
 

iv 

 

Lemur Teeth in Three Keys: Dietary Adaptation, Ecospace Occupation, and 

Macroevolutionary Dynamics 

by 

Ethan L. Fulwood 

Department of Evolutionary Anthropology 

Duke University 

 

Date:_______________________ 

Approved: 

 

___________________________ 

Doug Boyer, Supervisor 

 

___________________________ 

Richard Kay, Chair 

 

___________________________ 

Daniel McShea 

 

___________________________ 

Blythe Williams 

 

___________________________ 

Elizabeth St. Clair 

 
Dissertation submitted in partial fulfillment of 

the requirements for the degree of Doctor 

of Philosophy in the Department of 

Evolutionary Anthropology in the Graduate School 

of Duke University 

 

2019 

 

 
 

ABSTRACT 



 

 

Lemur Teeth in Three Keys: Dietary Adaptation, Ecospace Occupation, and 

Macroevolutionary Dynamics  

by 

Ethan Fulwood 

Department of Evolutionary Anthropology 

Duke University 

 

Date:_______________________ 

Approved: 

 

___________________________ 

Doug Boyer, Supervisor 

 

___________________________ 

Richard Kay, Chair 

 

___________________________ 

Daniel McShea 

 

___________________________ 

Blythe Williams 

 

___________________________ 

Elizabeth St. Clair 

 
An abstract of a dissertation submitted in partial 

fulfillment of the requirements for the degree 

of Doctor of Philosophy in the Department of 

Evolutionary Anthropology in the Graduate School of 

Duke University 

 

2019 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by 

Ethan Fulwood 

2019 

 



 

 

iv 

Abstract 

Dietary adaptation appears to have driven many aspects of the high-level 

diversification of primates. Dental topography metrics provide a means of quantifying 

morphological correlates of dietary adaptation and can be used to reconstruct dietary 

adaptation in extinct taxa, model ecospace occupation, and capture macroevolutionary 

trends across deep time. However, difficulties may arise in the interpretation of dental 

topography metrics from A) their sensitivity to digital mesh processing choices; B) their 

tendency to average morphological information across tooth surfaces; and C) potential 

mismatches between the material properties understood theoretically to drive tooth 

shape and the measured properties of categorically defined primate diets. The full 

potential of pairing dental topography metrics with modern phylogenetic comparative 

methods, which would allow the evolutionary history of diet in large clades to be 

explored statistically, has yet to be explored. 

In this dissertation, I attempt to address issues in the application of dental 

topography metrics, and extend them to new questions, using strepsirrhine primates as 

a model. The effectiveness of a recently described dental topography metric, ariaDNE, 

which is robust to details of mesh processing, in describing dietary adaptation in lower 

second molars is assessed. It is found that it performs at least as well as metrics more 

sensitive to mesh processing decisions. ariaDNE is then applied to segmented regions of 
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lower second molars in order to assess the effect of averaging together potentially 

adaptively distinct tooth structures. I found no evidence that the aggregation of tooth 

structures significantly impairs dietary classification. These studies employ explicit 

methods for measuring overfitting risk, which has not previously been emphasized in 

applications of dental topography metrics. 

Tooth shape is believed to reflect differences in the underlying material 

properties of the foods consumed by mammals, but the categories used to classify taxa 

to diets have inconsistent relationships with these food material properties. I attempt to 

address this inconsistency by relating tooth shape to expected geographic gradients in 

food material properties, an approach known as ecometrics. Dry, seasonal environments 

are expected to be associated with dental topography metrics associated with processing 

tougher foods. I find that ariaDNE is highest in highly seasonal but wet environments, 

supporting a role for the seasonal exploitation of fallback foods and that the availability 

of new leaves during wet periods may be important in driving community tooth 

sharpness. Tooth complexity is primarily driven by a stepwise increase in rainforest 

environments. 

Dental topography metrics are then applied to several questions concerning the 

evolutionary history of lemurs. They are used to reconstruct the diets of seven genera of 

recently extinct, giant, subfossil lemurs, and find many of them to have exploited fruits 

and hard objects. Ecometric models are also applied to the reconstruction of 
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paleoclimate at the ~500 year-old subfossil cave site of Ankilitelo, which records the last 

appearance of many subfossil lemur taxa. Models reconstruct a moister climate for 

Ankilitelo at the time of the accumulation of its subfossil fauna, supporting a role for 

climate alteration in the extirpation of the giant lemurs. 

Finally, Dental topography metrics are combined with phylogenetic comparative 

methods to model the dietary evolution of lemurs in the context of adaptive radiation 

theory. Dental topography metrics do not show an early burst in rates of change or a 

pattern of early partitioning of subclade disparity in lemurs. However, rates of transition 

toward folivory were highest during the Oligocene, an interval of possible forest 

expansion on the island and of the dispersal of non-chiromyiform lemurs to 

Madagascar. Reconstruction of the ancestral molar morphology of ancestral nodes of the 

lemur tree suggest that the diversification of large bodied lemurs may have been driven 

by a shift toward the exploitation of defended plant resources.
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1. Introduction  

The first mammals were distinguished from other Triassic synapsids by their 

smaller body size and active, high energy lifestyles (Ungar, 2010). This seems linked to 

their invasion of insectivorous niches, which selected for substantial modification of 

their masticatory apparatus to allow for highly complex lateralized chewing behavior 

and of the teeth to facilitate en echelon shear (Simpson, 1933; Crompton, 1970; Luo et al., 

2011; Bhullar et al., 2019). With some exceptions, mammals remained largely confined to 

small-bodied, insectivorous niches throughout Mesozoic, a bauplan that remains 

common today, but the Cenozoic saw mammals diversify into an enormous array of 

additional adaptive zones (Van Valen, 1971; Alroy, 1999; Rose, 2006; Halliday and 

Goswami, 2016; Chen et al., 2019). The ecological diversification of mammals has 

occurred across multiple axes, but as in the adaptive origins of mammals, dietary 

ecology appears to have played a particularly important role (Ungar, 2010). 

The processes and patterns of morphological diversification represent major 

areas of inquiry for vertebrate paleontologists (e.g. Simpson, 1944). Adaptive radiation 

theory suggests that diversification occurs in response to events which increase 

ecological opportunity, such as dispersal, the extinction of potential competitor clades, 

or increases in available habitat due to climatic trends (Gavrilets and Losos, 2009; Glor, 

2010; Yoder et al., 2010; Stroud and Losos, 2016). Evolving mammal clades appear to 

have expanded into available ecospace through rapid, divergent ecomorphological 
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evolution in several instances (Hunter and Jernvall, 1995; Cooper and Purvis, 2010; 

Halliday and Goswami, 2016). 

Strepsirrhine primates represent an excellent system for evaluating relationships 

between ecomorphological diversification and ecological opportunity. The evolutionary 

history of primates is closely linked to changes in abiotically determined ecospace 

conditions, particularly to warm wet conditions that encourage the development of 

tropical forests (Reed and Fleagle, 1995), and to dispersals and radiations on new 

landmasses (Yoder et al., 1996; Smith et al., 2006; Jaeger et al., 2010; Bond et al., 2015), 

suggesting that replicated adaptive radiations may have played an important role in 

primate diversification. Dietary ecomorphology is tractable in both extant and extinct 

strepsirrhines through morphological descriptors of the shapes of their molar teeth (Kay, 

1975; Sheine and Kay, 1982; Bunn et al., 2011; Winchester et al., 2014). This dissertation 

seeks to understand the pattern of dietary diversification in strepsirrhines as a model for 

a clade’s evolutionary exploitation of available ecospace. Understanding this pattern 

involves three areas of inquiry. The first examines methods for characterizing 

ecologically significant functional morphology (= “ecomorphology”) in the teeth of 

strepsirrhines. The second examines the correspondence between these metrics and 

habitat niche at community scales by modelling them as ecometrics. The third uses 

phylogenetic approaches to model the rates of evolution in these metrics across intervals 

of potential ecological opportunity in the evolutionary history of lemurs. This work 
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builds on a foundation of studies relating tooth shape to the material properties of foods 

characterizing ecologically relevant aspects of diet. 

1.1 Dental ecomorphology and diet 

A body of literature, dating from Aristotle (De Historia Animalium, De Partibus 

Animalium), has related the shapes of postcanine teeth to their function in food fracture 

and dietary ecology in mammals. For much of the history of the discipline, studies have 

relied upon qualitative description (Gregory, 1922; Simpson, 1933; Crompton, 1970). 

Recently, quantitative approaches have become feasible and various metrics have been 

developed to quantify aspects of the occlusal surface of teeth presumed to hold 

functional significance.  

“Shape descriptors” are intended to capture functional variation in organismal 

morphology (Evans, 2013). Dental shape descriptors have included “shearing metrics,” 

quotients and ratios quantifying the hypothesized shearing potential of the crests on the 

surfaces of teeth, and “dental topography metrics,” which attempt to capture functional 

properties of the shapes of whole tooth surfaces (Ungar and Williamson, 2000). Several 

descriptors have proven successful in classifying extant taxa by dietary ecology when 

used individually or in combination (Kay, 1975, 1978; Kay and Covert, 1984; Ungar and 

Williamson, 2000; Boyer, 2008; Bunn et al., 2011; Winchester et al., 2014). The shearing 

metrics shearing quotient (SQ) and shearing ratio (SR) quantify the development of 

shearing crests on the tooth surface by summing the lengths of identifiable mesiodistal 
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crests and calculating either their deviation from the value predicted by a line of 

regression fit using frugivorous taxa (SQ) or a ratio between crest length and tooth 

length (SR) (Kay, 1975; Kay and Covert, 1984; Strait, 2001; Allen et al., 2015; Boyer et al., 

2015a). These metrics directly capture those aspects of tooth shape closely linked to the 

ability of mammals to efficiently process structural carbohydrates, and have proven 

valuable in capturing dietary adaptation in a wide range of primate taxa (Kay and 

Cartmill, 1977; Sheine and Kay, 1982; Ungar and Kay, 1995; Kirk and Simons, 2001; Allen 

et al., 2015). However, dental topography metrics offer advantages over SQ and SR in 1) 

incorporating more potentially relevant functional information from the whole occlusal 

surface, 2) ease of automation for the analysis of large samples, and 3) reduced reliance 

on the identification of homologous structures during comparison among 

phylogenetically disparate taxa (Ungar and Williamson, 2000; Boyer, 2008; Bunn et al., 

2011; Winchester et al., 2014). 

The dental topography metrics slope, angularity, orientation patch count (OPC), 

relief index (RFI), and Dirichlet normal energy (DNE) have all been successfully applied 

to prosimian primates (Boyer, 2008; Bunn et al., 2011; Winchester et al., 2014; Pineda‐

Munoz et al., 2016; Evans and Pineda-Munoz, 2018). Dental topographic analysis 

originally employed tools from geographic information systems (GIS) to calculate 

parameters of tooth shape from occlusal surfaces represented as digital elevation models 

(DEM) (Zuccotti et al., 1998; Ungar and Williamson, 2000). DEM could be used to 

calculate slope, which reflected the height of the tooth crown and crown structures, and 



 

5 

the rate of change in slope (angularity), which captures sharp crests on the tooth surface 

(Ungar and Williamson, 2000). Angularity appears to have the unique property of 

maintaining constant values across most wear stages in lemurs and other primates 

(Ungar and Williamson, 2000; King et al., 2005; Bunn and Ungar, 2009).  

OPC was also derived from DEM slope analysis tools to describe the complexity 

of the tooth surface as the number of surfaces (=slopes) sharing a single aspect (Evans et 

al., 2007; Evans and Jernvall, 2009; Pineda‐Munoz et al., 2016; Evans and Pineda-Munoz, 

2018). The calculation of OPC proceeds by first identifying regions of a digital model 

sharing a slope of the same orientation in one of a set number of cardinal directions 

(typically eight). The number of “patches” of pixels sharing slopes of the same 

orientation is then counted. A simple tooth like the carnassial of a hyper-carnivore will 

have a relatively low OPC, while a tooth with many intersecting crests and cusps or, 

alternatively, a tooth with a high degree of enamel crenulation, will have a higher score 

(more patches). OPC attempts to quantify the “number of tools” present on a dental 

surface as the number of intersections between patches, which makes it unique as a 

topography metric, most of which describe the “shape of the tools” (Evans et al., 2007; 

Evans and Jernvall, 2009; Pineda‐Munoz et al., 2016; Evans and Pineda-Munoz, 2018). 

Crown relief, the total elevation of the occlusal surface, provides one 

straightforward method of describing “tool shape.” RFI quantifies occlusal relief using a 

ratio of the area of the crown surface to the cross-sectional area of the tooth (Ungar and 

Williamson, 2000; Boyer, 2008). A tooth with pointy cusps and deep basins should have 
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high RFI, which captures sharpness to some degree. However, the formulation of RFI 

sensu Boyer (2008) is closer to a hypsodonty measure, as it includes the side walls of the 

teeth and could be high even if the occlusal surface is relatively flat. 

DNE describes the curvature of the occlusal surface as deviation in normal 

energy from a plane (Bunn et al., 2011; Winchester, 2016). Although calculated 

differently, it is conceptually similar to angularity in representing the change in polygon 

orientation across a tooth surface (Bunn et al., 2011; Winchester, 2016). DNE and RFI 

both capture variation in tooth sharpness, which, like shearing crest length, is associated 

with the processing of structural carbohydrates. However, DNE can be calculated on 

digital surfaces independent of the orientation of the tooth, a major advantage in 

automating the analysis of large numbers of specimens, and is less sensitive to variation 

in cropping of digital models at the crown margin (Bunn et al., 2011). A recent 

modification of DNE, called ariaDNE, averages local vertex bending over a local region 

of a pre-set bandwidth (Shan et al., 2019). This method is robust to substantial 

differences in mesh processing and may convey dietary information with greater 

fidelity. 

Several recent studies have attempted to address the relative effectiveness of 

these measures individually and in combination in characterizing primate dietary 

ecology by evaluating their cross validated dietary reclassification success in a 

discriminant function analysis (DFA). Bunn et al. (2011) compared SQ, SR, RFI 

(calculated sensu Boyer [2008]), DNE, OPC, and logged area of the lower second molar 
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(m2) in a sample of 24 species of prosimian primates. Winchester et al. (2014) repeated 

this analysis using the lower second molar of prosimians and 11 platyrrhine genera. 

These studies employed four dietary categories: folivores (>50% of diet consumed in 

leaves), insectivores (>50% of diet consumed in animal matter), frugivores (>50% of diet 

consumed in fruits), and omnivores. They found that DNE performed better than other 

metrics on its own and in all potential combinations with other metrics. DNE correlated 

most weakly with OPC, the addition of which improved reclassification rates. This 

suggests that these two measures may be used together to capture informative and 

minimally redundant aspects of dental form. The dietary signal of ariaDNE has not been 

assessed in a similar framework. The vertex-by-vertex calculation of ariaDNE also 

allows other metric descriptions, such as variance, to be extracted from the distribution 

of ariaDNE values across a tooth surface, which may provide complementary functional 

signal. This also remains to be evaluated. 

Allen et al. (2015) observe that the power of dental topography metrics to capture 

whole tooth surfaces is also a potential weakness. Many tooth surface structures may 

reflect aspects of phylogenetic history or adaptations to resist tooth breakage not directly 

related to food fracture. Tools that allow regions of the tooth surface to be disaggregated 

and subjected to shape analysis may allow the effect of this averaging of the morphology 

of the tooth surface to be evaluated. 
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1.2 Food material properties 

Dietary adaptation can be understood from both the “tooth’s eye” perspective of 

occlusal morphology and from the “food’s eye” perspective of food material properties 

(Lucas, 2004). Tooth shape is expected to correspond to the material properties of foods 

in a way that maximizes the ability of teeth to produce fracture. Lucas (2004) proposed 

that the two most important material properties for understanding dental adaptation for 

producing food fracture are Young’s modulus (E), which is a measure of stiffness or 

elasticity, and broadly captures the resistance of object to the initiation of cracks; and 

toughness (R), which broadly reflects the resistance of an object to the propagation of 

cracks. Young’s modulus is the slope of a stress/strain curve before the initiation of 

plastic deformation (the linear region of the curve). It is calculated in units of force over 

area, such as N/m2 or Pascals (Pa). Toughness is the work needed to produce a unit of 

crack surface area in a fracturing item. It is measured in J/m2.  

These two properties can be used to describe the two strategies taken by 

organisms to resist fracture: displacement limitation and stress limitation. Fracture of 

displacement limited objects is governed by the index (R/E). High displacement 

limitation occurs in foods that are very tough with low elasticity, such that cracks must 

be propagated through object through the continuous application of force. This includes 

very tough leaves or the rinds of fruits. Stress limited fracture is governed by the index  

(ER). High stress limitation occurs in foods that are both tough and elastic, such that 
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initial cracks are difficult to create, but may propagate rapidly once they form (Lucas, 

2004). This can include objects like hard seeds or the shells of mollusks. These internal 

properties can interact with external properties of food objects, including geometry. In 

thin, rod-like, or planar objects, like leaves, elasticity cannot significantly contribute to 

crack propagation or impede crack formation, such that R is the primary determinant of 

fracture resistance (Lucas, 2004). 

Other importance concepts include strength, which describes the stress at which 

an object is either permanently deformed or fractured, and hardness, which describes an 

object’s resistance to deformation (Strait, 1997). These parameters are higher order 

consequences of different material properties and depend on the size of the object being 

fractured or of the indentation being attempted, and so cannot be thought of as 

properties of materials themselves (Strait, 1997; Lucas, 2004). However, they also 

characterize the resistance to consumption of food items and have frequently been 

measured and compared among lemur food objects (Yamashita, 1996, 1998, 2002; 

Cuozzo and Yamashita, 2006; Yamashita et al., 2009, 2012, 2016). 

Food material properties are difficult to acquire, and can vary among the parts of 

food items, between similar food items at different stages in their life cycle, and in 

different environments (Vincent, 1990). For this reason, studies directly relating food 

material properties to variation in tooth shape have tended to be local in scale, with the 

exception of the large-scale meta-analysis of Coiner-Collier et al. (2016). The material 

properties of insects and small vertebrate tissues derive primarily from the requirements 



 

10 

of locomotion and physiology, but plant material properties respond to the 

requirements of homeostasis and interactions with consumers and the physical 

environment (Vincent, 1990). If environmental variation leads to predictable variation in 

plant material properties, then environmental parameters (e.g., mean annual 

temperature and precipitation) may be useful proxies for underlying gradients of typical 

plant food fracture resistance (Onoda et al., 2011). 

1.3 Ecometrics 

Ecometric studies quantify the relationship between organismal phenotype and 

the spatial gradients of environmental parameters defining habitat niches, including 

mean annual temperature, mean annual precipitation, vegetation cover, and elevation 

(Eronen et al., 2010). One classic ecometric study related ungulate tooth height to 

precipitation across global scales and used this relationship to reconstruct climate 

patterns across the Eurasian Neogene (Fortelius et al., 2002). Ecometric approaches are 

unique in considering phenotype on a community basis, instead of as a comparison 

within or among species. These studies have practical utility for reconstructing climate 

history from the changing morphologies of communities of fossil organisms, including 

from tooth shape (Fortelius et al., 2002; Eronen et al., 2010; Polly et al., 2011; Vermillion 

et al., 2018; Spradley et al., 2019). 

Ecometric models predict the responses of communities of organisms to 

variation in their biotic and abiotic environment. Ungulates, for example, evolved 
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greater hypsodonty as part of their evolutionary response to the spread of grasslands in 

the context of global aridification (Fortelius et al., 2002). This can reflect in situ evolution 

or migration and differential survival (Vermillion et al., 2018). In this way, ecometrics 

provide a unique univariate descriptor of community ecospace occupation with respect 

to some aspect of organismal adaptation. Ecospace occupation is typically conceived as a 

multi-dimensional hypercube, incorporating all of the ecological variables defining 

organismal niche (Gavrilets, 1999; Stroik, 2014; Stroik and Schwartz, 2018). An ecometric 

reduces the hypercube representing any single community to a single dimension, 

determined by that community’s morphological response within a single, 

characterizable aspect of phenotype. 

Ecomorphological studies typically focus on relationships between phenotype 

and aspects of organismal behavioral niche, such as diet or locomotion. Ecometrics 

complement this approach by relating ecomorphology instead to habitat niche, which 

may be particularly illuminating when aspects of habitat niche correspond to the 

selective regimes inferred for particular adaptations. Functional ratios calculated from 

the carnivoran calcaneus, for example, reflect adaptations by communities of 

carnivorans to the locomotor demands of different vegetation types typical across 

climate gradients (Polly, 2010). The correspondence between spatially distributed 

environmental parameters and phenotype allows ecometrics to give an independent 

window onto the selective landscape underlying ecomorphological adaptations. 
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1.4 Disparity and modelling evolution 

Biological diversity can be expressed through two related but distinct concepts. 

The first, diversity sensu stricto, is fundamentally a count of the number of biological 

units present in a time and place (Maclaurin and Sterelny, 2008). In sexually reproducing 

organisms, these units are often defined as reproductively isolated species, although the 

true species diversity may be approximated by counts of higher taxonomic units. The 

raw count of biological units (termed in this context “richness”) is often weighted in 

neontological studies by metrics describing the statistical composition of species 

assemblages (“evenness”) in an effort to better capture its ecological significance. A 

species assemblage which is high in richness but low in evenness (i.e. dominated by a 

few species) may ecologically approximate an assemblage that is low in richness. 

Conceptually, however, these corrected diversity metrics remain weighted counts of 

biological units of presumed ecological significance (Maclaurin and Sterelny, 2008).  

The rate at which taxonomic diversity accumulates is also often of interest, and 

can be variously measured as diversification, speciation, or origination, depending in 

part on the taxonomic level under interest (Glor, 2010). This can be calculated across 

intervals of the fossil record using changes in the number of taxa present in sequential 

stratigraphic deposits, often with corrections for the vagaries and biases in sampling and 

preservation imposed by taphonomy (Alroy et al., 2000). Diversification can also be 

calculated using the branching pattern of a phylogenetic tree, even absent the 
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representation of extinct species, with intervals of short branch lengths assumed to 

represent intervals of rapid diversification (Glor, 2010). 

Diversity can also refer to the variety of forms life can take, a concept termed 

morphological diversity or disparity. Disparity can be seen as a fundamentally 

geometric description of the n-dimensional shape space occupied by all of the organisms 

of a specified group at a time and place (Foote, 1997; Gavrilets, 1999; Ciampaglio et al., 

2001; Brusatte et al., 2011; Hetherington et al., 2015). Ideally (but impossibly) such a 

metric would describe the total shape space occupied by organisms in every aspect of 

their morphology. In practice, analysis of disparity is restricted to a more limited set of 

characters or an anatomical region, particularly those presumed to respond 

morphologically to adaptive pressures of interest to researchers (Gould, 1991; Foote, 

1997; Wainwright, 2007; Hetherington et al., 2015). Further distinction can be made 

between disparity in the shapes of structures (as might be captured by shape specifiers) 

and disparity in their functional performance capacity (as might be captured by shape 

descriptors). These distinctions are necessary because it is possible for multiple distinct 

forms to have similar functional performance capacity in biological systems 

(Wainwright, 2007). As a result of the potential for a “many to one” relationship between 

shape and function, it cannot be assumed that disparity in shape will track disparity in 

function: the two properties can be partially decoupled. 

Empirically, diversity sensu stricto and disparity are frequently related. It seems 

likely that reproductive isolation is necessary to “freeze” morphological discontinuities 
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among populations, allowing the accumulation of greater morphological disparity after 

speciation events (Yoder et al., 2010). Species are also only tractable, both to researchers 

and as ecologically distinct units, because of their evolution of phenotypically disparate 

features. The two concepts share no necessary relationship, however. Groups of low 

diversity can exhibit high disparity, and vice versa. The analysis of divergences between 

diversity and disparity can reveal patterns and processes of ecomorphological evolution 

in a group (Glor, 2010). However, while the measurement of diversity sensu stricto is 

relatively straightforward conceptually, multiple approaches have been developed to 

the quantification of disparity. 

Methods for measuring disparity differ in the nature of the data underlying their 

calculation and by the nature of the relationship between their calculation and 

phylogenetic trees. Metrics may use discrete data, relying on counts of morphological 

states; or continuous data, relying on measurements of character values. Metrics may 

also look at disparity “cross-sectionally,” as an empirical description of the shape space 

occupied in a particular time interval (including the present); or “down-the-tree,” as 

metrics derived from models of the evolutionary processes underlying the generation of 

disparity at any cross-sectional interval. All four potential approaches (discrete, cross-

sectional; discrete, down-the-tree; continuous, cross-sectional; and continuous, down-

the-tree) try to capture variation in phenotypic space but can differ substantially in 

implementation. 
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Discretized measurements of disparity rely on character trait descriptions, 

commonly from taxon-character matrices used in cladistic phylogenetic inference. 

Character states can be compiled for a wide variety of structures and aspects of 

organismal form, coming the closest of any currently feasible method to describing 

whole organismal shape space (Foote, 1997; Hetherington et al., 2015; Halliday and 

Goswami, 2016). Character descriptions are necessarily imprecise and taxon-character 

matrices designed to reconstruct phylogenetic relationships may be poorly suited to 

capture important ecomorphological differences among taxa, however (Gould, 1991; 

Foote, 1997; Hetherington et al., 2015).  

Continuous measurements can more precisely capture aspects of shape of 

analytical interest. This can include specifiers of the whole shape of a structure, like 

those derived from geometric morphometrics; or descriptors of ecologically relevant 

aspects of shape, like calculated limb ratios or dental topography metrics. These metrics 

come closer to describing the real phenomenon of shape difference among taxa, and thus 

enable researchers to capture subtler aspects of differences in form. However, they are 

not yet practicable for studies that hope to capture whole organismal shape or the 

shapes of structures which cannot be plausibly corresponded on the basis of common 

descent (Gould, 1991; Foote, 1997; Hetherington et al., 2015). Instead, continuous 

measurement is limited to questions focused on sets of similar structures across 

constrained taxonomic samples. 
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Cross-sectional approaches capture the shape space occupied by all of the taxa of 

interest present in a bounded space and time. In paleontological studies, this is often 

achieved through an examination of patterns of disparity over a series of time slices 

through deep time (Foote, 1997; Brusatte et al., 2008; Larson et al., 2016). This 

understanding of disparity is directly empirical in that it does not rely on any 

intervening model of evolutionary change through time, but instead seeks to capture the 

outcomes at each time interval of a past evolutionary process. Cross-sectional 

approaches can also include the calculation of rates of evolution across intervals of time, 

either calculated from ancestor-descendent pairs from the fossil record or between nodes 

across a phylogenetic tree with node states determined using ancestral state 

reconstruction (Gingerich, 1983, 2009; Mahler et al., 2010; Brusatte et al., 2011; Wright, 

2017). 

Down-the-tree approaches often employ phylogenetic comparative methods, 

which have proliferated in recent decades due in part to expanded access to well-

supported molecular phylogenies (Glor, 2010; Nunn, 2011). These methods use metrical 

descriptions of the process of evolution to quantify both disparity and its accumulation 

in a clade, estimated retrospectively from the tip states of a phylogenetic tree. 

Phylogenetic methods for quantifying adaptive radiation can include evolutionary 

model fitting approaches (Harmon et al., 2010), the derivation of evolutionary 

parameters, such as the “sigma” of a Brownian motion process from the calculation of a 
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fitted model (Wainwright, 2007), and the calculation of relative disparity curves such as 

the disparity-through-time (DTT) plots proposed by Harmon et al. (2003). 

Model fitting approaches have come to dominate studies examining 

morphological evolution in clades composed of extant taxa and are increasing applied to 

fossil radiations as well (Glor, 2010; Harmon et al., 2010; Nunn, 2011; Slater, 2015a; b; 

Slater and Friscia, 2019). Evolutionary models propose a set of parameters to describe 

the change in a morphological character across a phylogeny. For discrete data, these 

rates describe the likelihoods of character transitions along branches, which can be 

shared in common among all characters, differ among all or among subsets of 

characters, and differ in the likelihood they ascribed to symmetrical character transitions 

(ie. A to B, vs. B to A) (Nunn, 2011; O’Meara, 2012). Models of quantitative character 

evolution must describe the propagation of continuous character values across the 

phylogeny. The simplest model of continuous character evolution uses a single rate 

parameter (“sigma”) to describe the variance that accumulates between sequential state 

transitions (Felsenstein, 1985). This has been variously termed a “Brownian motion 

(BM),” “random walk,” or “constant variance” process and forms the basis of many 

classic phylogenetic comparative approaches, including phylogenetically independent 

contrasts (Felsenstein, 1985; Nunn, 2011). Brownian motion models of evolution can 

describe many scenarios in which evolutionary change in a character is selectively 

neutral or in which selective forces influencing a character state differ across the 

evolutionary history of a lineage or among subclades (Nunn, 2011; O’Meara, 2012). 
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Two major alternatives to the BM model have been proposed. Ornstein-

Uhlenbeck (OU) models add two parameters to a BM model: a trait optimum and a 

“rubber-band” term specifying the strength of a character’s attraction to the optimum 

(Hansen, 1997; Beaulieu et al., 2012). An OU optimum value is similar to the “adaptive 

peak” proposed by Simpson (1944, 1955), and a clade may be modelled as evolving to 

occupy an adaptive peak with variation proportional to the strength of selection the 

peak imposes. Early burst (EB) models incorporate a rate of change parameter for the 

sigma of a BM model, with sigma expected to decrease through time (Harmon et al., 

2010). This indicates rapid morphological evolution early in the history of a clade that 

slows toward the tips. BM, OU, and EB models imply different relationships between 

the distribution of trait values and the branching pattern of a phylogeny and can be 

linked in this way. BM models show the phylogenetic signal expected by the tree 

topology and branch lengths and by a trait’s modelled evolutionary variance; OU 

models show a weaker phylogenetic signal than expected, as traits are expected to 

evolve toward the optimum regardless of their ancestral state; and an EB process 

generates greater than expected phylogenetic signal as it models the fixation of trait 

values early in the branching history of clades (Slater and Friscia, 2019). 

1.5 Adaptive radiation 

The predictions of adaptive radiation theory motivate much of the scientific 

interest in reconstructing rates of morphological evolution and disparity across time. 



 

19 

This body of theory has a complex history that has been taken to have different 

implications by different authors (Olson and Arroyo‐Santos, 2009). The term “adaptive 

radiation” originates with Osborn (1902), who coined it to describe the repeated 

occupation of apparently similar adaptive zones by groups of mammals on different 

continents. Simpson (1944, 1955), expanded on this observation and linked it with the 

phase of rapid evolution he believed occurred as lineages shifted between theoretically 

pre-existent adaptive zones. In these original formulations, adaptive radiation refers 

primarily to the divergence in trait evolution that occurs as lineages descending from an 

initial, generalized population diverge into different adaptive zones. However, the term 

has often also been linked to taxonomic diversity as well, and seems to require at least 

enough origination to allow the exploitation of multiple divergent niches (Gittenberger, 

1991; Foote, 1997; Schluter, 2000; Olson and Arroyo‐Santos, 2009). 

 The identification of particular clades as model adaptive radiations is fraught, 

and may represent an arbitrary discretization of a continuously distributed spectrum of 

relationships between the dynamics of ecological opportunity and clade divergence 

(Olson and Arroyo‐Santos, 2009). This task may be unnecessary for understanding the 

processes believed to drive adaptive radiation and their importance in the generation of 

biological diversity, however. In Simpson’s framework (1944, 1955), adaptive radiations 

should occur when clades evolve divergently in response to ecological opportunity, 

defined as access to those resources that can be exploited by a lineage across 

evolutionary time (Stroud and Losos, 2016). Ecological opportunities can open due to 
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the extinction of a competitor clade, the evolution of a “key innovation,” or by accessing 

niche space in a new environment, either through dispersal over a natural barrier or by 

the expansion of suitable environments across a period of directional environmental 

change (Yoder et al., 1996; Gavrilets and Losos, 2009; Losos, 2010; Stroud and Losos, 

2016). The selective pressures driving divergent evolution in these circumstances are 

incompletely understood. Dispersal to an island or lake represents a classic model for 

the hypothesized selective environment conducive to adaptive radiation (Stroud and 

Losos, 2016). A taxon that disperses to an island may find a large number of 

evolutionarily exploitable niches unoccupied by potential competitors from its own 

clade or of clades with which it has shared a history of competitive interactions (on the 

mainland, for example). Islands also often lack predators, which may be important in 

allowing dispersing taxa to exploit a broader range of resources without adopting 

predator avoidance strategies (Losos, 2010; Yoder et al., 2010; Stroud and Losos, 2016), 

although some researchers have proposed that predation may actually promote 

diversity in some systems (Terborgh, 2015). 

Fully exploiting open ecological niches likely requires speciation events, and 

different speciation scenarios imply potentially different phenotypic responses to 

ecological opportunity in the initial phase of an adaptive radiation. Speciation may occur 

through the allopatric isolation of populations as they distribute across their new 

environment (Stroud and Losos, 2016). These reproductively isolated populations may 

then diverge morphologically as each population adapts to the environmental 
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conditions in which it finds itself. This model has been proposed for the diversification 

of finches on separate islands of the Galapagos archipelago (Grant and Grant, 2011). 

Alternatively, speciation may occur sympatrically as groups of individuals within a 

single population specialize on resource niches within a contiguous but ecologically 

heterogeneous environment and evolve reproductive isolation through assortative 

mating (Stroud and Losos, 2016). This model has been proposed for cichlid fishes living 

in lake environments without clear barriers to dispersal and gene flow (Schliewen et al., 

1994). 

These speciation scenarios correspond to the two models proposed to describe 

the sequence of diverging trait adaptations during adaptive radiation. The “habitat-first 

rule,” predicts that evolving clades differentiate first in macro-habitat occupation; then 

in aspects of microhabitat adaptation including diet and locomotor behavior; and, 

finally, in sexual signaling and communication strategies that facilitate reproductive 

isolation (Streelman and Danley, 2003; Glor, 2010). The “habitat-first rule” predicts 

divergence in body size before any other phenotypic characters, as body size represents 

the integration of many aspects of organismal ecology and habitat occupation 

(Streelman and Danley, 2003; Herrera, 2017). The “habitat-first rule” appears most 

consistent with allopatric speciation of organisms adapting to the local habitat 

conditions of the environments in which they have become reproductively isolated by 

geographic barriers, before evolving finer dietary differentiation, possibly after 

reproductively isolated populations come back into sympatry. 
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The alternative “general vertebrate model” and closely related two-stage model 

of adaptive radiation proposed originally by Osborn (1902) partially invert this sequence 

(Glor, 2010). The general vertebrate model proposes an initial differentiation into broad 

adaptive zones, characterized by dietary ecology, locomotor behavior, or similar high-

level character complexes (in Osborn’s term “general adaptive radiation”); followed by a 

phase of differentiation into local habitats, or “local adaptive radiation” (Slater and 

Friscia, 2019). This is a scenario more consistent with an initial phase of sympatric 

differentiation in a lineage undergoing a partitioning of resource exploitation strategies 

within a continuous habitat, such as is hypothesized for the diversification of cichlid 

fishes in the rift lakes of East Africa (Schliewen et al., 1994; Gavrilets and Losos, 2009). 

In an adaptive radiation, high rates of adaptive phenotypic evolution should 

coincide with periods of ecological opportunity, reflecting the rapid exploration of niche 

space by evolving lineages. High disparity and rapid ecomorphological evolution are 

expected at the origins of clades or during subsequent intervals of ecological release 

(Gavrilets and Losos, 2009; Wright, 2017). The predictions of this hypothesis for patterns 

of morphospace occupation have been borne out repeatedly in large fossil clades, 

particularly of invertebrates (Foote, 1997). However, multiple patterns of extinction and 

origination, as well as simple mathematical consequences of the geometry of 

morphospace expansion, can all produce a disparity pattern with this shape (Gavrilets, 

1999). Phylogenetic approaches can untangle these effects. A trait evolving through 

adaptive radiation should be best modelled by an EB process and show strong 
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partitioning of subclade disparity early in clade history (Harmon et al., 2003, 2010). It is 

also possible to examine rates of evolution along internal branches of a tree across 

intervals of the evolutionary history of group and evaluate their correspondence with 

periods of possible ecological release (Wright, 2017). In this dissertation, 

phylogenetically informed tools, which take both “cross-sectional” and “down-the-tree” 

approaches to understanding rates of evolution, are applied to the evolution of dental 

ecomorphology in strepsirrhine primates, with a particular focus on lemurs. 

1.6 Evolutionary history of the strepsirrhines 

Strepsirrhini is one of the two major divisions of crown primates (the other being 

Haplorhini, which includes monkeys, apes, and tarsiers) (Fleagle, 2013). The relationship 

of crown strepsirrhines to various Eocene euprimates is uncertain, but adapiforms are 

thought by many researchers to represent a strepsirrhine stem group, either as a 

monophyletic clade or as a paraphyletic “comb” (Godinot, 1998, 2006; Kay et al., 2004). 

Adapiforms appear in earliest Eocene of Europe and North America, soon after the 

Paleocene-Eocene Thermal Maximum, an interval of transient, elevated temperatures 

believed to have permitted rapid dispersal of primates into northern continents from 

unknown southerly habitats (Smith et al., 2006). The phylogenetic distance separating 

this radiation from crown strepsirrhines and their sudden appearance in the fossil 

record, likely due to dispersal, make them only minimally informative as to the 

geographic origins of crown strepsirrhines, however. 
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Two families of North African middle Eocene fossil primates, Azibiidae and 

Djebelemuridae, seem to hold a special relationship with strepsirrhines, without 

themselves falling within the crown group (Tabuce et al., 2009; Seiffert, 2012; Godinot, 

2015). The earliest likely crown strepsirrhines, Karanisia and Saharagalago, are known 

from the late early Eocene BQ-2 deposits of Egypt, occurring approximately 20 My after 

the earliest adapiforms (Seiffert et al., 2003). A third genus, Wadilemur, is known from 

the slightly younger site of L-41 (Seiffert et al., 2005). These taxa share the specialized 

arrangement of the anterior dentition into a toothcomb characteristic of extant 

strepsirrhines, linking them more closely to the crown group than any adapiforms. The 

distribution of the earliest crown taxa (Karanisia and Saharagalago) and closely related 

stem families (Azibiidae and Djebelemuridae) strongly suggests a mainland African 

origin for crown strepsirrhini (Seiffert, 2012). 

Extant lemurs are known only from Madagascar, where there are no extensive 

Tertiary terrestrial fossiliferous deposits (Samonds et al., 2013). For this reason, lemurs 

have long been thought to lack a pre-Quaternary fossil record (Dewar, 1984; Goodman 

and Jungers, 2014). However, recent work has linked two enigmatic taxa from the 

mainland of Africa the Late Eocene Plesiopithecus and Miocene Propotto, to Daubentonia, 

the most divergent extant lemur lineage (Gunnell et al., 2018). This would have 

profound implications for the historical biogeography of lemurs. The last common 

ancestor of lemurs is traditionally assumed to have dispersed to Madagascar before the 

divergence of Daubentonia (Chiromyiformes) and the other lemurs (Lemuriformes), 
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which would have occurred in the Eocene. Madagascar has been separated from the 

continent of Africa since 120 Ma, and the extant mammalian fauna bears little 

resemblance to the fossil mammals known from Mesozoic deposits (Samonds et al., 

2012; Krause et al., 2014). The presence of terrestrial mammals on the island has 

therefore been explained as a consequence of sweepstakes dispersals across the 

Mozambique Channel (Millot, 1952; Yoder et al., 1996; Samonds et al., 2012, 2013). The 

presence of crown lemurs in the Miocene of mainland African implies at least two 

dispersals of lemurs to Madagascar, with the latest date for the dispersal of the last 

common ancestor of lemuriforms in the Oligocene or early Miocene, where molecular 

trees date the divergence of the non-chiromyiform lemur families (Kistler et al., 2015; 

Herrera and Dávalos, 2016). 

Regardless of its timing, lemur dispersal may have initiated a phase of adaptive 

radiation which contributed to the ecological diversification of lemurs into the wide 

range of niches occupied today (Martin, 1972, 2000; Jungers, 1980; Yoder et al., 1996; 

Wright, 1999; Herrera, 2017). The geological history of Madagascar may also have 

played important role in driving lemur diversification. Since its most recent isolation 

from Africa, Madagascar tectonic movement has shifted the island north by around 36 

degrees (Wells, 2003; Ali and Huber, 2010; Samonds et al., 2013). This took Madagascar 

through the global desert belt, from which substantial portions of the island only 

emerged around the Eocene-Oligocene boundary (Wells, 2003; Samonds et al., 2012). 

This shift may have driven the spread of modern forests across the island with an 
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accompanying expansion of the plant resources available to lemurs. Finally, Pleistocene 

climate fluctuations are thought to have driven recent speciation by isolating lemur 

populations along low-altitude watersheds during dry glacial intervals (Wilmé et al., 

2006; Mercier and Wilmé, 2013). This may explain the distribution of regions of high 

lemur species diversity and endemism, even if it was not responsible for substantial 

ecological differentiation within genera. 

1.7 Dissertation overview 

1.7.1 Overview 

This dissertation examines dietary adaptation in strepsirrhine primates, with a 

particular focus on lemurs. It investigates dietary adaptation in strepsirrhine tooth shape 

and its relationship to climatic ecospace occupation. It then models the evolution of 

lemur tooth shape and dietary ecology to better understand the dynamics of lemur 

diversification in response to ecological opportunity. I address questions about the 

adaptive significance of tooth shape and its relationship to food material properties as 

reflected by categorical dietary ecologies and by geographic environmental gradients. I 

also use dental dietary adaptation to address the predictions of different models for the 

hierarchical unfolding of adaptive radiation in the evolutionary history of lemurs in the 

context of Madagascar’s environmental history. 
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1.7.2 Chapter 2 

In this chapter I evaluate new approaches to quantifying dietary signal in shapes 

of the second lower molars of strepsirrhine primates. I compare the dietary signal of 

combinations of DNE, calculated sensu Bunn et al. (2011), OPC, RFI, ariaDNE, and 

coefficient of variation of vertex-by-vertex ariaDNE across the tooth surface (ariaDNE 

CV). Comparisons use leave-one-out reclassification success in a discriminant function 

analysis and multinomial modelling in a Bayesian framework, with models contrasted 

using Pareto-smoothed leave-one-out cross validation approximation (LOOIS). Dietary 

signal is then modelled using ariaDNE and ariaDNE CV calculated on tooth segments, 

with LOOIS used to compare models containing shape information from increasing 

numbers of tooth segments. 

1.7.3 Chapter 3 

In this chapter I evaluate the ability of dental topography metrics to serve as 

precipitation ecometrics in lemurs. Community mean ariaDNE and OPC are modelled 

against mean annual precipitation and precipitation seasonality at sampling points 

across Madagascar. These precipitation gradients are expected to drive spatial 

differences in food material properties, selecting for adaptations to process more 

mechanically challenging foods in drier, more seasonal environments. Ecometric models 

are also applied to paleoclimatic reconstruction at the ~500 BP subfossil lemur site of 
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Ankilitelo Cave. This site occurs in dry, spiny desert environments today, and 

quantitative fauna analysis suggests the environment was similar at the period of the 

cave’s accumulation (Muldoon, 2010). The fauna includes arboreal subfossil lemurs and 

extant taxa known to live in rainforests, however, which may suggest a more closed 

forest environment (Goodman and Jungers, 2014). 

1.7.4 Chapter 4 

In this chapter I reconstruct rates of ecomorphological evolution in the teeth of 

lemurs across the Cenozoic and seek to reconstruct the relationship between bursts of 

rapid evolution and intervals of elevated ecological opportunity. These intervals include 

the hypothesized Eocene dispersal of lemurs to Madagascar and the Oligocene spread of 

forests facilitated by the tectonic movement of Madagascar out of the global desert belt. 

The pattern of accumulation is assessed using evolutionary model fitting and the 

calculation of disparity-though-time curves using dental topography metrics and novel 

methods for reconstructing the evolution of continuously represented tooth shape across 

phylogenies. The rate of change in adaptation toward folivory is then reconstructed 

using a Bayesian, multivariate approach and compared among intervals.
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2. Tooth shape and diet in strepsirrhine primates 

The morphology of mammal postcanine teeth is strongly related to the 

requirements of food fracture. Tooth shape descriptors attempt to quantify those aspects 

of tooth form that reflect adaptation for the fracture of foods differing in material 

properties. Dental topography metrics, which capture features of whole occlusal 

surfaces, have shown promise in classifying primates to dietary ecology. However, they 

suffer from potential issues arising from mesh processing, model overfitting, and the 

averaging of functional information among tooth structures under potentially 

independent selection. Here, these issues are addressed using a new dental topography 

metric (ariaDNE) which is less sensitive to details of mesh processing; Bayesian 

multinomial modelling with metrics designed to measure overfitting risk; and a tooth 

segmentation algorithm which allows the shapes of disaggregated tooth surface features 

to be quantified using dental topography metrics. Combinations of dental topography 

metrics that included ariaDNE outperformed DNE sensu Bunn et al. 2011 in 

reclassifications of individual specimens and genera by their genus means using 

discriminant function analysis. Bayesian multinomial models suggest that 

informationally rich models may overfit in out-of-sample reclassifications, however. 

Disaggregating teeth into regions of consistent shape did not improve predicted 

reclassification success, suggesting that averaging of morphological information across 
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the tooth surface does not interfere with the ability of dental topography metrics to 

predict dietary adaptation. 

2.1 Introduction 

The evolution of heterodont dentition with precise occlusion allowed mammals 

to unlock a wide range of efficient food processing strategies and selected for a close fit 

between detailed aspects of tooth shape and dietary strategy (Simpson, 1933; Crompton, 

1970; Ungar, 2010; Bhullar et al., 2019). Mammalian tooth shape is expected to vary with 

the material properties of the plant and animal parts that species exploit for food 

(Yamashita, 1998; Lucas, 2004; Ungar, 2007, 2010). This is especially true of the posterior 

dentition, as incisors and canines are also associated with sociosexual functions and 

adaptations to overcome barriers to the ingestion of food items independent of their 

material properties, including their geometry or propensity for escape (Kay and 

Hylander, 1978; Yamashita, 2003; Lucas, 2004; Ungar, 2010). Consequently, most 

attempts to link tooth shape to dietary adaptation have focused on the molars and 

premolars (Kay, 1975, 1977; Kay and Hylander, 1978; Kay and Simons, 1980; Kay and 

Covert, 1984; Kay and Ungar, 1997; Yamashita, 1998; Boyer, 2008; Bunn and Ungar, 2009; 

Bunn et al., 2011; Winchester et al., 2014; Allen et al., 2015; Pineda‐Munoz et al., 2016). 
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2.1.1 Molar shape and dietary adaptation 

Descriptive studies of tooth shape have long linked the qualitative form of the 

mammalian molar to aspects of diet (eg, Aristotle [De partibus animalum], Gregory, 1922; 

Simpson, 1933; Crompton, 1970). Quantitative approaches to describing the occlusal 

surface of teeth have taken two contrasting approaches: shearing metrics and dental 

topography metrics. Shearing quotients (SQ) and shearing ratios (SR) disaggregate and 

measure features on the tooth surface related to “shearing,” or, more generally, food 

fragmentation achieved through the interaction of blades on the tooth surface (Kay, 

1975, 1978; Kay and Covert, 1984; Yamashita, 1998; Lucas, 2004). SQ and SR are 

measured as the sum of the lengths of the shearing structures of a tooth normalized to 

tooth length. This measurement appears to reflect the proportion of structural 

carbohydrates in the diets of primates and is effective in distinguishing folivores and 

insectivores from frugivores (Kay and Covert, 1984). Folivores and insectivores resemble 

one another in shearing capacity, however, and must be distinguished using body size 

(Kay, 1975; Kay and Covert, 1984). 

Comparisons using SQ and SR require the identification of homologous shearing 

structures among a sample of taxa, which makes some contrasts impossible and others 

misleading if the fundamental geometry of the tooth has been altered as a component of 

a taxon’s dietary adaptation (Kay and Simons, 1980; Kay and Ungar, 1997). SQ and SR 

also can’t characterize many other potentially adaptive features of the occlusal surface, 
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including tooth height, tooth surface complexity, or the projection of sharp cusps (Ungar 

and Williamson, 2000). 

Dental topography metrics are designed to address these issues by abstracting 

functional information from the occlusal surface of the tooth considered as a whole. 

Dental topography metrics have the advantages vis shearing metrics of 1) incorporating 

more potentially relevant functional information, 2) ease of automation for the analysis 

of large samples, and 3) reduced reliance on the identification of homologous structures 

during comparison among phylogenetically disparate taxa (Ungar and Williamson, 

2000; Boyer, 2008; Bunn et al., 2011; Winchester et al., 2014; Winchester, 2016). Whole 

occlusal surfaces may also have “emergent” functional properties that result from the 

interaction of multiple surface features and would not be captured by discretizing 

measurements of tooth surface structures (Winchester, 2016).  

Three dental topography metrics have been extensively applied to reconstruct 

dietary ecology in primates: relief index (RFI), Dirichlet normal energy (DNE), and 

orientation patch count (OPC). Crown relief, or the projection of the occlusal surface into 

space, provides one straightforward method of describing the functional surface 

available for processing food. RFI quantifies occlusal relief using a ratio of the area of the 

crown surface (“3D” area) to the cross-sectional area of the tooth footprint (Ungar and 

Williamson, 2000; Boyer, 2008). Crown surface can be measured from the lowest point of 

the talonid basin (sensu Ungar and Williamson 2000) or from the enamel-cementum 

junction (sensu Boyer 2008). RFI is expected to correlate with SQ and SR, as both capture 
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the elaboration of occlusal features used to process structural carbohydrates (Boyer, 

2008; Bunn et al., 2011). However, in capturing the projection of the tooth into space 

without regard for the identify of individual tooth features, it is less sensitive to 

questions of homology. In capturing the walls of the tooth crown, RFI sensu Boyer (2008) 

also captures hypsodonty, an important adaptation to attritional agents in plant tissues 

by many herbivorous mammals (Fortelius et al., 2002; Jardine et al., 2012). 

  DNE measures the curvature of the occlusal surface as deviation in normal 

“energy” from a plane (Bunn et al., 2011; Winchester, 2016; Shan et al., 2019). Dirichlet’s 

energy is used by mathematicians to describe the variability of a function (Spagnolo, 

1976). DNE applies this energy calculation approach to a digitized tooth surface. DNE is 

measured as a sum of the energies describing the change in orientation of mesh polygon 

normal across a surface. DNE and RFI both capture tooth sharpness, which, like 

shearing crest length, is associated with the processing of tough structural 

carbohydrates. However, DNE may be relatively less affected by wear than SQ, SR, and 

RFI, and can be calculated on digital surfaces independent of the orientation of the tooth, 

a major advantage in automating the analysis of large numbers of specimens (Bunn et 

al., 2011). 

Mesh analysis methods, especially DNE, are sensitive to details of mesh quality 

and preparation, especially the number of mesh vertices and the iterative application of 

smoothing algorithms (Spradley et al., 2017; Berthaume et al., 2019). A recently 

described implementation of DNE, “ariaDNE,” was developed to address these issues, 
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allowing for comparisons among studies and concatenation of larger datasets (Shan et 

al., 2019). This metric is calculated by integrating measurements of the vertex-by-vertex 

normal energies of meshes over local “bandwidths,” which capture tooth surface fatures 

at different resolutions. Lower bandwidths capture smaller tooth surface features, which 

may or may not reflect functional adaptations of teeth. The sum of ariaDNE is 

comparable to the DNE of Bunn et al. (2011), which principally describes tooth 

sharpness. The variance of vertex-by-vertex ariaDNE across the surface can also be 

calculated. This new implementation of DNE has been tested in its ability to classify a 

limited number of platyrrhine teeth to genus (Shan et al., 2019), but correlation between 

these metrics and dietary ecology has not been tested in a large primate sample like that 

used in the validation of DNE sensu Bunn et al. (2011). 

Shearing metrics, RFI, and DNE measure the shape of the tooth surface as a 

correlate of a tooth’s projection into space. OPC is distinctive in measuring the 

complexity of a tooth surface as a count of slopes sharing a single aspect (Evans et al., 

2007; Evans and Jernvall, 2009; Evans, 2013; Pineda‐Munoz et al., 2016; Evans and 

Pineda-Munoz, 2018). The calculation of OPC proceeds by first identifying regions of a 

digital model sharing a slope of the same orientation in one of a set number of cardinal 

directions (typically eight). The number of “patches” of cells sharing slopes of the same 

orientation is then counted. A simple tooth like the carnassial of a hyper-carnivore will 

have a relatively low OPC, while a tooth with many intersecting crests and cusps or, 

alternatively, a tooth with a high degree of enamel crenulation, will have a higher score 
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(more patches). OPC attempts to quantify the “number of tools” present on a dental 

surface, which makes it unique as a topography metric, most of which describe the 

“shape of the tools” (Evans et al., 2007).  

Much of the promise of quantitative descriptors of tooth shape lies in their 

potential application to the fossil record. Application to fossil organisms demands that 

descriptors be validated on a sample of extant taxa of known dietary ecology. Primates 

have been a major focus of these studies since the first description of SQ, partially 

because of a persistent interest in the fossil record of primates and partially because of 

their subtly distinct but relatively well-studied dietary ecologies (Kay, 1975). Studies 

reconstructing diet in fossil organisms generally recommend combining multiple shape 

descriptors (an approach referred to as “multi-proxy dental morphology analysis” by 

Pineda‐Munoz et al. [2016]), as this consistently improves model reclassification rates, 

particularly when using linear discriminant function analysis (DFA), by improving 

model fit (Bunn et al., 2011; Winchester et al., 2014; Allen et al., 2015; Pineda‐Munoz et 

al., 2016). However, the addition of model parameters introduces the danger of 

overfitting, which compromises out-of-sample prediction by modelling noise in the 

multidimensional distribution of tooth shape parameters. Bayesian approaches to 

parameter regularization and model comparison can combat overfitting, but have not 

previously been applied to tests of the relationship between tooth shape and dietary 

ecology (McElreath, 2015). 
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2.1.2 Disaggregating adaptation in tooth surface features 

The ability of mesh analysis methods to capture the shape of an entire tooth 

surface is both a strength and a weakness, as individual regions of the tooth surface may 

play distinct functional roles which dental topography metrics have the potential to 

“average” away (Allen et al. 2015). Particular shearing crests and crushing basins may 

play particular roles in food fracture or in constraining the movements of the lower jaw 

in space as it comes into occlusion (Simpson, 1933; Kay and Hiiemae, 1974; Kay, 1975, 

1977; Sheine and Kay, 1982). Past work testing these hypotheses have used 

approximations of areas and shapes derived from linear measurements of tooth surface 

features (Kay and Hiiemae, 1974; Kay, 1975; Sheine and Kay, 1982, Allen et al. 2015). 

Newly developed shape segmentation methods introduced here allow the shapes of 

regions of the tooth surface to be analyzed quantitatively using the dental topographic 

approaches employed on whole tooth surfaces. Metrics of the ariaDNE family are 

particularly appropriate for this analytical approach as they are orientation invariant 

and show less sensitivity to variation in mesh face count than other dental topography 

metrics (Shan et al. 2019). 

2.1.3 Objectives 

In this chapter, dietary reclassification of the new ariaDNE implementation of 

DNE, both as a sum and a coefficient of variation, is assessed on a sample of second 
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lower molars from strepsirrhine primates. Bayesian models are also constructed using 

regularizing priors and model comparison metrics to address the potential for 

overfitting when combining ariaDNE with the additional dental topography metrics RFI 

and OPC. Finally, six bandwidths of ariaDNE are compared to determine the highest 

performing in dietary reclassification. High performing combinations of dental 

topography metrics are then used to reconstruct the dietary ecology of seven recently 

extinct lemur genera, known only from subfossils. These reconstructions are compared 

to existing understandings of the dietary ecology of subfossil lemurs derived from 

descriptive analyses of tooth shape, the calculation of shearing quotients, and dental 

microwear (Jungers et al., 2002; Godfrey et al., 2004, 2006). Dietary signal from 

disaggregated second lower molar segments is also investigated. If individual tooth 

structures are under relatively independent selection for function in adaptation to 

dietary ecology, then the dietary signal of aggregated tooth segment shapes should be 

higher than that of tooth surfaces considered as a single mesh (Allen et al., 2015). 

2.2. Methods 

2.2.1 Sample 

Metrics were calculated on digitized scans of 230 teeth from 22 extant strepsirrhine 

genera and 41 species, representing every strepsirrhine genus but the poorly studied 

lemur Allocebus (Table 1; Appendex A). The sample builds on the teeth compiled by 
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Bunn et al. (2011) and is processed using a similar protocol. Mesh “.ply” surfaces were 

produced from microCT scans of osteological specimens or epoxy casts made from 

polyvinylsiloxene molds using the segmenting functions in Avizo (version 8) and 

smoothed over 20 iterations to facilitate cropping using the natural contour of the tooth 

crown (Visualization Sciences Group, Burlington, Mass., USA). The second lower molar 

was cropped from each mesh at the enamel-cementum junction using Geomagic (3D 

Systems, Rock Hill, SC) and individual teeth were simplified to 10,000 faces and 

smoothed over 20 iterations using smoothing functions in Avizo. Smoothing was kept to 

20 iterations at each step to avoid the introduction of mesh irregularities at higher 

numbers of iterations (Spradley et al., 2017). 

Three dietary categories were used, with taxa assigned to each category based on 

data on the proportional representation of food categories from studies of wild 

populations (Charles-Dominique, 1977, 1979; Hladik, 1979; Bearder and Martin, 1980; 

Hladik et al., 1980; Ganzhorn et al., 1985; Harcourt, 1986, 1991; Harcourt and Nash, 1986; 

Nash, 1986; Masters et al., 1988; Overdorff, 1992; Sterling et al., 1994; Hemingway, 1996; 

Overdorff et al., 1997; Balko, 1998; Fietz and Ganzhorn, 1999; Vasey, 2000, 2002; 

Thalmann, 2001; Britt et al., 2002; Nekaris and Rasmussen, 2003; Powzyk and Mowry, 

2003; Streicher, 2004, 2009; Nekaris, 2005; Gould, 2006; Norscia et al., 2006; Wiens et al., 

2006; Lahann, 2007; Dammhahn and Kappeler, 2008; Burrows and Nash, 2010; Olson et 

al., 2013; Rode-Margono et al., 2014; Sato et al., 2016; Erhart et al., 2018). If members of a 

genus consumed the greatest component of their diet from leaves or insects, the genus 



 

39 

was classified as folivorous or insectivorous, respectively. Taxa which consumed the 

greatest part of their diet from fruits, gums, and other plant reproductive parts were 

classified as frugivores (Table 1). 

Table 1: Dietary classifications with primary references 

Genus Dietary category References 

Arctocebus Insectivory Charles-Dominique, 1977, 1979 

Avahi Folivory Ganzhorn et al., 1985; Harcourt, 1991; 

Thalmann, 2001 

Cheirogaleus Frugivory Hladik et al., 1980; Fietz and Ganzhorn, 

1999; Lahann, 2007 

Eulemur Frugivory Overdorff, 1992; Vasey, 2002; Sato et al., 

2016; Erhart et al., 2018 

Euoticus Frugivory Charles-Dominique, 1979 

Galago Insectivory Harcourt 1986, Bearder and Martin, 1980; 

Burrows and Nash, 2010 

Galagoides Insectivory Charles-Dominique, 1977, 1979; Harcourt 

and Nash, 1986 

Hapalemur Folivory Overdorff et al., 1997 

Indri Folivory Britt et al., 2002; Powzyk and Mowry, 

2003 

Lemur Frugivory Hladik, 1979; Gould, 2006 

Lepilemur Folivory Thalmann, 2001 

Loris Insectivory Nekaris and Rasmussen, 2003; Nekaris, 

2005 

Microcebus Insectivory Hladik et al., 1980; Lahann, 2007; 

Dammhahn and Kappeler, 2008 

Mirza Frugivory Hladik et al., 1980 

Nycticebus Frugivory Streicher, 2004, 2009; Wiens et al., 2006; 

Rode-Margono et al., 2014 

Otolemur Frugivory Harcourt and Nash, 1986; Masters et al., 

1988 

Perodicticus Frugivory Charles-Dominique, 1977, 1979 

Phaner Frugivory Hladik et al., 1980; Nash, 1986 

Prolemur Folivory Olson et al., 2013 

Propithecus Folivory Hemingway, 1996; Norscia et al., 2006; 

Sato et al., 2016; Erhart et al., 2018 
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Sciurocheirus (= 

Galago alleni) 

Frugivory Charles-Dominique, 1977, 1979 

Varecia Frugivory Balko, 1998; Vasey, 2000; Erhart et al., 

2018 

 

2.2.2 Dental topography metrics 

Functional tooth shape was quantified using the dental topography metrics 

Dirichlet normal energy (DNE), relief index (RFI), and orientation patch count (OPC). 

DNE was calculated both sensu Bunn et al. (2011) using the R package ‘molaR’ and as 

ariaDNE using functions in MATLAB (Pampush et al., 2016; Shan et al., 2019). Both the 

sum of ariaDNE at each vertex and its coefficient of variation (CV) across the tooth 

surface were calculated (here called ariaDNE and ariaDNE CV, respectively). RFI was 

calculated using the open-source standalone program Morphotester (Winchester, 2016). 

RFI calculation on one specimen of Varecia variegata (USNM 84383) failed in 

Morphotester and was performed using ‘molaR.’ OPC was calculated using the 

“orientation patch count rotated (OPCR)” approach implemented in ‘molaR.’ This 

accounts for deviation in the orientation of the tooth on the XY plane by averaging the 

counts calculated over 45 degree rotations (Evans and Jernvall 2009). OPCR was 

calculated using the 3D-OPCR functions implemented in MorphoTester and ‘molaR.’ 

This differs from the DEM-OPCR approach taken by previous studies examining large 

samples of strepsirrhine primates (Bunn et al., 2011; Winchester et al., 2014). 3D-OPCR 

calculates OPCR from the orientation of the polygons directly, without first converting 

the occlusal topography to a digital elevation model (DEM), and appears to better reflect 
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the complexity of tooth surface features (Winchester, 2016). Variables were transformed 

to z-scores before analysis through the division of each data point by sample standard 

deviation and subtraction of sample mean for each variable to correct for differences in 

the scale of the values calculated for different variables and improve model fit. 

2.2.3 Shape segmentation 

The tooth sample was segmented into 15 regions using the ‘hecate’ package of 

algorithms. The method automatically identifies regions of consistent shape using 

multiple point-to-point mappings across a sample of tooth surfaces. It proceeds in three 

phases. First, continuous Procrustes distances are calculated among sample meshes, 

following the approach described Gao et al. (2018), which use whole surface meshes 

instead of sequences of landmarks. This stage serves to characterize similarity among 

surfaces with distance values and to map point-to-point correspondence between 

surface map pairs. These point-to-point correspondence maps are not transitive. A point 

‘walk’ from surface to surface across different sequences of meshes will slowly drift in 

position. For a region of local geometric similarity, this point will ‘walk’ within the same 

neighborhood or locally similar shape region. This consequence allows us to identify 

corresponding regions probabilistically. ‘Hecate’ does this by constructing a matrix 

comparing every point, which on a digital mesh is the vertex of a triangle, to every other 

point and to itself. These distance values and correspondence maps are used to generate 

a diffusion map based on a point-walk drift across surface correspondence maps, which 

embeds surface data into a hypervolume of point coordinates that is more comparable 
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among object than the original meshes. In this form, the data can be analyzed using a 

machine learning k-means clustering approach, which will partition the data into k 

groups. These are translated into k number of segments on the tooth surface. All of these 

steps are integrated into a MATLAB software package described here for the first time. 

2.2.4 Dietary signal and dental topography metrics  

The ability of the new ariaDNE implementation to correctly isolate dietary 

adaptation in the strepsirrhine sample was evaluated using discriminant function 

analysis and multinomial modelling approaches. First, reclassification success rates from 

a cross validated (‘leave-one-out’) discriminant function analysis (DFA) was performed 

using the package ‘mass’ in R. A “leave-one-genus-out” approach was also taken, which 

evaluated the reclassification success of specimens using an average of models 

constructed with each genus removed from the training set iteratively. This was done to 

partially compensate for autocorrelation among specimens sharing a morphology due to 

membership in the same taxon. 

Second, likelihood of membership in each of the three dietary categories was 

modelled in a Bayesian, multilevel framework using functions in the R packages “brms” 

and the Stan engine (Bürkner, 2017), with regularizing priors and model comparison 

approaches used to address the potential for model overfitting. Four chains were run 

over 3000 iterations, with a 1000 iteration warmup. Chain convergence was assessed 

using the rhat parameter, the number of effective samples returned, and visual 

inspection of the chain trace plots. Models of differing complexity were compared using 
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the “Pareto-Smoothed importance sampling leave-one-out cross validation” 

approximation (LOOIS) implemented in the ‘loo’ package in R and accessed through 

‘brms’ (Vehtari et al., 2017). This metric efficiently approximates a model’s leave-one-out 

reclassification success. Overfitting, which reflects on the ability of a model to predict 

out-of-sample outcomes, is an important consideration in models generated for 

application to the fossil record, but has not been explicitly considered in earlier attempts 

to test the utility of dental topography metrics. 

DFAs and multinomial models were constructed using each of six bandwidths of 

ariaDNE and DNE sensu Bunn et al. 2011 combined with RFI and OPC, creating models 

of nested complexity (Table 2). Models were constructed to predict dietary category 

membership across a sample of individual tooth specimens; in a multilevel framework 

with different slopes for each genus; and in a multilevel framework that incorporates 

phylogenetic covariance among genera using a consensus phylogeny from Herrera and 

Dávalos (2016). 
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Table 2: Parameter combinations compared using DFA and Bayesian 

multinomial modelling 

ariaDNE ariaDNE 

CV 

RFI OPC 

Bunn et al. 2011    

Bunn et al. 2011  X  

Bunn et al. 2011   X 

Bunn et al. 2011  X X 

ariaDNE (bandwidths 

0.02 – 0.12) 

   

ariaDNE (bandwidths 

0.02 – 0.12) 

X   

ariaDNE (bandwidths 

0.02 – 0.12) 

X X  

ariaDNE (bandwidths 

0.02 – 0.12) 

X  X 

ariaDNE (bandwidths 

0.02 – 0.12) 

X X X 

 

2.2.5 Dietary signal in the segmented molar 

The 0.08 bandwidth of ariaDNE was calculated on a subset of 58 lower molars 

segmented using the ‘hecate’ method. Categorical multilevel models were constructed in 

a Bayesian framework, with specimens in each genus permitted to share independent 

intercepts. Two partitions of the data were considered. The likelihood of membership in 

each dietary category was modelled as a function of the shapes of each segment with 

each tooth permitted to have an independent intercept and each class of segments 

permitted to share an independent intercept and slope. Likelihoods were also modelled 

using the sum total from all of the ariaDNE values from the segments of each tooth, a 

metric comparable to an ariaDNE value calculated for a continuous surface. ariaDNE 
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was used as it can be compared among surfaces, like those of tooth segments of different 

areas, differing in mesh face count (Shan et al., 2019). Predictive models were compared 

using LOOIS (Vehtari et al., 2017). 

2.2.6 Reconstructed dietary ecology in subfossil lemurs 

The combination of variables with the highest reclassification success in the DFA 

were used to classify specimens from seven subfossil lemur genera to a dietary ecology. 

Genus mean and average specimen reclassifications are both reported.
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Table 3: ariaDNE 0.8 sum and CV, OPC, and RFI by extant strepsirrhine and 

subfossil lemur genus 

Genus n DNE SE 
DNE 

CV 
SE OPC SE RFI SE 

Archaeolemur† 6 0.063 0.002 1.03 0.031 89.3 7.5 0.26 0.005 

Hadropithecus† 1 0.073 NA 1.006 NA 108.1 NA 0.262 NA 

Megaladapis† 5 0.074 0.002 1.059 0.016 78.1 7.2 0.254 0.01 

Babakotia† 5 0.07 0.001 1.511 0.125 171.8 21.1 0.285 0.016 

Mesopropithecus† 3 0.08 0 0.929 0.021 99.4 11.1 0.266 0.004 

Palaeopropithecus† 4 0.072 0.001 1.172 0.037 117 5.3 0.223 0.004 

Cheirogaleus 11 0.063 0.002 0.972 0.021 91.3 4.6 0.204 0.005 

Microcebus 24 0.086 0.001 0.929 0.008 88.8 2.5 0.245 0.003 

Mirza 5 0.074 0.001 0.912 0.028 80.4 4.4 0.228 0.005 

Phaner 2 0.073 0.004 0.908 0.103 79.6 1 0.237 0.006 

Avahi 12 0.089 0.002 1.078 0.019 109.8 2.2 0.3 0.012 

Indri 8 0.076 0.002 1.119 0.052 98 6.8 0.246 0.009 

Propithecus 19 0.079 0.001 1.098 0.022 102.3 3.6 0.271 0.005 

Eulemur 15 0.077 0.001 1.042 0.015 95.8 3.3 0.271 0.003 

Hapalemur 7 0.083 0.003 1.061 0.012 81.7 5.8 0.254 0.006 

Lemur 11 0.08 0.002 1.016 0.017 89.8 4.3 0.261 0.006 

Pachylemur† 2 0.071 0.005 0.871 0.071 69.1 9.2 0.265 0.013 

Prolemur 13 0.081 0.002 1.037 0.015 154 7.1 0.241 0.004 

Varecia 8 0.073 0.002 1.026 0.015 85.5 7.1 0.232 0.004 

Lepilemur 25 0.079 0.002 1.062 0.026 83.2 2.2 0.26 0.005 

Euoticus 7 0.084 0.001 1.009 0.029 75.4 2.3 0.306 0.003 

Galago 5 0.095 0.002 0.964 0.01 80.6 4.5 0.296 0.005 

Galagoides 8 0.092 0.003 0.956 0.025 91.1 8.8 0.289 0.006 

Sciurocheirus 6 0.08 0.002 0.965 0.022 78 3.3 0.26 0.008 

Otolemur 5 0.075 0.002 0.847 0.011 80.8 7.6 0.279 0.008 

Arctocebus 9 0.101 0.003 0.901 0.034 101.5 2.3 0.305 0.006 

Loris 7 0.098 0.002 0.964 0.024 98.5 3.3 0.297 0.008 

Nycticebus 11 0.074 0.003 0.973 0.028 94.5 5.1 0.253 0.011 
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2.3. Results 

2.3.1 Dental topography metrics and dietary category  

Calculated values for the 0.08 bandwidth of ariaDNE and ariaDNE CV, OPC and 

RFI for each genus are presented in Table 3 and of all six bandwidths for each dietary 

category in Table 4. At each bandwidth ariaDNE was highest in insectivores and lowest 

in frugivores, while ariaDNE CV was highest in folivores and lowest in frugivores. DNE 

sensu Bunn et al. 2011 was highest in folivores and lowest in frugivores. OPC was 

highest in folivores and lowest in frugivores. RFI was highest in insectivores and lowest 

in frugivores. 

Table 4: Mean and standard deviations of dental topography metrics by 

dietary ecology. 

 Frugivores SD Folivores SD Insectivores SD 

DNE sensu 

Bunn et al. 

2011 

221.19 55.33 310.46 107.30 293.95 90.43 

OPC 87.35 12.98 103.59 28.58 91.83 15.14 

RFI 0.25 0.03 0.26 0.03 0.27 0.03 

ariaDNE 02 0.011 0.002 0.013 0.002 0.014 0.003 

ariaDNE 02 

CV 

1.482 0.195 1.420 0.239 1.305 0.172 

ariaDNE 04 0.031 0.004 0.036 0.005 0.039 0.005 

ariaDNE 04 

CV 

1.222 0.128 1.224 0.170 1.101 0.099 

ariaDNE 06 0.053 0.006 0.059 0.006 0.066 0.007 

ariaDNE 06 

CV 

1.079 0.095 1.132 0.123 0.999 0.065 

ariaDNE 08 0.074 0.008 0.081 0.008 0.092 0.009 

ariaDNE 08 

CV 

0.994 0.078 1.074 0.107 0.936 0.055 

ariaDNE 10 0.094 0.010 0.100 0.009 0.116 0.009 
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ariaDNE 10 

CV 

0.943 0.073 1.033 0.104 0.898 0.052 

ariaDNE 12 0.114 0.012 0.118 0.010 0.139 0.009 

ariaDNE 12 

CV 

0.914 0.073 1.006 0.103 0.877 0.050 

 

2.3.2 Whole tooth reclassification success 

Implementations of ariaDNE showed the highest DFA reclassification success of 

all dental topography metrics (Table 5-8). The highest performing combinations 

(ariaDNE sum and CV at the 0.10 bandwidth; ariaDNE sum and CV at the 0.08, 0.10, and 

0.12 bandwidths with RFI; ariaDNE sum and CV at the 0.10 bandwidth with OPC; and 

all metrics considered together at the 0.08 bandwidth) reclassified strepsirrhine genera 

to the correct dietary ecology with 95% accuracy (Table 5). The position of each extant 

lemur genus on the two linear discriminant axes of a model combining ariaDNE 0.10, 

AriaDNE 0.10 CV, and RFI is presented in Figure 1. ariaDNE is strongly correlated with 

LD1 (r2 = 0.94), ariaDNE CV is strongly negatively correlated with LD2 (r2 = -0.98); and 

RFI is moderately correlated with LD1 (r2 = 0.55). When genus reclassification was 

measured as the percentage of genera in which more than 50% of specimens were 

correctly classified, the model combining the sums and CV of the 0.06 bandwidth of 

ariaDNE with RFI performed best at 91% (Table 6).
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Figure 1: Plots of genus means along linear discriminant axes of DFA model 

constructed using ariaDNE 0.10 with ariaDNE CV and RFI, compared to subfossil 

lemurs with unambiguously reconstructed dietary ecologies, indicated by circular 

backgrounds.
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Table 5: Reclassification success from discriminant function models using 

different combinations of genus mean variables and bandwidths of ariaDNE, 

evaluated using leave-one-out cross-validation. 

 DN

E 

DNE + 

sd 

DNE + sd  

+ RFI 

DNE + OPC DNE + sd + 

OPC 

DNE + sd + 

OPC + RFI 

DNE sensu 

Bunn et al. 

2011 

0.55 NA NA 0.64 NA NA 

ariaDNE 

02 

0.73 0.64 0.68 0.73 0.64 0.64 

ariaDNE 

04 

0.77 0.68 0.77 0.73 0.73 0.68 

ariaDNE 

06 

0.77 0.73 0.77 0.73 0.77 0.86 

ariaDNE 

08 

0.68 0.86 0.95 0.77 0.82 0.95 

ariaDNE 

10 

0.59 0.95 0.95 0.77 0.95 0.91 

ariaDNE 

12 

0.68 0.91 0.95 0.86 0.82 0.86 
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Table 6: Percentage of genera within which more than 50% of specimens are 

correctly reclassified using discriminant function models created with different 

combinations of genus mean variables and bandwidths of ariaDNE. 

 DNE DNE + 

sd 

DNE + sd + 

RFI 

DNE + 

OPC 

DNE + sd 

+ OPC 

DNE + sd + 

OPC + RFI 

DNE sensu 

Bunn et al. 

2011 

0.59 NA NA 0.59 NA NA 

ariaDNE 

02 

0.64 0.68 0.68 0.68 0.73 0.68 

ariaDNE 

04 

0.73 0.68 0.73 0.77 0.82 0.77 

ariaDNE 

06 

0.73 0.82 0.91 0.77 0.82 0.77 

ariaDNE 

08 

0.68 0.73 0.82 0.82 0.77 0.86 

ariaDNE 

10 

0.59 0.82 0.82 0.77 0.86 0.86 

ariaDNE 

12 

0.59 0.77 0.82 0.73 0.77 0.82 

 
The model combining the sums and CV of the 0.08 bandwidth of ariaDNE with 

RFI reclassified individual specimens to the correct dietary ecology with the highest 

success rate of 76% in a leave-one-out cross validation (Table 7). In a leave-one-genus-

out cross validation, models using the 0.08 and 0.10 bandwidths combined with all 

variables both reclassified individual specimens to the correct dietary ecology with 

highest success rate of 76% (Table 8). 
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Table 7: Reclassification success from discriminant function models using 

different combinations of variables and bandwidths of ariaDNE calculated on 

individual tooth specimens, evaluated using leave-one-out cross validation. 

 DNE DNE + 

sd 

DNE + sd + 

RFI 

DNE + 

OPC 

DNE + sd 

+ OPC 

DNE + sd + 

OPC + RFI 

DNE 

sensu 

Bunn et 

al. 2011 

0.56 NA NA 0.54 NA NA 

ariaDNE 

02 

0.53 0.53 0.54 0.55 0.59 0.59 

ariaDNE 

04 

0.57 0.56 0.56 0.60 0.64 0.64 

ariaDNE 

06 

0.60 0.68 0.70 0.63 0.71 0.71 

ariaDNE 

08 

0.61 0.7 0.74 0.63 0.72 0.75 

ariaDNE 

10 

0.58 0.71 0.74 0.64 0.73 0.75 

ariaDNE 

12 

0.59 0.70 0.76 0.66 0.70 0.7 
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Table 8: Reclassification success from discriminant function models using 

different combinations of variables and bandwidths of ariaDNE calculated on 

individual tooth specimens, evaluated using leave-one-genus-out cross validation. 

 DNE DNE + 

sd 

DNE + sd  + 

RFI 

DNE + 

OPC 

DNE + sd 

+ OPC 

DNE + sd + 

OPC + RFI 

DNE 

sensu 

Bunn et 

al. 2011 

0.56 NA NA 0.54 NA NA 

ariaDNE 

02 

0.54 0.54 0.55 0.57 0.60 0.61 

ariaDNE 

04 

0.56 0.58 0.57 0.60 0.65 0.65 

ariaDNE 

06 

0.60 0.69 0.70 0.63 0.72 0.72 

ariaDNE 

08 

0.60 0.71 0.74 0.64 0.74 0.76 

ariaDNE 

10 

0.58 0.71 0.75 0.65 0.72 0.76 

ariaDNE 

12 

0.58 0.70 0.75 0.66 0.66 0.73 

 

2.3.3 Whole tooth multinomial modeling 

When each specimen was treated as an independent data point, LOOIS preferred 

a model of the 0.08 bandwidth ariaDNE combined with its CV, OPC, and RFI (Table 9). 

When genus clustering, with and without phylogeny, was accounted for, however, the 

simplest models at each bandwidth of ariaDNE were the most preferred, with DNE 

sensu Bunn et al. 2011 the best performing (Table 10, 11). Comparisons among data 

partitions preferred the phylogenetic model over clustered and unclustered models, and 

strongly preferred clustered and phylogenetic models over unclustered models. LOOIS 
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preferences within alternate parameter combinations in the clustered and phylogenetic 

methods were mostly relatively small, however. 

Table 9: Comparisons among LOOIS expected log pointwise predictive 

density from unclustered specimen multinomial models. 

 0.02 0.04 0.06 0.08 0.10 0.12 sensu Bunn 

et al. 2011 

DNE 206.3 198.3 190.7   187.5   183.8   175.3   217.7  

DNE + CV 202.1 191.3 160.9 133.7  135.3  138.4  NA 

DNE + OPC 197.8 186.0 176.0 172.2   169.5   162.2   214.4 

DNE + RFI 207.2 198.5 186.7   177.6   170.9   165.3 217.2 

DNE + CV + 

OPC 

185.7 163.7 136.2  126.9 133.6 148.4 NA 

DNE + CV + 

RFI 

201.9 191.7 159.1 126.3 125.7 126.3 NA 

All metrics 187.7 163.9 131.1 119.4 123.8 126.3 215.7 

 
The examination of predictive plots and model parameters can shed light on how 

dental topography metric values model the likelihood of membership in each dietary 

category. In the most complex model incorporating the 0.08 ariaDNE bandwidth, high 

ariaDNE values predict insectivorous diets (coefficient value predicting membership in 

category, relative to frugivory = 6.20); intermediate ariaDNE values predict folivorous 

diets (coefficient value predicting membership in category, relative to frugivory = 1.26); 

and low ariaDNE values predict frugivorous diets (Figure 2, 3). High CV values predict 

folivorous diets (coefficient value predicting membership in category, relative to 

frugivory = 1.74); intermediate CV values predict frugivorous diets; and low CV values 

predict insectivorous diets (coefficient value predicting membership in category, relative 

to frugivory = -4.07) (Figure 4, 5). 
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Figure 2: Relative probability of membership in each dietary category over the 

scaled range of values of ariaDNE bandwidth 0.08. 
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Figure 3: Conditional probability of membership in each dietary category over 

the scaled range of values of ariaDNE bandwidth 0.08 and over three values of 

ariaDNE CV, OPC, and RFI. 
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Figure 4: Relative probability of membership in each dietary category over the 

scaled range of values of ariaDNE 0.08 CV. 
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Figure 5: Conditional probability of membership in each dietary category over 

the scaled range of values of ariaDNE CV bandwidth 0.08 and over three values of 

ariaDNE, OPC, and RFI. 

High OPC was positively predictive of folivory (coefficient value predicting 

membership in category, relative to frugivory = 0.97) and negatively predictive of 

insectivory (coefficient value predicting membership in category, relative to frugivory = 

-0.65) (Figure 6, 7). Conditional on the strong relationships with ariaDNE and ariaDNE 

CV, High RFI was actually negatively predictive of folivory (coefficient value predicting 

membership in category, relative to frugivory = -0.10) and insectivory (coefficient value 
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predicting membership in category, relative to frugivory = -1.64), despite being 

absolutely higher in these groups than among frugivores (Figure 5, 9). 

 
Figure 6: Relative probability of membership in each dietary category over the 

scaled range of values of OPC. 
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Figure 7: Conditional probability of membership in each dietary category over 

the scaled range of values of OPC and over three values of ariaDNE bandwidth 0.08, 

ariaDNE CV bandwidth 0.08, and OPC. 
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Figure 8: Relative probability of membership in each dietary category over the 

scaled range of values of RFI. 
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Figure 9: Conditional probability of membership in each dietary category over 

the scaled range of values of RFI and over three values of ariaDNE bandwidth 0.08, 

ariaDNE CV bandwidth 0.08, and RFI. 
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Table 10: Comparisons among LOOIS expected log pointwise predictive 

density from multinomial models with specimens clustered by genus. 

 0.02 0.04 0.06 0.08 0.10 0.12 sensu 

Bunn et 

al. 2011 

DNE 13.4 13.7 13.7 13.5 13.3 13.5 13.0 

DNE + CV 13.7 14.1 14.4 14.4 14.2 14.2 NA 

DNE + OPC 13.6 13.8 14.0 13.9 13.9 14.0 13.6 

DNE + RFI 13.2 13.7 13.9 13.9 13.9 165.3 13.3 

DNE + CV + OPC 14.3 14.7 14.7 14.6 14.6 14.3 NA 

DNE + CV + RFI 13.9 14.2 14.7 14.9 15.1 14.9 NA 

All metrics 14.5 15 15.2 15.2 15.4 15.2 13.5 

 
Table 11: Comparisons among LOOIS expected log pointwise predictive 

density from multinomial models with specimens clustered by genus while 

modelling phylogenetic autocorrelation. 

 0.02 0.04 0.06 0.08 0.10 0.12 sensu 

Bunn et al. 

2011 

DNE 4.0 4.3 4.5 4.4 4.3 4.3 -3.8  

DNE + CV 4.5 4.7 4.9 4.8 4.7 4.6 NA 

DNE + OPC 4.1  4.4 4.4 4.5 4.5  4.6  -4.0  

DNE + RFI 4.2 4.4 4.5 4.4 4.4  4.4  -4.1 

DNE + CV + OPC 4.7  5.0 5.1 5.1 4.9  5  NA 

DNE + CV + RFI 4.8  4.9 5.0 4.8 4.7  4.7  NA 

All metrics 4.9  5.2 5.3 5.1 5  5  -4.2 
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Figure 10: Regional segmentation of lower second molars created by ‘hecate’ 

algorithms. A) Arctocebus, B) Avahi, C) Cheirogaleus, D) Eulemur, E) Galago, F) 

Galagoides, G) Hapalemur, H) Indri, I) Lemur, J) Lepilemur, K) Loris, L) Microcebus, M) 

Mirza, N) Nycticebus, O) Perodicticus, P) Phaner, Q) Prolemur, R) Propithecus, S) 

Sciurocheirus, T) Varecia  
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2.3.4 Segmented tooth multinomial modelling  

The ‘hecate’ shape segmentation algorithms were successful in isolating regions 

of local shape similarity corresponding to commonly identified cusps, crests, and basins 

(Figure 10). However, models using ariaDNE values of each segment performed no 

better in reclassification than models using ariaDNE summed across the tooth surface 

(LOOIS = -9 for whole tooth model and -9.7 for segmented model). 

2.3.5 Classification of subfossil lemurs  

Subfossil lemurs were classified to dietary ecology using genus mean and 

specimen values in a DFA combining the sums and CV of ariaDNE 0.10 bandwidth and 

RFI. Genus and average specimen classifications are reported in Table 12. Archaeolemur, 

Mesopropithecus, Hadropithecus and Pachylemur were all reconstructed as frugivores; 

Babakotia and Palaeopropithecus as folivores; and Megaladapis ambiguously as frugivorous 

or folivorous (Figure 1). No taxa are predicted to have been insectivorous with a high 

probability, despite the absence of body size information, which is often necessary to 

distinguish folivorous and insectivorous primates (Kay, 1975; Boyer, 2008; Bunn et al., 

2011; Winchester et al., 2014). 
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Table 12: Reconstructions of dietary ecology in recently extinct subfossil 

lemurs. Reclassification success using genus means are reported with the average 

reclassification of all of the specimens in each genus reported in parentheses. 

Family Genus Frugivory Folivory Insectivory Godfrey et 

al. (2004) 

Archaeolemuridae Archaeolemur 100% 

(81.3%) 

0% 

(18.7%) 

0% (0%) Fruit, hard 

objects 

 Hadropithecus 70.8% 

(62.6%) 

29.1% 

(37.3%) 

0% (0.17%) Fruit, hard 

objects 

Palaeopropithecus Babakotia 0% 

(5.03%) 

100% 

(95%) 

0% (0%) Seed, fruit, 

foliage 

 Mesopropithecus 99.2% 

(58.1%) 

0.06% 

(28.2%) 

0.02% 

(13.7%) 

Seed, fruit, 

foliage 

 Palaeopropithecus 0% 

(16.4%) 

99.9% 

(83.4%) 

0% (0.15%) Seed, fruit, 

foliage 

Megaladapidae Megaladapis 58.9% 

(65.5%) 

41.1% 

(33.3%) 

0% (0.12%) Leaves 

Lemuridae Pachylemur 100% 

(93.4%) 

0.00% 

(3.41%) 

0% (3.18%) Fruit 

 

4. Discussion 

The ariaDNE implementation of DNE has considerable value in describing 

dietary ecology in strepsirrhines, particularly at larger bandwidths, which impose a 

higher degree of averaging in local vertex curvature. At all bandwidths ariaDNE 

outperforms traditional DNE in dietary reclassification using DFA. ariaDNE CV adds a 

valuable new dimension to dietary discrimination, particularly in distinguishing 

primate folivores from insectivores, a task which has traditionally proved difficult 

without the inclusion of additional body size information. 

Insectivorous teeth show surfaces with high average curvature across the 

surface, while folivores show moderate average curvature but high variability. Both 
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insects and leaves require consumers to fragment relatively tough structural 

carbohydrates (Kay, 1975; Lucas, 2004; Ungar, 2010). In leaves, structural carbohydrates 

take the form of cellulose fibers and ligneous cell walls, and in insects, chitinous 

exoskeletons (Vincent, 1990; Strait, 1993; Strait and Vincent, 1998; Lucas, 2004). The 

common demands of these food materials explain the common elaboration of shearing 

crests and other tooth cutting surfaces in both insectivores and folivores (Kay, 1975; 

Yamashita, 1998). However, leaves and insects do differ in many important respects as 

potential food items. 

Insect exoskeletons are both tough (requiring continuous application of force to 

propagate cracks) and stiff (requiring high concentrations of force to initiate cracks) 

(Strait, 1993; Strait and Vincent, 1998; Evans and Sanson, 2003). The toughness of insect 

exoskeletons selects for the elaboration of blades, which can propagate cracks linearly 

and prevent puncturing of a material without crack propagation, but the stiffness of 

exoskeletons selects for the development of blade edges and pointed cusps with minimal 

radius of curvature in three dimensions (Strait, 1993; Evans and Sanson, 2003). Animal 

matter is also highly elastic, which makes securing food items between interacting molar 

structures difficult, a problem best solved by high crests around deep basins (Strait, 

1997). Strepsirrhine insectivores appear to arrive at a morphological compromise by 

developing sharp cusps and narrow molar basins connected by sharp shearing crests. 

This occlusal topography is characterized by uniformly high curvature, yielding a high 

ariaDNE with low variance. 
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Leaves are also tough, but generally less stiff, with a planar geometry that 

minimizes the ability for cracks to spread elastically through the substance of the leaf 

(Yamashita, 1998; Lucas, 2004; Ungar, 2010). This combination of properties selects for 

the elaboration of elongated blades which interact to slice leaves and shallow basins 

against which leaves can be titrurated (Yamashita, 1998, Cuozzo and Yamashita, 2006). 

The difference in curvature of open basins and high crests is captured by the relatively 

high CV of ariaDNE values across the tooth surfaces of folivores. Strepsirrhine folivores 

also develop multiple, intersecting blades which yield higher tooth surface complexity 

and a high OPC, as also observed in herbivorous rodents and carnivorans (Evans et al., 

2007). Plants have evolved a range of adaptations to resist mammalian predation by 

increasing the rate of dental wear in leaf consumers (Vincent, 1990; Lucas, 2004; Ungar, 

2010). Strepsirrhine folivores appear to have adapted to resist this wear by increasing 

crown height, as captured by RFI (Boyer et al., 2008). 

Frugivores (which in this sample include gummivores) are thought to habitually 

consume foods with low toughness, although hard seed predation is important to some 

species (Godfrey et al., 2004; Lucas, 2004; Ungar, 2010). This lack of dietary structural 

carbohydrates is reflected in the low ariaDNE, ariaDNE CV, RFI, and OPC values 

characterizing frugivorous strepsirrhines in this sample. This supports the suggestion 

that the elaboration of shearing tooth structures are less important in processing diets 

characterized by lower levels of structural carbohydrates (Kay 1975, Boyer 2008, Bunn et 

al. 2001, Winchester et al. 2014, Ungar 2010). 
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Overfitting metrics suggest that when non-independence due to taxon identity 

and phylogeny are considered, informationally rich, highly parameterized models 

perform worse than simpler models in estimated out-of-sample prediction. This 

contrasts with the multi-proxy approach recommended by Pineda‐Munoz et al., (2016). 

However, differences among models in LOO “expected log pointwise predictive 

density” (“elpd,” a metric capturing the approximated reclassification success of a LOO 

model) are slight, and in all models estimated Pareto k was in the “good” range of < 0.5 

in greater than 90% of leave-one-out reclassification cases. The narrow difference in elpd 

among models suggests that the overfitting risks are relatively low, but that simpler 

combinations of metrics should be considered in reconstructions of relatively 

phylogenetically distant taxa for which the effects of overfitting may have more severe 

effects. 

Models using disaggregated structures of the lower molar failed to outperform 

models constructed using the summed ariaDNE values from the whole surface. This 

suggests that, contrary to the concerns of Allen et al. (2015), tooth occlusal surfaces are 

under selection as integrated units for maximizing food fragmentation in strepsirrhines, 

and potentially other mammals. Dental topography metrics calculated on occlusal 

surfaces do not appear to aggregate away informative dietary adaptation reflected in 

disaggregated shearing crests, and instead may capture emergent properties of 

interacting tooth crown structures (Winchester, 2016).  
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The subfossil lemur fauna of Madagascar is nested within the extant 

strepsirrhine radiation (Kistler et al., 2015; Herrera and Dávalos, 2016). In light of this, 

the more complex model fitting approaches favored by DFA reclassification are argued 

to plausibly reconstruct dietary ecology without excessively overfitting in these taxa. 

Genus mean and specimen level DFA models suggest that a majority of the recently 

extant genera subsisted on fruits. It has been observed that lemur faunas are 

depauperate of frugivores compared to similar primate faunas on other landmasses 

(Ganzhorn, 1992; Goodman and Ganzhorn, 1997; Wright et al., 2005). A frugivore 

depauperate fauna may have partially resulted from the recent extinction of some large 

bodied, specialized frugivores and hard object feeders (especially the lemurid 

Pachylemur and the archaeolemurids Archaeolemur and Hadropithecus). If these subfossils 

were frugivores, their extinction would be consistent with a broader pattern of 

ecological contraction in lemur communities hypothesized to have occurred over the 

Quaternary (Godfrey et al., 2006, 2012). 

Dietary reconstructions of subfossil lemurs using ariaDNE, ariaDNE CV, and RFI 

are largely consonant with reconstructions based on dental microwear and the 

elaboration of shearing quotients, both of which predict many subfossil lemur genera to 

have been frugivorous or hard object feeding, with the exception of the sloth lemurs 

(Palaeopropithecidae) and Megaladapis (Jungers et al., 2002; Godfrey et al., 2004, 2006; 

Scott et al., 2009). ariaDNE, ariaDNE CV, and RFI reconstruct two of the sloth lemurs, 

Palaeopropithecus and Babakotia, as folivorous, as expected. The palaeopropithecid 
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Mesopropithecus, however, seems aberrent in this regard, as its dietary ecology was 

reconstructed as frugivorous with relatively high confidence. Its molar structure 

resembles that of Indri and Propithecus, with ariaDNE and ariaDNE CV values most like 

Propithecus (Figure 11). Propithecus is known to exhibit a significant amount of seasonal 

diet switching toward fruits and seeds, and this ecology that may have characterized 

Mesopropithecus or its ancestors (Godfrey et al., 2004; Norscia et al., 2006).  

ariaDNE, ariaDNE CV, and RFI also classified Megaladapis as ambiguously 

frugivorous. This was surprising, as this taxon exhibits long shearing crests and a 

strongly folivorous microwear signal (Jungers et al. 2002, Godfrey et al. 2007). The signal 

for frugivory in Megaladapis seems to arise from its relatively low ariaDNE CV. The long, 

continuous crests displayed by Megaladapis molars may have lower variability in vertex 

bending than the shorter, intersecting crests of other lemur folivores. 52% of specimens 

from the morphologically similar Lepilemur were also misclassified by this combination 

of variables, suggesting that they may struggle to characterize this dental configuration. 

It is also possible that Megaladapis consumed more fruits, particularly highly fibrous 

fruits, than has been previously recognized.  

In general, however, the combination of dental topography metrics described 

here generate reconstructions consistent with earlier studies of subfossil lemur dietary 

ecology drawing on a wide range of evidence, supporting the applicability of these 

metrics to extinct primates generally.
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Figure 11: Indriids, “palaeopropithecids,” and Megaladapis plotted by 

ariaDNE 0.08 and ariaDNE 0.08 CV, with images showing comparative morphology. 

Subfossil lemurs reconstructed as friguvirous (Megaladapis and Mesopropithecus) 

have relatively low ariaDNE CV.
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3. Ecometric modelling of tooth shape and precipitation 

gradients among lemurs on Madagascar 

Ecometric modeling allows the relationships between spatial environmental 

variables and phenotypic characters to be examined and used to reconstruct past 

climates. Here, the community means of the dental topography metrics Dirichlet normal 

energy (DNE) and orientation patch count (OPC) are tested against mean annual 

precipitation (MAP) and precipitation seasonality among lemurs across Madagascar. 

Dry, seasonal environments are expected to be associated with high DNE and OPC, as 

lemurs living in these environments are more likely to rely on tougher foods. Ecometric 

models are also used to calculate ecometric loads for lemur taxa hypothesized to be 

experiencing evolutionary disequilibria and to reconstruct MAP and precipitation 

seasonality at the ~500 BP subfossil cave site of Ankilitelo. DNE is highest in highly 

seasonal but wet environments. Seasonal exploitation of fallback foods and the 

availability of new leaves during wet periods may be most important in driving 

community DNE. OPC is weakly predicted by MAP and seasonality but its distribution 

appears to be driven by a stepwise increase in its community values in rainforest 

environments. Ankilitelo was reconstructed as a moderately moist deciduous forest, 

contrasting with the climate of the spiny desert zone in which the site is situated today. 

3.1 Background 

Ecometric studies quantify relationships between phenotypic characters and 

spatially distributed environmental parameters, including temperature, precipitation, 
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and vegetation cover (Polly et al., 2016; Barr, 2018; Vermillion et al., 2018). Studies taking 

this approach have found significant spatial ecometric signals in locomotor morphology 

in carnivorans (Polly, 2010), tail length in garter snakes (Lawing et al., 2012), crown 

height in ungulates (Fortelius et al., 2002), and dental topography in South American 

mammals (Spradley et al., 2019), among other examples (Barr, 2018). Ecometric studies 

are distinguished from ecogeographic and other studies of the spatial distributions of 

phenotypes by their use of descriptors to characterize communities of organisms. 

Ecometrics have practical utility for reconstructing climate history from the changing 

morphologies of fossil organisms without making strong uniformitarian assumptions 

about the persistence of ecological niche across lineages. They also provide a lens for 

exploring the adaptive responses of organisms to variation in their biotic and abiotic 

environment, whether those responses reflect in situ evolution or dispersal and 

differential persistence (Polly et al., 2016; Vermillion et al., 2018). Finally, the concept of 

ecometric load allows the quantification of ecological mismatch between organismal 

communities and their environments (Polly et al., 2016). 

Ecogeographic studies have recovered relationships between community 

structure and body size variation in Malagasy mammals, including lemurs, and 

abiotically mediated resource availability (Albrecht et al., 1990; Lehman et al., 2005; 

Muldoon and Simons, 2007; Muldoon, 2010). Dietary ecology appears to represent an 

important driver of these relationships (Muldoon and Simons, 2007; Muldoon, 2010). 

This study investigates whether descriptors of molar surface topography – proven 
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successful at categorical dietary classification in strepsirrhines (Bunn et al., 2011; 

Winchester et al., 2014) – also vary at the community level with potential environmental 

proxies for the material properties of lemur foods. 

Lemurs exploit a broad range of diets. Fruit and plant reproductive parts are 

important to most species, but dominate the diets of Varecia and some populations of 

Eulemur (Dew and Wright, 1998; Vasey, 2002; Wright et al., 2005; Ossi and Kamilar, 2006; 

Garbutt, 2007; Sato et al., 2016; Erhart et al., 2018). Generalist frugivore-folivores 

(Eulemur, Lemur, Propithecus, Indri) consume seasonally shifting combinations of fruits, 

seeds, leaves, flowers, and nectar (Hladik et al., 1980; Hemingway, 1996; Curtis and 

Zaramody, 1998; Dew and Wright, 1998; Yamashita, 2002; Wright et al., 2005; Norscia et 

al., 2006; Ossi and Kamilar, 2006; Garbutt, 2007; Sato, 2012; Irwin et al., 2014; Sato et al., 

2016; Koch et al., 2017; Erhart et al., 2018). A small number of taxa are almost exclusively 

folivorous (Lepilemur, Avahi) or feed on bamboo and reeds (Hapalemur, Prolemur) 

(Overdorff et al., 1997; Garbutt, 2007; Norscia et al., 2012). Smaller cheirogaleid lemurs 

(Microcebus, Cheirogaleus, Mirza, Phaner) supplement diets of fruit, gums, and insect 

secretions with whole insects and small vertebrates (Hladik et al., 1980; Garbutt, 2007). 

Daubentonia exhibits a very unusual set of adaptations for accessing defended food 

resources, especially grubs living within tree bark and the inner contents of hard-rinded 

fruits (Iwano and Iwakawa, 1988; Garbutt, 2007). Differences in the mechanical demands 

of these different diets appear to be reflected in tooth shape, as indicated by the success 

of tooth shape descriptors at reclassifying lemurs to broadly-construed dietary ecologies 
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(Kay, 1975, 1978; Kay and Simons, 1980; Kay and Covert, 1984; Boyer, 2008; Bunn et al., 

2011; Godfrey et al., 2012; Winchester et al., 2014). 

Recent work has questioned associations between food material properties and 

dietary ecology in primates, however. Coiner-Collier and colleagues analyzed the 

material properties of food items consumed by 31 primate species and found no 

significant differences among typical dietary categories in toughness or elasticity (2016). 

This seems to reflect variation in the material properties of superficially similar food 

items, both within the parts of a single item (the components of a single fruit, for 

example), and across environments (Strait, 1997). The work of Coiner-Collier et al. (2016) 

presents an explanatory dilemma. Tooth shape has been found to reflect dietary 

adaptation (Kay, 1975; Bunn et al., 2011; Winchester et al., 2014), and even food material 

properties in the diets of lemurs (Yamashita, 1996, 1998), but this relationship cannot be 

explained by the averaged material properties of the foods constitutive of dietary 

categories. An ecometric approach may offer an alternate means of approaching this 

question by testing tooth shape against environmental gradients likely to influence food 

properties. 

Unique aspects of Madagascar’s climate and geography make it well-suited for 

the development of ecometric models. Madagascar is the world’s fourth largest island, 

with a continental diversity of habitats and complex, interacting climate gradients (Jury, 

2003; Goodman and Jungers, 2014). Lemurs occur in all of the island’s major ecoregions 

except for very high elevations and regions that have been extensively modified by 
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human activities (Kamilar and Muldoon, 2010; Goodman and Jungers, 2014). Rainfall on 

the island follows an East-West gradient, due to the rain-shadow effect of the central 

highland escarpment, and a North-South gradient caused by seasonal monsoons and the 

northerly summer passage of the Inter-Tropical Convergence Zone (Jury, 2003). 

Undisturbed areas along the east coast are historically dominated by evergreen 

rainforests. Deciduous forests historically occupy most of the west coast, but for a small 

rainforest region in the northwest known as the Sambirano. The southwest corner of the 

island is covered with dry scrubland variously known as spiny desert, spiny bush, or 

spiny forest (Gautier and Goodman, 2003; Jury, 2003; Goodman and Jungers, 2014). 

The material properties of the foods exploited by lemurs are likely to have been 

influenced by these environmental gradients. The ratio between protein and fiber is 

inversely correlated with mean annual precipitation (MAP) on Madagascar, making 

leaves more attractive as food items in dry regions (Ganzhorn, 1992). This may be 

related to diminished cloud cover in drier environments and the concomitant increase in 

sunlight for photosynthesis. The higher quality of leaves in these environments is 

associated with primate folivore biomass (Ganzhorn, 1992). Leaf toughness is also 

inversely correlated with MAP globally, likely as a result of adaptations to prevent 

water loss (Onoda et al., 2011). Fruit morphology follows this pattern on Madagascar as 

well, with fruits from dry forests more likely than fruits from rainforests to sport tough, 

fibrous exteriors as defense against evaporation (Bollen et al., 2005; Sato, 2012; Sato et al., 

2016). Dry forests and spiny desert should favor herbivores equipped to exploit tougher 
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leaves and fruits. This would predict sharper and more complex tooth surfaces than 

typical for taxa inhabiting wetter environments. 

Seasonal and inter-annual variation are also important features of many 

environments on Madagascar, and may have played a role in the adaptive evolution of 

lemurs (Dewar and Richard, 2007). Madagascar experiences an annual dry season 

coinciding with the Austral winter (May-September) (Jury, 2003). Fleshy fruit, flower, 

and new leaf production are usually lowest during some period of this winter dry 

season (Hladik et al., 1980; Ganzhorn, 1992, 2002; van Schaik et al., 1993; Goodman and 

Ganzhorn, 1997; Overdorff et al., 1997; Curtis and Zaramody, 1998; Rasmussen, 1999; 

Yamashita, 2002; Bollen and Donati, 2005; Bollen et al., 2005; Wright et al., 2005; Norscia 

et al., 2006; Pichon et al., 2010; Andriaharimalala et al., 2012; Sato, 2012; Irwin et al., 2014; 

Sato et al., 2016). In eastern rainforest sites, this is largely in response to changes in 

temperature and photoperiod (Bollen and Donati, 2005; Bollen et al., 2005; Wright et al., 

2005; Andriaharimalala et al., 2012), and has only modest effects on the ability of 

frugivorous lemurs to exploit fleshy fruits and other plant reproductive parts year-

round (Overdorff, 1992; Hemingway, 1996; Rasmussen, 1999; Vasey, 2002; Bollen et al., 

2005; Wright et al., 2005). 

In dry forests, where precipitation seasonality is more pronounced, the picture is 

more complicated. Fruiting in some taxa peaks during this period, but these trees (often 

in the family Fabaceae, including the common dry forest Tamarindus) generally produce 

highly fibrous fruits that are more mechanically demanding to exploit than the fleshy 
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fruits of the eastern rainforest (Hladik et al., 1980; Bollen et al., 2005; Norscia et al., 2006; 

Sato, 2012; Sato et al., 2016). The availability of the softer, immature leaves favored by 

most folivorous lemurs is even more tightly linked to seasonal variation in precipitation 

(Hladik et al., 1980; van Schaik et al., 1993; Overdorff et al., 1997; Curtis and Zaramody, 

1998; Rasmussen, 1999; Ganzhorn, 2002; Yamashita, 2002; Norscia et al., 2006, 2012; 

Pichon et al., 2010; Andriaharimalala et al., 2012; Irwin et al., 2014; Koch et al., 2017), and 

the shear strength of foods consumed by lemurs consequently increases during the dry 

season (Yamashita, 1996; Strait, 1997). As foods exploited during the dry season are 

generally more mechanically demanding than wet season foods (Yamashita, 1996, 1998), 

seasonal environments should select for lemurs with sharper and more complex teeth, 

even when considering any underlying relationship with MAP. 

Secular climate trends, human hunting, and changing patterns of land use have 

all wrought major disruptions on the ecological conditions experienced by lemur faunas 

over the past millennium (Dewar, 1984). These disruptions may explain mismatches 

between the behavioral ecology of some lemur species and their apparent morphological 

adaptations, an idea known as the evolutionary disequilibrium hypothesis (van Schaik 

and Kappeler, 1996). Evolutionary disequilibria may have especially affected the 

behavior and diets of frugivorous, diurnal lemurids (Lemur and Eulemur) and of 

Microcebus, which consumes a large proportion of its diet in gums but shows teeth well-

suited for insectivory (Godfrey et al., 2012). Disequilibrium effects may present a 

challenge to ecometric modelling if lemurs are now living in environments to which 
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they are poorly adapted morphologically, especially as the geographic distribution of 

many lemur genera is known to have altered since human settlement. This 

maladaptation can be measured in an ecometric modelling framework using the concept 

of “ecometric load” proposed by Polly et al., (2016). Ecometric load measures the 

distance between an organism’s optimal habitat, measured here as the posterior 

distribution of predicted values from the ecometric model, and its mean value in a 

community or an organism. If any lemur taxa have come to occupy zones of MAP or 

precipitation seasonality to which they may be particularly poorly adapted 

morphologically, they should inhabit communities with exceptionally high ecometric 

load. 

Ecometric models can be used to reconstruct paleoenvironmental conditions 

using the quantitative traits of fossil organisms (Reed and Fleagle, 1995). This 

framework can also be useful in exploring model behavior and the implications of 

relationships between community ecomorphology and climate. Ecometric analysis of 

mammal dental topography may serve as a useful tool for paleoecological 

reconstruction on Madagascar. Madagascar mostly lacks a Tertiary terrestrial fossil 

record, but numerous cave and subsurface deposits have been discovered preserving a 

fauna of extant and recently extinct lemurs and other large mammals (Goodman and 

Jungers, 2014). 

Here, the means and variances of DNE and OPC from the subfossil lemur fauna 

of the ~500 year-old Ankilitelo Cave site from southwestern Madagascar will be used to 
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reconstruct the MAP and precipitation seasonality characterizing the site at the time of 

its primary deposition (Simons et al., 2004; Muldoon, 2010). This site was chosen because 

of its well-studied lemur fauna, which includes the smallest extant lemurs as well as the 

recently extinct giant subfossil taxa Palaeopropithecus ingens, Megaladapis madagascariensis, 

Archaeolemur majori, Daubentonia robusta, and Pachylemur (Muldoon et al., 2009; 

Muldoon, 2010). Ankilitelo Cave is located along the boundary between modern spiny 

desert and succulent woodland environments, and quantitative faunal analysis suggests 

that a similar environment surrounded the cave at the time of its accumulation 

(Muldoon and Simons, 2007; Muldoon et al., 2009; Muldoon, 2010). The subfossil fauna 

includes arboreal subfossil lemurs such as Palaeopropithecus and carnivoran and rodent 

taxa known to occur in closed forests today, however, which suggests it may have 

sampled a moister forest environment, with lower seasonality and a less severe dry 

season, 500 years ago (Goodman and Jungers, 2014). Ecometric models may shed 

additional light on this question. Ankilitelo offers a window into the post-settlement 

climate history of southwest Madagascar with implications for the causes of subfossil 

megafaunal extinctions on the island (Dewar, 1984; Muldoon, 2010). 

3.2 Materials and Methods 

3.2.1 Sample and dental topography metrics 

Dental topography metrics were calculated from scans of 170 second lower 

molars from 30 species in 14 genera (Table 1; Appendix A, B). This includes specimens 

from every extant lemur genus except Allocebus and the four extinct lemur genera 
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known from Ankilitelo. Dirichlet normal energy (DNE) and orientation patch count 

(OPC) were calculated for each tooth. The calculation of DNE used the most recent 

“ariaDNE” implementation in MATLAB (Shan et al., 2019). DNE describes the deviation 

of a geometric surface from a plane, which serves as a metric of tooth curvature, 

particularly of sharpness (Bunn et al., 2011; Winchester et al., 2014). AriaDNE uses a 

“bandwidth” of local averaging to calculate vertex-by-vertex bending energy across the 

tooth surface. Analysis used the software default bandwidth of 0.8, which imposes an 

intermediate degree of local averaging. 

  OPC was calculated as “orientation patch count rotated” (OPCR) in the R 

package “molaR” (Pampush et al., 2016). OPC describes the complexity of the tooth 

surface as the number of surfaces sharing a single aspect (Evans et al., 2007). The 

calculation of OPC proceeds by first identifying regions of a digital model sharing slopes 

of the same orientation in one of a set number of cardinal directions (typically eight). 

The algorithm then counts the number of “patches” of contiguous cells sharing a 

common aspect. OPCR averages the number of patches counted across rotations along 

the occlusal plane of the tooth, making the metric invariant to tooth orientation in the XY 

plane (Evans et al., 2007; Pampush et al., 2016). All teeth were oriented so that the 

occlusal plane was parallel to the XY plane before analysis. 

3.2.2 Spatial analysis 

Spatial analyses were performed in R, using the packages “raster,” “rgeos,” and 

“spdep,” as well as custom functions. Range “shape files” for each genus were obtained 
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from the IUCN (IUCN, 2016). These were converted into raster objects assigned the 

mean DNE and OPC from each genus as object values. Genus, instead of species, means 

and ranges were used in order to avoid uncertainties in the taxonomy of lemur species 

and potential mismatches between changing understandings of species-level diversity 

and museum specimen records. This also ensured the most complete spatial 

representation of the distributions of dental morphotypes, which broadly correspond to 

genera in lemurs. Because of their distinct distributions and potentially strong 

differences in the material properties of their diets, western and eastern populations of 

Propithecus were sampled separately. DNE and OPC values from western Propithecus 

were taken from specimens cataloged as P. verreauxi, P. deckenii, and P. coronatus. Ranges 

used combined IUCN shapefiles for P. verreauxi, P. coronatus, and P. deckenii. DNE and 

OPC values for eastern Propithecus were taken from specimens cataloged as P. diadema 

and P. edwardsi. Ranges used combined IUCN shapefiles for P. perrier, P. diadema, P. 

tattersalli, P. edwardsi, P. candidus. Ultimately, no sampling points intersected the 

extremely restricted range of Prolemur, so its dental topography could not be included in 

any ecometric calculations. 

Climate data was obtained at 0.5 minute resolution from the WorldClim database 

(Fick and Hijmans, 2017). Two variables are analyzed: mean annual precipitation (MAP) 

and precipitation seasonality (coefficient of variation of precipitation). 200 sampling 

points were spread evenly across Madagascar, yielding ~50 km intervals between 

samples, consistent with the typical range of spatial averaging in the mammalian fossil 
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record (Polly et al., 2016). 96 of these points intersected more than one lemur genus 

range and these were sampled for DNE, OPC, and the climate variables (Figure 12). 

Points only intersecting the range of a single genus were excluded in order to better 

capture community-level variation in dental topography. Dental topography values 

characterizing each community are calculated as a mean of all of the genera present at 

each sampling point. All variables were scaled before analysis by subtracting the mean 

and dividing by the standard deviation of the total sample to correct for differences in 

the scale of the values calculated for different variables and improve model fit. 

 
Figure 12: Mean annual precipitation (MAP) samples distributed across the 

ecoregions of Madagascar (eastern rainforest, western deciduous forest, and southern 

spiny desert). Greener points are wetter and less seasonal. (a) MAP, with 

reconstructed values for Ankilitelo Cave; (b) Precipitation seasonality, with 

reconstructed values for Ankilitelo Cave; (c) Location of Ankilitelo Cave. 

 

3.2.3 Modelling 

The relationships between community topographic metrics and climate were 

modelled in a multilevel Bayesian framework allowing the use of regularizing priors 
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and the consideration of spatial autocorrelation, which appears to have been an 

important confounding factor in ecogeographic studies of body size (Kamilar et al., 

2012). The distribution of mean community topographic metrics was modelled as 

function of MAP, precipitation seasonality (PS), and a Gaussian process modeling 

spatial dependency among sampling points as a squared parameter eta (η) decaying in 

its influence at a squared rate rho (ρ). This process models the decline in spatial 

dependence among points as an inverse square (similar to a Newtonian model of 

gravity), with relatively high interdependence among adjacent points that rapidly 

declines over farther distances (McElreath, 2015). Finally, to explore the possible effect of 

differences in forest structure on the relationships between dental topography metrics 

and climate variables, varying intercepts models were fit allowing different intercepts 

for rainforest, deciduous forest, and spiny desert communities, determined using 

shapefiles of Malagasy ecoregions (Vieilledent et al., 2016a; b). Similar models 

reconstructing MAP and precipitation seasonality using mean DNE, mean OPC, and a 

spatial Gaussian process were also constructed. These were used to calculate community 

ecometric load and reconstruct the paleoclimatic conditions prevailing at Ankilitelo 

during the accumulation of the subfossil lemur fauna. 

Models were specified using functions in the “rethinking” package in R and fit 

using a Hamiltonian MCMC chain in Stan, accessed through the “Rstan” package 

(McElreath, 2015). Four chains were run over 3000 iterations, with a 1000 iteration 

warmup. Chain convergence was assessed using the rhat parameter, the number of 
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effective samples returned, and visual inspection of the chain trace plots. Alternate 

models of differing complexity were fit to the data and out-of-sample validity assessed 

using the “Widely Applicable Information Criterion” (WAIC) (Watanabe, 2013). Where 

appropriate, model reconstructions were averaged among models of >20% WAIC model 

weight. 

3.2.4 Ecometric load 

Ecometric load was calculated as the absolute value of the difference between the 

empirically sampled climate parameters (MAP or PS) of each sampling point and 10000 

draws from the posterior distribution of the climate parameter values predicted by the 

ecometric model for that point. This generates a distribution of distances of equal length 

to the sampled posterior of predictions and reflecting its posterior probability density 

for each sampled community. The distributions of differences for all of the communities 

in which each taxon occurs were combined into a single large distribution of ecometric 

loads. This approach yields a distribution of ecometric loads with a density proportional 

to the posterior probability of the predicted climate parameter, which also preserves 

uncertainty around predicted means. In order to identify taxa with exceptionally high 

ecometric loads, the mean and 89% highest posterior density interval (HPDI) of these 

combined sampled loads were calculated for each taxon. These were then compared to 

the HPDI of all of the loads of all communities. 
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3.2.5 Paleoclimate reconstruction 

Paleoclimate reconstruction models were run with and without the extinct taxa 

occurring at Ankilitello (Archaeolemur, Megaladapis, Palaeopropithecus, and Pachylemur) 

included in the calculation of community dental topography. 89% HPDI were calculated 

for reconstructed MAP and seasonality and compared to HPDI of rainforest, deciduous 

forest, and spiny desert sampling sites. 

3.3 Results 

3.3.1 Ecometric models 

When predicted by MAP alone (0% of WAIC model weight), DNE shows a 

moderately strong relationship with MAP (βP =0.35). When predicted by MAP and PS 

(77% of WAIC model weight), DNE shows strong relationships with both variables (βP = 

0.56; βPS = 0.43) (Figure 13). When ecoregions are modelled with varying intercepts (23% 

of WAIC model weight), DNE continues to show strong relationships to both variables 

(βP = 0.49; βPS = 0.44). This suggests that DNE is highest in wet, seasonal environments 

regardless of ecoregion. 
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Figure 13:  Lemur community DNE at each sampling point. (a) DNE predicted 

by MAP (incorporating MAP and seasonality) (βP = 0.56); (b) DNE predicted by 

precipitation seasonality (incorporating MAP and seasonality) (βPS = 0.43). 

When predicted by MAP alone (0% of WAIC model weight), OPC shows a 

strong relationship to MAP (βP = 0.48). When predicted by MAP and PS (0% of WAIC 

model weight), OPC shows a moderately strong relationship with MAP and a weak, 

negative relationship with PS (βP = 0.39; βPS = -0.17). When ecoregions are modelled with 

varying intercepts (100% of WAIC model weight), OPC shows weaker relationships to 

both variables, and the relationship with seasonality changes sign (βP = 0.22; βPS = 0.10). 

This suggests that OPC is highest in rainforest environments, and that this drives its 

relationship to MAP and PS across the island (Table 13; Figures 13, 15). 
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Figure 14: Lemur community OPC and MAP at each sampling point. (a) OPC 

predicted by MAP (incorporating MAP and seasonality) (βP = 0.39); (b) Varying 

intercepts model, showing weaker relationship between OPC and MAP within 

ecoregions (βP = 0.22) and a higher intercept among the eastern rainforest 

communities. 
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Figure 15: Lemur community OPC at each sampling point. (a) OPC predicted 

by precipitation seasonality (incorporating MAP and seasonality) (βPS = -0.17); (b) 

Varying intercepts model, showing weaker relationship between OPC and PS within 

ecoregions (βPS = 0.10) and a higher intercept among eastern rainforest communities. 
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Table 13: Climate ecometric model parameters and WAIC scores and model 

weights. 

Model WAIC (model 

weight) 

βMAP (89% 

HPDI) 

βSeasonality (89% 

HPDI) 

DNE ~ MAP 265.3 (0%) 0.35 (0.19 : 0.50) NA 

DNE ~ MAP + Seasonality 250.3 (77%) 0.56 (0.40 : 0.72) 0.43 (0.27 : 0.60) 

DNE ~ MAP + Seasonality + 

Ecoregion 

252.7 (23%) 0.49 (0.27 : 0.72) 0.44 (0.18 : 0.69) 

OPC ~ MAP 249.9 (0%) 0.48 (0.34 : 0.62) NA 

OPC ~ MAP + Seasonality 248.9 (0%) 0.39 (0.23 : 0.55) -0.17 (-0.33 : -0.01) 

OPC ~ MAP + Seasonality + 

Ecoregion 

235.1 (100%) 0.22 (0.01 : 0.42) 0.10 (-0.12 : 0.33) 

 
When predicted by DNE alone (0% of WAIC model weight), MAP shows a 

moderately strong relationship with DNE (βDNE =0.35). When predicted by OPC alone 

(1% of WAIC model weight), MAP shows a strong relationship with OPC (βOPC =0.35). 

When predicted by DNE and OPC (99% of WAIC model weight), MAP shows 

moderately strong relationships with both variables (βDNE = 0.29; βOPC = 0.45). When 

predicted by DNE alone (0% of WAIC model weight), PS shows a weak relationship 

with DNE (βDNE =0.15). When predicted by OPC alone (27% of WAIC model weight), 

MAP shows a moderately strong negative relationship with OPC (βOPC =-0.37). When 

predicted by DNE and OPC (73% of WAIC model weight), PS shows moderately strong 

relationships with both variables, although negatively related to OPC (βDNE = 0.21; βOPC = 

-0.39) (Table 14) 
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Table 14: Climate ecometric model parameters and WAIC scores and model 

weights. 

Model WAIC (model 

weight) 

βMAP (89% HPDI) βSeasonality (89% HPDI) 

MAP ~ DNE 264.9 (0%) 0.35 (0.19 : 0.50) NA 

MAP ~ OPC  251.6 (1%) NA 0.48 (0.33 : 0.63) 

MAP ~ OPC + DNE 242.9 (99%) 0.29 (0.15 : 0.43) 0.45 (0.31 : 0.59) 

Seasonality ~ DNE 274.3 (0%) 0.15 (-0.02 : 0.32) NA 

Seasonality ~ OPC 262.3 (27%) NA -0.37 (-0.53 : -0.22) 

Seasonality ~ OPC + DNE 260.3 (73%) 0.21 (0.05 : 0.36) -0.39 (-0.55 : -0.23) 

 

3.3.2 Ecometric loads 

Taxon mean ecometric loads did not exceed the 89% HPDI of the total set of 

communities for MAP or PS. However, the 89% HPDI of seven taxa (Avahi, Daubentonia, 

Hapalemur, Indri, Phaner, eastern populations of Propithecus, and Varecia). exceeded the 

upper boundary of the HPDI for the total community for MAP ecometric load and four 

exceeded the upper boundary of the HPDI for the total community for PS ecometric load 

(Avahi, Daubentonia, Hapalemur, and Varecia) (Table 15). This indicates taxa whose 

distribution of occurrences includes habitats of unusually high ecometric load in at least 

one precipitation dimension. 
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Table 15: Ecometric loads calculated by taxon and the 89% HPDI for all 

community samples. 

Genus MAP (89% 

HPDI) 

Seasonality (89% HPDI) 

Avahi 0.77 (0 : 1.8) 0.89 (0 : 1.68) 

Cheirogaleus  0.63 (0 : 1.2) 0.74 (0 : 1.31) 

Daubentonia 0.72 (0 : 1.63) 0.85 (0 : 1.62) 

Eulemur 0.58 (0 : 1.18) 0.75 (0 : 1.38) 

Hapalemur 0.63 (0 : 1.44) 0.89 (0 : 1.59) 

Indri 0.73 (0 : 1.35) 0.73 (0 : 1.12) 

Lemur 0.78 (0 : 1.34) 0.66 (0 : 1.3) 

Lepilemur 0.71 (0 : 1.32) 0.72 (0 : 1.29) 

Microcebus 0.60 (0 : 1.24) 0.81 (0 : 1.46) 

Mirza 0.47 (0 : 0.90) 0.64 (0 : 1.2) 

Phaner 0.64 (0 : 1.41) 0.76 (0 : 1.42) 

Propithecus (eastern) 0.76 (0 : 1.36) 0.68 (0 : 1.27) 

Propithecus (western) 0.59 (0 : 1.14) 0.73 (0 : 1.3) 

Varecia 1.05 (0.07 : 1.9) 0.98 (0.07 : 1.9) 

All communities 0 : 1.34 0 : 1.48 

 

3.3.3 Paleoclimate reconstruction 

Reconstruction of MAP at Ankilitelo incorporating extinct lemurs (1177 mm) was 

similar to that incorporating only extant species (1100 mm). Both reconstructions overlap 

the range of deciduous forests (1198 mm, 89% HPDI 731 mm : 1645 mm) as well as 

eastern rainforest (mean = 1848 mm, 89% HPDI 1118 mm : 2468 mm), but not spiny 

desert (mean = 564 mm, 89% HPDI 434 mm : 853 mm). Reconstructed seasonality at 

Ankilitelo was also nearly identical with extinct taxa (92), and when only extant taxa 

were considered (93). These values are lower than characteristic of deciduous forest 

environments (mean = 117, 89% HPDI 102 : 127) and within the ranges of spiny desert 
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(mean = 87, 89% HPDI 42 : 126) and eastern rainforests (mean = 72, 89% HPDI 44 : 99) 

(Table 16; Figure 16). 

 
Figure 16: Density plots of sampled climate parameters by Malagasy ecoregion 

and 50 sampled values from 89% highest density interval of reconstructed climate at 

Ankilitelo; (a) Mean annual precipitation; (b) Precipitation seasonality. 
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Table 16: Paleoclimate reconstructions at Ankilitelo and ecoregion climate 

values. 

Parameter Ankilitelo 

(all taxa) 

(89% HPDI) 

Ankilitelo 

(extant taxa) 

(89% HPDI) 

Rainforest 

(89% HPDI) 

Deciduous 

forest (89% 

HPDI) 

Spiny 

desert (89% 

HPDI) 

MAP 1177 mm 

(956 mm : 

1386 mm) 

1100 mm 

(881 mm : 

1322 mm) 

1848 mm 

(1118 mm : 

2468 mm) 

1198 mm 

(731 mm : 

1645 mm) 

564 mm 

(434 mm : 

853 mm) 

Seasonality  92 (84 : 100) 93 (85 : 101) 72 (44 : 99) 117 (102 : 

127) 

87 (42 : 

126) 

 

3.4 Discussion 

3.4.1 Dental topography metrics and precipitation 

I predicted lemur communities to show higher DNE and OPC in drier, more 

seasonal environments. Ecometric models mostly did not conform to this prediction. 

Community DNE was positively associated with precipitation seasonality, meeting 

expectations, but also positively associated with MAP, which contradicted them. OPC 

was also positively associated with MAP and weakly negatively associated with 

seasonality. However, both patterns appear to be largely driven by elevated OPC values 

in rainforest communities. 

The relationship between DNE and seasonality suggests that tooth sharpness in 

lemur communities is driven by the mechanical demands of foods exploited during the 

dry season. This is consistent with past findings that many aspects of lemur tooth shape 

are more strongly predicted by the most mechanically challenging foods in the diet than 

by the foods consumed most frequently (Yamashita, 1998; Cuozzo and Yamashita, 2006). 

Dry season diets in highly seasonal environments shift strongly toward mature leaves 
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and tougher, more fibrous fruits (Norscia et al., 2006; Pichon et al., 2010; Irwin et al., 

2014; Sato et al., 2016; Koch et al., 2017; Erhart et al., 2018) and show a measurable 

increase in food shear strength (Yamashita, 1996). These environments preferentially 

support lemur communities composed largely of taxa adapted to exploit these tough 

foods through the elaboration of tooth shearing capability. 

Wetter environments yield more abundant fleshy fruits and other soft foods, and 

so were expected to support communities with lower tooth sharpness. However, 

seasonally wet environments on Madagascar, such as those of the northwest of the 

island, balance periodic water availability with maximal insolation during the cloud-free 

months of the dry season, encouraging robust wet season leaf flushes (Ganzhorn, 1992; 

Rasmussen, 1999). This may drive lemur communities toward specialization on leaf 

resources, even if leaves in drier environments are on average more mechanically 

demanding. Leaves differ from other classes of foods not only in their internal material 

properties, but also in their planar geometry, which is optimally fragmented by slicing 

even over a range of toughness values (Yamashita, 1998; Cuozzo and Yamashita, 2006). 

This may select for the elaboration of tooth blades among folivores, even in the absence 

of consistent differences in food material properties, as reported by Coiner-Collier et al. 

(2016). Robust leaf flushes are also associated with pulses in insect availability, the 

consumption of which imposes similar demands on tooth shape (Kay, 1975; Hladik et 

al., 1980). 
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Community OPC shows only weak associations with MAP and seasonality 

within ecoregions, but shows a strong stepwise elevation within rainforest communities, 

as indicated by the 100% of model weight given to the varying ecoregion slopes model. 

Eastern rainforests are extensively occupied by the three groups with the highest OPC 

values sampled by the ecometric model (Avahi, Indri, eastern populations of Propithecus) 

as well as by Prolemur, which had the highest OPC scores of any genus, but could not be 

sampled by the ecometric model because of its restricted range. This may indicate 

differences between the resources exploited by folivorous members of lemur faunas in 

deciduous forest and rainforest environments. Avahi, unusually among lemur folivores, 

is a mature leaf specialist (Norscia et al., 2012). OPC is most powerful in distinguishing 

species along gradients of specialized carnivory and herbivory, reflecting the need for 

many herbivores to mill food items across large batteries of intersecting blades (Evans et 

al., 2007; Pineda‐Munoz et al., 2016). The different adaptations optimal for slicing planar 

but low-toughness immature leaves and tougher, mature leaves and grasses may mirror 

this gradient. Indri and Propithecus, which consume mature leaves only seasonally would 

appear to complicate this picture, however (Britt et al., 2002; Koch et al., 2017). Higher 

resolution analysis of the material properties of leaves consumed across the year by 

lemurs in eastern and western forests on Madagascar may help resolve outstanding 

issues in the interpretation of these patterns. 
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3.4.2 Evolutionary disequilibrium hypothesis 

Results do not clearly support the evolutionary disequilibrium hypothesis in this 

system. None of the genera (Eulemur, Lemur, and Microcebus) predicted to be in dietary 

evolutionary disequilibria showed unusually high ecometric loads (Godfrey et al., 2012). 

Four genera (Avahi, Daubentonia, Hapalemur, and Varecia), however, were found to 

inhabit communities of exceptional ecometric load over some portion of their range in 

both MAP and seasonality. Daubentonia pursues an extremely unusual dietary strategy 

and tooth shape in this genus may not be expected to closely correspond to the climate 

gradients in food properties (Sterling et al., 1994). Avahi, Hapalemur, and Varecia pursue 

highly specialized diets on mature leaves, bamboo, and fruits, respectively, which may 

have allowed them to exploit environments outside of their predicted climatic range. 

High ecometric loads strongly predispose communities to extirpation under changing 

climate conditions, however, signaling potential vulnerability in these taxa to habitat 

perturbation (Polly et al., 2016). 

3.4.3 Paleoclimate at Ankilitelo 

WAIC favored the most complex model in reconstructing MAP, and split model 

weight in the reconstruction of seasonality between the most complex model (73%) and 

a model using only OPC (27%), the predictions from which were averaged (with ¾ of 

model weight assigned to the more complex model). Reconstructed climate at Ankilitelo 

appears to have been slightly wetter than the succulent woodland environments 

surrounding the cave today. Reconstructed MAP is within the range of western 
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deciduous forests and outside of that of spiny desert sampling points, and precipitation 

seasonality was lower than typical of deciduous forest sites and intermediate between 

spiny deserts and rainforests. Relatively humid mist forests occur at higher elevations on 

the Analavelona Massif near Ankilitelo today, created in part by condensation from 

rising air masses from the Mozambique Strait (Muldoon, 2010; Goodman and Jungers, 

2014). Conditions similar to these may have been prevalent at Ankilitelo 500 BP, but 

have retreated to higher elevations over subsequent centuries. This climate deterioration 

may have contributed to the extinction of the subfossil lemurs. 

Bayesian frameworks are well suited for paleoclimate reconstruction in their 

ability to address overfitting and to generate plausible posterior distributions of 

reconstructed values that effectively convey model uncertainty. Future work 

incorporating dental topography and other ecometric morphologies from additional 

subfossil mammal taxa would be likely to improve the accuracy and precision of 

climatic reconstruction at Ankilitelo and resolve uncertainties in the interpretation of the 

potential presence of both moist forest and dry forest species in the fauna. It is possible 

that the inclusion of these additional, non-primate taxa will align more closely with the 

conclusions of Muldoon (2010), who included the complete small mammal fauna in her 

faunal clustering analysis. Paleoclimate retrodiction models could be also be extended to 

additional Malagasy subfossil sites to better understand the broader pattern of 

Quaternary climate change across the island. Paleoclimate reconstructions across 

Madagascar’s recent past will have important implications for our understanding of the 
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relatively contributions of anthropogenic activities and secular climate trends to the 

extinction of the Malagasy subfossil megafauna (Dewar, 1984). 
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4. Evolutionary history of lemur dietary adaptation in the 

context of adaptive radiation theory 

The taxonomic and ecological diversity of lemurs has prompted many 

researchers to identify them as a classic example of adaptive radiation. Methods for 

testing this model using phylogenetic comparative methods have only arisen in recent 

decades. Here, these are combined with methods for quantifying tooth shape in order to 

model the dietary evolution of lemurs in the context of adaptive radiation theory. The 

fits of early burst, Brownian motion, and Ornstein-Uhlenbeck models were compared 

for the evolution of three dental topography metrics and the pattern of subclade 

disparity in these dental topography metrics was assessed using disparity through time 

analysis. Each metric was then reconstructed at internal nodes of the lemur tree and 

these reconstructions were combined to generate dietary classification probabilities at 

each node using discriminant function analysis. These reconstructions were used to 

calculate the rate of transition toward folivory per million-year intervals. 

Finally, lower second molar shape was reconstructed at internal nodes by 

modelling the change in shape of 3D meshes using squared change parsimony along the 

branches of the lemur tree. Dental topography metrics were not found to show an early 

burst in rates of change or a pattern of early partitioning of subclade disparity. However, 

rates of change in adaptations for folivory were highest during the Oligocene, an 

interval of possible forest expansion on the island and of the dispersal of non-

chiromyiform lemurs to Madagascar. Reconstruction of the ancestral molar morphology 
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of ancestral nodes of the lemur tree suggest that this may have been driven by a shift 

toward defended plant resources. 

4.1 Introduction 

The lemurs of Madagascar account for around a quarter of global primate 

diversity, and, when recently extinct forms are considered, occupy ranges of body size, 

locomotor style, and dietary niche that are comparable to the diversity observed among 

all living primates (Godfrey et al., 2006; Rylands and Mittermeier, 2014). The taxonomic 

and ecological diversity of lemurs appears to greatly exceed that of the relatively 

narrowly adapted Lorisiformes, which evolved in the presence of anthropoid primates 

on continental Africa and Asia (Seiffert, 2007). This diversity has prompted researchers 

to hypothesize that lemurs evolved on Madagascar through a process of adaptive 

radiation (eg Martin, 1972; Jungers, 1980; Wright, 1999; Scott et al., 2009; Herrera, 2017). 

In this chapter, predictions of an adaptive radiation model are investigated with regard 

to dietary adaptation using approaches that combine phylogenetic methods with the 

quantification of molar shape evolution. 

4.1.1 Adaptive radiation 

The “Law of adaptive radiation” was formulated by Osborn (1902) to explain the 

repeated evolution of mammal clades of similar ecological breadth and patterns of niche 

occupation on different land-masses. Simpson (1944, 1955) reconceptualized adaptive 

radiation as a process of zonal differentiation within an evolving clade exploring a 
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landscape of adaptive peaks previously unoccupied, or occupied by competitively 

inferior groups. He predicted that high rates of ecomorphological evolution will occur 

within groups when newly formed subclades traverse simultaneously the ecological 

distances separating adaptive peaks. These peaks become available to evolving 

subclades through events that increase available ecological space. Classic examples 

include dispersal events, the extinction of antagonist clades, and the acquisition of “key 

innovations” (Simpson, 1955; Schluter, 2000; Gavrilets and Losos, 2009; Losos, 2010; 

Yoder et al., 2010; Stroud and Losos, 2016). Ecological opportunity may also result from 

the environmentally mediated opening of suitable niche space (Stroud and Losos, 2016). 

In primates, this is likely to involve the spread of tropical or paratropical forests, to 

which primate diversity is strongly linked (Reed and Fleagle, 1995). 

4.1.2 Lemur evolution 

Crown primates are basally split between the clades Strepsirrhini, which 

includes lemurs, lorises, and galagos; and Haplorhini, which includes monkeys, apes, 

and tarsiers (Goodman et al., 1998; Fleagle, 2013). Crown strepsirrhines are united by the 

retention of a distinctive modification of the lower incisors and canine into a functional 

complex called a toothcomb (Godinot, 2006). Lorisiformes (lorises and galagos) occurs in 

both mainland Africa and Asia, while Lemuriformes and Chiromyiformes (lemurs, sensu 

Gunnell et al., 2018) are currently only known from the island of Madagascar and as a 

small, introduced population on the island of Comoros (Martin, 1972, 2000; Garbutt, 

2007). Adapiformes, a diverse radiation of Eocene primates primarily found on northern 
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continents, has been linked to Strepsirrhini by phylogenetic analyses and by several 

systematic reviews (Godinot, 1998, 2006, 2015; Kay et al., 2004). However, known 

adapiforms lack a toothcomb, and fossils from the middle Eocene of North Africa (the 

azibiids and Djebelemur) appear to be more closely related to the strepsirrhine crown 

(Tabuce et al., 2009; Seiffert, 2012). The Paleogene fossil record of definitive crown 

strepsirrhines is also limited to continental Africa, and includes the stem lorisiform 

Karanisia as well as the potential crown lorisiforms Saharagalago and Wadilemur and the 

potential chiromyiform lemur Plesiopithecus (Seiffert et al., 2003, 2005; Gunnell et al., 

2018). Bugtilemur, a primate from the Oligocene of Pakistan, was initially described as a 

cheirogaleid lemur, potentially upending our picture of strepsirrhine and lemur 

historical biogeography (Marivaux et al., 2001), but subsequent analysis has linked this 

genus with Asian adapiforms (Godinot, 2006; Marivaux et al., 2006). Mainland Afro-

Arabia therefore appears to represent the most plausible site for the origins of crown 

Strepsirrhini (Seiffert, 2012). 

Madagascar has been separated from continental Africa since the Jurassic (~136 

Ma), long before the plausible origins of crown strepsirrhines (Wells, 2003; Ali and 

Huber, 2010; Samonds et al., 2012, 2013). The long separation of Madagascar from Africa 

appears to necessitate at least one overwater dispersal to Madagascar coincident with 

the origins of Lemuriformes, likely on floating rafts of vegetation, an idea first proposed 

by Millot (1952). Modern prevailing currents would transport debris discharged from 

African rivers north or south along the African coast and away from Madagascar, but 
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this pattern of currents was only established by the Miocene disruption of subtropical 

gyres created by the northward tectonic movement of Madagascar and Australia (Ali 

and Huber, 2010). During the Paleogene, reconstructed paleocurrents would have been 

much more amenable to dispersal from the east African coast to western Madagascar, 

which is reflected in the high percentage of dispersal-limited (non-volant and non-

swimming) taxa that appear to have arrived on Madagascar during the Paleogene 

(Samonds et al., 2012, 2013). This list of taxa includes lemurs, which are often thought to 

have been among the first arrivals, during the Paleocene or early Eocene (Martin, 1972; 

Yoder et al., 1996; Garbutt, 2007; Samonds et al., 2012). 

The hypothesized date for the arrival of lemurs on Madagascar is based on the 

estimated divergence of Daubentonia (the only living chiromyiform) from Lemuriformes 

(Yoder et al., 1996). Recent reanalysis of the taxa Propotto and Plesiopithecus, from the 

Miocene of Kenya and Eocene of Egypt respectively, has identified these taxa as fossil 

chiromyiforms, complicating the traditional understanding of lemuriform biogeography 

(Gunnell et al., 2018). Ancestral biogeographic reconstructions incorporating this new 

topology suggest a mainland African origin for lemurs, but support two independent 

dispersals. This revised chronology decouples estimates of the date of the earliest 

dispersal of the non-chiromyiform lemurs to Madagascar from the basal divergence of 

Daubentonia and the other lemurs. Revised estimates suggest that the dispersal of 

Lemuriformes may have occurred as late as the early Miocene, although in the absence 

of contradicting information, it seems likely that the dispersal would have preceded the 
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change in current direction initiated by the northward drift of Madagascar (Ali and 

Huber, 2010). Additionally, the phylogeny reconstructed by Gunnell et al., (2018) 

suggests that the unusual ecological role of Daubentonia evolved while its lineage was 

still on the African mainland. Evolution of chiromyiforms in Africa would limit any 

putative Malagasy adaptive radiation to the non-chiromyiform lemurs. 

Explanations for the diversity of extant and recently extinct lemuriforms must 

address two salient observations, clear at least since the work of Martin (1972). First, 

lemurs are sorted into speciose, apparently ecologically differentiated clades of 

relatively ancient origin. Simultaneously, most lemur species appear to have diverged 

only within the last few million years. In Martin’s model (1972), the deeper origins of 

families and genera are associated with an initial phase of ecological specialization, 

analogous to Osborn’s “general adaptive radiation” (Osborn, 1902; Slater and Friscia, 

2019). Lineages within each genus repeatedly diverge into short-lived assemblies, the 

members of each assembly occupying a similar range of ecological niches. The species 

within these assemblies diverge through allopatric speciation across natural barriers that 

arise along Madagascar’s coastal forest ring, including low mountain ranges and wide 

rivers. In regions where these barriers to dispersal correspond with distinct vegetation 

zones, these speciation events lead sister taxa to differentiate ecologically as each species 

adapts to its local habitat conditions. Species assemblies have only short lifespans 

because, periodically, taxa more specialized for the occupation of each generic niche will 

evolve and, through dispersal over shifting geographic barriers, outcompete the 
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incumbent members of the assembly, following a Darwinian model of divergent 

evolution through sympatric competition among closely related forms (Darwin, 1859; 

Simpson, 1955; Gould, 2002). The reestablishment of abiotic barriers to dispersal will 

generate new opportunities for each population to speciate and begin the cycle anew. 

Over the history of the lemuriform lineage, this process is argued to drive genera toward 

increasingly narrow ecological specialization, magnifying ecological discontinuities in 

the extant (and recently extinct) fauna (Martin, 1972). 

The Martin (1972) model depends on the effectiveness of short coastal rivers as 

barriers to dispersal among lemur populations because of the unsuitability of the central 

plateau, where these rivers have their headwaters, as habitat for lemurs. Goodman and 

Ganzhorn (2004) found that the ranges of lemur species in fact frequently extend above 

the headwaters of coastal rivers. Wilmé et al. (2006) propose that river watersheds, 

instead of presenting barriers to dispersal, may offer refugia of wetter local conditions 

during cycles of drier climates, such as are understood to have occurred globally during 

Quaternary glacials. In this model, lemurs (and other species) collapse their ranges 

toward watersheds during dry intervals, creating centers of endemism around low 

altitude watersheds through allopatric speciation. These centers only occur on short, low 

altitude watersheds, because taxa living along rivers that drain the highest peaks on the 

central plateau are able to retreat into high altitude zones with higher rainfall during dry 

intervals, creating “retreat-dispersion” corridors. The taxa surviving in low altitude 

watersheds may be functionally distinct from taxa in retreat-dispersion watersheds as 
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low altitude riparian forests are likely to have become much drier than those growing in 

the watersheds of rivers able to tap into orographic rainfall at higher elevations 

(Goodman and Ganzhorn, 2004; Wilmé et al., 2006; Mercier and Wilmé, 2013). These 

differences may have driven adaptive differentiation at the scale of species divergence. 

These models explain the shallow diversification of many lemur species and 

aspects of niche partitioning among closely related taxa, but do not address the deeper 

adaptive differentiation of lemur genera and families. Two studies have approached this 

problem. Baab et al., (2014) address predictions of adaptive radiation theory in their 

exploration of the relationships between cranial shape, activity pattern, and dietary 

adaptation in lemurs. They follow the predictive framework proposed by Schluter 

(2000), who evaluates adaptive radiations using four criteria: A) monophyly; B) rapid 

initial speciation; C) correspondence between morphology and aspects of ecological 

adaptation believed to drive radiation; and D) a demonstrably positive impact on 

performance by the trait under examination. Baab et al. (2014) explore the third criterion 

using geometric morphometrics and phylogenetic comparative methods and report that, 

when accounting for phylogeny, lemurs do not show a close correspondence between 

skull shape and diet or activity pattern, and so cannot be said to meet Schluter’s criteria 

(Schluter, 2000). 

This interpretation exposes a degree of discordance among different 

conceptualizations of adaptive radiation. In their discussion, Baab et al., (2014) propose 

that early divergence among lemur families into major adaptive zones may drive the 
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high phylogenetic signal they detect in the relationship between cranial shape and diet. 

Early divergence of major clades are problematic for evaluating the presence of adaptive 

radiation using the criteria proposed by Schluter (2000), but would represent a central 

prediction of adaptive radiation if conceived as a process of rapid initial zonal 

differentiation by an evolving lineage, a process which is understood to increase 

phylogenetic signal (Osborn, 1902; Simpson, 1944, 1955; Slater and Friscia, 2019). 

Schluter’s criteria were designed to evaluate adaptive radiation at low taxonomic levels, 

preferably within the genus, and intrageneric evolution is quite different in scale from 

the macroevolutionary concerns of early adaptive radiation theorists (Osborn, 1902; 

Simpson, 1944, 1955; Schluter 2000; Slater and Friscia, 2019). This may confound the use 

of these criteria to evaluate evidence of adaptive radiation in a large radiation like that of 

lemurs. 

Herrera (2017) examined the dynamics of both taxonomic diversification and of 

phenotypic diversification in body size in lemurs using a series of phylogenetic model 

fitting approaches. He found evidence for increasing rates of speciation toward the tips 

of the tree, supporting the suggestions of lemur diversification models that emphasize 

geologically recent speciation events to explain the taxonomic diversity of the extant 

fauna (Mercier and Wilmé, 2013). Rates of body mass showed a trended decrease after 

the origin of the clade, however, as best fit by an “early burst” model of evolution 

(Harmon et al., 2010). The body masses of taxa occupying different macroevolutionary 

niches (defined by activity pattern and diet) also showed separate evolutionary optima 
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in a multi-peak OU model. These patterns are consistent with a partitioning into 

macroevolutionary niches early in the diversification of major lemur families. They 

suggest that at least aspects of lemur ecology related to habitat occupation, which body 

mass is thought to reflect, may have evolved through a pattern consistent with an 

adaptive radiation linked to the dispersal of lemurs to Madagascar and the origins of the 

lemur clade (Streelman and Danley, 2003). 

Cladogenesis is frequently associated with the opening of new adaptive space, 

and in Lemuriformes, this also appears linked to sweepstakes dispersal to Madagascar 

(Millot, 1952; Simpson, 1955; Yoder et al., 1996; Samonds et al., 2013). The tectonic 

history of Madagascar may have also been important in mediating lemuriform 

ecological opportunity, however. Madagascar reached its southern terminus during the 

middle Cretaceous, and has moved north on a path through the global aridity belt 

formed by the circulation of Hadley cells at approximately 40 – 30 S latitude, likely 

substantially affecting climate conditions on the island (Wells, 2003; Ali and Huber, 

2010). Passage beyond the desert belt and into the influence of seasonal monsoons likely 

increased precipitation across the island and accompanied the spread of more mesic 

environments, including forests, across the island during the late Eocene and Oligocene 

(Wells, 2003, Samonds et al. 2012). This interval is also associated with widespread 

global cooling and drying that seems to have contributed to major extinctions of 

primates on northern continents (Seiffert, 2007; Fleagle, 2013; Godinot, 2015). 

Phylogenetically modelled diversification dynamics in lemurs suggest against a mass 
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extinction event across the Eocene-Oligocene boundary, however (Herrera, 2017). The 

lack of an extinction event would suggest that the local effects of shifting latitudinal 

position and altered air and current circulation patterns were more important than 

global processes in shaping dynamics of lemur diversification. 

4.1.3 Predictions of an adaptive radiation model for lemurs 

The near absence of a terrestrial Tertiary fossil record on Madagascar hampers 

our ability to reconstruct macroevolutionary dynamics across deep time on the island 

(Martin, 1972; Herrera, 2017). It is particularly challenging to reconstruct the pattern of 

species diversification in the absence of fossil evidence (Glor, 2010; Herrera, 2017). 

Adaptive radiation is expected to generate high rates of speciation early in clade history 

which will decline as clades diversify and fill available niches (Schluter, 2000; Gavrilets 

and Losos, 2009; Losos, 2010;  Slater et al., 2010; Stroud and Losos, 2016). However, 

adaptive radiation may also involve high rates of extinction in populations 

morphologically intermediate between adaptive peaks, obscuring the signal of elevated 

speciation in the resulting branching diversification rate (Glor, 2010). Many lemur 

species are relatively recently branching, which may indicate iterative extinctions and 

diversifications of ecologically analogous taxa accompanying glacial/interglacial cycles 

through the Pleistocene, as suggested by Martin (1972). 

An adaptive radiation model for the origins of high-level lemur diversity would 

predict increased rates of ecomorphological evolution during one or both of the 

hypothesized periods of ecological opportunity (early Eocene or Oligocene), which 
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should be tractable even in the context of high levels of species extinction. Here, the 

possibility of radiation during intervals of ecological opportunity is examined with 

respect to dietary evolution. Although not the only aspect of lemur ecology 

hypothesized to have evolved by adaptive radiation (Jungers, 1980), diet represents an 

important axis of high-level niche partitioning during adaptive radiation (Simpson, 

1955; Ungar, 2010; Slater and Friscia, 2019). Dietary adaptation is partially reflected in 

body mass, as was modelled by Herrera (2017), but tooth shape offers a more direct 

window onto morphological adaptations to diet in mammals (Kay, 1975; Strait, 1997; 

Ungar, 2010). 

Here, lemurs are hypothesized to have evolved through Osborn’s “two-stage” 

process of adaptive radiation. First, the clade underwent “general adaptive radiation,” 

which involved an early, rapid divergence of lemur lineages into major dietary niches. 

The predictions of this process are tested here. Lemurs then underwent “local adaptive 

radiation” as species diversified and adapted to local habitat conditions through a 

process potentially concordant with the Eco-Geo-Clim model of Mercier and Wilmé 

(2013). If the dietary diversity of lemurs has been primarily shaped by a phase of general 

adaptive radiation, then A) High rates of adaptive evolution are expected during 

periods of ecological opportunity; B) Partitioning of ecomorphological disparity is 

expected to occur during these intervals of ecological opportunity; and C) The ancestors 

of major clades are expected to show a shift toward the dietary ecology characterizing 

extant members of the clade. These predictions are tested using phylogenetic modeling 
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of the evolution of dental topography metrics, a class of tooth shape descriptors; 

ancestral reconstructions of whole teeth at internal nodes of lemuriform phylogenetic 

trees; and reconstructions of ancestral dietary ecology at internal nodes of the 

lemuriform phylogenetic tree. 

4.2 Methods and materials 

4.2.1 Sample 

Analyses used digital meshes of second lower molars created from microCT 

scans of 230 specimens (Appendix A). This sample includes every extant strepsirrhine 

genus except the poorly studied Allocebus, seven recently extinct subfossil lemurs, 

including every genus but Archaeoindris, and the fossil primates Adapis, Anchomomys, 

Cantius, Djebelemur, Donrussellia, Karanisia, Komba, Nycticeboides, Plesiopithecus, 

Pronycticebus, Propotto, Teilhardina, and Wadilemur (Appendix A; B) Scans were 

performed on osteological and fossil material and on casts created from 

polyvinylsiloxane molds. Mesh .ply files were created by segmenting microCT tiff stacks 

in Avizo (version 8; Visualization Sciences Group, Burlington, Mass., USA). Surfaced 

objects, which were typically entire mandibles with several tooth positions preserved, 

were smoothed over 20 iterations and the second lower molar was cropped from each 

scan using Geomagic (3D Systems, Rock Hill, SC). Each molar was then simplified to 

10,000 faces and smoothed again over 20 iterations. Smoothing was kept to 20 iterations 

at each step to avoid the introduction of mesh irregularities at higher numbers of 

iterations (Spradley et al., 2017). Extant taxa were classified to one of three dietary 
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ecologies (frugivory, folivory, or insectivory) based on the largest component of their 

diet in field studies of wild populations (Charles-Dominique, 1977, 1979; Hladik, 1979; 

Bearder and Martin, 1980; Hladik et al., 1980; Ganzhorn et al., 1985; Harcourt, 1986, 1991; 

Harcourt and Nash, 1986; Nash, 1986; Masters et al., 1988; Overdorff, 1992; Sterling et al., 

1994; Hemingway, 1996; Overdorff et al., 1997; Balko, 1998; Fietz and Ganzhorn, 1999; 

Vasey, 2000, 2002; Thalmann, 2001; Britt et al., 2002; Nekaris and Rasmussen, 2003; 

Powzyk and Mowry, 2003; Streicher, 2004, 2009; Nekaris, 2005; Gould, 2006; Norscia et 

al., 2006; Wiens et al., 2006; Lahann, 2007; Dammhahn and Kappeler, 2008; Burrows and 

Nash, 2010; Olson et al., 2013; Rode-Margono et al., 2014; Sato et al., 2016; Erhart et al., 

2018). 

4.2.2 Tooth shape 

Functional adaptation to diet is quantified using three dental topography 

metrics: the sum and the coefficient of variation of Dirichlet normal energy calculated 

across a tooth (DNE) and relief index (RFI). DNE describes the curvature of the occlusal 

surface as deviation in normal energy from a plane (Bunn et al., 2011). DNE captures 

tooth sharpness, which, like shearing crest length, is associated with the processing of 

tough structural carbohydrates. DNE is calculated using the newest “ariaDNE” 

implementation, which averages vertex-by-vertex DNE across a local area determined 

using a bandwidth parameter (Shan et al., 2019). Here the bandwidth parameter is set to 

0.10, the bandwidth with the highest cross-validated reclassification success when 

combined with RFI in a genus level discriminant function analysis of extant 
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strepsirrhines (Chapter 2). RFI is a ratio of the occlusal area of a tooth surface to its two-

dimensional “footprint” (Ungar and Williamson, 2000; Boyer, 2008). Occlusal area is 

measured across the digitized tooth crown cropped at the enamel-cementum junction 

(sensu Boyer, [2008]). The combination of ariaDNE, ariaDNE CV, and RFI is effective at 

distinguishing folivorous from insectivorous strepsirrhines, which has previously 

proved challenging for tooth shape descriptors in the absence of body size information 

(Kay, 1975; Bunn et al., 2011; Winchester et al., 2014). This allows evolution of functional 

aspects of tooth shape to be modelled without a potentially confounding consideration 

of body size evolution. 

4.2.3 Phylogeny 

Analyses used a total evidence phylogeny inferred by combining morphological 

observations on 85 extant and 33 extinct taxa and DNA from 114 extant and 8 extinct 

(subfossil) taxa, with fossil taxa placed into the tree using a fossilized birth-death 

process, and sampling focused on strepsirrhines (Herrera and Dávalos, 2016). The 

topology was modified to reflect the placement of Plesiopithecus and Propotto as 

sequential sister taxa to Daubentonia in the recent total evidence phylogeny presented by 

Gunnell et al., (2018). Taxa for which no data were available were pruned from the 

topology and species were collapsed to genera for analysis. Analysis at the genus level 

avoids issues in reconciling changing understandings of lemur alpha taxonomy with 

data collected from museum specimens and with uneven representation of the specific 

diversity of genera; maximizes the sample size at each tip state; and allows questions 
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about the differentiation of lemur morphotypes to be addressed without considering the 

lower-level divergence of lemur species, which may result from processes of allopatric 

speciation related to Quaternary climate fluctuations (Mercier and Wilmé, 2013). 

4.2.4 Macroevolutionary model fitting 

The fits of alternate models of evolution were tested for the three dental 

topography metrics. Adaptive radiation in lemurs, either at the origins of the clade or 

among the taxa diverging in the Oligocene, would be most consistent with an “early 

burst” (EB) model, with elevated rates of evolution early in the history of a clade. EB 

models were tested against a null model of Brownian motion (BM) evolution and a 

single-optimum Ornstein-Uhlenbeck (OU) process, which models evolution using an 

optimum value and an attraction parameter. OU processes have been interpreted as 

modelling stabilizing selection or as attraction to an adaptive peak, but can also model 

evolutionary processes in which less phylogenetic signal is present in the distribution of 

a character state than would be expected by Brownian motion due to high rates of 

evolution toward the tips of the tree (Beaulieu et al., 2012; Cooper et al., 2015; Slater and 

Friscia, 2019). Model fitting was performed using the package “geiger” in R and fits 

were compared using the “widely applicable information criterion” (WAIC) (Harmon et 

al., 2007; Watanabe, 2013). 
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4.2.5 Disparity through time 

Subclade portioning of disparity was assessed using Harmon’s disparity-

through-time (DTT) analysis and the calculation of the morphological disparity index 

(MDI), implemented in “geiger” (Harmon et al., 2003, 2007). This method calculates the 

relative partitioning of morphological disparity within and among subclades of a larger 

clade. Adaptive radiations should show relatively more morphological differentiation 

among early diverging subclades than within subclades, which can be visualized using a 

plot of the accumulation of disparity-through-time (DTT) from the root to the tips of a 

phylogeny. The deviation of the empirical accumulation of subclade disparity from the 

expected curve under a Brownian motion process is calculated by simulating BM 

evolution over 10,000 iterations. The difference in area under the empirical DTT and 

simulated DTT curves is calculated as the MDI. DTT curves and MDI are calculated 

using the squared Euclidean distances of all three dental topography metrics considered 

together. 

4.2.6 Rates of evolution through time 

Rates of per-edge change in tooth shape were calculated between adjacent nodes 

and between nodes and adjacent tips of the lemur clade within the strepsirrhine tree. 

This approach allows pulses of morphological differentiation not corresponding to the 

origins of major clades to be identified and tested for correspondence with intervals of 

hypothesized ecological opportunity (Brusatte et al., 2011; Wright, 2017). Ancestral state 

reconstructions were performed for each of the three dental topography metrics across 
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the pruned tree of Herrera and Dávalos (2016). Reconstructions were performed in a 

Bayesian framework using the program BayesTraits over 1,025,000 iterations with a 

25,000 iteration burnin and sampling at every 1,000 iterations. Model testing was 

performed using a stepping stone sampler and Bayes Factors. These tests preferred 

random walk to directional models for all three metrics. Because model fitting strongly 

preferred an OU process for the evolution of DNE CV, an OU tree-stretching metric was 

incorporated into the Bayesian reconstruction of DNE CV, the value of which was jointly 

modelling with the ancestral states. This generated a posterior distribution of 1000 

reconstructions at each node. 

The mean reconstructed metrics at each node were combined and the relative 

probability of each of three dietary ecologies (frugivory, folivory, and insectivory) were 

calculated using a discriminate function model trained using extant taxa from the 

sample of known dietary ecology (“mean reconstructions” = MRs). This model was also 

applied to a posterior distribution of 1000 reconstructions created using the complete 

posterior distributions of reconstructed dental topography metrics (“posterior 

distribution of reconstructions” = PDRs). Estimating diet over a posterior distribution of 

reconstructed dental topography metrics incorporates uncertainty in both the DFA 

estimation of dietary ecology and in the ancestral state reconstructions of the dental 

topography metrics themselves. 

Rates of change in the reconstructed probability that a node was folivorous were 

then calculated across all the edges in the lemur tree by taking the log difference 
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between adjacent nodes (or nodes and tips) and dividing by the intervening branch 

length, a modification of the darwin as a unit of evolutionary rate (Gingerich, 2009). 

Rates of evolution were calculated from the single set of reconstructions calculated using 

the MRs of each node and across the 1000 iteration PDRs. Folivory was chosen because 

the ancestral lemur was reconstructed as strongly frugivorous, and the relative shift 

toward folivory should capture the divergent evolution of adaptations for the 

exploitation of defended plant resources in newly accessible or expanding forests. 

The effects of hypothesized intervals of ecological opportunity on rates of 

evolution were tested using hierarchically structured Bayesian models. Time bins of 1-

million-year duration were created from the initial divergence of lemurs to the present. 

The rates of evolution of the branches overlapping each 1 million-year time bin were 

assembled into vectors corresponding to each bin. Models are constructed to test 

whether bins occurring within the 10 Ma of the Eocene after the initial divergence of 

lemurs (48-38 Ma) or the first 10 Ma of the Oligocene (34 – 24 Ma) show higher rates of 

evolution than other intervals. Tests are done using only the MRs and using the PDRs 

aggregated by BayesTraits model run (each of the 1000 sampled iterations from the 

ancestral state reconstructions). Calculated rates of evolution are expected to rise 

artificially in branches terminating in extant taxa (Wright, 2017; Slater and Friscia, 2019). 

This is comparable to the “Sadler effect” observed by stratigraphers (Slater and Friscia, 

2019). In effect, extant taxa haven’t “finished evolving,” and so have shorter branches 
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than expected by their degree of morphological differentiation. To avoid this issue, 

observations over the last 10 Ma are excluded. 

Ancestral state reconstructions were performed in BayesTraits V3, accessed 

through the BayesTraits wrapper pacakge “btw” in R. Additional analyses used the 

package “MASS” (for discriminant function analysis) and custom functions. Bayesian 

hierarchical model fitting was performed using the package “brms.” Four chains were 

run in brms over 3000 iterations, with a 1000 iteration warmup. Chain convergence was 

assessed using the rhat parameter, the number of effective samples returned, and visual 

inspection of the chain trace plots. 

4.2.7 Ancestral shape reconstruction 

Shape evolution is examined using a novel application of ancestral state 

reconstruction to mathematical characterizations of 3D shape, which generates digital 

mesh objects representing the ancestral morphologies characterizing nodes on a 

phylogenetic tree of extant and recently extinct subfossil lemurs. Dental topography 

metrics are then be applied to reconstructed meshes to examine dietary ecology at 

internal nodes. Mesh files representing the teeth of tip taxa are first registered and 

aligned using continuous Procrustes distances (Boyer et al., 2011, 2015b; Al‐Aifari et al., 

2013; Gao et al., 2018). Ancestral shapes are computed as weighted means using squared 

changed parsimony (equivalent to a Brownian Motion model of evolution in a 

maximum likelihood framework [Nunn, 2011]) across branches of the phylogeny of 

Herrera and Dávalos (2016), a modification of approaches to calculate mean shape using 
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the positions of a set of homologous landmarks (Wiley et al., 2005). The method 

employed here uses the 3D coordinates of each mesh vertex instead of user-defined 

landmarks. 

Reconstructed tooth meshes from key nodes were analyzed using the dental 

topography metrics ariaDNE, ariaDNE CV, and RFI. The mesh smoothing effect of 

reconstructing internal nodes is expected to create a stepwise decrease in ariaDNE 

among reconstructed teeth when compared to the teeth of tip taxa. The tip data and 

reconstructed nodes are separately scaled by subtracting their means and standard 

deviations to compensate for this effect. 

4.3 Results 

4.3.1 Model fitting 

The evolution of the dental topography metrics DNE and RFI was best fit by a 

BM model over both the full lemur tree and the tree cropped to only groups branching 

during the Oligocene (i.e. with chiromyiforms and Megaladapis pruned). DNE CV was 

best fit by an OU model (Table 17, 18). No fits preferred an EB process. 

Table 17: Support from information criteria for alternate models of the 

evolution of each dental topography metric over the complete lemur clade. 

 BM 

WAIC 

BM 

Weight 

EB WAIC EB 

Weight 

OU 

WAIC 

OU 

Weight 

DNE 151.9 0.65 149.3 0.18 149.3 0.18 

DNE CV 18.2 0.069 15.6 0.018 23.4 0.91 

RFI 105 0.64 102.4 0.17 102.6 0.19 
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Table 18: Support from information criteria for alternate models of the 

evolution of each dental topography metric over the clade originating during the 

Oligocene (excluding Chiromyiformes and Megaladapis). 

 BM 

WAIC 

BM 

Weight 

EB WAIC EB 

Weight 

OU 

WAIC 

OU 

Weight 

DNE 129.4 0.49 126.5 0.12 128.9 0.40 

DNE CV 13.2 0.30 10.36 0.07 14.6 0.62 

RFI 85.9 0.62 83 0.15 83.9 0.23 

 

4.3.2 Disparity through time 

A lineage evolving through adaptive radiation should show a significantly 

negative MDI, indicating the accumulation of large proportion of total clade disparity 

early in the divergence of major subclades (Harmon et al., 2003). MDI was negative but 

non-significantly so in the total lemuriform clade (MDI = -0.10; p = 0.48) and positive in 

the clade of lemurs diverging in the Oligocene (MDI = 0.25; p = 0.95) (Figure 17, 18). 
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Figure 17: Disparity through time (DTT) plot of lemurs from the origins of the 

clade. Shaded region represents 95% CI of disparity modelled under a Brownian 

Motion process. Solid line indicates empirical disparity. Zero represents the root node 

of lemuriforms and lorisiforms. 
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Figure 18: Disparity through time (DTT) plot of the clade including indriids 

and lemurids that originates during the Oligocene. Shaded region represents 95% CI 

of disparity modelled under a Brownian Motion process. Solid line indicates 

empirical disparity. The higher than expected disparity around 0.2 proportional time 

units roughly corresponds to the Oligocene increase in rates of evolution toward 

folivorous dental morphology. 

 

4.3.3 Rates of evolution through time 

Rates of evolution toward combinations of dental topography metrics indicative 

of folivory calculated using MRs visually peak during the Oligocene, coinciding with the 

hypothesized spread of forests on Madagascar as the island moved into moister tropical 

latitudes. This is confirmed by modelling approaches. Rates of evolution were higher 

during the Oligocene in models using both MRs and PDRs (coefficients = 0.64; 0.19). 
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Rates of evolution appear to be relatively low during the Eocene, contrary to the 

expectations of an Eocene dispersal model, and this is also confirmed by modeled 

comparisons of rates of evolution during and after the first 10 million years of the basal 

divergence of lemurs (coefficients = -0.18; -0.29) (Table 19; Figure 19, 20). 

 
Figure 19: Ancestral dietary ecologies reconstructed at internal nodes of the 

lemur tree from combinations of the mean reconstructed dental topography metrics 

DNE, DNE CV, and RFI. At nodes, the proportions of each bar indicate the relative 

reconstructed each dietary ecology. Yellow = Frugivory, Green = Folivory, Blue = 

Insectivory. Green branches represent lemuriforms; blue branch is a pruned 

lorisiform branch; Red branches represent stem strepsirrhines and other fossil 

euprimates. 
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Figure 20: Rates of evolution of dental adaptation for folivory in the 

lemuriforms. Solid line indicates the mean rates at each bin of one-million-year 

duration. Dotted line with grey ribbon indicates LOWESS smoothed trend in the 

empirical data. Vertical dotted line indicates beginning of the Oligocene. The last 0-10 

Ma before present shows uniformly high rates of evolution and this interval is 

excluded from analysis to compensate for “Sadler effect” of apparently high rates of 

evolution in extant branches (Wright, 2017; Slater and Friscia, 2019). 
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Table 19: Model coefficients from multilevel models comparing rates of 

evolution during the Eocene and Oligocene to rates of evolution outside of these 

intervals. Negative coefficients suggest lower rates of evolution during the 

hypothesized interval; positive coefficients suggest higher rates of evolution. 

 Eocene rates 

coefficient 

Eocene rates 

95% CI 

Oligocene rates 

coefficient 

Oligocene rates 

95% CI 

MR model -0.18 -0.62 : 0.26 0.64 0.37 : 0.92 

PDR model -0.29 -0.47: -0.11 0.19 0 : 38 
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Figure 21: Reconstructed lower second molar morphology at internal nodes in 

the tree of strepsirrhines. Green branches represent lemuriforms; blue branches 

represent lorisiforms; Red branches represent stem strepsirrhines and other fossil 

euprimates. 
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4.3.4 Ancestral tooth shapes 

Reconstructions of ancestral tooth shape show different patterns in Lorisformes 

and in Lemuriformes (Figure 21). Trends are described qualitatively below, with dental 

terminology following Szalay and Delson (1979). Lorisiforms retain from stem 

strepsirrhines a relatively conservative molar morphology, with a mesiodistal narrowing 

of the trigonid basin representing the most prominent divergent trend (Figure 22). 

Among ancestral lorisiform nodes, including the LCA of Lorisiformes, of crown 

Lorisiformes, of galagids, and of lorisids, primitive retentions include a strong cristid 

obliqua which comes close to the midline of a strong protocristid, a relatively 

buccolingually closed talonid basin, and an entoconid connected to the protocristid by a 

strong pre-entocristid but with a weak postcristid. 
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Figure 22: Reconstructed ancestral lorisiform lower second molar morphology. 

1) Strong protocristid; 2) Closed talonid basin; 3) Strong cristid obliqua; 4) 

Continuous pre-entocristid 

The reconstructed ancestral lemur molar shares much of this morphology, but 

with slightly expanded talonid and trigond basins and less “waisting” in the region of 

the crstid obliqua (Figure 23). This morphology is also reconstructed for the LCA of 

Lemuriformes, the cheirogaleid + lepilemurid LCA, and the ancestral cheirogaleid. 

Lepilemur and Megaladapis appear to derive their unusual dental morphologies in parallel 

from this generalized strepsirrhine dental morphology along long branches. These 

lineages may have been the first to shift toward the exploitation of defended plant 

resources (primarily leaves) on Madagascar.  
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Figure 23: Reconstructed ancestral lemuriform lower second molar 

morphology. 1) Strong protocristid; 2) Expanded talonid basin; 3) Strong cristid 

obliqua, with reduced waisting; 4) Continuous pre-entocristid 

The sister to the cheirogaleid-lepilemurid clade is the LCA of the indriid + 

lemurid clade. Interestingly, reconstructed molar morphology at this node more closely 

resembles extant indriids than it does the ancestral lemur or extant lemurids (Figure 24). 

Indriid features include an open trigonid basin with a weakly developed but rounded 

paralophid; weakly develop protocristid; open talonid basin with a cristid obliqua 

meeting the protocristid buccally; strongly developed metaconid and entoconid; and 

entoconid isolated from the metaconid by a deep talonid notch. Reconstructed tooth 

shape is particularly reminiscent of the morphology exhibited by Indri indri and 



 

132 

Babakotia in lacking a paraconid or strongly developed paralophid enclosing a triangular 

trigonid basin, as seen in Propithecus and Palaeopropithecus. The LCAs of indriids and 

archaeolemurids and of Indriidae itself all share these traits, developed to a greater 

degree as the nodes approach the tips (Figure 25). More recent nodes show a stronger 

development of buccolingual crests linking the metaconid and entoconid with the 

protoconid and hypoconid, a characteristic feature of the bilophodont morphology of 

extant indriids. The ancestor of the “paleopropithecids” (nested in this tree within 

Indriidae) also shares this profile. However, in all indriid nodes the protoconid and 

hypoconid are only weakly developed, a morphology most like that of Babakotia. 
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Figure 24: Reconstructed ancestral indriid + lemurid lower second molar 

morphology. 1) Expanded trigonid with keel-shaped paralophid; 2) Weak protocristid; 

3) Buccally shifted cristid obliqua; 4) Talonid notch; 5) Prominent entoconid. 
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Figure 25: Reconstructed ancestral indriid + archaeolemurid lower second 

molar morphology. 1) Expanded trigonid with keel-shaped paralophid; 2) Weak 

protocristid; 3) Buccally shifted cristid obliqua; 4) Talonid notch; 5) Prominent 

entoconid. 

The ancestral lemurid begins a partial reversal of this morphological trend 

(Figure 26). Molars reconstructed at lemurid nodes show stronger protocristids, a 

strongly developed paralophid enclosing an oval-shaped trigonid basin, and an 

entoconid isolated from the metaconid by a talonid notch. This configuration broadly 

resembles the morphology of Lemur catta. The shape and position of the entoconid 

appears to have reversed from this condition in extant Eulemur and Varecia, where it is 

weakly developed and enclosed in a continuous, strong pre-entocristid and postcristid. 



 

135 

 
Figure 26: Reconstructed ancestral lemurid lower second molar morphology. 1) 

Strong paralophid; 2) Strong protocristid; 3) Talonid notch 

 

4.3.5 Inferred dietary ecology from reconstructed tooth shape 

Dietary ecology reconstructed using ancestral tooth shapes at internal nodes was 

only partially consistent with the diets characterizing majorities of the extant or recently 

extinct members of each lemur family. The ancestral cheirogaleid and archaeolemurid 

were each reconstructed as frugivorous, an ecology which also characterizes most tip 

taxa. The ancestral lemurid was reconstructed as folivorous and the ancestral indriid 
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(including “palaeopropithecidae”) as frugivorous. The LCA of indriids and lemurids 

was ambiguously reconstructed as frugivorous or folivorous (Table 20). 

Table 20: Dietary ecology reconstructed at key internal nodes from the dental 

topography metrics DNE, DNE CV, and RFI applied to reconstructed tooth mesh 

objects. 

Node Frugivory Folivory Insectivory 

Lemuriformes 

(excl. Megaladapis) 

0.83 0.17 0.01 

Lemuridae + 

Indriidae 

0.55 0.44 0 

Cheirogaleidae 0.99 0 0 

Indriidae 0.94 0.04 0.02 

Archaeolemuridae 0.63 0.36 0 

Lemuridae 0.17 0.80 0.02 

 

 

4.4 Discussion 

Simpsonian adaptive radiation occurs through the “more or less simultaneous 

divergence of numerous lines all from much the same ancestral adaptive type into 

different, also diverging adaptive zones” (Simpson, 1955). Under this definition, there is 

little evidence for dietary adaptive radiation at the Eocene origins of the lemur clade, 

either as a response to dispersal to Madagascar or as a signal of cladogenesis. There is no 

signal of elevated rates of evolution in any of the three dental topography metrics, no 

early partitioning of morphological disparity, and relatively low rates of adaptive 

evolution away from the ancestral frugivorous ecology toward folivory. As reported by 

Herrera (2017), there is also no signal of elevated rates of speciation at the origins of the 
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clade, another possible prediction of an adaptive radiation process (Simpson, 1955; 

Losos and Miles, 2002; Gavrilets and Losos, 2009; Glor, 2010; Losos, 2010). 

Evidence for a dietary adaptive radiation of lemurs during the Oligocene is 

mixed. High rates of transition toward folivory are observed during the first 10 Ma of 

this interval, which is consistent with increased exploitation of defended plant resources 

in expanding forests. However, evolutionary modelling and MDI fail to indicate rapidly 

divergent evolution into distinct ecological niches, at least as captured by the evolution 

of tooth shape descriptors. Also contrary to the predicted pattern, the LCAs of lemurids 

and indriids did not show the dietary ecologies typical of tip members of these clades. 

Reconstructions of the historical dietary ecology and molar morphology of lemuriforms 

allow the tracing of a more complex model for lemuriform dietary evolution. The 

ancestral lemuriform appears to have resembled ancestral lorisiforms and fossil stem 

strepsirrhines in its molar morphology, and likely pursued a dietary ecology of mixed 

frugivory, gummivory, and insectivory. Cheirogaleids have continued to occupy this 

ecospace (Hladik et al., 1980; Cuozzo and Yamashita, 2006). The clade uniting lemurids 

and indriids (including the subfossil families Archaeolemuridae and 

“Palaeopropithecidae”) substantially modifies the ancestral strepsirrhine molar 

morphology in reducing the strength of the protocristid and opening the talonid and 

trigonid basins. This tooth morphology approximates a more bilophodont configuration, 

a morphology that combines “blades” for slicing leaves with “wedges” for forcing open 

seeds (Lucas and Teaford, 1994; Cuozzo and Yamashita, 2006). The evolution of a more 
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bilophodont morphology at this lemurid + indriid node may indicate an important shift 

toward a mixed diet of fruits enclosed in hard rinds (“defended” fruits), seeds, and 

leaves. 

At this juncture, lemurids and their sister group of indriids + archaeolemurids 

take divergent paths seemingly inconsistent with the ecologies of most members of the 

extant families. Lemurids shift toward a tooth shape reconstructed as more folivorous, 

although reconstructions of dental topography metrics themselves suggest a frugivorous 

LCA. The ancestral lemurid broadly resembles Lemur catta in reconstructed tooth shape, 

which may provide a model for the ecological origins of the group. L. catta consumes a 

mixed, seasonally shifting diet of leaves and fruits, including many defended fruits 

enclosed in hard rinds (Gould, 2006). From this generalist ancestor, two lemurid dietary 

strategies diverge. Eulemur, Varecia, and the extinct Pachylemur evolved toward specialist 

frugivory and the consumption of fleshy fruits (Vasey, 2000, 2002; Sato et al., 2016). 

Adaptations toward processing soft fruits include the reduction of the trigonid and 

elaboration of the talonid basin, the reduction of the entoconid, and the incorporation of 

the entoconid into a continuous buccal crest without a talonid notch. Hapalemur and 

Prolemur, alternatively, evolved toward folivory, and in particular the exploitation of 

reedy grasses, through the enclosure of the trigonid and talonid basins in high, thickly 

developed crests (Overdorff et al., 1997; Jernvall et al., 2008). 

The reconstructed LCA of indriids and archaeolemurids is similar in dental 

morphology to the LCA of lemurids + indriids and may have exploited a diet broadly 
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like that of Propithecus, which combines fruits, seeds, and leaves in seasonally shifting 

combinations (Hemingway, 1996; Powzyk and Mowry, 2003; Norscia et al., 2006; Sato et 

al., 2016). Members of this clade then appear to diverge in their adaptive strategies. The 

LCA of archaeolemurids shares adaptations for the exploitation of hard foods with the 

terminal taxa Archaeolemur and Hadropithecus (Godfrey et al., 2005). The ancestral indriid 

may have shifted toward the exploitation of leaves, as indicated by the dietary ecology 

inferred from reconstructions of dental topography metrics at this node, while retaining 

adaptations for processing seeds and fruit. Molar features characteristic of indriids are 

present in this reconstructed ancestor, including a reduced protocristid with an 

expanded, open trigonid basin approaching the talonid in area, a prominent entoconid 

with a well-developed talonid notch, and bucco-lingually oriented crests connected the 

protoconid and metaconid and entoconid and hypoconid. It is possible that these 

features evolved in an ancestor for which seed predation was a more important dietary 

component than folivory, which would be consistent with the ecology inferred for this 

node from reconstructed molar shape. Highly specialized folivores like Indri and Avahi 

arise later within this radiation, and may have included members of the subfossil 

“palaeopropithecids,” which are nested within Indriidae in this phylogeny (Thalmann, 

2001; Britt et al., 2002; Powzyk and Mowry, 2003). 

This shift toward the exploitation of defended plant resources at the origins of 

the lemurid + indriid clade appears to have facilitated the expansion of these clades into 

morphospace unoccupied by lorisiforms and cheirogaleids (Figure 27). The acquisition 
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of this new dietary profile occurred during the Oligocene expansion of forests 

hypothesized to have occurred as Madagascar passed out of the influence of desert 

latitudes (Wells, 2003). It may also have coincided with the dispersal of lemuriforms to 

Madagascar as inferred by Gunnell et al., (2018). It is also possible to view the 

development of an incipiently bilophodont molar form as a key innovation permitting 

the subsequent diversification of large-bodied (lemurid + indriid) lemurs. Whatever its 

proximate source, ecological opportunity opened by access to defended plant resources 

in Malagasy forests appears to have been critical in the ecological diversification of 

lemurs. 
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Figure 27: Hypothesized model for the dietary evolution of lemuriforms 

drawing from reconstructed lower second molar morphology and dietary ecology 

inferred from ancestral state reconstructions of dental topography metrics. Lepilemur 

and Megaladapis, which diverge near the origins of lemurs and evolve toward 

folivory, are not figured. A) Ancestral lemuriform node; B) Indriid + lemurid node; C) 

Ancestral lemurid; D) Indriid + archaeolemurid node. 

Whether lemurs represent an exemplar adaptive radiation relies on the 

framework of adaptive radiation being considered, which can vary dramatically (Olson 

and Arroyo‐Santos, 2009). The absence of strong evidence for rapid partitioning of 

ecological space either at the origins of the lemuriform clade or of the indriid + lemurid 

clade that diverges during the Oligocene may suggest a model more like that of 

Simpson’s “progressive occupation of numerous zones” by the evolving lemur clade 

over the course of the Tertiary (Simpson, 1955). However, it seems quite likely that an 
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interval of ecological opportunity during the Oligocene was decisive in driving the 

taxonomic and ecological diversification of the extant and recently extinct lemur genera. 

Interpretations of lemur evolution continue to be hampered by the lack of a Malagasy 

fossil record. It is possible that unrecorded radiations occurred in the evolutionary 

history of lemurs that included diversity unaccounted for in models relying on the 

extant and subfossil faunas or generated bursts of cladewide disparity more consistent 

with adaptive radiation at the origins of the clade, during the Oligocene, or at some 

other interval (Foote, 1997). The model presented here for the evolutionary history of 

lemur dietary adaptation is presented as the most plausible hypothesis for the adaptive 

history of the extant clade in lieu of future fossil evidence.  



 

143 

5. Conclusions 

Tooth shape descriptors capture important aspects of dietary adaptation in 

lemurs. DNE, OPC, and RFI all vary by dietary ecology and, when combined, reclassify 

extant strepsirrhines with high fidelity. On spatial scales, DNE appears to reflect the 

importance of leaves in the diets of lemur communities, particularly as a seasonal 

resource. Neither DNE nor OPC closely track expected gradients in leaf toughness, 

however, suggesting that aspects of the geometry of leaves per se may select for tooth 

features characteristic of folivory (Yamashita, 1998; Cuozzo and Yamashita, 2006). This 

includes elongated shearing blades and open basins which create high variability in 

tooth surface curvature, detectable by the coefficient of variation of ariaDNE. 

Leaves are representative of a broader class of defended plant resources 

exploited by a range of large-bodied lemurs, which also includes seeds and fruits with 

hard or tough outer coverings. Changes in tooth shape related to the exploitation of this 

class of foods, including incipient bilophodonty, characterize many of these species, and 

ancestral shape reconstruction suggest that they were present at the initial diverge of the 

clade encompassing lemurids, indriids, and the extinct families Archaeolemuridae and 

“Palaeopropithecidae.” The shift toward defended plant resources appears to have 

occurred during the Oligocene, potentially facilitated by the spread of modern forests 

across the island (Wells, 2003). The ability to access these resources appears to have 

facilitated the diversification of large-bodied lemurs away from the ancestral 

strepsirrhine dietary profile of soft fruits, insects, and tree exudates. The recently extinct 
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subfossil fauna formed an integral component of this radiation, with many taxa adapted 

to exploit hard food objects or leaves. 

5.1 Summary of chapter results 

5.1.1 Chapter 2 

Chapter 2 examined dietary adaptation in the second lower molar of 

strepsirrhine primates using alternate combinations of dental topography metrics, shape 

segmentation tools, and Bayesian approaches to address overfitting. I found that 

combinations of dental topography metrics that included larger bandwidths of the 

newest ariaDNE implantation of DNE and the coefficient of variation of ariaDNE 

outperformed DNE sensu Bunn et al. 2011 in the reclassifications of individual 

specimens and of genera by their genus means using discriminant function analysis. 

Bayesian multinomial models suggest that informationally rich models may overfit in 

out-of-sample reclassifications, however. Disaggregating teeth into regions of consistent 

shape did not improve predicted reclassification success, suggesting that averaging of 

morphological information across the tooth surface does not interfere with the ability of 

dental topography metrics to predict dietary adaptation as hypothesized by Allen et al. 

2015. 

5.1.2 Chapter 3 

Chapter 3 modelled dental topography metrics as ecometrics, or morphological 

descriptors which correlate to ecological parameters of the habitat occupied by an 
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organism. Ecometric models were used to examine underlying differences in food 

material properties driving dental adaptation; to reconstruct habitat at the subfossil 

lemur site of Ankilitelo; and to examining evidence for ecological disequilibria in lemurs 

as a result of Holocene extinctions and range shifts. DNE was found to be highest in wet, 

seasonal environments. OPC was found to be highest in rainforest environments. 

Ankilitelo was reconstructed from its lemur fauna as moderately moist. 

5.1.3 Chapter 4 

Chapter 4 critically evaluated evidence for adaptive radiation in the dietary 

evolution of lemurs using evolutionary modelling approaches and the reconstruction of 

ancestral states. The fits of early burst, Brownian motion, and Ornstein-Uhlenbeck 

models were compared for the evolution of DNE, DNE CV, and RFI. The pattern of 

subclade disparity in these dental topography metrics was assessed using disparity 

through time analysis. Each metric was reconstructed at internal nodes of the lemur tree 

and these reconstructions were combined to generate dietary classification probabilities 

at each node using discriminant function analysis. Finally, lower second molar shape 

was reconstructed at internal nodes by modelling the change in shape of 3D meshes 

using squared change parsimony along the branches of the lemur tree. Dental 

topography metrics were not found to show an early burst in rates of change or a 

pattern of early partitioning of subclade disparity. However, rates of change in 

adaptations for folivory were highest during the Oligocene, an interval of possible forest 

expansion on the island and of the dispersal of non-chiromyiform lemurs to 
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Madagascar. Reconstruction of the ancestral molar morphology of ancestral nodes of the 

lemur tree suggest that this may have been driven by a shift toward defended plant 

resources at the ancestry of the lemurid + indriid clade of relatively large bodied lemurs.  

5.2 Future directions 

In this dissertation, dietary reclassification takes a bifurcated approach. 

Reclassification models are optimized using discriminant function analysis, but 

overfitting is evaluated using Bayesian multinomial models. It would be useful to 

explore machine learning approaches capable of optimizing reclassification while 

modelling overfitting, such as random forests, which have been employed in ecometric 

modelling using dental topography (Spradley et al., 2019). 

The ecometric modelling approach taken here can be promisingly extended to 

other subfossil sites across Madagascar. Lemurs make up a substantial component of 

mammalian faunas on Madagascar both in modern sites and in subfossil deposits, but a 

more complete sampling of the small mammal fauna would likely provide a fuller 

characterization of community ecospace parameters (Muldoon, 2010). Incorporating 

scans of additional mammal taxa will be an important next step for the generation of 

ecometric models applicable to subfossil lemur sites on Madagascar. 

Madagascar’s evolutionary history is relevant both to understanding the rich 

history of the island and its unique fauna, but also as a potential analogue for Eocene 

mammalian communities in North America. Lemurs represent the most diverse extant 

radiation of “prosimian” grade primates, which also make up the primate faunas of the 
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North American Eocene. The Eocene primate faunas of North America represent a 20 

million-year natural experiment in the radiation and disappearance of a major 

mammalian fauna. Primates enter North America as immigrant taxa with a large 

potential ecospace, diversify, and then decline as that ecospace contracts due to climatic 

deterioration (Smith et al. 2006; Godinot, 2015). This contained evolutionary history 

would allow a temporal investigation of the relationship between ecospace availability 

and disparity (Stroik and Schwartz, 2018). Dental topography metrics validated on 

lemur taxa could be used to characterize functional disparity in North American fossil 

euprimates and reconstruct the dietary ecologies of extinct taxa (Morse et al., 2015). 

Madagascar’s unique climate gradients may also provide a useful model for better 

understanding the North American Eocene. The island supports mammal faunas 

characterized by high percentages of prosimian primates in both relatively wet eastern 

rainforests and in drier, deciduous forests along the western coast. Ecometric 

characterizations of the faunas from the two sides of the island might be compared to 

the ecospace occupied by early Eocene faunas from sites recording the temperature and 

precipitation alterations believed to have occurred during and after the Paleocene-

Eocene Thermal Maximum (Kraus and Riggins, 2007).  
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Appendix A: Complete specimen list 
Genus Species Collection Specimen Resolvable, unique permanent 

data ID 

Adapis parisiensis MNHN-

Qu 

10966 https://doi.org/10.17602/M2/M466

38 

Adapis parisiensis MNHN-

Qu 

11032 https://doi.org/10.17602/M2/M465

06 

Adapis parisiensis MNHN-

Qu 

11046 https://doi.org/10.17602/M2/M465

19 

Adapis parisiensis MNHN-

Qu 

11069 https://doi.org/10.17602/M2/M465

40 

Adapis parisiensis MNHN-

Qu 

11117 https://doi.org/10.17602/M2/M466

47 

Adapis parisiensis MNHN-

Qu 

11166 https://doi.org/10.17602/M2/M465

51 

Adapis parisiensis MNHN-

Qu 

20940 https://doi.org/10.17602/M2/M465

91 

Adapis parisiensis NHMB-

QW 

9 https://doi.org/10.17602/M2/M466

34 

Adapis parisiensis NMB-Ql 71 https://doi.org/10.17602/M2/M466

43 

Adapis parisiensis YPM-VP 30440 https://doi.org/10.17602/M2/M466

61 

Anchomomys frontayensis CGM 42842 https://doi.org/10.17602/M2/M568

14  

Archaeolemur majori MNHN 1935-416 https://doi.org/10.17602/M2/M826

37 

Archaeolemur sp DPC 10858 https://doi.org/10.17602/M2/M826

38 

Archaeolemur sp DPC 10899 https://doi.org/10.17602/M2/M826

39 

Archaeolemur sp DPC 11085 https://n2t.net/ark:/87602/m4/M53

794  

Archaeolemur sp DPC 11728 https://n2t.net/ark:/87602/m4/M82

640 

Arctocebus calabarensis USNM 377275 https://n2t.net/ark:/87602/m4/M61

9 

Arctocebus calabariensis AMNH 207949 https://doi.org/10.17602/M2/M532

25 

Arctocebus calabariensis AMNH 297949 https://doi.org/10.17602/M2/M466

69 

Arctocebus calabariensis BMNH 48.324 https://doi.org/10.17602/M2/M467

00 
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Arctocebus calabariensis BMNH 48.582 https://doi.org/10.17602/M2/M467

36 

Arctocebus calabariensis BMNH 48.586 https://doi.org/10.17602/M2/M467

47 

Arctocebus calabariensis USNM 395710 https://doi.org/10.17602/M2/M469

89  

Arctocebus calabariensis USNM 511930 https://n2t.net/ark:/87602/m4/M62

3 

Avahi laniger AMNH 41267 https://doi.org/10.17602/M2/M42 

Avahi laniger AMNH 100635 https://n2t.net/ark:/87602/m4/M54 

Avahi laniger AMNH 170451 https://doi.org/10.17602/M2/M566

09 

Avahi laniger AMNH 170461 https://doi.org/10.17602/M2/M46 

Avahi laniger AMNH 170501 https://doi.org/10.17602/M2/M26 

Avahi laniger MCZ 32503 https://doi.org/10.17602/M2/M567

38 

Avahi laniger MCZ 44878 https://doi.org/10.17602/M2/M567

41 

Avahi laniger MCZ 44879 https://doi.org/10.17602/M2/M567

42  

Avahi laniger USNM 83650 https://doi.org/10.17602/M2/M17 

Avahi laniger USNM 83652 https://doi.org/10.17602/M2/M23 

Avahi sp DPC 12818 https://n2t.net/ark:/87602/M4/M2

9584 

Babakotia sp DPC 10970 https://n2t.net/ark:/87602/M4/M2

9579 

Babakotia sp DPC 11799 https://n2t.net/ark:/87602/M4/M2

9580 

Babakotia sp DPC 11800 https://n2t.net/ark:/87602/M4/M2

9581 

Babakotia sp DPC 11801 https://n2t.net/ark:/87602/M4/M2

9851 

Babakotia sp DPC 12772 https://n2t.net/ark:/87602/M4/M2

9583 

Cantius mckennai UM 76250 https://doi.org/10.17602/M2/M473

51 

Cantius mckennai UM 76394 https://doi.org/10.17602/M2/M473

55 

Cantius mckennai UM 78929 https://doi.org/10.17602/M2/M476

80 

Cantius ralstoni UM 65133 https://doi.org/10.17602/M2/M472

22 
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Cantius ralstoni UM 75358 https://doi.org/10.17602/M2/M473

47 

Cantius torresi CAB 04-274 https://doi.org/10.17602/M2/M476

92 

Cantius torresi UM 87852 https://doi.org/10.17602/M2/M476

87 

Cantius torresi UM 101958 https://doi.org/10.17602/M2/M476

84 

Cantius trigonodus UM 85950 https://doi.org/10.17602/M2/M476

76 

Cheirogaleus major AMNH 31265 https://doi.org/10.17602/M2/M557

72 

Cheirogaleus major AMNH 80072 https://doi.org/10.17602/M2/M130 

Cheirogaleus major AMNH 100640 https://doi.org/10.17602/M2/M58 

Cheirogaleus major AMNH 100830 https://doi.org/10.17602/M2/M66 

Cheirogaleus medius AMNH 100654 https://doi.org/10.17602/M2/M143 

Cheirogaleus medius AMNH 196618 https://doi.org/10.17602/M2/M147 

Cheirogaleus medius DPC 34 https://n2t.net/ark:/87602/M4/M2

4206 

Cheirogaleus medius DPC 138 https://n2t.net/ark:/87602/M4/M2

4214 

Cheirogaleus major FMNH 5656 https://doi.org/10.17602/M2/M477

57 

Cheirogaleus medius FMNH 85146 https://doi.org/10.17602/M2/M477

59 

Cheirogaleus medius FMNH 147986 https://doi.org/10.17602/M2/M477

60 

Daubentonia madagascariens

is 

AMNH 41334 https://doi.org/10.17602/M2/M110 

Daubentonia madagascariens

is 

AMNH 100632 https://doi.org/10.17602/M2/M102 

Daubentonia madagascariens

is 

SBU no number https://doi.org/10.17602/M2/M469 

Djebelemur sp CBI 366 https://doi.org/10.17602/M2/M826

59 

Donrussellia gallica MNHN 4854 https://doi.org/10.17602/M2/M478

33 

Donrussellia gallica MNHN 7655 https://doi.org/10.17602/M2/M478

17 

Donrussellia provincialis MNHN 170 https://doi.org/10.17602/M2/M478

31 

Donrussellia provincialis MNHN 4598 https://doi.org/10.17602/M2/M478

21 
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Eulemur fulvus AMNH 18696 https://doi.org/10.17602/M2/M126 

Eulemur fulvus AMNH 19159 https://doi.org/10.17602/M2/M122 

Eulemur fulvus AMNH 100517 https://doi.org/10.17602/M2/M480

26 

Eulemur fulvus DPC 6696 https://n2t.net/ark:/87602/M4/M2

9569 

Eulemur fulvus USNM 63338 https://doi.org/10.17602/M2/M15 

Eulemur fulvus albifrons AMNH 100559 https://doi.org/10.17602/M2/M557

75 

Eulemur fulvus albifrons AMNH 100586 https://doi.org/10.17602/M2/M557

76 

Eulemur macaco UWBM 39000 https://doi.org/10.17602/M2/M480

78 

Eulemur rufus AMNH 41264 https://doi.org/10.17602/M2/M479

92  

Eulemur rufus AMNH 41268 https://doi.org/10.17602/M2/M171 

Eulemur rufus AMNH 100569 https://doi.org/10.17602/M2/M159 

Eulemur rufus USNM 83961 https://doi.org/10.17602/M2/M156 

Eulemur sp DPC 3750 https://n2t.net/ark:/87602/M4/M2

9569 

Eulemur sp FMNH 171090 https://doi.org/10.17602/M2/M826

62 

Euoticus elegantulus AMNH 269928 https://doi.org/10.17602/M2/M566

32 

Euoticus elegantulus MCZ 14657 https://doi.org/10.17602/M2/M567

30 

Euoticus elegantulus MCZ 17590 https://doi.org/10.17602/M2/M567

33 

Euoticus elegantulus MCZ 17591 https://doi.org/10.17602/M2/M567

34 

Euoticus elegantulus MCZ 17593 https://doi.org/10.17602/M2/M567

35 

Euoticus elegantulus MCZ 18609 https://doi.org/10.17602/M2/M567

36 

Euoticus elegantulus USNM 598465 https://doi.org/10.17602/M2/M481

11 

Sciurocheirus alleni AMNH 236349 https://doi.org/10.17602/M2/M175 

Sciurocheirus alleni MCZ 14659 https://doi.org/10.17602/M2/M567

31 

Sciurocheirus alleni MCZ 17589 https://doi.org/10.17602/M2/M567

32 

Sciurocheirus alleni MCZ 19969 https://doi.org/10.17602/M2/M567

37 
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Sciurocheirus alleni MCZ 64170 https://doi.org/10.17602/M2/M567

46 

Sciurocheirus alleni USNM 84534 https://doi.org/10.17602/M2/M481

51 

Galagoides demidovii AMNH 50984 https://doi.org/10.17602/M2/M481

51 

Galagoides demidovii AMNH 104804 https://doi.org/10.17602/M2/M557

71 

Galagoides demidovii AMNH 119810 https://doi.org/10.17602/M2/M183 

Galagoides demidovii AMNH 239438 https://doi.org/10.17602/M2/M191 

Galagoides demidovii AMNH 241122 https://doi.org/10.17602/M2/M195 

Galagoides demidovii AMNH 241124 https://doi.org/10.17602/M2/M187 

Galagoides demidovii SBU Ga-04 https://doi.org/10.17602/M2/M531

82 

Galagoides demidovii USNM 598467 https://doi.org/10.17602/M2/M531

94 

Galago senegalensis AMNH 187359 https://doi.org/10.17602/M2/M199 

Galago senegalensis AMNH 187360 https://doi.org/10.17602/M2/M203 

Galago senegalensis AMNH 187362 https://doi.org/10.17602/M2/M207 

Galago senegalensis FMNH 186919 https://doi.org/10.17602/M2/M531

54 

Galago senegalensis MCZ 34381 https://doi.org/10.17602/M2/M567

39 

Hadropithecus stenognathus NHMW 1934.IV.2/1

a 

https://doi.org/10.17602/M2/M826

63 

Hapalemur griseus AMNH 100628 https://doi.org/10.17602/M2/M558

40 

Hapalemur griseus AMNH 170672 https://doi.org/10.17602/M2/M566

21 

Hapalemur griseus MCZ 44921 https://doi.org/10.17602/M2/M567

43 

Hapalemur griseus USNM 83668 https://n2t.net/ark:/87602/m4/M60

7 

Hapalemur griseus USNM 84386 https://n2t.net/ark:/87602/m4/M61

1 

Hapalemur griseus USNM 317966 https://n2t.net/ark:/87602/m4/M61

5 

Hapalemur occidentalis AMNH 100823 https://doi.org/10.17602/M2/M566

03 

Indri Indri AMNH 100503 https://doi.org/10.17602/M2/M217 

Indri Indri AMNH 100504 https://doi.org/10.17602/M2/M225 

Indri indri AMNH 100507 https://n2t.net/ark:/87602/m4/M19

45 
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Indri Indri AMNH 100508 https://n2t.net/ark:/87602/m4/M19

43 

Indri Indri AMNH 185638 https://doi.org/10.17602/M2/M221 

Indri Indri BMNH 1981.72 https://doi.org/10.17602/M2/M529

84 

Indri Indri BMNH 35.1.8.2 https://doi.org/10.17602/M2/M529

79 

Indri Indri USNM 16197 https://doi.org/10.17602/M2/M530

44 

Karanisia clarki DPC 21456K https://n2t.net/ark:/87602/m4/M52

896 

Karanisia clarki DPC 21748B https://n2t.net/ark:/87602/m4/M52

889 

Karanisia clarki DPC 21840H https://n2t.net/ark:/87602/m4/M52

892 

Karanisia clarki DPC 22999F https://n2t.net/ark:/87602/m4/M52

954 

Komba minor KNM SO438 https://doi.org/10.17602/M2/M826

99 

Komba robustus KNM SO501 https://doi.org/10.17602/M2/M827

00 

Lemur catta AMNH 100598 https://doi.org/10.17602/M2/M233 

Lemur catta AMNH 100821 https://doi.org/10.17602/M2/M237 

Lemur catta AMNH 170737 https://doi.org/10.17602/M2/M229 

Lemur catta AMNH 170740 https://doi.org/10.17602/M2/M245 

Lemur catta AMNH 170741 https://doi.org/10.17602/M2/M249 

Lemur catta AMNH 170743 https://doi.org/10.17602/M2/M241 

Lemur catta AMNH 201183 https://doi.org/10.17602/M2/M566

29 

Lemur catta DLC 7142f https://doi.org/10.17602/M2/M566

36 

Lemur catta DPC 92 https://n2t.net/ark:/87602/m4/M56

639 

Lemur catta USNM 395515 https://doi.org/10.17602/M2/M567

55 

Lemur catta USNM 589576 https://doi.org/10.17602/M2/M528

77 

Lepilemur edwardsi AMNH 100623 https://doi.org/10.17602/M2/M566

01 

Lepilemur edwardsi AMNH 100642 https://doi.org/10.17602/M2/M253 

Lepilemur leucopus AMNH 170557 https://doi.org/10.17602/M2/M566

14  
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Lepilemur leucopus AMNH 170559 https://doi.org/10.17602/M2/M566

15 

Lepilemur leucopus AMNH 170561 https://doi.org/10.17602/M2/M566

16 

Lepilemur leucopus AMNH 170564 https://doi.org/10.17602/M2/M566

17 

Lepilemur leucopus AMNH 170568 https://doi.org/10.17602/M2/M566

18 

Lepilemur leucopus AMNH 170569 https://doi.org/10.17602/M2/M266 

Lepilemur leucopus AMNH 170574 https://doi.org/10.17602/M2/M566

19 

Lepilemur leucopus AMNH 170576 https://doi.org/10.17602/M2/M257 

Lepilemur leucopus AMNH 170578 https://doi.org/10.17602/M2/M261 

Lepilemur leucopus DPC 18839 https://n2t.net/ark:/87602/m4/M56

714 

Lepilemur leucopus DPC 18901 https://n2t.net/ark:/87602/m4/M56

717 

Lepilemur leucopus DPC 18951 https://n2t.net/ark:/87602/m4/M56

723 

Lepilemur microdon BMNH 1981.762 https://doi.org/10.17602/M2/M526

40 

Lepilemur microdon BMNH 1939.128 https://doi.org/10.17602/M2/M527

00 

Lepilemur mustelinus AMNH 170790 https://doi.org/10.17602/M2/M566

23 

Lepilemur mustelinus AMNH 170795 https://doi.org/10.17602/M2/M566

24 

Lepilemur mustelinus USNM 49668 https://doi.org/10.17602/M2/M567

48 

Lepilemur ruficaudatus AMNH 100612 https://doi.org/10.17602/M2/M270 

Lepilemur ruficaudatus AMNH 100622 https://doi.org/10.17602/M2/M558

42 

Lepilemur septentrionalis DPC 12816 https://n2t.net/ark:/87602/m4/M57

693 

Lepilemur sp BMNH 1897.12.2.2 https://doi.org/10.17602/M2/M526

84 

Lepilemur sp DPC 13629 https://n2t.net/ark:/87602/m4/M29

587 

Lepilemur sp NHMB QW 1606 https://doi.org/10.17602/M2/M527

10 

Loris tardigradus AMNH 34258 https://doi.org/10.17602/M2/M557

73 

Loris tardigradus AMNH 150062 https://doi.org/10.17602/M2/M276 
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Loris tardigradus AMNH 165931 https://doi.org/10.17602/M2/M273 

Loris tardigradus AMNH 217303 https://doi.org/10.17602/M2/M284 

Loris tardigradus DPC 42 https://n2t.net/ark:/87602/m4/M56

638 

Loris tardigradus UAAC 972.4.2 https://doi.org/10.17602/M2/M567

47 

Loris tardigradus UWBM 59976 https://doi.org/10.17602/M2/M522

39 

Megaladapis edwardsi UA 4621 https://n2t.net/ark:/87602/m4/M82

702 

Megaladapis sp DPC 11787 https://n2t.net/ark:/87602/m4/M56

806 

Megaladapis sp DPC 17218 https://n2t.net/ark:/87602/m4/M56

805 

Megaladapis sp DPC 18935 https://n2t.net/ark:/87602/m4/M56

808 

Megaladapis sp DPC NN https://n2t.net/ark:/87602/m4/M56

807 

Mesopropithecu

s 

dolichobranchio

n 

DPC 9903 https://doi.org/10.17602/M2/M827

04 

Mesopropithecu

s 

pithecoides UA 4848 https://doi.org/10.17602/M2/M827

10 

Mesopropithecu

s 

pithecoides UA 4849 https://doi.org/10.17602/M2/M827

08 

Microcebus murinus AMNH 100844 https://doi.org/10.17602/M2/M566

06 

Microcebus murinus AMNH 100846 https://doi.org/10.17602/M2/M566

07 

Microcebus murinus AMNH 174483 https://doi.org/10.17602/M2/M308 

Microcebus murinus AMNH 174489 https://doi.org/10.17602/M2/M316 

Microcebus murinus AMNH 174498 https://doi.org/10.17602/M2/M303 

Microcebus murinus AMNH 174530 https://doi.org/10.17602/M2/M288 

Microcebus murinus AMNH 174531 https://doi.org/10.17602/M2/M312 

Microcebus murinus AMNH 174533 https://doi.org/10.17602/M2/M292 

Microcebus murinus AMNH 174534 https://doi.org/10.17602/M2/M296 

Microcebus murinus AMNH 174537 https://doi.org/10.17602/M2/M566

27 

Microcebus murinus DLC 7065 https://n2t.net/ark:/87602/m4/M56

653 

Microcebus murinus DLC 893m https://doi.org/10.17602/M2/M566

33 

Microcebus murinus DLC NN02 https://doi.org/10.17602/M2/M566

37 



 

156 

Microcebus murinus DPC 22078 https://n2t.net/ark:/87602/m4/M56

726 

Microcebus murinus DPC 22093 https://n2t.net/ark:/87602/m4/M56

729 

Microcebus murinus MCZ 44843 https://doi.org/10.17602/M2/M567

40 

Microcebus murinus MCZ 45125 https://doi.org/10.17602/M2/M567

44 

Microcebus rufus AMNH 100669 https://doi.org/10.17602/M2/M566

02 

Microcebus rufus AMNH 174360 https://doi.org/10.17602/M2/M566

25 

Microcebus sambiranensis AMNH 100663 https://doi.org/10.17602/M2/M565

99 

Microcebus sp DPC 13653 https://n2t.net/ark:/87602/m4/M56

704 

Microcebus sp DPC 13669 https://n2t.net/ark:/87602/m4/M56

707 

Microcebus sp DPC 18902 https://n2t.net/ark:/87602/m4/M56

720 

Microcebus sp USNM 545004 https://doi.org/10.17602/M2/M567

57 

Mirza coquereli AMNH 100832 https://doi.org/10.17602/M2/M320 

Mirza coquereli DPC 137 https://doi.org/10.17602/M2/M827

37 

Mirza coquereli DPC 1139 https://doi.org/10.17602/M2/M827

41 

Mirza coquereli MCZ 45124 https://n2t.net/ark:/87602/m4/M59

5 

Mirza zaza DPC 2322f https://doi.org/10.17602/M2/M566

35 

Nycticeboides sp YGSP 8091 https://doi.org/10.17602/M2/M827

59 

Nycticebus bengalensis AMNH 87279 https://doi.org/10.17602/M2/M372 

Nycticebus bengalensis AMNH 164442 https://doi.org/10.17602/M2/M332 

Nycticebus bengalensis AMNH 183827 https://doi.org/10.17602/M2/M328 

Nycticebus coucang AMNH 106653 https://doi.org/10.17602/M2/M339 

Nycticebus coucang SBU PNL-01 https://doi.org/10.17602/M2/M472 

Nycticebus coucang UAMZ 4657 https://doi.org/10.17602/M2/M518

31 

Nycticebus javanicus AMNH 101508 https://doi.org/10.17602/M2/M342 

Nycticebus javanicus AMNH 101782 https://doi.org/10.17602/M2/M345 

Nycticebus javanicus AMNH 102845 https://doi.org/10.17602/M2/M347 
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Nycticebus pygmaeus BMNH 1928.7.1.12 https://doi.org/10.17602/M2/M518

04 

Nycticebus pygmaeus MCZ 36035 https://doi.org/10.17602/M2/M518

15 

Otolemur crassicaudatus AMNH 88060 https://doi.org/10.17602/M2/M510

30 

Otolemur crassicaudatus AMNH 88061 https://doi.org/10.17602/M2/M510

39 

Otolemur crassicaudatus AMNH 88062 https://doi.org/10.17602/M2/M510

48 

Otolemur crassicaudatus AMNH 216240 https://doi.org/10.17602/M2/M517

22 

Otolemur crassicaudatus AMNH 216244 https://doi.org/10.17602/M2/M517

29 

Pachylemur jullyi UA 5188 https://doi.org/10.17602/M2/M827

64 

Pachylemur jullyi UA 5201 https://doi.org/10.17602/M2/M827

65 

Palaeopropithec

us 

kelyus UA 6191 https://doi.org/10.17602/M2/M830

22 

Palaeopropithec

us 

maximus UA 196 https://doi.org/10.17602/M2/M830

23 

Palaeopropithec

us 

maximus UA 4453 https://doi.org/10.17602/M2/M830

24 

Palaeopropithec

us 

sp DPC 13708 https://n2t.net/ark:/87602/m4/M56

710 

Perodicticus potto AMNH 31252 https://doi.org/10.17602/M2/M368 

 

Perodicticus potto AMNH 239437 https://doi.org/10.17602/M2/M566

31 

Perodicticus potto AMNH 241117 https://doi.org/10.17602/M2/M364 

Perodicticus potto AMNH 269851 https://doi.org/10.17602/M2/M360 

Perodicticus potto AMNH 269860 https://doi.org/10.17602/M2/M352 

Perodicticus potto AMNH 269907 https://doi.org/10.17602/M2/M349 

Perodicticus potto DPC 175 https://n2t.net/ark:/87602/m4/M56

640 

Perodicticus potto USNM 481739 https://doi.org/10.17602/M2/M567

56 

Perodicticus potto UWBM 39440 https://doi.org/10.17602/M2/M510

07 

Perodicticus potto ibeanus AMNH 52592 https://doi.org/10.17602/M2/M830

25 

Perodicticus potto ibeanus AMNH 119066 https://doi.org/10.17602/M2/M566

08  



 

158 

Phaner furcifer AMNH 100829 https://doi.org/10.17602/M2/M376 

Phaner furcifer MCZ 44953 https://n2t.net/ark:/87602/m4/M59

1 

Plesiopithecus teras DPC 11636 https://n2t.net/ark:/87602/m4/M43

41 

Plesiopithecus teras DPC 13607 https://n2t.net/ark:/87602/m4/M55

714 

Prolemur simus BMNH 1984.10.20.

4 

https://doi.org/10.17602/M2/M830

26 

Prolemur simus DPC 7845 https://doi.org/10.17602/M2/M507

55 

Prolemur simus DPC 7870 https://n2t.net/ark:/87602/m4/M50

762 

Prolemur simus DPC 7907 https://n2t.net/ark:/87602/m4/M50

830 

Prolemur simus DPC 7917 https://n2t.net/ark:/87602/m4/M50

861 

Prolemur simus DPC 7932 https://n2t.net/ark:/87602/m4/M50

774 

Prolemur simus DPC 7955 https://n2t.net/ark:/87602/m4/M50

873 

Prolemur simus DPC 7964 https://n2t.net/ark:/87602/m4/M50

780 

Prolemur simus DPC 12765 https://n2t.net/ark:/87602/m4/M50

806 

Prolemur simus DPC 12767 https://n2t.net/ark:/87602/m4/M50

812 

Prolemur simus DPC 12768 https://n2t.net/ark:/87602/m4/M50

821 

Prolemur simus DPC 10936B https://n2t.net/ark:/87602/m4/M50

797 

Prolemur simus DPC 10936A https://n2t.net/ark:/87602/m4/M50

791 

Pronycticebus gaudryi MNHN 11056 https://doi.org/10.17602/M2/M830

27 

Propithecus coronatus AMNH 17356 https://doi.org/10.17602/M2/M388 

Propithecus diadema AMNH 100633 https://doi.org/10.17602/M2/M384 

Propithecus diadema USNM 63347 https://doi.org/10.17602/M2/M506

79 

Propithecus diadema USNM 63349 https://doi.org/10.17602/M2/M391 

Propithecus diadema USNM 63350 https://doi.org/10.17602/M2/M567

49 

Propithecus diadema USNM 84385 https://doi.org/10.17602/M2/M507

13 
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Propithecus edwardsi USNM a21171 https://doi.org/10.17602/M2/M506

70 

Propithecus edwardsi USNM 63351 https://doi.org/10.17602/M2/M567

50 

Propithecus sp USNM 63348 https://doi.org/10.17602/M2/M830

31 

Propithecus verreauxi AMNH 16699 https://doi.org/10.17602/M2/M400 

Propithecus verreauxi AMNH 100827 https://doi.org/10.17602/M2/M404 

Propithecus verreauxi AMNH 170463 https://doi.org/10.17602/M2/M566

10 

Propithecus verreauxi AMNH 170467 https://doi.org/10.17602/M2/M566

11  

Propithecus verreauxi AMNH 170470 https://doi.org/10.17602/M2/M566

12 

Propithecus verreauxi AMNH 170473 https://doi.org/10.17602/M2/M566

13 

Propithecus verreauxi USNM 257397 https://doi.org/10.17602/M2/M396 

Propithecus 

 

sp DPC 3732 https://n2t.net/ark:/87602/m4/M56

643 

Propithecus sp DPC 3799 https://n2t.net/ark:/87602/m4/M56

649 

Propithecus sp DPC 13625 https://n2t.net/ark:/87602/m4/M56

698 

Propotto leakeyi KMH-CA 2195 https://doi.org/10.17602/M2/M557

15 

Propotto leakeyi KMN-KO 101 https://doi.org/10.17602/M2/M557

16 

Propotto leakeyi KMN-SO 508 https://doi.org/10.17602/M2/M557

17 

Teilhardina sp IRSNB 455 https://doi.org/10.17602/M2/M833

42 

Teilhardina sp IRSNB 457 https://doi.org/10.17602/M2/M833

35 

Teilhardina sp IRSNB 4291 https://doi.org/10.17602/M2/M833

48 

Teilhardina sp IRSNB 65 https://doi.org/10.17602/M2/M833

51 

Varecia rubra AMNH 100513 https://doi.org/10.17602/M2/M495

50 

Varecia rubra AMNH 100514 https://doi.org/10.17602/M2/M444 

Varecia variegata AMNH 17338 https://doi.org/10.17602/M2/M460 

Varecia variegata AMNH 18041 https://doi.org/10.17602/M2/M456 
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Varecia variegata AMNH 100512 https://doi.org/10.17602/M2/M567

58 

Varecia variegata AMNH 245092 https://doi.org/10.17602/M2/M452 

Varecia variegata USNM 84381 https://doi.org/10.17602/M2/M567

52 

Varecia variegata USNM 84383 https://doi.org/10.17602/M2/M567

53 

Wadilemur elegans DPC 13439 https://n2t.net/ark:/87602/m4/M49

543 

Wadilemur elegans DPC 16872 https://n2t.net/ark:/87602/m4/M56

711 

 

 

 

Appendix B: Specimen measurements 
Genus Collection Specimen ariaDNE 08 ariaDNE CV OPC RFI 

Adapis MNHN 10966 0.079 1.137 89.25 0.261 

Adapis MNHN 11032 0.076 1.124 88 0.243 

Adapis MNHN 11046 0.075 0.984 106.75 0.233 

Adapis MNHN 11069 0.078 0.963 131.75 0.311 

Adapis MNHN 11117 0.080 0.959 90.62 0.244 

Adapis MNHN 11166 0.081 1.023 101.75 0.247 

Adapis MNHN 20940 0.068 0.949 90.12 0.239 

Adapis NHMB 9 0.070 0.983 83.62 0.227 

Adapis NMB 71 0.070 0.985 87.25 0.255 

Adapis YPM 30440 0.077 1.090 83.25 0.247 

Anchomomys CGM 42842 0.083 0.865 72 0.274 
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Archaeolemur MNHN 1935-416 0.065 0.983 107.12 0.276 

Archaeolemur DPC 10858 0.064 0.957 102.88 0.257 

Archaeolemur DPC 10899 0.070 1.144 75.12 0.241 

Archaeolemur DPC 11085 0.058 0.990 98.25 0.258 

Archaeolemur DPC 11728 0.055 0.999 59.5 0.258 

Arctocebus USNM 377275 0.063 1.104 92.75 0.269 

Arctocebus AMNH 207949 0.116 0.906 126.62 0.351 

Arctocebus AMNH 297949 0.097 0.974 97 0.285 

Arctocebus BMNH 48.324 0.116 0.906 126 0.350 

Arctocebus BMNH 48.582 0.097 0.902 101.75 0.273 

Arctocebus BMNH 48.586 0.096 0.957 85.62 0.300 

Arctocebus USNM 395710 0.094 0.978 91.62 0.294 

Arctocebus USNM 511930 0.097 0.735 92.62 0.291 

Avahi AMNH 41267 0.108 0.957 103.88 0.337 

Avahi AMNH 100635 0.086 0.796 88.38 0.264 

Avahi AMNH 170451 0.098 1.002 115 0.336 

Avahi AMNH 170461 0.087 0.981 113.25 0.277 

Avahi AMNH 170501 0.087 1.014 107.62 0.267 

Avahi MCZ 32503 0.084 1.194 100.12 0.258 

Avahi MCZ 44878 0.091 0.991 95.75 0.400 
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Avahi MCZ 44879 0.082 1.078 101.38 0.251 

Avahi USNM 83650 0.097 1.111 113.38 0.313 

Avahi USNM 83652 0.088 1.149 113.12 0.295 

Avahi DPC 12818 0.093 1.092 107.75 0.317 

Babakotia DPC 10970 0.097 1.111 114 0.323 

Babakotia DPC 11799 0.091 1.089 112.75 0.303 

Babakotia DPC 11800 0.077 1.125 123.75 0.263 

Babakotia DPC 11801 0.067 1.212 105.12 0.238 

Babakotia DPC 12772 0.071 1.355 160.62 0.288 

Cantius UM 76250 0.068 1.925 219.5 0.336 

Cantius UM 76394 0.072 1.642 215.12 0.264 

Cantius UM 78929 0.070 1.421 158.5 0.297 

Cantius UM 65133 0.071 1.098 92.75 0.227 

Cantius UM 75358 0.077 1.116 86.5 0.260 

Cantius CAB 04-274 0.067 1.010 76.88 0.219 

Cantius UM 87852 0.080 1.087 110.88 0.246 

Cantius UM 101958 0.074 1.051 108.38 0.233 

Cantius UM 85950 0.069 1.119 85 0.236 

Cheirogaleus AMNH 31265 0.079 1.107 108.88 0.258 

Cheirogaleus AMNH 80072 0.074 1.014 100.25 0.249 
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Cheirogaleus AMNH 100640 0.064 1.070 77.75 0.254 

Cheirogaleus AMNH 100830 0.054 0.957 89.62 0.195 

Cheirogaleus AMNH 100654 0.067 0.957 122.75 0.203 

Cheirogaleus AMNH 196618 0.066 0.940 86.38 0.235 

Cheirogaleus DPC 34 0.053 0.937 91.5 0.191 

Cheirogaleus DPC 138 0.071 0.996 118 0.186 

Cheirogaleus FMNH 5656 0.072 0.838 84.25 0.224 

Cheirogaleus FMNH 85146 0.054 1.003 75.75 0.186 

Cheirogaleus FMNH 147986 0.059 0.974 83.12 0.181 

Daubentonia AMNH 41334 0.067 0.946 90.25 0.222 

Daubentonia AMNH 100632 0.063 1.114 76.5 0.213 

Daubentonia SBU no number 0.065 1.031 86.5 0.213 

Djebelemur CBI 366 0.045 1.099 88.25 0.198 

Donrussellia MNHN 4854 0.049 0.998 104 0.209 

Donrussellia MNHN 7655 0.045 1.246 99.5 0.199 

Donrussellia MNHN 170 0.081 0.843 78.62 0.260 

Donrussellia MNHN 4598 0.086 0.995 86.5 0.248 

Eulemur AMNH 18696 0.083 0.926 89.25 0.230 

Eulemur AMNH 19159 0.094 1.053 92.5 0.271 

Eulemur AMNH 100517 0.084 1.008 76.88 0.263 
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Eulemur DPC 6696 0.088 1.022 73.5 0.282 

Eulemur USNM 63338 0.078 0.966 79.38 0.266 

Eulemur AMNH 100559 0.075 1.048 101.12 0.267 

Eulemur AMNH 100586 0.072 1.122 85.62 0.253 

Eulemur UWBM 39000 0.075 1.083 79.25 0.273 

Eulemur AMNH 41264 0.080 1.096 100.5 0.266 

Eulemur AMNH 41268 0.075 1.059 88.62 0.278 

Eulemur AMNH 100569 0.078 1.050 92.38 0.282 

Eulemur USNM 83961 0.076 0.997 100.75 0.279 

Eulemur DPC 3750 0.079 0.939 102.12 0.298 

Eulemur FMNH 171090 0.078 1.064 89.88 0.276 

Euoticus AMNH 269928 0.081 1.116 112.25 0.265 

Euoticus MCZ 14657 0.065 1.084 103.88 0.240 

Euoticus MCZ 17590 0.074 1.020 112.88 0.263 

Euoticus MCZ 17591 0.087 0.963 114.88 0.272 

Euoticus MCZ 17593 0.081 0.974 65.5 0.292 

Euoticus MCZ 18609 0.088 1.033 78.12 0.308 

Euoticus USNM 598465 0.087 0.991 69.5 0.318 

Sciurocheirus AMNH 236349 0.075 0.990 65.75 0.315 

Sciurocheirus MCZ 14659 0.083 1.051 83.25 0.291 
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Sciurocheirus MCZ 17589 0.084 1.010 67.62 0.327 

Sciurocheirus MCZ 19969 0.089 1.013 97.88 0.293 

Sciurocheirus MCZ 64170 0.096 1.025 83.75 0.285 

Sciurocheirus USNM 84534 0.101 0.954 108.12 0.290 

Galagoides AMNH 50984 0.097 0.977 81.75 0.287 

Galagoides AMNH 104804 0.099 0.985 76.62 0.306 

Galagoides AMNH 119810 0.084 0.876 52.88 0.315 

Galagoides AMNH 239438 0.097 1.034 102.5 0.273 

Galagoides AMNH 241122 0.097 1.001 85 0.259 

Galagoides AMNH 241124 0.096 0.940 96.25 0.262 

Galagoides SBU Ga-04 0.094 0.949 77.62 0.289 

Galagoides USNM 598467 0.094 1.029 91.25 0.306 

Galago AMNH 187359 0.092 0.933 97.62 0.308 

Galago AMNH 187360 0.082 0.861 79.38 0.318 

Galago AMNH 187362 0.083 0.897 98.88 0.300 

Galago FMNH 186919 0.073 1.006 108.12 0.262 

Galago MCZ 34381 0.079 1.062 80.38 0.243 

Hadropithecus NHMW 1934.IV.2/1a 0.079 1.124 59.38 0.231 

Hapalemur AMNH 100628 0.089 1.074 90.62 0.277 

Hapalemur AMNH 170672 0.086 1.028 70.75 0.267 
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Hapalemur MCZ 44921 0.072 1.043 72.38 0.256 

Hapalemur USNM 83668 0.093 1.033 103.75 0.246 

Hapalemur USNM 84386 0.080 1.065 94.5 0.256 

Hapalemur USNM 317966 0.083 1.148 76.62 0.275 

Hapalemur AMNH 100823 0.077 1.056 77.25 0.247 

Indri AMNH 100503 0.070 1.154 97.88 0.238 

Indri AMNH 100504 0.075 1.177 114.38 0.250 

Indri AMNH 100507 0.077 1.056 78.5 0.251 

Indri AMNH 100508 0.076 0.976 119.88 0.255 

Indri AMNH 185638 0.081 0.958 97.5 0.261 

Indri BMNH 1981.72 0.069 1.424 121.88 0.192 

Indri BMNH 35.1.8.2 0.078 1.099 82.88 0.314 

Indri USNM 16197 0.082 1.053 91.5 0.299 

Karanisia DPC 21456K 0.078 1.029 100.88 0.284 

Karanisia DPC 21748B 0.077 0.840 108.38 0.310 

Karanisia DPC 21840H 0.085 0.845 59 0.272 

Karanisia DPC 22999F 0.084 0.802 59.25 0.276 

Komba KNM SO438 0.089 1.049 78.5 0.270 

Komba KNM SO501 0.083 1.077 75.62 0.258 

Lemur AMNH 100598 0.071 0.963 90 0.239 
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Lemur AMNH 100821 0.074 1.081 89.5 0.240 

Lemur AMNH 170737 0.079 1.044 81.5 0.244 

Lemur AMNH 170740 0.085 1.089 110.62 0.260 

Lemur AMNH 170741 0.079 0.957 75.62 0.278 

Lemur AMNH 170743 0.091 1.001 85.88 0.307 

Lemur AMNH 201183 0.075 0.962 88.75 0.269 

Lemur DLC 7142f 0.073 1.014 90.38 0.249 

Lemur DPC 92 0.080 0.942 121.62 0.259 

Lemur USNM 395515 0.077 0.996 72.12 0.249 

Lemur USNM 589576 0.079 1.691 72.38 0.261 

Lepilemur AMNH 100623 0.073 0.977 82.12 0.256 

Lepilemur AMNH 100642 0.081 1.025 75.38 0.278 

Lepilemur AMNH 170557 0.079 0.998 81 0.265 

Lepilemur AMNH 170559 0.092 0.976 88.38 0.290 

Lepilemur AMNH 170561 0.077 1.057 79.38 0.252 

Lepilemur AMNH 170564 0.079 1.017 67.62 0.264 

Lepilemur AMNH 170568 0.069 1.016 75.38 0.231 

Lepilemur AMNH 170569 0.083 0.987 82.5 0.253 

Lepilemur AMNH 170574 0.081 1.035 74.62 0.258 

Lepilemur AMNH 170576 0.093 1.011 105.62 0.294 
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Lepilemur AMNH 170578 0.082 1.093 80.12 0.261 

Lepilemur DPC 18839 0.077 0.986 92.25 0.246 

Lepilemur DPC 18901 0.078 1.066 89 0.247 

Lepilemur DPC 18951 0.081 1.023 86.62 0.260 

Lepilemur BMNH 1981.762 0.079 1.021 75.12 0.286 

Lepilemur BMNH 1939.128 0.077 1.052 66.12 0.239 

Lepilemur AMNH 170790 0.064 0.989 73.5 0.255 

Lepilemur AMNH 170795 0.091 1.076 96.5 0.279 

Lepilemur USNM 49668 0.077 1.064 79.38 0.251 

Lepilemur AMNH 100612 0.079 1.066 97.25 0.256 

Lepilemur AMNH 100622 0.077 1.016 78.5 0.269 

Lepilemur DPC 12816 0.082 1.255 98.25 0.250 

Lepilemur BMNH 1897.12.2.2 0.067 1.059 111.75 0.243 

Lepilemur DPC 13629 0.110 1.013 127 0.311 

Lepilemur NHMB QW 1606 0.092 0.970 74.5 0.280 

Loris AMNH 34258 0.101 0.942 93.88 0.282 

Loris AMNH 150062 0.094 0.933 82.75 0.297 

Loris AMNH 165931 0.099 0.987 89.5 0.307 

Loris AMNH 217303 0.092 0.954 97.62 0.271 

Loris DPC 42 0.101 0.945 124.5 0.331 
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Loris UAAC 972.4.2 0.075 1.018 106.38 0.283 

Loris UWBM 59976 0.070 1.107 72.5 0.233 

Megaladapis UA 4621 0.071 1.061 68.12 0.235 

Megaladapis DPC 11787 0.074 1.035 74.38 0.251 

Megaladapis DPC 17218 0.079 1.074 69 0.267 

Megaladapis DPC 18935 0.080 0.893 77.88 0.257 

Megaladapis DPC NN 0.079 0.967 115.12 0.269 

Mesopropithecus DPC 9903 0.079 0.927 105.12 0.272 

Mesopropithecus UA 4848 0.090 0.928 76.75 0.281 

Mesopropithecus UA 4849 0.091 0.914 74.5 0.265 

Microcebus AMNH 100844 0.084 0.966 90 0.250 

Microcebus AMNH 100846 0.087 0.923 82.25 0.248 

Microcebus AMNH 174483 0.091 0.961 96.75 0.208 

Microcebus AMNH 174489 0.086 0.941 90.38 0.254 

Microcebus AMNH 174498 0.086 0.980 91.88 0.218 

Microcebus AMNH 174530 0.089 0.972 86.12 0.257 

Microcebus AMNH 174531 0.084 0.932 88.25 0.247 

Microcebus AMNH 174533 0.091 0.937 83.75 0.251 

Microcebus AMNH 174534 0.086 0.878 84.12 0.267 

Microcebus AMNH 174537 0.089 0.902 92.5 0.265 
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Microcebus DLC 7065 0.087 0.953 97.12 0.258 

Microcebus DLC 893m 0.086 0.994 82.12 0.246 

Microcebus DLC NN02 0.088 0.912 83 0.246 

Microcebus DPC 22078 0.084 0.927 73.88 0.237 

Microcebus DPC 22093 0.076 0.880 90.38 0.221 

Microcebus MCZ 44843 0.079 0.881 111.62 0.229 

Microcebus MCZ 45125 0.078 0.847 75.75 0.234 

Microcebus AMNH 100669 0.090 0.882 128.12 0.241 

Microcebus AMNH 174360 0.084 0.905 89.88 0.237 

Microcebus AMNH 100663 0.087 0.937 81.38 0.252 

Microcebus DPC 13653 0.090 0.939 79.38 0.243 

Microcebus DPC 13669 0.083 1.004 102 0.235 

Microcebus DPC 18902 0.075 0.985 92.75 0.247 

Microcebus USNM 545004 0.076 0.915 76.12 0.230 

Mirza AMNH 100832 0.076 0.949 66.5 0.215 

Mirza DPC 137 0.074 0.820 81.38 0.223 

Mirza DPC 1139 0.070 0.890 85.12 0.225 

Mirza MCZ 45124 0.083 1.066 86.75 0.259 

Mirza DPC 2322f 0.068 0.971 79.38 0.251 

Nycticeboides YGSP 8091 0.066 0.934 86.38 0.245 



 

171 

Nycticebus AMNH 87279 0.070 0.970 92.88 0.253 

Nycticebus AMNH 164442 0.069 0.953 86.25 0.231 

Nycticebus AMNH 183827 0.070 1.050 83.12 0.243 

Nycticebus AMNH 106653 0.066 0.989 107.62 0.209 

Nycticebus SBU PNL-01 0.086 1.004 104 0.284 

Nycticebus UAMZ 4657 0.083 1.050 99.62 0.262 

Nycticebus AMNH 101508 0.082 0.923 110.62 0.290 

Nycticebus AMNH 101782 0.080 0.958 83.88 0.266 

Nycticebus AMNH 102845 0.076 0.903 105.5 0.252 

Nycticebus BMNH 1928.7.1.12 0.066 0.754 84.12 0.258 

Nycticebus MCZ 36035 0.080 0.940 81.88 0.294 

Otolemur AMNH 88060 0.074 0.807 72.88 0.281 

Otolemur AMNH 88061 0.084 0.906 86.12 0.271 

Otolemur AMNH 88062 0.073 0.830 78.75 0.289 

Otolemur AMNH 216240 0.066 0.942 59.88 0.252 

Otolemur AMNH 216244 0.077 0.800 78.38 0.278 

Pachylemur UA 5188 0.072 1.281 101.62 0.232 

Pachylemur UA 5201 0.071 1.143 125.5 0.215 

Palaeopropithecus UA 6191 0.075 1.145 121.25 0.219 

Palaeopropithecus UA 196 0.071 1.119 119.62 0.226 
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Palaeopropithecus UA 4453 0.072 0.993 81.38 0.289 

Palaeopropithecus DPC 13708 0.073 1.051 66.25 0.289 

Perodicticus AMNH 31252 0.064 1.106 91.62 0.257 

Perodicticus AMNH 239437 0.069 1.071 101.75 0.255 

Perodicticus AMNH 241117 0.067 1.035 82.38 0.229 

Perodicticus AMNH 269851 0.059 1.148 95.25 0.226 

Perodicticus AMNH 269860 0.059 1.148 95.5 0.226 

Perodicticus AMNH 269907 0.057 0.986 80.62 0.233 

Perodicticus DPC 175 0.068 0.962 86.12 0.249 

Perodicticus USNM 481739 0.076 1.028 85.12 0.291 

Perodicticus UWBM 39440 0.072 1.073 64 0.275 

Perodicticus AMNH 52592 0.072 0.955 81 0.246 

Perodicticus AMNH 119066 0.077 1.010 80.62 0.242 

Phaner AMNH 100829 0.069 0.805 78.62 0.231 

Phaner MCZ 44953 0.073 1.095 93.25 0.225 

Plesiopithecus DPC 11636 0.061 1.025 68 0.221 

Plesiopithecus DPC 13607 0.081 1.090 131.5 0.242 

Prolemur BMNH 1984.10.20.4 0.091 1.079 178.38 0.251 

Prolemur DPC 7845 0.081 0.996 145.5 0.238 

Prolemur DPC 7870 0.082 1.179 193.12 0.233 
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Prolemur DPC 7907 0.078 1.010 133 0.228 

Prolemur DPC 7917 0.086 1.021 159.5 0.248 

Prolemur DPC 7932 0.092 1.034 146.88 0.260 

Prolemur DPC 7955 0.082 0.991 140.75 0.248 

Prolemur DPC 7964 0.082 0.986 164.38 0.254 

Prolemur DPC 12765 0.087 1.043 204.12 0.225 

Prolemur DPC 12767 0.068 1.013 142.12 0.226 

Prolemur DPC 12768 0.080 1.006 111.62 0.265 

Prolemur DPC 10936B 0.060 1.036 151.5 0.216 

Prolemur DPC 10936A 0.080 1.134 85 0.249 

Pronycticebus MNHN 11056 0.072 1.050 114.38 0.270 

Propithecus AMNH 17356 0.087 1.073 100.88 0.321 

Propithecus AMNH 100633 0.075 1.284 90.88 0.258 

Propithecus USNM 63347 0.070 1.124 91.25 0.250 

Propithecus USNM 63349 0.072 1.109 107.25 0.226 

Propithecus USNM 63350 0.082 0.994 112.62 0.281 

Propithecus USNM 84385 0.068 1.263 150.5 0.223 

Propithecus USNM a21171 0.080 1.048 92.5 0.259 

Propithecus USNM 63351 0.080 1.179 80.25 0.280 

Propithecus USNM 63348 0.085 1.078 91.5 0.295 
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Propithecus AMNH 16699 0.082 1.046 92.12 0.293 

Propithecus AMNH 100827 0.074 1.110 113.5 0.252 

Propithecus AMNH 170463 0.079 1.023 107 0.268 

Propithecus AMNH 170467 0.086 1.060 82.75 0.283 

Propithecus AMNH 170470 0.080 0.865 112.88 0.281 

Propithecus AMNH 170473 0.060 0.836 103.62 0.200 

Propithecus USNM 257397 0.054 0.950 103.5 0.195 

Propithecus DPC 3732 0.058 1.140 109.38 0.193 

Propithecus DPC 3799 0.081 1.044 78 0.248 

Propithecus DPC 13625 0.084 0.923 84.25 0.265 

Propotto KMH-CA 2195 0.087 0.937 87.25 0.262 

Propotto KMN-KO 101 0.073 0.897 66.25 0.257 

Propotto KMN-SO 508 0.083 0.961 70.88 0.293 

Teilhardina IRSNB 455 0.072 1.025 81.12 0.236 

Teilhardina IRSNB 457 0.076 1.069 79.5 0.250 

Teilhardina IRSNB 4291 0.081 1.098 81.38 0.254 

Teilhardina IRSNB 65 0.082 1.042 83.38 0.250 

Varecia AMNH 100513 0.074 1.015 82.25 0.227 

Varecia AMNH 100514 0.069 0.967 90.88 0.227 

Varecia AMNH 17338 0.070 1.121 77.25 0.208 
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Varecia AMNH 18041 0.073 1.033 88.75 0.234 

Varecia AMNH 100512 0.078 1.081 91.25 0.244 

Varecia AMNH 245092 0.081 1.069 93.75 0.250 

Varecia USNM 84381 0.060 1.078 80.38 0.212 

Varecia USNM 84383 0.073 0.936 79.5 0.239 

Wadilemur DPC 13439 0.078 0.922 82.12 0.240 

Wadilemur DPC 16872 0.080 0.901 75.38 0.299 
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