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Abstract 

While many studies relating stature to foot length have been carried out, the relationship between 

foot size and body mass remains poorly understood. Here we investigate this relationship in 193 

adult and 50 juvenile habitually unshod/minimally shod individuals from five different 

populations—Machiguenga, Daasanach, Pumé, Hadzabe, and Samoans—varying greatly in body 

size and shape. Body mass is highly correlated with foot size, and can be predicted from foot 

area (maximum length × breadth) in the combined sample with an average error of about 10%. 

However, comparisons among populations indicate that body shape, as represented by the body 

mass index (BMI), has a significant effect on foot size proportions, with higher BMI samples 

exhibiting relatively smaller feet. Thus, we also derive equations for estimating body mass from 

both foot size and BMI, with BMI in footprint samples taken as an average value for a taxon or 

population, estimated independently from skeletal remains. Techniques are also developed for 

estimating body mass in juveniles, who have relatively larger feet than adults, and for converting 

between foot and footprint size. Sample applications are given for five Pliocene through 

Holocene hominin footprint samples from Laetoli (Australopithecus afarensis), Ileret (probable 

Homo erectus), Happisburgh (possible H. antecessor), Le Rozel (archaic H. sapiens), and Barcin 

Höyük (H. sapiens). Body mass estimates for Homo footprint samples appear reasonable when 

compared to skeletal estimates for related samples. However, estimates for the Laetoli footprint 

sample using the new formulae appear to be too high when compared to skeletal estimates for A. 

afarensis. Based on the proportions of A.L. 288-1, this is apparently a result of relatively large 

feet in this taxon. A different method employing a ratio between body mass and foot area in A.L. 

288-1 provides estimates more concordant with skeletal estimates and should be used for A. 

afarensis.  



 3 

Key Words: Foot; Body mass index; Australopithecus; Homo 

1.  Introduction 
 
Hominin footprints have been discovered from a variety of temporal and geographic 

contexts stretching from the Pliocene to the Holocene, with a world-wide distribution (Lockley et 

al., 2008; Bennett and Morse, 2014; Duveau et al., 2019). They have provided important insights 

into past locomotor biomechanics (Leakey and Hay, 1979; Day and Wickens, 1980; White, 

1980; Charteris et al., 1981; Robbins, 1987; Tuttle, 1987; White and Suwa, 1987; Schmid, 2004; 

Bennett et al., 2009; Raichlen et al., 2010; Crompton et al., 2012; Hatala et al., 2016a; Hatala et 

al., 2016b), sexual dimorphism (Tuttle, 1987; Hatala et al., 2016b; Masao et al., 2016; Duveau et 

al., 2019; Villmoare et al., 2019), and paleoecology and group composition (Hatala et al., 2016b; 

Roach et al., 2016; Altamura et al., 2018; Roach et al., 2018; Duveau et al., 2019; Hatala et al., 

2020).  

Feet represent the point of contact of the body with the ground during terrestrial travel, 

transmitting the forces produced by body weight and muscular contractions during gait. 

Footprints record motions of the foot against the substrate, but their outer dimensions often 

approximate foot size and therefore they can also be used to estimate body size. In the past the 

most common application in this regard has been the estimation of stature from footprint length 

(Beguen and Vallois, 1928; Pales, 1976; White, 1980; Behrensmeyer and Laporte, 1981; Tuttle, 

1987; Anil, 1997; Atamtürk and Duyar, 2008; Fawzy and Kamal, 2010; Dingwall et al., 2013; 

Ashton et al., 2014; Bennett and Morse, 2014; Domjanic et al., 2015; Hatala et al., 2016b; Masao 

et al., 2016; Altamura et al., 2018; Atamtürk et al., 2018; Duveau et al., 2019). Foot length is 

well correlated with stature, with a foot length/stature ratio averaging about 15% across modern 

human populations (Martin, 1928; White, 1980; Robbins, 1986; Ashton et al., 2014; Bennett and 
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Morse, 2014; Duveau et al., 2019). Various regression-based equations have also been developed 

(see references above).  

Methods for estimating body mass from footprint size have been much less investigated, 

despite the importance of body mass in many studies of past hominin biology and behavior (Ruff 

and Niskanen, 2018). Body mass rather than stature is the morphological variable most directly 

related to the mechanical requirements for maintenance of posture and movement, the metabolic 

requirements for sustaining life, and the neurological requirements for control of the body. It is 

thus the most appropriate characteristic for evaluating relative skeletal strength (robusticity), 

dietary sufficiency, and relative brain size (encephalization). It is also highly correlated with 

many other physiological, ecological, life-history, and behavioral variables (Calder, 1984; 

Schmidt-Nielson, 1984; Brown and West, 2000). Many methods for estimating body mass from 

hominin skeletal remains have been developed (Ruff and Niskanen, 2018). The ability to 

accurately estimate body mass from footprint size would greatly increase the potential number of 

individuals available for estimation, including in locations where only footprints have been 

found, and allow demographic analyses of groups of individuals that are rarely possible using 

skeletal remains (e.g., Hatala et al., 2017; Duveau et al., 2019). 

A summary of eight past studies of body mass estimation from foot or footprint size are 

given in Table 1.1 All of them have some limitations. Six of the eight studies were of habitually 

shod people (Robbins, 1986; Anil, 1997; Atamtürk and Duyar, 2008; Fawzy and Kamal, 2010; 

Bennett and Morse, 2014; Domjanic et al., 2015). Using footwear appears to have systematic 

effects on foot shape (Hoffmann, 1905; Ashizawa et al., 1997; D'Août et al., 2009; Hollander et 

al., 2017; also see below), although some past studies have been partially confounded by 

comparisons between different ethnic/geographic groups and other problems (Hollander et al., 
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2017; Duveau et al., 2019). Regardless, direct applicability of equations derived from habitually 

shod modern populations to unshod past hominins is highly questionable (Dingwall et al., 2013; 

Hatala et al., 2016c). Only two studies that developed regression equations for predicting body 

mass from foot or footprint size examined habitually unshod people (Krishan, 2008; Dingwall et 

al., 2013). In one case (Krishan, 2008) this was not explicitly stated, but an earlier report on the 

same study sample noted that “all the subjects were villagers and most of them are in the habit of 

walking bare feet [sic]” (Krishan, 2007: 138).  

The studies in Table 1 employed a variety of methods to assess foot or footprint size. In 

four studies measurements were taken of footprints as the subjects stood, recorded using 

pressure-sensitive paper (Robbins, 1986; Bennett and Morse, 2014) or ink on paper (Krishan, 

2008; Fawzy and Kamal, 2010). In two other studies feet were measured directly on standing 

subjects (Anil, 1997; Atamtürk and Duyar, 2008) (Atamtürk and Duyar also measured footprints 

of their subjects but developed body mass estimation equations using only their foot 

measurements). In one study foot dimensions were extracted from 3-D laser scans of subjects 

standing on a glass plate (Domjanic et al., 2015). Only one study measured footprints made in a 

naturalistic environment (hydrated fine sediment taken from a fossil hominin footprint locality) 

(Dingwall et al., 2013). All of these differences in technique likely affected assessments of foot 

dimensions, and thus the applicability of resulting equations to other specimens. Except for 

Dingwall et al. (2013), all of the studies recorded foot or footprint dimensions while subjects 

stood on a hard, incompressible surface, which may distort foot dimensions relative to either 

footprints made in a softer surface or the anatomical dimensions of the feet themselves. For 

example, foot areas (maximum length × forefoot breadth) measured using pressure-sensitive 

paper on a hard surface are about 11% larger on average than those calculated from 
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anthropometric measurements of the relaxed foot of the same subjects (see Supplementary 

Online Material (SOM) Fig. S1, derived from data collected by Tuttle et al., 1990).  

But perhaps the greatest limitation of previous studies of foot/footprint size and body 

mass is the nature of the study samples themselves (aside from whether they were habitually 

shod or unshod). All of the studies listed in Table 1 were either of single specific 

ethnic/geographic groups (Turkish, Egyptian, Croatian, Gujjar, Daasanach) or were of quite 

broad but unspecified mixed-ethnicity samples (US, British), the latter two including children as 

well as adults. As noted by a number of researchers (Atamtürk and Duyar, 2008; Fawzy and 

Kamal, 2010; Bennett and Morse, 2014; Ruff et al., 2018), the specific morphological 

characteristics of a group may have significant effects on foot to body size proportions, and thus 

estimation of body size in past specimens. It is particularly noteworthy that the only two previous 

studies of habitually unshod individuals were of narrowly defined lower latitude populations 

(Krishan, 2008; Dingwall et al., 2013). The most widely applied of these methods (Dingwall et 

al., 2013) was based on the Daasanach, who are characterized by a very linear body shape, as 

reflected in a low body mass index (averaging 18.4—see below). Body mass index (BMI) is 

calculated as [body mass (kg)/stature2 (m)] × 100, and is commonly used as an index of body 

shape in modern populations (e.g., WHO, 1995; Leonard and Katzmarzyk, 2010; Ruff et al., 

2018). No information on stature or BMI is available for the specific sample measured in the 

other study of an unshod population (Krishan, 2008), but it is likely that they were also 

characterized by at least a moderately low average BMI (Krishan, pers. comm.). Past studies 

have documented an effect of BMI on foot shape and plantar pressures during weight support 

(Ashizawa et al., 1997; Bennett and Morse, 2014; Domjanic et al., 2015). Given that many Plio-

Pleistocene hominins were apparently relatively wide-bodied (Aiello, 1992; Trinkaus et al., 
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1999; Weaver, 2003; Ruff, 2010; Arsuaga et al., 2015), implying a relatively high BMI, 

application of body mass estimation formulae derived only from linearly-built, low BMI modern 

populations to such specimens is potentially problematic (Dingwall et al., 2013; Ashton et al., 

2014; Masao et al., 2016). As noted by Bennett and Morse (2014: 152), “Identifying the most 

appropriate modern analogue population for an extinct hominin species is challenging and those 

native to a site now may not be the most appropriate analogue”.  

Here we examine the relationship between body mass and foot size in 243 habitually 

unshod individuals representing five geographically dispersed populations of varying body size 

and shape. Methods for converting between foot and footprint dimensions are presented. Results 

are used to develop general body mass prediction equations from footprint size. We also 

investigate the effects of body shape on body mass prediction, using BMI as a shape index. 

While another body shape parameter such as bi-iliac (maximum pelvic) breadth/stature (Ruff, 

1994) might have been preferable for this purpose, body breadth data were only available for one 

of our five modern reference samples, precluding such an analysis. Also, the number of earlier 

(pre-Late Pleistocene) hominin specimens with stature estimates and associated bi-iliac breadths 

is exceedingly small. In contrast, stature and body mass data were available for our entire 

modern sample and can be estimated from skeletal dimensions in a number of early hominin 

taxa. It should also be noted that BMI and bi-iliac breadth/stature are positively correlated among 

modern humans, as would be expected: r = 0.60, p < 0.001 [based on 58 sex-population means 

given in Ruff (1994) and Ruff et al. (2005)]. While using an index that itself contains body mass 

as a factor in estimating body mass may seem circular, in fact, as illustrated in the examples 

below, this shape index can be derived independently using skeletal estimates of body mass and 

stature in other related specimens, and then applied as an average taxon/population value within 
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estimation formulae. Further considerations in using this approach are included in the Discussion 

section.  

We also investigate ontogenetic effects on foot scaling to body mass, using 50 juveniles 

drawn from the same modern samples, and develop a method for predicting body mass from 

footprint size in children and adolescents. In addition, we include a comparison between 

habitually unshod and shod individuals from the same population to assess the effects of shoe 

wearing on body mass prediction and develop a conversion factor for application of our formulae 

to habitually shod individuals. Finally, to demonstrate application of the new prediction 

equations, we apply them to five hominin footprint samples spanning from the Pliocene to early 

Holocene. 

 

2.  Materials and methods 

2.1.  Reference samples 

The five habitually unshod samples used to develop body mass estimation equations are 

listed in Table 2, along with basic descriptive statistics on anthropometric dimensions. The 

samples encompass a wide range of body sizes and shapes, with adult individual values of body 

mass varying between 36 and 99 kg, stature 135–192 cm, and BMI 15.7–32.3. Four of the five 

samples also include juveniles. 

Data for the Machiguenga sample were collected by Tuttle and colleagues in 1988 (Tuttle 

et al., 1990). The Machiguenga live in the Amazon jungle region of southeastern Peru and have a 

subsistence strategy combining hunting-gathering with horticulture. Footprint trails recorded 

using Shutrak pressure-sensitive paper, and anthropometric dimensions were obtained.  
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Hatala and colleagues collected data for the agro-pastoralist Daasanach tribe, near Ileret, 

Kenya in 2011-2012 (Hatala et al., 2016c). This was an expanded sample of the same tribe 

included in an earlier footprint study (Dingwall et al., 2013). Data obtained included 

anthropometric dimensions as well as footprint dimensions (in a re-hydrated substrate taken from 

a nearby Early Pleistocene site containing hominin footprints (Bennett et al., 2009)) and 

pressure-pad parameters taken while walking and running.  

The Pumé (formerly Yaruro), hunter-gatherers who also practice some horticulture and 

inhabit savannah wetlands of southwestern Venezuela, were studied by Hilton and Greaves in 

1993 as part of Greaves’ 18-month ethnoarchaeological project (Hilton and Greaves, 2008). Both 

anthropometric measurements and footprint data (in a thin sandy layer over hard-packed dirt) 

were collected (Hilton, n.d.).   

Data for the Hadzabe, hunters and gatherers from the Mang’ola game controlled area 

(Kisimangeda, Barazani, Gorfan and Chem Chem) within the Lake Eyasi Plateau in north-central 

Tanzania, were collected by Musiba, Hallgrimsson and Tuttle in 1997 (Musiba et al., 1997). 

They obtained both anthropometric and footprint measurements (using Shutrak). Among the 54 

individuals included in the study, five reported that they had occasionally worn footgear 

(thongs). 

Samoan data were collected by R. Wunderlich in 2015 at the Samoan Rugby Union in 

Apia, Samoa. Subjects were young (mean age 21.8 years) healthy athletes who grew up 

primarily barefoot or minimally shod and started wearing footwear daily only for sport 

participation. Data collected included anthropometric dimensions as well as plantar pressure 

distribution on a Novel EMED/E plantar pressure mat (Novel GmbH, St. Paul).  
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Ages of subjects included in the study samples ranged from 4 to 70 years. Investigation 

of ontogenetic trends, presented in Results, indicated that foot area shows a different scaling 

relationship to body mass in juveniles than in adults, with the normal adult proportion reached at 

about 16 years of age (also see Anderson et al., 1956). Therefore, the sample was divided into 

juveniles (under 16 years) and adults (16 years or over) for all analyses. No juveniles were 

available for the Samoan sample. No consistent age trends in foot area to body mass proportions 

were discernable among adults, so they are combined in analyses. Except for Samoans, mean 

ages of adults in all samples varied between 27 and 36 years, with only 10% (19 of 193 

individuals) over 50 years of age. (Some Daasanach adults were only recorded as ‘adult’, so 

there may have been a few more individuals over 50 years of age in that sample.) As noted 

above, Samoans were younger, ranging in age between 17 and 33 years. 

Although some sex effects on relative foot size and shape have been described (Ashizawa 

et al., 1997; Wunderlich and Cavanagh, 2001; Bennett and Morse, 2014), most of these studies 

were of habitually shod individuals, so may have been affected by cultural differences in 

footwear. Many of the effects also appear to be population-specific (Ashizawa et al., 1997; 

Bennett and Morse, 2014). Wunderlich and Cavanaugh (2001) found no sex difference in 

forefoot breadth relative to length, the most relevant foot shape variable for the present study, 

and Atamtürk and Duyar (2008) reported only a very minor effect of sex on prediction of body 

mass from footprint dimensions. In any event, it is often difficult or even impossible to 

determine sex from footprints, making application of sex-specific equations impractical. 

Therefore, sexes were combined in all analyses. 

 

2.2.  Dimensions 
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As is evident from the description of present study samples as well as the earlier review 

of previous studies, there are a number of ways of assessing foot or footprint size. Not all of the 

five unshod samples included here have associated footprint data, and in those that do, footprints 

were obtained and measured in different ways—under naturalistic conditions on a soft substrate, 

on a thin layer of sand over a hard surface, on pressure-sensitive paper on a hard surface, or 

using plantar pressure pads—which can affect dimensions (see above). Also, while the ultimate 

aim of this work is to apply our findings to hominin footprints that were all formed and 

preserved in soft substrates, those footprints themselves would have been made under different 

environmental conditions, which must be factored into interpretations (D'Août et al., 2010; 

Crompton et al., 2012; Bates et al., 2013; Morse et al., 2013; Bennett and Morse, 2014). Thus, 

we elected to focus initially on foot dimensions, measured anthropometrically, and their 

relationship to body mass, since these were consistently measured across all studies and should 

be universally applicable. Equations for converting footprint to foot dimensions were derived 

from the matched Daasanach data, where footprints were collected under naturalistic conditions 

(of a particular kind). These equations are presented to allow conversion of footprint data for use 

in our prediction equations, although the decision on how to convert data will rest with 

individual researchers, depending on the particular environmental circumstances of their 

footprint data set. 

Foot dimensions were obtained by measuring the relaxed (i.e., not weight-bearing) 

(Machiguenga, Pumé, Hadzabe) or partially weighted foot during bipedal standing (Daasanach, 

Samoans), using standard anthropometric techniques (Cameron et al., 1981). The average 

difference between foot length and breadth measured under these two conditions is 3% or less 

(Tsung et al., 2003; Houston et al., 2006; Xiong et al., 2009). Two specific dimensions were used 
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here: foot length, measured as the maximum distance between the heel and front of the foot 

(whether that was the hallux or second toe), and forefoot breadth (hereafter ‘foot breadth’), 

measured as the maximum distance across the metatarsal heads, or ball of the foot. Following 

Dingwall et al. (2013), we took the product of these two dimensions as ‘foot area’. Foot area was 

always a better predictor of body mass (i.e., had a lower standard error of estimate and higher 

correlation) than either foot length or breadth alone, similar to findings of Dingwall et al. (2013) 

for Daasanach footprints. Thus, we focus here primarily on foot area. However, equations using 

just foot length or breadth are also given for applications where both dimensions may not be 

available. Foot ‘index’—(foot breadth/foot length) × 100—was also calculated as an index of 

general foot shape. When both right and left feet had been measured, an average of the two sides 

was used in all analyses. 

For development of footprint to foot size conversion factors, maximum footprint lengths 

(to either the hallux or second toe) and forefoot breadths obtained from an experimental study of 

the Daasanach sample moving over a natural substrate (Hatala et al., 2016c) were employed. 

Multiple footprints were averaged for ‘normal walk’ and for a combined ‘jog and run’ condition. 

Anthropometric dimensions had been taken on only the right side, so only right footprints were 

used in these comparisons. This limited the available sample to 34 individuals (26 adults, 8 

juveniles) for ‘normal walk’ and 40 individuals (29 adults, 11 juveniles) for ‘jog and run’. Adults 

and juveniles (under 16 years) did not differ in foot to footprint proportions (t tests, p > 0.05, all 

comparisons; also see SOM Figs. S2–S3), so were combined.  

Ratios of foot to footprint dimensions are given in Table 3 for the ‘normal walk’ and ‘jog 

and run’ conditions. Scatterplots of area, length, and breadth for each condition are shown in 
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SOM Figs. S2a-f, and for foot index in SOM Fig. S3. Paired t tests were used to test for 

significant (p < 0.05) differences between foot and footprint dimensions, indicated in the table.  

The average ratios given in Table 3 were used as conversion factors for 

fossil/archaeological footprints, but only when differences were significant in the Daasanach 

sample between footprint and foot dimensions. In other cases, the two dimensions were 

considered to be equivalent. Thus, for example, no conversion was used for foot/footprint area in 

the ‘normal walk’ condition, while a conversion would be used for this dimension in the ‘jog and 

run’ condition. The ‘normal walk’ condition was assumed for all prints or trackways considered 

here.  

 

2.3.  Habitually shod comparisons 

For this analysis we used data derived from a study of footprint dimensions, measured 

using a pressure plate (RSscan Footscan), in three samples: habitually unshod Indians (n = 69), 

habitually shod Indians (n = 138), and habitually shod Europeans (n = 48) (all adults) (D'Août et 

al., 2009). Unshod Indians had never used footwear, except in extremely rare circumstances as 

an adult, e.g., when visiting a hospital. The degree of footwear use and constraint in the shod 

Indians was generally less than that of the European sample, with subjects walking mostly 

barefoot as children and as adults in the house, and many using flip-flops or open sandals. In 

addition to foot length and breadth, true foot contact area was measured from the pressure plate 

recordings. This allowed some comparisons between true contact area and our length × breadth 

‘area’ dimension. 

 

2.4.  Applications of equations 
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To demonstrate use of the new body mass estimation equations, they are applied to data 

derived from five published studies of fossilized or archaeological hominin footprints, listed in 

Table 4. The samples represent a wide variety of time periods, taxa (or probable/possible taxa), 

and geographic areas. The following is a brief description of each sample; for more information 

the reader is directed to the references cited. 

Laetoli  The trackways discovered at Site G in Laetoli, Tanzania, dated to about 3.66 Ma, are the 

most famous footprints in the hominin fossil record and have been the subject of many analyses 

since they were reported in 1979 (Leakey and Hay, 1979; Day and Wickens, 1980; White, 1980; 

Charteris et al., 1981; Robbins, 1987; Tuttle, 1987; White and Suwa, 1987; Tuttle et al., 1990; 

Schmid, 2004; Raichlen et al., 2010; Crompton et al., 2012; Bennett et al., 2016; Hatala et al., 

2016a). Three trails attributed to Australopithecus afarensis, G1, G2, and G3 (G2 and 3 

overlapping), have been described. More recently, two trails from Site S at Laetoli—S1 and 

S2—were described and attributed to the same taxon, and possibly the same depositional layer 

(Masao et al., 2016). The one S2 footprint exhibits distortion in the width dimension, possibly 

due to slippage or taphonomic factors, so only its length is used here. Average footprint 

dimensions for both the G and S Site trails were obtained from Masao et al. (2016: Table 3). 

Body masses were derived in that study using equations based on an experimental study of the 

Daasanach (Dingwall et al., 2013), termed the ‘H. sapiens’ method, as well as a range of fleshy 

foot length to body mass ratios based on reconstructions of A.L. 288-1 (Jungers, 1982; White 

and Suwa, 1987; Jungers, 1988a, b; McHenry, 1992), termed the ‘Au. afarensis’ method. The 

trackways have traditionally been considered to have been made by adults, although the smaller 

G1 and G3 trackways may have been produced by juveniles (Masao et al., 2016). For the present 

purposes they are provisionally treated as adults (also see Discussion). 
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Ileret   Hominin trackways near Ileret, Kenya, have been excavated and analyzed since 2005 

(Bennett et al., 2009; Dingwall et al., 2013; Hatala et al., 2016b; Roach et al., 2016; Hatala et al., 

2017; Roach et al., 2018; Villmoare et al., 2019). Dated to about 1.51–1.53 Ma, they have 

usually been provisionally attributed to Homo erectus. Body mass estimates for an increasing 

number of prints and trackways have been derived based on experimental studies of the 

Daasanach (Bennett et al., 2009; Dingwall et al., 2013; Hatala et al., 2016b) and A.L. 288-1’s 

proportions (Dingwall et al., 2013). The most recent compilation of trackways and individual 

footprints for the FwJj14E and ET-2013-1A/ET-2014-1A sites given in Hatala et al. (2017: SOM 

Table S1) was used here, along with data for two additional A2 surface prints reported in 

Dingwall et al. (2013: Table 4). The main focus is on the nine established trackways, although 

data for the remaining 22 individual prints are also considered. Only prints with both length and 

breadth measurements were included. Mean dimensions for all prints within a trackway were 

used in analyses. All trackways are assumed to have been made by adults, as foot areas (length × 

breadth) were over 210 cm2 (and all but one were over 235 cm2), well within the range of the 

modern adults in our reference samples (except for Samoans; Table 2). Six of the individual 

prints not in trackways were smaller than this, so may have been made by juveniles; this is 

discussed further below. Both the ‘H. sapiens’ and ‘Au. afarensis’ methods described above were 

used by Dingwall et al. (2013) to estimate body masses. Hatala et al. (2016b) estimated body 

masses using a random forests model, based on Daasanach experimental data, that included heel-

to-hallux and heel-to-2nd toe lengths, forefoot and heel breadths, and average footprint depth.  

 

Happisburgh  A series of oval depressions interpreted as hominin footprints, dated to about 0.78–

1.0 Ma, were reported in estuarian sediments from Happisburgh, UK by Ashton et al. (2014). 
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Given the time period, geographical location, and general body size indicated by the prints, the 

authors favored a possible attribution to Homo antecessor. A recent morphological analysis of 

the prints is consistent with this attribution, finding them to be similar to the presumed H. erectus 

tracks from Ileret, but with some falling closer to modern H. sapiens (Wiseman et al., 2020). 

Ashton et al. (2014: Table 1) provided quantitative information for 12 prints with the most 

complete outlines. Of these, only the three largest, with estimated statures of >140 cm, were 

considered to be adults by the authors. These individuals have foot areas of ≥240 cm2 (while the 

other nine have foot areas of ≤1802), so this interpretation is consistent with our data (Table 2). 

Only these three prints are analyzed here. Body masses were estimated by the authors using 

Dingwall et al.’s (2013) equations based on the Daasanach.  

Le Rozel  Hundreds of footprints dated to about 80,000 BP and attributed to archaic Homo 

sapiens (Neandertals) have been discovered at the site of Le Rozel on the Normandy coast of 

France (Duveau et al., 2019). Here we focus on the 35 most complete footprints from the D3b-4 

stratigraphic unit preserving measurable lengths and forefoot breadths (Duveau et al., 2019: Fig. 

S19 and Duveau, pers. comm.). Although some of these may have been made by the same 

individual, none are definitively associated (Duveau, pers. comm.), so are treated as separate data 

points for the present analyses. Footprint length was measured to the 2nd toe and forefoot breadth 

on a line perpendicular to the heel-2nd toe axis. The average ratio of maximum/heel-to-2nd toe 

footprint length in our Dasaanach sample (all ages combined) is about 1.02. Consideration of the 

average angle between the perpendicular and true maximum forefoot breadths in Duveau et al., 

Fig. S17 (also see Robbins, 1985: Fig. 6.8; Webb et al., 2006: Fig. 4) also suggests a ratio 

between maximum and perpendicular breadths of about 1.02. Thus, footprint lengths and 

breadths reported by Duveau et al. were multiplied by 1.02 to approximate the maximum 
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dimensions used in our study. The 35 footprints from Le Rozel represent a variety of body sizes 

and likely ages, with a great majority probably made by children and adolescents (Duveau et al., 

2019). This provides an opportunity to apply results from our ontogenetic study of modern 

humans; accordingly, both juveniles and adults from this site are included in our analyses. 

Barcin Höyük  Barcin Höyük is an early Neolithic settlement in northwestern Turkey dated to 

about 6400 BCE (Atamtürk et al., 2018). Two footprints impressed within a freshly plastered 

floor were found; dimensions for the well-preserved right footprint were reported (Atamtürk et 

al., 2018: Table 1). Although the footprint was made by a bare foot, it is very likely, based on 

other regional evidence, that occupants of the site habitually utilized footwear, and that the 

maker of these prints either customarily went barefoot indoors, or removed his/her shoes in this 

case for symbolic reasons. Thus, an adjustment for a habitually shod condition (using the 

shod/unshod Indian data from D'Août et al., 2009) was employed here. Body mass was estimated 

by the original authors using equations from Krishan (2008) and Atamtürk and Duyar (2008).  

 

2.5.  Statistics 

Least squares regression was used to generate body mass estimation equations in the 

modern reference samples. Model II regression, in particular Reduced Major Axis (RMA) 

regression, has been advocated for predicting body mass when the predictor variable in the target 

sample lies outside the range of the reference sample (Squyres and Ruff, 2015; Ruff et al., 2018; 

Ruff et al., 2020). However, that is not the case here: adult foot areas in the combined modern 

reference sample range between 137 and 360 cm2, while the total range of all adult target 

samples is 162–360 cm2. Our combined juvenile reference sample has foot areas of 93 to 268 

cm2, encompassing all but one of the Le Rozel juvenile prints. In addition, as shown below, the 
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most appropriate estimation equations involve multiple predictor variables or a quadratic fit, 

neither of which is amenable to RMA analysis.  

Precision of the estimation equations was assessed using the standard error of estimate 

(SEE), percent standard error of estimate [%SEE: (SEE/mean y) × 100], and the mean percent 

prediction error, %PE: [(actual y – predicted y)/predicted y] × 100, with %PEs taken as absolute 

values to reflect random error. Analysis of covariance (ANCOVA) was used to assess 

differences in slopes and elevations of linear regressions, and analysis of variance (ANOVA) and 

post-hoc pairwise Tukey tests were used for comparisons of indices between groups. 

Significance was set at p < 0.05. All statistical analyses were carried out using SYSTAT 

(SYSTAT13, 2009). 

 

3.  Results 

3.1.  Prediction of adult body mass 

A scatterplot of body mass against foot area in the total combined adult sample is shown 

in Figure 1. The data distribution is better fit by a quadratic rather than linear regression: the 

correlation and %SEE of body mass from foot area are both improved using a quadratic fit (r = 

0.861, %SEE = 13.7%) relative to a linear fit (r = 0.831, %SEE = 14.9%; this is also true for foot 

length and foot breadth). Quadratic prediction equations for foot area, foot length, and foot 

breadth are given in the first half of Table 5. Average %PE using foot area is about 10%.  

The pooled sample is broken down into the five reference samples in Figure 2, with linear 

regressions plotted through each sample (quadratic equations do not improve fit within 

populations). It is apparent that the different samples show systematic variation in their 

relationships between body mass and foot area. All regressions are highly statistically significant 
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(p < 0.0001), with correlations ranging between 0.67 and 0.83. Slopes are equivalent between 

samples (p = 0.40, ANCOVA), but elevations are highly significantly different (p < 0.0001, 

ANCOVA). Elevational differences follow patterns of variation in BMI (Table 2), with Samoans 

highest, followed by Machiguenga, Pumé and Hadzabe, and Daasanach. Thus, populations with 

higher BMIs have systematically larger body masses for their foot areas (or smaller feet for their 

body masses). Very similar results are obtained for body mass regressed against foot length or 

foot breadth (results not shown). This suggests that incorporating BMI into body mass prediction 

equations based on the entire pooled reference sample will improve prediction accuracy.  

This has been done in the second half of Table 5, which lists prediction equations for the 

pooled reference sample based on foot area, foot length, and foot breadth in multiple linear 

regressions that include BMI. Correlations are quite high (r = 0.949–0.965), as are measures of 

prediction precision, with SEEs of 4.0–4.8 kg, %SEEs of 7.0–8.4%, and average %PEs of 5.4–

6.7%. Of course, in practice the true precision (and accuracy) of the equations will not be as high 

as this, since BMI must be estimated in the target specimen/sample. As shown in section 4.4., 

there are various ways of doing this, but they all involve additional error. The effects of this are 

discussed further in the Discussion section. 

We also explored whether variation in foot index (breadth/length) could help predict BMI 

in footprint makers, for example, whether relatively wider-bodied (higher BMI) individuals or 

samples have relatively wider feet. Figure 3 is a plot of BMI against foot index in the reference 

samples. Within the pooled sample there is a general correspondence between the two indices, 

but the correlation is low (r = 0.385) and there is very large variation in BMI for a given foot 

index in the central part of the distribution. For example, foot index values for Samoans and 

Machiguenga are similar, but Samoans have much higher BMIs. Daasanach have higher foot 
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index values than Hadzabe on average, but lower BMIs. Except for the Daasanach, none of the 

individual samples show significant within-sample correlations between foot index and BMI. 

Thus, foot index has only limited value as a predictor of BMI, or body shape, except perhaps at 

more extreme values for foot index. The conservative interpretation of the distribution shown in 

Figure 4 is that individuals or samples with foot indices in the lower quartile (below 38) are 

unlikely to have high BMIs (above 23), while those with foot indices in the higher quartile 

(above 42) are unlikely to have low BMIs (below 20). Foot indices in the middle two quartiles 

(38–42) are relatively uninformative in this respect. These results are referenced when 

considering possible BMI values for our five fossil footprint examples (SOM S1).  

 

3.2. Ontogenetic trends 

The ratio of foot area to body mass distinguished by age group is shown for each sample 

in Figure 4 (note that there are no juvenile Samoan data, so Samoans are not included). Juveniles 

have relatively larger feet than adults in all samples (p < 0.001, t tests). The general pattern of 

variation between samples is similar in adults and juveniles, although as shown below, these 

patterns are also affected by the age composition of each juvenile sample.  

The Machiguenga and Daasanach samples have the best representation of juveniles, with 

12 or more individuals distributed over a wide age range (6.7–15.9 and 4–15 years, respectively) 

(Table 2). Linear regressions of body mass on foot area by age group are shown in Figure 5 for 

these samples. As predicted given the results shown in Figure 5, juveniles as a whole have 

smaller body mass relative to foot area in each sample. However, regression slopes are also 

significantly different between adults and juveniles, with juveniles having higher slopes (p < 

0.001, ANCOVA). Proportions change throughout development, approaching and sometimes 
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overlapping adults in adolescence. The same difference in proportions (line elevations) between 

Machiguenga and Daasanach adults (p < 0.0001, ANCOVA; see also Fig. 2) is also characteristic 

of juveniles throughout development (p < 0.0001, ANCOVA), while regression slopes for 

juveniles are very similar in the two groups (p = 0.77, ANCOVA). This indicates similar 

developmental trajectories and an early developmental origin of proportional differences 

between the samples. 

The different foot to body size proportions in juveniles and adults may be partially 

attributable to earlier maturation of the foot than some other regions of the skeleton. Krogman 

(1962: Table 3) gives the age of epiphyseal fusion of the foot phalanges and metatarsals as 14–16 

years; Scheuer and Black (2000) state that 75% of females and males complete epiphyseal fusion 

of the foot bones by 15 and 17 years, respectively. In contrast, fusion of the knee epiphyses 

(proximal tibia and distal femur) occurs later, at 17.6–18.6 years in Krogman (1962: Table 6), 

with 75% completion of fusion at age 19 years in McKern and Stewart’s summary (for males) 

(1957: Table 21). Cross-sectional and longitudinal studies clearly show that peak growth velocity 

and cessation of growth occur earlier in foot length than in stature (Anderson et al., 1956). Thus, 

adults have slightly greater stature to foot length proportions, or smaller foot length/stature 

proportions, than juveniles (Anderson et al., 1956), as also found here for foot area/body mass 

proportions. 

However, the primary factor accounting for age differences in body mass to foot size 

proportions is likely to be systematic age changes in body shape, i.e., BMI. Figure 6 shows age 

changes in BMI in the pooled sample (except Samoans). Daasanach adults of uncertain age are 

not included. A LOWESS line (Cleveland, 1979) is plotted through the data to demonstrate 

overall trends. Juveniles progressively increase in BMI throughout growth, to about 20 years of 
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age. In a 2-way ANOVA of BMI with age group and sample as factors, age group is highly 

significant (p < 0.0001), and BMI is lower in juveniles than in adults in every sample (p ≤ 0.01, t 

tests).  

Because of the relatively thinner bodies (lower BMIs) of juveniles, equations based on 

adults will systematically overestimate their body masses, with the greatest overestimation in 

younger children and progressively less bias in older children and adolescents, as shown in 

Figure 5. Because of this age-dependence of the relationship, body mass prediction equations 

based on juveniles alone are impractical, since they would rely on knowing either the specific 

age of the individual or its BMI, both of which are difficult or impossible to estimate from 

footprints. As an alternative, we suggest initially using equations based on adults (Table 5), and 

then adjusting the resulting estimates downwards based on the size of the juvenile’s foot relative 

to that of an average adult of the same sample. Figure 7 shows plots of actual body mass/body 

mass estimated from adult equations against actual foot area/average adult foot area for that 

sample, pooled over all samples. The latter ratio used sex-specific values, given the smaller feet 

of adult females relative to males. Results for both the multiple regression equation using the 

quadratic equation and the equation incorporating BMI (in this case the average BMI for that 

sample) from Table 5 are shown.  

The relationship between foot size relative to adults and overestimation of body mass 

using adult equations is relatively strong (r = 0.747–0.799). Least squares prediction equations 

are given in the plots. Applying the method requires knowledge of adult footprint size values for 

the sample in question, but that is likely to be the case in the vast majority of situations, in part 

because without presumed adult footprints it is difficult to identify which footprints in a sample 

are likely to be juvenile. To give an example of how to use this method, consider a juvenile foot 
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area that measures 145 cm2, in a sample where the average adult foot area is 200 cm2. Using the 

generic adult quadratic equation (1) in Table 5, the initial body mass estimate for the juvenile is 

43.7 kg. The ratio of actual/average adult foot size is 145/200, or 0.725, which, when entered 

into the formula in Figure 7b, gives a body mass adjustment factor of 0.588, and a final body 

mass estimate of 43.7 × 0.588 = 25.7 kg. Note that while this estimate can be referred to as ‘age-

adjusted’, in fact, no estimate of age per se is required—only the relative size of the footprint 

compared to those of adults. Of course, where to draw the adult/juvenile boundary for any 

preserved footprint sample will always be somewhat arbitrary, but this method should produce 

more accurate results than simply using adult-derived equations on all individuals in a mixed-age 

group. Further examples are given below in the analysis of the Le Rozel sample (section 4.4.). 

3.3. Habitually shod comparisons 

Figure 8 shows the ratio of foot area (length × breadth) to body mass in the habitually 

unshod Indian, shod Indian, and shod European samples studied by D’Août et al. (2009). Unshod 

Indians have significantly larger feet relative to body mass than shod Indians, and both are 

significantly larger than shod Europeans (ANOVA p < 0.0001; all pairwise differences p < 0.01). 

Variation in BMI between the samples is not a factor, as they do not vary significantly in this 

regard (ANOVA and all pairwise differences p > 0.50). The average difference in foot size for a 

given body mass between shod and unshod Indians is 8%; the average difference between shod 

Europeans and unshod Indians is 22%. Given the likely nature of footwear in prehistoric 

samples, the comparison between shod and unshod Indians is probably more relevant to 

interpretations of archaeological footprints. Thus, the area of (bare) footprints made by habitually 

shod individuals in an archaeological context can be converted to equivalent foot areas of 
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habitually unshod individuals by multiplying by 1.08, prior to application of body mass 

estimation formulae, as illustrated below for the Barcun Höyük sample.  

Our earlier finding that higher BMI individuals have smaller feet relative to body mass 

suggests that either stress on the plantar surface of the foot increases with increasing BMI, or that 

there may be compensatory mechanisms to reduce increases in stress. One of these may be to 

increase the actual contact area of the foot with the substrate relative to the overall dimensions of 

the foot. Because true foot contact areas were also determined in the original study (D'Août et 

al., 2009), we can evaluate this possibility by assessing variation in the ratio of actual contact 

area/our ‘area’ (length × breadth) measurement relative to BMI. This has been done in Figure 9 

for the habitually unshod Indian sample. The correlation between relative foot contact area and 

BMI is only moderate but highly significant (r = 0.46, p < 0.0001). Correlations are lower but 

still significant for the habitually shod Indian and European groups (r = 0.31, p < 0.001 and r = 

0.38, p < 0.01, respectively). Thus, there is some evidence that higher BMI is associated with 

relatively greater contact area of the foot, and this is most strongly expressed in habitually 

unshod individuals.  

A summary of the steps involved in estimating body mass from footprint size is given in 

Table 6. Two flowcharts—one for adults, and one for juveniles—are provided. 

 

3.4.  Fossil Applications 

Laetoli Table 7 gives body mass estimates for the five Laetoli trackways using the equations in 

Table 5 based on foot area (length × breadth), except for S2, where foot length was used. 

Estimates using the generic quadratic equations (1 and 2) range between 44 and 64 kg. Based on 

skeletal estimates for A.L. 288-1 and other Australopithecus afarensis specimens, an average 
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BMI of 25 is assumed for this taxon (see explanation in SOM S1). Estimates using this value in 

the BMI equations (4 and 5) range between 51 and 71 kg, and are higher, by an average of 18%, 

than those using the quadratic equation. Previously published body mass estimates from Masao 

et al. (2016) are also listed in Table 7. Both the ‘H. sapiens’ and ‘Au. afarensis’ methods 

(Dingwall et al., 2013) produce lower estimates than those of the present study. In particular, 

estimates using the second method, favored by Masao et al., average 40% and 65% lower than 

our quadratic and BMI-based estimates, respectively (using midpoints of ranges given by Masao 

et al. (2016). Previous estimates using the ‘H. sapiens’ (Daasanach) regression are closer to ours, 

averaging 12% (quadratic) and 32% (BMI) lower.  

Given that the foot size to body size proportions of A. afarensis may have varied 

significantly from those of modern humans (Jungers, 1988a; Masao et al., 2016), we also 

explored foot to body size proportions in chimpanzees and, following Dingwall et al. (2013) and 

Masao et al. (2016), A.L. 288-1. Footprint maximum length and breadth across the metatarsal 

heads were measured on two male adolescent chimpanzees (Pan troglodytes), 6.5 and 6.9 years 

of age and 30.7 and 27.8 kg, walking bipedally over a substrate similar to that used for the 

Daasanach experiments (Hatala et al., 2016a). As with the modern human footprints, foot area 

(length × breadth) was considered to be equivalent to footprint area, based on the results shown 

in Table 3. Because of likely age effects on foot size/body size relationships in chimpanzees as 

well as humans (see SOM S1), we compared the chimpanzees to juvenile humans of a similar 

developmental age – 10 to 15.9 years, i.e., late childhood through mid-adolescence (from just 

before to just after M2 eruption—see Smith, 1991; Smith et al., 1994), derived from our pooled 

sample (n = 34). 
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Results of the comparison are shown in Figure 10. The chimpanzees have very large feet 

relative to body mass compared to humans of a similar developmental age – 3.6 and 5.5 standard 

deviations from the mean foot/area body mass ratio for our human juveniles (Fig. 10a). 

Consequently, using a regression based on the juvenile human sample would overestimate body 

mass in the two chimpanzees by 52% and 78% (Fig. 10b). Thus, if A. afarensis had feet that 

were intermediate in relative size between chimpanzees and modern humans, body masses would 

be overestimated by some amount within this range if a human reference sample were used.  

Figure 11 shows a comparison of foot length relative to stature in our modern human 

adult and juvenile samples, A.L. 288-1, and the two juvenile chimpanzees (for details on foot 

length reconstruction for A.L. 288-1, see SOM S1). A stature of 107 cm was used for A.L. 288-1 

(Jungers, 1988a). Least squares regressions are plotted through our pooled modern human adult 

and pooled juvenile samples. An additional modern human adult data point for a small Akka 

female skeleton whose articulated stature and foot length were reported by Flower (1889) is also 

included (for details see SOM S1). As shown earlier for foot area, foot length in modern human 

juveniles is longer relative to stature than in adults, converging with adults in older juveniles. 

Chimpanzees have foot length/stature proportions that are high for human juveniles as a whole, 

although close to some younger juveniles (the four human data points lying closest to the 

chimpanzees are from individuals 6–10 years old). The Akka individual falls almost exactly on a 

projection of the regression line through our other adult humans. A.L. 288-1 falls above the 

human juvenile regression and well above the human adult regression, including the Akka 

individual. It is closer in proportions to our two chimpanzees than to human adults, and about 

equidistant between chimpanzees and human juveniles. This is probably a conservative 

comparison, since it is likely that chimpanzee adults have smaller foot length to stature 
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proportions than chimpanzee juveniles, i.e., even more like those of A.L. 288-1. Thus, A.L. 288-

1 has relatively long feet compared to modern human adults, approaching those of chimpanzees. 

A similar direct comparison of foot area and body mass is not possible for A.L. 288-1, 

given lack of a foot breadth reconstruction for the fossil. However, if the average foot index 

value of 45.8 for the four Laetoli trackways with a preserved breadth is applied to A.L. 288-1’s 

foot length estimate, a breadth value of 7.8 cm is obtained, giving a foot area of 132.6 cm. Figure 

12 is a plot of body mass against this foot area in A.L. 288-1 and our modern adult combined 

sample fit with the quadratic regression. A.L. 288-1’s body mass is overestimated by 50% using 

this regression, and by 72% using the BMI-based formula (Table 5). These are close to the 

overestimates of body mass in our two chimpanzees using an age-appropriate modern human 

sample (Fig. 10b). They are also very similar to differences between the present body mass 

estimates for the Laetoli sample based on modern humans and those derived by Masao et al. 

(2016) using the ‘Au. afarensis’ body mass/foot length method, especially for the two smallest 

Laetoli trackways (G1 and G3), with average differences of 50% and 73% for quadratic and 

BMI-based methods, respectively. This is not surprising, given that both results are based on the 

proportions of A.L. 288-1.  

Thus, application of any body mass estimation equation based on modern humans to A. 

afarensis footprints is highly questionable. Masao et al. (2016) attempted to address this problem 

by using a range of ratios between foot length and body mass for A.L. 288-1 (Dingwall et al., 

2013) to predict body mass for the Laetoli footprints. However, as discussed further in the 

Discussion, there are both statistical and mechanical arguments against using a ratio between 

foot length and body mass to estimate body mass.  
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Here, we derive a new ratio method for estimating body mass in A. afarensis based on 

estimated foot area and body mass for A.L. 288-1. Using a body mass of 28.9 kg (Ruff et al., 

2018), and a foot area of 132.6 cm, a ratio of body mass/foot area of 0.218 is obtained. This is 

applied to the five Laetoli trackways in Table 8. Foot area for S2 was derived using its foot 

length (Table 7) and the average Laetoli foot index of 45.8. As discussed further below, body 

mass estimates using this technique seem reasonable when compared to those derived for A. 

afarensis from lower limb articular size (Ruff et al., 2018). 

Ileret  

Footprint dimensions and body mass estimates for the Ileret sample are given in Table 9 

for the nine trackways described in Hatala et al. (2017) plus the A2-I2 and I3 prints described by 

Dingwall et al. (2013), together with body mass estimates presented in these previous studies. 

Given the general similarities in body proportions between early H. erectus (KNM-WT 15000) 

and modern humans (Walker and Leakey, 1993), only the ‘H. sapiens’ results from Dingwall et 

al. (2013) are shown. Results for all trackways and isolated prints are given in SOM Table S1. 

For trackways with multiple prints, foot area was calculated separately for each print and then 

averaged, with the average used to calculate body mass. Thus, average foot areas shown in the 

tables for these individuals may not correspond exactly to calculations based on average print 

length and breadth. Based on skeletal reconstructions of KNM-WT 15000 (see SOM S1), a BMI 

value of 24.0 is assumed for BMI-based estimates of body mass.  

Both the quadratic and BMI equations (Table 5) produce body mass estimates that are 

higher than previous estimates based on the Daasanach sample (Dingwall et al., 2013), averaging 

21% higher using the quadratic equation and 31% higher using the BMI-based estimates. 

Differences are greater between our estimates and those of Hatala et al. (2016b) (for a different 
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subsample of footprints), averaging 32% and 41% higher using our quadratic and BMI 

equations, respectively. However, where they overlap, Dingwall et al.’s and Hatala et al.’s 

estimates are generally very similar, except for higher estimates in Dingwall et al. (2013) for 

FLT1 and FUT2. These results are influenced by different average footprint dimensions recorded 

for these two trackways in the two studies, in part because of discovery and association of 

additional prints (FUT2) as well as reevaluation of existing prints (FLT1), both of which led to 

slightly smaller average dimensions in the later study. Thus, taking this into account, the two 

Daasanach-based sets of estimates are quite close, as would be expected. Including all of the 

isolated footprints as well as trackways (SOM Table S1) reduces the difference between the 

present and Hatala et al. (2016b) estimates somewhat, with average differences of 22% and 36% 

for quadratic and BMI equation results, respectively.  

As mentioned earlier, six of the Ileret trackways or prints have relatively small foot areas 

(<200 cm2), which, however, still overlap extensively with our smaller modern adult reference 

samples (Machiguenga and Pumé; Table 2). The issue of how to distinguish juvenile footprints is 

addressed more extensively below. However, it is worth noting here that one of the smallest 

Ileret footprints, FU-X (169 cm2; see SOM Table S1), noted as possibly juvenile by Hatala et al. 

(2016b), produces the largest difference of any individual between body mass estimates using 

their method and the present methods (77–99% larger in the present study). This further 

emphasizes the importance of taking developmental stage into account when applying body mass 

estimation equations. 

Happisburgh  Footprint and foot dimensions and body mass estimates for the three large adult 

prints from Happisburgh (Ashton et al., 2014) are given in Table 10, along with the original 

authors’ body mass estimates, which were derived from Dingwall et al.’s (2013) equations based 
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on the Daasanach sample. Based on skeletal estimates for the Middle Pleistocene Sima de los 

Huesos sample (Carretero et al., 2012) and a sample of Neandertals, an average BMI of 27 is 

assumed here for the Happisburgh sample (see SOM S1 and SOM Tables S2 and S3). 

Body mass estimates for the three adult Happisburgh prints using the generic quadratic 

equation (Table 5) range between 53 and 62 kg, which average 13% higher than Ashton et al.’s 

(2014) estimates (Table 10). Using the BMI-based equation with an assumed BMI of 27 

produces estimates between 69 and 75 kg, averaging 43% higher than Ashton et al.’s estimates. 

Le Rozel  Dimensions of the 35 most complete Le Rozel footprints are given in Table 11, 

arranged in order from longest to shortest, which was used to determine age categories (from 

calculated statures) by Duveau et al. (2019). The three longest, which may belong to the same 

individual, were identified as adult by the original authors. The next 14 longest prints were 

tentatively assigned as adolescents, although the authors note that “the stature gap between adults 

and adolescents is small, and footprints placed near the limit between these two classes could be 

misclassified” (Duveau et al., 2019: 19412). To gain a better idea of the potential range of 

overlap in foot size between adults and adolescents, the percent difference between the minimum 

adult value and the mean adult value for foot area was calculated for each of our four modern 

reference samples that included juveniles. The mean was 75%, and all samples fell between 70% 

and 78%. Therefore, values for foot area down to 75% of the mean adult value were considered 

to be potentially made by smaller (typically female) adults. Distributions of foot area values for 

adults and juveniles in the two best represented living samples— Machiguenga and Daasanach—

are shown in Figure S4. 

The mean foot area of the three largest prints from Le Rozel is 319.9 cm2. As shown by 

the original authors (Duveau et al., 2019) and in SOM S1, these prints were very likely made by 
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adult males, or possibly one male. To obtain an average foot area over both adult males and 

females, we again used our reference samples (in this case, all five, including Samoans) to 

calculate mean male/mean female values, which varied from 1.17 and 1.27 between samples, 

with a mean of 1.23. This produces a hypothetical mean adult female foot area value of 

319.9/1.23 = 260 cm2, and a pooled adult mean of 290 cm2 for the Le Rozel sample. This value 

was used to calculate the juvenile/adult foot area ratio for juveniles or potential juveniles in the 

sample, to use with the equations in Figure 7 to adjust adult-based body mass estimates. We also 

consider any foot areas that are 75% or more of 290 cm2 (i.e., ≥218 cm2) to be potentially those 

of small adults (Fig. S4). 

Using the generic quadratic equation (Table 5), the estimated average body mass of the 

three largest footprints is 81.4 kg (range 68–98 kg) (Table 11). Using an average BMI of 27, 

derived from a sample of 11 adult Neandertals (SOM S1 and SOM Table S3), the average 

estimated body mass for these prints is 83.7 kg, with a smaller range of estimates (78–90 kg). 

Five other ‘adolescent’ prints have estimated foot areas within the potential range of adults, i.e., 

within 75% of the estimated mean adult value. One of these—2017-103—has a foot area that 

overlaps with the three definitively adult values, because of its very wide foot (foot index 61.0). 

Adult body mass estimates for these five individuals range from 53.6 to 68.5 kg (quadratic 

method) and 69.4 to 78.3 kg (BMI method). If they are considered to be juveniles and adjusted 

downwards using the juvenile adjustment factor (Table 11), the ranges are 34.0–55.3 kg 

(quadratic) and 47.3–66.5 kg (BMI), averaging 25–29% lower than the adult estimates, with 

differences increasing with decreasing foot size (and likelihood of being an adult). Other 

‘adolescents’ range between 19.2 and 31.1 kg (quadratic equation) and 28.6 and 44.3 kg (BMI 

equation), using the juvenile age adjustment. Estimates for children, with the age adjustment, 



 32 

range from 5.8 to 28.5 kg (quadratic) and 8.2 to 26.5 kg (BMI). In all cases except the very 

largest print (2017-86), body mass estimates using the BMI method are larger than those using 

the generic quadratic method, with estimates averaging about 40% larger for adolescents and 

children. 

To further explore age-related variation in body mass to foot area proportions, body mass 

or estimated body mass is plotted against foot area in the Machiguenga and Le Rozel samples in 

Figure 13. The Machiguenga plot (Fig. 13a) clearly demonstrates the large range of body masses 

associated with individuals with foot areas of about 135–155 cm2, which corresponds to 75–87% 

of the mean adult value (Table 2). This group includes both female adults (16 years or older) and 

adolescents of both sexes (12–15.9 years). Thus, it is not possible to separate female adults from 

adolescents in this foot size range. The high variability in body mass relative to foot area in this 

size range is also due to the continuing increase in stature and body mass in late adolescence 

after foot growth has completed, as discussed earlier. The same pattern is evident in the plot for 

the Le Rozel sample (Fig. 13b)—the five intermediate-sized footprints (within 75% of the 

estimated mean adult value) could represent either late adolescents or female adults. Body mass 

estimates both with and without age-adjustment are shown for these specimens. 

The overall shape of the two distributions in Figure 13 is strikingly similar, although the 

Machiguenga sample does not extend into as low a size (and implied age) range as the Le Rozel 

sample. The minimum age for the Machiguenga sample is 6.7 years (Table 2). Based on a 

comparison of foot length with that in a modern US ontogenetic sample (Anderson et al., 1956), 

the smallest Le Rozel footprint may have been made by a 1-year-old, and several were probably 

under 4 years of age. Whether our method for age adjustment of body mass values can be 

extrapolated to individuals that young is not certain, although the ‘growth’ curve in Fig. 13b for 
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Le Rozel looks reasonable. Adjusted body mass estimates using the BMI-based equation also 

seem reasonable for modern children with similar foot lengths. Anderson et al. (1956) did not 

report body masses for their sample, but such data are available for a closely matched sample 

(Anderson et al., 1965) measured by Reed and Stuart (1959). Modern children in the age range 

1–4 years had body masses of 9.9 to 16.4 kg (average of males and females). This compares to 

adjusted body mass estimates for the five smallest Le Rozel individuals, whose foot lengths fall 

into the 1–4-year range in Anderson et al.’s (1956) study, of 8.2 to 19.6 kg, using the BMI 

method. Adjusted body mass estimates for these Le Rozel infants using the quadratic equation 

seem less reasonable (too small), varying between 6.2 and 13.3 kg. Unadjusted body masses for 

these individuals using either adult equation are all over 42 kg (Table 11), which are obviously 

much too high, illustrating the need for age adjustment when applying either method to juveniles. 

Barcin Höyük Dimensions of the Neolithic footprint from Barcin Höyük are given in Table 12. 

Given the likelihood that this individual habitually wore shoes (Atamtürk et al., 2018), foot area 

was multiplied by 1.08 based on the difference between habitually shod and unshod Indians 

described in section 4.3 (D'Août et al., 2009). This is considered a more appropriate comparison 

than that between unshod Indians and shod Europeans, first, because it minimizes possible ethnic 

(genetic) effects, and second, because the footwear environment of the habitually shod Indians in 

D’Août et al.’s sample is likely to have been more similar to that of the inhabitants of Barcin 

Höyük. 

Body mass estimates using the generic quadratic and BMI-based equations (Table 5) are 

given in Table 12, along with previous estimates by Atamtürk et al. (2018) based on a study of 

habitually shod Turkish subjects (Atamtürk, 2003; also see Atamtürk and Duyar, 2008) and 

(probable) habitually unshod Indians (Krishan, 2008, see above). Only the previous forefoot 
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breadth estimates, favored by the authors, are shown. A BMI estimate of 24 for the Barcin 

Höyük individual can be derived from stature and body mass estimates for a large skeletal 

sample from Çatalhöyük, another Turkish early Neolithic site that overlapped temporally (7100–

5940 BCE) with Barcin Höyük (Larsen et al., 2019; Knüsel et al., 2021) (see SOM S1).  

Estimated body mass using the generic equation is 55.6 kg, and using the BMI equation 

63.5 kg. Both estimates are less than those using the modern Turkish (71.9 kg) and Indian (65.4 

kg) equations, although the BMI-based estimate is close to the Indian-based estimate. Atamtürk 

et al. (2018) favored the higher Turkish estimate.  

There are several factors that probably contribute to the differences in present and 

previous body mass estimates for this specimen. In both Atamtürk’s (2003) and Krishan’s (2008) 

studies, footprints were measured from water or ink on paper prints made while subjects were 

standing on a hard incompressible surface, which likely affects dimensions relative to either 

anthropometric foot measurements or measurements of footprints made in a deformable substrate 

(SOM Fig. S1).2 Atamtürk’s (2003) modern reference sample was habitually shod, which affects 

foot dimensions, as shown above. Another influence on these results is variation in BMI between 

the reference samples. The Turkish reference sample (combined sexes) had an average BMI of 

about 26 (Atamtürk and Duyar, 2008), while the average BMI of the Indian sample was likely 

much lower. Thus, the Turkish equation gives a higher estimate and the Indian equation a 

relatively lower estimate, although both are higher than our estimates. Based on results for the 

closely related Çatalhöyük sample, we would argue that a body shape for the Barcin Höyük 

individual intermediate between those of the modern Turkish and Indian reference samples is 

most likely. Our BMI-based estimate for the Barcin Höyük individual is quite close to the 

average body mass estimated for Çatalhöyük males of 63.9 kg (±4.6 SD) (Knüsel et al., 2021). 
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The 71.9 kg estimate favored by Atamtürk et al. (2018) is greater than all but three (94%) of the 

males from Çatalhöyük.  

 

4.  Discussion 

4.1.  Body Shape and Body Mass Estimation 

Foot area (maximum length × breadth) is highly correlated with body mass in our pooled 

adult sample of 193 habitually unshod individuals. As a consequence, a quadratic equation based 

on foot area can predict body mass with an average %PE of about 10% in this sample. Similar 

equations based on just foot length or breadth have slightly greater associated errors. This 

method makes no assumptions about body shape and is theoretically applicable to any adult 

footprint.  

However, there is also strong evidence that body shape significantly affects the 

relationship between foot size and body mass. Populations that are relatively heavier-bodied for 

their stature, i.e., have a high BMI, have relatively smaller feet. Thus, if information regarding 

body shape can be incorporated into prediction equations, prediction accuracy can be 

significantly improved. Multiple regression equations that include both foot size and an 

estimated BMI have %PEs of body mass that are only about half as large as those using generic 

quadratic equations. Of course, these prediction errors under-predict actual error when applied to 

fossil footprints, since BMI will not be known for the individuals making the prints. As shown in 

several examples, it is possible to estimate an average BMI for a taxon or population using 

estimates of stature and body mass derived from appropriate skeletal specimens, and then use 

this reference value in prediction equations for individual prints or trackways. There is 

significant uncertainty in such a procedure, however—BMI varies between individuals, even 
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within populations (coefficients of variation of BMI range between about 8 and 9% in our five 

living samples); skeletal estimates of stature and body mass in past reference individuals or 

samples are themselves subject to error; past reference individuals or samples are imperfectly 

matched, to varying degrees, with target footprint samples. Given these uncertainties, it is 

reasonable to ask whether use of the BMI-based equations is justifiable, i.e., whether they will 

actually improve body mass predictions. 

 One way to assess this is to compare body mass estimates calculated using a range of 

BMI values with those estimated using the generic quadratic equations. This has been done in 

Figure 14, using foot areas ranging from 140 cm2 to 350 cm2, the approximate total range of 

variation in our living adult sample (and encompassing virtually all of our adult fossil footprints) 

and a range of BMI values from 22 to 27, which includes the range of values that we assumed for 

our fossil footprints based on skeletal estimates from related individuals or samples. If we take 

the Ileret footprint sample as an example, where an assumed BMI of 24 based on the 

reconstructed body proportions of KNM-WT 15000 was employed, varying the assumed BMI by 

±1 unit (from 23 to 25) results in an average change in estimated body mass of about ±4%; 

varying the assumed BMI by ±2 units (from 22 to 26) changes estimated body mass by about 

±8%. The latter is less than the average %PE of the generic quadratic equation. Thus, moderate 

changes in assumed BMI do not have very large effects on body mass estimation. 

Figure 14 also illustrates the effects of using the generic quadratic versus the BMI-based 

equations. The average BMI of our pooled living adult sample is 21.8. In most of the foot area 

range—up to 300 cm2—the quadratic equation returns body mass estimates that are quite close 

(within ±8%) to those obtained using the BMI equation with an assumed BMI of about this 

magnitude (22 in Fig. 14). In other words, the quadratic equation produces estimates that mimic 
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the average body shape of the pooled modern sample, except in the largest footprint size range (> 

300 cm2), where it mimics the Samoan sample (average BMI = 27.4), which includes almost all 

the individuals with feet this large and thus drives the quadratic equation in this range. What this 

means is that the quadratic equations will be highly dependent on the body shape (BMI) of the 

reference samples, as well as body size-shape scaling relationships characteristic of the reference 

sample (e.g., larger–bodied and higher–BMI Samoans). In contrast, the BMI-based equations 

incorporate body shape as a variable, and are thus not as dependent on the particular distribution 

of body shapes in the pooled reference sample, as long as these encompass the probable range of 

values in the target footprint samples.  

The effects of this factor can be clearly seen in comparisons of quadratic and BMI-based 

estimates for the Happisburgh and Le Rozel samples. A BMI value of 27 was used here for these 

samples, based on averages calculated for two higher latitude Middle-Late Pleistocene skeletal 

samples—Sima de los Huesos and Western Eurasian Neandertals. While there is variability in 

estimated BMI within these skeletal samples (SOM Tables S2 and S3), all individual BMI 

estimates are relatively high (over 24), which as discussed further below is consistent with all 

available information concerning body form in Early-Middle Pleistocene higher latitude 

hominins. Use of the generic quadratic equation models body shape as much more linear, i.e., 

with a BMI nearer to 22, for individuals with foot areas less than 300 cm2, which includes all of 

the Happisburgh and many of the adult and possibly adult Le Rozel footprints, as well as all of 

the juvenile Le Rozel footprints. These quadratic equation estimates are thus almost certainly too 

low.  

Thus, whenever feasible, the BMI-based equations are recommended over the generic 

quadratic equations. The effects of error in BMI estimation can be incorporated, if desired, by 
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calculating body masses using a range of BMI values. This depends on having some information 

on probable average body shape in the target sample, derived independently. Foot index 

(breadth/length) values can give some corroboratory evidence, although the relationship between 

foot index and BMI is relatively weak. If information on body shape is unavailable or unreliable, 

the quadratic equations can be employed. It should be recognized, though, that use of the 

quadratic equations will inherently produce estimates that model body shape as fairly linear, i.e., 

as equivalent to the average body shape of our living pooled reference sample (except in the 

larger foot size range). 

One other implication of our findings is that in general, prediction equations developed 

from a population with a particular body shape (BMI) will not produce accurate estimates when 

applied to populations with different body shapes. The most commonly used body mass 

prediction equations in human paleontological research were derived from studies of the 

Daasanach, a very linear population with the lowest average BMI of any of our samples 

(Dingwall et al., 2013; Hatala et al., 2016b). Given our current results, these equations will 

produce significant underestimations of body mass when applied to footprints made by 

individuals with higher BMIs. These would include, in all likelihood, the three footprint samples 

where the Daasanach-based equations have been applied—Laetoli, Ileret, and Happisburgh 

(Dingwall et al., 2013; Ashton et al., 2014; Hatala et al., 2016b; Masao et al., 2016). Body mass 

estimates for the Ileret sample average 21-32% higher using our quadratic foot area equation, 

and 31–41% higher using our BMI-based equation than previous estimates. For the Happisburgh 

sample, our new body mass estimates average 13% higher for the quadratic equation, and 43% 

higher for the BMI-based equation. As shown below, the new estimates are more consistent with 

previous skeletal estimates of body mass for related samples. 
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Our results also have broader implications regarding variation in relative foot size. Our 

observation that differences in foot size/body mass proportions between modern populations are 

characteristic of juveniles as young as seven years of age (comparisons between the 

Machiguenga and Daasanach samples) indicates an early development of such proportional 

differences. This in turn suggests that there may be some fundamental developmental-genetic 

mechanisms that lead to different foot size/body mass relationships in populations with different 

overall body shapes. 

Finally, the relatively smaller foot of higher-BMI populations has biomechanical 

implications, suggesting either an increase in stress (force per unit area) or other compensatory 

mechanisms to reduce stress on the plantar surface with increased BMI. Comparisons within a 

habitually unshod Indian sample of true plantar surface area to the ‘area’ (maximum length × 

breadth) dimension employed here indicated that relatively more of the plantar surface area is in 

contact with the substrate in higher-BMI subjects, potentially reducing stress. A similar pattern 

was found in habitually shod Indian and European subjects from the same study, but the 

relationship was weaker, possibly because of lower foot compliance (Kadambande et al., 2006). 

A similar phenomenon has been observed in clinical studies of obese versus non-obese children 

(Dowling et al., 2001). Increased plantar pressure has also been observed in obese versus non-

obese children and adults (Dowling et al., 2001; Hills et al., 2001; Birtane and Tuna, 2004). 

Obesity per se is not a factor in the present study comparisons: all of our samples were relatively 

lean, including the Samoans (R. Wunderlich, pers. obs.). However, it is possible that even within 

the clinically “normal” range, variation in BMI is associated with changes in both plantar contact 

surface area distributions as well as plantar pressure magnitudes and distributions. In the future 

we intend to explore these factors in our unshod samples using available footprint and pressure 
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pad data. Another factor that should be further explored among habitually unshod populations is 

the possible effect of burden carrying on foot size relative to body size (Dowling et al., 2001; 

Wall-Scheffler et al., 2015). 

 

4.2. Estimation of Body Mass in Juveniles 

Children have larger feet relative to body mass than adults, with the difference 

diminishing with age. This is likely brought about by both different growth trajectories of the 

foot and the rest of the skeleton, as well as increasing BMI with age. As a result, body mass 

estimation equations developed for adults cannot be used on juveniles without adjustment, and 

any adjustment factors will be age-dependent. Because age itself cannot be estimated accurately 

from footprints alone, we suggest using a procedure that involves first calculating the average 

adult foot area for a footprint sample, then the ratio of foot size in the juvenile print to this value. 

This ratio is then placed into regressions that produce adjustment factors to apply to body masses 

estimated using adult formulae. The adjustments appear to provide reasonable body mass 

estimates for juveniles in the Le Rozel archaic H. sapiens (Neandertal) sample (Duveau et al., 

2019). When using the BMI-based equations, this assumes that variation in body shape in 

juveniles parallels variation in adults from the same population or taxon, which appears to be 

well justified based on comparisons within modern humans (Ruff et al., 2002; Cowgill et al., 

2012). 

There is extensive overlap between smaller adults and older adolescents in foot size, 

making identification of juveniles in this size range difficult from footprint size alone. In our 

living reference samples, the smallest adult foot area averaged 75% of the mean adult foot area, 

so this can be used as an approximate threshold for identifying possible adult footprints. 
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However, the mean adult foot area is itself dependent on which individuals are considered adult, 

so this can be somewhat circular. The procedure is also subject to possible sampling bias; for 

example, the only definitive adult footprints in the Le Rozel Neandertal sample (Duveau et al., 

2019) were very likely those of a male or males. In this case the average difference between 

adult male and female foot area in our reference samples (23% larger in males) was used to 

calculate a hypothetical adult female value, and an average adult value. Both adjusted and non-

adjusted body masses can be calculated in probable areas of overlap between adults and 

adolescents, providing a range of values. The 75% threshold for identifying possible adult 

footprints will also be dependent on the degree of sexual dimorphism characteristic of a 

taxon/population—greater overall dispersion among adults will lower this threshold and increase 

overlap between adults and older juveniles. Although sexual dimorphism in body mass is slightly 

greater in Neandertals than in modern humans (Ruff et al., 2018), the effects of this factor on our 

analyses of the Le Rozel sample are likely to have been very small.  

 

4.3. Estimation of Body Mass in Habitually Shod Individuals 

Comparisons between habitually unshod and shod individuals from the same ethnic 

group (D'Août et al., 2009) suggest increasing footprint areas by 8% before applying our body 

mass estimation equations to (bare) footprints made by habitually shod individuals. This 

adjustment applies to situations involving use of relatively loose footwear of the type likely worn 

by most pre-industrial populations, i.e., to archaeological samples. Similar comparisons to 

individuals wearing more confining Western-style footwear are potentially affected by ethnic 

differences in foot shape, but provisionally suggest a much greater adjustment (+22%) of foot 

area when applying our equations to such samples. Additional direct studies of footprint size and 
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body mass in Western industrial populations are recommended before applying any body mass 

estimation equations, e.g., in a forensic context. 

 

4.4.  Specific applications 

Laetoli  Our body mass estimates for the Laetoli footprints are consistently larger than previous 

estimates based on equations either derived from the Daasanach sample or reconstructions of 

A.L. 288-1’s foot length and body mass (Masao et al., 2016; the ‘Au. afarensis’ method). 

Because “the body proportions of modern Homo sapiens are considerably different from those of 

the Laetoli putative track-makers” (Masao et al., 2016: p. 17), i.e., Australopithecus afarensis, 

Masao et al. considered the ‘Au. afarensis’ estimates to be more realistic. They also note that 

their ‘Au. afarensis’ body estimates are generally concordant with those derived for this taxon by 

Grabowski et al. (2015). However, those estimates have been questioned on several grounds, 

with larger body masses argued to be more probable based on preserved skeletal specimens (Ruff 

et al., 2018). The average body mass for A. afarensis derived in the latter study is 49.3 kg (range 

29–60 kg), with male and female means of 57.2 and 33.5 kg, respectively. This is still smaller 

than the BMI-based footprint estimates of the present study (mean 62.0 kg, range 51–71 kg), 

although closer to the quadratic equation estimates (mean 53.0 kg, range 44–64 kg).  

There are several potential explanations for the difference in results between previous 

skeletal estimates of body mass in A. afarensis and the larger estimates produced by our BMI or 

quadratic regressions applied to footprints. The Laetoli trackways may be sampling a different, 

generally larger-bodied subset of the taxon than the Afar skeletal specimens. The available fossil 

material from Laetoli and Hadar does not support such an inference, however (Johanson and 

White, 1979; White, 1985; White and Suwa, 1987). The average BMI estimate of 25 derived 
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here for A. afarensis may be too large. However, even the generic quadratic equation, based on a 

pooled sample with a much lower average BMI, produces body mass estimates that are higher 

than previous skeletal estimates. Given various lines of evidence indicating a relatively wide 

body and thus high relative body weight to stature in A. afarensis (Aiello, 1992; Ruff, 2017), it 

seems very unlikely that it was characterized by a very linear body build. Taphonomic and post-

depositional factors may have affected dimensions of the Laetoli prints, although distortion of 

the better-preserved prints appears to be minimal, except as noted (White and Suwa, 1987; 

Masao et al., 2016).  

Therefore, the most likely explanation of the divergence in results between skeletal and 

the present footprint-based body mass estimates in A. afarensis is that foot size relative to body 

mass was different in A. afarensis and modern humans, as suggested by Masao et al. (2016; also 

see Dingwall et al., 2013). Comparisons of reconstructed foot length to stature in A.L. 288-1 

support this interpretation, with A.L. 288-1 having proportions more similar to those of 

chimpanzees than modern human adults. Consequently, body mass estimated from foot area, 

using the average foot index value of the Laetoli footprint sample to calculate foot breadth in 

A.L. 288-1, is 50–72% larger than body mass estimated from hind limb joint size in A.L. 288-1.  

As an alternative to regressions based on modern humans, Masao et al. (2016) used a 

range of ratios between foot length and body mass for A.L. 288-1, developed by Dingwall et al  

(2013), to predict body mass for the Laetoli prints. However, use of ratios in this way assumes 

isometry between foot length and body mass (Hens et al., 1998). In fact, foot length and body 

mass are strongly non-isometric (slopes depart from 1.0) in our modern sample, as might be 

expected from both dimensional differences and mechanical principles: RMA slopes of log-

transformed foot length on body mass for individual adult samples range between 0.391 and 
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0.628 (mean 0.510, standard errors 0.043–0.082) and for the pooled sample 0.474 (standard error 

0.023). This will lead to biased estimates of body mass, particularly in individuals furthest from 

A.L. 288-1 in body size, i.e., large A. afarensis. In contrast, similar log-log regressions of foot 

area on body mass in our modern human samples are isometric, with RMA slopes non-

significantly different from 1.0, ranging in individual samples between 0.85 and 1.17 (mean 

1.04, standard errors 0.10–0.13) and through the total combined sample 0.97 (standard error 

0.04). These results are consistent with mechanical predictions that foot surface area (not length) 

should be proportional to body mass, producing equivalent stress (force/area) under loading.   

Therefore, we developed a new method based on the ratio of body mass to estimated foot 

area in A.L. 288-1 (0.218) to estimate body mass for the Laetoli footprints. Body mass estimates 

using this technique seem reasonable when compared to those derived for A. afarensis from 

lower limb articular size of nine specimens (Ruff et al., 2018). The average body mass of the five 

Laetoli trackways is 47.9 kg, compared to 49.3 kg using skeletal estimates. The coefficient of 

variation (corrected for small sample size; Sokal and Rohlf, 1981) is 27.2%, compared to 26.3% 

for skeletal estimates. If the two smaller trackways (G1 and G3) are considered to be made by 

adult females and the three larger trackways (S1, S2, and G2) by adult males, average male body 

mass is 56.7 kg, and average female body mass is 34.9 kg, with a M/F ratio of 1.62 (log(M/F) + 

1 ratio of 1.48) (see Ruff et al., 2018 for details). These compare favorably with values of 57.2 

kg for males, 33.5 kg for females, and a M/F ratio of 1.71 (log(M/F) + 1 ratio of 1.54) based on 

skeletal dimensions (Ruff et al., 2018). The similarity in footprint and skeletal estimates using 

these sex (and age) assignments also does not support the tentative suggestion of Masao et al. 

(2016) that the G2 trackway was made by an adult female and the G1 and G3 trackways by 

juveniles. As shown earlier, though, it is not possible to distinguish small adults from older 
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adolescents using footprint size alone. Using modern human footprint samples to identify a 

threshold distinguishing likely small adults from juveniles (e.g., the 75% of average adult size 

threshold used for the Le Rozel sample) is obviously not appropriate when size dispersion and 

sexual dimorphism is much greater than in modern humans, as is the case for A. afarensis 

(McHenry, 1992; Ruff et al., 2018). 

Use of the body mass to foot size proportions of A.L. 288-1 as a model for A. afarensis 

assumes that, as in modern humans, foot area scaled isometrically to body mass in small and 

large (adult) individuals of this taxon. The discovery of additional, larger A. afarensis specimens 

that include associated foot and other skeletal elements will allow testing of this assumption. 

Whether this method is applicable to other australopith taxa also awaits additional associated 

fossil material. We do not recommend applying the method to H. erectus and later Homo, since 

other body proportions are generally similar to those of modern humans (Walker and Leakey, 

1993) and there is no reason to suspect that foot length was relatively increased (also see Bennett 

et al., 2009). 

Ileret  Body masses for the Ileret sample estimated from either the quadratic or BMI-based 

equations are larger than those using the Daasanach equation (Dingwall et al., 2013), which can 

be attributed to the low BMI of the Daasanach sample. Our BMI-based equation produces 

estimates that are closest to those derived from skeletal material of East African H. erectus or 

early Homo (Ruff et al., 2018). The mean skeletal body mass estimate of two East African H. 

erectus (KNM-WT 15000, as an adult, and OH 28) is 69.4 kg; the mean estimate for three 

temporally earlier East African ‘erectus-like’ early Homo (KNM-ER 1472, 1481, and 3228), not 

including KNM 5881/2, which is probably H. habilis (sensu stricto) (Ruff et al., 2018), is 59.8 

kg, with an overall mean for the five specimens of 63.6 kg. These estimates compare favorably 
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to a mean body mass estimate of about 65 kg for the Ileret sample (trackways and A2 prints only, 

or trackways and all prints), using our formula with an assumed BMI of 24, and are all much 

greater than estimates derived from the Daasanach equation, which average 49–50 kg.  

Applying the ‘means’ method (Plavcan, 1994), male and female body masses using the 

BMI-based method are 68.8 and 59.6 kg (trackways and A2 prints) or 70.9 and 58.2 kg 

(trackways and all prints), respectively, yielding estimates of sexual dimorphism of 1.15–1.22 

(M/F) or 1.14–1.20 [(log)M/F + 1] (the higher estimates are for the total sample). Estimates of 

sexual dimorphism in East African H. erectus based on skeletal remains are very tenuous given 

the limited available evidence, but the above values are consistent with a general decline in 

sexual dimorphism in H. erectus compared to australopiths (Antón et al., 2014; Ruff et al., 2018; 

although also see Spoor et al., 2007). Our results for the total trackway + track sample are 

consistent with Villmoare et al.’s (2019) conclusions based on analyses of Ileret footprint 

lengths, i.e., that they are “less dimorphic than gorillas or A. afarensis but slightly more 

dimorphic than modern humans” (p. 9) (modern humans average 1.15 for sexual dimorphism in 

body mass; Ruff et al., 2018). The average estimated body mass for the Ileret tracks of 65 kg is 

also consistent with a significant increase in overall body size in early Homo (not including H. 

habilis) compared to australopiths (McHenry, 1994; Ruff et al., 2018). 

Happisburgh Our new body mass estimates for the Happisburgh sample are similar to those 

previously obtained for other post-1.7 Ma Early and Middle Pleistocene Homo (not including H. 

habilis). The three Happisburgh adult prints produce estimates that average 71.4 kg using an 

assumed BMI of 27, which compares with means of 69.4 kg for two East African H. erectus and 

72.1 kg for 19 Middle Pleistocene archaic Homo (Ruff et al., 2018). Previous estimates (Ashton 

et al., 2014) based on the Daasanach equations (Dingwall et al., 2013) are much lower. Ashton et 
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al. (2014) noted the uncertainty inherent in applying equations derived from a tropically 

proportioned population to higher latitude specimens, but also suggested that a high body mass 

relative to stature is “not seen in most European skeletal fossil assemblages” (their Supporting 

Information, p. 3). In fact, all available evidence from higher latitude Early and Middle 

Pleistocene hominin specimens indicates that they were quite wide-bodied. This includes the 

probable cool temperate to ‘hyperarctic’ body proportions of the Middle Pleistocene Boxgrove 

tibia (Trinkaus et al., 1999); the “wide and large body type” of the Sima de los Huesos Middle 

Pleistocene sample (Arsuaga et al., 2015: 11525); the very long clavicle (161.5 cm) of the Early 

Pleistocene Gran Dolina ATD6-50 H. antecessor specimen, most similar to those of larger male 

Neandertals (Carretero et al., 1999); and the very wide pelvis relative to ulna length of the 

Middle Pleistocene Jinnuishan 1 specimen (Rosenberg et al., 2006). No European skeletal 

samples from any time period, including somewhat more linear anatomically modern H. sapiens 

from the terminal Pleistocene and Holocene, exhibit average estimated BMIs approaching those 

of the Daasanach (Niskanen et al., 2018). Thus, Happisburgh estimates based on that sample are 

almost certainly much too small. Even use of more moderate BMI estimates of 24 (our estimate 

for East African H. erectus) to 26 still produces average body mass estimates for Happisburgh of 

64–69 kg, almost 30–40% larger than previous estimates. The new larger body masses for the 

Happisburgh sample are consistent with its provisional attribution to H. antecessor (Ashton et 

al., 2014), which has stature estimates based on skeletal remains of 170.5–174.5 cm (Carretero et 

al., 1999; Lorenzo et al., 1999). However, our new estimates also fall comfortably within the 

range of other Early and Middle Pleistocene Homo, including the Atapuerca sample, as well as 

Late Pleistocene archaic Homo (Neandertals) (Ruff et al., 2018).  
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Given the small number of Happisburgh probable adult prints, it is difficult to evaluate 

the level of sexual dimorphism in body mass represented in the sample.  All three prints produce 

estimates (using the BMI method) within about 6 kg, or 9%, which is considerably less than 

average sexual dimorphism in Homo (Ruff et al., 2018), suggesting that the three prints may 

represent a single sex (or individual), or simply nonrandom sampling of males and females. 

Le Rozel  The average body mass of 83.7 kg for the three large prints in the Le Rozel sample, 

using our favored BMI method and assuming a BMI of 27, is about equal to the largest body 

masses calculated from skeletal remains of Neandertals (Ruff et al., 2018). Estimated statures 

associated with these three footprints average 174.8 cm (Duveau et al., 2019 and Duveau, pers. 

comm.), which is close to the maximum estimated for Neandertals from skeletal remains 

(Duveau et al., 2019: Supplementary Information), so are consistent with the body mass 

estimates. The juvenile body mass estimates for this sample, using the BMI method and applying 

the juvenile adjustment, seem reasonable when compared to modern human children, including 

infants, supporting use of this technique throughout the full developmental age range.  

Barcin Höyük A skeletal sample from a temporally, geographically, and culturally similar 

population from Çatalhöyük, Turkey provides guidance on a reasonable BMI value for this early 

Neolithic footprint. An adjustment for probable habitual use of footwear is also incorporated. 

When this is done, body mass estimates are lower than those obtained using a modern Turkish 

sample. Like the Ileret footprint analyses, this illustrates the dangers in using current local 

populations as models for past populations (Bennett and Morse, 2014), and the value of 

appropriate skeletal remains in reconstructing probable body shape.  

 

5. Conclusions 
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Body mass is highly correlated with foot size in a sample of 193 habitually unshod 

modern human adults from five populations representing a wide range of body sizes and shapes 

(Machiguenga, Daasanach, Pumé, Hadzabe, Samoan). A quadratic equation based on foot area 

(maximum length × breadth) predicts body mass with an average percent prediction error of 

about 10%. However, when broken down by population, body shape, represented here by body 

mass index (BMI, body mass/stature2), has a significant impact on this relationship: populations 

with higher BMIs have relatively smaller feet. This effect is apparent even among children from 

the same populations (n = 50), suggesting innate (genetic) influences. Therefore, prediction 

equations that incorporate BMI are also developed. These have much smaller associated 

prediction errors, although true errors will be larger because BMI itself must be estimated for 

target samples. This can be done using mean values from appropriate related skeletal samples 

where stature and body mass can be independently estimated. We also develop conversions for 

footprint size to foot size using associated data from a study of footprints made in a natural 

substrate. 

Our analyses of juveniles show that children have relatively larger feet than adults from 

the same populations but converge with adults in late adolescence. Thus, adult equations cannot 

be used on footprints made by juveniles without adjustment. Because age is difficult to 

determine from footprints, we develop a technique based on footprint size relative to average 

adult footprint size to calculate an adjustment factor to body mass estimates derived from adult 

formulae. Based on comparisons between habitually shod and unshod individuals from the same 

ethnic group, we also develop an adjustment to footprints made by habitually shod individuals, 

multiplying them by 1.08, before applying the present study equations. 
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When applied to a series of footprint samples spanning from the Pliocene to the 

Holocene, the equations, particularly the BMI-based equations, generally produce body mass 

estimates that are consistent with skeletal estimates for the same taxa or regional population. The 

exception is the footprint sample from Laetoli (Australopithecus afarensis, 3.66 Ma), where 

footprints produce estimates that are higher than skeletally-based estimates for this taxon. 

Further exploration of foot size/body size relationships in modern humans, chimpanzees, and A. 

afarensis shows that A. afarensis (A.L. 288-1) has relatively large feet compared to modern 

human adults and is closer to modern human children and chimpanzees in this regard. A different 

method based on the ratio of estimated body mass to foot area of A.L. 288-1 (0.218) is developed 

and appears to provide more reasonable body mass estimates for the Laetoli footprints.   
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Footnotes 

 

1 A seventh study, carried out by Hatala et al. (2016b), also developed a method for estimating 

body mass from footprint dimensions, based on a random forests model applied to a mixed-age 

Daasanach sample. Since one of the dimensions in the model is average footprint depth (i.e., not 

foot size per se), it is not included among the studies listed in Table 1. 

 
2 Atamtürk and Duyar (2008) presented equations based on foot dimensions in the same 

sample—also while standing on a hard surface—but Atamtürk et al. (2018) utilized the earlier 

equations based on footprints (Atamtürk, 2003) in their analyses. 
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Figure Legends 
 

 
Figure 1. Body mass versus foot area in pooled adult sample, with quadratic regression (see 

Table 5 for equation). 

 

Figure 2.  Body mass versus foot area (maximum length × forefoot breadth) in five habitually 

unshod adult samples. Least squares regressions fit through each sample. Regression slopes are 

equivalent, but elevations are highly significantly different, with higher-BMI samples having 

relatively larger body mass for foot area. 

 

Figure 3. Body mass index (BMI, [body mass/stature2] × 100) versus foot index ([foot 

breadth/foot length] × 100) in five adult samples. The two variables are only weakly correlated, 

but very low and very high foot index values are generally associated with low and high BMI 

values. 

 

Figure 4. Box plots of foot area/body mass in adults (filled) and juveniles (under 16 years, 

open) in four samples. Juveniles have significantly larger feet for their body mass in all samples. 

 

Figure 5. Body mass versus foot area in Machiguenga (blue circles) and Daasanach (orange 

squares) by age group: filled symbols adults; open symbols: juveniles. Least squares regressions 

fit through each sample/age group. Juveniles have smaller body masses for their foot size, but 

approach adults in adolescence. Difference in body mass/foot size proportions observed between 

the two adult samples are also characteristic of juveniles.  



68 

Figure 6. Body mass index (BMI) versus age in pooled juvenile and adult sample, fit with 

LOWESS regression. BMI increases through late adolescence. 

Figure 7. Actual/adult predicted body mass versus actual/adult foot area in pooled juvenile 

sample, with least squares regressions: b) body mass predicted using quadratic equation in 

Table 5; a) body mass predicted using BMI equation in Table 5. SEE = standard error of 

estimate. The formulae in the figures are used to calculate body mass adjustment factors to 

apply to preliminary estimates for juveniles derived from adult equations. 

Figure 8. Foot area (length × breadth)/body mass in habitually unshod and shod Indians and 

habitually shod Europeans. All pairwise differences between samples are significant. 

Figure 9. True foot contact area/‘area’ (length × breadth) versus body mass index (BMI) in 

habitually unshod Indians, with least squares regression. Relatively more of the foot is in contact 

with the support surface with increasing BMI. 

Figure 10. a) Foot area/body mass ratio in pooled modern human 10–15.9-year-olds and 

adolescent chimpanzees. b) Body mass versus foot area in same samples, with least squares 

regression through humans (circles); stars: chimpanzees. Chimpanzees have relatively larger feet 

and thus human regressions will overestimate their body masses. 

Figure 11. Foot length versus stature in pooled modern adults (blue circles) and juveniles (green 

crosses) from the present study, Akka adult female (filled blue circle), adolescent chimpanzees 
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(filled black stars), and A.L. 288-1 (filled brown hexagon). A.L. 288-1 has a foot length to 

stature proportion that is intermediate between those of human children and chimpanzees, and 

closer to chimpanzees than to adult humans. 

 

Figure 12. Body mass versus foot area in modern human pooled sample, with quadratic 

regression (circles), and A.L. 288-1 (filled brown hexagon). Body mass in A.L. 288-1 estimated 

using BMI = 25 in equation in Table 5; foot area estimated from foot length using average foot 

index of Laetoli prints (see text). The quadratic equation will overestimate body mass in A.L. 

288-1 by 50%. 

 

Figure 13. Body mass versus foot area in juveniles (open symbols) and adults (filled circles). a) 

Machiguenga. Blue diamonds: males; red circles: females. Note the large spread of body mass 

values at foot areas of about 135–155 cm2.  b) Le Rozel Neandertals. Body mass estimated from 

foot area using BMI = 27 (Table 5). Blue diamonds: probable adult male(s); orange hexagons: 

smaller adults or juveniles; green triangles: juveniles. Juvenile estimates adjusted using equation 

in Figure 7b. Both adult and juvenile (adjusted) estimates shown for small adults/juveniles.  

 

Figure 14. Body mass estimated from foot area using the BMI and quadratic equations in Table 

5 for foot areas of 140–350 cm2 and BMIs of 22–27. Dashed line = equivalence. BMI-based 

estimates are generally larger than quadratic equation estimates, except in the largest foot area 

range. 
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Table 1 
Past studies of human body mass estimation from foot size. 

Study Sample Method 
Robbins, 1986 Shod US, mixed ages Footprint, paper, standing 
Anil et al., 1997 Shod Turkish, young adults Foot, standing 
Atamtürk and Duyar, 2008 Shod Turkish, adults Foot, standing 
Krishan, 2008 Unshod (?) Gujjar Indians, adult males Footprint, paper, standing 
Fawzy and Kamal, 2010 Shod Egyptian, young adult males Footprint, paper, standing 
Dingwall et al., 2013 Unshod Daasanach, adults Footprint, naturalistic, 

walking and running 
Bennett and Morse, 2014 Shod British, mixed ages Footprint, paper, standing 
Domjanic et al., 2015 Shod Croatian, young adults Foot scans, standing 
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Table 2 
Modern unshod reference samples. 

  Adultsa  Juveniles 
   Body mass Stature BMI Foot length Foot breadth Foot area   
Population Refb n (M/F)c Mean   SD Mean   SD Mean   SD Mean   SD Mean   SD Mean   SD  n Age range 
Machiguenga 1 47(24/23) 50.1   6.3 151.7 7.4 21.7 1.7 21.0 1.6 8.5 0.7 178.9 26.9  22 6.7–15.9 
Daasanach 2 29(15/14) 52.6   5.9 169.1 9.0 18.4 1.6 25.5 1.8 9.9 0.7 253.9 32.3  12 4–15 
Pumé 3 32(17/15) 50.1   7.2 158.4 7.9 19.9 1.6 22.9 1.6 9.0 0.8 208.1 30.2  11 12–15 
Hadzabe 4 49(22/27) 50.3   6.8 154.9 7.4 20.9 1.9 24.0 1.5 9.2 0.8 222.8 31.9    5 6–12 
Samoan 5 36(26/10) 84.5 11.0 175.4 8.8 27.4 2.5 27.3 1.4 11.3 0.8 308.8 34.9  --- --- 
Body mass in kg; stature, foot length, and foot breadth in cm; foot area in cm2. BMI: [body mass/(stature in m)2]. Age range in years. 
a Individuals 16 years of age or older. 
b Ref = References: 1: Tuttle et al., 1990; 2: Hatala et al., 2016; 3: Hilton, unpub. data; 4: Musiba et al., 1997; 5: Wunderlich, unpub. 
data. 
c M = male; F = female.



Table 3 
Footprint to foot conversion factors. 

 Foot/footprint 
 Area  Length  Breadth  Indexb 

Trial condition Mean SEa  Mean SE  Mean SE  Mean SE 
Normal walking 1.003  0.016  0.984* 0.006  1.020 0.012  1.038* 0.014 
Jog and run 0.967* 0.014  0.991* 0.006  0.974* 0.012  0.983 0.012 

a Standard error of the mean 
b (Foot breadth/foot length) x 100. 
* p < 0.05, paired t test between foot and footprint dimension. Only these ratios were used as 

conversion factors (see text).  
 
 



Table 4 
Footprint test samples. 

Site Referencesa Taxonb Date #Trackways/prints 
Laetolil 1 A. afarensis ~3.66 Ma 4/ 
Ileret 2 (H. erectus) ~1.52 Ma 9/ 
Happisburgh 3 (H. antecessor?) ~0.78–1.0 Ma    /3 
Le Rozel 4 archaic H. sapiens ~80,000 BP       /35c 

Barcun Hoyük 5 H. sapiens ~6400 BC    /1 
a References: 1 = Masao et al., 2016; 2 = Hatala et al., 2017; 3 = Ashton et al., 2014; 4 = Duveau 
et al., 2019; 5 = Atamtürk et al., 2018. 
b Parentheses indicate probable (H. erectus) or possible (H. antecessor) attributions. 
c Includes both adults and juveniles. All other samples adults only. 
 



Table 5 
Body mass prediction equations. 

Equationa r SEE %SEE %PE 
Quadratic 
(1) Body mass = –0.250 × Foot area + 0.00099 × Foot area2 + 59.1 0.861 7.80 13.7% 10.1% 
(2) Body mass = –21.9 × Foot length + 0.546 × Foot length2 + 265.4 0.808 9.03 15.9% 11.4% 
(3) Body mass = –25.8 ×Foot breadth + 1.84 × Foot breadth2 + 133.3 0.853 8.01 14.1% 10.0% 

Linear, with BMI 
(4) Body mass = 0.155 × Foot area + 2.48 × BMI – 32.9 0.965 3.97 7.0% 5.4% 
(5) Body mass = 2.88 × Foot length + 2.85 × BMI – 73.9 0.961 4.20 7.6% 5.8% 
(6) Body mass = 6.60 ×Foot breadth + 2.44 × BMI – 59.0 0.949 4.79 8.4% 6.7% 
a Body mass in kg; foot area in cm2; foot length and breadth in cm. Foot area = foot length x foot 
breadth. BMI = body mass index. 
SEE = standard error of estimate; %SEE = percent standard error of estimate; %PE = absolute value of 
percent prediction error. 
 
 



Table 6  
Flowchart of steps in estimating body mass from footprint size. Dotted lines = optional steps. 

 
1) Adults 
    Convert shod to 
    unshod foot size 

(multiply by 1.08) 
       
Convert footprint to       Apply quadratic equation or 
foot size (Table 3)      BMI equation (Table 5) 
 
 
        Estimate BMI from appropriate 

skeletal reference sample 
 

2) Additional steps for juveniles 
 
Calculate average         Juvenile foot area  body mass adjustment  
adult foot area for  Average adult foot area   factor (equations in Fig. 7) 
footprint sample     

      
Apply body mass adjustment factor to juvenile body mass, calculated using adult equations 
 
 



Table 7 

Body mass estimates for the Laetoli sample. 

      Body mass estimate (kg) 
 Dimensiona Presentb  Previousc 

Trackway 
Print 

length 
Print 

breadth 
Foot     
area 

Foot 
length Quadratic BMI = 25 

 
Masao-1 Masao-2 

S1 26.1 10.4 271.4  64.2 71.2  53.6 41.3–48.1 
S2 23.1   22.7 49.6 62.7  46.7 36.5–42.4 
G1 18.0 7.9 142.2  43.6 51.1  39.3 28.5–33.1 
G2 22.5 11.7 263.3  61.9 69.9  52.6 35.6–41.4 
G3 20.9 8.5 177.7  45.9 56.6  43.2 33.1–38.5 
Mean     53.0 62.3  47.1 37.8d 

a Print length and breadth, foot length in cm, foot area in cm2. Foot area = print length × print 
breadth. Foot length calculated from print length using equation in Table 3. 
b Calculated using equations (1), (2), (4), and (5) in Table 5. BMI = body mass index. 
c Estimates from Masao et al., 2016: Masao-1 = ‘H. sapiens’ method; Masao-2 = ‘Au. afarensis’ 

method (see text). 
d Mean of the midpoints of ranges.



Table 8 
Body mass estimates for the Laetoli sample using body mass/foot area ratio. 

Trackway Foot area Body massa 
S1 271.4 59.2 
S2   244.9 b 53.4 
G1 142.2 31.0 
G2 263.3 57.4 
G3 177.7 38.7 

a Foot area × 0.218, based on A.L. 288-1 (see text). 
b Foot area calculated from foot length (see text). 
 

 
 
 



Table 9 
Body mass estimates for the Ileret sample. 

    Body mass estimate (kg) 
         Dimensiona Presentb  Previous 

Trackway 
Print 

length 
Print 

breadth 
Foot     
area 

 
Quadratic 

 
BMI = 24 

  
Dingwallc 

 
Hatalad 

FE1-HT1 26.8 9.0 242.1 56.6 64.1    
FLT1 25.5 8.0 211.7 49.3 58.2  48.0 35.3 
FU-AD 26.0 11.0 280.8 68.9 71.1   51.1 
FU-E 25.3 10.7 267.1 64.1 68.6   50.2 
FU-O 28.0 9.5 262.0 62.6 67.9   50.8 
FUT1A 25.6 10.1 256.1 60.6 66.6  50.6 50.3 
FUT1B 26.7 9.6 254.1 60.0 66.3  52.1 53.2 
FUT2 26.8 11.0 284.2 69.4 71.4  60.3 53.4 
FUT3 25.3 9.3 235.1 54.8 62.9  44.5 46.4 
A2-I2 21.1 7.7 173.7 44.6 51.8  41.5  
A2-I3 26.5 10.0 261.9 62.4 67.7  52.7  
Mean    59.4 65.1    
Meanc    57.3 63.6  50.0  
Meand    61.2 66.6   48.8 

a Print length and breadth in cm, foot area in cm2. Foot area = print length × print breadth.  
b Calculated using equations (1) and (4) in Table 5. BMI: body mass index. 
c Estimates from Dingwall et al., 2013.  All means are for specimens included in that study. 
d Estimates from Hatala et al., 2016b.  All means are for specimens included in that study. 
 



Table 10 
Body mass estimates for the Happisburgh sample. 

    Body mass estimate (kg) 
               Dimensiona Presentb  Previous 

Print 
Print 

length 
Print 

breadth 
Foot   
area Quadratic BMI = 27  Ashtonc 

8 24 11 261 62.1 75.0  53 
11 25 9 228 53.0 68.9  48 
33 26 9 235 54.8 70.3  49 

a Print length and breadth in cm, foot area in cm2. Foot area = print length × print breadth. 
b Calculated using equations (1) and (4) in Table 5. BMI = body mass index. 
c Estimates from Ashton et al., 2014, using foot area equation from Dingwall et al., 2013.   
 



Table 11 
Body mass estimates for the Le Rozel sample. 

                         Body mass estimate (kg) 
  Dimensionb  Quadratic  BMI = 27 

Print Age classa 
Print 

length 
Print 

breadth Foot area 
Foot 

area/290c Adultd Age adj.e Juvenilef 
 

Adultd Age adj.e Juvenilef 

2017–86 adult 29.0 12.4 360.5  97.6    89.9   
2017–87 adult 28.1 10.1 283.2  67.7    78.0   
2017–47 adult 25.2 12.5 316.1  79.0    83.1   
2017–71  adolescentg 23.8 11.3 269.7 0.930 63.7 0.762 48.5  75.9 0.804 61.0 
2017–64  adolescent 23.8 9.1 216.2 0.746 51.3 0.605 31.1  67.6 0.654 44.2 

2017–52 
 
adolescentg 23.7 9.6 226.9 0.782 53.3 0.637 34.0 

 
69.2 0.684 47.3 

2017–56  adolescent 23.4 8.9 207.3 0.715 49.8 0.579 28.9  66.2 0.629 41.6 

2017–73 
 
adolescentg 22.5 10.4 234.5 0.809 54.9 0.659 36.2 

 
70.4 0.705 49.6 

2017–103 
 
adolescentg 22.5 12.7 285.6 0.985 68.5 0.808 55.3 

 
78.3 0.849 66.5 

2017–105  adolescent 22.1 9.0 198.7 0.685 48.5 0.554 26.9  64.9 0.604 39.2 
2016–35  adolescent 21.9 8.9 194.6 0.671 47.9 0.542 26.0  64.2 0.593 38.1 
2017–49  adolescent 21.8 9.3 203.2 0.701 49.2 0.568 27.9  65.6 0.617 40.5 

2017–32 
 
adolescentg 21.7 10.5 228.3 0.787 53.6 0.641 34.3 

 
69.4 0.687 47.7 

2017–22  adolescent 20.9 8.3 172.8 0.596 45.5 0.479 21.8  60.8 0.532 32.3 
2017–57  adolescent 19.8 8.0 157.4 0.543 44.3 0.434 19.2  58.5 0.488 28.6 
2017–110  adolescent 19.7 10.2 200.8 0.692 48.8 0.560 27.4  65.2 0.610 39.8 
2017–18  adolescent 19.6 8.8 171.8 0.592 45.4 0.476 21.6  60.7 0.529 32.1 
2017–95 child 19.2 7.8 148.7 0.513 43.8 0.408 17.9  57.1 0.464 26.5 
2015–47 child 18.7 7.0 131.4 0.453 43.3 0.358 15.5  54.4 0.415 22.6 



2017–41 child 18.4 7.8 142.7 0.492 43.6 0.391 17.0  56.2 0.447 25.1 
2015–53 child 18.4 9.7 178.8 0.617 46.1 0.496 22.9  61.8 0.549 33.9 
2017–75 child 17.6 8.8 154.8 0.534 44.1 0.426 18.8  58.1 0.481 27.9 
2017–104 child 17.3 9.3 161.4 0.556 44.5 0.445 19.8  59.1 0.499 29.5 
2016–39 child 17.2 6.3 109.0 0.376 43.6 0.292 12.8  51.0 0.352 18.0 
2016–56 child 16.7 6.2 104.1 0.359 43.8 0.278 12.2  50.2 0.339 17.0 
2017–102 child 16.7 7.3 122.5 0.422 43.3 0.332 14.4  53.0 0.390 20.7 
2015–49 child 16.5 7.0 115.5 0.398 43.4 0.311 13.5  52.0 0.370 19.2 
2016–25 child 16.5 7.3 121.4 0.418 43.3 0.328 14.2  52.9 0.387 20.5 
2016–33 child 16.4 8.1 132.3 0.456 43.4 0.360 15.6  54.6 0.418 22.8 
2017–101 child 16.1 7.1 113.9 0.393 43.5 0.307 13.3  51.7 0.366 18.9 
2017–112 child 15.9 7.2 114.1 0.393 43.5 0.307 13.3  51.7 0.367 19.0 
2017–07 child 15.7 7.4 117.0 0.403 43.4 0.316 13.7  52.2 0.375 19.6 
2016–60 child 15.0 5.7 85.9 0.296 44.9 0.225 10.1  47.4 0.288 13.6 
2016–03 child 14.1 5.5 77.5 0.267 45.7 0.200 9.2  46.1 0.264 12.2 
2015–04 child 11.6 4.5 52.5 0.181 48.7 0.127 6.2  42.2 0.194 8.2 

Abbreviations: adj = adjusted; BMI = body mass index. 
a Age class as assigned by Duveau et al., 2019. 
b Original (Duveau et al., 2019) foot lengths and breadths multiplied by 1.02 (see text). Print length and breadth in cm, foot area in cm2. Foot 
area = print length × print breadth. 
c Foot area divided by estimated average foot area of adults of 290 cm2 (see text). 
d Calculated using equations (1) and (4) in Table 5. 
e Age adjustment factor, calculated using equations in Figure 8. 
f Adult age × age adjustment factor. 
g Possible adult (see text). 
 



Table 12 
Body mass estimates for the Barcin Höyük footprint. 

    Body mass estimate (kg) 

Dimensiona Presentb 
Atamtürk et al., 

2018 
Print 
length 

Print 
breadth Print area Foot areaa Quadratic BMI = 24 Turkishc Indiand 

24.5 9.7 237.7 256.7 55.6 63.5 71.9 65.4 
        

a Print length and breadth in cm, print area (print length × breadth) in cm2. Foot area = print area 
× 1.08.   
b Calculated using equations (1) and (4) in Table 5. 
c Calculated using forefoot breadth equation for a Turkish sample (Atamturk and Duyar, 2008). 
d Calculated using forefoot breadth equation for Indians in Krishan, 2008.  
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SOM S1 

Supplementary methods 

Laetoli  

The best available specimen from which to estimate an average BMI for Australopithecus 

afarensis is A.L. 288-1 (‘Lucy’). An average stature estimate of 107 cm was derived by Jungers 

(1988) based on Model II regressions on femur length in human ‘pygmies’ and Pan paniscus. 

Ruff et al. (2018) obtained a body mass estimate of 28.9 kg from femoral head breadth, which is 

near the middle of other previous estimates (see Brassey et al., 2018: Fig. 3). Together these 

yield a BMI estimate of 25.2 kg/m2. BMI can be estimated more tenuously for two other larger A. 

afarensis specimens: KSD-VP-1/1 and A.L. 827-1. Body mass for KSD-VP-1/1 has been 

estimated as 59.5 kg based on its estimated femoral head breadth (Ruff et al., 2018). Its 

maximum tibia length has been reconstructed as 355 mm (Lovejoy et al., 2016). Body mass for 

the largely complete A.L. 827-1 femur has been estimated as 56.0 kg based on its head breadth 

(Ruff et al., 2018); its maximum length has been estimated as 368 mm (Ward et al., 2012). 

Which stature estimation formulae to use with these two specimens is unclear—among non-

human primates they are longer than all but large male gorillas so a comparison between 

human and non-human hominid estimates similar to that for A.L. 288-1 (Jungers, 1988) is not 

feasible. If the human formulae for male Holocene Europeans (for the tibia, northern Europeans) 

derived by Ruff et al. (2012) are used, statures of 161.7 cm and 142.9 cm are obtained for KSD-

VP-1/1 and A.L. 827-1, respectively, yielding BMI estimates of 22.8 and 27.4 kg/m2, 

respectively, which bracket the value for A.L. 288-1. Equations using a higher latitude modern 

human reference sample characterized by moderate to low limb length to stature or body mass 

proportions, i.e., northern Europeans, seem more appropriate than more ‘generic’ equations 

(e.g., Sjøvold, 1990) given the reconstructed lower limb length to trunk height or body mass 



proportions of australopiths (Jungers, 1982; Schmid, 1983; Franciscus and Holliday, 1992; 

although also see Pontzer, 2012).  

Based on this evidence we assume an average BMI of 25 kg/m2 for A. afarensis here. 

The average foot index of the Laetoli footprints, converted to anthropometric index using the 

ratio in Table 3, is 45.8, which is quite high for modern humans (Fig. 4) and consistent with a 

relatively high BMI. 

 

Chimpanzees 

Foot length and area, calculated from footprint dimensions using the ratios in Table 3, for 

the two chimpanzee subjects, A and B, were: A) 19.0 cm and 234.3 cm2, and B) 19.0 cm and 

248.2 cm2, respectively. It is likely that foot size is larger relative to body mass in juvenile 

compared to adult chimpanzees, as in humans and many other primates (Young and Heard-

Booth, 2016). Since body mass continues to increase after skeletal maturation in chimpanzees 

(Leigh and Shea, 1996; Brimacombe et al., 2015), a probable increase in BMI in adult relative to 

juvenile chimpanzees likely also contributes to a relatively larger foot in juvenile chimpanzees, 

as in humans. Body mass and stature of the two chimpanzees were A) 30.7 kg and 114.5 cm, 

and B) 27.8 kg and 112.5 cm, respectively. 

 

Foot length in A.L. 288-1 and dimensions of Akka individual 

A.L. 288-1’s fleshy foot length was derived by adding White and Suwa’s (1987) estimate 

of 12.53 cm for calcaneal to 2nd metatarsal head length, based on a least squares regression 

through African apes (their Table 3), to their 40.2 cm estimate for summed ray 2 phalangeal 

lengths (their Table 4), and increasing this by 2.73%, following their recommendation, yielding 

an estimate of 17.0 cm. This is intermediate between previous estimates of 16.5 cm (White and 

Suwa, 1987) and 17.26 cm (Jungers, 1988). For the modern Akka individual, following Flower’s 

(1889) recommendation, we added 1.3 cm (half an inch) to skeletal height, yielding a stature of 



123 cm, and increased Flower’s measured skeletal foot length by 2.73% (White and Suwa, 

1987), producing a fleshy foot length of 16.2 cm. 

 

Ileret  

Because of its relative completeness, geographic and temporal proximity to Ileret, and 

probable membership in the same species (H. erectus), the KNM-WT 15000 juvenile skeleton 

provides the most appropriate model for estimating BMI in the Ileret sample. At the time of his 

death, KNM-WT 15000’s stature has been estimated to be slightly less than 157 cm and his 

body mass to be 50–53 kg (Ruff, 2007), yielding BMI’s of 20.3–21.5 kg/m2. However, as shown 

earlier (Fig. 7), BMI increases significantly among adolescents. Depending on his exact age at 

death and number of years of remaining growth, KNM-WT 15000’s adult BMI would likely have 

been about 3±1 units larger (Fig. 6). We have estimated adult body mass for this specimen as 

76.7 kg (Ruff et al., 2018) and stature as about 180 cm (Ruff and Burgess, 2015), yielding a BMI 

of 23.7 kg/m2. Thus, an adult BMI of about 24 kg/m2 is consistent with both juvenile and adult 

body size estimates for KNM-WT 15000, and is used here for the Ileret sample. [Using the 

midpoint of Cunningham et al.’s (2018) range of estimates for KNM-WT 15000’s adult stature 

(169 cm) and body mass (71 kg) based on chimpanzee and modern human growth models 

yields a BMI of 24.9 kg/m2.]  The average foot index of the Ileret sample (using averages for the 

nine trackways plus the 22 additional single prints) is 38.5, which falls in the middle range of 

values for our modern sample, so is consistent with a wide range of BMIs, including this value 

(Fig. 3). 

Note that Hatala et al. (2017) did not calculate a body mass estimate for FE1-HT1 

because it is missing a heel-to-2nd toe length, necessary for application of their method. Here we 

assumed that heel-to-hallux length, which was available for this specimen, is equivalent to its 

maximum length, since the average difference between the two length measurements is only 

1.4 mm in the entire Ileret sample (including averages for the other eight trackways and the 22 



individual prints). Although technically not trackways, the two A2 prints are included in Table 8 

because they increase the sample size for comparison with Dingwall et al.’s (2013) results. 

 

Happisburgh  

Using body mass estimates from Ruff et al. (2018) and stature estimates from Carretero 

et al. (2012) based on a generic modern human equation (Sjøvold, 1990), or from Ruff et al. 

(2012) based on Holocene Europeans, BMIs averaging 26.2 kg/m2 (Sjøvold stature) or 27.0 

kg/m2 (Ruff et al. stature) are obtained for three femora from the Sima de los Huesos sample (F-

X, XII, XIII) (SOM Table S2). A BMI of 26.7 kg/m2 is obtained for the Jinnuishan specimen 

(using the Sjøvold equation for stature) (SOM Table S2). These estimates are very close to 

those for 11 Neandertals, which average 27.0 kg/m2 (see below and SOM Table S3). Therefore, 

it is most parsimonious to assume that, like Neandertals, the Happisburgh individuals were 

characterized by high BMIs. A value of 27 kg/m2 is used here. The average foot index for the 

three large adult Happisburgh prints (applying the conversion in Table 3) is 40.3, which is in the 

intermediate range for modern humans, encompassing a wide range of BMIs (Fig. 4). However, 

most Happisburgh prints have higher foot index values than this, with a mode of 40.0–44.9 for 

footprint index (Ashton et al., 2014: Fig. 6), which translates to 41.5–46.6 for foot index, in the 

upper range for modern humans and most consistent with a relatively high BMI (Fig. 3). 

 

Le Rozel   

Based on previous body mass and stature estimates, BMI estimates for 11 adult 

Neandertals average 27.0 kg/m2 (range 24.2–33.0 kg/m2; SOM Table S3), so this average value 

was used in BMI-based body mass estimation for adults from the Le Rozel sample. The 

average foot index of the three definitively adult footprints from Le Rozel is 45.0, and the 

average over all 35 prints is 45.8 (converted using the ratio in Table 3), which falls at the top of 

our modern human range and is consistent with a high BMI. 



Duveau et al. (2019) estimated statures based on the three largest footprint lengths of 

184.8, 178.4, and 160.7 cm, which all fall within or above previous stature estimates based on 

skeletal remains of male Neandertals (158.5—177 cm, n = 15; Duveau et al., 2019: SOM Table 

S10). Previous stature estimates for female Neandertals are shorter, barely overlapping 

estimates from the three large Le Rozel prints (147.5—161, n = 5; Duveau et al., 2019: SOM 

Table S10). Thus, these three large prints were very likely made by a male or males.   

 

Barcin Höyük 

Atamtürk et al. (2018) considered the Barcin Höyük footprint to have been mostly likely 

made by a male, and we agree, based on its size and comparisons to our reference samples 

(Table 1). Matched body mass and stature estimates were available for 52 adult males from 

Çatalhöyük (Knüsel et al., 2021), yielding an average BMI of 24 kg/m2, so we used this value 

when employing the BMI-based body mass estimation equation. The foot index of the Barcin 

Höyük print is 41.1, in the intermediate range for our modern reference samples and consistent 

with a wide range of BMIs, including this value (Fig. 3). 

  



 
 
 

 

SOM Figure S1.  Foot area (maximum length x forefoot breadth), measured anthropometrically 

on the relaxed foot, versus footprint area measured using Shutrak pressure sensitive paper as 

subjects walked, in Machiguenga adults (Tuttle et al., 1990).  Dashed line indicates equivalence. 

Shutrak footprint areas average 11% larger than foot areas. 

  



 
 
SOM Figure S2.  Foot versus footprint dimensions in adult Daasanach sample. Dashed line = 

equivalence. Circles: adults; x’s: juveniles. a-c: ‘normal walk’ condition; d-f: ‘jog and run’ 

condition. 



 
 
SOM Figure S3.  Foot index (breadth/length) versus footprint index in adult Daasanach sample. 

Dashed line = equivalence. Circles: adults; x’s: juveniles. a-c: ‘normal walk’ condition; d-f: ‘jog 

and run’ condition 

 
  



 
SOM Figure S4.  Foot area in Machiguenga and Daasanach adults (red circles) and juveniles 

(under 16 years, blue crosses). Red arrows indicate range encompassing 75% of adult mean 

through adult mean. 

  



SOM Table S1  

Results for the complete Ileret footprint sample, including all trackways and isolated prints. Body 

mass estimates using equations in Table 5 for foot area. Previous estimates from Dingwall et 

al., 2013 and Hatala et al., 2016. 

Trackway Print Print length Print breadth Foot area Quadratic BMI = 24 Hatala Dingwall

FE1-HT1 26.8 9.0 242.0 64.1 56.6

FLT1 25.5 8.0 204.0 58.2 49.3 48.0 35.3

FU-AD 26.0 11.0 287.0 71.1 68.9 51.1

FU-E 25.3 10.7 271.0 68.6 64.1 50.2

FU-O 28.0 9.5 266.0 67.9 62.6 50.8

FUT1A 25.6 10.1 258.2 66.6 60.6 50.6 50.3

FUT1B 26.7 9.6 255.9 66.3 60.0 52.1 53.2

FUT2 26.8 11.0 288.7 69.4 71.4 53.4 60.3

FUT3 25.3 9.3 233.9 54.8 62.9 46.4 44.5

A2-I2 21.1 7.7 162.5 44.6 51.8 41.5

A2-I3 26.5 10.0 265.0 62.4 67.7 52.7

FE1-H1 23.0 7.5 172.5 45.4 53.4

FE1-H2 21.0 7.5 157.5 44.3 51.0

FE1-H3 21.0 7.5 157.5 44.3 51.0

FE3-H11 24.5 9.5 232.8 54.5 62.7 49.4

FE3-H13 29.5 12.0 354.0 94.7 81.5 63.4

FE3-H17 29.0 10.5 304.5 74.8 73.8 60.0

FE3-H18 25.5 9.0 229.5 53.9 62.2

FE3-H4 23.5 10.5 246.8 57.7 64.9

FE3-H6 26.0 9.5 247.0 57.7 64.9 53.8

FE8-H1 29.0 9.5 275.5 65.4 69.3 56.2

FU-AA 30.5 11.0 335.5 86.7 78.6 58.8

FU-AB 26.5 7.0 185.5 46.8 55.4 40.4

FU-AC 25.0 9.0 225.0 53.0 61.5 47.1

FU-C 26.5 10.9 288.9 69.5 71.4 55.7

FU-J 26.0 8.9 231.4 54.3 62.5 51.1

FU-N 24.0 8.6 206.4 49.7 58.6 40.6

FU-P 27.0 9.0 243.0 56.8 64.3 52.7

FU-T 25.5 10.8 275.4 65.3 69.3 52.4

FU-W 24.0 11.1 266.4 62.8 67.9 50.3

FU-X 20.5 8.3 169.1 45.1 52.8 26.5

Present Previous

Body mass estimate (kg)

 

Print length and breadth in cm, foot area in cm2. BMI: body mass index, kg/m2. 

 

 



SOM Table S2 

Estimated body mass, stature, and body mass index for three Sima de los Huesos femora from 

Atapuerca, Spain (Arsuaga et al., 2015), and the Jinnuishan specimen from China (Rosenberg 

et al., 2006). Body mass estimated from femoral head breadth using equation in Ruff et al. 

(2018). Stature for Atapuerca specimens estimated from maximum femoral length using 

Holocene European equation for males in Ruff et al. (2012) and generic modern human formula 

(pooled sexes) in Sjøvold (1990) as cited by Carretero et al. (2012). Stature for Jinnuishan 1 

estimated using Sjøvold (1990) equation based on maximum ulnar length.  

Specimen

Body mass (kg)

(Ruff et al., 

2018 eq.) 

Stature (cm)

(Ruff et al., 

2012 eq.) 

Stature (cm)

(Sjøvold, 1990 

eq.) 

BMI        

(Ruff et al., 

2012 stature)

BMI         

(Sjøvold, 1990 

stature)

Atap. F-X 80.7 167.4 170.0 28.8 27.9

Atap. F-XII 72.1 165.3 167.8 26.4 25.6

Atap. F-XIII 70.6 165.3 167.8 25.9 25.1

Mean 27.0 26.2

Jinnuishan 1 74.2 166.7 26.7  

BMI = Body mass index, kg/m2. 
  



SOM Table 3 

Estimated body mass, stature, and body mass index (BMI) in 11 Neandertals. Body mass 

estimated from femoral head breadth using equation in Ruff et al. (2018); statures estimated 

from long bone lengths in Ruff et al. (1997), based on US white equations in Trotter and Gleser 

(1952).      

Specimen

Body mass

(Ruff et al., 

2018 eq.) 

Stature

(Ruff et al., 

1997) 

BMI

Amud 1 77.9 175 25.4

La Chapelle-aux-Saints 1 79.8 162 30.4

Font-de-Forêt 1 71.0 172 24.0

La Ferrassie 1 83.4 171 28.5

La Ferrassie 2 65.1 152 28.2

Kebara 2 69.3 166 25.1

Regourdou 1 65.1 164 24.2

Shanidar 5 68.7 168 24.3

Spy 1 70.8 161 27.3

Spy 2 83.4 159 33.0

Tabun 1 62.0 154 26.1

Mean 27.0  

Body mass in kg, stature in cm. BMI = Body mass index, kg/m2. 
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