle digit 

prior to tapping (Moritz and Dominy, 2012).  This suggests a high density of touch 

receptors in the “tapping” digit, and that the tap-scanning behavior of Daubentonia may 

be a mix of haptic and acoustic sensation (Moritz and Dominy, 2012).  Additionally, they 

have been observed to tap food objects before attempting to open them (Winn, 1989).  It 

is thought that unique dental, digital and acoustic characteristics create a functional 

complex in which Daubentonia is able to search for food objects beneath the surface of 

bark (in the case of wood boring insect larvae) or within an outer, protective husk (in the 

case of ramy nuts and coconuts).   

Daubentonia has been observed to feed on xylophagous larvae though studies 

disagree on the percentages of insects in their diet.  A brief study of Daubentonia on the 

island of Nosy Mangabe in the northeast of Madagascar focused on their incision of gall-
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like growths on the Afzelia tree, Intsia, where they were observed to consume click 

beetle larvae in addition to ingesting a soft, clay-like material beneath the gall and any 

sap that had come to the surface there (Pollock et al, 1985).  As evidenced from a matrix 

of woody fibers in feces collected from the base of Intsia trees where Daubentonia was 

observed feeding, they were consuming a significant amount of gall or cambium during 

these feeding (Pollock et al, 1985).  In the Mananara-Nord Biosphere reserve one male 

and one female were observed during nightly follows on an 11 hectare island in the 

Mananara River during the rainy season (January-June) of 1991 and 1992 over a two-

year period (Andriamasimanana, 1994).  This study found that only the male spent a 

significant amount of time consuming Intsia cambium or searching for insects; the 

female focused on available fruits.  At Ivontaka a male and female were observed to 

spend 1-2 hours nightly searching for larvae in dead branches and trunks of hintsy, 

mango, and haramy (Canarium) trees on the edge of a plantation (Ancrenaz et al., 1994). 

The available evidence from field observations suggests that Daubentonia is not 

predominantly an insectivore.  Moreover, Iwano and Iwanaka (1988) point out that 

while there are no birds in the family Picidae (woodpeckers) on the island of 

Madagascar, there are substantial populations of two bird species,  Hypositta corallirostris 

and Facules pallista, that prey on xylophagous larvae.  Their study, conducted on Nosy 

Mangabe during December, observed individuals spending an average of 3.5 hours 
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nightly feeding on the ramy nut of the haramy tree (Canarium madagascariensis), and 

spending an average of 2-3 minute on each nut (Iwano and Iwanaka, 1988).  They spent 

an average of 10 seconds searching for a fruit, 6.5 seconds holding the fruit and settling 

down, 49 seconds scraping off the pulp and gnawing into the nut and 36 seconds 

feeding on the contents (Iwano and Iwanaka, 1988).  The ramy nut is about 3cm long 

and 2cm in diameter, about half the length of Daubentonia’s head, and has no seam.   It 

was observed that they gnaw into the two large chambers of the nut, leaving the third 

smaller chamber unopened.  Iwano and Iwanaka point out that Daubentonia is similar in 

diet and size to giant flying squirrels (Ratufa, Petaurista) and oil palm squirrels 

(Protoxerus); they propose that Daubentonia is a squirrel avatar, as species of Sciurus are 

absent from Madagascar (1988).  Short, labiolingually deep incisors (the condition in 

Daubentonia) are associated with seed eating in caviomorph rodents (Croft et al., 2011).  

Interestingly, their assignment of a sciuromorphan avatar to Daubentonia is reminiscent 

of their original classification in the genus Sciurus by Gmelin (Quinn and Wilson, 2004). 

The longest ecological study of Daubentonia occurred at Nosy Mangabe from 

1989-1991 (Sterling, 1993; Sterling, 1994; Sterling et al., 1994).  Eight individuals were 

radio-collared and six were followed regularly.  They were found to consume a 

relatively limited diet on the island, focusing on Canarium seeds (which were abundant) 

and the insects found inside the fruit of Terminalia trees.  Sterling tested the amount of 
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pressure required to crush the nuts and fruits they observed Daubentonia feeding on, 

using the same methods Kinzey and Norconk used focused on when examining the 

structural properties of seeds consumed by Ateles paniscus and Chiropotes satanus (1990).  

Kinzey and Norconk found that the hardest seeds that Chiropotes, the hard-object feeder 

in their comparison, consumed failed structurally at 22.7 kg/mm2 (1990), the Canarium 

and Terminalia fruits maxed the spring tester out at 250+ kg/mm2. 

The consumption of seeds protected by hard pericarps and of xylophagous 

insects led Sterling to classify Daubentonia as a specialist on structurally defended foods 

(1994).  Structurally defended foods are not readily accessible to most animals, but they 

are available in abundance year round to the animals that are capable of opening them.  

That does not mean that each individual food is available year round; the individuals at 

Nosy Mangabe consumed fewer Canarium seeds during a dip in availability in the cold, 

wet season, focusing on Intsia cankers at the time (Sterling et al, 1994). 

The field studies of Sterling, Iwano and Iwanaka, and Pollock focus on the island 

of Nosy Mangabe where food choices are somewhat limited.  Sterling et al. (1994) also 

observed them to feed on the nectar of the Ravenala flower from the traveler’s tree.   In 

other parts of Madagascar, Daubentonia is observed feeding on a range of xylophagous 

larvae, Ravenala nectar ants, coconut flesh and milk, sugar cane, mangos, Intsi bijunga 

cambium, Terminalia fruit,  Canarium seeds, ripe bananas, banana flowers, the flesh and 
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seeds of breadfruit, baribanjina fruit, and the fibrous flesh of the Chrsalidocarpus fruit 

(Ancrenaz et al, 1994; Adriamasimanana, 1994; Petter 1977). 

Daubentonia has historically been associated with the consumption of insect 

larvae extracted from dead wood, bark, and tree growths.  Cartmill (1974) suggested 

that their klinorhynchy (bending of the facial skeleton relative to the cranial base) was 

an adaptation to create and resist the forces required to gnaw into wood.  He went 

further to suggest that Daubentonia was an ecological avatar of the woodpecker, a family 

of birds, Picidae, which feed on xylogphagous (wood-boring) insect larvae (Cartmill, 

1974).  He reached this conclusion on the basis of comparison to Dactylopsila of Australia 

that also feed on xylophagous larvae and posess procumbent incisor teeth and an 

elongated tapping digit. Cartmill observed that woodpeckers are absent from both 

landmasses and proposed that these species act as avatars filling the niche woodpeckers 

wood occupy if present.  The characterization of Daubentonia as an avatar of the 

woodpecker has led to the perception that they are primarily insectivorous.  In a 

comparison of diet type to body weights, Daubentonia did not conform to what is 

expected of a species that feeds primarily on insects and secondarily on fruits (Gaulin, 

1979).  At an average of 2.5 kg, Daubentonia is an order of magnitude larger than other 

primarily insectivorous prosimians.  
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From the field observations, it seems clear that when available, the Daubentonia 

prefers to consume fruits and nectar. However, they are also capable of subsisting 

primarily on structurally defended foods such as insect larvae and seeds.  The search for 

insects seems to occur throughout the year, but ranges from less than 10% to more than 

50% of the total feeding effort (measured in time) depending on what other resources 

are available (Ancrenaz et al, 1994; Sterling, 1994). During the dry season in the 

Mananara-Nord Biosphere Reserve the individuals spent the majority of their time 

feeding on Ravenala nectar and only about 10% of their time searching for insects, which 

co-occurred with their movement between inflorescences of the Ravenala flower 

(Ancrenaz et al, 1994).  

Unlike sympatric lemur species Daubentonia does not exhibit reproductive 

synchrony or seasonality in their breeding behavior (Sterling, 1994; Sterling & 

McCreless, 2007).  Resource availability is often cited as an important factor in the 

reproductive timing of lemurs, but Daubentonia is capable of accessing major food 

resources throughout most of the year (Sterling, 1994).  While some preferred food items 

such as the fruits and seeds of lowland Canarium species and Ravenalla nectar are 

unavailable seasonally, Daubentonia is able to access the seeds of fallen Canarium fruits 

and extract wood boring larvae, which are available year-round (Sterling, 1994; Sterling 

& McCreless, 2007).  These structurally defended food items appear to represent high-
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quality seasonal fallback foods for Daubentonia that prevent fluctuations in resource 

availability and therefore the need to breed seasonally.   While fallback foods are 

typically thought of as resources that are poor in nutritional quality but abundant, they 

may also be defined as foods that are simply not preferred when other foods are 

available (Lambert et al, 2004; Marshall and Wrangham, 2007).  In this case, the 

resources that Daubentonia exploits during the wet season appear to be high-calorie, but 

potentially high-cost items to consume. 

A parallel might be drawn to robust capuchin monkeys (Cebus apella), which 

prefer to feed on fruits when available but are capable of consuming structurally 

defended seeds in their local area.  By contrast, conspecific gracile capuchins (Cebus 

capucinus) will expand their range in pursuit of easier to access, but more sparsely 

distributed resources and hard seeds that have been pre-weakened by insect activity 

(Chalk, 2008).  This ability to consume high quality, structurally defended foods may 

explain why Daubentonia is dispersed throughout a variety of ecological zones.  

1.3 Summary of Introduction 

Daubentonia is clearly a highly derived extractive omnivore.  While they will 

opportunisticly feed on the flesh of fruits, nectar, small vertebrates, and eggs they 

appear to be heavily specialized for the detection and extraction of foods that are 

protected by bark, wood, or woody shells.  Their musculoskeletal and dental features 
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suggest that they are capable of producing tremendous bite forces at relatively large 

gapes on their anterior dentition, but it is not currently known whether they actually do 

this.  It is also not certain whether this seemingly over-designed feeding apparatus is an 

adaptation to gnawing into wood or to opening shells.  Additionally, the high degree of 

encephalization and large jaw adducting musculature should come at the cost of 

increased metabolic demands.  Presumably, the caloric content of foods accessed by 

Daubentonia is sufficient to offset the costs of obtaining those foods and maintaining the 

tissues necessary to locate and extract them, but nothing is known of the energetic costs 

of their feeding behaviors.  This dissertation approaches questions concerning the 

ecomorphology of Daubentonia through the collection of kinetic and energetic data on 

naturalistic feeding behaviors.  

1.4 Dissertation Organization 

Chapter 2 provides a discussion of existing static models of the jaw and a 

summary of what is known about anteriorly placed bites from a theoretical, comparative 

morphometric, and experimental perspective. 

 Chapter 3 presents materials, methods, and results for kinetic data from wood 

gnawing experiments with Daubentonia.  Hypotheses comparing potential similarities 

and differences between gnawing in Daubentonia and gouging Callithrix are tested, as 

well as hypotheses derived from the alternative static models proposed in Chapter 2. 
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 Chapter 4 presents materials, methods, and results for energetic data from wood 

gnawing and naturalistic feeding trials with Daubentonia.  Hypotheses concerning the 

energetic costs of tough vs soft foods, and feeding behaviors that require large body 

movements during feeding are tested. 

Chapter 5 presents a summary of the findings from Chapters 3 and 4.  The 

findings of these experimental chapters are used to interpret the ecomorphology of 

Daubentonia and discuss the implications of the contribution of post-cranial musculature 

to feeding behaviors.  
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2. Biomechanics of Anterior Biting 

2.1 Introduction  

The primate feeding apparatus is an elaborate structure that produces complex, 

three-dimensional movements (Ross et al, 2012; Vinyard et al, 2006).  One approach to 

understanding an intricate system is to simplify it, applying analogies to machines and 

structures under a specified set of conditions.  These models are common in the study of 

biomechanics.  In the study of the jaw, there are two such analogies of primary 

importance: 1) the jaw as a Class III lever and 2) the jaw as a rigid beam.  These are 

applied as static models, meaning that the body of interest is considered in a state of 

equilibrium caused by a balance of forces, resulting in the absence of acceleration. 

 This chapter discusses the biomechanical modelling of the mandible with a focus 

on the difference in the demands imposed by anterior biting compared to mastication.  It 

summarizes the lever and beam models of jaw function and reviews the experimental, 

theoretical, and comparative morphometric literature that is concerned with anterior 

bites.  Finally, there is a discussion of how animals may alter the direction and 

magnitude of bite forces during ingestive behavior.  This discussion forms the basis for 

experimental hypotheses in Chapter 3. 
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2.1.1 Lever Model Summary 

A lever is a simple machine in which a rigid body is rotated around a hinge 

point, or fulcrum.  A class III lever is one in which the effort is applied to the body 

between the fulcrum and the load.  As a result, the moment arm for the effort will 

always be less than the moment arm for the load, therefore the forces applied as effort 

are always greater than the forces exerted against the load. 

In the static model of the jaw as a 3rd class lever the mandible is considered a 

rigid body with five points considered in resolving the static equilibrium of forces: 1) the 

mandibular condyle is  the fulcrum; 2) the resultant force of the jaw adductor 

musculature  is the point of effort, where force is input into the lever;  3) the bite point 

on the dentition is the point of applied load, where force is output (e.g., to a food item) 

as a reaction force,  4) a net compressive joint reaction force at the condyle must be 

present in order to fully resolve the forces and moments acting on the mandible in static 

equilibrium, and 5) the joint reaction force is usually higher on the balancing side 

condyle than on the working side condyle (Hylander, 1975a; Smith, 1978; Greaves, 1978).  

Evidence that the jaw functions as a lever during the power stroke of mastication and 

incision hinges on experimental work.  For example, strain gauges placed on the 

condylar neck (just below the temporomandibular ligament on the mandible) verify that 

compressive forces occur near the TMJ during biting in macaques (Hylander, 1979; 
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Hylander and Bayes, 1979).  Additionally, during unilateral mastication increased strain 

on the balancing side condylar neck relative to the working side is strong evidence that 

the mandible functions as a Class III lever and transmits balancing side muscle force 

across the mandibular symphysis (Hylander, 1979; Hylander and Bays, 1979).  These 

findings  fit previous predictions of how the lever action of the mandible based on 

estimates of resultant jaw adductor muscle vectors during biting (Hylander, 1975; Smith, 

1978) and on the observed orientations of bite reaction forces in human subjects 

(Hylander, 1978). 

In Class III levers, the moment arm of output force applied to the load is always 

greater than that of the effort force.  This means that any force applied as effort will be 

more than the output force at the load.  In the case of the mandible, the resultant vector 

of the jaw adductor muscles are closer to the mandibular condyle(s) than the bite point.  

This effect is exacerbated for bites on the anterior dentition, because the length of the 

moment arm of the bite reaction force is greatest for anterior bites.  Thus, for any given 

amount of jaw adductor force, the force applied at the bite point is absolutely smaller, 

and this situation holds true for the case of anteriorly placed bites relative to posteriorly 

placed bites.  In order for bites on the anterior dentition to transmit the same amount of 

force as posterior bites, more muscular recruitment is required to either: 1) increase the 

magnitude of individual muscle contractions or 2) generate more individual bites.  



 

22 

 

Species may adapt in ways that lower this relative disadvantage, but the deficit remains; 

the mechanical disadvantage of anteriorly placed bites compared to posteriorly placed 

bites is inescapable. 

2.1.2 Beam Model Summary 

Beam models are primarily concerned with the deformation (strain) of a 

structure when a force (stress) is applied to it.  Stress (σ) is force per unit area.  Strain (ε) 

is a dimensionless value that describes the change in shape that occurs in an object that 

is under stress.  Generally, stress takes three basic forms: 1) tension, 2) compression, and 

3) shear.  Both tensile and compressive stresses act on the cross-sectional area of an 

object that are perpendicular to the direction of the applied force.  In tension the 

dimension in line with the force will increase.  In compression the dimension in line 

with the force will decrease.  Shear occurs when forces are applied to an object in 

opposing directions parallel to its cross section.  In this case, the relevant cross-sectional 

area is the one between the applied and resisting forces.  Beams can undergo more 

complex structural stresses that can be reduced to these fundamental types of stress.  

When a beam is supported on two sides, but loaded with a force in the middle, one side 

of the beam will undergo tension, while the opposing side undergoes compression 

(Figure 3).  Shearing occurs between the sides that are being lengthened and 

compressed.  For a simple beam of a given cross-sectional area, tensile and compressive 
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stresses will increase in proportion with the bending moment.  Bending moments are 

simply moments applying stress to a structure like a beam, where the moment arm is the 

perpendicular distance from the line of action of the force from a point of support. 

 
Figure 3: A simple supported beam. A) Red arrows represent compressive 

forces B) Green arrows represent tensile forces. 

Using the beam model for the mandible, biting on the anterior dentition 

increases the bending moment arm in comparison to a premolar or molar bite, resulting 

in greater stresses for a given magnitude of bite force when compared to biting on the 

posterior dentition.  This is a simplification of the stresses the mandible is exposed to 

during mastication and incision.  However, as noted earlier, these static models are 

shown in numerous in vivo studies to have considerable explanatory power. 
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2.1.3 Food material properties 

 Teeth function to incise, masticate, and ingest food objects.  The internal physical 

properties of food items determine their resistance to the formation of new surface area 

via crack formation (Ashby 1992; Vincent 1992).  The two properties that are most 

commonly used are Young’s modulus and toughness.  Young’s modulus (E) is defined 

as the slope of the linear portion of a stress-strain curve and is often referred to as a 

material’s stiffness.  This initial portion of the stress-strain curve describes elastic 

deformation, from which an object can return to its original shape.  Stiffer food items 

require more stress to produce a change in shape leading to plastic deformation 

(permanent shape change) and fracture (Lucas et al, 2002; Lucas 2004).  Toughness (R) is 

defined as the area under a stress-strain curve. 

 The way foods fracture is largely dependent on fragmentation indices generated 

from Young’s modulus and toughness that describe foods as being displacement limited 

or stress limited (Agrawal et al, 1997; Lucas et al, 2002).  Materials that can withstand 

high strains before crack propagation begins are described as displacement limited.  

Displacement-limited foods are “tough” and require more repetitive cycling of the jaw 

muscles to propagate cracks and are therefore presumably costly to consume (Druzinsky 

1993).  
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Materials that experience limited strains under greater stresses prior to crack 

propagation are described as stress-limited.  Maximal stress production dictates 

fragmentation for stress-limited food items (Agrawal et al 1997; Lucas et al 2002).  Often 

these food items fracture rapidly once their yield stress is reached and can be described 

as “brittle”.  Sharp cusp tips should be the optimal dental shape to concentrate bite 

forces and achieve greater stresses to fragment stress-limited foods (Strait, 1997). 

Food choices in wild primates may be related to food fracture properties (Kinzey 

and Norconk 1990, 1993; Straight 1993; Vinyard et al 2004; Wright 2005; Yamashita 1998).  

Folivorous primates appear to select leaves with low values of toughness (Hill and 

Lucas, 1996).   The thickened molar enamel of Lophocebus albigena correlates with the 

fracture properties of their seasonal fallback diet, not their preferred diet (Lambert et al, 

2004).  This suggests that they prefer foods that are easier to access and that their thick 

molar enamel may be selected for by periodic shifts in the fracture mechanics of their 

diet.  Similarly, the thickened enamel observed in Cebus apella is correlated with periods 

of consuming foods that are difficult to fracture (Chalk, 2008). 

2.2 Anterior Biting  

The demands of anterior biting can be broken down into two major components.  

The first is concerned with the specific demands of producing bite force on the anterior 

dentition and its corollary: resistance to the internal loads generated within the 



 

26 

 

mandible.  The second component is the generation of gape by movements of the 

mandible.  This section will review the experimental, theoretical, and comparative 

morphometric literature that pertains to biting on the anterior dentition.  It is divided 

into sections relevant to atomized components of the feeding apparatus: 1) the 

temporomandibular joint; 2) the mandibular corpus; 3) the mandibular symphysis; 4) 

the jaw adducting musculature. 

2.2.1 The Temporomandibular Joint (TMJ) 

The TMJs are paired synovial joints that function in the resistance of loads (joint 

reaction forces) imposed during biting and in moving the jaws and teeth during feeding 

and other oral behaviors.  It has been shown to undergo compression during biting by 

proxy in experimental conditions.  Data from strain gauges bonded to the bone on the 

condylar neck of the mandible just below the temporomandibular ligament in macaques 

show that internal stresses deform the bone directly beneath the condyle during biting 

(Hylander, 1979; Hylander & Bays 1979).  Since the condylar neck is posterior to the jaw 

adducting musculature, strains would only appear in this region of the mandible if the 

condyle was pressing into the temporal articular surface during biting.  These studies 

also found that strain values in this region were much higher during apple incision than 

during apple mastication (Hylander, 1979; Hylander and Bays, 1979).  Comparative 

morphometric work in anthropoid primates supports the idea that larger condylar 
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surface areas are associated with large jaw adducting musculature, and therefore 

potentially larger condylar reaction forces during biting (Smith et al, 1983; Wall, 1999).  

The stresses at the temporomandibular joint are maximized during anterior biting. 

Cinefluorographic studies of mandibular movement during feeding jaw opening 

show that the mandible both rotates on a mediolateral axis and translates forward 

during on the articular surface of the temporal bone (Hiiemae and Kay, 1973; Kay and 

Hiiemae, 1974; Hylander et al, 1987; Wall, 1995, 1999).  While a greater degree of 

anteroposterior curvature of the mandibular condyle is associated with an increased 

range for rotation on a mediolateral axis, Wall (1999) found that it was negatively 

associated with sagittal sliding (translation) of the mandibular condyles during jaw 

opening in a sample of anthropoid primates.  Increasing the anteroposterior dimension 

of the temporal articular surface is correlated with large amounts of sagittal sliding of 

the mandibular condyle and thus with gape production in anthropoids (Wall, 1999). A 

comparative morphometric study of tree gouging primates found that increased 

anteroposterior length of the temporal articular surface was common to all tree gouging 

species when compared to a nongouging phylogenetic comparative sample (Vinyard et 

al., 2003).  This implies that sagittal anteroposterior sliding of the mandible is important 

for small tree gouging primates in the production of large gapes. 
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2.2.2 The Mandibular Corpus 

Experimental studies of strain in the mandible during anterior biting have 

revealed important ways in which the mandible is deformed during biting.  In vivo data 

from macaques shows that the mandible undergoes significant parasagittal bending and 

twisting about the long axis during anterior biting (Hylander 1979, 1988).  Vertically 

deeper mandibular corpora are associated with primates that have hard and tough diets 

(Ravosa, 1991; Daegling, 1992). Increased vertical depth in the mandibular corpus 

increases the cross-sectional area that is being exposed to tension (along the superior 

surface) and compression (along the inferior surface) within a mandibular section of 

interest, and will reduce bending deformation.  Increased mediolateral width of the 

mandibular corpus is also associated with primate species that produce routinely high 

magnitude or repetitive bites (Hylander, 1979a, 1988; Ravosa, 1991; Daegling, 1992).  

Increasing the mediolateral dimension of the mandible gives it a more cylindrical shape, 

making it more resistant to torsional deformation from twisting about the long axis 

(Hylander, 1979a, 1985). 

Gape is primarily created by rotating the mandible about a mediolateral axis. 

Herring and Herring (1974) reviews the importance of masticatory muscle orientation in 

producing gape by maximizing the difference in distance between a muscle origin and 

the joint and it’s insertion and the joint.  The length of the mandible is another important 
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factor in the production of both force and gape.  Shorter mandibles may increase the 

efficiency of bite force production by reducing the moment arm of the bite point relative 

to the insertions of jaw adductor musculature (Greaves, 1978).  Additionally, shorter 

jaws should inherently reduce bending moments during incision (Hylander, 1979a,b; 

Smith, 1978).  On the other hand, gape production is facilitated by increasing the length 

of the mandible (Herring and Herring, 1974; Hylander, 2013).  Any increase in the length 

of the mandible will produce a greater displacement of the incisor teeth for a given 

degree of jaw rotation. 

Comparative morphometric work in tree gouging primates shows a mixture of 

predicted changes for bite force and gape in the mandibular corpus.  Only Euoticus 

elegantulus had significantly deeper and wider mandibular corpora when compared to 

non-gouging galagids, suggesting that it was somewhat adapted to producing large bite 

forces (Williams et al., 2002).  Callithrix jacchus, on the other hand had a longer 

anteroposterior dimension to the mandible when compared to non-gouging 

Callitrichinae (Vinyard et al, 2003). 

2.2.3 The Mandibular Symphysis 

In vivo data from macaques show that incision creates two important symphyseal 

strain regimes: dorsoventral shear and lateral transverse bending due to eversion of the 

lower border of the mandible (Hylander, 1984, 1985). While direct studies of strain in the 
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mandibular symphysis have only been conducted on species with a fused mandibular 

symphysis, the same types of strain should be present in species without an unfused 

symphysis if muscle recruitment patterns are similar.  Strepsirrhines with unfused 

mandibular symphyses that routinely use their incisors in food acquisition (Daubentonia 

and Propithecus) are known to have vertically deeper mandibular symphyses (Ravosa, 

1991).  Of a comparative morphometric sample of tree gouging primates, only Euoticus 

elegantulus exhibited vertically elongated mandibular symphyses compared to other 

galagids (Williams et al, 2002). 

2.2.4 Jaw Adductor Morphology 

The jaw adductors produce bite force through contraction and permit gape via 

stretch (Herring, 1974).  Gans (1982) observed that muscle architectures favoring 

maximal muscle excursion and maximal force production were opposed to one another 

when muscle mass and other variables are held constant.  The jaw adductor muscles in 

common marmosets have longer fibers, smaller physiological cross-sectional areas, and 

higher ratios of fiber length to muscle mass than closely-related species which do not 

gouge trees to elicit sap flow (Eng et al, 2009; Taylor and Vinyard, 2004, 2008; Taylor et 

al, 2009).  In addition to the production of gape, long muscle fibers made up of many 

sarcomeres in series places the marmoset’s muscles in a favorable position on the length 

tension curve to produce relatively greater tension during large gapes than cotton-top 
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tamarins, which do not gouge trees (Eng et al, 2009).  The tradeoff is that long-fibered 

muscles will be more expensive to operate than short-fibered muscles of the same cross-

sectional area because the metabolic cost of muscle contraction is a function of muscle 

volume (i.e., the total number of sarcomeres). 

Herring and Herring (1974) constructed a geometrical model of superficial 

masseter stretch, demonstrating the impact of condyle height above the occlusal plane 

and the masseter origin-insertion ratio on gape.  In their paper, Herring and Herring 

(1974) show that it is possible to decrease stretch in the superficial masseter muscle by 

altering the ratio of distances from the TMJ to the origin and insertion points of the 

muscle.  By departing from a ratio of 1:1, stretch is diminished during gape.  In a study 

of tree gouging primate species, low condyle height relative to the occlusal plane is the 

only consistent feature found in all taxa that produce large gapes when biting trees 

(Vinyard et al 2003).  Lowering condyle height by reducing the length of the ascending 

ramus decreases the insertion distance, causing the ratio to depart significantly from 1:1, 

reducing muscle stretch. 

2.3 Bite Force Studies 

Direct, in vivo, measurement of bite forces are not widely reported in primates.  

The majority of studies examining bite forces in primates use estimates based on 

anatomy (Demes and Creel, 1988; Spencer, 1998) or the material properties of foods in 
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the diet (Lucas et al 2004; Taylor et al 2008; Reed and Ross, 2010).  The majority of 

recorded bite forces in non-human primates are primarily from the post-canine 

toothrow (Hylander 1979; Chazeau et al, 20013; Thomas et al, 2015).  Hylander measured 

isometric incisal bite forces on a female macaque (1979).  This subject produced a 

maximum isometric incisal bite of 101.9N and a mean isometric incisal bite of 50N 

(Hylander 1979).  Isometric bite forces on the anterior teeth are measured using a bite 

transducer in a study on tree gouging in marmosets (Vinyard and Schmitt, 2004; 

Vinyard et al 2009) that will be discussed in the following section. 

 In the broader functional morphological literature, there are studies of bite forces 

on the anterior dentition across vertebrate taxa.  These studies measure maximal 

voluntary bite forces on bite transducers at fixed gapes.  Their findings suggest that 

maximal voluntary bite forces scale across vertebrates as a function of head size (Herrel 

et al 1999, 2005; Freeman and Lemen, 2008).   Additionally, durophagous (hard/tough) 

diets are associated with relative increases in maximal voluntary bite forces in rodents 

(Freeman and Lemen, 2008).   

2.3.1 Gouging in Callithrix jacchus 

While there are numerous studies reporting data on bone strain and 

electromyographic activity during isometric bites (Hylander 1978, 1979b; Hylander and 

Bays 1979; Hylander and Johnson, 1985, 1994) and a few studies directly measuring 
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maximal voluntary bites in primates (Ross et al, 2007; Chazeau et al, 2013), there is only 

one study to date that describes bite forces associated with a naturalistic behavior. 

  Callithrix has been hypothesized to produce relatively large jaw forces while 

gouging tree bark (Rosenberger, 1992; Dumont 1997) or relatively large jaw gapes 

(Vinyard et al, 2003; Taylor and Vinyard, 2004).  Their specialized claw-like nails, robust 

labially banded lower incisors, expanded gut, and long jaw-muscle fibers have been 

suggested to be specializations for clinging to trees and gouging to elicit sap flow 

(Kinzey et al 1975; Chivers and Hladik 1980; Vinyard et al, 2003; Taylor and Vinyard, 

2004, 2008). 

The timing and magnitude of jaw forces transferred to a substrate during 

gouging on a wood block in common marmosets (Callithrix jacchus) were measured 

experimentally (Vinyard and Schmitt, 2004; Vinyard et al, 2009).  Researchers developed 

a simulated gouging apparatus consisting of a wood block instrumented via a stiff oak 

beam to a force plate.  This device allowed the recording of magnitude and timing of 

forces passing through a single incisor into the gouging substrate. 

Of the gouging events collected from four marmosets, the 25 gouges with the 

greatest magnitude forces showed an average peak resultant force of 28N (SD=3.1), 

which is about eight times the body mass of a marmoset (Vinyard et al, 2009).  The 

resultant was composed of an average peak superoinferior force of 22.8N (SD=3.6) and 
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an average peak anteroposterior force of 11.9N (SD=3.5) (Vinyard et al, 2009).  In order 

to interpret the significance of the gouging forces used by the marmosets a measure of 

peak vertical bite force capability is required.  Vinyard et al (2009) measured peak 

vertical isometric bite forces on the anterior teeth with a bite force transducer for 

comparison to the gouging bite forces, finding the average of 25 maximum vertical bites 

to be 45.3N (SD=6.4).  Given that the isometric vertical bite forces were approximately 

1.6 times as large as the gouging forces, the authors were not able to support the 

hypothesis that marmosets use large gouging forces.  This finding suggests that, from a 

performance perspective, gouging in marmosets is not associated with a maximal output 

of muscular effort. 

2.3.2 Callithrix and Gouging vs. Daubentonia and Gnawing   

Daubentonia, on the other hand, appears to have a mix of myological and 

craniodental features that suggest it is adapted to produce relatively large gapes and 

high bite forces compared to other strepsirrhine primates.  Additionally, in comparison 

to other strepsirrhines, it has a relatively short robust facial skeleton, large condyle, deep 

mandible, and long mandibular symphysis suggest it is capable of producing very large 

bite forces (Ravosa, 1991; Toler, 2010).  Its relatively long jaw muscle fascicles, low 

condylar height, and anteroposteriorly long condylar surface and temporal articular 

surface suggest that it is capable of producing large gapes (Toler, 2010; Perry et al 2014).  
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Still, it is unclear whether gnawing into trees by Daubentonia requires a fundamentally 

different type of behavior compared to gouging by Callithrix.  Does Daubentonia use 

relatively low magnitude, repetitive gnaws compared to what it is capable of producing 

on an isometric bite transducer (like Callithrix), or does it gnaw using a greater 

percentage than Callithrix of the bite force it is capable of producing? 

2.3 Summary of the Problem of Anterior Biting 

Producing anterior bites is less advantageous from the perspective of producing 

large bite forces. As a consequence of lever mechanics, the more anteriorly a bite is 

placed on a given jaw, the less muscle force is “transferred” through the bite point.  

While species may account for this mechanical loss by producing many individual bites 

each at lower absolute magnitude or by generating higher magnitude bites, both of these 

solutions come at an energetic expense.  Alternatively, species may specialize the 

feeding apparatus for high magnitude anterior bites by shortening the overall length of 

the jaw and/or moving the insertions of the jaw adductor musculature forward in order 

to decrease the ratio of the effort to load moment arms.  Depending on the arrangement 

of the jaw-adductor muscles, linear gape during anterior bites may be reduced due to 

jaw shortening and forward insertion of the adductor muscles. 

Anterior bites are also disadvantageous from the perspective of resisting 

deformation during biting.  The further apart the points of support are for the 
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mandible—between the TMJ and bite point—the greater the bending moments the 

mandibular corpus is exposed to.  Experimental data show that anteriorly placed bites 

increase compressive forces at the temporomandibular joint (Hylander 1979) and 

bending stresses in the mandibular corpus (Hylander 1979, Hylander and Bays, 1979). 

Shortening the mandible and increasing its cross-sectional area are effective ways of 

reducing the bending moments incurred during anterior biting. 

2.4 Accommodations to the Problem of Anterior Biting 

Animals that make frequent use of anterior bites have a number of anatomical 

and physiological approaches to dealing with the disadvantaged nature of anterior bites.  

The majority of thinking on the subject has proceeded from a mastication-oriented 

perspective in which the system in question only consists of the object being bitten, and 

the jaw structures applying those loads through tooth-food-tooth contact.  In reality, 

objects that are being incised are regularly being manipulated manually (as in holding a 

fruit while peeling it with the incisors in chimpanzees) or are fixed outside of the body 

(as in stripping leaves off a branch or gnawing into wood).  Hylander (1979a) recognized 

this issue in an early study of bone strain in macaques.  He pointed out that under lab 

conditions, bone strain patterns of incisal preparation would be inaccurate indicators of 

bone strain patterns in unrestrained animals because “when unrestrained monkeys (or 

people) bite into an apple, they push and/or pull the apple over their incisors with their hands.  
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These additional forces presumably cause stresses in the mandible which are not reproduced 

during incisal biting in a monkey unable to use its forelimbs” (Hylander, 1979 pg: 290-291). 

Hypothetically, animals may change the vectors of bite reaction forces during 

anterior biting by using non-jaw structures to affect the magnitude and direction of 

those forces.  During gouging experiments with Callithrix, individuals were observed to 

push their mandibular incisor into wood by accelerating their whole body mass at large 

gapes, (Vinyard et al., 2009).  Wood gouging experiments with Callithrix are the starting 

model for the experiments described in Chapter 3 and will be discussed there.  Similarly, 

Daubentonia appears to pull their lower incisors into the gnawing substrate in part 

through neck, forelimb, and hindlimb movements and to pry away strips of wood or 

pieces of shell.  Potentially, primates may modify the function of their feeding apparatus 

by either moving their whole body relative to the object they are biting or by moving the 

object they are biting relative to the position of the teeth.  Because the data from 

Callithrix (Vinyard et al, 2003) and the data presented in Chapter 3 are from situations 

where subjects are modifying their position relative to a fixed substrate during biting, 

those are the conditions that will be considered. 
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3. Gnawing Kinetics 

3.1 Introduction 

The work presented in this chapter characterizes the kinetics of wood gnawing in 

Daubentonia.  These data are used to evaluate two biomechanical hypotheses concerning 

static models of anterior tooth use.  The results are also compared to the published data 

on jaw kinetics during wood gouging behavior in Callithrix jacchus (Vinyard and 

Schmitt, 2004; Vinyard et al, 2009) 

3.2 Hypotheses and Predictions 

3.2.1 Hypothesis 1 – High Gnawing Forces 

Daubentonia generates relatively high magnitude bite forces during wood 

gnawing relative to isometric bite forces measured with a transducer. The High 

Gnawing Forces Hypothesis contrasts with the observations of wood gouging forces 

relative to isometric bite forces in Callithrix jacchus.  As discussed in Chapter 2, Vinyard 

et al. (2009), in the only other in vivo study of the bite forces used during biting into 

wood, observe relatively low magnitude bite forces (about 60% of voluntary isometric 

bite force magnitude measured with a transducer) during wood gouging in C. jacchus.  

The High Gnawing Forces hypothesis is suggested by several morphological 

features that distinguish Daubentonia from C. jacchus.  Daubentonia’s jaw adducting 

musculature has relatively large PCSAs, mass, and long fascicles compared to other 
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strepsirrhines (Perry and Wall 2008; Perry et al. 2013) and favorable leverages for 

generating high incisal bite forces (Toler 2010). Furthermore, their rodent-like, ever-

growing incisors indicate the ability to apply high bite pressures and withstand 

significant attrition during ingestion (Sterling and McCreless 2007).  By contrast, C. 

jacchus is characterized by relatively small jaw-adductor muscle PCSA and 

comparatively poor leverage for generating high incisal bite forces (Eng et al, 2009; 

Taylor and Vinyard, 2004; Taylor et al, 2009).   

The High Gnawing Forces hypothesis predicts that bite forces during gnawing 

will be a larger proportion of peak, voluntary isometric bite force than that observed in 

C. jacchus or higher than peak, voluntary isometric bite forces. Gnawing bite forces that 

are higher than peak, voluntary isometric bite forces are possible if the neck, trunk, and 

limb muscles add to the bite force (see Hypothesis 2, below).  

3.2.2 Hypothesis 2 –Additions to the Bite Force 

 Daubentonia engages its neck, trunk, and limb muscles to contribute to gnawing 

bite forces (Figure 4).  This hypothesis is based on qualitative observations of aye-ayes at 

the Duke Lemur Center during pilot gnawing trials. The aye-ayes appear to pull their 

lower incisors into the gnawing substrate in part through neck, forelimb, and hindlimb 

movements.  Large neck muscles and humeral attachment sites for flexor muscles 

(Quinn and Wilson 2004) are consistent with this observation.  To test this hypothesis, 
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independent bite reaction forces from the upper and lower jaw will be simultaneously 

recorded during a gnawing trial.   

The prediction of the Additions to the Bite Force Hypothesis is that the ratio of 

simultaneous bite reaction force on the maxillary incisors to bite reaction force on the 

mandibular incisors will not equal one (Figure 3.1).  This prediction is based on the 

possibility that the application of body forces is not equally distributed across the upper 

and lower jaws.  The aye-aye may flex or extend its neck during a gnawing cycle.  A 

significant component of the force vector generated by the neck flexors will be parallel 

and opposite to the adductor vector acting on the lower jaw, thus contributing only to 

the bite reaction force at the maxillary incisor.  Neck flexion during a gnawing cycle will 

result in a bite force ratio of Fmax/Fmand>1 (Figure 4).  Alternatively the aye-aye may 

extend its neck during a gnawing cycle.  With the maxillary tooth anchored, acting as a 

fulcrum, extension at the neck will decrease the angle between the maxilla and substrate, 

pressing the mandible into it.  Neck extension during a gnawing cycle will result in a 

bite force ratio of Fmax/Fmand<1 (Figure 4). 

3.2.3 In Vivo Tests of the Hypotheses 

 Data on bite reaction force will be collected during gnawing and during 

voluntary isometric incisor biting on a bite force transducer.  The hypotheses will be 

tested by generating a ratio of peak bite force magnitude during gnaws divided by peak 
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isometric bite force magnitude following Vinyard et al. (2009).  A bite ratio that is 

significantly higher than the ~.60 ratio reported for Callithrix will support this 

hypothesis. The Additions to the Bite Force will be supported when observed bite ratios 

are significantly higher than 1.0. 

 The two hypotheses are not mutually exclusive since a ratio greater than 1.0 will 

support both hypotheses.  It should also be noted that Callithrix may add neck, trunk, 

and limb muscles to the bite force.  Vinyard et al. (2009) observed C. jacchus moving the 

head, trunk, and limbs which potentially added force to push the mandibular incisor 

into wood during gouging and Vinyard and Schmitt (2004) measured limb reaction 

forces during gouging that suggest Callithrix pulls itself into the substrate during 

gouging. 
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Figure 4: Bite reaction force from jaw adductors (red) should be roughly equal 

in both the upper and lower incisors [Fmax=Fmand].  If bite reaction force is added by 

the flexion of the neck (black arrow) on the left, it will press the upper incisor into the 

substrate (blue arrow) creating a new, larger resultant bite reaction force (purple), 

increasing the ratio of upper to lower bite force [Fmax>Fmand].  The converse is true 

for neck extension. 

3.3 Materials and Methods 

3.3.1 Subjects 

 Four Daubentonia from the Duke Lemur Center served as subjects for data 

collection in both wood block gnawing and bite transducer trials.  The age and average 

body mass of experimental subjects during the period of data collection are presented in 

Table 1.  
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Table 1: Age and average body mass of experimental subjects 

Individual Female 1 Female 2 Male 1 Male 2 

Mean Mass (Kg) 2.98 2.81 2.77 2.92 

Age (months) 211 75 64 233 

 

The selected subjects were adult in age, but non-geriatric.  Two males and two 

females were selected to achieve an even sampling between sexes.  None of the subjects 

had a record of dental pathology, and had complete dentition.  Finally, the four subjects 

were successfully trained during previous pilot data collection and were willing to 

participate in the experimental set-up.  Three additional subjects were tested and 

dropped during pilot data collection because they were unwilling to complete the 

experimental task. 

3.3.2 Experimental Apparatus 

3.3.2.1 Wood Block Housing 

Bite forces during gnawing were recorded with two Kistler Force Links.   Each 

Force Link is a small, steel cube-shaped force plate (dimensions 3cm x 2.5cm x 2.5cm, 

Type 9317B) that measure compression and tensile forces in Newtons in 3 orthogonal 

directions (Figure 5).   
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Figure 5: Image of Kistler Force Link, type 9317b.  Arrows show positive 

direction of each orthogonal axis. 

Each force link was bolted to the inside of a 10cm x 10cm x 5cm (inner 

dimensions) aluminum housing, with a ~1mm hard plastic washer between the bottom 

plate of the cube and the housing.  The hard plastic washer helped reduce temperature 

related drift in the Fz-axis by eliminating contact with thermally conductive aluminum, 

which would come into prolonged contact with test subjects.  The aluminum housing 

offered a rigid base for the force cubes. The output cables for each force cube were fed 

through a covered opening on one side of the housing. 

Each cube had a 3x25x80mm steel plate screwed to its upper surface.  When both 

plates had been screwed in place, they were 1mm apart from each other with that gap 

centered on the housing.  The four corners of the steel plates had threading to accept a 

3mm metric screw.  1”x2” (¾” actual thickness) wooden blocks were then screwed to 

each plate, aligned to their middle edges resulting in a 1mm separation between the 
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wood blocks.  The clearance between blocks was sufficient to prevent contact between 

the blocks during recording sessions.  These blocks were easily replaceable between 

recording sessions.  The dimensions of the blocks allowed them to be readily made from 

commercially available lumber products.  In the case of the data presented here, that 

wood was dry poplar.  Each block had a ¼” hole drilled into one of it’s long sides 

approximately 5-10mm from the exposed surface.  These holes were stuffed with a food 

reward (peanut butter).  The holes faced each other in the center of the housing, 

separated by the 1mm gap.  This gap was narrow enough to prevent the subjects from 

simply extracting the food reward with their tapping digit, rather than gnawing. 

Once the wood blocks had been screwed to the force cubes, a tight fitting lid was 

screwed into place on the top of the housing.  The lid offered 1-2mm of clearance above 

the top of the wood blocks, preventing contact during gnawing trials.  The lid had a 6cm 

x 6cm opening in its center (Figure 6).  Each dimension of this opening was roughly 

twice as long as the marks produced by Daubentonia reported by Krakauer (2005), in 

order to provide the subjects a limited, but sufficient space to gnaw.  The lid also served 

to cover the screw heads holding the wood blocks in place, preventing incidental contact 

with the subject’s incisors during gnawing behaviors and potential injury. 
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Figure 6: Still image of sweetgum wood blocks after a recording session.  Note 

the 1mm gap between blocks. 

This housing unit was bolted to a 60cm long metal beam.  The housing was 

biased to one end of the beam so that its edge was approximately 10cm from one wall 

(Box Front) and 40cm from the other wall of the box.  40cm is similar to the body length 

of an adult Daubentonia.  This was done in order to maximize the likelihood that most 

gnaws would occur with the subject’s body in the same orientation, facing the “front” of 

the box (Figure 7).  The beam was then covered with a 3” PVC pipe to provide a 

comfortable substrate for perching.  3” pipe was selected for its similarity in dimension 

to the poles used in the subject’s habitat.  The instrumented beam was bolted 

horizontally inside a plexiglass recording box with the dimensions 60cm x 60cm x 
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100cm.  These dimensions permitted the subjects to turn around and perch on the beam 

without having to contact the walls of the box.  

 
Figure 7: Gnawing trial.  Subject is perched on the instrumented pole facing 

the Box Front. 

3.3.2.2 Isometric Bite Transducer 

Isometric bite forces were recorded using a Kistler Force Link (Type 9317b, 

Bioware) embedded between a pair of bite force plates and bolted to a long arm.  The 

bite plates were 10mm wide, 15mm long, and their outer surfaces spaced at 15mm gape.  

They were wrapped in black electrical tape to limit the risk of damage to the incisor 

teeth from forceful biting. 

Because the instrumented bite plate projected 15mm away from the top surface 

of the Force Link, the bite transducer was tested for the effect of a moment arm.  A 10kg 
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weight was hung at the base, the middle, and the very end of the bite plate.  No 

differences in the compressive force were observed based on the position of the weight. 

3.3.3 Experimental Procedure 

3.3.3.1 Wood Block Trials 

Experiments were filmed using a pair of 60Hz digital video cameras (Sony HDR-

CX12 Handycam with 12x optial zoom) mounted on standard tripods.  The cameras 

were positioned roughly perpendicular to each other with the front camera looking at 

the front of the recording box and the lateral camera centered on the position of the 

instrument housing (Figure 8).  Because Daubentonia is a nocturnal species, the room was 

lit with red light.  The standard night settings of the cameras was used.  Additionally, 

the room was lit with a pair of infrared flood lights placed on opposing sides of the box.  

Infrared is outside the visible range for the subjects, but significantly increased the 

brightness of the recorded video. 
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Figure 8: Relationships of Front and Lateral Camera to the instrument housing 

and perch. 

On the average recording day, two subjects would be caught up first thing in the 

morning and kept in transfer crates to await their experimental session.  Prior to an 

experiment, the wood block housing would be set up, as described in subsection 3.3.2.1.  

Each block would be tested with a brief recording to observe that all 3 axes were 

registering tension and compression.  The cameras were set to record, then the subject 

was transferred into the recording box.  Once in the box, both Kistler Force Links were 

set to acquire a 360 second span of data.   

During the majority of trials, these data were collected at 120 Hz.  During 

sessions recorded in October 2013, upon the advice of Dr. Schmitt, data were collected 
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for 360 seconds at 1200 Hz in order to more reliably capture rapid peaks.  The 

comparison of 120 Hz to 1200 Hz data will be dealt with in subsection 3.4.3.  

If the subject continued to gnaw after the first recording bout was captured, a 

second 360 sec recording span would be initiated.  Typically, the subject had already 

extracted their food reward over the course of two 6 minute recordings.  In a subset of 

experimental recording days, when time allowed the subject would be transferred out of 

the recording box temporarily, allowing a replacement set of blocks to be set up, and a 

second recording session to occur. 

After 1-2 recording sessions, the first subject would be transferred back to their 

housing.  All equipment that came in contact with the test subjects was non-porous and 

was cleaned and disinfected between experiments using Nolvosan provided by the 

Duke Lemur Center.  After resetting the experimental apparatus, a second subject was 

introduced to the experimental condition and data collected following the procedure 

outlined above. 

3.3.3.2 Isometric Bite Trials 

Subjects were caught and manually restrained by trained Duke Lemur Center 

animal handlers.  This was done first thing in the morning, while their enclosures were 

still on their “day cycle”.  This ensured that the subjects would be in their nest boxes 

avoiding the need to chase them or catch them with nets in order to reduce stress and 
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ease the data collection process.  Instead of transferring subjects into the research room, 

these data were collected in the hallway outside their enclosures.  This was done to 

further reduce stress by decreasing the time between being caught and released and to 

minimize the risk resulting from a subject breaking loose and needing to be caught 

again. 

While restrained, the subjects were encouraged to bite the tape-coated metal 

arms of the bite force transducer by placing it in the vicinity of their oral aperture.  The 

period of restraint was brief, never lasting more than 15 minutes.  Each subject 

underwent a single experimental session for this task to minimize stress, with the 

exception of Female 1, who refused to bite the transducer on the first recording day and 

required a second attempt.  Furthermore, these data were collected after all other data 

collection had ceased to prevent the impact of stress or negative connotations with the 

experimenter and animal handlers from interfering with other experiments.  The 

electrical tape padding was removed and the arms of the bite transducer were 

disinfected using Nolvosan between experiments. 

3.3.4 Data Analysis 

3.3.4.1 Wood Block Analysis 

The data from the Kistler Force Links were output as 7 channels: Position (time) 

and the force recordings of 1809X, 1809Y, 1809Z, 1806X, 1806Y, and 1806Z.  The X-axis of 
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both blocks was oriented along the same axis as the instrumented perch, with the 

positive pole of that axis towards the front of the box.  The Y-axis of both blocks was 

oriented parallel to the long axis of each wood block, with the positive pole of that axis 

oriented towards the side of the instrument housing that exited the output cables.   

Together, the X and Y axes represented a plane that sits on the exposed surface of the 

wood blocks.  The Z-axes of each block is orthogonal to that plane, with compressive 

forces registering as positive and tensile forces registering as negative (Figure 10). 

 
Figure 9: Arrows indicate the direction blocks move to register a positive value 

in Newtons. 

Gnawing sequences were selected for analysis on the basis of these force traces.  

The criteria for selecting sequences were as follows, in this order: 1) all channels are 

present and are registering input simultaneously, 2) the 1809X channel is a negative 

value and the 1806X channel is positive, 3) 1809Y and 1806Y channels are near zero, or 
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one is a positive value and the other is a negative value, 4) only one of the two Z 

channels can register a negative value simultaneously. 

The first criterion is necessary because simultaneous recording of both the upper 

and lower incisor in 3 dimensions is necessary to test Hypothesis 2.  The second criterion 

is related to the orientation of the Kistler Force Links to one another.  A bite that crosses 

the gap between the two blocks must produce some degree of force that pushes the 

blocks towards one another (Figure 11).  This results in a negative value for 1809X and a 

positive value for 1806X.  A positive value of 1809X and a negative value of 1806X 

would only result from the blocks being pushed apart.  The third criterion is related to 

the expectation that bite forces recorded simultaneously from the upper and lower 

incisors should have opposing directions.  In the case where a bite fell close to or 

completely along the X-axis of both blocks the values of 1809Y and 1806Y could also 

hover around zero.  The fourth criterion is related to the way that Daubentonia gnaws, by 

anchoring its maxillary incisor and producing a rhythmic gnawing sequence though 

movement of the mandible.  Prying movements are expected to result in negative Z-axis 

forces. 
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Figure 10: Shows a pattern of directions in the force trace that indicates the 

Subject is biting across the two blocks. 

Failure of the second criterion is what eliminated the vast majority of recorded 

forces from consideration.  In fact, almost no gnawing sequences that passed the first 

two criteria were eliminated by the second one.  The reason this criterion was the most 

frequently failed is that subjects frequently gnawed into the small channel presented 

between the wood blocks and not across it.  This generated a force pressing the two 

blocks away from one another. 

In the subset of gnawing sequences that met the criteria for analysis, the initial 

determination of which block was likely to be in contact with the maxillary incisor and 

which block was likely to be in contact with the mandibular incisor was based on two 

characteristics of the Z-axis forces.  A block that 1) registered only positive Z-axis values 

at peaks in the force trace and 2) did not return to zero during a gnawing sequence was 

consistent with the expectation of forces produced by the maxillary incisor.  A block that 



 

55 

 

1) registered only positive, or positive and negative Z-axis values at peaks in the force 

trace and 2) returned to zero between individual gnaws was consistent with the 

expectation of forces produced by the mandibular incisor. 

In the majority of sequences, the 1809 block met the conditions that were 

consistent with recording forces from the maxillary incisor and the 1806 block met the 

conditions that were consistent with recording forces from the mandibular incisor.  This 

was the expected pattern, given that the majority of space to perch on the instrumented 

pole places the subject in an orientation to bite the blocks in this way.  In 3 sequences 

this pattern flipped, with the 1809 block apparently recording mandibular forces and the 

1806block apparently recording maxillary forces. 

 While the quality of video recording for these trials was inadequate to collect 

kinematic data, in all measured gnawing sequences there was corroboration from one, 

or both cameras of the approximate head orientation and number of individual bites 

observed in these sequences.  In the cases where the expected pattern is flipped for the 

blocks the subjects can be observed altering their position, in effect flipping the 

orientation of their head to the instrumented pole. 

Peaks in the data from 1809X, 1809Y, 1806X, and 1806Y consistently overlapped 

and were measured in Newtons using the moving cursor tool in Bioware.  The 1809Z 

and 1806Z traces were always measured simultaneously with the X and Y axes.  
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3.3.4.2 Transducer Analysis 

The bite force transducer registered jaw closing forces along it's Z-axis as a 

compressive (positive) force.  The X and Y axes registered negligible forces and were not 

measured during peak gnawing.  The peaks of the Z force trace were also measured 

using the moving cursor tool in Bioware in Newtons. 

3.3.4.3 Calculated Variables and Statistics  

The X and Y axes of each block generate a plane that corresponds to the 

superoinferior or jaw-adducting force measured from the marmoset data.  For that 

reason, the X and Y axes of each block will be used to generate a resultant and referred 

to as the maxillary superoinferior force [Max(SI)] and the mandibular superoinferior 

force [Mand(SI)].  The Z axis of each block corresponds to the anteroposterior forces 

measured from the marmoset data. 

Collecting force data at a higher sampling frequency makes it more likely that 

peak magnitudes that occur over a short time frame will be measured.  In order to 

determine the potential loss of peak magnitude forces by collecting data at 120Hz 

compared to 1200Hz, the subset of data collected at 1200Hz was down-sampled in 

Bioware to 120Hz.  Each channel of 120Hz data was then compared to the corresponding 

channel of 1200Hz data using a Wilcoxon test to see if the data are significantly different. 
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Hypothesis 1 tests the prediction that Daubentonia uses relatively high bite forces 

during wood gouging compared to Callithrix. Callithrix uses 60% of its maximum 

voluntary superoinferior bite force during gouging.  Data from wood block experiments 

and bite transducer experiments will be compared by individual subjects, then tested for 

overlap by a Wilcoxon test.  A ratio will be generated of the mean gnaw to mean 

transducer bite.  A ratio of less than 62% suggests that Daubentonia does not use 

relatively high bite forces to gouge under these experimental conditions.  For the second 

hypothesis, a ratio of the Max(SI) to Mand(SI) was generated.  The means and standard 

deviations of this ratio for each individual gnawing cycle are presented. 

3.4 Results 

3.4.1 Gnawing Data by Subject 

 Summary statistics of the data collected are presented below by 

individual in Tables 2-5.  Each bout represents a gnawing sequence.  The rate the data 

was collected at is represented in Hz.  The number of individual gnaws (N), and the 

mean (Newtons), standard deviation and range are reported for the maxillary and 

mandibular superoinferior bite force. 
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Table 2: Female 1 Gnawing Data by Bout 

Bout Hz N Mean (StDev) 

Max(SI) 

Range  

Max(SI) 

Mean (StDev) 

Mand(SI) 

Range  

Mand(SI) 

F1.1 120 13 77.0 (27.8) 44.0-142.9 90.4 (29.2) 51.6-152.6 

F1.2 120 10 31.5 (18.6) 0.4-65.8 45.7 (25.6) 1.2-82.3 

F1.3 120 13 63.2 (22.7) 26.8-101.61 72.2 (24.0) 31.4-113.0 

F1.4 120 21 59.4 (19.4) 9.6-97.8 68.2 (19.5) 17.4-106.2 

F1.5 120 11 65.4 (14.6) 33.9-90.1 65.7 (13.6) 37.8-90.0 

F1.6 120 8 59.4 (16.2) 22.2-77.4 62.0 (16.4) 24.8-81.1 

F1.7 120 11 72.1 (20.1) 49.5-102.4 71.1 (18.3) 46.8-101.6 

F1.8 120 8 37.2 (10.4) 21.4-48.7 56.4 (13.5) 38.6-77.5 

F1.9 1200 11 51.9 (17.7) 26.6-80.2 53.8 (17.6) 30.1-84.5 

F1.10 1200 9 54.8 (21.5) 26.6-80.9 59.9 (20.9) 34.2-88.0 

 

Table 3: Female 2 Gnawing Data by Bout 

Bout Hz N Mean (StDev) 

Max(SI) 

Range  

Max(SI) 

Mean (StDev) 

Mand(SI) 

Range  

Mand(SI) 

F2.1 120 22 41.4 (15.0) 9.6-65.1 60.4 (16.0) 22.2-86.5 

F2.2 120 12 85.2 (23.8) 52.7-138.1 99.1 (22.2) 68.3-148.5 

F2.3 1200 4 73.0 (24.5) 40.5-95.8 82.1 (22.8) 53.2-104.8 
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Table 4: Male 1 Gnawing Data by Bout 

Bout Hz N Mean (StDev) 

Max(SI) 

Range  

Max(SI) 

Mean (StDev) 

Mand(SI) 

Range  

Mand(SI) 

M1.1 120 6 51.8 (15.9) 23.0-67.5 66.9 (16.4) 37.4-82.5 

M2.2 120 19 62.0 (28.8) 18.4-108.6 69.9 (29.9) 22.5-126.8 

M1.3 120 14 64.9 (31.3) 7.4-95.8 72.2 (33.8) 9.8-106.4 

M1.4 120 10 63.9 (30.4) 10.4-107.8 78.9 (34.8) 21.8-128.5 

 

Table 5: Male 2 Gnawing Data by Bout 

Bout Hz N Mean (StDev) 

Max(SI) 

Range  

Max(SI) 

Mean (StDev) 

Mand(SI) 

Range  

Mand(SI) 

M2.1 120 7 41.9 (13.5) 24.4-55.8 48.4 (14.7) 26.7-64.6 

 

3.4.2 Comparing 1200Hz to 120Hz data 

The data from each channel collected at 1200Hz were down-sampled using the 

down-sampling tool in Bioware.  The mean (Newtons), standard deviation, and range 

are reported for each individual channel at 120Hz and 1200Hz (Table 6).  Additionally, 

Table # reports the p-value of a Wilcoxon test comparing the 120Hz and 1200Hz data.  

There is not a significant difference between the 1200Hz data and the down-sampled 

data.  As can be seen in Figure (11) there is a slight depression on average of the values 

of the downsampled data. 
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Table 6: Comparisons of peak forces for all 6 channels at 1200Hz and 

downsampled to 120Hz 

 120Hz 1200Hz  

 Mean StDev Max Min Mean StDev Max Min Prob>Z 

MAX 

(x) 

-22.3 34.0 53.3 -72.4 -23.1 34.4 53.3 -72.4 0.7728 

MAND 

(x) 

29.5 32.7 82.6 -39.8 30.0 33.1 82.7 -39.8 .08286 

MAX 

(y) 

-40.6 16.7 -14.7 -79.6 -40.9 16.7 -79.6 -12.6 0.8206 

MAND 

(y) 

41.9 20.7 96.9 18.7 42.1 20.7 96.9 15.1 0.8871 

MAX 

(AP) 

23.1 17.7 90.0 8.1 23.5 17.6 90.1 7.6 0.7493 

MAND 

(AP) 

5.4 16.7 24.1 -56.8 4.9 16.6 23.4 -56.7 0.8771 
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Figure 11: Oneway comparison of 1200Hz data and the 120Hz downsampled 

version of the same data points. 
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3.4.3 Qualitative Kinematics 

Gnawing cycles ranged in length from 5 gnaws to 21 gnaws across the 18 

measured gnawing cycles.  The average bout lasted 11.8 gnaws (s.d. 5.2).  The gnawing 

rate varied from 1.6 Hz to 3.7 Hz across gnawing cycles.  The average gnawing cycle 

occurred at a rate of 2.8 Hz (s.d. 0.5). 

Across all gnaws, the anteroposterior forces did not return to zero on the 

maxillary block within a gnawing sequence, indicating that the subjects were keeping 

their maxillary incisor anchored on the substrate while the mandible moved.  

Mandibular anteroposterior forces often flipped back and forth between negative and 

positive values within a sequence, indicating that the subjects were alternatively prying 

pieces off of the block (generating tension) and gouging the incisor into the block 

(generation compression). 

3.4.4 Comparison to Callithrix Gouging 

The top 25 peak vertical gouging forces for Callithrix (Vinyard et al, 2009) were 

compared to the 25 greatest peak vertical gnawing forces for Daubentonia.  The mean 

peak vertical gnawing force for Daubentonia was 112.9N (s.d. 14.2) and the mean peak 

vertical gouging force for Callithrix was 28.0N (s.d. 3.1).  In a oneway analysis using a 

Wilcoxon test the Daubentonia gnawing forces were significantly greater than Callithrix 

gouging forces  (p<.0001) (Figure 12). 
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Figure 12: One-way comparison of Callithrix gouging to Daubentonia gnawing 

superiorinferior bite forces. 

3.4.5 Transducer Bites 

Table 7 contains summary statistics of the transducer bite data by individual.  

The mean isometric transducer bite is significantly smaller for Female 1 than it is for the 

other subjects in this trial.  Female 1 was also the subject that required two recording 

sessions to bite the transducer.  It is unclear whether this subject’s bite forces represent a 

maximal voluntary bites. 
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Table 7: Summary statistics of peak bite transducer forces (in Newtons) 

Subject N Mean  Std Dev Min Max 

Female 1 19 126.3 32.0 77.2 209.3 

Female 2 13 266.2 58.4 162.1 343.8 

Male 1 19 238.0 31.0 163.9 284.0 

Male 2 23 209.0 61.2 93.7 290.4 

 

3.4.6 Testing Hypothesis 1 

3.4.6.1 Hypothesis 1 All Data 

The mean of all mandibular superoinferior forces measured for Female 1 across 

all gnawing cycles was 64.5 (s.d. 22.9).  The mean of all transducer bites for Female 1 was 

126.3 (s.d. 32).  In a oneway analysis using a Wilcoxon test these are significantly 

different values (p<.0001) (Figure 13).  In this case average gnaw represented 51% of the 

average jaw closing force that Female 1 utilized during transducer biting. 
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Figure 13: Oneway comparison of all peak SI forces for wood block trials 

(GNAW) and transducer bites (ISO) for Female 1. 

The mean of all mandibular superoinferior forces measured for Female 2 across 

all gnawing cycles was 75.5 (s.d. 25.2).  The mean of all transducer bites for Female 2 was 

266.2 (s.d. 58.4).  In a oneway analysis using a Wilcoxon test these are significantly 

different values (p<.0001) (Figure 14).  In this case average gnaw represented 28% of the 

average jaw closing force that Female 2 utilized during transducer biting. 



 

66 

 

 
Figure 14: Oneway comparison of all peak SI forces for wood block trials 

(GNAW) and transducer bites (ISO) for Female 2. 

The mean of all mandibular superoinferior forces measured for Male 1 across all 

gnawing cycles was 72.0 (s.d. 30.2).  The mean of all transducer bites for Male 1 was 

238.0 (s.d. 31.0).  In a oneway analysis using a Wilcoxon test these are significantly 

different values (p<.0001) (Figure 15).  In this case average gnaw represented 30% of the 

average jaw closing force that Male 1 utilized during transducer biting. 
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Figure 15: Oneway comparison of all peak SI forces for wood block trials 

(GNAW) and transducer bites (ISO) for Male 1. 

The mean of all mandibular superoinferior forces measured for Male 2 across all 

gnawing cycles was 48.4 (s.d. 14.7).  The mean of all transducer bites for Male 2 was 

209.0 (s.d. 61.2).  In a oneway analysis using a Wilcoxon test these are significantly 

different values (p<.0001) (Figure 16).  In this case average gnaw represented 23% of the 

average jaw closing force that Male 2 utilized during transducer biting. 
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Figure 16: Oneway comparison of all peak SI forces for wood block trials 

(GNAW) and transducer bites (ISO) for Male 2. 

3.4.6.2 Hypothesis 1 Top Ten 

In Vinyard et al. (2009) the Callithrix ratio data represented the 25 largest SI 

gouging forces and the 25 largest transducer bites.  The rationale behind this choice was 

to select the largest forces from the data set, because the hypotheses about wood 

gouging centered on high bite forces. Because the number of transducer bites in the 

study ranges from 13-23, 10 of the largest mandibular SI and transducer bites are 

selected for each individual.  Additionally, Male 2 is left out of analysis due to the low 

number of measured gnaws (N=7) for this subject. 
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The mean of the 10 largest mandibular superoinferior forces measured for 

Female 1 across all gnawing cycles was 112.247 (s.d. 17.6).  The mean of the 10 largest 

transducer bites for Female 1 was 148.3 (s.d. 27.7).  In a oneway analysis using a 

Wilcoxon test these are significantly different values (p=0.0036) (Figure 17).  In this case 

average gnaw represented 75% of the average jaw closing force that Female 1 utilized 

during transducer biting. 

 
Figure 17: Oneway comparison of 10 highest magnitude peak SI forces for 

wood block trials (GNAW) and transducer bites (ISO) for Female 1. 

The mean of the 10 largest mandibular superoinferior forces measured for 

Female 2 across all gnawing cycles was 108.419 (s.d. 16.3).  The mean of the 10 largest 

transducer bites for Female 1 was 292.2 (s.d. 35.0).  In a oneway analysis using a 
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Wilcoxon test these are significantly different values (p=0.0002) (Figure 18).  In this case 

average gnaw represented 36% of the average jaw closing force that Female 2 utilized 

during transducer biting. 

 
Figure 18: Oneway comparison of 10 highest magnitude peak SI forces for 

wood block trials (GNAW) and transducer bites (ISO) for Female 2. 

The mean of the 10 largest mandibular superoinferior forces measured for Male 1 

across all gnawing cycles was 108.511 (s.d. 10.8).  The mean of the 10 largest transducer 

bites for Male 1 was 260.2 (s.d. 13.4).  In a oneway analysis using a Wilcoxon test these 

are significantly different values (p=0.0002) (Figure 19).  In this case the average gnaw 

represented 41% of the average jaw closing force that Male 1 utilized during transducer 

biting. 
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Figure 19: Oneway comparison of 10 highest magnitude peak SI forces for 

wood block trials (GNAW) and transducer bites (ISO) for Male 1. 

3.4.7 Testing Hypothesis 2 

 The summary statistics for the mean ratio of the maxillary superoinferior 

force to the mandibular superoinferior force for each gnawing sequence are reported in 

Table 8. 
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Table 8: Summary statistics for ratios of Max(SI): Mand(SI) for individual 

gnawing sequences. 

Sequence N Mean St Dev Max Min 

F1.1 13 0.84623 0.041999 0.936796 0.774127 

F1.10 18 0.88907 0.098076 0.982205 0.616015 

F1.2 10 0.65758 0.125176 0.80396 0.366608 

F1.3 13 0.86732 0.037667 0.91597 0.799116 

F1.4 21 0.85556 0.095681 0.974481 0.553129 

F1.5 11 0.99057 0.034157 1.016721 0.896707 

F1.6 8 0.95508 0.049870 1.044893 0.895727 

F1.7 11 1.00915 0.050166 1.073185 0.924408 

F1.8 8 0.65406 0.066254 0.751616 0.553415 

F1.9 22 0.95997 0.052179 1.029807 0.85939 

F2.1 22 0.66401 0.105158 0.805065 0.434692 

F2.2 12 0.85056 0.064974 0.929992 0.771735 

F2.3 8 0.87086 0.079452 0.921633 0.724707 

M1.1 6 0.75950 0.075761 0.827772 0.614408 

M1.2 19 0.86748 0.078878 0.957273 0.704738 

M1.3 14 0.88260 0.047556 0.923282 0.756342 

M1.4 10 0.77961 0.109578 0.838789 0.476934 

M2.1 7 0.86355 0.048261 0.920587 0.77866 

 



 

73 

 

The maximum ratio of maxillary to mandibular superoinferior bite forces rose 

above 1 in four of the eighteen captured gnawing cycles.  The majority of data points for 

this ratio fall well below 1.0 (Figure 20). 

 
Figure 20: Oneway analysis of Max(SI): Mand(SI) ratio. Values <1.0 indicate 

the superoinferior forces being produced on the maxillary incisor are lower than ones 

being produced on the mandibular incisor. 

3.5 Discussion 

3.5.1 Hypothesis 1- High Bite Force  

The results fail to support the High Bite Force Hypothesis.  Contrary to the 

predictions of the hypothesis, when comparing data points from all recorded gnaws and 

all recorded transducer bites, the ratios measured for the subjects all fall well below the 

62% observed in Callithrix.  When the data for gnaws and for transducer bites were 

limited to the 10 highest magnitude values these ratios increased somewhat.  Female 1 
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used 75% of maximal superoinferior bite force during gnawing, while Female 2 and 

Male 1 used 36% and 41% respectively. The mean of the ten largest gnawing 

superoinferior forces is remarkably similar between individuals, but the maximum 

voluntary bite forces are very different. 

3.5.2 Hypothesis 2- Additions to the Bite Force 

The results for Hypothesis 2 are mixed.  The data on the whole support the broad 

proposal that Daubentonia is using something other than its jaw muscles to generate bite 

forces.  The majority of gnawing sequences offer provisional support to the predictions 

of the Neck Extension model demonstrating ratios well below 1.0.  However, these data 

do not offer statistically significant support for the Neck Extension model. 
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4. Feeding Energetics 

4.1 Introduction 

The work presented in this chapter characterizes the energetic costs of feeding 

behaviors in Daubentonia.  The feeding behaviors of Daubentonia studied are sequences of 

mastication, ingestion and mastication, and gnawing.  These data are used to evaluate 

two biomechanical hypotheses relating food material properties to the cost of feeding, 

the added costs of ingestion during feeding, and the costs of wood gnawing. 

4.2 Hypotheses and Predictions 

4.2.1 Hypothesis 1   

The energetic cost of feeding will be higher for tougher foods.  Toughness  (J*m-2) 

is a measurement of the work done on a food object to create new surface area, via crack 

propagation.  Tough materials require more work to be done on them prior to fracture 

than weak materials. Therefore, greater amounts of jaw muscle activation in terms of 

magnitude and/or duration should be required as food toughness increases.   The 

energetic cost of any behavior increases in proportion to the volume of muscle tissue 

activated during that behavior.  Therefore, the energetic costs of feeding should be 

positively correlated with food toughness. 

 Feeding costs will be compared between foods across a span of known 

toughness values (apple pulp with skin, seed kernels, and poplar wood, Table 4.1) to 
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evaluate this hypothesis.  Specifically, pulpy fruit (apple) should exhibit the lowest 

feeding costs while wood gnawing should show the highest feeding costs.  Energetic 

cost comparisons with wood gnawing will be presented as a rate of work to time (J/s). 

4.2.2 Hypothesis 2 – Added Costs of Ingestion.   

Whole food objects require processing on the anterior dentition prior to 

mastication.  The consumption of seeds in the shell should be more energetically costly 

than the consumption of small pieces of seed kernel that are ready to be masticated and 

therefore processed using the molars.  There are two potential causes of this increase in 

cost with independent predictions. 

 Prediction 1: Increased magnitude of the recruitment of jaw muscles may be 

required to fracture the shells of nuts.  Daubentonia uses its incisors to ingest foods.  

These anteriorly placed bites are mechanically disadvantaged in terms of bite force 

leverage.  Furthermore, when the whole food object is a nut with an intact shell, oral 

processing of a material that is tougher than those parts that will subsequently be 

masticated occurs.  This predicts that the processing and ingestion of nuts in their shells 

should result in a higher rate (J/s) of energy expenditure during feeding behaviors due 

to an increase in the magnitude of jaw adductor recruitment. 

 Prediction 2: The inclusion of processing and ingestion in a feeding sequence will 

increase the net costs of feeding per unit of food consumed (J/g).  Whether jaw muscle 
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recruitment increases in magnitude or not, the time spent consuming a whole food 

object (nut in the shell) will be greater than the time spent handling the same amount of 

food that is ready to be masticated (i.e., nut kernel pieces), requiring a greater duration 

of muscle contractions.  This increased handling time will result in an increased total 

cost per unit of food consumed. 

4.3 Materials and Methods 

4.3.1 Subjects 

Four Daubentonia from the Duke Lemur Center served as subjects for data 

collection in the energetics trials (Table 1).  The same subjects participated in the kinetics 

and energetics experiments.  The selected subjects were adult in age, but non-geriatric 

and with a normal dentition. 

4.3.2 Experimental Foods 

 Because the energetic costs of feeding are predicted to covary with food material 

properties (Druzinsky, 1993) foods were selected to span a range of values for 

toughness.  These foods fall into four tiers of increasing toughness: 1) apple pulp with a 

layer of apple skin attached to one side, 2) almond, walnut, and pecan kernels, 3) whole 

brazil nuts, walnuts, and pecans including the shells, and 4) poplar wood.  The material 

properties of experimental foods have not been directly measured.  Therefore, the range 

of toughness values for almond and brazil nut kernels (160.8-308.6 Jm-2) taken from 
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published studies are considered to represent the nut kernel category, and the range of 

measured toughness values for cherry and prune pits (2504.8-4355.5 Jm-2) were used as 

stand-ins for the shells in the whole nut category (Table 9). 

Table 9: Food Material Properties. (1: Williams et al, 2005. 2:Aydin et al 2007, 3: 

Lucas et al, 2009) 

 Toughness, J*m-2  Elastic Modulus, MPa 

Apple Pulp 56.9 (1) 3.4 (1) 

Apple Skin 682.9 (1) 12.9 (1) 

Almond Kernel 308.6 (1) 19.4 (1) 

Cherry Pit 2504.8 (1) 186.9 (1) 

Prune Pit 4355.5 (1) 189.48 (1) 

Poplar 14,825 (2) 5860 (2) 

Brazil Nut Kernel 160.8 (3) 33.84 (3) 

 

Experimental foods were offered in two states: 1) whole nuts with intact shells 

and 2) masticable pieces of food.  Brazil nuts, walnuts, and pecans were offered in their 

whole state.  Their dimensions are summarized in Table 10.  Nut kernels and apple 

pieces were presented in masticable pieces.  Pecan and walnut kernel pieces were 

presented in pieces of ~5mm in diameter.  Apple was presented in cubes with edge 

dimensions of ~5mm and apple skin on one surface.  Almond kernels were presented in 
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slivers with the dimensions ~3mm thickness and ~20mm maximum length.  The poplar 

blocks in the respirometry experiments are configured (size and orientation) in the same 

way as the ones presented in Chapter 3 (sub-section 3.3.2.1). 

Table 10: Whole nut dimensions (www.ams.usda.gov) 

Whole Nut Min (mm) Max (mm) 

Brazil Nut 30.8-34.6 37-43.6 

Walnut 39.4 17.9 

Pecan 25 35 

 

4.3.3 Experimental Apparatus 

4.3.3.1 Open Flow Respirometry 

Flow-through respirometry data were collected using the Field Metabolic System 

(FMS) from Sable Systems International, Inc. (Las Vegas, NV) and the associated 

software package (EXPEDATA) using the methods of Lighton (2008) and Withers (2001).  

The system was configured for excurrent flow measurement, in which ambient air was 

pulled through a recording chamber for analysis.   

The main airflow of ambient air (i.e., Main Flow) through the recording chamber 

was generated by a Sable Systems International, Inc Mass Flow Kit.  Main Flow rates 

during experimental recordings ranged from 135-200L/min.  In order to calculate water 

vapor pressure (WVP), oxygen (O2), and carbon dioxide (CO2) levels in the recording 

chamber, ambient air was subsampled at a sampling rate of 1 Hz and a subsample flow 
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rate of 200mL/min using a mass flow calibrated subsample pump located within the 

FMS.  The FMS includes precision sensors that measure WVP, O2, and CO2 at a 

sampling rate of 1Hz (Figure 21).  After measuring WVP and prior to measuring O2 and 

CO2, water vapor was scrubbed from the subsample flow using a column filled with 

dessicant (Drierite). 

 

Figure 21: Order of gas analysis through Field Metabolic System 

4.3.3.2 Recording Chamber 

 Recording sessions took place in the research space at the Duke Lemur Center.  

Flow-through respirometry experiments were performed with the subjects contained 

inside a plexiglass box (60cm x 60cm x 100cm) (Figure 22).  The top of the chamber was 

funnel-shaped, narrowing to a hole for the main flow hose. The opening of the main 

flow hose was shielded by a rubber coated wire grate with ½ inch spacing to prevent 

subjects from placing their hands or face in a position that would block air flow (Figure 

22).  The floor of the box was perforated with ½ inch holes, spaced evenly across its 

surface.  Thus, ambient air was pulled from under the box, past the subject, and 

collected into the main flow hose for subsequent analysis.  The even spacing of holes on 
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the bottom of the box collecting into a single hole at its top was intended to facilitate 

even gas mixture that minimized turbulence and laminar flow.  The floor of the box was 

set on elevated legs to permit smooth air flow from its underside. 

About 20cm from the floor of the box, a 60cm long polyurethane coated 

octagonal cedar pole (3” diameter) was fixed in a horizontal position.  The cedar pole 

was taken from the same stock as the poles in the subjects’ home enclosures.  

Daubentonia is an arboreal species, and the elevated perch provided the subjects them 

with the option of positioning themselves in a natural posture for feeding and gnawing.  

Additionally, the box was elevated relative to the experimenters to provide a more 

relaxing environment for the test subjects.  

 

Figure 22: Subject in recording chamber. 
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4.3.3 Experimental Procedure 

Subjects were fasted for approximately 15 hours prior to recording to ensure that 

metabolic costs associated with the absorptive period of digestion were negligible. A 

subject was transferred from its housing first thing in the morning and kept in a transfer 

crate to await the experimental session.  Body mass was measured while the subject was 

in the transfer crate. 

Room baselines readings of water vapor, oxygen, and carbon dioxide 

concentrations were measured in the box for 2-5 minutes prior to the introduction of the 

test subject.  After transfer into the box, the subject was observed until it appeared to be 

still and resting.  It should be noted that for a subset of trials, a resting metabolic rate 

prior to experimentation could not be measured, because the test subject would not 

settle.  After the collection of a stable resting metabolic rate, the subject was given a pre-

weighed and measured experimental food object and allowed to move and eat ad 

libitum.  Food objects were weighed to the nearest 0.1 gram using a digital scale before 

being offered to the subject.  Unrestrained feeding was performed in order to record 

feeding behaviors that approximated naturalistic feeding behaviors.  Subjects tended to 

adopt one of three postures: 1) draped perpendicular to the perch, 2) crouched on the 

floor, or 3) seated parallel on the perch (Figure 23).  
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Figure 23: Left Image: subject perpendicular to pole, processing walnut in 

shell; Center Image: subject on floor, masticating walnut kernel pieces; Right Image: 

subject parallel to pole, resting metabolic rate. 

After eating the subject was observed for a second resting period in order to 

measure a post-feeding metabolic rate.  The post-feeding metabolic rate includes an 

incremental cost associated with digestion.  During the experiments conducted in 

October, 2013, two-to-three experimental foods were introduced per session.  In these 

experiments, a post-feeding resting rate was collected between each food item.  At this 

point, the subject was transferred out of the box and the research room.  The remaining 

pieces of food or shell were carefully collected from the recording box and weighed 

again.  Another room baseline was measured through the box for 2-5 minutes. 

Experiments were digitally recorded using a single 60Hz digital video camera 

(Sony HDR-CX12 Handycam with 12x optical zoom) mounted on a standard tripod.  

The standard night setting of the camera was used.  Because Daubentonia is a nocturnal 

species, the room was lit with red light.  Additionally, the room was lit with a pair of 



 

84 

 

infrared flood lights placed on opposing sides of the box.  Infrared is outside the visible 

range for the subjects, but significantly increased the brightness of the recorded video.  

The infrared lights were also used to synchronize video to various behavioral events (see 

below) annotated in EXPEDATA by turning one on and off simultaneous to the 

placement of markers on the recording. 

4.3.4 Data Analysis 

4.3.4.1 Behavioral Log and Annotated EXPEDATA File.   

During data recording, events and behaviors were annotated using a time 

stamping function in EXPEDATA. The video recording and the annotated EXPEDATA 

data file were used to generate a behavioral log for each experimental session.  The 

behavioral log included activities of interest during the recording session. Activities of 

interest were used to provide an accurate temporal link between energetic events and 

behavioral events.  Activities of interest include: 1) box opening and closing, 2) start and 

stop of resting periods, and 3) start and stop of feeding periods, and 4) start and stop of 

major body movements such as descent from the horizontal pole.  The behavioral log 

recorded the video time stamp of events during these periods so that the video could be 

accurately linked to the energetic data.  The video was linked temporally with one or 

more annotated events in EXPEDATA using a flash of the infrared room light, most 

commonly done on the initial transfer of the subject into the recording box, to provide a 
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precise link between the video time stamp and the EXPEDATA time stamp. Periods that 

did not include whole body movements and in which the subject did not display signs 

of distress (e..g,  panting, shaking, vocalization) were selected for measurement of 

resting rates.   

 Figure 24 shows O2 and CO2 data from an experimental session where three 

experimental foods were measured.  The orange channel is the fractional concentration 

of O2 in the recording box after baseline and lag corrections.  The dark purple channel is 

the fractional concentration of CO2 in the recording box, baselined and lag corrected. 

The labelled periods are: 1) Pre-feeding resting period, 2) Feeding period for 1st food, 3) 

1st inter-bout resting period, 4) Feeding period for 2nd food, 5) 2nd inter-bout resting 

period, 6)  Feeding period for 3rd food, 7) Post-Feeding resting period. 

 

Figure 24: Sample recording of O2 and CO2 fractional concentrations with 

labelled periods. 

4.3.4.2 Raw Data Corrections for Drift and Lag.  

Following standard analytical procedures (Lighton, 2008), the two-point mouse 

drift correction transformation algorithm in EXPEDATA was used for both the O2 and 

CO2 data.  This transformation calibrated all O2 and CO2 data points in the file so that 
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O2 and CO2 concentration were spanned to a zero baseline.  Therefore, in the baselined 

data, O2 and CO2 concentrations are transformed to deviations from the zero baseline.  

Baselining is necessary for two reasons.  First, the O2 sensor has a temporal drift such 

that O2 concentrations decline slightly over time.  This decline is a function of the 

properties of the sensor and is corrected in the drift calibration algorithms in 

EXPEDATA. Second, because the research space was not well ventilated, during 

experimental sessions the O2 concentrations in the ambient air dropped steadily and the 

carbon dioxide concentrations in the ambient air rose steadily. The drift calibration 

algorithm also corrects for this type of ambient air drift. Additionally, the chemical-

reaction based O2 sensor lags in response to the light-based CO2 sensor.  A lag 

correction that aligned the peaks of the two channels was performed and shifted the O2 

channel forward 6-8 samples on average was therefore carried out using the lag 

algorithm in EXPEDATA. 

4.3.4.3 Calculation of Metabolic Rates using the Dry Corrected Main Flow Rate, O2 

Deviation, and CO2 Deviation.  

A set of equations (Withers, 2001; Lighton, 2008) were used to generate metabolic 

rates from the baselined data.  These equations use the main flow rate (Ve in L/min) 

corrected for WVP and ambient temperature (see below), and the O2 and CO2 

deviations from the zero baseline.  The equations calculate O2 and CO2 concentrations 

relative to standard atmospheric concentrations (O2: 20.94%, CO2: 0.044%).   
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 The WVP and temperature sensors do not require a drift or lag correction.  

However, WVP and temperature also steadily increased in the recording box and 

require separate inputs into the metabolic equations in order to calculate a dry corrected 

main flow rate (dry corrected main flow rate or Vc in L/min) that accurately represent 

the fractional column of air. Independent measurements of water vapor pressure and 

temperature were taken at each period of interest in order to accurately represent the 

fractional column of air. 

 Because water vapor was scrubbed upstream of the other gas sensors the 

primary flow rate needs to be lowered proportionally to the amount of water vapor that 

was removed from it in order for accurate calculations to be made of O2 consumption 

and CO2 production rates.  This dry corrected main flow (Vc, in L/min) was generated 

following the equation in Lighton (2008:96):  

Vc=Ve(BP-WVP)/BP 

The area beneath the lines of measured periods were taken using the area 

function in EXPEDATA and divided by the number of samples in that period for a  time-

averaged change in oxygen and carbon dioxide concentrations (ΔO2, ΔCO2).  The 

incurrent fractional concentration (FiO2) of oxygen was assumed to be the standard 

value at sea level (0.2094), and the incurrent fractional concentration (FiCO2) of carbon 

dioxide was assumed to be the standard value at sea level (0.00044).  The dry excurrent 
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fractional concentration (F’eO2, F’eCO2) was generated by subtracting the Δ from the 

incurrent value. 

The absolute oxygen consumption rate (VO2, in L/min) was generated using the 

following equation from Withers (2001): 

VO2 =  

 Absolute oxygen consumption rates were transformed into metabolic rates (MR, 

in J/kg/s) using the following equation from Withers (2001), where body mass is in 

kilograms: 

 

Net feeding metabolic rates (FMR) were generated by subtracting a resting 

metabolic rate (RMR) from the feeding or gnawing metabolic rate.  The majority of net 

FMR were created using a RMR that followed the feeding or gnawing event.  The only 

exceptions were cases where there was not a reliable RMR following the measured 

behavior. 

4.4 Results 

 Summary statistics of the data collected are presented below for each food type 

or feeding behavior by the calculated variable of interest.  They are presented with the 



 

89 

 

number of feeding bouts recorded (N), the mean, standard deviation, and range of 

values for each (Table 11, 12, 13). 

Table 11: Joules per second (J/s) by Food/ Behavior 

Food/ Behavior N Mean St Dev Min Max 

Almond Slices 9 3.57 0.87 2.42 4.81 

Apple Pieces 6 1.88 0.74 0.64 2.67 

Brazil Nut 5 4.23 0.62 3.46 5.17 

Pecan in Shell 4 3.15 1.00 1.95 4.34 

Pecan Kernel 6 2.71 0.78 1.52 3.56 

Poplar Gnawing 7 11.47 3.35 8.24 16.35 

Walnut in Shell 6 3.69 1.08 2.81 5.60 

Walnut Kernel 6 3.37 1.38 1.55 4.79 

 

Table 12: Joules per gram food consumed (J/g) by Food 

Food/ Behavior N Mean St Dev Min Max 

Almond Slices 9 123.36 35.60 67.22 169.88 

Apple Pieces 6 39.78 23.71 7.65 78.19 

Brazil Nut 5 104.76 33.06 67.52 155.17 

Pecan in Shell 4 186.90 78.71 103.43 281.31 

Pecan Kernel 6 57.77 23.83 27.83 79.44 

Walnut in Shell 6 134.99 34.43 86.74 190.02 

Walnut Kernels 6 83.00 34.70 32.31 136.64 
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Table 13: Grams food consumed per second (g/s) by Food 

Food/ Behavior N Mean St Dev Min Max 

Almond Slices 9 0.030 0.007 0.020 0.039 

Apple Pieces 6 0.057 0.021 0.033 0.083 

Brazil Nut 5 0.042 0.007 0.033 0.051 

Pecan in Shell 4 0.018 0.004 0.012 0.020 

Pecan Kernel 6 0.050 0.012 0.036 0.063 

Walnut in Shell 6 0.028 0.006 0.022 0.036 

Walnut Kernels 6 0.043 0.013 0.023 0.057 

 

4.4.1 Testing Hypotheses 1 

A Wilcoxon test found that poplar gnawing had significantly higher net feeding 

metabolic rates (J/s) than almond slices (p=0.001), brazil nuts (0.0058), and apple pieces 

(0.0034).  Brazil nuts were not significantly different in net feeding rate (J/s) than almond 

slices (p=0.2301), but had significantly higher costs than apple pieces (p=0.0081) (Figure 

25).  Apple pieces elicited a lower net feeding rate than all other foods and behaviors in 

the sample. 
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Figure 25: One-way comparison of net feeding rates (J/s) across data from 

eating almond slices, apple pieces, brazil nuts in shell, and poplar gnawing. 

As shown in Figure 26, Net Cost per Gram of food consumed was significantly 

lower for apple pieces than almond slices (Wilcoxon, p=0.0027) and also lower than 

brazil nuts (Wilcoxon, p=0.013).  Net Cost per Gram was not statistically different 

comparing almond slices and brazil nuts in shell (p=2.861).  
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Figure 26: One-way comparison of Net Cost per Gram (J/g) for almond slices, 

apple pieces, and brazil nuts. 

4.4.2 Testing Hypothesis 2 

4.4.2.1 Hypothesis 2, Prediction 1  

The first prediction of the second hypothesis is that Net Feeding Rate (J/s) is 

greater for whole nuts in their shell compared to pieces of nut kernels.  Net Feeding Rate 

(J/s) was not significantly different (Wilcoxon, p=0.5940) between consuming whole 

pecans in their shell and pecan kernel pieces (Figure 27). 



 

93 

 

 

Figure 27: One-way comparison of net feeding rates (J/s) for pecan in shell and 

pecan kernel pieces. 

 Net Feeding Rate (J/s) was not significantly different (Wilcoxon, p=1.0000) 

between consuming whole walnuts in their shell and walnut kernel pieces (Figure 28). 
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Figure 28: One-way comparison of Net Feeding Rate (J/s) for walnut in shell 

and walnut kernel pieces. 

In order to improve statistical power pecan in the shell and walnut in the shell 

were combined into a category “Whole Nut” (N=15, Mean 3.73, s.d. 0.97) and pecan 

pieces and walnut pieces were combined into the category “Kernel” (N=21, Mean 3.27, 

s.d. 1.03).  Net Feeding Rate for kernels vs whole nuts in shell was not significantly 

different (Wilcoxon, p=0.5752) (Figure 29). 
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Figure 29: One-way comparison of Net Feeding Rate (J/s) for whole nuts in 

shell and kernel pieces. 

4.4.2.2 Hypothesis 2, Prediction 2  

The second prediction of the second hypothesis is that Net Cost per Gram (J/g) 

will be greater for whole nuts in their shell compared to pieces of nut kernels.  The Net 

Cost per Gram (J/g) was significantly greater for pecan with shell than for pecan kernel 

pieces (Wilcoxon, p=0.0142) (Figure 30). 
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Figure 30: One-way comparison of Net Cost per Gram (J/g) for pecan in shell 

and pecan kernel pieces. 

The Rate of Food Consumption (g/s) during pecan in shell feeding experiments 

was significantly lower than that of pecan kernel mastication (Wilcoxon, p=0.0142) 

(Figure 31). 
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Figure 31: One-way comparison of the Rate of Food Consumption (g/s) for 

pecan in shell and pecan kernel pieces. 

Net Feeding Cost (J/g) was not significantly greater for walnut with shell than for 

walnut kernels (Wilcoxon, p=0.0656) (Figure 32). 
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Figure 32: One-way comparison of Net Feeding Cost (J/g) for walnut in shell 

and walnut kernel pieces. 

 The Rate of Food Consumption (g/s) during walnut in shell feeding experiments 

was not significantly lower than that of walnut kernel mastication (Wilcoxon, p=0.656) 

(Figure 33). 
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Figure 33: One-way comparison of the Rate of Food Consumption (g/s) for 

walnut in shell and walnut kernel pieces. 

In order to improve statistical power the net cost per gram (J/g) for pecan in the 

shell and walnut in the shell were combined into a category “Whole Nut” (N=15, Mean 

3138.76, s.d. 1.03) and pecan pieces and walnut pieces were combined into the category 

“Kernel” (N=21, Mean 93,09, s.d. 42.04).  The net cost per gram (J/g) was significantly 

higher (Wilcoxon, p=0.0005) than for whole nuts in the shell (Figure 34). 
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Figure 34: One-way comparison of Net Feeding Cost (J/g) for whole nuts in 

shell and kernel pieces. 

 The Rate of Food Consumption (g/s) was significantly higher for kernels (N 21, 

mean 0.039, s.d. 0.013) than for whole nuts in shell (N 15, mean 0.029894, s.d. 0.011) 

(Wilcoxon, p=0.0004) (Figure 35). 
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Figure 35: One-way comparison of Rate of Food Consumption (g/s) for whole 

nuts in shell and kernel pieces. 

4.5 Discussion 

4.5.1 Hypothesis 1 

The first hypothesis states that the energetic cost of feeding (J/s) will be higher for 

tougher foods.  This hypothesis is partially supported by the data presented.  Apple 

pieces incur the lowest energy expenditure rates (J/s) during mastication and also have 

the lowest values of toughness (Table 4.1).  Poplar gnawing incurs dramatically high 

energetic costs (J/s), and poplar wood has very high values of toughness (Table 4.1).  

Almond kernel slices and brazil nuts in shell do not incur significantly different 
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energetic costs.  This finding is tempered by the fact that shell breaking in brazil nuts is a 

very brief event when being processed by Daubentonia, taking less than 10 seconds of a 

112-214 second event.  It is likely that any increased demand imposed by the brazil nut 

shell is simply too brief to greatly impact the feeding rate cost of processing then 

consuming a brazil nut for Daubentonia.  

4.5.2 Hypothesis 2 

The second hypothesis states that the costs of preparing and consuming a whole 

nut in its shell will be greater than the costs of masticating pieces of the nut kernel.  The 

first prediction of this hypothesis is that there will be an increase in Net Feeding Rate 

(J/s) associated with the use of the anterior dentition to break shell and incise masticable 

pieces of food prior to mastication. This prediction of the second hypothesis is not 

supported by the data on nuts in their shell vs small, easily masticated kernels of those 

nuts.  There was no significant increase in Net Feeding Rate (J/s) observed when 

Daubentonia was processing whole nuts in their shells compared to masticating pieces of 

the inner kernel. 

The second prediction of the second hypothesis is that increased processing time 

will increase the Net Cost of Feeding (J/g) in whole nuts compared to nut kernels.  This 

prediction is supported by the data.  While there was not an increase in the rate of 

energetic expenditure to feed on whole nuts vs nut kernels, there was a large increase in 
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the Total Seconds Spent Feeding and therefore Net Cost of Feeding (J/g). Subjects spent a 

significant amount of the feeding bouts on whole nuts prying out pieces with their digits 

or incising the inner parts of the whole nuts.  Thus, the data suggest that the increase in 

time is more closely related to the time required to remove kernels from the seed casing 

than the time required to break into the seed casing. This increased time spent feeding is 

reflected in the lower calculated value for the Rate of Food Consumption (g/s) for whole 

nuts. 

4.5.3 Wood Gnawing 

The mean cost of wood gnawing in J/s was 2.7 times greater than the next highest 

feeding cost (for brazil nuts).  The mean gross feeding metabolic rate for wood gnawing 

(9.25 J/s/kg; s.d. 1.83) was 2.3 times greater than the mean resting metabolic rate (4.04 

J/s/kg; s.d. 0.95).  This suggests that the costs of wood gnawing as a sustained behavior 

are more similar to locomotory costs than typical feeding costs which range from being 

1.2-1.8x greater than the resting metabolic rate (Wall, 2016). 

Since the energetic costs of locomotion have not been measured in Daubentonia, 

an equation ( , where Erun is the energetic cost of transport 

and Mb is body mass) can be used to predict the net energetic cost of transport (COT) 

based on body mass (Rubenson, 2007).  An average body mass of 2.86kg for the 

Daubentonia subjects gives a COT of 8.97 J/kg/m, where J is Joules, kg is body mass in 
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kilograms, and m is meters).  By multiplying the predicted COT by velocities measured 

during locomotion in Daubentonia (0.76-0.63 m/s from Kivell et al, 2010), the energetic 

costs per unit time at typical locomotor speeds are estimated to be between 5.65 and 6.82 

J/kg/s.  Multiplying again by the average body mass of the experimental subjects, an 

estimated locomotion cost for Daubentonia is 16.16 - 19.5 J/s. These estimates indicate that 

the mean energetic cost of poplar gnawing (11.47 J/s) is more similar to locomotor costs 

than to the next most costly feeding behavior (mean energetic cost for brazil nuts in their 

shell = 4.23 J/s), being less than 5 J/s lower than locomotor costs on average, but more 

than 6 J/s higher than seed predation. 
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5. Conclusions 

The primary aim of this dissertation was to collect performance data on feeding 

behaviors in Daubentonia madagascarienses. Two methodologies were used to approach 

the function of the feeding apparatus: (1) measurement of bite kinetics during wood 

gnawing trials and (2) measurement of calorie expenditure during naturalistic feeding 

behaviors ranging from eating pieces of fruit to gnawing wood. 

5.1 Summary 

The main results of this thesis are: (1) Daubentonia generates significantly lower 

peak magnitude forces during gnawing behaviors than they are capable of producing on 

an isometric bite transducer.  The top ten maximal voluntary bite forces averaged 299.7N 

(s.d. 25.9) while the ten greatest gnawing forces averaged 125.1N (s.d. 15.9).  Daubentonia 

used a lower proportion of peak magnitude bite force (41.7%) to gnaw than did Callithrix 

jacchus (62%) (Vinyard et al 2009).  This finding suggests that the relatively large jaw 

adductor PCSAs measured in Daubentonia do not function as a means to routinely 

produce high magnitude bite forces during gnawing behaviors.  (2) Daubentonia appears 

to recruit postcranial musculature to modify the direction and magnitude of bite forces 

during gnawing.  The ratio of jaw adducting bite forces measured simultaneously on the 

upper incisors to the jaw adducting bite forces measured on the lower incisors had a 
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grand mean of 0.85 (s.d. 0.11) across trials, ranging in values from a maximum of 1.07 to 

a minimum of 0.37.  Across the 18 individual gnawing cycles measured, one trial had a 

mean ratio of 1.01 (s.d. 0.05) and four trials had maximum ratios above 1.  The minimum 

value of this ratio never rose above 1.  This finding suggests that Daubentonia is capable 

of modulating the magnitude and direction of its bite force vectors, most frequently by 

generating an added moment that would extend the neck. (3) The energetic costs of 

feeding were related to the toughness of foods, with the lowest rate costs measured from 

mastication of apple pieces (1.88 J/s) and the highest rate costs measured from gnawing 

poplar wood (11.47 J/s).  However, the feeding rate costs were not significantly different 

between masticating almond slices (3.57 J/s) and eating brazil nuts in the shell (4.23 J/s). 

Moreover, net feeding rate costs (J/s) were not increased in subjects consuming pecans 

and walnuts in the shell compared to small pieces of pecan and walnut kernel.  (4) The 

increased duration of feeding bouts and the increased number of bites required to break 

down whole nuts increased the cost per gram of food consumed relative to the cost of 

masticating nut kernels. Thus, the net feeding costs (J/g) were greater for consuming a 

nut in the shell compared to kernel pieces.  The energetics data suggest that Daubentonia 

does not significantly increase the magnitude or rate of jaw muscle contraction during 

the processing of whole nuts compared to masticating nut kernels. In other words, the 

force needed for exocarp fracture may only require a small increase in the magnitude of 
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jaw muscle recruitment relative to the maximal voluntary recruitment of the muscle.  

However, increased muscle recruitment is the likely source of the increased costs 

associated with wood gnawing (see 5.1.3).  The findings also highlight the contribution 

of the time required to complete a feeding task to the energetic costs associated with that 

task.      

5.1.1 The Ecomorphology of Daubentonia 

  In the wild, Daubentonia consumes foods that are encased in tough and stiff 

protective coverings, including wood-boring larvae and ramy nuts.  It has previously 

been proposed that their unique suite of crandiodental specializations serve to generate 

the high magnitude bite forces that are required for gnawing into wood or tough seeds 

(Cartmill, 1974). These structurally defended foods are 1) of high caloric value, but 2) 

primarily consumed seasonally, when preferred foods are less available, suggesting that 

they are energetically costly to consume. 

 The isometric bite force data indicate that Daubentonia is capable of producing 

large anterior bite forces.  Compared to data from Hylander (1979:268) on isometric bite 

force on the incisors in macaques (weighing between 3 and 5 kg), Daubentonia is capable 

of producing maximal isometric bite forces at the incisors that are 3.4 times larger than a 

female macaque. 
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However, the experimental data in this thesis suggest that Daubentonia does not 

utilize relatively large bite forces during extractive foraging behaviors, but may incur 

significantly increased costs.  Under the experimental conditions described in chapter 3, 

Daubentonia utilizes a relatively small proportion of its maximal voluntary bite force 

during wood gnawing behavior (41.7%) compared to Callithrix jacchus (62%).   

While the mean value of the top ten highest magnitude gnawing forces was 

absolutely greater in Daubentonia (125.1 N) than in Callithrix (28 N), Callithrix produced 

gouging forces that were proportionally larger for its body size.  Peak gouging forces in 

Callithrix were around 8x greater than its body weight (Vinyard et al 2009), while peak 

gouging forces in Daubentonia were around 4.5x greater than its body weight.  The 

combined masseter and temporalis PCSA for Daubentonia is 18.1 cm2 (Perry et al, 2014) 

and 3.3 cm2 for Callithrix (Taylor et al, 2009).  Scaled to jaw adductor PCSA, Daubentonia 

generated 6.9 N/cm2 while Callithrix generated 8.4 N/cm2.  Daubentonia generated about 

82% the bite forces during wood gnawing that Callithrix did during wood gouging 

behaviors, scaled to jaw adductor PCSAs reported from literature. This finding suggests 

that wood gnawing (or gouging) is not necessarily a behavior that requires high peak 

forces, but instead relies on many, lower magnitude bites to accomplish substrate 

breakdown.  Further work to characterize the impulse of the bite force curves may shed 

light on this. 
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 Under experimental conditions, Callithrix gouged with maximal gapes of 23.8mm 

(s.d. 1.1mm, n=25).  The maximal passive gape measured from sedated Callithrix was 

29.5mm.  Callithrix used around 80% of gape capacity during gouging behaviors.  Three 

of the four experimental subjects were measured for passive gape under sedation.  

Female 2 had a passive gape of 31.8mm, Male 1 had a passive gape of 33.3mm, and Male 

2 had a passive gape of 37.1mm.  While jaw kinematics were not measured during the 

experiments reported here, Krakauer (2005) reports Daubentonia gouge lengths 

averaging 27.5mm.  Using these measurements, Daubentonia uses around 80% of gape 

capacity during gouging behaviors.  While Daubentonia and Callithrix use relatively 

similar proportions of their maximal gape capacity during wood biting behaviors, 

Daubentonia generates relatively less gape when scaled to body size. 

Shell breaking is unlikely to require higher magnitude bite forces than wood 

gnawing.  Prune pit toughness (Jm-2) values are roughly a third of those measured in 

poplar wood, and the elastic modulus of poplar wood is many times greater than those 

observed for the pit shells (see Table 9).   However, the bite forces produced during shell 

breaking could not be directly measured.   The metabolic costs of processing whole nuts 

in their shell offers a method of assessing whether this task is accomplished by 

increasing the magnitude of jaw adductor force and/or by increasing the number of 

times the jaw muscles are recruited.  If incisal preparation of whole nuts requires an 
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increase in the magnitude of jaw muscle adduction, there should be an increase in the 

rate of energy consumption by those muscles.  This would appear as in increase in the 

net feeding metabolic rate (J/s).  The experimental data show that Daubentonia does not 

significantly increase its feeding metabolic rate (J/s) to process whole nuts in the shell 

relative to masticating pieces of the kernel, but does incur an increase in the Net Feeding 

Cost (J/g) as a result of the increased number of bites required to prepare them for 

ingestion. 

Daubentonia utilizes less of its maximal voluntary bite force during gnawing 

behaviors than Callithrix under similar experimental conditions.  This finding is 

puzzling, in the light of their relatively large jaw adductor cross sectional areas 

compared to other strepsirrhines (Perry and Wall, 2008; Perry et al, 2014).  Additionally 

processing and ingesting whole nuts does not require a greater rate of energy 

expenditure (J/s) compared to masticating kernel pieces for Daubentonia under 

experimental conditions.  Increased net costs were associated with increased time spent 

feeding.  It is worth noting that while the longest uninterrupted bout of shell breaking 

for brazil nuts was less than 10 seconds, wild Daubentonia have been observed spending 

33-63 seconds scraping off pulp and gnawing the shell of ramy nuts before extracting 

and ingesting the contents (Iwano and Iwakawa, 1988).  It may be that the difficulty of 
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accessing ramy nuts requires increased jaw muscle recruitment compared to their brazil 

nut experimental avatar. 

Based on the experimental results of this thesis, it would appear that the 

relatively large jaw adductor PCSA of Daubentonia may function to resist fatigue due to 

repeated cycling of the jaw musculature, and not for the routine generation of high 

magnitude bite forces during feeding behaviors.  Their relatively large capacity for 

producing jaw adductor force may mean that anteriorly placed bites require a 

proportionally small increase in muscle recruitment to generate comparable bite forces 

to ones generated on the posterior dentition.   

Additionally, the occlusal surface of the incisors in Daubentonia are both 

labiolingually and mesiodistally narrow, which will increase bite pressure from a given 

amount of bite force relative to larger/blunter teeth (Straight, 1997).  This specialization 

may further serve to reduce the amount of muscle recruitment required to generate and 

propagate cracks in food objects.  

Their large jaw muscle PCSA, shortened mandible, and sharp, cusp-shaped 

incisors suggest that Daubentonia is optimized for generating tremendous bite pressures, 

almost to the exclusion of other feeding “tools”.  This suggests that they are specialized 

for opening stress-limited food objects using their anterior dentition.  Their flat, nearly 

cuspless, molar teeth indicate that they are relatively incapable of shearing tough food 
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objects in mastication.  During the feeding experiments, subjects completely avoided the 

apple skin and used their incisors to scrape apple pulp.  The cheek teeth in Daubentonia 

appear to function primarily for mashing and grinding foods of low toughness.  

Optimization for bite pressure may explain the low bite forces generated during wood 

gnawing.  Sharp, narrow incisors appear to be an effective cost savings tool, decreasing 

the need to generate high bites forces by focusing those forces on a narrower surface 

area.  This incisor morphology is most similar to ones found in mixed fruit-seed 

predators amongst caviomorph rodents (Croft, 2011) and is unlike the spatulate ones 

observed in wood-cutting rodents like beavers (Rybczynksi, 2008).  This morphological 

similarity suggests that the extreme dental specializations in Daubentonia are related to 

opening the shells of nuts, not removing wood material. 

5.1.2 Post-cranial Contributions to Feeding Behaviors 

 This study provides the first evidence that bite forces may be generated 

asymmetrically on the maxillary and mandibular dentition during naturalistic feeding 

behaviors.   Ratios of peak bite force from the upper incisor to simultaneously recorded 

bite forces from the lower incisor support the hypothesis that Daubentonia is using its 

post-cranial musculature to modify its bite forces.  In the majority of cases, the ratio 

supports the Neck Extension model of gnawing (see Chapter 3) which predicts increased 

bite forces on the mandibular incisor relative to the maxillary incisor.  While this study 
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does not have the paired kinematic data that would be required to generate a static 

kinetic model of the feeding apparatus, the Neck Extension model does suggest that 

post-cranial contributions to bite force may also be capable of altering the direction of 

bite reaction forces. 

In contrast to food processing and mastication, wood gnawing under 

experimental conditions was extremely energetically costly.  Wall et al. (2016) showed 

that feeding metabolic rates are slightly elevated relative to resting metabolic rates 

(ranging from approximately 1.2 to 1.8 times the resting metabolic rate) and lower than 

the relatively high costs of locomotion, which tend to be associated with sustained 

metabolic rates of between 2 and 4 times resting metabolic rate.  This is likely due to the 

proportionally small jaw adducting musculature used for feeding compared to the 

proportionally large limb and trunk musculature.  However, Daubentonia appears to 

recruit the post-cranial musculature during gnawing behaviors, an inference that is 

supported by both the kinetic and the energetic data.  Therefore, gnawing metabolic 

costs may be more similar to those incurred during locomotion than regular feeding 

metabolic costs.    

 Animals routinely incise foods or substrates that are 1) fixed to an external point 

(i.e. biting bark, stripping leaves, biting meat from a carcass, etc.) or 2) being manually 

manipulated (i.e. peeling fruit, stripping bamboo, etc.).  Under these conditions animals 
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may be using post-cranial musculature to “assist” the jaw adductors during feeding 

behaviors.  The use of post-cranial musculature may result in 1) alterations in the 

direction and magnitude of bite forces that cannot be predicted from the feeding 

apparatus and 2) increased metabolic costs relative to those predicted for feeding 

behaviors. 

 In the first case, bite forces during assisted biting are likely to be altered in 

magnitude and direction from what would be predicted on the basis of the morphology 

of the feeding apparatus.  This alteration in bite vector will generate stresses on the 

craniofacial skeleton that are not predicted by vectors estimated on the basis of 

morphology.    The neck-extension model would predict that forces from the neck and 

post-crania are being transmitted through the temporomandibular joint (TMJ). It is 

possible that the large surface area of the TMJ in Daubentonia is partially a response to 

increased loading.   

In the second case, assisted biting behaviors may incur much greater energetic 

costs than those predicted on the basis of jaw-muscle mass.  Daubentonia generated 

metabolic costs during wood gnawing that approached their predicted costs of 

locomotion.  The use of time spent feeding as a means of understanding the daily energy 

budgets of primates may grossly underestimate the costs of post-cranially assisted 
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feeding behaviors that are important to many primate species that are extractive 

foragers. 

5.1.3 Limitations 

In the wild, Daubentonia gnaws into partially rotted wood to extract larvae, not 

dried poplar blocks.  Studies of wood decay show that bending toughness drops 20-50% 

by the time there is a 2% drop in weight in hardwoods (Brischke et al, 2008). The relative 

weakness of rotted wood may impact findings from both the kinetics and energetics 

experiments.  While the gnawing bite forces recorded were relatively low on poplar 

blocks, they may be even lower on a partially rotted, and therefore weaker and more 

compliant, substrate.  Additionally, gnawing rotted wood should be expected to incur 

lower energetic costs given the rapid drop-offs in metrics of wood toughness and 

strength. 

Another potential caveat should be considered with regard to the artificial 

geometry of the instrumented wood blocks.  During wood gnawing trials, subjects were 

presented with a flat, 2-dimensional surface that was slightly recessed (~3mm) inside an 

aluminum box.  The majority of substrates for gnawing for wild Daubentonia are 

probably not flat, but instead present some increased degree of texture or 3-

dimensionality.  It is possible that the relatively low forces and the relatively high costs 

during gnawing are partially a result of needing to generate enough anteroposterior 
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force to anchor the incisors in the substrate and generate bite forces orthogonal to its 

surface.  

The ratio of the ten largest peak magnitude bite forces recorded during gnawing 

to the ten largest peak magnitude bite forces during transducer biting showed some 

inter-individual variation.  Female 1 used the greatest proportion of maximal voluntary 

bite force (75%) to gnaw poplar blocks, while Female 2 (36%) and Male 1 (41%) used 

relatively low proportions of maximal voluntary bite force to gnaw.  Female 1 was very 

hesitant to bite the transducer and required two sessions of data collection to accumulate 

greater than 10 bites.  The top 10 peak magnitude gnawing forces from the mandibular 

incisor for each subject were not significantly different from one another, but the 

transducer bites for Female 1 were significantly lower than the other subjects.  It is likely 

that Female 1’s high ratio of voluntary bite force used during gnawing is an anomaly 

stemming from her unwillingness to bite the transducer. 

A final caveat is related to the lack of increase in feeding rate costs associated 

with processing whole nuts in the shell.  Nut shells are tougher or harder than nut 

kernels and should require a relatively increased recruitment of jaw adductors at an 

increased metabolic cost to accomplish their breakdown.  However, shell-breaking 

events measured in the energetics experiments were so brief that they were effectively 

washed out of the signal by kernel extraction and ingestion.  



 

117 

 

5.2 Future Directions 

Wood gnawing has been proposed to require high bite forces (Cartmill, 1974).  

The utilization of high bite forces has been suggested as a means of substrate breakdown 

in Daubentonia on the basis of its cranial morphology (Cartmill, 1974; Toler 2010) and on 

the basis of its jaw adductor morphology (Perry and Wall, 2008; Perry et al, 2014).  

However, under experimental conditions Daubentonia is capable of producing large bite 

forces on a transducer, but does not utilize high peak bite forces during gnawing 

behaviors on poplar wood.  The data in this thesis, combined with findings in Callithrix 

(Vinyard et al, 2009) suggest the need for increased measurement of performance during 

naturalistic feeding behaviors across species. 

Furthermore, the demonstration that Daubentonia is unequally loading its maxilla 

and mandible during gnawing behaviors suggests a host of potentially confounding 

variables to the modelling of anterior biting.  Current static models of the feeding 

apparatus do not account for the alteration of bite forces by the post-crania.  In species 

where extensive incisal preparation of food objects is routinely required prior to 

ingestion current predictions of jaw function from musculoskeletal anatomy may be 

inaccurate with regards to anterior biting.  More and better kinetic and kinematic data 

on species that routinely scrape, gnaw, or gouge substrates are required to determine 
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whether this phenomena is limited to an extreme case (Daubentonia) or if it is a common 

feature of anterior biting. 
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