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    Abstract     A series of studies have lately shown specifi c morphological correlations 
with energetic savings during locomotor tasks, including burden carrying and walking 
up inclines. These energetic savings appear signifi cant and make sense given the 
interactions between morphological variation and behavior in many populations. 
For example, a wider pelvis for one’s mass has been shown to save people energy 
while carrying both front and back burdens. Ethnographic reports suggest that 
females, who maintain a wider pelvis for their mass in any given group, carry a 
much higher proportion of burdens than males—some have even suggested that car-
rying is “women’s work.” Simultaneously, a shorter tibia has been correlated with 
energy effi ciency while walking up inclines, while a longer tibia has been shown to 
increase speed along fl at terrain. All of these traits have also been shown to be cor-
related with climatic variables, particularly temperature, such that morphology may 
result from some interaction between selection pressures for thermoregulatory and 
mobility adaptations. Here I review work on the mobility effects of pelvic width and 
limb proportions in the context of carrying burdens across variable terrain and while 
balancing thermoregulatory pressures.  
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10.1         Introduction 

 The study of mobility and mobility strategies within physical anthropology has bur-
geoned in the past few years, thanks to studies specifi cally addressing the effects of 
a variety of morphological variables on mobility patterns. Mobility is defi ned in 
various ways and has been used to defi ne everything from specifi c subsistence types 
(e.g., marine hunter-gatherer) to broad scale patterns of movement (e.g., residential 
mobility). Here, mobility encompasses the manner (e.g., speed, encumbered with 
burdens, with others) by which people locomote (i.e., walk specifi c distances) 
across terrain (e.g., with variable incline) to gain access to necessary resources (e.g., 
food and water). Relating locomotion (how fast and how far) to subsistence strate-
gies (e.g., marine gatherer) has often involved studies of the cross-sectional mea-
sures of limb bones for populations with known mobility patterns in terms of 
subsistence type and sometimes distances moved (Ruff  1984 ,  1987 ; Ruff and Hayes 
 1983 ; Stock  2006 ; Stock et al.  2011 ; Trinkaus and Ruff  1999a ,  b ) (see also Ruff and 
Larsen  2014 , for a complete review). As this volume attests, these studies have 
greatly aided our ability to interpret the variation in fossil and historical long bone 
remains in terms of the subsistence strategies of the populations. Cross-sectional 
measures are also highly infl uenced by limb lengths and body proportions since 
limb lengths infl uence bending moments and thus joint and diaphysis remodeling 
(Gruss  2007 ), though see Pearson et al. ( 2014 ) for the low correlations between bi- 
iliac breadth and limb midshaft shape. 

 Studies investigating mobility (my defi nition) from an energetic perspective have 
consequently specifi cally focused on the role of body size and proportions (e.g., 
lower limb length, crural index, pelvis width) in saving the entire physiological 
system energy (DeJaeger et al.  2001 ; Kramer  1999 ,  2004 ; Kramer and Eck  2000 ; 
Kramer and Sylvester  2009 ; Minetti and Alexander  1997 ; Minetti et al.  1994 ; 
Steudel-Numbers  2006 ; Steudel-Numbers and Tilkens  2004 ; Steudel  1994 ,  1996 ; 
Steudel and Beattie  1995 ; Wall-Scheffl er  2012a ,  b ), thus allowing more energy to be 
available to the individual for reproductive costs. The theory behind an energetic 
perspective of limb lengths and torso widths suggests that when mobility tasks are 
accomplished on a daily basis, those individuals who spend less energy on the daily 
task will thus be able to spend their energy savings on reproductive tasks. If particu-
lar limb proportions aid energetic economy, these proportions would be more suc-
cessful. This is particularly true for females who are able to drive down the cost of 
walking: those females with low costs of mobility would then have reduced inter-
birth intervals, and increased lifetime fi tness for example. Data supporting the 
importance of energetic constraints on locomotor morphology come from a variety 
of sources, particularly reproductive ecology. Studies that integrate mobility and 
reproductive success clearly show that the energetics of daily walking infl uence 
interbirth intervals and offspring survivorship (Blurton Jones et al.  1989 ; Blurton 
Jones  1986 ,  1987 ; Gibson and Mace  2006 ). Locomotor stress has also been shown 
to lead to drops in ovarian hormones (Devlin  2011 ). Changes in mobility (e.g., 
amount, intensity) have consistently been shown to infl uence weight loss/weight 
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gain, and ovarian function and fecundity have consistently been shown to be 
 particularly sensitive to changes in the metabolic balance (often measured in terms 
of changes in mass), such that an increased imbalance between energy-in and 
energy- out decreases fertility (Ellison  2003 ,  2008 ; Emaus et al.  2008 ; Jasienska and 
Ellison  2004 ; Pike  2005 ; Ziomkiewicz et al.  2008 ). Such sensitivities to changes in 
metabolic balance (as caused by changes in mobility) have been shown both in 
high- mass, energy-rich populations and also in lower body mass, less healthy 
populations. 

10.1.1     The Importance of Speed in the Context of Mobility 

 Mobility strategies are often defi ned within a particular landscape. Mobility 
encompasses distances to food patches, water holes, and hunting grounds, as well 
as the terrain through the landscape. Within this context, the energy used per unit 
distance (Cost of Transport—CoT) becomes crucial as it helps situate mobility 
strategies in a particular niche. For humans, regardless of gait choice, the amount 
of energy used to go a given distance is curvilinear in relation to speed choice 
(Steudel-Numbers and Wall-Scheffl er  2009 ; Wall-Scheffl er  2012b ) (Fig.  10.1 ). 
That is, people can walk at a variety of speeds, but one speed will cost them the 
lowest amount of energy when going a particular distance. Studies done on people 
walking alone have shown that most people choose to walk very close to the speed 
that minimizes the cost to go that given distance (the “optimal” speed), even when 

  Fig. 10.1    The optimal walking curve. The  vertical red line  demarcates the optimal speed—the 
speed at which the Cost of Transport is lowest (data from Wall-Scheffl er and Myers  2013 )       
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walking for relatively short periods of time (Browning et al.  2006 ; Browning and 
Kram  2005 ; O’Connor and Donelan  2012 ; Peyrot et al.  2012 ; Ralston  1958 ); this 
further seems to be true for other primates and mammals generally (Langman et al. 
 2012 ; O’Neill  2012 ).

   The relationship between speed and daily movement distances (an often used 
measure of mobility) is complex. Many endotherms show seasonal patterns in daily 
movement distances but maintain a consistent speed (Jedrzejewski et al.  2001 ; 
Kowalzcyk et al.  2006 )—not surprising given the pattern of    organisms to travel 
around their optimal speed. Other species, such as the Polish lynx, show an increase 
in speed during the season with an increase in daily movement distance, suggesting 
that increased speed can be an important mechanism for animals to increase their 
movement distances—in the case of the lynx because the search for mates directly 
depends upon their range (Jedrzejewski et al.  2002 ). As high resolution studies of 
human seasonality of speed and movement distances become available (e.g., Pontzer 
et al.  2012 ), hopefully some of these relationships will be uncovered for our own 
species.  

10.1.2     The Importance of Body Proportions 
in the Context of Mobility 

 Limb proportions have been shown to be crucial for the absolute cost of locomotion 
(Kramer and Eck  2000 ) and the relative (for a given mass) cost of locomotion 
(Pontzer  2007 ; Steudel-Numbers and Tilkens  2004 ), but also for the speed of this 
optimum (Wall-Scheffl er  2012b ). This means that how much ground an individual 
can economically cover, and thus how much mobility is energetically feasible, is 
also dependent on limb lengths and proportions (Wall-Scheffl er  2012a ). 
Additionally, limb lengths, limb proportions, and body breadth have also been 
shown to vary the curvilinear relationship between speed and the Cost of Transport 
(Wall-Scheffl er  2012b ), resulting in some body proportions having a wider curve 
(more speeds from which to choose) or a more narrow curve (fewer speeds could be 
considered “optimal”). 

 Morphological variation in terms of limb lengths and pelvis breadths has also 
been shown to have dramatic importance for negotiating variable terrain, with many 
studies focusing particularly on incline movement (both walking and running) 
(Block et al.  2009 ; Higgins and Ruff  2011 ; Wall-Scheffl er et al.  2010 ). While few 
studies have focused on energetic contributions of limb proportions (but see Block 
et al.  2009 ), and have rather characterized the mechanical work involved in walking 
or running up hills (Higgins and Ruff  2011 ; Wall-Scheffl er et al.  2010 ), clear pat-
terns of the importance of limb proportions for reducing work, as well as energy, 
have surfaced.  
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10.1.3     The Importance of Tasks in the Context of Mobility 

 Another key task that has begun to emerge as crucial in order to weigh different 
selection pressures and outcomes of limb proportions and body shape is load carry-
ing (Gruss et al.  2009 ; Kramer  2004 ; Wall-Scheffl er et al.  2007 ; Wall-Scheffl er and 
Myers  2013 ). As load carrying is a universal task for humans, those individuals who 
can carry loads for a reduced cost are at a distinct advantage reproductively. Females 
in particular carry frontal loads continuously for minimally a year (during preg-
nancy and initial lactation position), at which time the burden (e.g., child) is moved 
to the side or the back for another few years (before the cycle begins again). Since 
burden carrying is highly energetically expensive (Kramer  1998 ; Wall-Scheffl er 
 2007 ; Watson et al.  2008 ) and causes statistically signifi cant changes to the CoT 
curve (Wall-Scheffl er and Myers  2013 ) (Fig.  10.2 ), understanding morphological 
possibilities of offsetting these costs is key to elucidating selection pressures on 
people. The studies looking at this problem fi nd that, for sexually dimorphic traits 
(such as body size and pelvis width), the female morphology creates energetic sav-
ings during load carrying (Gruss et al.  2009 ; Wall-Scheffl er  2012a ; Wall-Scheffl er 
et al.  2007 ) as well as creating important contributions in terms of speed options 
(Wall-Scheffl er and Myers  2013 ).

  Fig. 10.2    Optimal walking curves for unloaded and front loaded (16 % of body mass) conditions. 
Of particular note is the different curvature of the two curves; the loaded curve has a more acute 
curve, and thus the energetic penalty for walking away from the optimal speed is progressively 
greater (data from Wall-Scheffl er and Myers  2013 )       
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10.1.4        The Importance of Thermoregulation 
in the Context of Mobility 

 While the energetic framework is of great importance in understanding the wide 
range of limb and pelvic variation among extant and extinct hominins, these propor-
tions have clear implications for thermoregulation as well (Holliday  1997b ; Roberts 
 1978 ; Ruff  1994 ). For example, the importance of distal segment length in heat dis-
sipation (Irving and Krog  1955 ; Trinkaus  1981 ) and the importance of heat dissipa-
tion for energy expenditure (due to preventing the cardiovascular system from 
overworking to maintain consistent core and limb temperatures) (Gonzalez-Alonso 
 2012 ; Speakman and Król  2010 ) is a crucial example of the interaction of mobility 
and thermoregulation. And while one might suppose that thermoregulatory pres-
sures during development might drive limb proportions irrespective of selection for 
economical locomotion, genetics powerfully impacts lower limb proportions 
(Schultz  1926 ), even in the context of short-term environmental factors such as 
nutrition and hypoxia (Bailey et al.  2007 ). As such, adult body proportions can be 
viewed as the outcome of a range of key environmental interactions (Stock et al. 
 2011 ; Tilkens et al.  2007 ) but that are heavily impacted by the cumulative effects of 
selection, including selection for mobility (Binford  2001 ). 

 Thus, limb lengths and body widths prove to be determinants in setting the con-
straints within which individuals must work, both in terms of gaining access to 
resources and maintaining physiological homeostasis. A population’s set of limb 
lengths and proportions will be indicative of the selection pressures that population 
has faced—both in terms of economy (how much ground needs to be covered) and 
speed (how many other tasks are necessary, how much daylight, how much heat 
load) within the context of terrain, task (e.g., carrying burdens), and climate (e.g., 
thermoregulation). Thus, speed, thermoregulation, and energetics must be assessed 
together in order to understand the selection pressures involved in increasing the 
energy available for reproduction and accessing resources across any series of niche 
adaptations which would ultimately improve reproductive fi tness. Here I assess cur-
rent work investigating the interactions among these complex variables within a 
selectionist framework.   

10.2     Lower Limb Length 

10.2.1     Energy Savings on the Level 

 Research on the energetics of walking on level surfaces has consistently shown that 
longer lower limbs (relative to mass) reduce the cost of walking at a range of com-
fortable walking speeds (Steudel-Numbers and Tilkens  2004 ; Wall-Scheffl er et al. 
 2010 ) (Table  10.1 ); this is generally considered particularly important for the inter-
pretation of the hominin fossil record. Long lower limbs, relative to stature or mass 
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estimations, are interpreted as suggesting modern human-like effi ciency, and 
 “striding-bipedality” (Pontzer et al.  2010 ; Steudel-Numbers  2006 ). Even more 
important for ideas about mobility and subsistence is the fi nding that absolutely 
longer lower limbs increase the speed at which the minimum CoT occurs, meaning 
that populations with longer lower limbs have the potential to cover more ground in 
less time without bearing additional energetic burdens (Wall-Scheffl er  2012a ,  b ). 
The trade-off for this benefi t, however, is that those individuals with longer lower 
limbs also have increased curvature of their CoT curve (Wall-Scheffl er  2012b ) 
meaning that when they are not traveling fast, they do pay an energetic penalty, 
perhaps because of the specifi c timing of muscle activation patterns (Carrier et al. 
 2011 ; Wall-Scheffl er et al.  2010 ). That is, if the muscle activation patterns are not 
commonly used or involve the coactivation of multiple muscle groups, the cost of 
locomotion increases (Voloshina et al.  2013 ). This increase in cost would have dra-
matic implications if, for example, a large male walks with a small female while she 
is carrying a load that decreases her optimal speed (see further discussion below). 
His energetic burden for slowing down to the loaded optimum of a small individual 
could be nearly 10 % of his daily energy expenditure (DEE) (Wall-Scheffl er  2012b ). 
It would thus be useful to test the relationship between sexual dimorphism and 
absolute lower limb length; if females were smaller, but maintained absolutely lon-
ger lower limbs, this could predict more mixed-sex walking groups and/or long 
daily movement distances.

10.2.2        Lower Limb Length at an Incline 

 Speed itself seems to be positively driven by the absolute length of the tibia 
(Bereket  2005 ; Wall-Scheffl er  2012b ), which is important as tibia length has 
recently been implicated in being crucial for the negotiation of uneven terrain 
(Block et al.  2009 ; Higgins and Ruff  2011 ). While on the level surface, a longer 

    Table 10.1    Summary of body proportions’ infl uence on locomotor energetics   

 Terrain  Burden  Energetics  CoT curvature  Citation 

 Long lower limbs  Flat  Front  Reduced  Acute  Steudel-Numbers and 
Tilkens ( 2004 ), 
Wall-Scheffl er and 
Myers ( 2013 ) 

 Short lower limbs  Incline  Reduced  Block et al. ( 2009 ), Higgins 
and Ruff ( 2011 ) 

 Wide bi-trochanteric  Flat  Back  Reduced  Acute  Wall-Scheffl er ( 2012b ), 
Wall-Scheffl er et al. 
( 2007 ) 

 Wide bi-iliac  Flat  Front  Obtuse  Data from Block et al. 
( 2009 ), Wall-Scheffl er 
and Myers ( 2013 ) 

 Incline  Reduced 
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tibia confers a higher optimal speed (Bereket  2005 ; Wall-Scheffl er  2012b ), on an 
inclined surface, longer tibiae have been shown to be energetically costly. A long 
tibia makes long stride lengths more challenging on an incline by effectively 
removing the mechanical advantages of the longer limbs (Higgins and Ruff  2011 ); 
the result is that long tibiae become signifi cantly costlier as the incline becomes 
steeper (Block et al.  2009 ).  

10.2.3     Lower Limb Length Mechanics 

 Longer limbs offer energetic advantages on level surfaces for two likely reasons. 
From a mechanical perspective, long limbs lead to longer stride lengths, and thus 
fewer strides per distance (Grieve and Gear  1966 ; Wall-Scheffl er and Myers 
 2013 ); fewer strides should lead to lower costs (Donelan et al.  2002 ; Kuo et al. 
 2005 ; Weyand et al.  2010 ). Additionally, longer limbs have consistently been 
shown to reduce heat load, and increase heat loss (Cross et al.  2008 ; Tilkens et al. 
 2007 ). As mentioned above, such an ability to minimize heat gain and overall heat 
load would allow the individual to maintain higher speeds without overloading 
homeostatic systems and increasing energetic cost (Gonzalez-Alonso  2012 ; 
Speakman and Król  2010 ). It is possible that this thermoregulatory component is 
a key aspect of why longer lower limbs are more energetically economical for a 
given mass—the surface area to volume ratio increases, allowing more heat to be 
lost during locomotion, allowing higher speeds to be maintained at a lower 
 energetic cost. While the role of long lower limbs in increasing heat loss has been 
shown during resting (Tilkens et al.  2007 ) and has long been theorized to increase 
heat loss during walking (Cross et al.  2008 ; Wheeler  1993 ), recent data coming 
out have now shown that long lower limbs do in fact correlate with a reduction in 
heat gain during walking (Fig.  10.3 ).

10.2.4        Lower Limb Length and Burden Carrying 

 Despite these important benefi ts, the role of limb length to augment any of the 
burden—thermoregulatory or energetic—during load carrying has been undeter-
mined at this point. Initial studies on the energetics of burden carrying have not 
found any particular role for lower limb length one way or another (Kramer  2010 ; 
Wall- Scheffl er and Myers  2013 ). This is particularly interesting because increasing 
stride length does seem to be important for alleviating energetic costs of increasing 
load; however, as discussed below, the increased stride length during load carrying 
seems to come from rotating the pelvis and not from using the lower limbs any dif-
ferently (Gruss et al.  2009 ; Rak  1991 ; Wall-Scheffl er et al.  2007 ; Wall-Scheffl er 
and Myers  2013 ).   
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10.3     Pelvis Width 

10.3.1     How Should the Pelvis be Considered? 

 In the last few years two important ideas relating to the pelvis have emerged. First 
is the near consensus among paleoanthropologists that a broad/wide pelvis has been 
the dominant pelvis shape for most of hominin evolution (Bonmati et al.  2010 ; Kibii 
et al.  2011 ; Rosenberg et al.  2006 ; Simpson et al.  2008 ,  2010 ), up to the very late 
appearance of the narrow pelvis characteristic of anatomically modern human 
males (Holliday  1997a ,  2000 ; Trinkaus  1983 ). The second is that a wide pelvis—
variably defi ned by bi-iliac, bi-trochanteric, or bi-acetabular breadth—has some 
advantages for the individuals who have them (Donelan et al.  2004 ; Dunsworth 
et al.  2012 ; Kuo  2007 ; Wall-Scheffl er  2012a ,  b ; Wall-Scheffl er et al.  2007 ,  2010 ; 
Wall-Scheffl er and Myers  2013 ). Both of these are relatively recent ideas as for 
many years it was thought that the narrow pelvis emerged early [e.g., with  Homo 
erectus  (Walker and Leakey  1993 )] and that a wide pelvis was a (primitive) costly 
trait due to the creation of large moment arms (Lovejoy  1988 ; Richmond and 
Jungers  2008 ). These shifts in thinking are on the one hand due to numerous impor-
tant fossils that have been discovered and/or described in recent years, as well as 
due to datasets featuring other demographics and conditions besides healthy men 

  Fig. 10.3    The negative correlation between lower limb length and the slope of the core tempera-
ture increase across a bout of stair walking ( N  = 14;  R  2  = 12 %). Men with longer lower limbs show 
a slower increase in core temperature over a 15 min stair stepping trial than men with shorter lower 
limbs. (data are currently being prepared for publication and are available on request)       
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walking unencumbered on treadmills at their preferred walking speed. In particular, 
studies assessing people walking at a variety of speeds (e.g., in order to investigate 
the entire Cost of Transport curve) and with people doing a variety of tasks (e.g., 
carrying burdens) have been at the forefront of understanding the possible benefi ts 
to mobility offered by a broad pelvis. 

 In order to understand the role the pelvis plays in locomotion, it would be helpful 
to defi ne what aspects of pelvic shape infl uence locomotor mechanics, muscle acti-
vation, and energetics. Pelvis width is often taken to mean bi-iliac breadth, but 
important mechanical considerations exist for bi-trochanteric breadth since this 
encompasses the functional relationship between the femur and the pelvis and infl u-
ences the angle by which the knee must be adducted under the body. Since the 
relationship between the lateral margin of the iliac crest and that of the greater tro-
chanters also defi nes the muscle force that must be generated by the hip abductors 
(e.g., Richmond and Jungers  2008 ), the different widths may not necessarily be 
independently selected (Grabowski et al.  2011 ), but a comparison between them has 
not been systematically made (though see Ruff  1995 ). 

 Since bi-trochanteric breadth is extremely challenging to get from disarticulated 
bones, bi-acetabular breadth is another measure that can be used to measure pelvis 
width as well as the width between the femoral heads (in order to estimate 
 bi- trochanteric width even if femoral neck length and angle is not known); further-
more, bi-acetabular breadth is a measure of reproductive signifi cance. Suffi ce it to 
say, we do not yet understand how the three measures are correlated to each other 
morphologically, much less functionally; selection can clearly act on them indepen-
dently and we see different patterns of variation in different populations and at dif-
ferent times (Grabowski et al.  2011 ; Kurki  2008 ,  2011 ; Ruff  1995 ). As such, in the 
following review, I have tried to be as specifi c as possible in relating what measures 
of pelvic width seem to have particular relationships with energetics and cost in 
terms of mobility. Bi-iliac breadth seems to have more infl uence on muscle activity 
as the ilia are the main source of pelvis and thigh muscles, whereas bi-trochanteric 
breadth seems to have more infl uence on biomechanical variables such as stride 
length, likely due to its role in rotating the pelvis in relationship with the femur. 
Bi-acetabular breadth will be discussed based on its role in reconstructing fossil 
morphology and variation as any effort to actually measure this in vivo and declare 
its relevance to mobility studies is in its early stages (e.g., Dunsworth et al.  2012 ). 

    Energy Savings on the Level With and Without Burdens 

 During unloaded walking on a level surface, albeit not a treadmill, pelvis width has 
been shown to infl uence both the relative cost (for a given mass) as well as the 
fl exibility of walking speed (Wall-Scheffl er  2012b ) (Table  10.1 ). The data show that 
for a given mass, increased pelvis width (here, as bi-trochanteric) reduces the meta-
bolic cost of walking—this is a similar effect to that of lower limb length discussed 
above and is additive; you can have both longer limbs and a broader pelvis and have 
energetic benefi ts from both—enough to offset the increased metabolic cost that 
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comes with getting bigger (Wall-Scheffl er  2012a ). However, a wider pelvis (again 
as  bi-trochanteric) also increases the curvature around the minimum speed, meaning 
that the penalty for traveling away from the optimal speed is absolutely greater, 
though this may simply be a piece of the series of tradeoffs for increasing size (simi-
lar to increased lower limb length). The role of a wide pelvis is exactly the opposite, 
however, when loads are considered. Data of women walking with frontal loads 
have shown that a wider pelvis (here as bi-iliac) dramatically (5 %) decreases the 
curvature of the CoT curve, making women with wider bi-iliac breadths signifi -
cantly more able to vary their walking speed with no metabolic penalty (Wall- 
Scheffl er and Myers  2013 ). Since smaller people generally have a wider CoT curve 
anyway (Wall-Scheffl er  2012b ), being both small and having a broad pelvis allows 
women a substantial variety of walking speeds while they are carrying loads all at 
the same optimum cost. Data on women walking at a single speed with a backload 
similarly show that women with a wider pelvis (bi-trochanteric) have a reduced cost 
for carrying the load compared to women with a more narrow pelvis (Wall-Scheffl er 
et al.  2007 ). This is particularly interesting since much of the ethnographic literature 
supports a scenario in which women walk together (Binford  2001 )—generally with 
different sorts of food, baby, and household loads (Brightman  1996 ; Hilton and 
Greaves  2008 ). Having a broad pelvis allows all the women to be able to walk 
together essentially at their optimum speed. 

 Data on muscle activity during walking has shown that individuals with wider 
bi-iliac breadths have signifi cantly decreased muscle activity in the hip adductors 
and hamstrings while walking on inclines (Wall-Scheffl er et al.  2010 ) suggesting 
energy savings. This is confi rmed with unpublished data on the metabolic costs of 
incline walking (data from Block et al.  2009 ), which illustrates a cost-saving mech-
anism of bi-iliac breadth for incline walking. In these data, bi-iliac breadth has again 
a negative relationship with cost even when the relationship between mass and the 
interaction between tibia and slope are considered.   

10.3.2     Pelvis Width Mechanics 

 How can we compare these two different mechanisms of cost saving, one involving 
bi-trochanteric breadth and one involving bi-iliac breadth? The mechanisms seem to 
relate in part to increased stride length, as well as increased stability; the mecha-
nisms do not seem to relate to thermoregulatory advantages contrary to the situation 
with lower limb length. Clearly, both biogeographical patterns (e.g., Bergmann’s 
rule) as well as data (Wall-Scheffl er  2010 ; Wall-Scheffl er and Myers  2012 ) have 
shown that wider pelves/torsos lead to increased body temperature both at rest and 
while walking, so the energetic benefi ts must come from elsewhere. Studies using 
multiple methods and looking at both loaded and unloaded walkers on a level sur-
face have shown that increased pelvis width (here as bi-trochanteric breadth) leads 
to longer stride lengths (Gruss et al.  2009 ; Rak  1991 ; Wall-Scheffl er et al.  2007 ; 
Wall-Scheffl er and Myers  2013 ). As discussed above, increasing stride length has 

10 The Balance Between Burden Carrying, Variable Terrain…



184

the potential to reduce total strides taken and thus reduce metabolic cost for going a 
particular distance. It is not clear at this point whether the relationship between bi- 
trochanteric breadth and stride length exists on an incline. 

 Having a broader pelvis (and all the tissue and musculature that this entails) par-
ticularly in terms of the breadth of the ilia, pulls the center of mass downwards, 
theoretically increasing stability and partially explaining why females have a lower 
center of mass than males. It has further been clearly shown that stability—particu-
larly in the mediolateral plane—is important in the energetics of locomotion, and 
that increased stability reduces the energetic cost of walking (Donelan et al.  2004 ; 
Voloshina et al.  2013 ). Furthermore, increased stability through the actions of the 
hip abductors specifi cally [which comes with a broader pelvis (Wall-Scheffl er et al. 
 2010 )] may thus decrease the entire system’s cost of walking (Kuo  1999 ,  2007 ; Kuo 
et al.  2005 ).   

10.4     Application: Neanderthal Mobility 

 Clearly not all variations among extinct or extant populations’ body proportions can 
be explained by climatic variation alone (Kurki et al.  2008 ), and the studies assessed 
here show a pattern of specifi c body proportions alleviating the energetic burden of 
mobility under particular situations. Additionally, some of the thermoregulatory 
benefi ts of certain proportions indirectly offer clear advantages for mobility: a 
reduction in heat load allows people to walk faster for longer for less energetic cost 
(Wheeler  1993 ). What then do these energetic, speed, and thermoregulatory fi nd-
ings mean for mobility? 

 Since the optimal walking speed signifi cantly correlates with tibia length, this 
relationship illuminates a link between something measurable in the fossil record 
(i.e., tibia length) and a behavior of energetic importance (i.e., speed) (Bereket 
 2005 ; Wall-Scheffl er  2012b ). Irrespective of the selection pressures on the short 
tibiae of Neanderthals for example, the result of their shorter limbs will have rami-
fi cations for their mobility and their walking speeds. The regression equation devel-
oped from the model of tibia length predicting optimal speed [after utilizing Porter’s 
correction of external measures to skeletal measures (Porter  1996 )] (Wall-Scheffl er 
 2012b ), was applied to fossil hominins for whom tibia length is available; these 
results are shown in Table  10.2 . The range of tibiae lengths in the original study 
population (Wall-Scheffl er  2012b ) was 279.2–420.4 mm, so most of the fossil spec-
imens fell within this range. Since the regression equation explains 36 % of the 
variation, these optimal speeds should be considered preliminary at best; however, 
they do supply a meaningful context for the morphological variation within and 
between populations. For both Neanderthals ( n  = 12) and Anatomically Modern 
Humans (AMH) ( n  = 16) samples, females show slower optimal walking speeds 
( p  = 0.002 between tibia length each group) than males (1.31 and 1.22 ms −1  for 
Neanderthal males and females, respectively, and 1.43 and 1.34 ms −1  for AMH 
males and females). For both species, male optimal travel speeds are roughly 7 % 
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    Table 10.2    Optimal speed predicted for fossil  Homo , based on the equation: Optimal speed 
(ms −1 ) = 0.00205 × Tibia length (mm) + 0.5811 [Wall-Scheffl er ( 2012b )]      

 Species  Specimen  Sex 
 Tibia length 
(mm) 

 Speed 
(ms −1 )  Source 

  H. erectus   KNM-ER 15000  M?  380-dead  1.36  Antón ( 2003 ) 
 KNM-ER 15000  ( 403.4 )- adult   1.41  Graves et al. ( 2010 ) 
 Dmanisi D3901  M?  306  1.21  Lordkipanidze et al. 

( 2007 ) 
 Ngandong B  ( 360 )  1.32  Antón ( 2003 ) 

  H. heidelbergensis   Kabwe  M  416  1.43  Trinkaus ( 2009 ) 
 Boxgrove  M?  ( 396.8 )  1.39  Stringer et al. ( 1998 ) 

 European 
Neanderthals 

 La Chapelle 1  M  ( 340 )  1.28  Holliday ( 1995 ), 
Trinkaus ( 1980 ) 

 La Ferrassie 1  M  ( 370 )  1.34  Holliday ( 1995 ), 
Trinkaus ( 1980 ) 

 Spy 2  M  331  1.26  Holliday ( 1995 ), 
Trinkaus ( 1980 ) 

 La Ferrassie 2  F  311  1.22  Holliday ( 1995 ), 
Trinkaus ( 1980 ) 

 Palomas 96  F  304  1.20  Walker et al. ( 2011 ) 
 Crimea Neanderthal  Kiik-Koba 1  M  (346)  1.29  Trinkaus ( 1980 ) 
 West Asian 

Neanderthals 
 Amud 1  M  ( 482 )*  1.57  Holliday ( 1995 ), 

Trinkaus ( 1980 ) 
 Shanidar 1  M  ( 355 )  1.31  Holliday ( 1995 ), 

Trinkaus ( 1980 ) 
 Shanidar 2  M  337.5  1.27  Holliday ( 1995 ), 

Trinkaus ( 1980 ) 
 Shanidar 5  M  ( 355 )  1.31  Holliday ( 1995 ), 

Trinkaus ( 1980 ) 
 Shanidar 6  F  ( 300 )  1.20  Holliday ( 1995 ), 

Trinkaus ( 1980 ) 
 Tabun C1  F  319  1.24  Holliday ( 1995 ), 

Trinkaus ( 1980 ) 
 Middle Paleolithic 
  H. sapiens  

 Skhul 4  M  434*  1.47  Holliday ( 1995 ) 
 Skhul 5  M  ( 443 )*  1.49  Holliday ( 1995 ) 
 Skhul 6  M  ( 405 )  1.41  Holliday ( 1995 ) 
 Qafzeh 8  M  ( 436 )*  1.48  Holliday ( 1995 ) 
 Qafzeh 9  F  ( 400 )  1.40  Holliday ( 1995 ) 
 Qafzeh 3  F  ( 357 )  1.31  Holliday ( 1995 ) 

 Upper Paleolithic 
  H. sapiens  

 Dolni Vestonice 
14 

 M  418  1.44  Holliday ( 1995 ) 

 Grotte des 
Enfants 4 

 M  455*  1.51  Holliday ( 1995 ) 

 Paviland  M  398  1.40  Holliday ( 1995 ) 
 Predmosti 3  M  423*  1.45  Holliday ( 1995 ) 
 Predmosti 9  M  351  1.30  Holliday ( 1995 ) 
 Predmosti 14  M  396  1.39  Holliday ( 1995 ) 
 Predmosti 4  F  364  1.33  Holliday ( 1995 ) 
 Predmosti 10  F  359  1.32  Holliday ( 1995 ) 
 Cro-Magnon 2  F  384  1.37  Holliday ( 1995 ) 
 Grotte des 

Enfants 5 
 F  367  1.33  Holliday ( 1995 ) 

  Sex was determined by the source author. Tibia lengths in parentheses denote estimations. 
An asterisk denotes a tibia length that falls outside the variation of the regression sample 
(279.2–420.39 mm)  
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faster than females. There was no difference between the optimal speed of European 
Neanderthals and West Asian Neanderthals ( p  = 0.722 for tibia lengths), nor between 
those of Middle Paleolithic and Upper Paleolithic AMH ( p  = 0.251 for tibia lengths). 
West Asian AMH ( N  = 6) had faster optimal walking speeds than West Asian 
Neanderthals ( N  = 6) (1.43 ms −1  for AMH and 1.29 ms −1  for Neanderthals); each 
group had four individuals considered males and two considered females. Despite 
the small samples from  H. erectus  and  H. heidelbergensis , Table  10.2  also allows a 
comparison of the variation in estimated optimal speed by species and suggests that 
Neanderthals had much slower optimal speeds than other  Homo  species, even than 
the smaller individuals from Dmanisi, whereas  H. heidelbergensis  had optimal 
speeds comparable with those of  H. sapiens .

   Such results offer a helpful perspective on the ongoing discussions of Neanderthal 
mobility patterns, which have generally been interpreted to show a small range of 
total Neanderthal movement [annual or lifetime of 20–30 km (Barton  2000 ; 
Macdonald et al.  2009 ; Richards et al.  2008 )]. Neanderthals’ levels of sexual dimor-
phism of limb lengths are similar to AMH, a fact already much discussed in the 
literature (Arsuaga et al.  1997 ; Trinkaus  1980 ). The consequence of this dimor-
phism allows for a pattern of speed dimorphism equivalency between Neanderthals 
and their contemporaneous AMH. This is interesting particularly because 
Neanderthals are not interpreted to have labor dimorphism similar to AMH (Kuhn 
and Stiner  2006 ), and thus may be less likely to have practiced single-sex travel par-
ties (Wall-Scheffl er  2012b ). Since Neanderthal pelves show wider bi-acetabular 
breadths (Ponce de Leon et al.  2008 ), it is possible instead that Neanderthals 
accepted some small energetic penalty for walking at suboptimal speeds with indi-
viduals of different sizes, but minimized this cost with a wider pelvic breadth (in all 
dimensions). 

 Neanderthal optimal walking speeds, however, are estimated to be signifi cantly 
slower than those of AMH to the extent that the mean optimal speed of Neanderthal 
males is slower than the mean optimal speed of AMH females. Despite the ther-
moregulatory and incline-walking advantages, short distal segments offered 
Neanderthals, their short tibiae do offer a potential dilemma during short winter 
days, particularly if resources are diffi cult to acquire and/or widespread. With day-
light as a likely constraint on foraging, all high latitude populations must negotiate 
fi nding enough nutrients and water in highly variable amounts of time; based on 
the latitude of European Neanderthal sites, this time can decrease to 7–9 h during 
the winter. The combination of such short days with Neanderthals’ slow optimal 
travel speeds suggests that Neanderthals may have used small daily movement 
distances. Corroborating evidence is demonstrated by a number of archeological 
studies showing sites with an accumulation of ungulate remains typical of the win-
ter season near sites with more year-round accumulations of ungulate remains 
(Daujeard and Moncel  2010 ; Pike-Tay et al.  1999 ; Wall  2005 ), implying shorter 
daily movement distances during the shortened winter days. Furthermore, 
Macdonald et al. ( 2009 ) also suggest that Neanderthals were moving shorter dis-
tances with each foraging excursion, but that Neanderthals may have moved more 
frequently to exploit an increased amount of resources; continued assessment of 
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the location of season- specifi c sites will help further demonstrate the application of 
this idea. Additionally, if Neanderthals’ slower speeds promoted time stress during 
the short winter days, this provides a selection pressure for the smaller group sizes 
suggested for Neanderthals (Burke  2006 ; Pettitt  1997 ) due to reduced time for 
sociality (Dunbar  1992 ). It may further be interesting to predict whether Neanderthal 
regionally intense behavior allowed them to locate resources quickly and whether 
their material culture (and lack of sexual division of labor?) allowed them to pro-
cess material very quickly. 

 Work on the Pumé of Venezuela offers another interesting layer onto our assess-
ment of Neanderthal morphology. Hilton and Greaves ( 2008 ) found that female 
decision-making regarding how much they would load themselves varied with the 
season and the distance to the food patch: the further the distance, the more they 
would load themselves rather than make multiple trips. Thus, the intersection of 
time and cost becomes of great importance. If time is a constraint, then increasing 
loading may be vital to a successful foraging (or hunting) attempt. Neanderthal 
morphology—with its broad pelvis—is particularly useful for walking with heavy 
burdens, a practice which could have been crucial under time-constrained situa-
tions. Since burdened people already walk quite a bit more slowly than unburdened 
people, the short tibiae and slower optimal speeds of Neanderthals may in fact be a 
function of regular burdened locomotion over inclined and variable  terrain. A cru-
cial piece of future research thus must focus on the intersection of travel time and 
cost (including pressures of terrain and burden) while walking, in order to better 
understand how these morphological factors act under more complex mobility 
regimes.     
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