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Lower limb cortical and trabecular bone varies with human behavior, leading to suggestions that activity level decreases have contributed to a more gracile skeleton. Similar trends are likely present in calcaneal morphology due to its locomotor role during heel strike. Such relationships exist in calcaneal trabecular structure; however, they have yet to be investigated in external morphology. Here entire external calcaneal shape is analyzed among three human populations that vary in subsistence strategy, activity level, and footwear use (n = 93) to investigate how calcaneal morphology varies relative to these factors. Calcanei were either surface scanned or micro-CT scanned. Calcaneal external shape was analyzed using a sliding semilandmark analysis with 1,007 semilandmarks. Semilandmarks were allowed to slide along tangent vectors or planes to minimize the bending energy of the thin plate spline interpolation function relative to an updated Procrustes average. Final landmark configurations underwent a Generalized Procrustes Analysis. Shape variation of Procrustes coordinates was summarized using principal components analysis (PCA). Procrustes distances between the average calcaneus of each population were calculated, and resampling statistics run to test for significant differences. The three populations exhibit significantly different calcaneal morphologies (p<0.001 for all pairwise comparisons) and separate along the first three PCs (42.11% of variance). Hunter-gatherers have superoinferiorly taller and mediolaterally wider posterior calcanei than sedentary populations. This likely serves as an adaptation for increased load transfer through the posterior calcaneus due to more active lifestyles. This is supported further by variation among the two industrialized populations. The 19th–20th century industrialized population exhibits a relatively mediolaterally wider posterior calcaneus than the mid-20th century-born population, suggesting there has been further gracilization of the calcaneus with increases in sedentary behavior over the last century.
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1 INTRODUCTION
The origin of bipedalism was a critical event in the evolution of the human lineage, representing a fundamental shift away from the other apes (Ward, 2002; Harcourt-Smith and Aiello, 2004). The transition to bipedal locomotion transformed the human skeleton, leading to many unique morphologies including a relatively long hindlimb (compared to the forelimb; e.g., McHenry, 1978), a short, broad pelvis (Aiello and Dean, 1990; Rosenberg and Trevathan, 2002), a relatively large bicondylar angle of the femur (Walmsley, 1933; Clark, 1947; Heiple and Lovejoy, 1971; Stern and Susman, 1983; Tardieu and Trinkaus, 1994), and large lower limb joint surfaces for force transmission (Jungers, 1988; Ruff, 1988), to name only a few. The human foot has become particularly specialized due to its critical role in both weight-bearing and propulsion during locomotion (Aiello and Dean, 1990; Harcourt-Smith and Aiello, 2004; McNutt et al., 2018; DeSilva et al., 2019).
Within the foot, the human calcaneus exhibits many significant morphological differences relative to nonhuman primates (Harcourt-Smith and Aiello, 2004; Prang, 2015; McNutt et al., 2018; DeSilva et al., 2019; Harper et al., 2021a). One such feature is a uniquely asymmetric and convex cuboid facet morphology, which is thought to facilitate a closed-packed position of the calcaneocuboid joint during inversion and has been suggested to (along with the windlass mechanism) transform the foot into a rigid-lever during toe-off (Bojsen-Møller, 1979; Harper et al., 2021a). Humans also have a relatively mediolaterally wider and anteroposteriorly shorter calcaneal tuber than nonhuman primates, which is thought to be an adaptation for force-transmission through the posterior calcaneus during heel-strike (Latimer and Lovejoy, 1989; Prang, 2015; Harper et al., 2021a; 2022b). The human calcaneus is also characterized by a uniquely large and plantarly positioned lateral plantar process, which may serve to increase heel contact area with the substrate, potentially lowering peak compressive forces during heel strike (Gill et al., 2014; Boyle et al., 2018).
In addition to locomotor strategy, bony morphology is also affected by factors such as activity level and loading regime (Ruff et al., 1993; Chirchir et al., 2015; Saers et al., 2016; Chirchir et al., 2017; Sorrentino et al., 2020; DeMars et al., 2021). Studies investigating lower limb cortical and trabecular bone have found significant differences among human populations that differ in both subsistence strategy and activity level (i.e., hunter-gatherers vs. agriculturalists) (Ruff et al., 1993; Chirchir et al., 2015; Saers et al., 2016; Chirchir et al., 2017; Sorrentino et al., 2020; DeMars et al., 2021). More sedentary populations generally exhibit a relatively more gracile postcranial skeleton and lower trabecular bone density, which have been attributed to the reductions in mechanical stimuli associated with decreased activity levels and cultural/technological advances (Ruff et al., 1993; Chirchir et al., 2015; Saers et al., 2016; Chirchir et al., 2017; DeMars et al., 2021). When considering foot morphology, changes in footwear, such as transitions from walking barefoot or with soft shoes to the use of more rigid restrictive footwear, must also be considered. Studies have found that footwear use impacts peak plantar pressures during normal walking (e.g., Burnfield et al., 2004) and foot morphology changes with the prolonged use of restrictive footwear (Trinkaus, 2005; Zipfel and Berger, 2007; Sorrentino et al., 2020; Albee, 2022).
Studies investigating foot morphological variation among modern human populations have found significant differences relating to activity level and footwear (Trinkaus, 2005; Zipfel and Berger, 2007; Sorrentino et al., 2020; DeMars et al., 2021; Albee, 2022). In external talar morphology, for example, hunter-gatherers have been noted to have a more robust talar head/neck and a more flexible talar shape than post-industrial populations, which has been suggested to reflect long distance walking and minimal shoe wear (Sorrentino et al., 2020). Other studies have found that the habitual use of rigid footwear can lead to morphological changes in the forefoot, such as a decrease in proximal phalangeal robusticity and an increase in metatarsal torsion, as well as higher incidences of pathologies, such as hallux valgus and pathological lesions on the metatarsals (Barnett, 1962; Mays, 2005; Trinkaus, 2005; Zipfel and Berger, 2007; Drapeau and Forques-Marceau, 2019).
The calcaneus has been of particular interest to researchers investigating this question due to its critical locomotor and weight-bearing roles. During normal human walking heel strike represents the beginning of the stance phase in the gait cycle (Levine et al., 2014), which loads the calcaneus with every step. Previous studies of calcaneal external variation have found significant differences in calcaneal anteroposterior length between Medieval and Post-Medieval populations, which was attributed to changes in footwear (Albee, 2022), and a relatively wider anterior/middle talar facet in non-sedentary populations, thought to be a consequence of relatively higher loading through the calcaneus (Harper et al., 2022b). A recent analysis of whole-bone calcaneal internal structure found that bone volume fraction is relatively higher in hunter-gatherers than mixed-strategy agriculturalists, likely due to increased mechanical loading associated with a more mobile lifestyle (DeMars et al., 2021). The relationships between whole-bone calcaneal external shape and activity level, subsistence strategy, and footwear, however, have yet to be investigated. Recent studies of calcaneal external shape among nonhuman great apes have found significant differences among species/subspecies within a genus that have subtle differences in locomotor repertoires, suggesting that the calcaneus is a fruitful location to investigate these relationships (Harper et al., 2021a; Harper et al., 2021b; Harper et al., 2022b). It is also important to note however, that some morphological differences seen in calcaneal external morphology may also be related to phylogeny and relationships within the genus Homo (e.g., Pablos et al., 2014; Trinakus et al., 2014; Harcourt-Smith et al., 2015; Pablos et al., 2019).
Here the entire external shape of the calcaneus is investigated among three human populations that differ in subsistence strategy, activity level, and footwear to test the hypothesis that calcaneal external morphology is impacted by lifestyle differences among humans. Non-sedentary populations (hunter-gatherers) are predicted to exhibit relatively wider, more robust calcanei than less active populations due to relatively higher mechanical loading through the calcaneus, consistent with findings in other skeletal elements (e.g., Ruff et al., 1993; Trinkaus, 2005; Chirchir et al., 2015; Chirchir et al., 2017; Sorrentino et al., 2020).
2 MATERIALS AND METHODS
2.1 Samples
The sample consists of 93 calcanei from populations that vary in subsistence strategy, activity levels, and footwear use, including hunter-gatherers, a 19th–20th century industrialized working-class population, and a recent mid-20th century-born population (Table 1; Supplementary Table S1). All individuals were skeletally adult and free from obvious skeletal pathology. Age and sex were known for those from the Terry collection at the National Museum of Natural History (NMNH; Washington, D.C.; described below) and the Forensic Anthropology Center at Texas State University (TSU; San Marcos, TX; described below) and were estimated using standard skeletal indicators (i.e., pubic symphysis morphology for age estimation and pelvic morphology for sex estimation; Buikstra and Ubelaker, 1994) for all other individuals. All individuals in the sample were known (or estimated to be) under age 50 at time of death.
TABLE 1 | Sample.
[image: Table 1]The hunter-gatherer sample is a Late-Stone Age population from the Western Coast of South Africa housed at the Iziko Museums of South Africa (IMSA; Cape Town, South Africa) (Zipfel and Berger, 2007; Pfeiffer, 2013). Hunter-gatherers from the western and southern capes of South Africa are assumed to be habitually unshod during this time period and highly active (i.e., non-sedentary) (Trinkaus, 2005; Zipfel and Berger, 2007).
Two populations represent the sedentary industrialized sample. One is from the Terry Collection, an anatomical collection housed at the NMNH, consisting of working-class 19th and early 20th century Euro- and African-Americans from Saint Louis, Missouri (referred to here as the 19th–20th century industrialized population; Hunt and Albanese, 2005). This population would have been habitually shod in restrictive footwear. The other sample is a part of the Texas State University Donated Skeletal Collection, which is curated by the Forensic Anthropology Center at TSU (FACTS; Gocha et al., 2022), and consists of mid-20th century-born Euro-, African-, and Hispanic-Americans who were donated by themselves or their next of kin (referred to here as the mid-20th century-born industrialized population). Although these populations are both representative of modern urban-industrialized societies, there are likely some differences in footwear and activity level. The mid-20th century-born population is also habitually shod, however, footwear changes occurred over the course of the 20th century, for example, athletic shoes transitioned from leather or natural rubber to foam soles around the 1970s (Subotnick et al., 2010). The mid-20th century-born population is also (likely) less active, and thus more sedentary, due to a general increase in sedentary behavior throughout the 20th and early 21st century (e.g., Hill et al., 2003; Owen et al., 2010).
2.2 Data collection
Calcanei housed at the NMNH were scanned with a NextEngine laser scanner (0.1 mm resolution; NextEngine Inc., Santa Monica, CA). Calcanei housed at IMSA were micro-CT scanned using a General Electric Phoenix VTomeX L240 micro-CT system at the Stellenbosch University CT facility at a voxel size of 49μm, while calcanei housed at Texas State University were micro-CT scanned using a North Star Imaging X5000 micro-CT scanner at FACTS at a voxel size of 36 μm. Right calcanei were preferentially scanned, however left calcanei were scanned when right calcanei where unavailable or damaged. Surface models were generated from micro-CT data in Avizo Lite 9.0.1 (FEI Visualization Sciences Group, 2015) and scans from all modalities were cleaned (i.e., small holes filled) in Geomagic Wrap (3D Systems, 2015). Femoral head superoinferior breadth and tibial plateau mediolateral breadth were additionally measured with digital calipers for use in body mass estimation (described below).
2.3 Three-dimensional geometric morphometric analysis
Calcaneal external shape was quantified using a three-dimensional geometric morphometric (3D GM) sliding semilandmark analysis (Gunz et al., 2005) carried out using custom codes in MATLAB 2022b (Mathworks, Inc., Natick, MA). The entire calcaneus was represented by 1,007 sliding semilandmarks, including 916 surface semilandmarks and 91 curve semilandmarks (Figure 1; following Harper et al., 2021a; Harper et al., 2021b; Harper et al., 2022a; Harper et al., 2022c). Fixed landmarks were not included in the analysis as there are sufficient semilandmarks that they are not necessary and to maintain consistency with other sliding semilandmark analyses of the hominoid calcaneus (Bookstein, 1997; Gunz et al., 2005; Harper et al., 2021a; Harper et al., 2021b; Harper et al., 2022a; Harper et al., 2022c). The 91 curve semilandmarks were hand-placed on each calcaneus in Avizo Lite 9.0.1 (FEI Visualization Sciences Group, 2015) along the borders of the articular facets (30 on the anterior/middle talar facet, 30 on the cuboid facet, and 31 on the posterior talar facet; Figure 1) (Harper et al., 2021a; Harper et al., 2021b; Harper et al., 2022a). The anterior and middle talar facets were treated as a single articular facet because the two are fused in a larger portion of the sample (n=57). For those individuals in which the two facets remain unfused, semilandmarks were placed continuously along the medial borders of both facets, the posterior border of the middle talar facet, the lateral borders of both facets, and the anterior border of the anterior talar facet (Supplementary Figure S1; Harper et al., 2021b). The remaining 916 surface semilandmarks were hand-placed on a single template calcaneus in Avizo Lite 9.0.1 (FEI Visualization Sciences Group, 2015). The surface semilandmarks were then warped to all other calcanei using the thin plate spline (TPS) interpolation function established by the 91 articular border landmarks and an additional 15 (unanalyzed) orientation landmarks (Supplementary Figure S2) placed on each calcaneus (Bookstein, 1991; Yang, 2012). These orientation landmarks were used solely for the initial positioning of surface semilandmarks to ensure they were in a consistent order and relative position on each calcaneus prior to sliding. The warped semilandmarks were then projected onto the surface of each calcaneus for use in the sliding semilandmark analysis.
[image: Figure 1]FIGURE 1 | A fully landmarked mid-20th century-born calcaneus from an anterosuperior (A) and inferior (B) view. Curve semilandmarks (representing articular facet borders) are represented by pink diamonds and surface semilandmarks are represented by gray dots. Adapted from Harper et al., 2021b.
Curve semilandmarks were allowed to slide along tangent vectors and surface semilandmarks along tangent planes to minimize the bending energy of the TPS interpolation function relative to a reference calcaneus (Gunz et al., 2005). As semilandmarks may slide off the bone during this process, post-sliding semilandmarks were then projected back onto the bony surface (Gunz et al., 2005). These landmark configurations were then subjected to a generalized Procrustes analysis (GPA) to remove the effects of size, location, and orientation (Gower, 1975; Rohlf and Slice, 1990; Zelditch et al., 2012). The average landmark configuration after the GPA was then used as the reference in the next round of sliding. The process of sliding, projecting, and GPA was continued until a stable Procrustes average configuration was reached (Gunz et al., 2005).
2.4 Estimating body mass
Body mass was estimated from femoral head superoinferior breadth using regression equations based on a world-wide sample of modern humans (Ruff et al., 2018). For individuals for which femoral head superoinferior breadth was not available (n = 2), an equation using tibial plateau mediolateral breadth was used to estimate body mass instead (Ruff et al., 2018). Body mass estimation equations based on a wide range of modern humans were utilized for the entire sample, rather than individual body mass estimation equations for each population, because of their relatively low percent standard error of estimates and to ensure consistency in the analysis among the samples (Ruff et al., 2018). Femoral head SI breadth was not collected for the mid-20th century-born industrialized population and thus these individuals were not included in further analyses utilizing estimated body mass (EBM).
2.5 Statistical analyses
Unless otherwise stated, all statistical analyses were run in MATLAB 2022b (MathWorks Inc., Natick, MA). Calcaneal shape variation captured by Procrustes coordinates was summarized using a principal components analysis (PCA) run in shape space (an additional PCA was run in size-shape space; described below). Additional (individual) PCAs were run on Procrustes coordinates representing the anterior/middle talar, cuboid, and posterior talar articular facets, respectively. To test if different human populations significantly differ in calcaneal external shape, Procrustes distances between the average Procrustes configuration of each population were calculated and compared to a distribution of Procrustes distances calculated using resampling statistics with replacement. The resampling with replacement was carried out by pooling the sample of the two populations being compared, randomly assigning an individual to one of the two populations, and returning it to the pool of calcanei so that it could potentially be selected again. This process was continued until each resampled population contained the same number of individuals as the original sample size. The Procrustes distance between the averages of the two resampled populations was then calculated. This process of resampling was carried out 999 times. The sample Procrustes distance was then compared to the distribution of resampled Procrustes distances to calculate a p-value. The same process was used to test for significant sex differences. The alpha value for these analyses was set a priori at 0.05.
An additional PCA was run in size-shape space to evaluate the role of size in human calcaneal shape variation with natural log transformed centroid size (CS) as the size variable (Mitteroecker et al., 2004). To test if there was a significant relationship between calcaneal shape captured by Procrustes coordinates and CS, a Procrustes analysis of variance (ANOVA) was run in R Studio using the geomorph package (Goodall, 1991; Adams and Otárola-Castillo, 2013; R Core Team, 2013; Collyer et al., 2015; Adams and Collyer, 2016). T-tests were additionally run to test for significant sex differences in CS within the populations. The relationship between natural log CS and EBM was additionally analyzed using a reduced major axis (RMA) regression analysis. An RMA regression was chosen because it assumes there is error proportional to the variance in both the x and y terms (Swartz and Biewener, 1992; Sokal and Rohlf, 1998). The relationship was considered allometric if the 95% confidence interval for the slope did not include isometry (0.333). The regression analysis was run in R Studio using the lmodel2 package (R Core Team, 2013).
3 RESULTS
Hunter-gatherers exhibit a significantly different calcaneal morphology from sedentary industrialized humans (p<0.001 based on Procrustes distance resampling statistics; described above). Within the sedentary industrialized sample there are also significant differences between the 19–20th century industrialized and mid-20th century born populations (p<0.001 based on Procrustes distance resampling). The separation among the three populations can be seen across the first three PCs (42.11% of the variance; Figure 2; see Table 2 for morphological interpretations of the individual PCs). There are no significant sex differences in calcaneal shape both broadly among the individuals investigated here and within the three populations (p>0.05).
[image: Figure 2]FIGURE 2 | Principal component plots of whole bone calcaneal morphology for (A) PC 1 vs. PC 2, (B) PC 2 vs. PC 3 and (C) PC 1 vs. PC 3. Females are represented by open shapes and males are represented by closed shapes. Individuals of unknown sex are represented by crosses. Warps of the average calcaneus taken out two standard deviations along the positive and negative extremes of each PC are provided. Warps for PC 2 are only included in part A.
TABLE 2 | Morphological variation described by PCs 1–3.
[image: Table 2]Hunter-gatherers separate from more sedentary modern human populations (19th-20th century industrialized and mid-20th century-born industrialized) along PCs 1–3 (Figure 2). This separation is primarily driven by a difference in calcaneal tuber and tuberosity morphology (there are additional differences in articular facet morphology, described below), with hunter-gatherers exhibiting a relatively mediolaterally wider and superoinferiorly taller posterior calcaneus than more sedentary populations (Figures 3, 4). A difference in posterior calcaneal morphology can also be seen among the two sedentary groups, with 19th–20th century industrialized calcanei exhibiting a relatively mediolaterally wider and superoinferiorly taller calcaneal tuber/tuberosity than the more recent mid-20th century-born industrialized calcanei (Figure 3).
[image: Figure 3]FIGURE 3 | Superior view of average calcaneal variation of among populations. The hunter-gatherer population here exhibits a relatively mediolaterally wider posterior calcaneus than the two more sedentary populations (19th–20th century industrialized and mid-20th century-born populations). The 19th–20th century industrialized population exhibits a relatively mediolaterally wider posterior calcaneus than the more recent mid-20th century-born population. All models are scaled by centroid size.
[image: Figure 4]FIGURE 4 | Medial view of average calcaneal variation among populations. Hunter-gatherers exhibit a relatively superoinferior taller calcaneal tuberosity than more sedentary groups (19th–20th century industrialized and mid-20th century-born industrialized populations). All models are scaled by centroid size.
The length of the calcaneal tuber (relative to the size of the calcaneus) also differs among the populations (Figure 3). The two sedentary populations have relatively longer calcaneal tubers than hunter-gatherers (Figure 3). Mid-20th century-born industrialized humans also have a relatively longer distal calcaneus (i.e., the distal superior end of the cuboid facet to the most anterior point on the posterior talar facet; Gebo, 1992; Boyer et al., 2013; Harper et al., 2022b) than the other two populations (Figure 3). There is a less distinct separation among groups regarding relative lateral plantar process size. The recent mid-20th century-born industrialized population has the relative smallest lateral plantar process, while hunter-gatherer and 19–20th century industrialized calcanei exhibit lateral plantar processes that are similar in size (Figure 5).
[image: Figure 5]FIGURE 5 | Posterior view of average calcaneal variation among populations. The mid-20th century-born population exhibits the relative smallest lateral plantar process (demarcated by the white arrow). All models are scaled by centroid size.
Hunter-gatherers additionally exhibit a relatively more posteriorly angled cuboid facet morphology (i.e., the lateral edge is more anteriorly projecting than the medial edge when whole bone shape is considered) (Figure 4). Although the relative positioning of this articular facet differs, the overall shape of the cuboid facet (nor the anterior/middle talar facet) does not differ among populations (Figures 6A,B). Hunter-gatherers also differ in their posterior talar facet morphology and separate along PCs 1–2 when the shape of the posterior talar facet is analyzed individually (Figure 6C). This is driven by a relatively mediolaterally wider posterior talar facet (Figure 7).
[image: Figure 6]FIGURE 6 | Principal component plots of (A) cuboid, (B) anterior/middle talar, and (C) posterior talar articular facet morphology. Females are represented by open shapes and males are represented by closed shapes. Individuals of unknown sex are represented by crosses.
[image: Figure 7]FIGURE 7 | Variation in average posterior talar morphology of hunter-gatherers compared to all other populations. Hunter-gatherers exhibit a relatively mediolaterally wider posterior talar facet.
When calcanei are analyzed in size-shape space there is a gradation from hunter-gatherers to sedentary populations across the PC1 (Figure 8A). Calcaneal external shape and CS are also significantly related based on a Procrustes ANOVA (p = 0.001, R2: 0.9302, Z-score: 4.1479). Males and females significantly differ in calcaneal CS in the 19–20th century and the mid-20th century populations (p<0.001). Natural log CS scales to natural log EBM with positive allometry (slope: 0.5293, 95% confidence interval: 0.4693–0.5969), indicating that larger humans have relatively larger calcanei (Figure 8B).
[image: Figure 8]FIGURE 8 | (A) Principal component plot of calcaneal variation in size-shape space, as well as (B) a regression plot of log(centroid size) versus log(estimated body mass). Females are represented by open shapes and males are represented by closed shapes. Individuals of unknown sex are represented by crosses.
4 DISCUSSION
Calcaneal morphology differs among non-sedentary and sedentary modern human populations, which is consistent with findings of other postcranial elements, as well as calcaneal internal architecture (e.g., Ruff et al., 1993; Chirchir et al., 2015; 2017; Sorrentino et al., 2020; DeMars et al., 2021).
Hunter-gatherers exhibit a significantly different calcaneal tuber/tuberosity morphology, likely as an adaptation for their proposed more active lifestyles. Their relatively mediolaterally wider calcaneal tuber may serve to better distribute a higher magnitude/more frequent mechanical loads throughout the calcaneus due to higher activity levels and potentially the use of less rigid footwear (e.g., Jungers, 1988; Ruff, 1988; Latimer and Lovejoy, 1989; Prang, 2015). This is consistent with the trend for more terrestrial nonhuman primate taxa to have relatively more robust calcaneal tubers, which has been demonstrated both among great ape genera, as well as within Gorilla and Pan (e.g., Gebo, 1992; Prang, 2015; Harper et al., 2021a; Harper et al., 2021b; Harper et al., 2022b). This is also in agreement with findings that more active human populations have relatively higher calcaneal trabecular bone volume fraction (DeMars et al., 2021). The hunter-gatherer population studied here also exhibits a relatively superoinferiorly taller calcaneal tuberosity than more sedentary groups. Modern humans (regardless of subsistence strategy or activity level) generally have a relatively superoinferiorly taller posterior calcanei for estimated body size than nonhuman primates, which has been suggested to be an adaptation to a potentially increased magnitude of bending stresses (likely the dominant loading regime of the calcaneus), as a consequence of bipedalism (Gierse, 1976; Su et al., 1999; Harper et al., 2022b). It is possible that these bending stresses are even higher in more active populations, necessitating a relatively taller calcaneal tuberosity. The relatively anteroposteriorly shorter calcaneal tubers in the present study hunter-gatherer population is consistent with previous findings that a shorter calcaneal tuber is related to more efficient running (Raichlen et al., 2011) because this population likely would have walked further (and at relatively faster speeds) than more sedentary groups due to their subsistence strategy (e.g., Sorrentino et al., 2020).
Within the two sedentary groups, the more recent mid-20th century-born industrialized population has a relatively mediolaterally narrower and anteroposteriorly longer calcaneal tuber than the 19th–20th century industrialized population, which may be due to an increase in sedentary behavior or changes in footwear over the course of the last century. Technological advances have led to an overall decrease in physical activity level, particularly throughout the mid to late 20th century, as they have contributed to reductions in jobs that require physical labor, an increased prevalence of automobile use, and an increase in sedentary activities/hobbies, such as watching television and playing video games (Hill et al., 2003; Brownson et al., 2005; Owen et al., 2010). A decrease in activity level would likely decrease the frequency/magnitude of the mechanical loads acting on the calcaneus and thus potentially not require a large, robust calcaneal tuber. Simultaneously, footwear has become more technologically advanced and podiatrists, as well as other researchers, have become more involved in shoe design (Subotnick et al., 2010). For example, athletic shoes have transitioned from having a leather mid-sole, which was found to be poor for shock absorption, to relatively heavy natural rubber soles, to foam, which is used in athletic footwear today (Subotnick et al., 2010). Such footwear is (in part) designed to attenuate shock associated with initial heel strike during running as a means of injury prevention (Novachek, 1998) and their regular use (i.e., daily wear outside of exercise) likely reduces mechanical stresses on the calcaneus, thus again, potentially not requiring a robust posterior calcaneus. In addition to their relatively gracile calcaneal tuber/tuberosity, the recent mid-20th century-born industrialized population also exhibits a relatively anteroposteriorly longer distal calcaneus than the other populations for calcaneal size. The distal calcaneus contributes to a portion of the lever arm of the ground reaction force for the triceps surae muscles (e.g., Biewener, 1989). Studies have found that having a relatively long calcaneal tuber, coupled with a relatively short distal calcaneus, serves to increase the effective mechanical advantage of the triceps surae muscles (e.g., Biewener, 1989). It is possible that, due to their relatively sedentary lifestyle and use of technologically advanced footwear, that this degree of effective mechanical advantage is no longer necessary and thus a relaxation of constraints on distal calcaneal length has occurred in recent sedentary groups.
While the differences observed in calcaneal external shape among the two sedentary industrialized populations may provide insight into how recent changes in behavior impact bony morphology, it is important to note that the daily behaviors (i.e., physical activity during life and personal footwear choices) of the individuals included in this study are unknown. As such many of these conclusions are based on general trends in decreases in activity levels and changes in footwear from the 19th-early 20th century to the mid-late 20th century (Hill et al., 2003; Brownson et al., 2005; Owen et al., 2010; Subotnick et al., 2010) and are thus relatively speculative. It is possible that the morphological trends observed here could also be explained in light of differences in ancestry or body proportions (outside of solely body mass) among individuals. Studies investigating calcaneal morphology among a wider range of individuals with known backgrounds may be helpful in addressing these questions further.
The hunter-gatherer calcaneus also differs from that of the other populations in unique articular facet morphologies. The posterior talar facet is relatively mediolaterally wider, which likely serves to increase contact area with the talus, thus providing a potentially larger surface to distribute loads through the subtalar joint. A relatively wider surface may serve to reduce stress and strain and resist potentially higher forces (e.g., Jungers, 1988; Ruff, 1988) associated with their likely higher activity level as a consequence of their subsistence strategy. This is consistent with variations in posterior talar facet morphology among nonhuman primates, as more terrestrial nonhuman hominoids exhibit relatively broader posterior talar facet morphologies than their more arboreal counterparts, which has been suggested to potentially be important for subtalar joint congruence in plantigrade primates (Gebo, 1992; Prang, 2016; Harper et al., 2022b). The hunter-gatherer calcaneus is additionally characterized by a more posteriorly angled, and thus differently positioned, cuboid facet relative to the rest of the calcaneus than the other populations. A relatively posteriorly angled (i.e., the medial aspect of the cuboid facet is more posteriorly positioned than the lateral border) cuboid facet is characteristic of the human calcaneus, compared to that of nonhuman apes, and has been suggested to facilitate a tight-packed position for the calcaneocuboid joint and the transformation of the foot into a rigid lever during toe-off (Bojsen-Moller, 1979; Harper et al., 2021a). It is possible that a more extreme angle may be necessary to achieve functional equivalence at the joint in a habitually unshod, highly active population. It may also indicate that the overall configuration of hunter-gatherer foot may differ slightly in the relative positioning of bones, or in soft tissue/arch height, then in more recent populations. Sorrentino and colleagues (2020) found that the hunter-gatherer foot (although they investigated different hunter-gatherer populations then studied here) was likely more everted while standing and walking based on talar morphology, and it is possible that this may be further facilitated by the calcaneocuboid joint positioning observed here. An examination of the morphology of other foot bones, such as the cuboid, in the present study hunter-gatherer population may help to shed light on this question.
Although more recent sedentary modern humans have a relatively more gracile calcaneus overall, their calcanei are absolutely larger (based on CS) than the more robust non-sedentary calcanei. Their larger calcanei are likely due to increases in body size, which is supported by the positively allometric scaling of calcaneal CS relative to estimated body mass. Relatively larger humans likely necessitate a grossly larger calcaneus to support their body mass, as full body weight (or multiples of body weight depending on activity and gait cycle phase) is transmitted through the calcaneus as a consequence of bipedalism (Chen and Bates, 2000; Jönsson et al., 2019). Sedentary groups (particularly the calcanei of those individuals from the mid-20th century-born industrialized population) are thus characterized by a relatively anteroposteriorly longer, mediolaterally narrower, and overall larger calcaneus than their non-sedentary counterparts, which is consistent with findings that anteroposterior calcaneus length scales to estimated body mass with positive allometry among humans (Harper et al., 2022b).
In conclusion, human calcaneal morphology varies among non-sedentary hunter-gatherer and sedentary industrialized populations with respect to likely differences in activity level, footwear use, and subsistence strategy, likely due to its roles in weight-bearing and heel strike during locomotion. These results add to our growing understanding of the potentially plastic relationships between foot morphology and environment/behavior (e.g., Trinkaus, 2005; Zipfel and Berger, 2007; Sorrentino et al., 2020; DeMars et al., 2021; Albee, 2022), as well as those that exist among postcranial morphology more broadly (e.g., Ruff et al., 1993; Chirchir et al., 2015; Saers et al., 2016; Chirchir et al., 2017; Ruff et al., 2018). The consistent patterns seen across skeletal elements with differences in activity level in humans (and with those seen in more terrestrial nonhuman primate calcanei, e.g., Prang, 2015; Harper et al., 2021a; Harper et al., 2021b) demonstrates the utility of these metrics for reconstructing early hominin activity levels. Understanding the changes to calcaneal morphology (as well as those that potentially exist throughout the foot) seen here in recent sedentary groups may also be of importance in clinical settings for the treatment and management of foot pathologies. Future investigations of other pedal skeletal elements among human populations that vary in activity level, subsistence strategy, and footwear use will provide a more nuanced appreciation of these relationships and a more complete picture of how entire foot morphology varies with different behaviors.
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