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Abstract

The face of Homo floresiensis has been described as small in absolute and relative size,

comparable to the condition observed in modern humans (Homo sapiens). It has even been

claimed that LB1’s relative facial dimensions are broadly similar to other fossil hominin crania

that have extremely small faces in relation to their cranial vaults, such as Asian Homo erectus

and the Dali cranium. The idea that LB1 shares a proportionately small face with some but not

all species in the genus Homo is a key component of the hypothesis that Homo floresiensis is an

island-dwarfed descendant of Asian Homo erectus. Here I test two specific questions in terms of

the relative external size/shape of LB 1’s facial skeleton. First, can LB 1’s relative facial size and

shape be accommodated within the ranges of variation for a worldwide sample of normal,

nonpathological, modern humans? If not, then which hominin taxon or subset of hominin crania

does LB 1 most closely resemble in terms of relative facial size and shape? Results show that

when LB 1 is properly scaled against other measures of cranial size, its face is actually relatively

large and comparable to the facial sizes of various australopith and early Homo specimens, not

including Homo erectus sensu lato, yet it retains a facial shape that is shared among all Homo.

Although reduced facial size in hominins is typically considered to be the result of decreased

masticatory stresses, it has also been linked to the evolution of running, wherein a smaller face

makes it energetically easier for the head to remain stabilized during movements at faster speeds.

The combination of a relatively large face, short legs, and long feet suggests that Homo

floresiensis most likely evolved from an early Homo ancestry that does not include Asian Homo

erectus and had yet to accrue any morphological adaptations (either cranial or postcranial) for

bipedal running. Moreover, evolution of the face in the genus Homo may be the result of a

two-stage process: 1) initial reduction in facial and dentognathic size as well as modifications to
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facial shape relative to facial size and shape in australopiths due to changes in diet, followed by

2) subsequent reduction in facial size (length especially) due to increased commitment to

terrestrial bipedality, including running.
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Introduction

Homo floresiensis, an extinct small-bodied and small-brained hominin species found on

the Indonesian island of Flores, has stimulated many intense debates and discussions in

paleoanthropology during the past two decades since its unexpected discovery (Brown et al.,

2004; Morwood et al., 2004). One unresolved question about this species involves competing

hypotheses about its ancestry. Is Homo floresiensis an island-dwarfed descendant of Asian Homo

erectus or does it trace its ancestry to some other species of early Homo (e.g., Homo habilis,

Homo rudolfensis, etc.) (Kaifu et al., 2011a; Baab, 2016; Tocheri et al., 2022)? Evidence from its

skull, the teeth and face in particular, has been used to support the former (Brown et al., 2004;

Kaifu et al., 2011a, 2015a,b; van den Bergh et al., 2016) whereas evidence from its postcrania

(e.g., limb proportions and pelvic, wrist, and foot morphology) has been used to support the latter

(Brown et al., 2004; Morwood et al., 2004; Tocheri et al., 2007; Jungers et al., 2009a,b; Orr et

al., 2013). In this thesis, I focus on this apparent discrepancy between the cranium and

postcranium in Homo floresiensis by closely reexamining the evidence from its face. It is

generally accepted that Homo floresiensis has a face that is absolutely and relatively small in

relation to the size of its neurocranium (Kaifu et al., 2011a; Cook et al., 2021) and that this

derived morphology is shared (i.e., a synapomorphy) with Asian Homo erectus and other Asian

Homo specimens such as the Dali cranium (Kaifu et al., 2011a). However, studies have yet to

consider how scaling (i.e., how proportional changes in body size impact other morphological

changes within and between species) may impact comparisons of facial size and shape between

an extremely small taxon like Homo floresiensis and other larger hominin taxa both fossil and

extant. Scaling analyses are a critical component of evolutionary biology generally (Kingslover

and Koehl, 1985; Macfadden, 1986) and have been used successfully to increase knowledge and
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understanding of hominin biology and evolution specifically (Gordon et al. 2008; Singleton,

2012; Kubo et al., 2013; Du et al., 2018; Ruff and Wood, 2023).

Hominin evolution is characterized by multiple major changes in anatomy and behaviour

that occurred during the past ~8–6 million years (Ma). Among these changes, a reduction in

canine size coupled with the loss of the maxillary canine-mandibular 3rd premolar honing

complex (Brunet et al., 2002; Selassie et al., 2004; Suwa et al., 2009; Delezene, 2015) and the

adoption of terrestrial bipedal locomotion, differentiate the earliest hominins from nonhominin

primates (Stern and Susman 1983; Pickford et al., 2002; Nagano et al., 2005; Richmond and

Jungers, 2009; Lovejoy et al., 2009a,b; Daver et al., 2022). Subsequent changes, such as

increases in relative brain size (Elton et al., 2001; Navarette et al., 2011; Holloway, 2015), the

use and manufacture of stone tools (Marzke, 1997; Semaw et al., 1997; Susman, 1998; Harmand

et al., 2015; Shea, 2017; Kunze et al., 2022; Plumber et al., 2023), and the emergence of

endurance running (Bramble and Lieberman, 2004; Pontzer et al., 2010; Lieberman, 2011;

Ruxton and Wilkinson, 2011), appear to characterize various species placed in the genus Homo,

with many of these traits presumably occurring together for the first time in Homo erectus sensu

lato as early as ~1.47 Ma (Antón, 2003; Ruxton and Wilkinson, 2011; McDougall et al., 2012).

The idea that endurance running played an important role during human evolution is

based on the fact that the anatomy of modern humans differs from that of australopiths (i.e.,

specimens typically attributed to genera such as Australopithecus and Paranthropus) and Homo

habilis in several substantial ways. For instance, in addition to having a tall narrow body form

(Bramble and Lieberman, 2004), modern humans have legs that are long in relation to their arms

as well as feet that are short in relation to the rest of their hindlimb (Susman et al., 1984;

Richmond et al., 2002; Aiello and Wells, 2002; Jungers, 2009; Jungers et al., 2009a,b). The feet
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of modern humans also have long achilles tendons, plantar arches, short toes relative to the

metatarsals, adducted non-grasping halluces, enlarged calcaneal tubers, and close-packed

calcaneocuboid joints, enabling the foot to act efficiently as a propulsive lever during prolonged

terrestrial bipedal locomotion (D’Août and Aerts, 2008; Jungers et al., 2009a; Holowaka and

Lieberman, 2018). Other features that contribute to a more energetically efficient gait for running

rather than walking bipedally include a low and wide pectoral girdle, increased lordosis of the

spine, a barrel shaped trunk with a narrow waist and enlarged iliac pillars, shorter femoral necks,

a stronger and larger gluteus maximus area, and an expanded hindlimb joint area (Bramble and

Lieberman, 2004; Lieberman and Bramble, 2007; Larson et al., 2007; Lieberman, 2011).

There are also a number of ways that modern human cranial shape is thought to be

adapted for endurance running. For instance, the cranium as a whole is decoupled from the

pectoral girdle to handle the counter rotation of the head versus the trunk (Bramble and

Lieberman, 2004). The posterior semicircular canals are enlarged relative to those of

chimpanzees and australopiths and are thought to help stabilize the head as it pitches forward

during running, while the neurovenous regions are expanded for thermoregulation (Bramble and

Lieberman, 2004; Lieberman, 2011). Moreover, the head is well balanced atop the vertebral

column with reduced nuchal attachment areas—where soft tissues connect the cranial base to the

cervical vertebrae and parts of the pectoral girdle—while the face is ventrally positioned and

tucked under the calvaria (Bramble and Lieberman, 2004; Lieberman, 2011). In combination,

these cranial features create a more stable and kinesthetically efficient relationship between the

head and the body for endurance running in modern humans and other similarly derived hominin

species (e.g., Neandertals), resulting in sustained energy output and minimal energy/heat loss in

comparison to those of great apes and various early hominin species (Bramble and Lieberman,
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2004). For example, a cranium with a face that is relatively short and orthognathic in

combination with a less posteriorly-projected occipital bone helps counteract forces that

destabilize the cranium during running (Bramble and Lieberman, 2004; Yegian et al., 2021).

These features enable the head to be pitched closer to the trunk resulting in energetically more

efficient and/or less strenuous bipedal endurance running (Bramble and Lieberman, 2004).

Lieberman (2011) suggested that a reduction in facial length (i.e., a reduced face that is

‘tucked’ underneath the anterior cranial vault) is observed first in early Homo or Homo habilis,

ending with the condition seen in modern Homo sapiens. Yet compared to Homo erectus sensu

lato (specifically, KNM-WT 15000), Homo habilis and other early Homo lack many other

distinguishing traits related to endurance running such as modern human-like body and/or limb

proportions, appearing more as ‘transitional’ hominins between australopiths and more derived

species of Homo such as modern humans and Neandertals (Ohman et al., 2002; Richmond et al.,

2002; Haeusler and McHenry, 2004; Ruff, 2009; Wood, 2019). It is possible that these

evolutionary trends in craniofacial form are tightly linked to trends for other endurance

running-related traits in the postcranial skeleton, where they first begin to appear in early Homo

but only become clearly modern human-like in hominins such as Homo erectus sensu lato

(Bramble and Liebrman, 2004; Ruff, 2009; Ruxton and Wilkinson, 2011). A potential way to test

this idea is to examine how facial size scales in relation to neurocranial size in various fossil

hominin specimens in comparison with the scaling patterns of extant humans and great apes.

Scaling analyses are used in evolutionary biology to examine how characteristics or

features vary in relation to size (usually body size but other measures of size can be included)

across a set of taxa (Pilbeam and Gould, 1978; Pagel and Harvey, 1988; McCarthy, 2001;

Gordon et al., 2008; Spence, 2009; Campione and Evans, 2012; Singleton, 2013; Pérez-Carlos et
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al., 2015; Pérez-Carlos and Palmqvist, 2022). In other words, are specimens or taxa scaled down

or scaled up versions of one another, meaning that they are the same relative size and otherwise

increase or decrease in size at the same or similar rate (Pilbeam and Gould, 1978; Pagel and

Harvey, 1988; McCarthy, 2001; Gordon et al., 2008; Spence, 2009; Campione and Evans, 2012;

Singleton, 2013; Pérez-Carlos et al., 2015; Pérez-Carlos and Palmqvist, 2022)?

A number of different methods can be applied to research questions about scaling in

order to observe rates of change in relative size space, but most often these involve some kind of

regression analysis, usually with logged variables. Since the variables of interest are usually

measured in units that differ from that for mass (e.g., mm versus kg), a regression method that is

scale invariant is required. Logging variables prior to analysis acts to reduce the order of

magnitude and generates a linear relationship between two variables (Pilbeam and Gould, 1978;

Pagel and Harvey, 1988; McCarthy, 2001; Gordon et al., 2008; Spence, 2009; Campione and

Evans, 2012; Singleton, 2013; Pérez-Carlos et al., 2015; Pérez-Carlos and Palmqvist, 2022).

Components or factors that describe a percentage of variation generated from multiple variables

can also be logged and examined using bivariate regressions to describe variation in relative

size/shape (Kubo et al., 2013; Pérez-Claros et al., 2015; Pérez-Claros and Palmqvist, 2022).

Reducing the order of magnitude helps represent specimens of drastically different sizes in a

reduced space, making it easier to interpret the empirical scaling relationships compared with

using only absolute measurements/values (Pilbeam and Gould, 1978; Pagel and Harvey, 1988;

McCarthy, 2001; Gordon et al., 2008; Spence, 2009; Campione and Evans, 2012; Singleton,

2013; Pérez-Carlos et al., 2015; Pérez-Carlos and Palmqvist, 2022). In essence, reducing the

order of magnitude by using logged values better describes the relative size/shape variation of

included specimens.
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In evolutionary biology, scaling methods typically use ordinary least squares (OLS),

major axis (MA), and/or reduced major axis (RMA) regression analyses, all of which are suitable

for examining scaling relationships (Dhona et al., 2016). However, OLS can only function

properly when assumptions of errors in the dependant variable (y) are permitted and the

independent variable (x) is confidently defined with no errors, creating an asymmetrical

relationship between the two variables used (White et al., 2007; Dhona et al., 2016; Kilmer and

Rodríguez, 2017). An asymmetrical relationship occurs when the residuals (i.e., the linear

distances from each observation to the predicted value based on the slope of the regression line)

are measured perpendicular to the x axis (or parallel to the y axis) (Dhona et al., 2016). However,

measurement of bone/soft tissues, mass estimations (vis a vis from other measurements), and

other calculated values to describe multidimensional surfaces are all subject to errors because

they may not represent the ‘true’ condition of the observed variable. Kilmer and Rodríguez

(2017) suggest that OLS should be used uniformly across evolutionary biological studies of

allometry, “because: (i) the problem of slope attenuation by OLS regression can realistically be

mitigated by ensuring that measurement error is low, or by correcting for it; and (ii) OLS

regression actually describes allometric scaling, whereas RMA regression does so only in a

narrow range of conditions'' (2017:11). However, this argument is contingent upon the notion

that all measurements used for x can be mitigated for error (Kilmer and Rodríguez, 2017) and

this is unfortunately not possible when comparing fossil specimens with living species because

any measurement or extrapolated value is in essence a measurement that is subject to error

(Dhona et al., 2016). Even with error mitigation, issues based on multiple observations

(sometimes by multiple observers) create errors with unknown variance that violate the OLS
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assumption that the independent variable has no error (Dhona et al., 2016). Therefore, not all

scaling studies in evolutionary biology can reliably use OLS.

Scaling relationships that depend on using variables that are prone to error and variance,

as is most often the case when observing differences in scale between known species and fossil

specimens, are instead typically analyzed using MA or RMA regressions (Pilbeam and Gould,

1978; Pagel and Harvey, 1988; McCarthy, 2001; Gordon et al., 2008; Spence, 2009; Campione

and Evans, 2012; Pérez-Claros et al., 2015; Dhona et al., 2016; Pérez-Claros and Palmqvist,

2022). In MA, the residuals are measured as the perpendicular distance to the slope of the

regression line whereas in RMA the residuals are measured as the area of the triangle created by

each point to the regression line. In both instances, the desired outcome is the ability to describe

the relationship the two variables have with one another, assuming that both variables have some

kind of associated error (Pilbeam and Gould, 1978; Pagel and Harvey, 1988; McCarthy, 2001;

Gordon et al., 2008; Spence, 2009; Campione and Evans, 2012; Pérez-Carlos et al., 2015;

Pérez-Carlos and Palmqvist, 2022). Since MA/RMA regressions assume errors in both x and y,

they each describe a symmetrical relationship between these two selected variables. In other

words, a symmetrical relationship occurs when the residuals of x and y are equidistant from the

measured slope (Dhonas et al., 2016; Kilmer and Rodríguez, 2017). MA/RMA scaling

regressions also observe more natural variation than when using the same variables in an OLS

regression because of the assumptions of error in both x and y (Kilmer and Rodríguez, 2017).

For example, a previous MA scaling analysis of body mass over femoral or humeral length in

terrestrial quadrupeds revealed a linear relationship across all species sampled (Campione and

Evans, 2012). These results demonstrated that the body mass of a terrestrial quadruped increases
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at the same rate as femoral or humeral lengths across all of the species observed (Campiones and

Evans, 2012).

If specimens or species do not scale equivalently with one another, then the two variables

will not scale in relative space equally. For example, Pérez-Carlos et al. (2015) scaled the crania

of extant great apes as well as modern humans and extinct hominins using six linear

measurements (three facial, two neurocranial, one facial projection), by first conducting a factor

analysis to describe the covariation of their samples. This factor analysis reduced the six

variables used into two factors that described 93.7% of the total variance (Factor 1 = 61.2%,

Factor 2 = 32.5%), while attempting to describe the correlation between each variable observed

(Pérez-Carlos et al., 2015). The first factor described a separation of facial size over neurocranial

size with the relatively large faces and small neurocrania of australopiths and great apes (with

orangutans as the most extreme) on one end, and the relatively small faces and large crania of

modern humans on the other, with fossil Homo plotting in between these two groups

(Pérez-Carlos et al., 2015). The second factor described separation of general size, with male

gorillas representing the largest crania and Pan the smallest crania. RMA regressions of each

known species (and all fossil specimens) were then plotted over this factor analysis to describe if

each species (and the fossil specimens) not only differentiated from each other in this factorial

space, but that the predicted size relationships of each species, fossil and extant, were in fact,

also different (Pérez-Carlos et al., 2015).

Their results suggested that the scaling relationships of great apes and modern humans

were different from one another, and that all of the included fossil hominin specimens described

a ‘transitional’ scaling relationship with australopiths showing the most great ape-like

relationship, and Neandertals, Asian Homo erectus (Sangiran 17), and Homo heidelbergensis
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(Steinhiem, Petralona) plotting with modern humans (recent and Pleistocene) (Pérez-Carlos et

al., 2015). In other words, it is fundamentally impossible based on the differences in observed

scaling relationships to achieve the relative size of a modern human by scaling a great ape (or

vice versa) because the respective scaling relationships are fundamentally different from one

another (Pérez-Claros et al., 2015).

In studies of hominin evolution, the relationship between body mass and the size or

proportions of specific variables of the skeleton is important when claiming that a hominin

species is different not only in absolute size/shape but also in relative size/shape. Among

relatively recent hominin discoveries, none arguably better encapsulates the need for careful

analyses of scale than does Homo floresiensis. The discovery in the early 2000s of this extinct

small-bodied and small-brained species thus far known only from the Indonesian island of Flores

(Brown et al., 2004; Morwood et al., 2004, 2005) has prompted intense debates about its

taxonomy and ancestry. Initially, these taxonomic debates centered around whether to treat this

new discovery and its holotype (LB 1) as a novel species or a pathological modern human

(Brown et al., 2004; Lahr and Foley, 2004; Morwood et al., 2004; Falk et al., 2005a,b; Morwood

et al., 2005; Jacob et al., 2006). However, continued research of material attributed to this taxon

has strongly favored treating it as a novel species (Argue, et al., 2006; Falk et al., 2006, 2007;

Larson et al., 2007; Tocheri et al., 2007; Gordon et al., 2008; Jungers et al., 2009a,b; Kaifu et al.,

2011a; Brown, 2012; Kaifu et al., 2015a,b; Baab et al., 2016; Cook et al., 2021).

There have also been several analyses showing that LB 1’s relative cranial, endocranial,

and postcranial size is more similar to that of other fossil hominins and unlike that of modern

humans (Argue et al., 2006; Falk et a., 2007; Gordon et al., 2008; Baab and McNulty, 2009; Falk

et al., 2009a,b; Kaifu et al., 2011a; Baab et al., 2013; Pérez-Carlos et al., 2015; Pérez-Carlos and
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Palmqvist, 2022). For example, LB 1 appeared more similar to fossil species than modern

humans based on six cranial measurements (four neurocranial, two facial projection) when these

were first scaled using their geometric mean (Gordon et al., 2008). Similarly, 3D geometric

morphometric analyses of the neurocranium and the neurocranium together with the face showed

that LB 1 was more similar with early Homo and australopiths than with modern humans or

extant great apes (Baab and McNulty, 2009). Another study (Kaifu et al., 2011a) included a

principal component analysis (PCA) using eight neurocranial measurements and plotted the first

four components against the geometric mean of these eight measurements in an OLS regression.

Each of the four resulting scaling regressions showed LB 1 shared more in common with various

fossil specimens of Homo than with modern humans (Kaifu et al., 2011a).

Some studies have also included modern humans with some form of microcephaly (i.e.,

brain size of modern human equivalent) in the sample for comparison with LB 1 (Argue et al.,

2006; Falk et a., 2007; Falk et al., 2009a; Baab et al., 2013; Pérez-Carlos et al., 2015). For

instance, Baab et al. (2013) used PCA and Procrustes distances to examine the calvarial shape of

LB 1 with those of modern humans with normal brain sizes, modern humans with some form of

microcephaly (including individuals with Laron syndrome, myxoedematous endemic cretinism,

hypothyroidism, and primary microcephaly), and other fossil hominins. Their results showed

further support that LB 1’s cranial shape is more similar to that of other fossil Homo than it is to

that of modern humans, including those with microcephaly (Baab et al., 2013). Other studies

(Pérez-Carlos et al., 2015; Pérez-Carlos and Palmqvist, 2022) examined the relationship between

the calvaria and the face and found a general trend demonstrating that great apes have larger

faces relative to their neurocranium in comparison to all modern and fossil humans in their

sample. These studies (based on three neurocranial, two facial, and one facial projection
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measurement) also found that LB1’s cranial shape is more similar to that of early Homo such as

Homo habilis rather than Homo erectus sensu lato (Pérez-Carlos et al., 2015; Pérez-Carlos and

Palmqvist, 2022). However, these results were not considered particularly surprising because

these studies assumed that LB 1 is more closely related to Homo habilis rather than possibly

representing an island-dwarfed descendant of Asian Homo erectus (Pérez-Carlos et al., 2015;

Pérez-Carlos and Palmqvist, 2022). Due to the wide variety of interpretations drawn from the

skeletal remains of Homo floresiensis, the ancestry of this enigmatic species is still a topic of

intense debate among paleoanthropologists, and few would argue that such a question has been

satisfactorily resolved.

Debates over the ancestry of Homo floresiensis are centered on how exactly this species

is related to Homo sapiens and other extinct hominin taxa. For example, is it an evolutionary

descendant or sister taxon of Asian Homo erectus or some other species of Homo? The

possibility of a close phylogenetic relationship with Asian, and especially Indonesian Homo

erectus is favored by many (Kaifu et al., 2011a; Baab et al., 2013; Kaifu et al., 2015a,b; Cook et

al., 2021) because at the time Homo floresiensis was discovered, Asian Homo erectus was the

only non-modern hominin species widely recognized from this geographical region. However,

with new discoveries, such as Homo luzonensis from the Philippines (Detroit et al., 2019), and as

further details have emerged about the anatomy and behavior of Homo floresiensis (Tocheri et

al., 2007; Gordon et al., 2008; Jungers et al., 2009; Baab and McNulty 2009; Orr et al., 2013;

Tocheri et al., 2022), the possibility that it might share a closer phylogenetic relationship with

hominin species currently known only from Africa (e.g., early Homo such as Homo habilis or

perhaps even australopiths) has gained traction (Dembo et al., 2015, 2016; Argue et al., 2017).

Both of these hypotheses regarding the ancestry of Homo floresiensis have received support from
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various aspects of the available evidence, including when comparative scaling analyses have

been performed (Baab, 2016).

Given that LB 1 has an estimated stature and body mass of 106 cm (Brown et al., 2004)

and 27.5 kg (Grabowski et al. 2015), respectively, as well as a cranial capacity of ~420 cubic

centimeters (Falk et al., 2005; Kubo et al., 2013), hypotheses involving Asian Homo erectus

ancestry typically invoke scenarios that include some degree of insular dwarfism (Brown et al.,

2004; Broham and Cardillo, 2007; Weston and Lister, 2009). Based on cranial morphology,

Kaifu et al. (2011a) concluded that Homo floresiensis is most similar to early Javanese Homo

erectus and other South East Asian hominins, such as the Dali cranium, than to African Homo

erectus or Homo habilis, especially in terms of relative facial size, facial gracilization, and

overall cranial shape. According to Kaifu et al. (2011a), “the face of LB 1 is small both

absolutely and relatively to its neurocranial size in all dimensions except for the orbital height”

and “one parsimonious explanation for the markedly reduced face of LB 1 is that it originated

from the small face of Asian H. erectus” (2011a:678). However, this conclusion was based

primarily on bivariate analyses of absolute size measurements in combination with qualitative

assessments and no empirical scaling analyses were conducted. In contrast, when six cranial

measurements were empirically scaled using a geometric mean (as a proxy for overall cranial

size) and examined in log-log space, Homo floresiensis more closely resembled Homo habilis

and African Homo erectus rather than Asian Homo erectus (Gordon et al., 2008). Similarly,

scaling analyses using MA and RMA regressions of logged endocranial volume over logged

femoral head diameters demonstrated that the brain size of Homo floresiensis scales more closely

to that of Homo habilis and australopiths than that of Homo erectus or modern humans (Kubo et

al., 2013).

26



In this thesis research, I investigate the generally accepted idea that LB 1 has a gracile

face that is small in both absolute and relative size (Kaifu et al., 2011a) using MA regression

analyses of craniofacial measurements from recent modern humans and comparing how they

scale in comparison with measurements from LB 1, other fossil hominin specimens, and extant

great ape taxa. Similar to a previous study of neurocranial scaling of LB 1 (Gordon et al., 2008),

I address two specific questions in terms of the relative external size/shape of LB 1’s facial

skeleton. First, can LB 1’s relative facial size and shape be accommodated within the ranges of

variation for a worldwide sample of normal, nonpathological, modern humans? If not, then

which hominin taxon or subset of hominin crania does LB 1 most closely resemble in terms of

relative facial size and shape?

The reason these questions are important to investigate is because various cladistic

analyses based on suites of craniodental characters have typically found that Homo floresiensis is

more similar to early African Homo than it is to later Asian Homo (Argue et al., 2009; Dembo et

al., 2015, 2016; Argue et al., 2017). However, Kaifu et al. (2011a) specifically described the face

of LB 1 (Homo floresiensis) as gracile and similar to Asian Homo erectus in terms of its relative

size, morphology, and robusticity. Therefore, if the interpretations of Kaifu et al. (2011a) are

accurate, then the face of Homo floresiensis should scale in a similar way to that of Asian Homo

erectus.

Methods

This project utilizes 11 craniofacial osteometric measurements of extant hominids (i.e.,

modern humans and great apes) and extinct hominins compiled from the literature (Weidenrieich,

1943; Howell, 1960; Tobias, 1967; Howells, 1973; Kimbel et al., 1982; Rak et al., 1983;
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Rightmire, 1983; Clarke, 1985; Leakey and Walker, 1988; Clarke, 1990; Wood, 1991; Condemi,

1992; Arsuaga et al., 1997; Suwa et al., 1997; Lockwood, 1999; Lockwood and Tobias, 1999;

Arif et al., 2002; Asfaw et al., 2002; Widianto and Zeitoun, 2003; Brown et al., 2004; Kimbel et

al., 2004; Liu et al., 2005; Curnoe and Tobias, 2006; Lordkipanidze et al., 2006; Rightmire et al.,

2006; Lockwood et al., 2007; Spoor et al., 2007; Gordon et al., 2008; Kaifu et al., 2008; Berger

et al., 2010; Benazzi et al., 2011; Rightmire, 2013; Kaifu et al., 2011a, b; Kaifu et al., 2015c;

Weaver and Stringer, 2015; Hawks et al., 2017; Kaifu, 2017; Laird et al., 2017; Selassie et al.,

2019; Ni et al., 2021; Rak et al., 2021; Pérez-Claros and Palmqvist, 2022). The measurements for

the extant taxa derive from 2,524 modern humans, representing populations worldwide,

including those of small body size (Howells, 1973), and from 14 orangutans, 29 gorillas, 20

bonobos, and 291 chimpanzees (Weaver and Stringer, 2015; Pérez-Claros and Palmqvist, 2022).

The fossil hominin data represent various species of australopith (i.e., specimens attributed to

Australopithecus or Paranthropus) and Homo. In cases where measurements of particular fossil

specimens have been published by different researchers, a number of these different sets of

measurements have been included so as not to necessarily bias or favor one set over another. The

full data set, including the various sources of the measurements used, is provided in Appendix A.

Of the 11 craniofacial variables, four measure the neurocranium, five measure the face,

and two measure facial projection relative to the neurocranium (Figure 1). The neurocranium

variables capture length (greatest cranial length, GOL), width (cranial and asterionic breadth,

XCB and ASB, respectively), and height (cranial height, BBH); the facial variables capture facial

height (nasion-prosthion height, NPH), upper midfacial breadth (zygomatic breadth, ZYB),

lower midfacial breadth (zygomaxillary breadth, ZMB), lower facial breadth (maxilloalveolar

breadth, MAB), and bi-orbital outer breadth (BOB); the remaining two variables capture upper
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and lower facial projection relative to the neurocranium (basion-nasion and basion-prosthion

length, BNL and BPL, respectively).

Defined as the linear distance between glabella and opisthocranion, GOL is the most

reliably repeatable way to measure maximum neurocranial length. Although supraorbital torus

size affects the location of glabella and occipital/nuchal process orientation affects the location of

opisthocranion, these two landmarks are almost always the most anterior and posterior points,

respectively, of the neurocranium. Cranial breadth is measured in two ways: the maximum linear

distance between the right and left supramastoid crests (XCB) and the linear distance between

both asterion landmarks, the point where the occipital, temporal, and parietal bones meet, on the

right and left side of the basicranium (ASB). Neurocranial height (BBH) is measured as the

linear distance between basion, the most anterior point of the foramen magnum, and bregma, the

point where the coronal and sagittal sutures meet. Both BNL and BPL are typically used to

quantify facial projection relative to the neurocranium (Gordon et al., 2008; Bastir and Rosas

2016). For the upper face, BNL is measured as the linear distance between basion and nasion,

which is located where the interorbital and internasal sutures meet. For the lower face, BPL is

measured as the linear distance between basion and prosthion, the most anteroinferior point on

the maxilla that occurs between the left and right central maxillary incisors.

Nasion-prosthion height (NPH) measures the combined height of the upper and middle

face and is defined as the linear distance between nasion and prosthion. This measurement in

combination with BNL and BPL creates a facial triangle that captures the height and projection

of the upper and lower face in relation to the position of the foramen magnum. Zygomatic

breadth (ZYB) is measured as the maximum linear distance between the most lateral points of

the left and right zygomatic arches (also known as zygion) and is often used to describe
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masticatory potential in hominins (Pearson and Lieberman, 2004; Weber and Kren, 2017; Rak

and Marom, 2017; Ledogar et al., 2016, 2017). Zygomaxillary breath (ZMB) is measured as the

maximum linear distance between the two most inferior points where the zygomatic and the

maxillary processes meet (also known as zygomaxillare). It is generally used to represent the

breadth of the midface while still including part of the masticatory apparatus. In combination,

ZYB and ZMB provide a reasonable, repeatable way to quantitatively describe the masticatory

potential of a hominin specimen. Maxilloalveolar breadth (MAB) is measured as the linear

distance between the two most lateral points of the alveolar borders on the left and right maxilla

(also known as ectomalare) (Kaifu et al., 2011a). This measurement is typically used to represent

lower facial breadth as it is unaffected by the temporal region (i.e., MAB is reasonably

independent of ZMB and ZYB). Finally, bi-orbital outer breadth (BOB) captures the breadth of

the upper face and is measured as the linear distance between the right and left frontomalare

temporale landmarks, which occur where the temporal bone meets the orbital arch.

In this study, the main aim was to explore how facial size and shape, as expressed by

various combinations of five linear distances (NPH, BOB, ZYB, ZMB, and MAB), scales in

relation to relative cranial size, which was used here as a proxy for body mass and was quantified

as a geometric mean of selected cranial measurements. A geometric mean is a numerical value

used to represent overall ‘size’ based on a set of selected variables, ideally ones that are

measured in three-dimensional space and can approximate a true volume (e.g., linear

measurements of height, width, and breadth). It is calculated using the following formula, which

multiplies a set of three or more variables by one another to the power of one over the number of

variables:
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where the geometric mean, the number of variables, and the variables toΠ = 𝑛 = 𝑥
𝑖

=

average.

The use of geometric means is necessary because unfortunately, body mass may not

always be known or directly measurable for a given specimen or sample. This is especially the

case for extinct hominin species wherein body mass can only ever be estimated based on

equations derived from extant comparative samples and even this may not be possible if

appropriate comparative data are not available. For this reason, reasonable proxies for body mass

are required and the most practical solution is to use a geometric mean.

For this study, geometric means were calculated in three different ways. First, GOL,

XCB, ASB, BBH, BNL, and BPL were used to represent overall cranial size (GM1). The other

two geometric means represent neurocranial size and enabled additional specimens that lack

particular measurements to be incorporated into the analyses. The first combination used GOL,

XCB, and BBH (GM2), while the second used GOL, ASB, and BBH only (GM3). Facial shape

variables were calculated by dividing each face measurement by these three geometric means

(GM1, GM2, and GM3) of other cranial measurements for a given specimen and are denoted by

one or more prime symbol (GOL′, GOL′′, and GOL′′′, respectively). All statistical analyses were

performed in R studio (R core team, 2021) and the following packages were used: scatterplot3d

(Ligges and Mächler, 2003), smatr (Warton et al., 2012), and ggplot2 (Wickham, 2016).

Univariate comparisons between LB 1 and the recent modern human sample for these five raw

and size-adjusted facial measurements as well as the six raw and size-adjusted neurocranial

measurements (Brown et al., 2004; Kaifu et al., 2011a) were conducted using a single case t test

function and a sequential Bonferroni for multiple comparisons (Target α / (n – rank + 1)) (Holm,

1979) was used to assess statistical significance. Multivariate comparisons using principal
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components analysis of the size-adjusted facial measurements were also performed to evaluate

overall shape affinities among the samples.

For the scaling analyses, a number of fossil hominin specimens lacked one or more of the

measurements required to calculate any of the three GMs. Thus, additional analyses examined

the relationship between each facial variable and GOL as it was one of the measurements used in

the calculation of all three GMs used here and it maximized the number of fossil hominins that

could be included for comparison. Each facial variable was scaled against each geometric mean

and GOL using MA regression of the recent modern human dataset (n=2,524). In this study, MA

regression was used because this method assumes there are errors in both x and y variables and

minimizes the perpendicular distances of the residuals to the created slope (Dhona et al., 2016;

Kilmer and Rodríguez, 2017).

To determine how LB 1 and other fossil hominin specimens compared to modern humans

in terms of relative facial size, MA regressions of all logged facial variables against each logged

geometric mean (GM1–3) were calculated for all 2,524 modern humans. For MA regressions of

all great apes, only GM2 was used as measurements were not available to calculate GM1 or

GM3. Minor axis residuals of LB 1 and the other fossil hominin specimens from these empirical

scaling lines were examined individually for each bivariate relationship as well as squared and

summed across several regression analyses to produce a measure of morphological dissimilarity

from expected cranial shapes for modern humans and great apes, respectively. Residuals for

modern humans and great apes were then standardized by dividing by the standard deviation of

the residuals for each regression for each of the six cranial and five facial variables respectively.

Sums of the standardized residuals and means for the absolute values of the standardized

residuals were then also calculated and compared among modern humans and great apes, with
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the lowest values indicating greatest morphological similarity between LB 1 and the expected

shape for either modern humans or great apes as determined by the empirical scaling patterns.

Results

The univariate comparisons between LB 1 and the recent modern human sample for the

five raw and size-adjusted facial measurements are shown in Table 1 and Figures 2–6. In terms

of absolute size, LB 1 was significantly smaller than the recent modern human sample for ZMB,

MAB, and BOB (p < .0167) but not for NPH and ZYB (p > .025). When adjusted by GM1, LB 1

was not significantly different from the recent modern human sample for any of the five facial

measurements. However, when adjusted either by GM2 or GM3, ZYB′ and ZYB′′ in LB 1 were

both significantly wider than in the recent modern human sample (p < .01) but none of the other

measurements differed significantly from those of the recent modern human sample. For the six

raw and size-adjusted neurocranial measurements, the univariate comparisons for both sets of

data for LB 1 (Brown et al., 2004; Kaifu et al., 2011a) are also shown in Table 1 and Figures

7–12, with similar results as reported previously by Gordon et al. (2008).

Plots of the first three principal components (PCs) for analyses of the size-adjusted facial

measurements for LB 1 and modern humans only, and for LB 1, modern humans, and fossil

hominins are shown in Figures 13 and 14–17, respectively. In these PC plots, LB 1 and other

fossil specimens attributed to the genus Homo fall well inside the observed range of modern

humans based on size-adjusted facial variables (Figures 14 and 15). Specimens attributed to the

genus Australopithecus fall outside the observed range of modern humans based on the

size-adjusted facial variables (Figures 14 and 15).
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The bivariate empirical scaling relationship results are shown in Figures 18–37 and the

MA regression slopes, intercepts, and coefficients of determination (R2) are provided in Table 2.

Raw and squared residuals, sum of the squared residuals, sum of the standardized squared

residuals, and mean of the absolute value of the standardized residuals are shown in Tables 3–14

for the analyses using GM1–3 and in Tables 15–18 for those using GOL.

For facial height (NPH), each of the three regression slopes is significantly positively

allometric (Table 2) and reveals that LB 1 exhibits a tall face relative to its cranial or

neurocranial size compared to that of recent modern humans. In relation to GM1 (Figure 16),

NPH raw residuals (i.e., perpendicular distances to the fitted line) for the recent modern human

sample range between –0.104 and +0.108 whereas LB 1 has a raw residual of +0.153, which is

similar to those of early Homo (KNM-ER 1813, OH 24) and australopiths (STS 5, OH 5). This

pattern for NPH is even more marked in relation to GM2 (Figure 17) and GM3 (Figure 18)

wherein LB 1’s raw residuals (+0.202 and +0.192, respectively) exceed the recent modern

human range (-0.106–0.096 and -0.113–0.095, respectively) even further, as do those of multiple

early Homo and australopith specimens. African Homo erectus (KNM-WT 15000, KNM-ER

3733) also have large positive raw residuals whereas Asian Homo erectus (Sangiran 17,

Zhoukoudian 11) and other Asian Homo (Dali, Harbin) do not. Figure 17 is particularly

informative in this regard because extant great apes (Pan, Gorilla, and Pongo) can be included

for comparison. Great apes plot the furthest to the left (raw residual range = 0.285–0.523) of the

fitted line for the recent modern human sample because they have the tallest faces in the total

sample relative to their neurocrania. A similar pattern and significantly positively allometric

slope was observed when NPH was scaled with GOL to include more fossil specimens such as

KNM-ER 1470 (Homo rudolfensis) (Figure 19). All fossil hominins, including LB 1, plot
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between the extant great ape and recent modern human clusters (raw residual ranges of

0.264–0.543 and -0.132–0.140, respectively) except for some australopiths that overlap the

former and all Asian Homo erectus and several other Homo specimens (e.g., all Neandertals,

Kabwe, Dali) that overlap the latter.

For ZYB, each of the three regression slopes is significantly positively allometric (Table

2) and reveals that LB 1 exhibits a wide face relative to its cranial or neurocranial size compared

to that of recent modern humans. In relation to GM1 (Figure 20), only the ZYB raw residuals of

LB 1 (+0.123), KNM-ER 1813 (+0.089), KNM-ER 406 (+0.174), and OH 5 (+0.131 or +0.142)

exceed the range for recent modern humans (-0.101–0.068). In relation to GM2 (Figure 21),

which enables comparisons with extant great apes and a considerable number of additional fossil

hominins, LB 1 plots between the clusters for extant great apes (raw residuals = 0.220–0.426)

and recent modern humans (raw residuals = -0.086–0.070) as do a number of australopith (STS

5, STW 573) and early Homo specimens (KNM-ER 1813, STW 53), as well as African

(KNM-ER 3883) and Georgian (D2700, D2282, D3444) Homo erectus and Homo naledi (LES

1). Fossils with raw residuals within the recent modern human range include Asian Homo erectus

(Sangiran 17, Zhoukoudian 11), African Homo erectus (KNM-ER 3733), and other Homo

(Kabwe, Dali, Harbin, Steinheim, all Neandertals, Skhul 5). Similar results as above for GM1

and GM2 are observed for ZYB in relation to GM3 (Figure 22) and GOL (Figure 23), the latter

of which also showed a significantly positively allometric slope. In relation to GOL, all fossil

hominins, including LB 1, plot between the extant great ape and recent modern human clusters

(raw residual ranges of 0.172–0.302 and -0.106–0.120, respectively) except for some

australopiths that overlap the former as well as Asian Homo erectus (Sangiran 17, Zhoukoudian

11) and several other Homo specimens (e.g., all Neandertals, Kabwe, Dali) that overlap the latter.
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For ZMB, each of the three regression slopes was significantly positively allometric

(Table 2) and reveals that LB 1 again exhibits a wide midface relative to its cranial or

neurocranial size compared to that of recent modern humans. In relation to GM1 (Figure 24), the

ZMB residuals of LB 1 (+0.017), australopiths (OH 5, KNM-ER 406, STS 5), and early Homo

(OH 24, KNM-ER 1813) exceed the range for recent modern humans (-0.101–0.068). In relation

to GM2 (Figure 25), Pan plots the furthest to the left (raw residual range = 0.208–0.348) of the

fitted line for the recent modern human sample (-0.111–0.098) due to having the widest midfaces

in the total sample relative to their neurocrania. LB 1 plots between the respective clusters of

Pan and recent modern humans, along with australopiths (MRD-VP-1/1, OH 5), early Homo

(KNM-ER 1813, OH 24, STW 53), as well as African (KNM-ER 3883) and Georgian Homo

erectus (D3444). Fossils with residuals within the Pan range include australopiths (STS 5, SK

48, KNM-ER 406) and Georgian Homo erectus (D2700) whereas those within the recent modern

human range include African (KNM-WT 15000, KNM-ER 3733) and Asian (Sangiran 17,

Zhoukoudian 11) Homo erectus as well as other Homo (Sima de los Huesos 5, Steinheim,

Kabwe, Dali, Harbin, all Neandertals, Skhul 5). Similar results as above for GM1 and GM2 are

observed for ZMB in relation to GM3 (Figure 26). When ZMB was scaled with GOL, the slope

remained significantly positively allometric and the plotted positions of the various fossil

hominins were again similar to those of the previous three regression plots (Figure 27).

For MAB, each of the three regression slopes is significantly positively allometric (Table

2) and reveals that LB 1’s maxilla is wide relative to its cranial and neurocranial size compared

to that of modern humans. In relation to GM1 (Figure 28), the raw MAB residuals of LB 1

(+0.114), australopiths (OH 5, KNM-ER 406), and early Homo (OH 24, KNM-ER 1813) exceed

the range for recent modern humans (-0.100–0.103). In relation to GM2 (Figure 29), Pan plots
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the furthest to the left (raw residual range = 0.204–0.372) of the fitted line for the recent modern

human sample (raw residual range = -0.096–0.098) due to having the widest maxillae in the total

sample relative to their neurocrania. LB 1 plots between the ranges of Pan and the recent modern

humans, along with Georgian Homo erectus (D2700). The residuals of australopiths (STS 5, SK

48, OH 5, KNM-ER 406), early Homo (OH 24, KNM-ER 1813), and Homo naledi (LES 1) are

within the Pan range whereas those of African (KNM-ER 3733) and Asian (Zhoukoudian 11)

Homo erectus as well as other Homo (Sima de los Huesos 5, Steinheim, Petralona, Kabwe, Dali,

Harbin, all Neandertals, Skhul 5) are within the recent modern human range. In relation to GM3

(Figure 30), results similar to those for GM1 and GM2 are observed. In relation to GOL, the

slope was again significantly positively allometric and the plotted positions of the various fossil

hominin specimens remained similar to that seen for GM2. However, scaling MAB with GOL

enabled the inclusion of Australopithecus afarensis (A.L. 444-2) and Homo rudolfensis

(KNM-ER 1470), both of which plotted near other australopith and early Homo specimens,

respectively (Figure 31).

For BOB, each of the three regression slopes is significantly positively allometric (Table

2). In relation to GM1 (Figure 32), the BOB residuals of LB 1 and all other fossil hominins

except OH 24 have outer orbital margins that are within the range of recent modern humans

(-0.082–0.081). In relation to GM2 (Figure 33) and GM3 (Figure 34), the residuals of LB 1 are

well within the recent modern human ranges (-0.087–0.95 and -0.080–0.085, respectively)

whereas those of most other fossil hominins are near to or slightly exceed the positive limits of

these ranges. When BOB was scaled with GOL, the slope was significantly negatively allometric

(slope = 0.85) and the plotted positions of the various fossil hominin specimens remained similar

to that seen for GM2 (Figure 35).
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To further assess morphological dissimilarity from expected cranial shapes for modern

humans and great apes, the residuals of these groups as well as those of LB 1 and the other fossil

hominin specimens were squared and summed across several combinations of the bivariate

empirical scaling analyses (Tables 4, 8, 12, and 16). Sums of the standardized residuals and

means for the absolute values of the standardized residuals were then also calculated and

compared (Tables 5, 6, 9, 10, 13, 14, 17, 18). Results reveal a clear and consistent pattern

regardless of which geometric mean or GOL was used (Figures 36–74).

When regression lines were fitted to facial variables for the recent modern human sample

using either GM1, GM2, or GM3, the only fossil hominin specimens that fell outside all 12 of

the observed ranges for the sums of the standardized squared residuals in recent modern humans

were the following: LB 1, KNM-ER 1813, STS 5, and OH 5 (Tables 5, 9, and 13). MRD-VP-1/1

(2 out of 2), OH 24 (3 out of 3), and D2700 (7 out of 8) also consistently fell outside these ranges

but due to missing measurements not all of the variable combinations could be assessed for these

three specimens. In contrast, KNM-ER 3733 and Steinheim each fell outside three of the 12

ranges, all of which involved GM2, whereas Sangiran 17 and Zhoukoudian 11 did not fall

outside any (0 out of 6 and 0 out of 12, respectively). Similarly, all of the remaining other Homo

specimens (Sima de los Huesos 5, Petralona, Kabwe, Dali, Harbin, all Neandertals, Skhul 5) fell

within the ranges for recent modern humans in all instances where they could be observed.

Identical results as above also occurred for the means of the absolute values of the standardized

residuals (Tables 6, 10, and 14). If the regression lines were instead fitted to facial variables for

the extant great ape sample using either GM1, GM2, or GM3, then only STS 5, OH 5, KNM-ER

1813, and LB 1 had squared residual values that summed below both observed ranges of GM2

for recent modern humans whereas D2700 and Steinheim each fell outside one of the two ranges
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while MRD-VP-1/1 fell outside the one range for which it could be observed. All other fossil

hominin specimens fell within the observed ranges for recent modern humans (Table 8).

Discussion

This study assessed how the faces of recent modern humans, extant great apes, LB 1, and

other fossil hominins empirically scale with various measures of cranial size. The results put into

stark relief how previous descriptions, analyses, and interpretations of the face of Homo

floresiensis have been greatly influenced by the small, absolute size of the LB 1 cranium overall.

Indeed, in all five raw measurements of the face used here (NPH, ZYB, ZMB, BOB, and MAB),

LB 1 falls within or slightly beyond the lower part of the recent modern human range and yet this

has somehow led to a generally accepted notion that the face of Homo floresiensis is small in

both absolute and relative size and is thus derived like that in Asian Homo erectus as well as

other Asian Homo specimens such as Dali (Kaifu et al., 2011a; Cook et al., 2021). Even

size-adjusted, all of these measures fall well within the recent modern human ranges (Figures 2,

4–12) and ZYB′ and ZYB′′ are both even significantly wider in LB 1 than the recent modern

human means for these two metrics (p < .01) (Figure 3).

This raises an important question that, until the current study, has yet to be addressed:

why does LB 1, which is estimated to have had a stature of 106 cm tall (Brown et al., 2004) and

a body mass of 27.5 kg (Grabowski et al., 2015), have facial measurements that largely overlap

in absolute and relative size with those of recent modern humans? Perhaps the extremely small

brain size (~417 cm3) of LB 1 (Falk et al., 2009b; Kubo et al., 2013) and its overall absolutely

small cranial vault size in general have distracted previous research from asking this specific

question about its face. Regardless of why this question has been overlooked, previous work has
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often stressed that scaling analyses should play a major role in investigations of LB 1 given its

small absolute size (Lieberman, 2005; Gordon et al., 2008; Baab and McNulty, 2009).

In terms of how facial height (NPH) scales with cranial size, australopiths and extant

great apes were the furthest removed from the recent modern human range demonstrating that

they have tall faces relative to overall cranial size (Figures 18–21; Tables 3, 7, 11, 15). Falling

between these two extremes in relative facial height in hominids are a number of early Homo

specimens, including LB 1, whereas Asian Homo erectus (Sangiran 17, Zhoukoudian 11) and

other Homo specimens from Asia (Dali, Harbin) have facial heights that scale to cranial size as

they do in recent modern humans, Neandertals, and other Homo specimens from Africa and

Europe (Kabwe, Sima de los Huesos 5, Petralona, Steinheim). These empirical scaling results

contrast sharply with Kaifu et al.’s (2011a) conclusions that, based essentially on non-scaled

comparisons of absolute size, LB 1’s facial height is most similar to the reduced facial heights

seen in Asian hominin specimens like Dali, Sangiran 17, and Zhoukoudian 11.

Kaifu et al. (2011a) also concluded that in terms of relative facial breadth, LB 1

possessed morphology similar to that of Asian Homo erectus and other Asian Homo specimens

like the Dali cranium. However, when facial breadth (ZYB) is empirically scaled against cranial

size, Homo floresiensis does not appear particularly small at all as its facial breadth is relatively

much wider than in Dali or Asian Homo erectus (Sangiran 17, Zhoukoudian 11) as well as other

Homo specimens (Kabwe, Dali, Harbin, Steinheim, all Neandertals, Skhul 5) including KNM-ER

3733 (African Homo erectus), all of which scale similarly to recent modern humans (Figures

22–25). Indeed, in this scaled measure LB 1 is most similar to australopith (STS 5, STW 573,

KNM-ER 406, OH 5) and early Homo specimens (KNM-ER 1813, STW 53), as well as African

(KNM-ER 3883) and Georgian (D2700, D2282, D3444) Homo erectus and Homo naledi (LES
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1). In other words, LB 1 and these particular fossil specimens all have wide faces relative to

cranial size in comparison to recent modern humans (and the other fossil specimens mentioned

above) but narrower than in extant great apes (Figures 23 and 25).

If these two maximum dimensions of the face (NPH and ZYB) are considered in

combination using their sum of squared, sum of standardized squared, and mean of standardized

squared residuals, then it becomes even clearer that LB 1’s relative facial size is large and most

similar to that of KNM-ER 1813 overall (Figures 36, 41, and 46). Depending on the particular

measure of cranial size, similarities with some Dmanisi and australopith specimens are also

evident. Specimens of Homo erectus sensu lato (Sangiran 17, Zhoukoudian 11, KNM-ER 3733)

and other Homo (Dali, Harbin), all show relative facial sizes that are similar to those of recent

modern humans against all measures of cranial size (Figures 36, 41, and 46). LB 1, KNM-ER

1813, LES 1, and australopiths consistently fall outside of the relative facial size ranges of recent

modern humans with australopiths generally falling closest to the relative facial sizes of extant

great apes (Figures 36, 41, and 46). However, other facial dimensions such as midfacial breadth

(ZMB) have also been described as “remarkably narrow (present in Dali)” in LB 1 (Kaifu et al.,

2011a:675).

In this study, when midfacial breadth (ZMB) is empirically scaled against cranial size,

Homo floresiensis appears more similar to early Homo (KNM-ER 1813, OH 24, Stw 53,

KNM-ER 1470, D2700, D3444) and some australopiths (STS 5, MRD VP-1/1, DNH 7, A.L.

444-2, OH 5), all of which have midfaces that are relatively wider than in recent modern humans

and other Homo specimens including Dali and Asian Homo erectus (Sangiran 17, Zhoukoudian

11) (Figures 24–27). Several other australopiths (KNM-ER 406, A.L. 888-2, SK 48, STW 573,

STS 71), African Homo erectus (KNM-ER 3883), and chimpanzees show even wider midfaces
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relative to cranial size. In terms of how lower facial breadth (MAB) scales with cranial size,

chimpanzees as well as specimens of australopith (STS 5, SK 48, KNM-ER 406, OH 5), early

Homo (KNM-ER 1813, OH 24, KNM-ER 1470), and Homo naledi (LES 1) were the furthest

removed from the recent modern human range demonstrating that they have the widest lower

faces relative to overall cranial size. LB 1 and D2700 (Dmanisi) both fall in between these two

extremes of hominid lower facial relative size, whereas Asian Homo erectus (Zhoukoudian 11),

Dali, and Harbin have lower facial breadths that scale to cranial size as they do in recent modern

humans, Neandertals, and other Homo specimens from Africa and Europe (Kabwe, Sima de los

Huesos 5, Petralona, Steiheim) (Figures 28–31). These empirical scaling results are consistent

with the description of LB 1’s dental arcade as displaying “a near-parallel arrangement of the

canine-molar rows that makes its lateral maxillary surface relatively flat and directly laterally

facing” (Kaifu et al., 2011a: 676), similar to the squarish maxillary arch shapes of early Homo.

If these two dimensions of the middle and lower face (ZMB and MAB, respectively) are

considered in combination with facial height (NPH), LB 1 appears most similar to D2700 in

terms of relative facial size (Figures 39, 44, and 49). Both of these specimens fall in between the

relatively large faces of chimpanzees, australopiths, and some early Homo specimens (KNM-ER

1813, OH 24) on one extreme and the relatively small faces of recent modern humans on the

other. In contrast, specimens of Homo erectus sensu lato (Zhoukoudian 11, KNM-ER 3733) and

other Homo (Dali, Harbin) display relative facial sizes that overlap with the recent modern

human range (Figures 39, 44, and 49).

Of all the facial measurements examined in this study, only upper facial breadth (BOB)

shows a scaling pattern with GM1 (and to some extent GOL as well) in which LB 1 and all other

fossil hominin specimens except OH 24 overlap with the recent modern human range (Figures 32
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and 35). However, when BOB is scaled to either GM2 or GM3, however, only LB 1, STS 5,

Sima de los Huesos 6, Ngawi 1, and Neandertals fall within the recent modern human range

while other fossil specimens fall near to the relatively wider end (i.e., positive residuals) of the

recent modern human range (Figures 33 and 34; Tables 3, 7, 11, 15). These results are reasonably

consistent with previous studies that have suggested that BOB in hominins remains relatively

constant in relation to cranial size across a wide range of geographical and temporal contexts

(Lieberman, 2011; Kaifu et al., 2011a; Pérez-Claros et al., 2015; Pérez-Claros, 2022).

Kaifu et al. (2011a) concluded that the “overall facial configuration of LB1 is generally

similar to Asian groups of pre-modern Homo” (2011a:676) particularly in terms of overall facial

size. However, in the current study when all five facial dimensions are considered in

combination, LB 1 falls in between the relatively small faces of recent modern humans and the

relatively large faces of extant great apes and/or australopiths (STS 5, OH 5) (Figures 38, 43, and

47). Depending on the cranial size proxy, LB 1 is either very similar to KNM-ER 1813 (GM1

and GOL) or smaller than this particular hominin cranium (GM2 and GM3) in terms of overall

relative facial size. Because GM1 includes BNL and BPL, facial prognathism contributes to

overall cranial size whereas for GM2 and GM3 it does not. Therefore, more prognathic

faces—and KNM-ER 1813 is more prognathic than LB 1—will look larger relative to cranial

size when facial projection measures are not included in the calculation of the size proxy. In

contrast, specimens of Homo erectus sensu lato (Zhoukoudian 11, KNM-ER 3733) and other

Homo (Dali, Harbin) fall within the range of recent modern humans (Figures 38, 43, and 47). If

MAB is excluded in order to include Sangiran 17 in the comparisons, then the results are

essentially the same as above with Sangiran 17 also overlapping the recent modern human range

(Figure 37, 42, and 48). If the MA regression lines are instead fitted to extant great apes rather
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than recent modern humans, then the calculated residuals result in the same pattern as above with

the exception that LB 1 more consistently plots nearest to KNM-ER 1813 and OH 24 (Figures

51, 52, 55, 56, 59, 60, 63, 64, 67, 68, 71, 72). Overall, these scaling results demonstrate that LB 1

has a relatively large face whereas Asian Homo erectus does not. African Homo erectus appears

to be more variable in this regard depending on the facial dimension or combination of measures

examined but specimens attributed to this taxon still consistently display relatively smaller faces

than does LB 1. In terms of facial scaling, LB 1 is most similar to early Homo specimens

(KNM-ER 1813, OH 24, KNM-ER 1470), Homo naledi (LES 1), and some Georgian Homo

erectus (D2700, D2282, but not D3444 or D4500). In this regard, LB 1 appears to have a relative

facial size that is roughly the same as the probable primitive condition for the genus Homo.

Given the results of the scaling analyses, why does LB 1 cluster with recent modern

humans in the PCA, which used size-adjusted facial shape variables (Figures 13–15)? Although

the PCA should provide a mostly scale-free perspective it is not completely immune from issues

of scale because it assumes that cranial shape is isometric and not affected by overall cranial size

(Gordon et al., 2008). The fact that LB 1 and other fossil Homo specimens overlap with the

recent modern human cluster indicates that all of these specimens are similar to one another in

terms of facial shape, particularly in comparison to australopiths (STS 5, OH 5), which fall

outside this cluster. The question, however, is whether these observed shapes should be predicted

based on the significant difference in absolute cranial size between LB 1 and recent modern

humans. To investigate this question, the PCA was rerun with three additional hypothetical

recent modern human specimens whose size-adjusted facial shape values were generated using

the MA regression equations (Table 2). One of these specimens was predicted to have the same

cranial size (GM1) as LB 1, one was predicted to have the same cranial size as Harbin, and the
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other was predicted to have the same cranial size as the recent modern human average. As seen

in Figures 75 and 76, the predicted ‘average’ specimen falls within the recent modern human

cluster. However, the predicted ‘small’ and ‘large’ specimens each fall well outside the cluster.

These results demonstrate that to maintain the predicted facial shapes for recent modern humans

scaled to the size of either LB 1 or Harbin, the recent modern human cluster would need to

extend further negatively and positively along PC1. In other words, LB 1’s relatively large face

causes its facial shape to overlap with that of recent modern humans. However, this is not the

facial shape that would be predicted for a modern human with the same cranial size as LB 1

because facial shape, as demonstrated by the scaling analyses of individual facial dimensions,

does not scale isometrically in recent modern humans. Facial shape in the genus Homo is

probably under various kinds of adaptive constraint related to mastication and/or locomotion and

is thus being maintained despite the pattern of positive allometric scaling of relative facial size

documented in this study.

Previous studies of the LB 1 and LB 6 mandibles (Daegling et al., 2014) and the LB 1

cranium (Cook et al., 2021) have shown that the feeding biomechanics of Homo floresiensis was

neither australopith-like nor ape-like. Although Daegling et al. (2014) found that masticatory

loads would have been elevated in Homo floresiensis in relation to those of modern humans, as

suggested elsewhere (Brown and Maeda, 2009), Cook et al. (2021) found that strain levels across

the face of LB 1 would have closely resembled those experienced by modern humans. The latter

study also concluded that their “biomechanical simulations are consistent with morphological

evidence demonstrating a midfacial gracilization in H. floresiensis like that of later Homo and a

corresponding reduction in masticatory loads (Kaifu et al., 2011)” (Cook et al., 2021: 5), perhaps

related to dietary shifts that began sometime after the first appearance of Homo erectus (Barr et
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al., 2022). However, as shown here in this study, such characterizations of LB 1’s midface failed

to consider the influence of scale, which instead indicates that its midface along with its face

overall is relatively large and therefore robust for its size. Thus, the smaller relative facial size

and robusticity observed in early Homo (and which LB 1 appears to share) compared to that in

australopiths (Daegling et al., 2014; Ledogar et al., 2016; 2017; Weber and Kren, 2017; Rak and

Marom, 2017; Stelzer et al., 2017; Cook et al., 2021; Rak et al., 2021) may represent the key

morphological changes that result in the reduced masticatory ability in the genus Homo rather

than the additional facial size reductions that occurred in some lineages (e.g., Homo erectus

sensu lato, modern humans, etc.). This might also explain why LB 1 showed “elevated strains

observed for modern humans across much of the facial skeleton, while exhibiting

chimpanzee-like levels of increased strains in the zygomatic body and arch” (Cook et al., 2021:

5). Further biomechanical studies such as Cook et al. (2021) that include specimens of early

Homo are required to resolve this interesting question. However, if the masticatory biomechanics

of Homo floresiensis (with a relatively large face) and modern humans (with a relatively small

face) are indeed the same, then why is relative facial size reduced even further in so many other

species of Homo? Could continued reduction in the relative size of the face be related to

locomotor adaptation rather than mastication alone (Bramble and Lieberman, 2004; Lieberman,

2011; Bastir and Rosas, 2016; Ledogar et al., 2016)?

Limb length proportions are excellent predictors of locomotor behavior in extant and

extinct vertebrates (Jungers, 1982, Aiello, 1990; Leakey and Walker, 1993; Aiello and Wells,

1994; Berger and Tobias, 1996; Richmond et al., 2002; Haeusler and McHenry, 2004; 2007;

Green et al., 2007; Lieberman, 2011; McDougall et al., 2012; Marchi, 2015; Wills et al., 2017;

Ruff et al., 2018; Ryan et al., 2018; Traynor et al, 2022). The fragmentary nature of the fossil
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record, however, often makes reconstructing limb length proportions in fossil taxa or specimens

an extremely challenging task. This is especially the case within hominin evolution, as very few

fossil specimens with well preserved elements from both the fore and hindlimb have been

recovered (e.g., A.L. 288-1, KNM-WT 15000, LB 1). Nonetheless, significant effort has been

expended to reconstruct the limb proportions of more fragmentary hominin specimens, such as

OH 62 and KNM-ER 3735 (Richmond et al., 2002; Haeusler and McHenry, 2004; 2007; Green

et al., 2007). Despite the limited fossil evidence, it seems that modern human-like limb

proportions had evolved at least as early as ~1.47 Ma based on the KNM-WT 15000 partial

skeleton (Brown et al., 1985; Ruff and Walker, 1993; Richtsmeier and Walker, 1993; McDougall

et al., 2012). Prior to ~1.5 Ma, early hominins show either more ape-like limb proportions (e.g.,

OH 62) or proportions that fall intermediate between those of modern humans and extant great

apes (e.g., A.L. 288-1) (Jungers, 1982; Richmond et al., 2002). To date, the strongest working

hypothesis for explaining these changes in anatomical form is that hominins evolved adaptations

to endurance running at the cost of climbing efficiency (Bramble and Lieberman, 2004;

Lieberman, 2011).

Predicted changes to cranial form that increase endurance running efficiency by

stabilizing the cranium from the forces generated and absorbing the inertial acceleration

superimposed on the head include a shorter and less prognathic face, a reduced occipital

projection behind the foramen magnum, a reduced nuchal region, and nuchal ligaments

reoriented and lengthened (Bramble and Lieberman, 2004; Lieberman, 2011). In the present

study, extant great apes display the tallest relative facial sizes followed by australopiths (Figures

16–19). If these australopith specimens share the humerofemoral limb proportions of A.L. 288-1
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as generally assumed, then initial reduction of relative facial length may indeed be closely linked

to changes in postcranial form related to the evolution of bipedal locomotion.

Within the genus Homo, the relatively tallest faces are observed in KNM-ER 1813, OH

24, D2282, D4500, LES 1, and LB 1 (NPH squared residuals ≥ 0.04) (Table 7). For these

specimens, limb length proportions are only known with certainty for LB 1 (86.8), which has a

similar humerofemoral index as A.L. 288-1 (85.4) (Jungers et al., 2016). However, a humerus

and femur from Dmanisi (D4507 and D4167) result in an index (76.4) just beyond the observed

upper ranges for modern human small-bodied populations (Jungers et al., 2016) and Homo

naledi is also considered to have had slightly greater but not significantly different relative upper

limb size compared to the modern human mean (Feuerriegel et al., 2015; Prabhat et al., 2021;

Traynor et al., 2022). In contrast, other fossil Homo specimens examined here have NPH squared

residuals that either overlap with the recent modern human range (0.00–0.01) or fall just beyond

it (≤ 0.03) (Table 7). This includes KNM-WT 15000, which has a known humerofemoral index

of 73.8 (Richmond et al., 2002) and a NPH squared residual of 0.013 (Table 7), and the other

Dmanisi specimens (D2700, D3444) along with other African and Asian Homo erectus

(KNM-ER 3733, Sangiran 17, Zhoukoudian 11), Dali, Harbin, Kabwe, Petralona, Steinheim,

Sima de los Huesos 5, and all Neandertals. If these specimens share the humerofemoral limb

proportions of KNM-WT 15000 or recent modern humans as generally assumed, then

subsequent reduction of relative facial length in Homo may indeed be closely linked to changes

in postcranial form related to the evolution of bipedal running. For instance, specific muscle

groups connecting the cranial base, clavicle, and radius elbow joint, are only activated during

running and not walking (Yegian et al., 2021) and reduced facial lengths in hominins may

improve endurance running capabilities by creating a center of gravity closer to the
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trunk/foramen magnum by pitching the head forward and towards the trunk (e.g., see Figure 5 in

Yegian et al., 2021).

To conclude, the results of this study demonstrate two important details about facial size

relative to neurocranial size in LB 1. First, contrary to previous interpretations (Brown et al.,

2004; Kaifu et al., 2011a), the relative facial size of Homo floresiensis is clearly not small.

Instead, based on empirically scaled analyses, the face of LB 1 is relatively large, and

consistently most similar to that of early Homo specimens from Africa such as KNM-ER 1813

and OH 24. This is especially the case if only the maximum dimensions of the face (NPH and

ZYB) are considered (Figures 16–31, 36, 41, 46, and Tables 4–6, 8–10, 12–14, 16–18). In some

cases, similarities to some but not all of the Dmanisi cranial specimens are also seen but

generally several of these specimens fall closer to or within the recent modern human ranges in

terms of relative facial size (Figures 16–35 and Tables 4–6, 8–10, 12–14, 16–18). Perhaps most

importantly, however, no clear similarities between LB 1 and Asian Homo erectus or Dali are

observed from these scaling analyses of the face (Figures 16–31). Instead Asian Homo erectus

specimens and the Dali cranium consistently overlap with recent modern human ranges of

relative facial size.

Second, all fossil specimens that fall well outside of the recent modern human scaling

pattern because their faces are relatively large also have (or are presumed to have) body

proportions and other features conducive for arboreality, whereas fossil specimens that fall

within the modern human scaling pattern have (or are presumed to have) body proportions and

other features conducive for running bipedally on the ground. For example, all Neandertal (La

Chapelle aux Saints, Gibraltar 1, Tabun 1, La Ferrassie, Shanidar 1, Saccopostre 1, Guattari 1,

Amud 1, Spy 1, Monte Circe, La Quina 5) and Pleistocene Homo sapiens specimens (Skhūl 5,
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Jebel Irhoud 5) as well as other fossils attributed to Homo (Kabwe, Steinheim, Petralona, Sima

de los Huesos 5, Dali, and Harbin) including Homo erectus sensu lato (Sangiran 17,

Zhoukoudian 11, Ngawi 1, KNM-ER 3733, KNM-WT 15000) specimens scale within or

extremely close to the range of recent modern human faces, and all of these species possess (or

are widely assumed to possess) body proportions similar to modern humans (Aiello and Dean,

1990; Hunt, 1994; Aiello and Wells, 2002; Antón, 2003; Lieberman, 2011; Kubo et al., 2013;

Bastir and Rosas, 2016; Figures 16–31). Perhaps Homo floresiensis is an island-dwarfed

descendant of Asian Homo erectus (Kaifu et al., 2011a; van den Bergh et al., 2016), however, the

atavisms required to re-evolve postcranial and cranial form so immaculately strain the limits of

credulity. Evolution from a Dmanisi-like or African early Homo-like (not including Homo

erectus) ancestor appear as far better alternatives based on current evidence (Dennell and

Roebroecks, 2005; Larson et al., 2007; Tocheri et al., 2007; Argue et al., 2009; Gordon et al.,

2008; Jungers et al., 2009a,b; Baab and McNulty, 2009; Dembo et al., 2015, 2016; Zhu et al.,

2018; Scardia et al., 2021), including the facial scaling results of this study (Figures 13–76).
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Figure 1. Illustration of a modern human cranium depicting the 11 cranial measurements used in

this study. The five measures of the face are shown in red (NPH, nasion-prosthion height; BOB,

bi-orbital breadth; ZYB, zygomatic breadth; ZMB, zygomaxillary breadth; MAB, maxillary

breadth), the four measures of the neurocranium are shown in blue (GOL,

glabella-opisthocranion length; BBH, basion-bregma height; XCB, supramastoid breadth; ASB,

asterionic breadth), and the two measures of facial projection relative to the neurocranium are

shown in purple (BNL, basion-nasion length ; BPL, basion-prosthion length). Geometric means

were calculated using various combinations of the neurocranium and facial projection

measurements (see text for details). Modified from Howells (1973). (back to text)
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Figure 2. Box and whisker plots for absolute and size-adjusted facial heights (NPH) for the total

recent modern human sample (white) with Andaman Islanders only shown in blue and San only

shown in red. LB 1 is shown as the black bar on the right. NPH′, NPH′′, and NPH′′′ were

calculated by dividing NPH by GM1, GM2, and GM3, respectively (see text for details). (back to

text)
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Figure 3. Box and whisker plots for absolute and size-adjusted zygomatic breadths (ZYB) for the

total recent modern human sample (white) with Andaman Islanders only shown in blue and San

only shown in red. LB 1 is shown as the black bar on the right. ZYB′, ZYB′′, and ZYB′′′ were

calculated by dividing ZYB by GM1, GM2, and GM3, respectively (see text for details). (back to

text)
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Figure 4. Box and whisker plots for absolute and size-adjusted zygomaxillary breadths (ZMB)

for the total recent modern human sample (white) with Andaman Islanders only shown in blue

and San only shown in red. LB 1 is shown as the black bar on the right. ZMB′, ZMB′′, and

ZMB′′′ were calculated by dividing ZMB by GM1, GM2, and GM3, respectively (see text for

details). (back to text)
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Figure 5. Box and whisker plots for absolute and size-adjusted maxillary breadths (MAB) for the

total recent modern human sample (white) with Andaman Islanders only shown in blue and San

only shown in red. LB 1 is shown as the black bar or green box on the right. MAB′, MAB′′, and

MAB′′′ were calculated by dividing MAB by GM1, GM2, and GM3, respectively (see text for

details). (back to text)
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Figure 6. Box and whisker plots for absolute and size-adjusted bi-orbital outer breadths (BOB)

for the total recent modern human sample (white) with Andaman Islanders only shown in blue

and San only shown in red. LB 1 is shown as the black bar on the right. BOB′, BOB′′, and BOB′′′

were calculated by dividing BOB by GM1, GM2, and GM3, respectively (see text for details).

(back to text)
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Figure 7. Box and whisker plots for absolute and size-adjusted greatest cranial length (GOL) for

the total recent modern human sample (white) with Andaman Islanders only shown in blue and

San only shown in red. LB 1 is shown as the green box on the right, the top and bottom of which

represent slight differences in the published measurements for LB 1 (Brown et al., 2004; Kaifu et

al., 2011). GOL′, GOL′′, and GOL′′′ were calculated by dividing GOL by GM1, GM2, and GM3,

respectively (see text for details). (back to text)
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Figure 8. Box and whisker plots for absolute and size-adjusted greatest cranial breadth (XCB) for

the total recent modern human sample (white) with Andaman Islanders only shown in blue and

San only shown in red. LB 1 is shown as the green box on the right, the top and bottom of which

represent slight differences in the published measurements for LB 1 (Brown et al., 2004; Kaifu et

al., 2011). XCB′, XCB′′, and XCB′′′ were calculated by dividing XCB by GM1, GM2, and GM3,

respectively (see text for details). (back to text)
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Figure 9. Box and whisker plots for absolute and size-adjusted cranial heights (BBH) for the total

recent modern human sample (white) with Andaman Islanders only shown in blue and San only

shown in red. LB 1 is shown as the green box on the right, the top and bottom of which represent

slight differences in the published measurements for LB 1 (Brown et al., 2004; Kaifu et al.,

2011). BBH′, BBH′′, and BBH′′′ were calculated by dividing BBH by GM1, GM2, and GM3,

respectively (see text for details). (back to text)
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Figure 10. Box and whisker plots for absolute and size-adjusted basicranial breadths (ASB) for

the total recent modern human sample (white) with Andaman Islanders only shown in blue and

San only shown in red. LB 1 is shown as the green box on the right, the top and bottom of which

represent slight differences in the published measurements for LB 1 (Brown et al., 2004; Kaifu et

al., 2011). ASB′, ASB′′, and ASB′′′ were calculated by dividing ASB by GM1, GM2, and GM3,

respectively (see text for details). (back to text)
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Figure 11. Box and whisker plots for absolute and size-adjusted upper facial projections (BNL)

for the total recent modern human sample (white) with Andaman Islanders only shown in blue

and San only shown in red. LB 1 is shown as the green box on the right, the top and bottom of

which represent slight differences in the published measurements for LB 1 (Brown et al., 2004;

Kaifu et al., 2011). BNL′, BNL′′, and BNL′′′ were calculated by dividing BNL by GM1, GM2,

and GM3, respectively (see text for details). (back to text)
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Figure 12. Box and whisker plots for absolute and size-adjusted lower facial projections (BPL)

for the total recent modern human sample (white) with Andaman Islanders only shown in blue

and San only shown in red. LB 1 is shown as the green box on the right, the top and bottom of

which represent slight differences in the published measurements for LB 1 (Brown et al., 2004;

Kaifu et al., 2011). BPL′, BPL′′, and BPL′′′ were calculated by dividing BPL by GM1, GM2, and

GM3, respectively (see text for details). (back to text)
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Figure 13. PCA of facial shape variables for LB 1 and recent modern humans. Red dots are

Andaman Islanders; blue dots are San Bushman; green star is LB 1 . (back to text)
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Figure 14. PCA components 1 and 2 of facial shape variables for fossils and modern humans.

Symbols are the same as the previous graph with the addition of OH 5 (purple square), Sts 5

(brown square), KNM-ER 1813 (pink triangle), KNM-ER 3733 (orange diamond), Zhoukoudian

11 (green diamond), Kabwe (green square with cross), Sima de los Huesos 5 (green circle with

X), Dali (green square with triangle), and Harbin (green diamond with cross). (back to text).
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Figure 15. PCA components 1 and 3 of facial shape variables for fossils and modern humans.

Symbols are the same as the previous graph with the addition of OH 5 (purple square), Sts 5

(brown square), KNM-ER 1813 (pink triangle), KNM-ER 3733 (orange diamond), Zhoukoudian

11 (green diamond), Kabwe (green square with cross), Sima de los Huesos 5 (green circle with

X), Dali (green square with triangle), and Harbin (green diamond with cross). (back to text).
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Figure 16. Bivariate scaling relationship between nasion prosthion height (lnNPH) and overall

cranial size (lnGM1) in modern humans and fossil hominins. The blue line is the major axis

fitted line for the modern human sample (N = 2,524). (back to text)
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Figure 17. Bivariate scaling relationship between nasion prosthion height (lnNPH) and

neurocranial size (lnGM2) as calculated using maximum cranial breadth in modern humans and

fossil hominins. The blue line is the major axis fitted line for the modern human sample (N =

2,524). Numbers in parentheses indicate more than one published set of measurements were

included for comparison. (back to text)
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Figure 18. Bivariate scaling relationship between nasion prosthion height (lnNPH) and

neurocranial size (lnGM3) as calculated using asterionic breadth in modern humans and fossil

hominins. The blue line is the major axis fitted line for the modern human sample (N = 2,524).

Numbers in parentheses indicate more than one published set of measurements were included for

comparison. (back to text)
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Figure 19. Bivariate scaling relationship between nasion prosthion height (lnNPH) and

glabella-opisthocranion length (lnGOL) as calculated in modern humans, extant great apes, and

fossil hominins. The blue line is the major axis fitted line for the modern human sample.

Numbers in parentheses indicate more than one published set of measurements were included for

comparison. (back to text)
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Figure 20. Bivariate scaling relationship between zygomatic breadth (lnZYB) and overall cranial

size (lnGM1) in modern humans and fossil hominins. The blue line is the major axis fitted line

for the modern human sample (N = 2,524). Numbers in parentheses indicate more than one

published set of measurements were included for comparison. (back to text)
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Figure 21. Bivariate scaling relationship between zygomatic breadth (lnZYB) and neurocranial

size (lnGM2) as calculated using maximum cranial breadth in modern humans and fossil

hominins. The blue line is the major axis fitted line for the modern human sample (N = 2,524).

(back to text)
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Figure 22. Bivariate scaling relationship between zygomatic breadth (lnZYB) and neurocranial

size (lnGM3) as calculated using asterionic breadth in modern humans and fossil hominins. The

blue line is the major axis fitted line for the modern human sample (N = 2,524). (back to text)
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Figure 23. Bivariate scaling relationship between zygomatic breadth (lnZYB) and glabella-

opisthocranion length (lnGOL) as calculated in modern humans, extant great apes, and fossil

hominins. The blue line is the major axis fitted line for the modern human sample. Numbers in

parentheses indicate more than one published set of measurements were included for

comparison. (back to text)
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Figure 24. Bivariate scaling relationship between zygomaxillary breadth (lnZMB) and overall

cranial size (lnGM) in modern humans and fossil hominins. The blue line is the major axis fitted

line for the modern human sample (N = 2,524). (back to text)
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Figure 25. Bivariate scaling relationship between zygomaxillary breadth (lnZMB) and

neurocranial size (lnGM2) as calculated using maximum cranial breadth in modern humans and

fossil hominins. The blue line is the major axis fitted line for the modern human sample (N =

2,524). (back to text)
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Figure 26. Bivariate scaling relationship between zygomaxillary breadth (lnZMB) and

neurocranial size (lnGM3) as calculated using asterionic breadth in modern humans and fossil

hominins. The blue line is the major axis fitted line for the modern human sample (N = 2,524).

(back to text)
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Figure 27. Bivariate scaling relationship between zygomaxillary breadth (lnZMB) and glabella-

opisthocranion length (lnGOL) as calculated in modern humans, extant great apes, and fossil

hominins. The blue line is the major axis fitted line for the modern human sample. Numbers in

parentheses indicate more than one published set of measurements were included for

comparison. Symbols are the same as in Figure 24 with additional specimens as shown. (back to

text)
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Figure 28. Bivariate scaling relationship between maxillary breadth (lnMAB) and overall cranial

size (lnGM1) in modern humans and fossil hominins. The blue line is the major axis fitted line

for the modern human sample (N = 2,524). (back to text)
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Figure 29. Bivariate scaling relationship between maxillary breadth (lnMAB) and neurocranial

size (lnGM2) as calculated using maximum cranial breadth in modern humans and fossil

hominins. The blue line is the major axis fitted line for the modern human sample (N = 2,524).

(back to text)

121



Figure 30. Bivariate scaling relationship between maxillary breadth (lnMAB) and neurocranial

size (lnGM3) as calculated using asterionic breadth in modern humans and fossil hominins. The

blue line is the major axis fitted line for the modern human sample (N = 2,524). (back to text)
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Figure 31. Bivariate scaling relationship between maxillary breadth (lnMAB) and glabella-

opisthocranion length (lnGOL) as calculated in modern humans, extant great apes, and fossil

hominins. The blue line is the major axis fitted line for the modern human sample. Numbers in

parentheses indicate more than one published set of measurements were included for

comparison. (back to text)
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Figure 32. Bivariate scaling relationship between outer bi-orbital breadth (lnBOB) and overall

cranial size (lnGM1) in modern humans and fossil hominins. The blue line is the major axis

fitted line for the modern human sample (N = 2,524). (back to text).
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Figure 33. Bivariate scaling relationship between outer bi-orbital breadth (lnBOB) and

neurocranial size (lnGM2) as calculated using maximum cranial breadth in modern humans and

fossil hominins. The blue line is the major axis fitted line for the modern human sample (N =

2,524). (back to text)
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Figure 34. Bivariate scaling relationship between outer bi-orbital breadth (lnBOB) and

neurocranial size (lnGM3) as calculated using asterionic breadth in modern humans and fossil

hominins. The blue line is the major axis fitted line for the modern human sample (N = 2,524).

(back to text)
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Figure 35. Bivariate scaling relationship between outer bi-orbital breadth (lnBOB) and glabella-

opisthocranion length (lnGOL) as calculated in modern humans, extant great apes, and fossil

hominins. The blue line is the major axis fitted line for the modern human sample. Numbers in

parentheses indicate more than one published set of measurements were included for

comparison. (back to text)
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Figure 36. Visual representation of the sum of squared residuals of the NPH and ZYB for fossil

and extant taxa compared when fitted against the sum of squared residuals of the NPH and ZYB

for modern humans. Symbols are the same as previous figures. (back to text) (back to

Discussion).
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Figure 37. Visual representation of the sum of squared residuals of the NPH, ZMB, ZYB, and

BOB for fossil and extant taxa compared when fitted against the sum of squared residuals of the

NPH, ZMB, ZYB, and BOB, for modern humans. Symbols are the same as previous figures

(back to text).
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Figure 38. Visual representation of the sum of squared residuals of the NPH, ZMB, ZYB, BOB,

and MAB for fossil and extant taxa compared when fitted against the sum of squared residuals of

the NPH, ZMB, ZYB, BOB, and MAB for modern humans. Symbols are the same as previous

figures. (back to text).
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Figure 39. Visual representation of the sum of squared residuals of the NPH, ZMB, and MAB for

fossil and extant taxa compared when fitted against the sum of squared residuals of the NPH,

ZMB, and MAB for modern humans. Symbols are the same as previous figures. (back to text).
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Figure 40. Visual representation of the sum of squared residuals of the GM1 neurocranial

variables for fossil and extant taxa compared when fitted against the sum of squared residuals of

the GM1 neurocranial variables for modern humans GM1–3. GOL sum of squared residuals axis

excludes GOL. Symbols are the same as previous figures. (back to text).
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Figure 41. Visual representation of the sum of standardized squared residuals of the NPH and

ZYB for fossil and extant taxa compared when fitted against the sum of standardized squared

residuals of the NPH and ZYB for modern humans. Symbols are the same as previous figures.

(back to text).
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Figure 42. Visual representation of the sum of standardized squared residuals of the NPH, ZMB,

ZYB, and BOB for fossil and extant taxa compared when fitted against the sum of standardized

squared residuals of the NPH, ZMB, ZYB, and BOB for modern humans. Symbols are the same

as previous figures. (back to text).
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Figure 43. Visual representation of the sum of standardized squared residuals of the NPH, ZMB,

ZYB, BOB, and MAB for fossil and extant taxa compared when fitted against the sum of

standardized squared residuals of the NPH, ZMB, ZYB, BOB, and MAB for modern humans.

Symbols are the same as previous figures. (back to text).
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Figure 44. Visual representation of the sum of standardized squared residuals of the NPH, ZMB,

and MAB for fossil and extant taxa compared when fitted against the sum of standardized

squared residuals of the NPH, ZMB, and MAB for modern humans. Symbols are the same as

previous figures. (back to text).
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Figure 45. Visual representation of the sum of standardized squared residuals of the GM1

neurocranial variables for fossil and extant taxa compared when fitted against the sum of

standardized squared residuals of the GM1 neurocranial variables for modern humans GM1–3,

GOL sum of standardized squared residuals axis excludes GOL. Symbols are the same as

previous figures. (back to text).
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Figure 46. Visual representation of the mean of standardized squared residuals of the NPH and

ZYB for fossil and extant taxa compared when fitted against the mean of standardized squared

residuals of the NPH and ZYB for modern humans. Symbols are the same as previous figures.

(back to text).
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Figure 47. Visual representation of the mean of standardized squared residuals of the NPH,

ZMB, ZYB, BOB, and MAB for fossil and extant taxa compared when fitted against the mean of

standardized squared residuals of the NPH, ZMB, ZYB, BOB, and MAB for modern humans.

Symbols are the same as previous figures. (back to text).
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Figure 48. Visual representation of the mean of standardized squared residuals of the NPH,

ZMB, ZYB, and BOB for fossil and extant taxa compared when fitted against the mean of

standardized squared residuals of the NPH, ZMB, ZYB, and BOB for modern humans. Symbols

are the same as previous figures. (back to text).
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Figure 49. Visual representation of the mean of standardized squared residuals of the NPH,

ZMB, and MAB for fossil and extant taxa compared when fitted against the mean of

standardized squared residuals of the NPH, ZMB, and MAB for modern humans. Symbols are

the same as previous figures. (back to text).
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Figure 50. Visual representation of the mean of standardized squared residuals of the GM1

neurocranial variables for fossil and extant taxa compared when fitted against the mean of

standardized squared residuals of the GM1 neurocranial variables for modern humans GM1–3,

GOL mean of standardized squared residuals axis excludes GOL. Symbols are the same as

previous figures. (back to text).
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Figure 51. Visual representation of the sum of squared residuals of the NPH, ZMB, ZYB, and

MAB for fossil and extant taxa compared when fitted against the sum of squared residuals of the

NPH, ZMB, ZYB, and MAB for all great ape taxa. Symbols are the same as previous figures.

(back to text).
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Figure 52. Visual representation of the sum of squared residuals of the NPH, ZMB, and ZYB for

fossil and extant taxa compared when fitted against the sum of squared residuals of the NPH,

ZMB, and ZYB for all great ape taxa. Symbols are the same as previous figures. (back to text).
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Figure 53. Visual representation of the sum of squared residuals of the GM1 neurocranial

variables for fossil and extant taxa compared when fitted against the sum of squared residuals of

the GM1 neurocranial variables for all great ape taxa GM2 and GOL, GOL sum of squared

residuals axis excludes GOL. Symbols are the same as previous figures. (back to text).
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Figure 54. Visual representation of the sum of squared residuals of the GM1 neurocranial

variables (BNL removed) for fossil and extant taxa compared when fitted against the sum of

squared residuals of the GM1 neurocranial variables (BNL removed) for all great ape taxa GM2

and GOL, GOL sum of squared residuals axis excludes GOL. Symbols are the same as previous

figures. (back to text).
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Figure 55. Visual representation of the sum of standardized squared residuals of the NPH, ZMB,

ZYB, and MAB for fossil and extant taxa compared when fitted against the sum of standardized

squared residuals of the NPH, ZMB, ZYB, and MAB for all great ape taxa. Symbols are the

same as previous figures. (back to text).
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Figure 56. Visual representation of the sum of standardized squared residuals of the NPH, ZMB,

and ZYB for fossil and extant taxa compared when fitted against the sum of standardized

squared residuals of the NPH, ZMB, and ZYB for all great ape taxa. Symbols are the same as

previous figures. (back to text).
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Figure 57. Visual representation of the sum of standardized squared residuals of the GM1

neurocranial variables for fossil and extant taxa compared when fitted against the sum of

standardized squared residuals of the GM1 neurocranial variables for all great ape taxa GM2 and

GOL, GOL sum of standardized squared residuals axis excludes GOL. Symbols are the same as

previous figures. (back to text).
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Figure 58. Visual representation of the sum of standardized squared residuals of the GM1

neurocranial variables (BNL removed) for fossil and extant taxa compared when fitted against

the sum of standardized squared residuals of the GM1 neurocranial variables (BNL removed) for

all great ape taxa GM2 and GOL, GOL sum of standardized squared residuals axis excludes

GOL. Symbols are the same as previous figures. (back to text).
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Figure 59. Visual representation of the mean of standardized squared residuals of the NPH,

ZMB, ZYB, and MAB for fossil and extant taxa compared when fitted against the mean of

standardized squared residuals of the NPH, ZMB, ZYB, and MAB for all great ape taxa.

Symbols are the same as previous figures. (back to text).
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Figure 60. Visual representation of the mean of standardized squared residuals of the NPH,

ZMB, and ZYB for fossil and extant taxa compared when fitted against the mean of standardized

squared residuals of the NPH, ZMB, and ZYB for all great ape taxa. Symbols are the same as

previous figures. (back to text).
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Figure 61. Visual representation of the mean of standardized squared residuals of the GM1

neurocranial variables for fossil and extant taxa compared when fitted against the mean of

standardized squared residuals of the GM1 neurocranial variables for all great ape taxa GM2 and

GOL, GOL mean of standardized squared residuals axis excludes GOL. Symbols are the same as

previous figures. (back to text).

153



Figure 62. Visual representation of the mean of standardized squared residuals of the GM1

neurocranial variables (BNL removed) for fossil and extant taxa compared when fitted against

the mean of standardized squared residuals of the GM1 neurocranial variables (BNL removed)

for all great ape taxa GM2 and GOL, GOL mean of standardized squared residuals axis excludes

GOL. Symbols are the same as previous figures. (back to text).
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Figure 63. Visual representation of the sum of squared residuals of the NPH, ZMB, ZYB, and

MAB for fossil and extant taxa compared when fitted against the sum of squared residuals of the

NPH, ZMB, ZYB, and MAB for Pan and Pongo. Symbols are the same as previous figures.

(back to text).
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Figure 64. Visual representation of the sum of squared residuals of the NPH, ZMB, and ZYB for

fossil and extant taxa compared when fitted against the sum of squared residuals of the NPH,

ZMB, and ZYB for Pan and Pongo. Symbols are the same as previous figures. (back to text).
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Figure 65. Visual representation of the sum of squared residuals of the GM1 neurocranial

variables for fossil and extant taxa compared when fitted against the sum of squared residuals of

the GM1 neurocranial variables for Pan and Pongo GM2 and GOL, GOL sum of squared

residuals axis excludes GOL. Symbols are the same as previous figures. (back to text).
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Figure 66. Visual representation of the sum of squared residuals of the GM1 neurocranial

variables (BNL removed) for fossil and extant taxa compared when fitted against the sum of

squared residuals of the GM1 neurocranial variables (BNL removed) for Pan and Pongo GM2

and GOL, GOL sum of squared residuals axis excludes GOL. Symbols are the same as previous

figures. (back to text).
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Figure 67. Visual representation of the sum of standardized squared residuals of the NPH, ZMB,

ZYB, and MAB for fossil and extant taxa compared when fitted against the sum of standardized

squared residuals of the NPH, ZMB, ZYB, and MAB for Pan and Pongo. Symbols are the same

as previous figures. (back to text).
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Figure 68. Visual representation of the sum of standardized squared residuals of the NPH, ZMB,

and ZYBfor fossil and extant taxa compared when fitted against the sum of standardized squared

residuals of the NPH, ZMB, and ZYB for Pan and Pongo. Symbols are the same as previous

figures. (back to text).
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Figure 69. Visual representation of the sum of standardized squared residuals of the GM1

neurocranial variables for fossil and extant taxa compared when fitted against the sum of

standardized squared residuals of the GM1 neurocranial variables for Pan and Pongo GM2 and

GOL, GOL sum of standardized squared residuals axis excludes GOL. Symbols are the same as

previous figures. (back to text).
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Figure 70. Visual representation of the sum of standardized squared residuals of the GM1

neurocranial variables (BNL removed) for fossil and extant taxa compared when fitted against

the sum of standardized squared residuals of the GM1 neurocranial variables (BNL removed) for

Pan and Pongo GM2 and GOL, GOL sum of standardized squared residuals axis excludes GOL.

Symbols are the same as previous figures. (back to text).
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Figure 71. Visual representation of the mean of standardized squared residuals of the NPH,

ZMB, ZYB, and MAB for fossil and extant taxa compared when fitted against the mean of

standardized squared residuals of the NPH, ZMB, ZYB, and MAB for Pan and Pongo. Symbols

are the same as previous figures. (back to text).
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Figure 72. Visual representation of the mean of standardized squared residuals of the NPH,

ZMB, and ZYB for fossil and extant taxa compared when fitted against the mean of standardized

squared residuals of the NPH, ZMB, and ZYB for Pan and Pongo. Symbols are the same as

previous figures. (back to text).
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Figure 73. Visual representation of the mean of standardized squared residuals of the GM1

neurocranial variables for fossil and extant taxa compared when fitted against the mean of

standardized squared residuals of the GM1 neurocranial variables for Pan and Pongo GM2 and

GOL, GOL mean of standardized squared residuals axis excludes GOL. Symbols are the same as

previous figures. (back to text).
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Figure 74. Visual representation of the mean of standardized squared residuals of the GM1

neurocranial variables (BNL removed) for fossil and extant taxa compared when fitted against

the mean of standardized squared residuals of the GM1 neurocranial variables (BNL removed)

for Pan and Pongo GM2 and GOL, GOL mean of standardized squared residuals axis excludes

GOL. Symbols are the same as previous figures. (back to text).
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Figure 75. PCA components 1 and 2 of facial shape variables for recent modern humans and

selected fossil hominins. Symbols are the same as in Figures 14 and 15 with the addition of a

predicted human the size of the LB 1 cranium (red square with cross), a predicted human the size

of the Harbin cranium (purple square with cross), and a predicted “average” recent modern

human (light blue square with cross). (back to text).
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Figure 76. PCA components 1 and 3 of facial shape variables for recent modern humans and

selected fossil hominins. Symbols are the same as in Figures 14 and 15 with the addition of a

predicted human the size of the LB 1 cranium (red square with cross), a predicted human the size

of the Harbin cranium (purple square with cross), and a predicted “average” recent modern

human (light blue square with cross). (back to text).
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