
Growing up Shuar: Life history tradeoffs and energy 
allocation in the context of physical growth among an 

indigenous Amazonian population 
 
 
 
 
 

A dissertation presented 
 

by 
 

Samuel Scott Urlacher 
 

to 
 

The Department of Human Evolutionary Biology 
 

in partial fulfillment of the requirements  
 

for the degree of 
 

Doctor of Philosophy 
 

in the subject of 
 

Human Evolutionary Biology 
 
 
 
 
 
 
 

Harvard University 
 

Cambridge, Massachusetts 
 

April 2016 
 
 
 
 

 



!

ii!
!

 

 

 

 

 

 

 

 

 

 
 
 
 

 
 

 
 

© 2016 Samuel Scott Urlacher 
All rights reserved. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 



!

iii!
!

Dissertation Advisor: Professor Peter T. Ellison                             Samuel Scott Urlacher 
 
 

Growing up Shuar: Life history tradeoffs and energy allocation in the context of physical 
growth among an indigenous Amazonian population 

 
 
 

ABSTRACT 
 

 Life history theory assumes that organisms allocate energetic resources (i.e., calories) to 

primary life functions such as maintenance, growth, reproduction, and physical activity in a 

manner that maximizes fitness. Under this conceptual framework, energy is limited, resource 

allocation is dynamic, and functional tradeoffs between competing metabolic processes are 

expected to occur. Life history tradeoffs have been invoked to explain biological variation across 

a range of species and ecological contexts. However, few studies have examined patterns of 

energy allocation and tradeoffs during human development, restricting fundamental 

understandings of human life history, phenotypic plasticity, and health. 

 This dissertation investigates human energy allocation and life history tradeoffs in the 

context of physical growth among the Shuar, a small-scale indigenous population from 

Amazonian Ecuador. Mixed-longitudinal anthropometric data were collected from 2,553 Shuar 

between the ages of 0-29 years. Additional market integration (i.e., production for and 

consumption from a market-based economy) and immune activity (i.e., finger-prick blood 

biomarker) data were obtained from a subset of children and adolescents. Analysis was 

performed to explore variation in physical growth at the population, regional, household, and 

individual levels. 

 Results demonstrate that, as a population, the Shuar grow significantly more slowly than 

international references and experience several unique developmental characteristics that may be 
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explained by energetic life history tradeoffs. Between-individual variation in Shuar growth, 

however, is substantial. A large portion of this variation is explained by household-level market 

integration factors associated with differences in diet, lifestyle, and pathogen exposure. Among 

Shuar children, linear growth is negatively related to several diverse biomarkers of immune 

function, such that growth is reduced by as much as 83% during intermittent periods of elevated 

immune activity. These tradeoffs occur over timeframes as short as one week and are typically 

avoided by children with adequate energy reserves (i.e., high levels of subcutaneous body fat). 

Taken together, these findings provide evidence for an important role of energetic tradeoffs in 

shaping patterns of human ontogeny and health. 
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CHAPTER I: 
Introduction  

 
 
Dissertation organization 

 This dissertation is organized into seven chapters that investigate human energy allocation 

and life history tradeoffs in the context of physical growth. The present chapter provides 

important background information relating to evolutionary life history theory and energy 

expenditure during human development. Chapter II describes the study population – the 

indigenous Shuar of Amazonian Ecuador – and details the study sample of 2,553 individuals 

(with a particular focus on the subsample of participants examined longitudinally). In Chapter 

III, Generalized Additive Models for Location, Scale, and Shape (GAMLSS) are used to create 

detailed, population-level descriptions of Shuar growth (in height, weight, and body-mass-index) 

from birth to adulthood. The accompanying discussion addresses the potential clinical value of 

these references as well as the likely tradeoffs underlying several noteworthy characteristics of 

Shuar growth. Chapter IV builds on this work to investigate the impact of ongoing market 

integration (i.e., production for and consumption from a market-based economy) on Shuar child 

and adolescent body size. The analysis (performed at the population, geographic region, and 

household levels) affords insight into the socio-ecological variables influencing Shuar energy 

allocation, growth, and health during subadulthood. In Chapter V, a custom portable knemometer 

device is introduced and validated for use in monitoring short-term lower leg length growth in 

field settings. Shuar weekly childhood growth is also preliminarily described. Chapter VI 

synthesizes the work of previous chapters to directly investigate energetic tradeoffs between 

immune activity and linear growth among Shuar children. The approach in Chapter VI includes 

the use of a prospective, mixed-longitudinal study design facilitating the examination of 
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tradeoffs between growth and diverse forms of immune activity (assessed via objective finger-

prick blood biomarkers) over both short- and long-term intervals. Results are discussed with a 

focus on implications for human energy allocation, phenotypic plasticity, and health. Chapter VII 

summarizes the findings of this dissertation and outlines promising future directions of research. 

 

Life history theory and the concept of energetic tradeoffs 

All of life’s essential tasks – maintenance, growth, reproduction, and physical activity – 

require energy (i.e., calories) that must be captured from the environment. Recognizing this fact, 

life history theory posits that organisms have evolved to optimize the allocation of limited 

energetic resources to competing metabolic demands in a manner that maximizes fitness 

(Charnov, 1991; Gadgil and Bossert, 1970; Hill, 1993; Kramer and Ellison, 2010; Stearns, 1992). 

Central to this framework is the concept of tradeoffs in energy allocation; the principle that 

investment of energy in one life task inherently comes at the cost of equally decreased 

investment in one or more of another (Figure 1.1).  
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Figure 1.1. Life history theory energy allocation and tradeoff model (adapted from Gadgil and 
Bossert [1970] and Kramer and Ellison [2010]). Energy captured from the environment and/or 

drawn from somatic storage is allocated to competing metabolic demands in a manner that 
maximizes fitness. Investment of energy in one activity precludes investment of that same energy 

in another, resulting in functional tradeoffs. 
 
 
 

A simple yet powerful evolutionary approach, the life history tradeoff model can be applied 

to explain biological variation at two different levels (Gadgil and Bossert, 1970; Lasker, 1969; 

Stearns, 1989). First, tradeoffs can explain genetically encoded variation in species- or 

population-level phenotypic patterns (e.g. age at sexual maturity – the timing of the shift from 

energetic investment in growth to reproduction). Second, tradeoffs can explain variation in 

individual-level phenotypic patterns (e.g., temporarily decreased growth during periods of 

infection – the instantaneous shift from energetic investment in growth to immune activity). 

These latter tradeoffs are encoded either physiologically or epigenetically and reflect phenotypic 

variation (i.e., plasticity) occurring within genetically defined norms of reaction (Kuzawa and 

Bragg, 2013; West-Eberhard, 2003). In addition to historical and current energetic variables 

(e.g., energy availability), tradeoffs are notably sensitive to environmental extrinsic mortality 
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risk, a factor that regulates evolutionary fitness contours by altering the amount of time available 

for organisms to successfully reproduce (Stearns, 1992; Walker et al., 2006). 

Among humans, life history theory and energetic tradeoff models have been used to shed 

light on patterns of growth (Bernstein, 2010; Blackwell et al., 2010; Bogin et al., 2007; Konishi 

et al., 2014; Kramer and Greaves, 2010; Kuzawa et al., 2014; Leigh, 2001; McDade et al., 2008; 

Ulijaszek, 1995b; Walker et al., 2006), reproduction (Abrams and Miller, 2011; Allal et al., 

2004; Bragg et al., 2012; Bribiescas, 2010; Clancy, 2009; Ellison et al., 1993; Emery Thompson 

et al., 2007; Helle, 2008; Poppitt et al., 1993; Reiches et al., 2009; Tracer, 2002; Valeggia and 

Ellison, 2009), immune function (Blackwell et al., 2011; Gurven et al., 2009; McDade, 2003; 

Muehlenbein and Bribiescas, 2005; Veile et al., 2012), and longevity (Bogin and Smith, 1996; 

Crimmins and Finch, 2006; Gurven et al., 2008; Hawkes, 2003; Jones, 2011; Kaplan et al., 2000; 

Mace, 2000; Migliano et al., 2007; Prentice, 2005). However, despite the success of these and 

other studies, important gaps in our understanding of human energy allocation, phenotypic 

plasticity, and adaptation remain. This shortcoming is particularly salient with respect to the 

nature of energetics during human subadulthood – a period that is considerably extended relative 

to that of other great apes (Bogin and Smith, 1996; Robson et al., 2006) and is believed to be 

particularly energy-limited (Janson et al., 1993; Kuzawa, 1998; Kuzawa et al., 2014). The 

following section describes the primary sources of energy expenditure during human 

subadulthood (i.e., infancy, childhood/juvenility, and adolescence), providing a foundation for 

investigating energy allocation and tradeoffs in human development.  
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Energy expenditure during human development 

Total energy expenditure (TEE) reflects the total number of calories that an organism uses to 

support all of life’s metabolic activities. As described above, evolutionary biologists generally 

group these life tasks into four functional categories: maintenance, reproduction, growth, and 

physical activity. Humans, similar to most organisms, typically do not invest directly in 

reproduction prior to the attainment of adult body size (Charnov and Berrigan, 1993), such that 

TEE during development is determined almost exclusively by the costs of maintenance, growth, 

and physical activity.    

 

Maintenance 

 Maintenance refers to a broad group of activities that are responsible for individual survival 

and the preservation and repair of soma. This includes basal processes such as cellular error 

checking and repair, involuntary muscle movement (e.g., heart contraction at rest), brain activity, 

thermoregulation, and the digestion, absorption, and oxidation of food (Snodgrass, 2012). Such 

activities incur large and generally stable within-individual energetic costs, together accounting 

for ≈ 55-80% of human TEE (FAO/WHO/UNU, 2004). Between individuals, observed variation 

in basal maintenance energy expenditure is driven predominantly by differences in body size, 

particularly in relation to metabolically expensive lean tissue mass (Cunningham, 1991; 

Schofield, 1985).  

 Immune activity represents another important and costly component of bodily maintenance, 

responsible for recognizing and destroying/repairing foreign substances and damaged self-cells. 

The mammalian immune system is composed of a complex network of organs, tissues, cells, and 

cell products (Abbas et al., 2014; Kindt et al., 2007). This system is generally divided into two 
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interdependent components – the innate immune system and the adaptive immune system. Innate 

immune defenses (e.g., complement, phagocytosis, and the acute phase response) act rapidly and 

non-specifically to provide a generalized, first line of defense against all common classes of 

microbes (Medzhitov and Janeway, 1997). Adaptive immune defenses, in contrast, act 

specifically and more slowly to recognize and target specific antigens at the intracellular (i.e. 

cell-mediated immunity) and extracellular (i.e., humoral immunity) levels (Abbas et al., 2014).  

 The energetic costs of particular forms of immune activity are not well understood (Demas 

et al., 2011). However, immune activation in general represents a substantial energetic demand 

for humans (Demas, 2004; Stephensen, 1999; Wolowczuk et al., 2008). Fever during infectious 

illness among adults, for example, is associated with a 13% increase in basal energy expenditure 

for every 1°C increase in body temperature (Barr et al., 1922; Cooper et al., 1992), while even 

mild, non-febrile infection is accompanied by an 8-14% increase in basal energy expenditure and 

an estimated cost of around 200 kcal/day (Muehlenbein et al., 2010). The cost of immune 

activation is expected to be even greater for young individuals with immature immune systems 

(McDade, 2003). Among children in the Gambia, for example, mild acute episodes of malaria 

have been associated with a 30% increase in basal energy expenditure (Stettler et al., 1992). 

Much of this cost is likely related to increased protein synthesis – estimated to rise from 3.5 

g/day to 6.0 g/day per kilogram of body weight during acute immune activation (Waterlow, 

1984) – resulting in an estimated increased energy expenditure of 19 kcal/kg/day or 475 kcal/day 

for a 25 kg child (McDade, 2003). Owing to the large cost of protein synthesis, it is generally 

recognized that innate immune activity (relying heavily on acute phase protein production) is 

more energetically expensive than adaptive immune response (McDade et al., 2016; Wolowczuk 

et al., 2008). 
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Growth 

Physical growth occurs in both soft and hard tissue. At the cellular level, growth in hard 

tissue (i.e., linear growth) is the result of an elaborate cascade of events leading ultimately to the 

replacement of chondrocytes by osteoblasts and the deposition of structural protein collagens at 

the epiphyseal plates of the long bones (Gat-Yablonski et al., 2009). Growth in soft tissue, in 

contrast, involves predominantly the deposition of protein, fat, and water as bodily muscle and 

adipose tissue (as well as internal organ tissue) (Butte et al., 2000).  

The total energetic cost of growth consists of both the energy expended in the molecular 

process of tissue synthesis as well as the energy deposited directly in growing tissue itself. 

Previous work among humans has demonstrated that the cost of tissue synthesis is 1.6 kcal/g of 

fat and 7.8 kcal/g of protein (Roberts and Young, 1988) while the amount of energy stored 

directly in new tissue is 9.2 kcal/g of fat and 5.6 kcal/g of protein (WHO, 1973). Thus, the 

overall energetic cost of tissue growth is ≈ 10.8 kcal/g of fat and 13.4 kcal/g of protein. The 

composition of tissue deposited in growth (i.e., the ratio of fat, protein, and water) varies slightly 

throughout development. However, using average body composition values, the total cost of all-

tissue growth during development has been estimated as ≈ 4.78 kcal/g body weight (Butte et al., 

2000). Given age-specific growth rates (g/year) among references from industrialized 

populations, growth has been estimated to account for ≈ 40% of human TEE during the first 

month of life, ≈ 6% of TEE at one year of age, ≈ 2% of TEE between the age of two years and 

puberty, and ≈ 7% of TEE during adolescence (FAO/WHO/UNU, 2004; Wells and Davies, 

1998). 

It must be noted that the seemingly small contribution of growth to TEE during much of 

human development is somewhat misleading. First, as demonstrated by highly variable and non-
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linear patterns of individual growth in soft and hard tissue over short-term (e.g., daily or weekly) 

intervals (Caino et al., 2006; Hermanussen, 1988; Lampl et al., 2005; Lampl et al., 1992), 

investment in growth is not a persistent energetic demand but rather a concentrated use of 

resources (Lampl and Johnson, 1998). As such, the instantaneous cost of growth and its 

associated contribution to TEE is expected to be at times substantially greater than suggested by 

average energy expenditure values. Second, estimates for the realized energetic cost of soft tissue 

growth substantially underestimate this expense over time for populations living in challenging 

or variable environments that are characterized by fluctuations between positive and negative 

individual energy balance. This caveat owes to the fact that predictive values for energy costs are 

calculated based on the notion of constant positive weight growth (involving a single tissue 

synthesis event per gram of weight gain) that is violated if individuals at times experience weight 

loss and must therefore subsequently resynthesize lost tissue at additional expense. Third, the 

energetic cost of growth is compounded by the fact that, once synthesized, all tissue requires 

additional energy to be maintained (increasing maintenance energy expenditure) and moved 

through space (increasing physical activity energy expenditure). These indirect costs are 

continuous and, over time, are substantially greater than those of tissue growth itself (Gurven and 

Walker, 2006).  

 

Physical activity 

 Physical activity is defined as body movement produced by skeletal muscle that results in an 

increase in energy expenditure above basal level (Butte et al., 2012). Among humans, physical 

activity energy expenditure (AEE) accounts for ≈ 20-50% of human TEE (Butte et al., 2012; 

Snodgrass, 2012; Torun, 2005; Westerterp and Speakman, 2008). This cost varies throughout 
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development and is highly dependent upon body mass, but AEE is nonetheless substantial at all 

ages following infancy (FAO/WHO/UNU, 2004). Among children between the ages of five to 

nine years, for example, physical activity is responsible for, on average, ≈ 40% of TEE (Hoos et 

al., 2003; Torun, 2005), reflecting an energetic cost of many hundred kcal/day. Physical activity 

data from non-industrialized populations remain rare. However, child and adolescent AEE 

among traditional subsistence groups is estimated to be ≈ 15-40% greater than among more 

sedentary Western populations (Torun, 2005). 

 

Evidence for energetic tradeoffs during human development 

 Tradeoffs occurring during human development are typically studied in the context of 

growth. Despite clear implications of body size for fitness (Samaras, 2007; Sear, 2010; Stearns, 

1992), growth is less immediately essential than many other energetic demands (Lochmiller and 

Deerenberg, 2000) and, as such, is expected to be particularly susceptible to tradeoffs. Indeed, 

human growth is sensitive to both chronic (Prader et al., 1963; Ulijaszek, 1995b; Waterlow et al., 

1977) as well as acute (Lampl et al., 2005) energy availability and is restricted in all but the most 

energy-abundant environments (Bogin, 1999; Eveleth and Tanner, 1990b; WHO, 2006). This 

highly plastic nature – resulting in remarkable variation in growth between and within 

populations (Eveleth and Tanner, 1990b) – makes growth an ideal focal point for examining 

energetic tradeoffs during human development. 

As described above, individual basal maintenance (relating to critical survival functions) 

incurs a generally stable energetic cost, rendering it largely resistant to tradeoffs with growth or 

other life tasks (but see Heini et al., 1991). Tradeoffs with growth involving physical activity or 

immune activity, however, are believed to be much more common.  
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Tradeoffs between growth and physical activity 

Despite the promise of such research, studies directly investigating energetic tradeoffs 

between human growth and physical activity remain limited. In one recent example, Kramer and 

Greaves (2011) have used a cross-cultural tradeoff approach to convincingly suggest that 

population-level patterns of rapid juvenile growth among Pumé foragers of Venezuela are the 

result of the reallocation of energy made available by low levels of physical activity. Little if any 

research, however, has explicitly examined energetic tradeoffs between growth and physical 

activity at the individual level. Substantial evidence from the public health literature suggests 

that such tradeoffs do indeed exist, indicating that habitual levels of AEE are negatively related 

to child and adolescent growth in weight (Hills et al., 2011; Jiménez-Pavón et al., 2010) as well 

as growth in height (Bénéfice et al., 2001; Hoffman et al., 2000). These findings are reinforced 

by additional evidence from animal models demonstrating significantly reduced growth 

following experimental increases in physical activity (Perrigo, 1987; Perrigo and Bronson, 1983; 

Wiersma and Verhulst, 2005). 

 

Tradeoffs between growth and immune activity 

 In association with the rise of the field of ecological immunology (Demas and Nelson, 2011; 

Lochmiller and Deerenberg, 2000; Sheldon and Verhulst, 1996), studies investigating tradeoffs 

between human growth and immune activity have recently flourished (McDade, 2003; McDade, 

2005a). The negative impact of infection on infant, child, and adolescent growth in height and 

weight has, in fact, been well recognized for decades (Black et al., 1984; Martorell et al., 1975; 

Mata et al., 1972; Scrimshaw, 1970; Stephensen, 1999). However, only over the past fifteen 

years has the development of various objective biomarkers provided a reliable means for 
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researchers to quantify levels of immune activity (McDade, 2003; Worthman and Costello, 

2009). These biomarkers (often collected using minimally invasive techniques) provide sensitive, 

unbiased measures and can identify low levels of immune activity that, while energetically 

costly, may normally go undetected in the absence of overt symptoms of infection (Panter-Brick 

et al., 2001; Worthman and Costello, 2009).  

 A summary of studies investigating relationships between biomarkers of immune activity 

and human linear growth is provided in Table 1.1. Some, but not all, of these studies entail 

evidence for tradeoffs. In cases in which tradeoffs are detected, they are often found to be 

substantial. Among the indigenous Tsimane’ of Bolivia, for example, McDade et al. (2008) have 

demonstrated that children with mildly elevated levels of blood C-reactive protein (CRP, a 

biomarker of acute investment in innate inflammatory response) grew up to 40% less than their 

peers over the following three months. Similarly, Panter-Brick et al. (2004) have shown that 

concentrations of blood Immunoglobulin G (IgG, a biomarker of investment in humoral antibody 

response) are negatively related to cross-sectional measures of growth and explain over 20% of 

total variation in infant height-for-age in rural Gambia. As expected, energy availability appears 

to play a large role in mediating these observed tradeoffs, such that negative relationships 

between growth and immune biomarkers are significantly stronger among Tsimane’ children 

with low levels of body fat (McDade et al., 2008) as well as among Gambian infants when 

compared to British counterparts of greater nutritional status (Panter-Brick et al., 2004). 
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Table 1.1. Studies among humans investigating relationships between linear growth and various 
biomarkers of immune activity 

Reference  
 

Population Age  Growth 
Measure 

Immune 
Biomarker 

Tradeoff  
Supported? 

(Blackwell et al., 2010) Ecuadorian Shuar  2-15 y HAZ CRP 
IgE 

No* 
Yes* 

(Campbell et al., 2003) Gambian 2-16 m 11 m growth CRP 
IgG 
IgM 
IgA 

No 
Yes 
Yes 
Yes 

(Decaro et al., 2010) Papua New Guinean 5-20 y HAZ CRP No* 
(Filteau et al., 1995) Ghanaian 6-59 m HAZ CRP 

AGP 
Amyloid-α 

No 
Yes 
Yes 

(Goto et al., 2009) Bangladeshi 3-15 m HAZ IgG 
AGP 

No 
Yes 

(Hadley and Decaro, 2014) Tanzanian 6-59 m HAZ CRP No* 
(Hautvast et al., 2000) Zambian 14-20m 3 m growth CRP 

AGP 
Yes 
Yes 

(Konishi et al., 2014) Nepali 6-19 y HAZ CRP No* 
(Kruger et al., 2010) South African 13-18 y HAZ CRP 

TNF-α 
No 
No 

(McDade et al., 2008) Bolivian Tsimane’ 2-10 y 3 m growth CRP Yes* 
(Miller and McConnell, 2012) Kenyan Ariaal Infants HAZ sIgA Yes* 
(Munday et al., 2006) Gambian 5-10 y 3 m growth CRP 

ACT 
No 
No 

(Nolla et al., 2014) Cameroonian 0-5 y HAZ CRP No 
(Oldroyd et al., 2009) British 0-2 y Length CRP No 
(Panter-Brick et al., 2001) Nepali (Boys) 10-14 y Stunting ACT Yes* 
(Panter-Brick et al., 2004) Gambian/British 6-18 m Length IgG Yes* 
(Panter-Brick et al., 2009) Nepali 3-18 m HAZ AGP 

IgG 
No 
No 

(Prendergast et al., 2014) Zimbabwean 1-18 m Stunting AGP 
CRP 

Yes 
Yes 

(Shinoda et al., 2012) Papua New Guinean 6-59 m Stunting CRP 
AGP 

Yes 
Yes 

(Tonglet et al., 1997) Zairian  0-2 y 1 m growth CRP 
AGP 

No 
Yes 

(Wander et al., 2013) Tanzanian 2-7 y HAZ EBV-Ab Yes* 
ACT = Alpha-1-antichymotrypsin; AGP = Alpha-1-acid glycoprotein; CRP = C-reactive protein; 
EBV-Ab = Epstein-Barr virus antibodies; HAZ = Height-for-age z-score; IgA = Immunoglobulin 
A; IgE = Immunoglobulin E; IgG = Immunoglobulin G; IgM = Immunoglobulin M; sIgA = 
Secretory immunoglobulin A; TNF-α = Tumor necrosis factor-alpha. Tradeoff is considered 
supported if the reported relationship between growth and immune activity biomarker is 
statistically significant at the p < 0.05 level. * = Study explicitly tested relationship using a life 
history theory model of energy allocation. 
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Market integration and the energetics of human development 

Populations throughout the developing world are experiencing changes in subsistence 

strategy and lifestyle associated with integration into local and global economic systems 

(Damman et al., 2008; Kuhnlein et al., 2004; Popkin et al., 2012; Welch et al., 2009).  This 

process of market integration – increasing production for and consumption from a market-based 

economy (Lu, 2007a) – is typically characterized by a nutritional transition involving the 

displacement of traditional diet by refined foods high in calories as well as a marked reduction in 

physical activity (Damman et al., 2008; Kuhnlein et al., 2004; Popkin et al., 2012; Welch et al., 

2009). Market integration is also characterized by an epidemiological transition involving a shift 

from a high prevalence of infectious disease to a high prevalence of chronic disease (Amuna and 

Zotor, 2008; Malina et al., 2008a). These broad changes are expected to have a large impact on 

individual energy availability and allocation during subadult development. However, this topic 

has not been closely studied through the lens of life history theory. Such research may advance 

understandings of human energetics, phenotypic plasticity and health under changing 

environmental conditions.  

 

Transition to Chapter II 

 Remarkable variation exists in human development at both the population and individual 

levels. However, the factors underlying this variation remain surprisingly unclear. As has been 

reviewed in the present chapter, evolutionary life history theory and the concept of tradeoffs 

provide a powerful theoretical framework for understanding biological variation and the nature 

of human energy allocation. Chapter II introduces the population that is the focus of this 

dissertation – the Shuar of Amazonian Ecuador – and details the study sample. The Shuar inhabit 
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an energetically challenging but rapidly changing environment, making them an ideal population 

for investigating life history tradeoffs in the context of physical growth.  
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CHAPTER II:  
Study Population and Sample 

 
 
The Shuar of Amazonian Ecuador 

The Shuar are a large indigenous Amerindian population of ≈ 40,000 to 110,000 individuals 

living predominantly in the Amazonas region of southeastern Ecuador (CODENPE, 2012; 

Harner, 1984a; Rubenstein, 2001). As members of the Jivaroan language group (Campbell, 

2012), they are genetically and culturally similar to several other Jivaroan-speaking peoples of 

Ecuador and Peru, including the Achuar (Descola, 1996a; Descola, 1996b), Shiwiar (Seymour-

Smith, 1988; Sugiyama, 2004), Aguaruna (Berlin and Markell, 1977; Roche et al., 2008), and 

Huambisa (Berlin and Berlin, 1983; Pilgram, 1983).  

The Shuar currently inhabit an area of ≈ 30,000 km2 encompassing two geographical regions 

(Figure 2.1). The western, Upano Valley (UV) region of Shuar territory is bound by the Andean 

foothills to the west and the rugged Cutucú mountain range (elevation 2,225 m) to the east. The 

UV is characterized by tropical low-montane forest, has an elevation of ≈ 600-700 m, mean 

daytime temperature of 24°C, and receives ≈ 2200 mm annual rainfall (Laraque et al., 2007). The 

eastern, cross-Cutucú (CC) region of Shuar territory lies to the east of the Cutucú range, 

stretching as far as the Rio Pastaza. The CC falls in the lowland Amazon flood plain proper, with 

a lower elevation of ≈ 200-300 m, mean daytime temperature of 25°C, and ≈ 3000 mm annual 

rainfall (Laraque et al., 2007). Climatic seasonality is mild in both the UV and CC, with a slight 

peak in rainfall between the months of April and July (Laraque et al., 2007). 
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Figure'2.1.!Map of Ecuador (upper left) and shaded area in detail (lower right) showing the 

Upano Valley (UV, red shade) and cross-Cutucú (CC, purple shade) regions of Shuar territory 
!
!
!
Historical background 

The first direct historical account of the Shuar comes from the year 1549, when the Spanish 

expedition commander Hernando de Benavente briefly descended the Rio Upano and was met 

with hostility from inhabiting Shuar, at the time called the Jíbaro (Jiménez de La Espada, 1965). 

By 1552, the Spanish had to a large degree subjugated the Shuar living near the Rio Upano and 

had established large towns in the area to exploit rich placer gold deposits (De Velasco, 1841). 

The Shuar violently resisted this subjugation, however, and in 1599 successfully revolted and 

expelled the Spanish in a swift and bloody uprising (De Velasco, 1841). They remained hostile 

toward outsiders from 1599 until the late nineteenth century, when a small trading network was 

established with nearby Ecuadorian settlers (Harner, 1984a). This event, in conjunction with 

natural resource exploration and intensified missionary activity in the area in the 1940s to 1960s, 
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resulted in increased contact with outsiders, the clustering of households into centralized villages 

(i.e., “centros”), and the widespread distribution of certain basic manufactured items (e.g., 

machetes, woven cloth, and firearms) throughout a large portion of Shuar territory (Borrini and 

Jaireth, 2007; Rubenstein, 2001). The Federación Interprovincial de Centros Shuar (FICSH) was 

founded in 1964, with the expressed goal of defending Shuar indigenous rights, preserving ethnic 

identity, and providing developmental and economic opportunity (Borrini and Jaireth, 2007). 

Today, FICSH is composed of over 600 member communities that democratically elect officials 

every three years (CODENPE, 2012). It is considered one of the most successful indigenous 

organizations in the Americas (Borrini and Jaireth, 2007). 

 

Social organization and subsistence strategy 

 Similar to other indigenous Amazonian populations, the household is the primary economic 

unit among the Shuar (Harner, 1984a; Rubenstein, 2001). Households were traditionally 

composed of a man (aishman), his multiple wives (nua), children (uchi), and young sons-in-law 

(awe) and were located several kilometers apart in separate forest clearings (Figure 2.2; Karsten, 

1935b; Kroeger, 1980). Although polygyny is less common today and most people now live in 

centralized communities, Shuar households have maintained their extended-nuclear-family 

structure and highly independent nature. Alloparenting is common only within households and is 

typically performed by related non-reproductive age females (Harner, 1984a). As is common 

among other Jivaroan groups, clan structure was not explicit in the past, such that male political 

authority was decentralized and determined largely by achievement in warfare and/or spiritual 

knowledge (Rubenstein, 2001). Today, communities often elect local political representatives. 

However, these positions generally lack real authority over individual household units. Inter-
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household cooperation remains essential to several activities (e.g., warfare, house construction) 

yet individual households continue to be economically independent. 

 
 

 
Figure 2.2. Traditional Shuar house made with walls of palm staves and a roof of palm thatch. 

Note the small kitchen adjoined to the rear, a recent architectural modification replacing an 
interior cooking area. 

 
 

Subsistence among the Shuar has traditionally been based upon a mixed pattern of swidden 

(i.e., “slash and burn”) horticulture, hunting, fishing, and foraging (Harner, 1984a; Karsten, 

1935b; Rubenstein, 2001), as is typical of native Amazonians (Dufour, 1991). Garden foods 

(Table 2.1) contribute most substantially to the diet, providing an estimated 65% or more of the 

total number of calories consumed (Harner, 1984a; Liebert et al., 2013). Typically one to three 

gardens (aja) are maintained, covering a total area of approximately 5,000 to 10,000 m2 and 

containing as many as 100 edible plant species (Harner, 1984a; Pohle and Reinhardt, 2004). 

Each garden is normally abandoned after three successive plantings of manioc (i.e., every 3-5 

years). Men and older boys are responsible for clearing forest for new gardens but rarely 

participate in other horticulture activities. Women and older girls are tasked with the continuous 
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weeding and upkeep of gardens as well as planting, cultivation, and harvest. Manioc and 

plantains are by far the most commonly grown and consumed garden items (Figure 2.3). In 

addition to being eaten, manioc is fermented to make nihamanch (also referred to by the Quichua 

term, chicha), a mildly alcoholic drink consumed daily by most individuals (Colehour et al., 

2014). Adult males may consume as much as four gallons of nihamanch a day, while ten-year 

old children consume roughly one-half gallon a day (Harner, 1984a). Women (and to a certain 

extent older girls) prepare and serve nihamanch and are responsible for cooking food, normally 

by boiling. 

 
 

Table 2.1. Garden items commonly grown for consumption among the Shuar 
Common Name Species Name Shuar Name 
Manioc Manihut utilissima Mama 
Plantains Musa x paradisiaca Paantam 
Taro root Colocasia esculenta Kenke 
Sweet potato Ipomoea batatas Inchi 
Bananas Musa sp. Páantam 
Maize  Zea mays Sháa 
Peanuts Arachis hypogaea Nuse 
Papaya Carica papaya Wapái 
Achiote Bixa orellana Ipiáku 
Sugar cane Saccharum officinarum Paat 
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Figure 2.3. Shuar dietary staples – manioc and plantains. Plantains cooking over fire (left) and 

Shuar woman making nihamanch manioc beer (right) 
 
  

 The Shuar hunt a large number of animal species (Table 2.2), and hunting is estimated to 

contribute approximately 20% of total calories to traditional diet (Harner, 1984a). According to 

one study performed in 2009, collared peccary represents the most important hunted species in 

terms of both frequency of capture and total kilograms collected (Zapata-Ríos et al., 2009). 

Ethnographic observation suggests that lowland paca and tapir are generally preferred hunting 

targets, paca for the taste of their meat and tapir for their large body size. The hunting of tapir 

may be a relatively recent phenomenon, however, as tapir were at one time considered sacred 

and were avoided in the forest (Steward et al., 1948). Hunting was traditionally done by men 

while stalking, using spears (nanki) and blowguns (uum) with curare poison-tipped darts 

(tsentsak) (Harner, 1984a; Karsten, 1935b). Today, the large majority of hunting is done with 

muzzle-loading shotguns and the assistance of dogs (Gray et al., 2015). Blowgun hunting of 

small birds, however, remains a popular pastime among boys (Figure 2.4).  
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Table 2.2. Animals commonly hunted by the Shuar* 
Common Name Species Name Shuar Name Mean Body Mass (kg) 
Collared peccary Pecari tajacu Yankipik 18.69 
Red brocket deer Mazama americana Penke japa 22.13 
Common woolly monkey Lagothrix lagotricha Chuu 6.43 
Lowland tapir Tapirus terrestris Piuk pama 136.94 
Lowland Paca Cuniculus paca Wanta 7.76 
Nine-banded armadillo Dasypus novemcinctus Shushui 4.17 
Red howler monkey Alouatta seniculus Yakump 6.56 
Black agouti Dasyprocta fuliginosa Yunkits 3.66 
Ocelot Leopardus pardalis Yanankam 8.94 
Monk saki Pithecia monachus Sepur 2.54 
*Listed in descending order of total biomass captured as reported by Zapata-Ríos et al. (2009). Body mass 
estimates are provided from the same source. 
 
 
 

 
Figure 2.4. Shuar man with recently captured lowland paca and muzzle-loading shotguns (left) 

and Shuar boy hunting birds in the traditional manner with a blowgun (right) 
 
 

 Fishing supplements hunting as an important source of protein for the Shuar. A number of 

methods currently are employed, including the use of hands, hooks and line, baskets, spears, 

nets, and barbasco poison (Lonchocarpus urucu). Fishing is typically done by men and boys of 

all ages. However, women and girls commonly participate in barbasco poisoning that often 
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yields many dozens of fish (Figure 2.5). Numerous species of Cetopsidae, Loricariidae, 

Crenuchidae, Callichthyidae, Characidae, and others are commonly caught, with mean returns 

from all methods of approximately 3.0 kg per outing (Gray et al., 2015). In large rivers, catfish 

(Siluriformes sp.) often grow to tens of kilograms and are a preferred prey.  

 
 

 
Figure 2.5. Shuar woman and boy cleaning fish recently caught by barbasco poisoning 

 
  

 Foraged wild forest items represent an additional source of sustenance for the Shuar (Table 

2.3). However, as observed among other indigenous groups from the northwest Amazon 

(Dufour, 1991), foraging provides a relatively small portion of calories to the diet. An estimated 

120 wild plant species are collected, of which 32 (27%) are eaten (Pohle and Reinhardt, 2004). 

Of these, some of the most commonly consumed items include peach palm fruit and hungurahua 

palm heart. The collection of palm heart is often performed simultaneously with foraging for 

highly cherished palm weevil larvae (Figure 2.6). Women most often engage in foraging activity 

(normally opportunistically), although males and children also do so on occasion. The collection 
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of flying male warrior ants represents a highly anticipated seasonal foraging event, typically 

performed cooperatively by individuals of all ages and yielding several kilograms of food.  

 
 

Table 2.3. Wild forest items commonly foraged for consumption by the Shuar 
Common Name Species Name Shuar Name 
Plant Items    
     Peach palm fruit Bactris gasipeas Uwí yusa 
     Moriche palm fruit Mauritia flexuosa Achu 
     Guaba fruit Inga edulis Wampa 
     Hungurahua palm heart Oenocarpus bataua Kunkuk 
     Couje fruit Pouteria durlandii  Yaas 
Animal Items   
     Palm weevil larvae Rhynchophorus palmarum Mukindt 
     Flying ants Dinoponera sp. Week 

 
 
 

 
 

Figure 2.6. Palm weevil larvae (left), flying male warrior ant (top right), and flying male warrior 
ant collection fire and pot (bottom right). Ants are attracted to the collection fire when leaving 
their colony near dawn and are quickly collected by hand and placed into a receptacle before 

they are able to inflict a painful bite.  
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Market integration and lifestyle change 

The Ecuadorian Amazon, like many places in the developing world, is undergoing 

increasingly rapid economic and environmental change (Malhi et al., 2008; Rodrigues et al., 

2009; San Sebastián and Karin Hurtig, 2004). This process has led to considerable recent 

acculturation and market integration (MI, production for and consumption from a market-based 

economy) among the Shuar (de Salvador Agra and Martínez Suárez, 2015; Liebert et al., 2013; 

Lu, 2007a). Roads, power grids, schools, and health centers are all now being built in Shuar 

territory, providing access to new goods, services, and ways of life.  

Survey data collected in 2005 from a large sample of Shuar (N = 11,125) and neighboring 

Achuar (N = 800) living in 257 communities in the UV and CC (Jokisch and McSweeney, 2006) 

provide insight into ongoing Shuar MI and lifestyle change. At the time of the survey, for 

example, it was found that nearly one-half (49%) of all Shuar households were constructed from 

at least some manufactured materials (e.g., milled lumber, concrete) rather than completely palm 

and thatch in the traditional manner (Figure 2.7). Other changes to basic living conditions were 

apparent, with 41% of households reporting access to piped water (i.e., drawn to standpipes from 

a sealed source) and 62% of communities reporting access to latrines (although none had piped 

sewage treatment). In regard to education, 77% of adults in 2005 had successfully completed 

primary school and approximately half (47%) of households reported speaking at least some 

Spanish. The finding that 75% of households occasionally sold agricultural products, 14% sold 

cattle, and 12% earned income through employment further demonstrates that many Shuar are 

now directly participating in the market economy. It is important to note that these data – 

collected in 2005 – likely substantially underestimate current Shuar access to infrastructure and 

levels of MI.  
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Figure 2.7. Non-traditional Shuar houses. Clockwise from top left: (1) house made of mixed 
traditional and manufactured materials, (2) government-built milled lumber house, (3) 

government-built cement house with latrine, (4) two-story milled lumber house with metal roof.   
 

 

Importantly, the data from the 2005 survey demonstrate that MI is not occurring uniformly 

among the Shuar. Differences in degree of MI currently exist at the regional, community, and 

household levels. Indeed, the large majority of infrastructure and economic development has 

taken place in the historically and geographically more accessible UV region of Shuar territory. 

The UV now has many roads (some of them paved), is the location of two large market centers – 

Sucúa and Macas – with populations of greater than 10,000 (Figure 2.8), and is connected by 

bus to Quito, Cuenca, and other Ecuadorian cities. The large majority of Shuar in the UV 

continue to live rurally, but even many rural communities now possess electricity, piped water, 

and schools. An increasing number of UV Shuar also regularly work wage labor or sell 

agropastoral items at markets in town. Although horticulture remains nearly universal (Liebert et 
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al., 2013), ethnographic observation suggests that hunting and fishing are no longer widely 

practiced in the region. Chicken and, to a lesser degree, beef and pork are sometimes eaten in 

place of hunted game. Store bought foods (e.g., rice, oil, soda) are consumed with increasing 

frequency, particularly among men who regularly travel to town. 

 

 
Figure 2.8. The town of Sucúa (population ≈ 10,000), a major Upano Valley market center (left) 

and the newly paved road running the entire length of the Upano Valley (right) 
 

 

The general degree of economic development and MI observed in the UV is in sharp 

contrast with that found in the relatively isolated CC. The CC currently has only one road linking 

it to outside areas, minimal electricity, and limited infrastructure supporting participation in 

formal medical care, education, or commercial activity. Travel to UV market centers (i.e., Sucúa 

and Macas) from CC communities currently involves a motor canoe trip ranging from ≈ 1-16 

hours (highly dependent upon water levels) followed by a ≈ 7-hour bus ride (Figure 2.9). Further 

complicating travel, many CC communities are located more than a one-day walk from 

navigable rivers. Owing to this relative geographical and economic isolation, most CC Shuar 

continue to engage heavily in traditional subsistence activities and visit town only infrequently.   
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Figure 2.9. Puerto Morona, the port linking cross-Cutucú Shuar communities to the region’s 

only road (left) and a public bus that shuttles between Puerto Morona and Sucúa (right) 
 
 

Infectious disease and healthcare   

The Ecuadorian Amazon is a notoriously pathogenic environment (Guzman et al., 1995; 

Kuang-Yao Pan et al., 2010b). Among both UV and CC Shuar, acute respiratory infections and 

vector-borne diseases (e.g., malaria, dengue, yellow fever, tuberculosis) are common (Jokisch 

and McSweeney, 2006), as is infection with soil-transmitted helminths and other gastrointestinal 

parasites (Cepon-Robins et al., 2014). Symptoms of acute illness have been reported among 

Shuar adults on 27% of all weeks (McDade et al., 2012). These rates are likely substantially 

higher among younger individuals (Larrea and Kawachi, 2005), and for children are probably 

similar to rates of 55% observed for other indigenous Amazonians (McDade et al., 2008).  

Many Shuar households continue to practice traditional medicine as one method to combat 

illness (Jokisch and McSweeney, 2006). Such treatment is grounded in the belief that illness and 

death are the result of evil sorcery (Harner, 1984a). Shamans (uwishin) cause poor health – it is 

believed – by sending magical darts (tsentsak) into victims. Shamans also, however, have the 

ability to cure illness by removing darts from the bodies of afflicted individuals. Visualization 
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and removal of darts is done ritualistically under the influence of one of three hallucinogens 

(Bennett, 1992): ayahuasca (Banisteriopsis caapi; natem), datura (Brugmansia suaveolens; 

maikua), or tobacco (Nicotiana tobacum; tsaank). In addition to shamanistic methods, the Shuar 

use over 100 medicinal plants to treat a range of common and rare illnesses (Gerique, 2010; 

Pohle and Reinhardt, 2004).  

As a result of ongoing MI and loss of traditional ethnobotanical knowledge, most Shuar 

living today rely predominantly on Western medicine to treat illness. Access to medical care, 

however, remains limited, particularly in the CC. As of 2005, 82% of Shuar communities in both 

the UV and CC had no local Western health services of any kind while 96% had no resident 

doctor (Jokisch and McSweeney, 2006). Individuals were thus forced to travel on average 8.2 km 

(2.9 hours) to receive basic Western medical care (Jokisch and McSweeney, 2006; Jokisch and 

McSweeney, 2011). Only 28% of investigated Shuar children under the age of 5 years had 

received any vaccination and only 11% of those had completed a full vaccination regime 

(Jokisch and McSweeney, 2006). Again, these conditions have likely improved marginally since 

these data were collected in 2005, but many local Shuar health workers have recently been 

removed or have retired without replacement and large-scale vaccination campaigns in the area 

remain exceedingly rare (Jokisch and McSweeney, 2011). 
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Dissertation study sample overview 
 

 
Figure 2.10. Locations of Shuar communities (N =54) providing data used in this dissertation. 
Red squares (N = 5) indicate study sites contributing longitudinal anthropometry and immune 

activity data for Chapters V and VI (see below). 
 

 

This dissertation uses data obtained from a total of 2,553 Shuar age 0.1 to 29.9 years old. 

Data were collected in 54 communities located throughout Shuar territory between November 

2005 and August 2014 (Figure 2.10). All data collection was performed in coordination with the 

ongoing Shuar Health and Life History Project (SHLHP; co-PIs: Sugiyama and Snodgrass; 

http://www.bonesandbehavior.org/shuar), with research approval from participants, parents, 

village leaders, the FICSH, and the institutional review boards of Harvard University and the 

University of Oregon. Detailed description of SHLHP data used in Chapters III and IV is 

provided therein. Longitudinal child anthropometry and immune activity data used in Chapters V 

and VI were collected directly by the author in five rural communities – two located in the UV 

(UV-1 and UV-2) and three located in the CC (CC-1, CC-2, and CC-3) – between August 2011 
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and March 2013. General descriptive information for these communities based on household 

interview data is provided in Table 2.4. Additional detail for each community is provided below.    

 
 

Table 2.4. Descriptive household-level information (mean, SD) for each of the five rural 
communities participating in data collection for Chapters V and VI 

 UV-1 
(N = 29) 

UV-2 
(N = 31) 

CC-1 
(N = 13) 

CC-2 
(N = 6) 

CC-3 
(N = 33) 

Traditional Style of Life* 0.23 (0.27) 0.54 (0.42) 0.54 (0.29) 0.58 (0.46) 0.88 (0.54) 
Market Style of Life* 0.20 (0.14) 0.23 (0.14) 0.11 (0.16) 0.54 (0.50) 0.16 (0.12) 
Household Style of Life* 10.59 (3.79) 9.13 (3.31) 4.77 (2.35) 5.67 (2.34) 6.76 (3.09) 
Income (USD/month) 214.6 (220.7) 71.8 (75.8) 139.4 (166.3) 260.0 (232.5) 96.2 (199.5) 
Household Size (# individuals) 6.93 (2.83) 6.90 (2.47) 8.08 (2.07) 8.17 (3.00) 6.88 (2.46) 
Traditional House Construction (%) 31% 6.5% 69.2% 16.7% 15.2% 
Have a Latrine (%) 58.6% 54.8% 0% 0% 78.8% 
Have Electricity (%) 72.4% 64.5% 8.5% 83.3% 93.9% 
Get Water from Stream/River (%) 6.9% 16.1% 15.4% 100.0% 6.1% 
Eat Market Fats/Sugars (items/week)* 7.07 (4.34) 4.06 (3.72) 2.18 (3.89) 3.05 (3.78) 2.05 (2.97) 
Eat Market Proteins (items/week)* 3.32 (2.88) 1.32 (2.52) 0.35 (0.43) 0.48 (0.46) 0.77 (1.69) 
Eat Market Carbs (items/week)* 7.34 (5.69) 3.81 (4.45) 1.18 (1.52) 1.18 (1.25) 2.06 (2.35) 
*Detail regarding the calculation of these summary variables is provided in Chapter IV. Traditional style 
of life reflects degree of investment in a traditional foraging lifestyle (i.e., ownership of traditional 
hunting items), market style of life reflects degree of investment in a market lifestyle (e.g., ownership of a 
radio, propane stove), and household style of life reflects degree of household permanence and access to 
regional infrastructure (e.g., house construction, electricity, water source).  
 
 
 
Community UV-1  
  

 
Figure 2.11. Community UV-1. A cluster of non-traditional houses located in the center of the 

community (left) and the dirt road connecting the community to outside areas (right). 
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Community UV-1 (population ≈ 350; elevation = 647 m) is located ≈ 25 km southeast of 

Sucúa on a bluff overlooking the east bank of the Rio Upano (Figure 2.11). It is one of the most 

market-integrated of the five participating communities. It has a dirt road of ≈ 2 km linking it to 

the area’s main paved road connecting Sucúa/Macas. No residents currently own vehicles, but 

occasional trucks passing on the dirt road or more numerous vehicles passing on the paved road 

provide a means for people to reach town. The electrical grid reached the community in 2007, 

supplying electricity (typically only sufficient for a light bulb) to 72.4% of households. During 

the same year, a system of spigots was installed providing untreated water piped from a nearby 

spring to essentially the entire community. The majority of households (69%) are now 

constructed of at least some manufactured building materials, typically milled lumber and metal 

roofs (although several families have recently received free government-built cement houses as 

part of a rural development program). Only approximately one half of all households, however, 

have a latrine. A primary school was built in the community in 2004 and is currently run by four 

external teachers with 86 students enrolled in grades 1-6. Essentially all school-age children 

living in the community attend school. There is no local health clinic, so inhabitants must travel 

to town for medical care. A separate study performed at the time of data collection found that 

more than 56% of all inhabitants were infected with soil-transmitted helminths, with children 

significantly more likely to be infected than adults (Cepon-Robins et al., 2014). Demonstrating 

their relatively high degree of MI, a number of community members raise cash crops (most 

notably papaya) or cattle and travel frequently (e.g. weekly or bi-weekly) to Sucúa to engage in 

market activities. Average reported household income from these and other market activities is 

$214 per month. Horticulture remains universal for all households, but hunting and fishing are 
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rare with such activities considered to be unproductive. On average, households consume an 

estimated 18 market food items per week. 

 

Community UV-2  
  

 
Figure 2.12. Community UV-2. A cluster of non-traditional houses located in the center of the 

community (left) and the view from the community of the Rio Upano (right). 
 
 
 

Community UV-2 (population ≈ 500; elevation = 684 m) is a relatively large rural Shuar 

community (Figure 2.12). It is located ≈ 15 km southeast of Sucúa, again on a bluff overlooking 

the east bank of the Rio Upano. Similar to UV-1, it is connected by a rough dirt road (≈ 3 km) to 

the area’s main paved road, and community members reach town by stopping passing vehicles 

and requesting a ride. As can be observed from the data provided in Table 2.4, it is a fairly 

market-integrated community. Electricity, a primary school, and a small health clinic were all 

introduced in 2000. As of 2009, 64.5% of households were connected to the electrical grid. The 

large school is currently run by three teachers (all living in Sucúa) and has 112 students in grades 

1-6. The health clinic is staffed by a local Shuar auxiliary nurse and dispenses basic medications 

(e.g., painkillers and antibiotics). Nearly all households (93.5%) are now constructed with at 
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least some manufactured materials, including several government-issued concrete homes. Most 

households along the dirt road have access to spigots providing untreated spring water. Other 

households (16.1%) get water from streams or the river. Similar to UV-1, many community 

members engage in market activities, travelling to town on a fairly regular basis. However, 

household mean income ($72/month) is considerable lower and mean traditional style of life 

substantially higher than found in UV-1. On average, households consume an estimated nine 

market food items per week, half that reported in UV-1. Hunting, fishing, and foraging appear to 

play a relatively small role in subsistence strategy for most households, such that the diet is 

heavily based on garden items (e.g., manioc and plantains). 

 

Community CC-1  

 
Figure 2.13. Community CC-1. A traditional house typical of the community (left) and the small 

Rio Kaashpaim on which the community is located (right). 
 
 
 

Community CC-1 (population ≈ 300; elevation = 222 m) is located on the banks of the Rio 

Kaashpaim, ≈ 10 km upriver from Puerto Morona, the principal port in the CC region of Shuar 

territory (Figure 2.13). To go to town, community members must travel by canoe to Puerto 
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Morona (≈ 2 hours in motorized canoe) then travel an additional ≈ 7 hours by bus (passing twice 

daily) to reach Sucúa. In general, CC-1 exhibits relatively low levels of MI. More than two-thirds 

of households (69.2%) are built in the traditional manner with only palm and thatch. The power 

grid has not yet reached this area and few solar panels or generators are owned. No households 

have latrines. However, water piped from the river to a reserve is accessible to most households 

(84.6%). Rare for the CC, the community has a small health center staffed by a trained local 

resident. Yet, the health center is very poorly stocked with medication, limiting the treatment of 

illness and infectious disease. In total, 86.6% of children and adults living in the community 

were infected with helminths at the time of data collection (Cepon-Robins et al., 2014). A 

primary school was built in 2001 and currently is directed by three resident teachers, with an 

enrolment of 77 students in grades 1-6. Most, but not all, local children attend school. However, 

class is rarely in session more than 3-4 days per week. Community members own relatively few 

market items (as indicated by a low market style of life score). Reported mean monthly income 

is $139 per month, but is positively skewed by the high earnings ($600 or more per month) of the 

resident health center worker and schoolteachers. On average, households report eating fewer 

than four market items per week. Hunting and, to a much larger degree, fishing remain important 

subsistence activities for most households. Chicha is also consumed in large quantities. Older 

children engage heavily in subsistence activities.
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Community CC-2 
 

 
Figure 2.14. Community CC-2. A mixed-construction house typical of the community (left) and 
children unloading cargo from motor canoes docked near the community on the banks of the Rio 

Kaashpaim (right). 
 
 
 

Community CC-2 (population 62; elevation = 220 m) is also located on the banks of the Rio 

Kaashpaim, ≈ 1 km upriver from CC-1 (Figure 2.14). It is comprised of one large extended 

family that migrated from elsewhere in the CC to the current location in 2011. It is not connected 

to the power grid and has no water system, such that all households get water directly from a 

nearby spring or the river. No households currently have latrines. Children attend school in CC-1 

(a ≈ 20 minute trek involving a bridgeless river crossing). Community members also use the 

health center in CC-1 on occasion. At the time of data collection, 52.7% of individuals were 

infected with helminths (Cepon-Robins et al., 2014). The community is somewhat unique in that 

its members invest heavily in education. Three adult males are qualified schoolteachers, one of 

whom currently teaches in CC-1. As such, mean household income is relatively high at $260 per 

month and average market style of life is by far the highest among the five examined 

communities. All but one household in the community is constructed partially with milled 

lumber and has solar panels to provide a small amount of electricity. Two households own 
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televisions. Despite these characteristics, however, community members engage in traditional 

foraging activities at a high level (traditional style of life = 0.58), similar to that observed in CC-

1. Fishing and foraging activities provide a substantial portion of the diet, with community 

members often engaging in cooperative outings (e.g., barbasco fishing, ant collecting). Hunting, 

in contrast, is done only on occasion and typically involves excursions of several hours to reach 

productive forest. On average, households report eating only five market items per week. 

Children living in the community are active in subsistence activities. 

 
 
Community CC-3 
 

  
Figure 2.15. Community CC-3. The primary school located at the center of the community (left) 

and a traditional house belonging to the community along the large Rio Morona (right). 
 
 
 

Community CC-3 (population ≈ 250; elevation = 233 m) is located on the southern bank of 

the large Rio Morona, ≈ 20 km upriver from Puerto Morona (Figure 2.15). The majority of 

households are constructed of milled lumber or mixed composition, although some traditional 

households remain (15.2%). At the time of data collection, the community had just been 

connected to the power grid (93.9% of households had electricity sufficient for a light bulb and 



!

37!
!

radio), but power is frequently unavailable. Water is obtained by well or piped from a local 

spring in most cases, and approximately one-quarter of all households (21.2%) have a latrine. 

There is no health clinic, such that Western medicine is unavailable locally. A school was 

established over a decade ago and currently has four resident teachers and 96 students enrolled in 

grades 1-6. Class is held on about half of all weekdays, and most children attend school when it 

is in session. Community members report an average income of $96 per month and own 

relatively few market items (market style of life score = 0.16). In contrast, traditional style of life 

score is high (0.88), such that residents invest heavily in traditional subsistence activities. 

Hunting remains productive in nearby forest. Fishing and foraging (particularly for palm weevil 

and peach palm fruit) are also commonly performed with high return rates. Most adult 

community members engage in these subsistence activities multiple times per week. Children 

accompany women in most such cases. Chicha remains an important dietary staple, and 

households report eating an average of five market items per week.  

 

Transition to Chapter III 

This chapter has introduced the Shuar, a large and relatively traditional forager-

horticulturalist group inhabiting the energetically challenging – but rapidly changing – 

Ecuadorian Amazon. Given their socio-ecological situation, the Shuar are an ideal study 

population for research investigating life history tradeoffs and energy allocation during subadult 

development. Chapter III initiates this analysis by describing Shuar population-level growth (in 

height, weight, and body-mass-index) from birth to adulthood using state-of-the-art modeling 

techniques. Resulting growth references are the first to be created among an Amazonian 

population and offer detailed insight into the nature of Shuar growth and development. Life 
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history tradeoffs are invoked to explain numerous observed differences in growth between the 

Shuar and international references. This population-level analysis of energy allocation provides a 

foundation for within-population analyses to be performed in later chapters. 
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CHAPTER III: 
Physical Growth of the Shuar: Height, Weight, and BMI References 

for an Indigenous Amazonian Population 
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Abstract 

Objectives: Information concerning physical growth among small-scale populations remains 

limited, yet such data are critical to local health efforts and to foster basic understandings of 

human life history and variation in subadult development. Using a large dataset and robust 

modeling methods, this study aims to describe growth from birth to adulthood among the 

indigenous Shuar of Amazonian Ecuador. Methods: Mixed-longitudinal measures of height, 

weight, and BMI were collected from Shuar participants (n = 2,463; age 0-29 years). Centile 

growth curves and tables were created for each anthropometric variable of interest using 

GAMLSS. Pseudo-velocity and LMS curves were generated to further investigate Shuar patterns 

of growth and to facilitate comparison with U.S. CDC and multinational WHO growth 

references. Results: The Shuar are small throughout life and exhibit complex patterns of growth 

that differ substantially from those of international references. Similar to other Amazonians, 

Shuar growth in weight compares more favorably to references than growth in height, resulting 
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in BMI curves that approximate international medians. Several additional characteristics of 

Shuar development are noteworthy, including large observed variation in body size early in life, 

significant infant and childhood growth faltering, extended male growth into adulthood, and a 

markedly early female pubertal growth spurt in height. Phenotypic plasticity and genetic 

selection in response to local environmental factors may explain many of these patterns. 

Conclusions: Providing a detailed reference of growth for the Shuar and other small-scale 

Amazonian populations, this study possesses direct clinical application and affords valuable 

insight into indigenous health and the complex ecology of human growth. 

 

Introduction 

Understanding variation in physical growth and development has long been a primary 

objective for the fields of human biology and public health (Tanner, 1981; WHO, 1995). 

Although operating under occasionally conflicting research paradigms (Schell and Magnus, 

2007), both fields emphasize the importance of obtaining descriptions of growth from diverse 

human populations to realize existing research goals (Eveleth and Tanner, 1990a; Stinson, 2012). 

Despite this agreement, small-scale indigenous populations – comprising a significant portion of 

human genetic and cultural diversity (Henn et al., 2011; Karafet et al., 2002; Kent, 1996; Wang 

et al., 2007) – remain greatly underrepresented in the literature on growth. The little data 

available from these groups are notable, however, in that they suggest large variation in body 

size between populations and patterns of development that frequently differ from those of 

Western children and adolescents (Eveleth and Tanner, 1990a; Ulijaszek, 1995a; Walker et al., 

2006). This observation underscores the diversity and complexity of physical development in 

challenging environments (Cameron, 2007) and highlights the central importance of obtaining 
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new descriptions of growth among small-scale populations to better understand human biological 

variation, phenotypic plasticity, and health.    

In addition to their utility to researchers, population-level descriptions of growth may also 

serve as important tools in the clinical evaluation of children. Descriptions of growth that 

incorporate centile distributions are particularly valuable to clinicians as references of expected 

growth (De Onis et al., 2004). While international references such as those of the World Health 

Organization (WHO) (De Onis, 2007; WHO, 2006) and the United States Center for Disease 

Control and Prevention (CDC) (Kuczmarski et al., 2002) are critical for comparison of growth 

between regions or countries, population-specific references more accurately describe the 

physical development of local children. Indeed, recently created growth references for a variety 

of groups demonstrate that international references may not be appropriate for the clinical 

assessment of growth in many populations, particularly those of non-Western descent (Gleiss et 

al., 2013; Guedes et al., 2010a; Hakeem et al., 2004; Hasan et al., 2001; Marwaha et al., 2006; 

Mushtaq et al., 2012; Neyzi et al., 2006). This finding, along with a strong preference for 

population-specific growth charts by most clinicians and parents (Albertsson-Wikland et al., 

2002; De Onis et al., 2004), illustrates the present demand for local descriptions of growth 

throughout much of the developing world. 

This article attempts to address the needs of researchers and local South American clinicians 

by providing a detailed description of physical growth from birth to adulthood among the 

indigenous Shuar of southeastern Ecuador. Previous research has demonstrated that the Shuar, 

who inhabit a nutritionally and pathogenically challenging Amazonian environment, experience 

high rates of stunting, moderate rates of underweight, and low rates of wasting during childhood 

(Blackwell et al., 2009). However, the growth patterns underlying these observations have never 
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been fully modeled or described and their clinical significance remains unclear. Taking 

advantage of a newly-compiled and large mixed-longitudinal dataset, this study develops centile 

growth references for Shuar height, weight, and BMI using popular GAMLSS (Generalized 

Additive Models for Location, Scale, and Shape) methods (Rigby and Stasinopoulos, 2005a). 

LMS (Lambda-Mu-Sigma) curves (Cole and Green, 1992) and pseudo-velocity curves for each 

anthropometric measure are further generated from GAMLSS model parameters to facilitate 

direct comparison of Shuar growth with CDC and WHO references.  

 

Methods 

Study population 

The Shuar are a natural fertility indigenous population of ≈ 40,000-110,000 individuals 

(CODENPE, 2012; Rubenstein, 2001) inhabiting the neotropical lowland Amazonas region of 

southeastern Ecuador. Similar to other members of the Jivaroan language group, the Shuar have 

traditionally lived in small, scattered households and have practiced a mixed subsistence pattern 

of horticulture, foraging, hunting, and fishing (Harner, 1984b; Karsten, 1935a; Rubenstein, 2001; 

Stirling, 1938). Regular contact between the Shuar and outsiders began with Christian 

missionization during the 1940s, leading to the gradual formation of centralized villages and the 

creation of the Federación Interprovincial de Centros Shuar (FICSH) in 1964. Currently, the 

Shuar reside predominantly in 668 communities dispersed across ≈ 900,000 hectares of land 

(CODENPE, 2012). The last decade has seen acceleration in the development of modern 

infrastructure in Shuar territory, leading to varying degrees of integration into the local, regional, 

and national economy (Liebert et al., 2013; Lu, 2007a). Most development has been limited to 

the Upano Valley where many Shuar communities are now connected by road to larger towns, 
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have electricity, and sell goods at market or occasionally participate in wage labor. Other 

communities, particularly those east of the Cutucú mountain range (cross-Cutucú), are only 

beginning to experience integration into the market economy and continue to practice a largely 

traditional way of life.  

Despite recent development in Shuar territory, most Shuar continue to consume a generally 

low-quality diet, with increasingly diminished returns from foraging, hunting, and fishing 

(Descola and Lloyd, 1996; Harner, 1984b; Liebert et al., 2013). Overall, garden foods (including 

plantains, sweet manioc, bananas, papaya, and sweet potato) are estimated to provide ≈ 65% of 

the total number of calories consumed by the Shuar (Liebert et al., 2013). This bulky dietary base 

is commonly supplemented by fish, palm grubs, small game, domesticates, and, in some cases, 

purchased market items (Liebert et al., 2013; Lu, 2007a). Once obtained, food is typically boiled, 

accompanied by salt, and distributed narrowly within the household. In addition to being eaten, 

manioc is fermented to make nihamanch (referred to more generally by the Quichua term, 

chicha), a mildly alcoholic drink consumed daily by most individuals (Colehour et al., 2014). 

As is the case in much of the developing world, the burden of infectious disease remains 

high throughout Shuar territory. Many Shuar have difficulty obtaining clean water, lack basic 

sanitation devices such as latrines, and are often in close contact with animal disease vectors 

(Jokisch and McSweeney, 2006). One study recently found that 54% of investigated Shuar adults 

and 74% of investigated Shuar children were infected with at least one species of soil-transmitted 

helminth, with only slightly lower rates of infection in the more market-integrated Upano Valley 

than cross-Cutucú (Cepon-Robins et al., 2014). Rates of acute respiratory infections and vector-

borne diseases (e.g., malaria, dengue, yellow fever, etc.) are similarly high among the Shuar 

(Jokisch and McSweeney, 2006) and are comparable to published rates from elsewhere in the 
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Ecuadorian Amazon (Kuang-Yao Pan et al., 2010a). Access to modern medical care is typically 

limited, with 96% of individuals living in communities without a resident doctor and travelling 

on average 2.9 (± 3.2) hours to the nearest health center for basic treatment (Jokisch and 

McSweeney, 2006; Jokisch and McSweeney, 2011). Although exact vaccination rates are 

unknown, available data suggest that they are very low. One large study, for example, recently 

found that only 28% of investigated Shuar and Achuar children under the age of 5 years had 

received at least one documented vaccination while, of these, only 11% had completed a full 

regime (Jokisch and McSweeney, 2006). 

 

Data collection 

Data were collected as part of the Shuar Health and Life History Project (SHLHP; 

http://www.bonesandbehavior.org/shuar), an interdisciplinary research effort initiated in Ecuador 

in 2005. Mixed-longitudinal data for height, weight, and BMI from 2,463 Shuar participants age 

0-29 years, providing a total of 5,140 measurement occasions, were included in the present study 

(Table 3.1; in detail in Supplemental Information Table S3.1). All participants gave informed 

consent or assent, with both parental consent and child assent for subjects under age 15 years. 

Research approval was obtained from village leaders, FICSH, and the Institutional Review 

Boards of the University of Oregon and Harvard University.  
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Table 3.1. Sample sizes and BCPE smoothing parameters for GAIC best-fit GAMLSS models. 

  Nindividuals nobservations Age power transformation (λ) df(µ) df(σ) df(ν) df(τ) 
Height Males 1,143 1,646 0.55 15a 8 1 1 

 
Females 1,197 1,927 0.55 11 7 1 1 

Weight Males 1,189 2,216 0.70 19a 5 4 1 

 
Females 1,256 2,662 0.80 15 7 1 1 

BMI Males 1,140 1,638 0.35 14 1 2 1 

 
Females 1,172 1,896 0.35b 12 4 1 1 

a Operations performed using a GAIC penalty of 3.5 (see Methods). b Male λ-value used in modeling (see 
Methods). Sample distribution by age is provided in online Supplemental File S1. 
 
 
 

Data were drawn from the following three sources: 

1) SHLHP survey data: Mixed-longitudinal data from 1,035 participants age 0-29 years (n = 

3,085 measurement occasions) were collected directly by the authors between 2007 and 2013 as 

part of ongoing SHLHP survey research. Data were collected following conventional methods 

(Lohman et al., 1988a) in diversely market-integrated communities across Shuar territory. Height 

was measured to the nearest 1.0 mm using a portable stadiometer (Seca Corporation 214, 

Hanover, MD). Infant length was measured to the nearest 1.0 mm using a portable infantometer 

(Seca Corporation 231, Hanover, MD). Weight was measured to the nearest 0.1 kg using an 

electronic scale (Tanita Corporation BC-534/BF-689, Tokyo, Japan). Dates of birth were 

available for most participants from official school records. Ages were also obtained and cross-

checked using overlapping genealogies constructed from information given by parents and other 

community members.  

2) Health diagnostic study: Cross-sectional data from 1,251 participants age 0-25 years were 

collected during a health diagnostic study conducted by FICSH and the hospital Pio XII in 

collaboration with the SHLHP in 2005. This study has been previously described (Blackwell et 

al., 2009) and consisted of teams of physicians and trained health professionals who visited 

schools in both the Upano Valley and cross-Cutucú regions of Morona Santiago province. Height 
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and weight were measured for nearly 100% of the individuals in attendance on the day of the 

visit (as well as a few non-attendees) using standard methods. Ethnicity was assessed based on 

self-report, with only individuals identifying as Shuar being included in the present study. 

Birthdates were obtained from official school records and were cross-checked with SHLHP 

genealogy data when available.  

3) Health center records: Mixed-longitudinal data from 177 participants age 0-28 years (n = 804 

measurement occasions) were obtained from health center records drawn from a single Upano 

Valley Shuar community participating in SHLHP research in 2009. These records include 

conventional height (or length) and weight measurements obtained by a trained local clinician 

during routine and illness-related visits. In general, health center data are from very young 

individuals, with information from children < 3 years of age constituting 75% of the dataset. 

Birthdates recorded on health center records were cross-checked with available SHLHP 

genealogical information to ensure age estimation accuracy. 

 

Centile curve modeling 

Centile curves for height, weight, and BMI were constructed for each sex between the ages 

of 0-29 years using GAMLSS (Rigby and Stasinopoulos, 2005a), an extension of the popular 

LMS method for modeling growth (Cole and Green, 1992). Following an evaluation of 30 

existing methods for growth curve construction (Borghi et al., 2006), GAMLSS was recently 

found to outperform other modeling methods and was selected to generate the WHO childhood 

growth standards (De Onis, 2007). GAMLSS modeling involves two general procedures: (i) 

fitting a parametric distribution of an outcome variable at each continuous value of age in the 

data; and, (ii) smoothing the distribution on age for each parameter of the selected parametric 
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distribution function using cubic splines or a number of other methods. The two GAMLSS 

procedures are estimated simultaneously across the complete dataset by iterative maximization 

of a penalized likelihood function using the R-package “gamlss” (http://www.gamlss.org/) 

(Stasinopoulos and Rigby, 2007) in R 3.0.3 (http://cran.us.r-project.org/). This study attempted, 

whenever possible, to replicate the GAMLSS curve fitting procedures of the WHO (Borghi et al., 

2006; De Onis, 2007; WHO, 2006) by fitting growth curves using the 4-parameter Box–Cox 

power exponential (BCPE) distribution (Rigby and Stasinopoulos, 2004) with smoothing degrees 

of freedom determined in a stepwise fashion.  

Shuar centile curves were fit using GAMLSS as follows, with final model parameters given 

in Table 3.1:  

1) Models were first fit as BCPE(x=ageλ, df(µ)=10, df(σ)=5, ν=1, τ=2) with values of the age-

transformation power λ ranging from 0.05 to 1.5. The λ parameter from the model with the 

smallest global deviance was selected. For one model (female BMI) the λ selected by this 

procedure (1.15) resulted in over-smoothing of young ages. For this model the λ parameter from 

the male BMI model (0.35) was used. 

2) Using the selected λ model, outliers with predicted z-scores > 3 or < -3 were removed.  

3) Generalized Akaike information criterion (GAIC) was used to determine the appropriate 

degrees of freedom for µ, σ, ν, and τ. While the WHO methods used standard Akaike 

information criterion (penalty term of 2) for µ and GAIC for other parameters, given the smaller 

sample size of this study, it was found that GAIC criterion was less likely to result in over-

fitting. Degrees of freedom for µ and σ were selected by comparing all models with df(µ) 

ranging from 1 to 20 and df(σ) ranging from 1 to 10. For two models (male height and weight) 

the GAIC penalty of 3 resulted in models that over-fit idiosyncrasies in the data sampling. For 
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these two models only, a GAIC penalty term of 3.5 was used to produce smoother fits. Models 

with ν = 1 or df(ν) ranging from 1 to 8 were then compared. Finally, models with τ = 2 or df(ν) 

ranging from 1 to 8 were compared to determine whether a τ parameter was needed. For all but 

two models the minimal GAIC was obtained with τ = 2. For the other two, allowing τ to vary (df 

= 1) reduced GAIC, but only slightly, and had no significant effect on centile curves. We 

therefore followed the WHO in fixing τ = 2 in all models, resulting in the reduction of 

distribution functions to the simpler 3-parameter Box-Cox Cole and Green (BCCG) distribution 

(Cole and Green, 1992), equivalent to the LMS method. 

4) Goodness of fit for all final models was assessed using grid tests to compare observed and 

expected proportions of observations above and below specific centiles (Borghi et al., 2006; 

Healy et al., 1988). 

 It should be noted that the WHO constructed growth curves separately for children 0-5 years 

old (WHO, 2006) and 5-19 years old (De Onis, 2007). The advantage of fitting separate curves is 

that it allows for different power transformations and model parameters for different age ranges. 

However, this technique also introduces new assumptions when merging the two curves and may 

create “edge effects” at transition points. Shuar curves were fit two ways: (i) curves were fit 

separately for ages 0-5 years and 5-29 years; and, (ii) curves were fit singly for the entire age 

range of 0-29 years. The two methods produced essentially identical µ curves but did create 

several mismatches in σ curves (despite similar overall values). As a result, it was decided to 

differ from the WHO in the use of a single GAMLSS model for the entire age range in all 

analyses. From a clinical standpoint, this has essentially no effect on the centiles produced. The 

upper age range was included in all analyses to act as an “anchor” for modeling (Indrayan, 2014) 

and is uninformative. Only information for age 0-25 years is presented.  
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LMS and pseudo-velocity curve modeling 

 Final GAMLSS model parameters were used to produce LMS curves for each sex and 

anthropometric measure of interest. The L, M, and S parameters from growth models can be 

interpreted as showing asymmetry or skew (L), median (M), and variability (S) in the distribution 

of data. Additionally, pseudo-velocity curves were created for each sex and measure of interest 

using the first derivatives of the median (µ) curves obtained from GAMLSS models. The 

following four parameters were obtained for each measure of interest: (i) average growth rate 

from age 3 to 10 years; (ii) age at takeoff velocity (ATO); (iii) age at peak velocity (APV); and, 

(iv) age at return to takeoff velocity (ARTO). The first measure provides an estimate of “child-

juvenile” growth velocity between the approximate ages of weaning and puberty. ATO, APV, 

and ARTO represent the ages of the beginning, peak, and end of the pubertal growth spurt, 

respectively. APV was calculated as the age of maximum growth velocity after the first 7 years 

of life. ATO was calculated as the age at which growth acceleration first attained a value > 0 

units/year-1 immediately prior to the APV (Gasser et al., 1985). ARTO was calculated as the age 

of return to the growth velocity at ATO immediately following APV. Because individuals have 

growth spurts at different ages, using mixed-longitudinal data from multiple participants creates 

overlapping spurt periods that can obscure the true peak growth velocity of a population 

(Hauspie and Molinari, 2004). For this reason, the magnitude of adolescent growth spurts is not 

reported.  

 To facilitate comparison with international references, Shuar LMS and pseudo-velocity 

curves for each anthropometric measure of interest were plotted alongside CDC (Kuczmarski et 

al., 2002) and WHO (De Onis, 2007; WHO, 2006) reference data.  
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Results 

Centile curves 

 Centile curves for Shuar height, weight, and BMI from age 0 to 25 years are plotted by sex 

in Figure 3.1. Complete tables of centile values (2nd, 5th, 25th, 50th, 75th, 95th, and 98th) and 

accompanying LMS parameters may be found in Supplemental Information Tables S3.2-S3.7.  

 
 

 
Figure 3.1. Sex-specific centile curves for Shuar height, weight, and BMI from age 0 to 25 

years. Solid lines = 50th centile; Dashed lines = 25th and 75th centiles; Dotted lines = 5th and 95th 
centiles. Complete centile values and accompanying LMS parameters are provided in online 

Supplemental Files S3-S5. 
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LMS curves 

 Height LMS curves for the Shuar, CDC, and WHO are presented in Figure 3.2. Height M-

curves (displaying median values along with 5th to 95th centile ranges) illustrate that the Shuar 

are short relative to international references throughout development. M-curves for both sexes 

decline from near the WHO 40th centile in early infancy to the ≈ 3rd centile for males and the ≈ 

5th centile for females by age 2 years. Shuar M-curves for both sexes remain generally stable at 

these reference levels during early childhood but begin to fall further below WHO and CDC M-

curves beginning near the age of 6 years, a pattern that continues for much of the remainder of 

development and is associated with Shuar 95th centiles that are consistently below international 

reference medians. In adulthood, Shuar 95th centiles for height approximate the WHO 10th and 

15th centiles for males and females, respectively. Shuar height S-curves (illustrating variability in 

the distribution of height at a given age) follow the general pattern of international references, 

with values falling from birth and peaking near puberty; however, Shuar height S-curves in both 

sexes are distinct from references in possessing a clear second peak in variation during early 

childhood as well as low levels of variation in adulthood. Similar to WHO references, Shuar 

height L-curves are flat along a value of λ = 1, indicating no modeling of skew in the distribution 

of height around age.   
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Figure 3.2. LMS curves for height by sex. Shuar (solid red line, red shade), CDC references 

(dashed black line, light grey shade), and WHO references (dotted black line, dark grey shade). 
Mu = median height (5th to 95th centiles shaded); Sigma = coefficient of variation; Lambda = 

Box-Cox transformation (skew). 
 
 
 
 LMS curves for weight are presented in Figure 3.3. Similar to results for height, Shuar 

weight M-curves are well below those of the CDC and WHO throughout development, beginning 

near international reference 30th centiles in early infancy and subsequently falling to ≈ 5th 

centiles by age 2 years in both sexes. In sharp contrast to the pattern observed for height, 

however, Shuar weight M-curves begin rising progressively relative to international references in 

early childhood and approximate reference 20th centiles by 5 years of age. Male M-curves curves 
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fall again near puberty relative to CDC references, to about the 5th centile, before rising once 

more to around the 20th centile in adulthood. Females, in contrast, gain relative to CDC 

references for weight continuously from early childhood, reaching the ≈ 35th centile in 

adulthood. Shuar weight 95th centile lines for both sexes are close to the CDC 95th centile lines in 

infancy, drop to around the 40th centile by age 2 years, and then rise to around the 65th centile in 

childhood. The female 95th centile curve remains around that of the CDC 65th centile into 

adulthood, while the male curve falls to around the CDC 50th centile. Shuar weight S-curves 

exhibit the same overall pattern as those of CDC and WHO references, illustrating high variation 

in infancy that drops into childhood and then rises during puberty. Despite overall similarity in 

the shape of S-curves, the Shuar demonstrate greater levels of variation than references during 

the first several years of life and relatively lower levels of variation at later ages. Shuar weight L-

curves reflect modest distributional skew that is generally positive (i.e. λ < 1) across age but is 

significantly less exaggerated than the positive skew of references.  
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Figure 3.3. LMS curves for weight by sex. Shuar (solid red line, red shade), CDC references 
(dashed black line, light grey shade), and WHO references (dotted black line, dark grey shade). 
Mu = median weight (5th to 95th centiles shaded); Sigma = coefficient of variation; Lambda = 

Box-Cox transformation (skew). 
 
 
 
 BMI LMS curves are presented in Figure 3.4. Shuar M-curves exhibit low median BMI 

values early in infancy that, similar to WHO curves, demonstrate early and rapid increases, 

particularly in males. Unlike CDC and WHO references, the Shuar do not appear to experience a 

significant BMI “dip” during early childhood, with median BMI values generally increasing 

following infancy. From early childhood, Shuar BMI M-curves lie near or slightly above those of 
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international references. Shuar 5th and 95th centiles generally fall well within the 5th and 95th 

centiles of both WHO and CDC references. Consistent with the relatively narrow distribution 

observed in the range of the Shuar 5th and 95th centile lines, Shuar BMI S-curves are markedly 

different than those of CDC and WHO references, exhibiting relatively high values at birth that 

fall below international reference values near age 7 years and remain low into adulthood. Shuar 

BMI L-curves exhibit modestly greater λ-values than references (indicating more negative skew) 

and show a pattern of generally decreasing λ-values following early childhood that contrasts the 

increasing curves of the CDC and WHO. 
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Figure 3.4. LMS curves for BMI by sex. Shuar (solid red line, red shade), CDC references 

(dashed black line, light grey shade), and WHO references (dotted black line, dark grey shade). 
Mu = median BMI (5th to 95th centiles shaded); Sigma = coefficient of variation; Lambda = Box-

Cox transformation (skew). 
 
 
 
Pseudo-velocity curves 

 Pseudo-velocity curves for height, weight, and BMI are presented in Figure 3.5. Associated 

model parameters are provided in Table 3.2. 
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Figure 3.5. Pseudo-velocity curves for height, weight, and BMI plotted by sex. Shuar (solid red 

line), CDC references (dashed black line), and WHO references (doted black line). Curves 
represent the velocity of the median (µ) GAMLSS model parameter. Curves for age ≤ 3 years 

(left) are enhanced for detail. 
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Table 3.2. Growth pseudo-velocity parameters for the Shuar and international references by sex 
  Males  Females 
  Shuar CDC WHO  Shuar CDC WHO 
Height Child-juvenile velocity (cm/year) 5.1 6.2 6.0  5.4 6.3 6.2 
 ATO (years) 11.0 10.4 9.7  8.4 9.3 8.0 
 APV (years) 13.6 13.3 13.1  10.2 11.6 11.0 
 ARTO (years) 15.5 15.0 14.8  12.1 12.9 12.2 
Weight Child-juvenile velocity (kg/year) 2.0 2.5 2.4  2.2 2.7 2.6 
 ATO (years) 8.4 7.8 -  8.4 7.2 - 
 APV (years) 14.2 13.7 -  12.1 11.4 - 
 ARTO (years) 19.6 17.5 -  15.6 14.4 - 
BMI Child-juvenile velocity (kg/m2/year) 0.11 0.09 0.12  0.20 0.16 0.17 
 ATO (years) - - -  - - - 
 APV (years) 14.5 15.0 13.9  12.3 12.1 12.5 
 ARTO (years) - - -  - - - 
Child-juvenile velocity, average growth velocity between the ages of 3 and 10 years; ATO, age at takeoff 
velocity; APV, age at peak velocity; ARTO, age at return to takeoff velocity. 

 
 
 

 Height pseudo-velocity curves illustrate several significant differences in growth between 

the Shuar and international references. Growing relatively quickly over the first several months 

of life, the Shuar track the height curves of the CDC and WHO to the age of ≈ 9 months. Shuar 

pseudo-velocity curves for males and females drop well below those of references at this time, 

where they remain throughout infancy. Between the ages of 3 to 10 years, Shuar curves are 

consistently below references, with average child-juvenile growth rates in both sexes that are ≈ 1 

cm/year less than those of the CDC and WHO. Beginning near puberty, Shuar growth exhibits 

marked sex differences. The growth of Shuar males at this time can be characterized as 

moderately slow relative to references, with lower growth velocities, a clear but slightly delayed 

pubertal growth spurt, and growth that persists at marked velocity to the age of 20.9 years. A 

very different pattern is observed in the post-juvenile growth of Shuar females. Shuar females 

experience a growth spurt in height that is substantially earlier than that of CDC and WHO 

references (APVShuar = 10.2 years, APVCDC = 11.6 years, APVWHO = 11.0 years) and possess a 
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height pseudo-velocity curve that is nearly identical to that of references beyond the age of 13 

years, demonstrating no significant prolongation of growth. 

 Shuar weight pseudo-velocity curves generally follow those of international references early 

in life, particularly those of the WHO. Beginning at the age of ≈ 1 year, however, male and 

female Shuar curves clearly fall below those of references. Shuar growth rates in weight for both 

sexes remain, on average, below those of the CDC and WHO throughout juvenility. Later in life, 

the Shuar experience clear pubertal growth spurts in weight that are modestly delayed (males = + 

0.5 years; females = + 0.7 years) relative to CDC references. As observed in height curves, Shuar 

males, but not females, exhibit clear extension of weight growth into adulthood. 

 BMI pseudo-velocity curves illustrate similar growth between the Shuar and WHO 

references early in infancy, with Shuar females experiencing moderately lower growth rates than 

references. Between the ages of ≈ 1 to 5 years, Shuar BMI curves lie above those of references. 

This pattern is reversed between the ages of ≈ 5 to 10 years, however, resulting in average child-

juvenile growth rates for BMI that are similar between the Shuar, CDC, and WHO. Shuar 

pseudo-velocity curves for BMI more closely resemble those of the WHO than the CDC during 

puberty, exhibiting clear growth spurts during this time. In general, Shuar pubertal BMI growth 

velocities are greater than those of references, a pattern that is particularly apparent in females.  

 

Discussion 

 This study provides the first published use of GAMLSS methods to describe growth among a 

small-scale indigenous population. Following its application for generating the WHO childhood 

growth standards (De Onis, 2007), GAMLSS has recently been chosen to model physical 

development in a number of Western populations (Gleiss et al., 2013; Nagy et al., 2014; Saari et 
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al., 2011). GAMLSS offers several modeling and interpretive advantages over competing 

methods but requires a relatively large dataset (Borghi et al., 2006). Mixed-longitudinal data 

from 2,463 individuals living throughout Shuar territory were included in the present study. This 

sample size far exceeds those of most previous studies of growth among small-scale groups, 

including those among other Amazonians (e.g., Black et al., 1977; Dangour, 2001a; Hill and 

Hurtado, 1996; Hodge and Dufour, 1991; Stinson, 1989), and represents ≈ 2-6% of the current 

Shuar population (CODENPE, 2012; Rubenstein, 2001).   

 

Shuar comparative growth 

 Consistent with previous investigations performed using limited cross-sectional data 

(Blackwell et al., 2009; Blackwell et al., 2010; Houck et al., 2013), the results of the present 

study document that the Shuar are small throughout life, with growth in height that compares less 

favorably to international references than growth in weight. This general pattern of growth, 

reflecting high rates of stunting but low rates of underweight and wasting, strongly characterizes 

indigenous Amazonians collectively (Dufour, 1992; Foster et al., 2005; Orr et al., 2001; Piperata 

et al., 2011a; Santos and Coimbra Jr, 1991; Zonta et al., 2010). Indeed, Amazonian populations 

have long been recognized as among the shortest but not the lightest people in the world 

(Stinson, 1990). With an overall rate of stunting of ≈ 40% (Blackwell et al., 2009), the Shuar 

approximate the median of a wide range of stunting rates among other indigenous Amazonians 

(Foster et al., 2005) and fall near, for example, rates of 38% for the Pueblo Tacana and Esse-

Ejjas of Bolivia (Benefice et al., 2007) and 43% for the Achuar of Ecuador (Orr et al., 2001). 

Shuar median adult heights of 160.8 cm and 149.3 cm for males and females, respectively, 

closely resemble averages calculated for 20 other lowland South American groups (males = 
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161.7 ± 5.5 cm; females = 149.8 ± 4.8 cm) (Godoy et al., 2006b), further supporting the notion 

that general growth outcomes among the Shuar are typical of other small-scale Amazonian 

populations.  

 Unlike most previous studies of growth among small-scale societies, the use of GAMLSS 

modeling in the present study provides a series of parameters that make in-depth description of 

population-level growth patterns possible. Results suggest that, in general, Shuar growth is 

complex and differs substantially from that of international references. Shuar males and females 

grow rapidly over the first few months of life but experience subsequent declines in infant 

growth that track near the CDC and WHO 5th centiles for height and weight in early childhood. 

Growth diverges markedly from international references during mid-childhood, however, with 

Shuar height experiencing progressive decreases and Shuar weight progressive increases relative 

to references for most of the remaining growth period. Resulting Shuar child-juvenile median 

growth rates in both sexes are ≈ 1.0 cm/year less and ≈ 0.5 kg/year less than that of references 

for height and weight, respectively. During puberty, clear sex differences in Shuar growth 

patterns are apparent. Relative to international references, Shuar males exhibit modest delays in 

the timing of pubertal growth spurts in height and weight and extend growth in both of these 

measures into adulthood. Shuar females experience a similar slight delay in the pubertal growth 

spurt in weight, but, unlike males, demonstrate a growth spurt in height that is approximately one 

full year earlier than that of international references and do not appear to extend growth into 

adulthood. Interestingly, the S and L parameters describing Shuar growth vary significantly from 

WHO and CDC references, reflecting differences in sample distribution and skew. The Shuar 

demonstrate substantially lower variation than references in measures of height, weight, and BMI 

during adulthood but somewhat greater variation in these same measures early in life. Lower 
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adult variation in body size among the Shuar is likely the result of reduced genetic and 

environmental diversity relative to the more ethnically heterogeneous samples of the WHO and 

CDC. Greater variation in Shuar body size during infancy and childhood may conversely reflect 

heightened sensitivity of Shuar growth to environmental influences during early life (see below). 

Findings further suggest that the Shuar possess significantly less positive skew than references in 

the distribution of body size throughout life, particularly in weight and BMI. This observation 

appears to be related to a lower incidence of overweight in Shuar children.  

 Few comparably detailed data are currently available to assess the degree to which nuanced 

characteristics of Shuar growth reflect those of other Amazonians and small-scale indigenous 

groups. Considering a wider range of human populations, it is well documented that rapid growth 

in height and weight over the first few months of life (Karlberg et al., 1997; Khandelwal et al., 

2014) as well as subsequent faltering in these measures between the age of 3 to 24 months 

(Shrimpton et al., 2001; WHO, 1995) are common patterns of growth in many developing 

populations. This observation includes limited data from the Bolivian Amazon suggesting 

declines from international growth references during infancy among the indigenous Tsimane’, 

Pueblo Tacana, and Esse-Ejjas (Benefice et al., 2007; Foster et al., 2005). The progressive falling 

of Shuar height curves and rising of Shuar weight curves relative to CDC and WHO references 

beginning in mid-childhood illustrates that the Shuar do not consistently track the growth of 

reference children beyond infancy. A similar pattern of divergence from references, evidenced 

by lower height-for-age and greater weight-for-age reference z-scores in older versus younger 

children, has been documented among several other Amazonian groups (Benefice et al., 2007; 

Foster et al., 2005; Wilson et al., 2011). While more data are needed, this finding suggests that 
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preferential growth in weight over that of height following early childhood may be a common 

developmental characteristic among indigenous Amazonian populations.  

 Shuar pubertal growth is also noteworthy from a comparative perspective. While there exists 

substantial global variation in the dynamics of human growth near puberty (Eveleth and Tanner, 

1990a; Ulijaszek, 2001), the typical pattern of growth at this time in the developing world is 

characterized by delayed, longer, and less dramatic growth spurts often accompanied by the 

extension of growth into adulthood (Cameron, 2007; Eveleth and Tanner, 1990a). Shuar males 

largely follow this pattern of slow and delayed pubertal growth, conforming closely to limited 

available data from small-scale groups and other Amazonians (Bogin et al., 1990; Eveleth and 

Tanner, 1990a; Sellen, 1999; Walker et al., 2006). Although Shuar females also experience an 

expected delay relative to international references in pubertal growth in weight, the finding of 

relatively early pubertal growth in height in Shuar females contrasts starkly with previous 

observations among other small-scale groups (Walker et al., 2006). Among Amazonians, the 

timing of the Shuar female growth spurt in height (APVheight = 10.2 years) is significantly earlier 

than reported for the Tsimane’ (APVheight = 12.0 years) and the Paraguayan Ache (APVheight = 

13.0 years) (Walker et al., 2006). Notably, however, the growth spurt parameters for the 

Tsimane’ and Ache were estimated visually from curves constructed using a very modest 

number of individuals. As such, comparison of the timing of pubertal growth in height between 

the Shuar and these populations must be made cautiously. Abundant evidence documenting early 

age at menarche among many lowland South American populations (Kramer et al., 2009), as 

well as a close relationship between the timing of menarche and the timing of the human pubertal 

growth spurt in height (Elizondo, 1992; Ellison, 1981), suggests the likelihood that other 
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Amazonian populations will be found to experience early female pubertal growth in height, 

similar to that of the Shuar, as sufficient data become available.  

 

Environmental and selective explanations for Shuar growth patterns 

 The extent of genetic contribution to Amazonian growth characteristics remains unclear (Orr 

et al., 2001; Stinson, 1990); however, environmental factors are thought to explain much of the 

observed variation in growth within and between human populations globally (Eveleth and 

Tanner, 1990a; Ulijaszek, 2006; WHO, 1995). In the developing world, including Amazonia, 

nutritional inadequacy and infectious disease are typically considered the primary causes of slow 

childhood growth and delayed maturation (Foster et al., 2005; Hodge and Dufour, 1991; Santos 

and Coimbra Jr, 1991; WHO, 1995). Developmental responses to these environmental factors 

likely explain some, but not all, aspects of Shuar growth. As noted above, the Shuar do indeed 

face substantial rates of infectious and parasitic disease. Although the precise relationship 

between infection and the growth of Shuar children is currently unknown, ample evidence 

suggests that soil-transmitted helminths and other pathogens that are common among the Shuar 

negatively affect growth in many populations (Crompton and Nesheim, 2002; Goodman et al., 

2011; Moffatt et al., 2001; Rowland et al., 1988; Sackey et al., 2003). The pathways through 

which these infections impact childhood growth are numerous and complex (Stephensen, 1999). 

Among the Shuar, the large predicted energetic cost associated with frequent pathogen-driven 

activation of the immune system (Blackwell et al., 2011; Blackwell et al., 2010; McDade et al., 

2012), in conjunction with low-nutrient-density diets (Dufour, 1992; Liebert et al., 2013), may 

play a key role in limiting resources available for growth, particularly early in life and near 

weaning at ≈ 15 months of age (Madimenos et al., 2012). This hypothesis requires further testing 
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but receives initial support from evidence indicating that stature in Shuar subadults is inversely 

related to levels of various biomarkers of immune activation (Blackwell et al., 2010). 

 While developmental response to environmental stimuli such as nutrition and infection 

likely explains some aspects of Shuar growth, consideration of explanations involving genetic 

adaptation may also provide useful insight into the patterns observed in this study. Several 

possible adaptive explanations for the small body size of tropical forest populations have 

previously been suggested and may apply to the Shuar. These include selection for heat 

dissipation (Cavalli-Sforza, 1986; Hiernaux and Froment, 1976; Roberts, 1953), efficient 

mobility (Diamond, 1991; Stinson, 1990; Tobias, 1972), and low body maintenance 

requirements (Gurven and Walker, 2006; Stini, 1969). When adult mortality is high, short stature 

may also reflect the indirect outcome of selection for early reproductive maturation (Migliano et 

al., 2007; Walker et al., 2006). In some cases, mortality-driven selection for early reproduction 

may additionally lead to earlier and more rapid growth (Case, 1978; Charnov and Berrigan, 

1993; Stearns, 1992). This latter scenario may explain the early female growth spurt in height 

observed among the Shuar. Although Shuar age-specific mortality curves are not available, data 

from interviews (SHLHP, unpublished data), other indigenous Amazonians (Gurven et al., 2007; 

Hill and Hurtado, 1996; Walker et al., 2006) and elsewhere in the Ecuadorian Amazon (Kuang-

Yao Pan et al., 2010a; WHO, 2011) suggest that Shuar adult mortality is likely quite high. Direct 

evidence documents that Shuar females do indeed initiate reproduction early in life, possessing a 

mean age at menarche (13.0 years) and a mean age at first birth  (17.5 years) (Madimenos et al., 

2012) that fall near the very low end of ranges observed among 22 other small-scale populations 

(Walker et al., 2006). Recognizing that skeletal maturation is the key physiological factor 

determining age at reproductive maturation in females (Elizondo, 1992; Ellison, 1981), extrinsic 



!

66!
!

mortality should more strongly influence female growth in height than growth in weight. This, 

along with possible energy-partitioning benefits relating to the temporal staggering of growth 

spurts in different soma, may explain why Shuar females possess early pubertal growth spurts in 

height but not weight. The particularly strong influence of mortality factors on life history 

parameters in females (Stearns, 1992; Walker et al., 2006), as well as possible male target body 

size selection pressures relating to male-male competition, may further explain why Shuar 

females but not males experience early pubertal growth in height. 

 Finally, it must be noted that developmental plasticity and genetic adaptation are not 

independent explanations of Shuar growth. Developmental reaction norms are themselves the 

product of natural selection, and different populations may, for example, respond to energetic 

and disease stressors differently as a result of distinct histories of selection on reaction norms. 

The Shuar and other Amazonians appear to prioritize growth in weight over growth in height 

relative to populations from many parts of the world (Eveleth and Tanner, 1990a; Foster et al., 

2005; Victora, 1992). This apparent pattern of preferential allocation of energy into gains in 

weight rather than height may facilitate energy availability for female reproduction early in life. 

Alternatively, it may reflect selection for robust immune function in response to persistent 

pathogen exposure, for which central body fat may be particularly important (Samaras et al., 

2010; Wells and Cortina-Borja, 2013). Future research is needed to investigate these hypotheses. 

 

Clinical application of Shuar growth references 

 In addition to its utility for understanding human biological variation and life history, the 

description of Shuar growth presented in this study may also serve as an important tool for use in 

the clinical assessment of childhood development and health. Growth references provide 
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authorities with information about the growth status of children and are critical for identifying 

groups and individuals who are at risk for disease or require urgent care (De Onis et al., 2004). 

Although some researchers advocate the use of a single growth reference for all children globally 

(De Onis et al., 2004), evidence is mounting to suggest that international references may not be 

appropriate for assessing growth in all populations, particularly among non-Western and 

indigenous groups (Gleiss et al., 2013; Guedes et al., 2010a; Hakeem et al., 2004; Hasan et al., 

2001; Marwaha et al., 2006; Mushtaq et al., 2012; Neyzi et al., 2006; Ulijaszek, 1994; Ulijaszek, 

2001). In line with this finding, a number of factors suggest that the growth references presented 

in this study may be used to supplement international references in the clinical assessment of 

Shuar children. First, while CDC and WHO references appear to model Shuar infant growth with 

fair accuracy, the Shuar do not closely follow the growth of reference children at older ages. This 

observation is most apparent following early childhood, a time when variation in the distribution 

of Shuar height, weight, and BMI are low and genetic factors are thought to become increasingly 

important in producing differences in growth between populations (Haas and Campirano, 2006; 

Ulijaszek, 2001). Second, there is little evidence of skew in Shuar growth distributions, implying 

that Shuar medians are not the consequence of an unhealthy subset of individuals shifting the 

median downward but rather that the entire population distribution of the Shuar is lower than the 

distribution of international references and remains more-or-less normally distributed at all ages. 

Finally, many notable aspects of Shuar growth appear to be common among other indigenous 

Amazonian and South American populations living in diverse socio-ecological contexts, further 

supporting a genetic basis for at least some differences in growth between the Shuar and 

CDC/WHO references.  
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Conclusions 

 This study has used a large dataset and robust GAMLSS modeling to provide a detailed, 

population-level description of Shuar physical growth that may be useful to both researchers and 

clinicians. Such descriptions are rare among small-scale indigenous groups, and these data 

contribute significantly to the global database of variation in human growth and development. 

Results demonstrate that the Shuar are small throughout life and possess patterns of growth that 

differ markedly from international references, particularly following early childhood and near 

puberty. Phenotypic plasticity and genetic selection in response to local environmental and life 

history factors, among them a heavy burden of infectious disease and high predicted rates of 

extrinsic mortality, likely explain many noteworthy aspects of Shuar growth. Future research will 

test hypotheses linking ecological variables, growth, reproduction, and health in this population.  

 

Transition to Chapter IV 

This chapter has provided a detailed description of Shuar growth from birth to adulthood, 

has highlighted patterns of development that differ from those of international references, and 

has attempted to explain population-level differences in growth through the framework of 

evolutionary life history tradeoffs. Some apparent tradeoffs observed among the Shuar are likely 

encoded at the genetic level. However, others almost certainly reflect individual developmental 

response to environmental conditions (i.e., phenotypic plasticity). Chapter IV builds upon this 

work to investigate sources of within-population variation in Shuar growth and nutritional status. 

The utilized approach focuses on the process of market integration as a primary determinant of 

heterogeneity in Shuar environmental conditions and lifestyle. Population-, geographic region-, 



!

69!
!

and household-level analyses are performed, affording novel insight into the factors influencing 

Shuar growth, energy allocation, and health.  
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CHAPTER IV: 
Heterogeneous Effects of Market Integration on Subadult Growth 
and Nutritional Status among the Shuar of Amazonian Ecuador 

 
 

 A version of this chapter is in press as the following: Urlacher SS, Liebert MA, Snodgrass 
JJ, Blackwell AD, Cepon-Robins TJ, Gildner TE, Madimenos FC, and Sugiyama LS.!
Heterogeneous effects of market integration on subadult body size and nutritional status among 
the Shuar of Amazonian Ecuador. Annals of Human Biology. 

Funding Sources: National Science Foundation (BCS-0824602, BCS-0925910, BCS-
1341165, BNS9157-449, DGE1144152); Wenner-Gren Foundation Dissertation Fieldwork 
Grant (7970, 8476, 8749); National Institutes of Health (5 DP1 OD000516-04); Harvard 
University Frederick Sheldon Traveling Fellowship; Ryoichi Sasakawa Young Leaders 
Fellowship; University of Oregon Faculty Research Award; University of Oregon’s Institute of 
Cognitive and Decision Sciences.  
 
 
Abstract 

 Background: Market integration (MI) – increasing production for and consumption from a 

market-based economy – is drastically altering traditional ways of life and environmental 

conditions among indigenous Amazonian peoples. The effects of MI on the biology and health of 

Amazonian children and adolescents, however, remain unclear. Aim: Using a large dataset, this 

study examines the impact of MI on subadult growth and nutritional status at the population, 

regional, and household levels among the Shuar of Amazonian Ecuador. Subjects and Methods: 

Anthropometric data were collected between 2005 and 2014 from 2,164 Shuar (age 2-19 years) 

living in two geographic regions differing in general degree of MI. High-resolution household 

economic, lifestyle, and dietary data were collected from a subsample of 631 participants. 

Analyses were performed to investigate relationships between body size and year of data 

collection, region, and specific aspects of household MI. Results: Results from temporal and 

regional analyses suggest that MI has a significant and overall positive impact on Shuar body 

size and nutritional status. However, household-level results exhibit nuanced and heterogeneous 
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specific effects of MI underlying these overarching relationships. Conclusion: This study 

provides novel insight into the complex socio-ecological pathways linking MI, biology, and 

health among the Shuar and other indigenous Amazonian populations. 

 

Introduction 

 The Amazon Basin is undergoing increasingly rapid economic and environmental change 

(Malhi et al., 2008; Rodrigues et al., 2009; San Sebastián and Karin Hurtig, 2004). For many of 

the approximately two million indigenous Amerindians living in the region (Kronik and Verner, 

2010), this process is associated with drastic transformations to traditional forager-

horticulturalist ways of life. A growing number of native Amazonians are accessing national 

infrastructure and services (e.g., roads, electricity, medical care, and formal education), engaging 

regularly in commercial activity, and relying heavily on market foods and Western manufactured 

goods in their everyday lives. Diverse in nature and degree, this collective phenomenon of 

market integration (MI) – increasing production for and consumption from a market-based 

economy – has become a primary focus of Amazonian anthropological and human ecological 

research (Godoy et al., 2005; Hern, 1991; Lu, 2007a; Santos et al., 1998; Valdivia, 2005). At the 

center of this body of work has been investigation of the impact of markets on the biology and 

health of indigenous peoples, with particular interest in understanding the nature of relationships 

between MI and patterns of increasing adult overweight/obesity and chronic disease (Benefice et 

al., 2007; Brabec et al., 2007; Byron, 2003; Dangour, 2003; Godoy et al., 2006b; Gugelmin and 

Santos, 2001; Gurven et al., 2013; Liebert et al., 2013; Lindgärde et al., 2004; Lourenço et al., 

2014; Santos and Coimbra, 1996; Silva and Eckhardt, 1994; Tavares et al., 2003; Welch et al., 

2009; Zeng et al., 2013).  
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Despite intensive research among Amazonian adults, few studies have investigated the 

effects of MI on the biology and health of indigenous Amazonian children and adolescents. To 

date, a small number of studies have examined the impact of MI on Amazonian subadult biology 

by comparing body size and nutritional status cross-culturally among populations experiencing 

qualitative differences in general degree of MI (Blackwell et al., 2009; Dangour, 2001b; Hidalgo 

et al., 2014; Santos and Coimbra, 1991). A handful of others have focused on community-level 

measures of market access (e.g., distance to town, road connectivity) to similarly investigate 

relationships between MI and anthropometry (Foster et al., 2005; Godoy et al., 2010; Wilson et 

al., 2011). These broad research approaches have yielded mixed results, providing evidence for 

cases of both positive (Dangour, 2001b; Foster et al., 2005; Hidalgo et al., 2014; Santos and 

Coimbra, 1991; Wilson et al., 2011) and negative (Blackwell et al., 2009; Godoy et al., 2010) 

overall effects of MI on growth, nutritional status, and health. 

Although productive, research exploring macro-level associations between MI and subadult 

body size in Amazonia has been restricted in its ability to describe what are likely complex 

relationships linking ongoing cultural, environmental, and biological changes. Such research has 

been, for example, unable to examine potentially heterogeneous effects of specific aspects of MI 

(e.g., particular changes in lifestyle, economy, disease ecology, and diet) on child and adolescent 

biology or, critically, to investigate existing variation in MI within local communities (Peralta 

and Kainer, 2008). To address these limitations, several recent studies have begun to incorporate 

detailed, household-level measures of MI into Amazonian research. These studies have, with few 

exceptions (e.g., Godoy et al., 2010), relied on small sample sizes and considered only single 

measures of MI – including household degree of participation in commerce (Benefice et al., 

2007; Benefice et al., 2006; Houck et al., 2013), monetary income or material wealth (Ferreira et 
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al., 2012; Godoy et al., 2010; Godoy et al., 2006a), and traditional ethnobotanical knowledge 

(McDade et al., 2007a) – but have found preliminary evidence for diverse effects of MI on the 

growth, nutritional status, and health of young indigenous Amazonians. 

The present study builds upon this research by examining the impact of MI on child and 

adolescent growth and nutritional status among the Shuar, an Ecuadorian Amerindian population 

experiencing rapidly increasing (but widely varying) degrees of MI and acculturation. Previous 

cross-cultural research suggests that Shuar body size and health are negatively affected by 

ongoing transitions into markets (Blackwell et al., 2009; Houck et al., 2013). However, robust 

within-population analyses investigating multivariate relationships between household measures 

of MI and body size have not been performed. Using high-resolution anthropometric, economic, 

lifestyle, and dietary data from a sample of 2,164 Shuar (2.0 to 19.9 years old), this study has 

two primary objectives: First, to determine the overall, cumulative impact of MI on Shuar 

subadult growth and nutritional status by testing for secular changes in child and adolescent 

height, weight, body mass index (BMI), and skinfold thicknesses over time (i.e., between the 

years 2005 and 2014), as well as for differences in these same measures between geographic 

regions experiencing general differences in MI. Second, to explore the specific impacts of MI on 

Shuar subadult growth and nutritional status by examining relationships between height, weight, 

BMI, skinfolds, and distinct measures of household MI (i.e., relating to unique aspects of 

household economy, lifestyle, and diet). This approach simultaneously assesses relationships 

between MI and child and adolescent anthropometry at the population, regional, and household 

levels. Detailed analyses of this nature can provide insight into the complex factors linking MI, 

biology, and health. 

 



!

74!
!

Methods 

Study population 

The Shuar are a Jivaroan-speaking Amerindian population of approximately 40,000 to 

110,000 individuals living predominantly in the neotropical Amazonas region of southeastern 

Ecuador (CODENPE, 2012; Rubenstein, 2001). Like many indigenous Amazonian groups, they 

traditionally inhabited polygamous households scattered throughout the area and practiced a 

semi-nomadic lifestyle with a mixed subsistence pattern based on swidden horticulture, foraging, 

hunting, and fishing (Harner, 1984b; Karsten, 1935a; Rubenstein, 2001). Although they briefly 

came into contact with Spanish colonizers in the sixteenth century (De Velasco, 1841), sustained 

interactions with non-indigenous outsiders did not occur until the establishment of a small 

trading network with nearby Ecuadorian settlers during the late 1800s (Harner, 1984b). This 

event, in conjunction with natural resource exploration and intensified missionary activity in the 

area beginning in the 1940s, resulted in the widespread distribution of certain basic manufactured 

items (e.g., machetes, woven cloth) throughout Shuar territory by the middle of the twentieth 

century (Harner, 1984b; Rubenstein, 2001). Despite nearly universal access to such items by the 

1960s, a large portion of the population did not experience direct contact with colonizing 

outsiders until several decades later. 

Today, the large majority of Shuar reside in one of over 600 small rural communities 

dispersed over a total are of approximately 30,000 km2 (CODENPE, 2012). Accelerated 

economic development over the past decade has resulted in generally increasing but highly 

uneven degrees of integration into local, regional, and national markets (de Salvador Agra and 

Martínez Suárez, 2015; Liebert et al., 2013; Lu, 2007a). Market integration has been most 

concentrated in the historically and geographically more accessible Upano Valley (UV) region of 
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Shuar territory, an area bound by the Andean foothills to the west and the rugged Cutucú 

mountain range to the east. The UV possesses most of the roads (some of them recently paved) 

available to the Shuar, is the location of several large towns with stores and services, and is 

directly connected by bus to Quito and other important Ecuadorian commercial, cultural, and 

political centers. Many Shuar living in rural areas of the UV now possess electricity and 

rudimentary running water. An increasing number also have access to Western medical care and 

formal education and regularly travel to town to perform wage labor or sell items at market. 

Although horticulture remains nearly universal, traditional hunting and fishing are no longer 

widely practiced among many UV Shuar (Liebert et al., 2013). In comparison to the UV, the 

cross-Cutucú (CC) region of Shuar territory directly to the east of the Cutucú range remains 

more isolated and much less economically developed. The CC currently possesses a single road 

linking it to outside areas, minimal electricity and piped water, and limited infrastructure 

supporting participation in formal medical care, education, or commercial activity. Travel to UV 

market centers from CC communities currently involves a motor canoe trip ranging from 

approximately 1-16 hours (highly dependent upon water levels) followed by a 7-hour bus ride, 

with some communities located more than a one-day walk from navigable rivers. Owing to their 

general isolation, most CC Shuar continue to engage heavily in traditional subsistence practices 

and consume a diet based on garden foods (e.g., sweet manioc, plantains, bananas, and sweet 

potato) supplemented by fish, small game, and wild forest products (Liebert et al., 2013; Lu, 

2007a; Zapata-Ríos et al., 2009). It is important to note that although general economic, lifestyle, 

and dietary differences exist between Shuar living in the UV and CC, significant variation in MI 

remains within each of these regions, often at the household level (Liebert et al., 2013).  
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Data collection 

Cross-sectional data from 2,164 Shuar participants (N = 1,098 females; age 2.0-19.9 years) 

living in rural communities throughout the UV and CC regions of Shuar territory were included 

in the present study. All data were collected in coordination with the ongoing Shuar Health and 

Life History Project (SHLHP; http://www.bonesandbehavior.org/shuar) between 2005 and 2014. 

Exact estimates of age were available for the majority of individuals from official school records 

and/or government-issued identification cards. When available, age was also estimated and 

cross-checked using overlapping genealogies constructed from information provided by parents, 

teachers, and other community members. All participants provided informed consent/assent with 

additional parental consent for children under the age of 15 years (the local age of consent). 

Study methods were approved by village leaders, the Federación Interprovincial de Centros 

Shuar (FICSH), and the institutional review boards of the University of Oregon and Harvard 

University.  

 

Measures of body size and nutritional status – height, weight, BMI, and skinfolds 

Anthropometric measures of body size and nutritional status were obtained for all study 

participants from two previously described SHLHP sources (Blackwell et al., 2009; Urlacher et 

al., 2016a). Data from 1,196 participants (N = 587 females; age 2.5-16.5 years) were collected 

during a health diagnostic study conducted by FICSH and the hospital Pio XII in collaboration 

with the SHLHP between October 2005 and August 2006. This study involved visits by teams of 

local physicians and nurses to schools in 31 UV and two CC communities in the Morona 

Santiago province of Shuar territory. Height and weight were measured for nearly all students in 

attendance on days of visits using conventional equipment and methods (Blackwell et al., 2009). 
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Although not directly involved in study data collection, SHLHP personnel were active in data 

entry and analysis for this project and present during data collection in a number of participating 

communities. Between October 2007 and August 2014, data from an additional 968 participants 

(N = 511 females; age 2.0-19.9 years) were collected as part of ongoing SHLHP survey research 

in 11 UV and 11 CC Shuar communities located in the provinces of Morona Santiago and 

Zamora Chinchipe. Height was measured to the nearest 1.0 mm using a portable stadiometer 

(Seca Corporation 214, Hanover, MD). Weight was measured to the nearest 0.1 kg using an 

electronic scale (Tanita Corporation BC-534/BF-689, Tokyo, Japan). For 804 participants (N = 

422 females), triceps and subscapular skinfolds were also measured to the nearest 0.5 mm using 

Lange calipers (Beta Technology, Santa Cruz, CA). BMI (kg/m2) was calculated for all study 

participants from height and weight data.  

 

Measures of household market integration – income, lifestyle, and diet 

 Household-level MI data were collected for a subset of 631 SHLHP survey research 

participants through structured interviews with heads-of-household from a total of 220 unique 

households. Household MI data were not collected from health diagnostic study participants. 

Interview data were often collected on the same day as participant anthropometric data (N = 283 

participants) and always within a corresponding period of less than two years (average time 

between measures = 0.15 years). Informants were typically the parents of participants but were 

occasionally other family members, non-related individuals, or older participants if identified as 

head-of-household. For operational purposes, households are defined as domestic groups sharing 

a cooking area (Welch et al., 2009), with household size (i.e., total number of residents) recorded 

in each case.  
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Household income (United States dollars/month) was calculated as the total reported 

monthly cash earnings for all members of a household from any commercial activity (e.g., wage 

labor, animal and produce sales, timber sales). Income in some households was reported to vary 

slightly from month to month. In such cases, individuals were asked to report average monthly 

earnings for the previous year.  

Lifestyle data were collected using the Material Style of Life (MSL) survey (Bindon et al., 

1997) modified for use among the Shuar (Liebert et al., 2013). The MSL survey records the 

reported ownership of household items relating to Shuar traditional (T-SOL), market-integrated 

(M-SOL), and household (H-SOL) style of life. The list items included in each measure of SOL 

are provided in Table 4.1 and were chosen following extensive ethnographic fieldwork among 

the Shuar and additional pilot testing to ensure variation in ownership and diverse representation 

of investment in a given SOL (Liebert et al., 2013). Final SOL scores were calculated as the 

fraction of total list items owned by a household (i.e., for T-SOL and M-SOL) or as the sum of 

list items scored (i.e., for H-SOL). In general, T-SOL reflects degree of investment in a 

traditional foraging lifestyle, M-SOL degree of investment in a market lifestyle, and H-SOL 

degree of household permanence and access to regional infrastructure.  
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Table 4.1. Household items and characteristics used in the calculation of Shuar style of life 
(SOL) measures 

Traditional-SOL 
(N = 6) 

Market-SOL 
(N = 12) 

Household-SOL 
(N = 7) 

Fishing hook/line Radio Floors (0 = dirt; 1 = palmwood; 2 = milled lumber; 3 = concrete; 4 = tile) 
Hunting dog Propane stove Walls (0 = palmwood; 1 = mixed; 2 = milled lumber; 3 = cinder block) 
Blowgun  
Firearm 

Mobile phone 
Television 

Latrine (0 = none; 1 = pit; 2 = indoor toilet without water; 3 = outdoor toilet 
with water; 4 = indoor toilet with water)  

Fishing net Chainsaw Water Source (0 = river/stream; 1 = well/outdoor pipe; 2 = indoor pipe) 
Canoe Bicycle Electricity (0 = none; 1 = lights only; 2 = outlets) 
 Refrigerator Rooms (total number) 
 Computer Houses (total number)  
 Outboard motor  
 Motorcycle   
 Car  
 Truck  
Items included are based on the Shuar-specific lists from Liebert et al. (2013) with slight modification in 
accordance with recent lifestyle and economic changes. Final SOL values are calculated as the fraction of 
total list items owned (for Traditional-SOL and Market-SOL) or as the sum of list items scored (for 
Household-SOL). 

 
 
 

Final measures of household dietary data were collected using a 19-item food frequency 

questionnaire developed specifically for the Shuar (Liebert et al., 2013). Reported household 

frequency of consumption (items/week) of individual market foods was recorded and then 

summed to produce outcome variables based on macronutrient groups relating to frequency of 

consumption of market fats/sugars (i.e., soda, potato chips, butter, oil, cookies, and sweets), 

market proteins (i.e., beef, pork, and milk), and market carbohydrates (i.e., rice, pasta, and 

bread). These basic macronutrient groupings have been used previously in Amazonian dietary 

research (Ivanova, 2010).  

 

Data analysis 

All anthropometric data were converted to age- and sex-specific z-scores prior to analysis. 

Z-scores for height-for-age (HAZ), weight-for-age (WAZ), BMI-for-age (BAZ), triceps 

skinfolds-for-age (TSZ), and subscapular skinfolds-for-age (SSZ) were calculated using United 
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States National Health and Nutrition Examination Surveys (NHANES III) references (Frisancho, 

2008). Initial evaluation of NHANES III measures of HAZ, WAZ, and BAZ revealed substantial 

non-linear variation by age in the sample, making interpretations about relative within-

population differences difficult and requiring more complex statistical models. To address this 

issue, additional variables for HAZ, WAZ, and BAZ were calculated using growth references 

created specifically for the Shuar from a large, mixed-longitudinal dataset that included the 

present sample (Urlacher et al., 2016a). These Shuar-specific z-score measures were used in all 

statistical models.  

Following z-score calculation, the accuracy and distributional normality of all data were 

assessed. No significant outliers were observed among any study variable. However, all seven 

measures of household MI (income, T-SOL, M-SOL, H-SOL, market fats/sugars, market 

proteins, and market carbohydrates) were positively skewed and were therefore log10-

transformed prior to modeling. Pearson bivariate correlation coefficients were calculated among 

these log10-transformed measures. Following the detection of modest correlations among several 

household MI variables, all independent predictors included in regression models were tested for 

multicollinearity using measures of tolerance (> 0.3 in all cases) and variance inflation factors (< 

5 in all cases). Results indicated acceptable levels of multicollinearity (i.e., all tolerances > 0.3 

and variance inflation factors < 5.0). Model heteroscedasticity was assessed visually using 

residual plots and was found to be acceptable in all cases. Non-linear main effects of predictor 

variables were assessed (and dismissed) using quadratic fits in each model.  

The study sample was stratified by sex and divided into two age groups – “children” 

(between the age of 2.0 and 9.9 years) and “adolescents” (between the age of 10.0 and 19.9 

years) – for all analyses. This was done a priori recognizing that sex and the initiation of puberty 
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near the age of 10 years among the Shuar (Urlacher et al., 2016a) possesses numerous biological 

and social implications that are expected to affect relationships between MI, growth, and 

nutritional status. Initial descriptive analyses were performed to characterize Shuar body size and 

nutritional status by age and sex, as well as to describe measures of household MI by geographic 

region (i.e., UV and CC). Two-tailed independent-samples t-tests were executed to evaluate the 

significance of regional differences in household measures of MI, providing an empirical test of 

the ethnographic observation that the UV is generally more market integrated than the CC.  

To evaluate the cumulative, overall effects of MI on Shuar body size and nutritional status 

(Objective 1), analyses were performed to test for temporal trends in height, weight, BMI, and 

skinfolds in the dataset as well as for regional differences in these measures. Multiple linear 

regression models were thus constructed (using data from both the health diagnostic and survey 

datasets) with anthropometric measures of interest as outcome variables, year of anthropometric 

data collection and region as predictor variables, and age as an additional covariate. Year by 

region interaction terms were included in initial models to test for regional differences in 

temporal trends in nutritional status. However, these interaction terms did not approach 

significance in any analysis and were removed from all final models. A term reflecting season of 

data collection (i.e., rainy or dry) was also included in original models but similarly did not 

approach significance in any analysis and was therefore removed. Age- and region-adjusted 

Spearman partial correlation coefficients (r) were calculated from all significant final models to 

describe the degree of association between year and anthropometric measures. 

To investigate the specific effects of household-level measures of MI on Shuar body size 

and nutritional status (Objective 2), additional multiple linear regression models were 

constructed (using data from the survey dataset only) with anthropometric measures of interest as 
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outcome variables, predictor variables (entered simultaneously) for all seven measures of MI, 

and covariates for age, year of anthropometry data collection, region, and household size (i.e. 

total number of residents). Household size was included in this analysis as it has previously been 

shown to influence Shuar childhood growth (Hagen et al., 2006).  Season of data collection was 

included as an additional covariate in original models but again did not approach significance in 

any analysis and was removed for final modeling. Year by MI variable and region by MI 

variable interaction terms were also included in initial models to test for possible changes in 

relationships between specific aspects of MI and anthropometric measures over time or 

differences in these relationships between regions. However, these interaction terms also did not 

approach significance in any analysis and were therefore removed from final models. We 

acknowledge that this analysis does not explicitly account for possible covariance effects due to 

the occasional sampling of multiple individuals from the same households in the dataset. Mixed 

effects models including a random household term were initially created for this purpose. 

However, these analyses were hindered by generally insufficient numbers of repeats per 

household, and, as such, the decision was made to follow numerous other studies among 

Amazonians by using simpler multiple regression models for all final analyses (e.g., Benefice et 

al., 2007; Ferreira et al., 2012; Piperata et al., 2011b; Stinson, 1996). Age-, year-, and household 

size-adjusted Spearman partial correlation coefficients were calculated from all significant final 

models to ascertain the degree of association between MI variables and anthropometric 

measures. 

All statistical analyses were performed using SPSS 22.0 (Chicago, IL, USA) or R 3.0.3 

(http://cran.us.r-project.org/), with results considered statistically significant at p < 0.05. 
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Results 

Participant sample sizes and descriptive statistics for Shuar body size and nutritional status 

measures by age group and sex are presented in Table 4.2. Consistent with previous findings 

among the Shuar (Urlacher et al., 2016a) and other indigenous Amazonians (Benefice et al., 

2006; Foster et al., 2005; Orr et al., 2001), children and adolescents possessed low mean levels 

of HAZ and WAZ but approximately normal levels of BAZ relative to US references. Measures 

of TSZ and SSZ were well below US median values among all age and sex groups.  

 
 

Table 4.2. Sample sizes and descriptive statistics (mean, SD) for Shuar body size and nutritional 
status measures by age group and sex. 

 Children (age 2.0 – 9.9 years)  Adolescents (age 10.0 – 19.9 years) 
 Females  Males  Females  Males 
 N Mean (SD)  N Mean (SD)  N Mean (SD)  N Mean (SD) 
NHANES III Z-Scores a  
   HAZ 686 -1.66 (0.99)  691 -1.77 (1.06)  412 -2.04 (1.12)  375 -2.23 (1.02) 
   WAZ 686 -0.56 (0.73)  691 -0.88 (0.72)  412 -0.75 (0.73)  375 -1.14 (0.66) 
   BAZ 686 0.19 (0.69)  691 0.42 (0.74)  412 0.05 (0.62)  375 -0.10 (0.69) 
   TSZ 250 -0.66 (0.65)  231 -0.58 (0.75)  172 -0.83 (0.65)  151 -0.76 (0.55) 
   SSZ 250 -0.17 (0.62)  231 -0.18 (0.48)  172 -0.13 (0.61)  151 -0.19 (0.46) 
Shuar-Specific Z-Scores b 
   HAZ 686 -0.12 (1.02)  691 -0.01 (1.08)  412 0.03 (1.13)  375 0.03 (1.14) 
   WAZ 686 0.07 (1.08)  691 0.14 (1.07)  412 0.08 (1.10)  375 0.07 (1.15) 
   BAZ 686 0.15 (1.16)  691 0.09 (1.15)  412 0.00 (1.23)  375 0.23 (1.33) 
HAZ = Height-for-age z-score; WAZ = weight-for-age z-score; BAZ = BMI-for-age z-score; TSZ = 
triceps skinfold z-score; SSZ = subscapular skinfold z-score. a = Z-score calculated using United States 
NHANES III growth references (Frisancho, 2008). b = Z-score calculated using Shuar population-specific 
growth references (Urlacher et al., 2016). 

 
 
 
Pearson bivariate correlation coefficients for household measures of MI are provided in 

Table 4.3. Household-level MI data for the entire sample and split by the UV and CC regions of 

Shuar territory are further summarized in Table 4.4. Results from independent samples t-tests 

demonstrated significant regional differences in all measures of MI, such that mean values for 

household income (t = 3.91, p < 0.001), M-SOL (t = 5.05, p < 0.001), H-SOL (t = 7.31, p < 

0.001), market fats/sugars (t = 9.56, p < 0.001), market proteins (t = 10.78, p < 0.001), and 
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market carbohydrates (t = 10.74, p < 0.001) were significantly greater in the UV than the CC. 

Conversely, mean T-SOL (t = -5.19, p < 0.001) was significantly greater in the CC than the UV. 

There was no significant difference between regions in mean household size (t = 0.719, p = 

0.473).  

 
 

Table 4.3. Pearson bivariate correlation matrix for log10-transformed measures of household 
market integration. 

 Income T-SOL M-SOL H-SOL Market 
Fats/Sugars 

Market 
Proteins 

Market Carbs 

Income 1 -0.116 0.418** 0.241** 0.288** 0.297** 0.428** 
T-SOL  1 -0.029 -0.102 -0.179** -0.227** -0.200** 
M-SOL   1 0.419** 0.417** 0.395** 0.428** 
H-SOL    1 0.397** 0.407** 0.468** 

Market Fats/Sugars     1 0.545** 0.656** 
Market Proteins      1 0.679** 
Market Carbs       1 

 
 
 

Table 4.4. Descriptive statistics (mean, SD) for Shuar household-level measures of market 
integration in the total sample and by geographical region. 

 Total 
(N = 220) 

Upano Valley 
(N = 137) 

Cross-Cutucú 
(N = 83) 

Household Size (total # individuals) 6.95 (2.56) 6.85 (2.54) 7.11 (2.61) 
Income ($/month) 145.28 (178.70) 153.81 (174.09) 128.10 (187.86)** 
T-SOL 0.47 (0.45) 0.35 (0.37) 0.67 (0.50)** 
M-SOL 0.23 (0.20) 0.27 (0.16) 0.16 (0.23)** 
H-SOL 9.54 (3.99) 10.84 (3.32) 7.39 (4.08)** 
Market Fats/Sugars (items/week) 5.17 (4.62) 6.84 (4.40) 2.21 (3.35)** 
Market Proteins (items/week) 2.22 (2.75) 3.15 (2.90) 0.57 (1.35)** 
Market Carbs (items/week) 5.01 (5.07) 6.98 (5.22) 1.54 (2.08)** 
Non-transformed values are given. Log10-transformed values were used to test for regional differences in 
mean values. ** = Significant between-region mean difference at p < 0.001. 
 
 
 
Relationships between year of data collection, geographic region, and anthropometry 

Table 4.5 presents parameter estimates from multiple linear regression models investigating 

the effects of year of data collection and region on measures of Shuar body size and nutritional 

status. Year of data collection was significantly and positively related to anthropometric 
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measures in the majority of evaluated models (Figure 4.1 and Figure 4.2). Controlling for 

region, later year of data collection was associated with greater HAZ among male children (p = 

0.002, partial r2 =0.014), female children (p < 0.001, partial r2 =0.034), male adolescents (p = 

0.041, partial r2 =0.012) and female adolescents (p < 0.001, partial r2 =0.065). In similar fashion, 

year of data collection had a significant positive effect on WAZ among male (p = 0.006, partial 

r2 =0.011) and female children (p < 0.001, partial r2 =0.022) as well as male (p = 0.003, partial r2 

=0.023) and female adolescents (p < 0.001, partial r2 =0.078). Relatively few significant 

relationships were observed between year of data collection and BAZ (female adolescents p < 

0.001, partial r2 =0.030), TSZ (female children p < 0.001, partial r2 =0.078), and SSZ (no 

significant relationships). Results from the same regression analyses indicate that, independent of 

year of data collection, living in the UV (rather than the CC) was associated with significantly 

greater TSZ among male children (p < 0.001) and adolescents (p = 0.020) as well as significantly 

greater SSZ among female children (p = 0.034). No relationships reaching statistical significance 

were observed between region and HAZ, WAZ, or BAZ in any model (all p > 0.1).  

 
Table 4.5. Parameter estimates (β, SE) from multiple linear regression models investigating the 
effects of year of data collection and geographical region on measures of Shuar body size and 

nutritional status. 
  Children (age 2.0 – 9.9 years)  Adolescents (age 10.0 – 19.9 years) 
  Females 

(N = 716) 
Males 

(N = 751) 
 Females 

(N = 436) 
Males 

(N = 406) 
HAZa Year 0.07 (0.02)** 0.05 (0.02)*  0.11 (0.02)** 0.05 (0.02)* 
 Region (UV) -0.02 (0.10) 0.10 (0.11)  0.00 (0.13) 0.02 (0.16) 
WAZa Year 0.06 (0.02)** 0.04 (0.02)*  0.12 (0.02)** 0.07 (0.02)* 
 Region (UV) -0.03 (0.11) 0.07 (0.11)  0.05 (0.13) 0.05 (0.16) 
BAZa Year 0.01 (0.02) -0.00 (0.02)  0.08 (0.02)** 0.05 (0.03) 
 Region (UV) -0.03 (0.12) 0.02 (0.12)  0.13 (0.15) 0.03 (0.18) 
TSZb Year -0.06 (0.02)* 0.01 (0.03)  -0.03 (0.03) -0.03 (0.03) 
 Region (UV) 0.06 (0.09) 0.41 (0.10)**  0.08 (0.11) 0.22 (0.09)* 
SSZb Year -0.02 (0.02) -0.02 (0.02)  -0.01 (0.03) -0.04 (0.02) 
 Region (UV) 0.18 (0.09)* 0.08 (0.07)  -0.06 (0.11) -0.00 (0.08) 
Data were collected between 2005 and 2014. Age was included as a covariate in all models. Significant 
results are shown in bold. a = Z-score calculated using Shuar population-specific growth references 
(Urlacher et al., 2016). b = Z-score calculated using United States NHANES III growth references 
(Frisancho, 2008). * p < 0.05; ** p < 0.001 
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Figure 4.1. Relationships between year of data collection and Shuar childhood (age 2.0-9.9 
years) height-for-age, weight-for-age, and BMI-for-age z-scores for females (left) and males 

(right). Solid red line = significant secular trend (p < 0.05). Dotted black line = non-significant 
secular trend. Z-scores calculated using the Shuar-specific references of Urlacher et al. (2016). 
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Figure 4.2. Relationships between year of data collection and Shuar adolescent (age 10.0-19.9 
years) height-for-age, weight-for-age, and BMI-for-age z-scores for females (left) and males 

(right). Solid red line = significant secular trend (p < 0.05). Dotted black line = non-significant 
secular trend. Z-scores calculated using the Shuar-specific references of Urlacher et al. (2016). 

 
 



!

88!
!

Relationships between household measures of market integration and anthropometry 

Results from multiple linear regression models investigating relationships between 

household measures of MI and Shuar anthropometric measures are presented in Table 4.6. 

Numerous significant relationships were observed, with patterns varying greatly between 

measures and by age group and sex. Diverse results were observed across models for household 

income, such that income was negatively related to HAZ (p = 0.048, partial r2 = 0.027) and WAZ 

(p = 0.041, partial r2 =0.029) among female children but, conversely, was positively related to 

WAZ (p = 0.019, partial r2 =0.067) and BAZ (p = 0.004, partial r2 =0.101) among adolescent 

males. Demonstrating more consistent effects, T-SOL was negatively and significantly related to 

male childhood HAZ (p = 0.029, partial r2 = 0.032) as well as female childhood HAZ (p = 0.025, 

partial r2 = 0.035), WAZ (p = 0.044, partial r2 = 0.028), and TSZ (p = 0.045, partial r2 = 0.028). 

Significant negative relationships with body size and nutritional status were again observed for 

M-SOL, such that greater M-SOL was associated with lower BAZ among male children (p = 

0.044, partial r2 = 0.027) and lower WAZ among male adolescents (p = 0.049, partial r2 = 0.047). 

In contrast, highly mixed results were observed for H-SOL, with H-SOL exhibiting a positive 

relationships with WAZ (p = 0.031, partial r2 = 0.042) and BAZ (p = 0.023, partial r2 = 0.046) 

among female adolescents but a negative relationship with HAZ (p = 0.002, partial r2 = 0.063) 

and WAZ (p = 0.004, partial r2 = 0.058) among female children and a similar negative effect on 

SSZ (p = 0.029, partial r2 = 0.068) among male adolescents. Dietary variables reflecting the 

consumption of market fats/sugars and market proteins were not significantly associated with 

body size in any model (all p > 0.05). Frequency of consumption of market carbohydrates, 

however, was significantly and positively related to WAZ (p = 0.047, partial r2 = 0.048) and 
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BAZ (p = 0.045, partial r2 = 0.049) among male adolescents and negatively related to TSZ 

among female children (p = 0.032, partial r2 = 0.037).  

 
Table 4.6. Parameter estimates (β, SE) from multiple linear regression models investigating the 
effects of household measures of market integration on Shuar body size and nutritional status. 

  Children (age 2.0 – 9.9 years)  Adolescents (age 10.0 – 19.9 years) 
  Females 

(N = 177) 
Males 

(N = 201) 
 Females 

(N = 144) 
Males 

(N = 109) 
HAZa Income -0.28 (0.14)* -0.08 (0.16)  0.07 (0.14) 0.38 (0.32) 
 T-SOL -1.46 (0.64)* -1.55 (0.71)*  -0.69 (0.59) -0.03 (1.16) 
 M-SOL -0.21 (1.27) 0.63 (1.85)  -1.35 (1.37) -3.15 (2.22) 
 H-SOL -1.32 (0.43)* -0.24 (0.53)  0.63 (0.52) 0.82 (0.81) 
 Market Fats/Sugars -0.17 (0.25) -0.05 (0.29)  0.29 (0.30) 0.06 (0.55) 
 Market Proteins 0.07 (0.32) 0.33 (0.41)  0.02 (0.37) -0.51 (0.65) 
 Market Carbs 0.29 (0.33) 0.17 (0.39)  0.14 (0.35) 1.12 (0.65)† 
WAZa Income -0.31 (0.15)* 0.09 (0.16)  0.20 (0.17) 0.64 (0.27)* 
 T-SOL -1.41 (0.69)* -1.33 (0.72)†  -0.53 (0.72) -0.06 (0.97) 
 M-SOL 0.60 (1.36) -3.33 (1.89)†  -1.18 (1.68) -3.68 (1.85)* 
 H-SOL -1.36 (0.46)* -0.15 (0.54)  1.38 (0.63)* 0.23 (0.68) 
 Market Fats/Sugars 0.11 (0.27) 0.13 (0.30)  0.10 (0.37) -0.57 (0.46) 
 Market Proteins 0.11 (0.35) 0.60 (0.42)  0.15 (0.45) -0.22 (0.54) 
 Market Carbs -0.01 (0.35) 0.06 (0.39)  -0.07 (0.43) 1.07 (0.53)* 
BAZa Income -0.19 (0.13) 0.14 (0.18)  0.29 (0.17)† 0.62 (0.21)* 
 T-SOL -0.47 (0.61) -0.51 (0.80)  -0.05 (0.71) 0.80 (0.75) 
 M-SOL 1.05 (1.19) -4.24 (2.03)*  -0.62 (1.65) -1.88 (1.43) 
 H-SOL -0.63 (0.40) 0.15 (0.60)  1.43 (0.62)* -0.58 (0.53) 
 Market Fats/Sugars 0.41 (0.24)† 0.33 (0.33)  -0.07 (0.36) -0.66 (0.46) 
 Market Proteins -0.01 (0.30) 0.48 (0.46)  0.26 (0.44) -0.17 (0.42) 
 Market Carbs -0.27 (0.31) -0.18 (0.44)  -0.25 (0.42) 0.85 (0.42)* 
TSZb Income 0.15 (0.12) -0.25 (0.14)†  0.14 (0.14) 0.06 (0.16) 
 T-SOL -1.04 (0.52)* -1.02 (0.60)†  0.24 (0.61) -0.39 (0.58) 
 M-SOL -1.26 (1.04) 2.43 (1.51)  1.07 (1.16) 1.64 (1.05) 
 H-SOL 0.15 (0.36) -0.11 (0.46)  0.15 (0.48) -0.12 (0.42) 
 Market Fats/Sugars 0.34 (0.22) -0.33 (0.25)  0.16 (0.28) -0.05 (0.27) 
 Market Proteins -0.23 (0.28) -0.37 (0.35)  -0.57 (0.32)† 0.54 (0.33) 
 Market Carbs -0.59 (0.27)* 0.47 (0.32)  0.46 (0.32) -0.21 (0.33) 
SSZb Income -0.02 (0.07) 0.06 (0.09)  0.08 (0.13) 0.09 (0.12) 
 T-SOL -0.36 (0.31) -0.06 (0.39)  0.39 (0.55) -0.52 (0.43) 
 M-SOL 0.07 (0.60) -0.50 (0.98)  1.18 (1.04) -0.05 (0.78) 
 H-SOL -0.26 (0.21) -0.18 (0.30)  0.15 (0.43) -0.70 (0.31)* 
 Market Fats/Sugars 0.16 (0.13) 0.07 (0.17)  0.19 (0.25) -0.01 (0.20) 
 Market Proteins -0.16 (0.16) 0.17 (0.24)  -0.23 (0.29) -0.38 (0.25) 
 Market Carbs -0.06 (0.16) -0.13 (0.21)  0.11 (0.29) 0.13 (0.24) 
Measures of market integration (log10-transformed) were entered simultaneously in all models, with age, 
year of data collection, region, and household size included as additional covariates. Significant results 
are shown in bold. a = Z-score calculated using Shuar population-specific growth references (Urlacher et 
al., 2016). b = Z-score calculated using United States NHANES III growth references (Frisancho, 2008). † 
p < 0.01; * p < 0.05 
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Discussion 

This study provides a rare investigation of the impact of MI on subadult biology among a 

rapidly transitioning indigenous Amazonian population. Using a large dataset facilitating 

population, regional, and household-level analyses, we have examined both the overall and 

specific effects of MI on measures of Shuar child and adolescent body size and nutritional status.  

Results provide unique insight into the complex socio-ecological pathways linking MI, subadult 

growth, and health in the Amazon. 

 

Overall effects of market integration on Shuar body size and nutritional status 

In contrast to previous research among the Shuar involving smaller sample sizes and cross-

cultural comparisons of anthropometry (Blackwell et al., 2009), the present study provides 

evidence for overall positive effects of MI on Shuar subadult growth and nutritional status. 

Among children and adolescents of both sexes, year of data collection (i.e., a proxy for generally 

increasing levels of MI throughout Shuar territory) was positively related to HAZ and WAZ, 

such that individuals measured in any year between 2005 and 2014 were, on average, taller and 

heavier than their counterparts in previous years. A similar significant and positive secular trend 

was observed for adolescent female BAZ (but not BAZ among other individuals or skinfold 

thicknesses in any group). This evidence for general increases in Shuar growth and nutritional 

status accompanying advancing MI was corroborated by data demonstrating that living in the 

relatively more market-integrated UV, rather than the CC, was associated with significantly 

greater skinfold thicknesses in several models, regardless of year of data collection. Effect sizes 

for these relationships ranged from modest to large (0.04 – 0.12 z-score/year increases for 
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secular trends and 0.18 – 0.41 z-score increases for UV residency) and explained approximately 

1 – 8% of total observed variation in body size.  

These robust findings for positive overall effects of MI on measures of Shuar body size and 

nutritional status are consistent with the large majority of research exploring this topic elsewhere 

in Amazonia. Greater general levels of MI have, for example, been associated with greater child 

and adolescent HAZ among the Yanomamö and Guahibo of Venezuela (Hidalgo et al., 2014) 

and the Patamona and Wapishana of Guyana (Dangour, 2001b) as well as greater child HAZ, 

WAZ, and BAZ among the Tupí-Mondê of Brazil (Santos and Coimbra, 1991). Comparable 

studies evaluating secular trends in nutritional status among Amazonian subadults remain 

limited, yet increases in Shuar body size between 2005 and 2014 again appear similar to those 

documented among the Matsigenka of Peru between 1977 and 1999 (Izquierdo, 2005) and 

mixed-ethnicity Brazilian Ribeirinhos between 2002 and 2009 (Piperata et al., 2011b). It is 

notable, however, that we have found much stronger evidence for positive secular trends across a 

range of anthropometric measures than these previous studies. This finding may be attributable 

to distinctive population-level relationships between MI and subadult biology or, alternatively, 

may reflect superior analytical power of the present study (i.e., owing to larger sample sizes and 

the use of population-specific anthropometric z-scores that better reflect meaningful within-

population variation in nutritional status). Among indigenous Amazonians, the nutritional 

transition (Popkin and Gordon-Larsen, 2004) and increased access to healthcare are typically 

invoked to explain positive relationships between general levels of MI and subadult body size 

(Dangour, 2001b; Hidalgo et al., 2014; Santos and Coimbra, 1991). 
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Specific effects of market integration on Shuar body size and nutritional status  

Although informative in many ways, regional and temporal analyses investigating the 

impact of MI on measures of body size do not permit identification of the specific aspects of MI 

driving observed biological changes. Nor can they account for existing variation in MI within 

geographic regions and communities that may considerably obscure underlying relationships 

(Liebert et al., 2013; Peralta and Kainer, 2008). To directly address these issues, the present 

study is among the first in Amazonia to incorporate high-resolution, household-level measures of 

MI into multivariate analyses of subadult anthropometry (Godoy et al., 2010; Piperata et al., 

2011b). Results suggest decidedly heterogeneous effects of MI on Shuar child and adolescent 

growth and nutritional status. The biological significance of such effects appears to be generally 

large, with single household measures of MI accounting for as much as 10% of total observed 

variation in body size. 

 

Income  

Household income, a measure of MI through market production via labor and commerce, 

demonstrated varying effects on Shuar body size. Among female children, increased income was 

associated with lower HAZ and WAZ. However, an opposite positive relationship was observed 

between income and WAZ and BAZ among adolescent males.  

To explain similar findings of a negative relationship between household income and child 

growth in height, Godoy et al. (2010) have suggested that MI among the Bolivian Tsimane’ is 

associated with changes in consumer decision-making that adversely affect diet. More 

specifically, they suggest that Tsimane’ households with greater income are more likely to 

purchase highly visible luxury items (e.g., radios and televisions) and less likely to purchase 
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market foods that are beneficial to child growth but of relatively low visibility and prestige 

(Godoy et al., 2010). A similar shift in resource allocation could explain the negative relationship 

between income and child body size observed among the Shuar. However, it cannot satisfactorily 

explain why female children are more strongly affected by income or why Shuar adolescent 

males demonstrate opposite, positive relationships between income and body size. Furthermore, 

our data suggest significant positive, rather than negative, correlations between income and 

household consumption of market foods, suggesting that Shuar households with greater income 

are indeed purchasing more dietary items.  

Given available information, a more robust socio-ecological explanation for observed effects 

of income on Shuar body size may relate to the relative ability of individuals of different ages 

and sexes living in the same households to access available market foods. Our ethnographic 

observations of Shuar social organization and family dynamics suggest that older individuals, 

particularly males, are most likely to obtain valued market items entering households. As such, 

greater income may increase the availability of nutrient-dense market foods disproportionally for 

adolescent males (thereby supporting larger body size), while younger children, particularly 

females, may in fact experience little associated change in market food consumption and 

possibly even lower energy/nutrient intake due to simultaneous reductions in traditional food 

availability (thereby restricting growth and body fat deposition). Age- and sex-related differences 

in relationships between Shuar household dietary variables and nutritional status measures 

provide initial support for this hypothesis (see Diet discussion). Detailed behavioral and 

individual dietary consumption data are currently being collected for more complete testing. 
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Traditional style of life (T-SOL) 

To our knowledge, this is the first study in Amazonia to evaluate the relationship between 

household ownership of traditional foraging items and subadult body size, providing insight into 

the link between investment in traditional foraging lifestyle and child and adolescent 

development in the context of rapid MI. Differing substantially from patterns observed for 

income, T-SOL exhibited consistent negative relationships with Shuar childhood, but not 

adolescent, anthropometric measures. These relationships were significant in both sexes, such 

that greater investment in traditional foraging lifestyle was associated with lower HAZ among 

male children and lower HAZ, WAZ, and TSZ among female children, independent of other 

lifestyle, economic, and dietary MI factors. Interestingly, T-SOL was not significantly correlated 

with M-SOL, H-SOL, or income, suggesting that many Shuar households continue to invest in a 

traditional foraging lifestyle despite increases in several other aspects of MI.   

We suggest two possible pathways linking greater Shuar T-SOL to lower measures of 

childhood body size. First, children living in households investing heavily in a traditional 

foraging lifestyle are expected to engage frequently in various foraging-specific and 

energetically costly behaviors (e.g., trekking, food processing), possibly increasing total physical 

activity energy expenditure and decreasing energy available for physical growth and body fat 

deposition. Second, greater investment in a foraging lifestyle may also be related to increased 

childhood pathogen exposure (i.e., resulting from increased contact with wild disease vectors), 

thereby elevating the activity of the immune system and similarly diverting energy away from 

physical growth. Such tradeoffs between growth and immune activity are expected to be most 

severe among young individuals whose immune systems are still developing (McDade, 2003), 

perhaps explaining why T-SOL is found to have a negative impact on Shuar child but not 
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adolescent body size. We note that greater T-SOL is indeed associated with increased odds of 

infection by soil-transmitted helminths among the Shuar (Cepon-Robins, 2015). The negative 

impact of helminth infection on childhood body size has, in turn, been demonstrated among 

several indigenous Amazonian populations (Berlin and Markell, 1977; Jardim-Botelho et al., 

2008; Sackey et al., 2003) and is likely mediated through energetic pathways (Blackwell et al., 

2011; Blackwell et al., 2010). 

 

Market-integrated style of life (M-SOL)  

In contrast to several other specific MI factors examined in the present study, M-SOL, a 

measure of household market consumption relating to the ownership of durable manufactured 

goods, demonstrated few relationships with Shuar anthropometric measures. Increased M-SOL 

was associated with significantly lower BAZ among male children and lower WAZ among male 

adolescents but was not significantly related to anthropometric measures in any other model. 

These results suggest that investment in a market-integrated material lifestyle has limited, 

although possibly slightly negative, effects on Shuar growth and nutritional status.  

Lack of positive relationships between Shuar M-SOL and subadult body size is somewhat 

surprising, particularly given well-documented associations between the ownership of certain 

evaluated household items (e.g., televisions), low subadult physical activity, and 

overweight/obesity in the developing world (Dollman, 2005; Lopes et al., 2014; Malina et al., 

2008b). It must be noted, however, that the Shuar evaluated in the present study are currently at a 

relatively early stage of MI and generally own few manufactured items. Relationships between 

Shuar M-SOL and body size may become evident in the future as levels of MI continue to 

increase.  
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Household style of life (H-SOL)  

We believe that this study is the first in Amazonia to explicitly examine relationships 

between household physical characteristics and subadult anthropometry. Demonstrating the 

value of this approach, H-SOL – a measure of household physical permanence and access to 

modern infrastructure – exhibited multiple and mixed relationships with Shuar body size. Greater 

H-SOL was associated with lower HAZ and WAZ among female children and lower SSZ among 

male adolescents but, in contrast, was associated with greater WAZ and BAZ among female 

adolescents.  

We offer two socio-ecological hypotheses explaining these mixed relationships, both 

requiring additional data to be fully tested. First, the positive impact of H-SOL on adolescent 

female WAZ and BAZ may be explained by underlying reductions in physical activity 

accompanying improved household infrastructure. Access to piped water and electricity, for 

example, are expected to translate into reduced workloads for Shuar adolescent females who are 

typically responsible for the intensive tasks of fetching water and collecting firewood (Harner, 

1984b). Energy savings resulting from such behavioral shifts – estimated to be substantial 

elsewhere in Latin America (Kramer and McMillan, 1998) – could be reallocated toward 

reproductively-important weight gain among adolescent females, ultimately leading to observed 

relationships between H-SOL and body size. Second, inverse relationships between H-SOL and 

HAZ and WAZ among Shuar female children may be explained by greater pathogen exposure 

accompanying higher degree of household permanence, increasing immune activity and reducing 

energy available for growth as previously described (see T-SOL discussion). This hypothesis is 

supported by research among several indigenous Amazonian populations demonstrating close 

associations between greater household permanence/MI and increased rates of infection by 
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helminths and other common parasites (Eisenberg et al., 2006; Fitton, 2000; Hames and Kuzara, 

2003; Santos et al., 1998; Tanner, 2014).  

 

Diet – market fats/sugars, market proteins, and market carbohydrates   

Diet has long been a primary topic of research among indigenous Amazonians (Dufour, 

1991; Dufour, 1992; Milton et al., 1991), yet little is known about the effect of MI on local 

dietary patterns or the impact of such changes on subadult growth and nutritional status. Data 

that do exist suggest that, similar to elsewhere in the developing world (Popkin and Gordon-

Larsen, 2004), MI in Amazonia is associated with the gradual replacement of traditional diets by 

calorically-dense market foods high in saturated fats and sugars (Da Silva and Begossi, 2009; 

Ivanova, 2010; Murrieta and Dufour, 2004; Murrieta et al., 1999; Piperata, 2007). We have 

provided preliminary evidence for such transitions among the Shuar, finding that household 

consumption of market fats/sugars, market proteins, and market carbohydrates is significantly 

greater in the relatively more market-integrated UV region of Shuar territory than in the CC. 

However, our results provide only minimal evidence supporting an impact of such changes on 

Shuar subadult anthropometry. No significant associations were observed between the reported 

frequencies of consumption of market fats/sugar or market proteins and body size in any 

evaluated model. A small number of significant relationships were observed between market 

carbohydrates and measures of body size, such that increased consumption of market 

carbohydrates was related to greater WAZ and BAZ among male adolescents but lower TSZ 

among female children.  

The present study lacks the detailed food quantity and composition data necessary to fully 

examine the impact of MI on Shuar diet or interpret observed relationships between dietary 
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variables and anthropometric measures. However, we note that MI among other indigenous 

Amazonian populations has been shown to have a generally negative impact on overall dietary 

quality, diversity, and food security (Godoy et al., 2005; Roche et al., 2008; Zorini and 

Lombardi, 2002). These factors, in turn, appear to negatively impact physical growth and 

nutritional status among Amazonian children (Benefice et al., 2006) but not adults (Zeng et al., 

2013). As described above (see Income discussion), the non-uniform distribution of market foods 

among individuals of different ages and sexes living in the same household may help explain 

these contrasting patterns.!

 

Implications for Shuar child and adolescent health 

The Shuar and other indigenous Amazonian populations experience large disparities in 

health relative to their non-indigenous counterparts in the region, incurring higher rates of all-

cause morbidity and mortality (Coimbra Jr et al., 2004; Hurtado et al., 2005; Kuang-Yao Pan et 

al., 2010b; Larrea and Kawachi, 2005; Valeggia and Snodgrass, 2015). The role of MI in 

mediating these differences represents an important and growing topic of research for human 

biologists. Among the Shuar (Liebert et al., 2013; Lindgärde et al., 2004) and other Amazonian 

groups (Benefice et al., 2007; Gugelmin and Santos, 2001; Port Lourenço et al., 2008; Welch et 

al., 2009), greater levels of MI have been linked to increased rates of adult overweight/obesity 

and risk of chronic disease (e.g., heart disease, type II diabetes), suggesting that recent MI has 

largely deleterious effects on adult health. The findings of the present study provide insight into 

the relatively unknown impact of MI on the nutritional status and health of indigenous 

Amazonian children and adolescents. 
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The positive overall relationship between MI and body size documented in this study 

suggests a generally beneficial impact of recent MI on Shuar subadult health. Indeed, levels of 

MI (evaluated broadly via temporal and region analyses) were associated with greater long-term 

(i.e., HAZ) and short-term (i.e., WAZ, BAZ, TSZ, and SSZ) measures of child and adolescent 

nutritional status. Given that the Shuar are in general short and light relative to international 

references (Urlacher et al., 2016a) and exhibit only very rare occurrence of clinically-defined 

overweight/obesity (0.7% BAZNHANES ≥ 2.0; 0.1% BAZNHANES ≥ 3.0), observed macro-level 

impacts of MI on anthropometry appear to promote improvements in modest population-level 

undernutrition rather than deleterious increases in overnutrition that could put individuals at risk 

for chronic disease and poor later life health (Dietz, 1998; Gluckman and Hanson, 2006). This 

interpretation is supported by findings among other indigenous and mixed-ethnicity Amazonian 

groups demonstrating no evidence for associations between MI and rates of subadult 

overweight/obesity during similar stages of economic development (Benefice et al., 2007; 

Piperata et al., 2011b). Critically, however, the impact of MI on Shuar nutritional status, if 

continuing unchanged, may soon result in increased incidence of overweight/obesity and 

negative impacts on health. Such deleterious effects may, in fact, already be apparent among 

Shuar children and adolescents living in urban areas characterized by high levels of MI not 

evaluated in this study. Our finding that Shuar adolescent females are experiencing particularly 

strong positive secular trends in body size suggests that this group may be most at risk for future 

chronic disease and poor metabolic health. Greater understanding of possible differences in 

growth potential (Urlacher et al., 2016a) and body proportions (Hruschka et al., 2015; Martorell, 

2001; Post and Victora, 2001; Victora, 1992) between indigenous South Americans and US 
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references is needed to more fully interpret the health implications of observed changes in Shuar 

body size.  

Observed heterogeneous effects of specific aspects of household MI on Shuar child and 

adolescent body size clearly demonstrate the complexity of relationships linking MI and health 

in this population when examined more closely. This is most clearly illustrated by certain cases 

in which the same measures of household MI (e.g., income, H-SOL) exhibit contrasting positive 

and negative impacts on body size among individuals of different ages and sexes. Future work 

will synthesize cultural, behavioral, dietary, and immunological data to test hypotheses aimed at 

understanding these relationships and determining the most effective targets for health policy and 

intervention among the Shuar. Studies investigating relationships between MI, pathogen 

exposure, immune activity, and physical growth appear particularly promising. 

 

Study limitations 

 Two important limitations of this study must be considered. First, we have used cross-

sectional data that restrict our ability to detect relationships between MI and Shuar individual-

level growth and nutritional status over time. Future research in this population will directly 

address this issue by investigating longitudinal measures. Second, this study has focused 

exclusively on Shuar from rural communities, preventing reliable inference about relationships 

between MI and subadult anthropometry in urban areas experiencing greater degrees of MI.  

 

Conclusions 

This study used population, regional, and household-level analyses to examine the 

relationships linking MI with subadult growth, nutritional status, and health among an 
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indigenous Amazonian population. Results suggest that increased MI among the Shuar is 

associated with positive overall effects on childhood and adolescent anthropometry. However, 

high-resolution analyses examining variation in specific aspects of household MI reveal 

substantially more complex and heterogeneous underlying relationships. These findings 

contribute to growing recognition of the multifaceted impacts of MI on the biology and health of 

indigenous Amazonian peoples (Godoy et al., 2010; Liebert et al., 2013; Lu, 2007a). Ongoing 

work among the Shuar will continue to explore the cultural, behavioral, and environmental 

pathways through which MI imposes its biological effects, with a particular focus on identifying 

the factors most critical to health.   

 

Transition to Chapter V 

This chapter has examined the impact of MI on Shuar growth and nutritional status, 

providing evidence for the complex role of MI in driving patterns of energy allocation during 

subadult development. Immune activity (both acute and chronic) was suggested as a primary 

participant in energetic tradeoffs underlying observed within-population variation in Shuar 

growth. However, the relationship between immune activity and growth was not directly tested. 

Chapter V addresses a critical methodological limitation that has hampered previous studies of 

tradeoffs between immune activity and human development – the inability to reliably measure 

linear growth over short-term (e.g., weekly) periods in field settings. A custom portable 

knemometer (lower leg length measuring device) is described and validated for monitoring 

childhood short-term growth in the field. Shuar weekly growth is also preliminarily 

characterized. This methodological and descriptive work sets the stage for the direct 

investigation of tradeoffs between Shuar immune activity and linear growth in Chapter VI. 
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CHAPTER V: 
The Application of Knemometry to Measure Childhood Short-Term 

Growth among the Indigenous Shuar of Ecuador 
 
 

 A version of this chapter has been published as the following: Urlacher SS, Snodgrass JJ, 
Liebert MA, Cepon-Robins TJ, Gildner TE, and Sugiyama LS (2016). The Application of 
Knemometry to Measure Childhood Short-Term Growth among the Indigenous Shuar of 
Ecuador. American Journal of Physical Anthropology 160(2):353-357. 

Funding Sources: National Science Foundation (DGE1144152); Harvard University 
Frederick Sheldon Traveling Fellowship; University of Oregon Faculty Research Award.  

 
 

Abstract 

Objectives: Knemometry, the precise measurement of lower leg (LL) length, suggests that 

childhood short-term (e.g., weekly) growth is a dynamic, non-linear process. However, owing to 

the large size and complexity of the traditional knemometer device, previous study of short-term 

growth among children has been restricted predominantly to clinical settings in industrialized 

Western nations. The aim of the present study is to address this limitation and promote broader 

understandings of global variation in childhood development by: 1) describing a custom-built 

portable knemometer and assessing its performance in the field; and 2) demonstrating the 

potential application of such a device by characterizing childhood short-term LL growth among 

the indigenous Shuar of Amazonian Ecuador. Materials and Methods: Mixed-longitudinal LL 

length data were collected weekly from 336 Shuar children age 5-12 years old using the custom 

portable knemometer (n = 1,145 total observations). Device performance and Shuar short-term 

LL growth were explored using linear mixed effects models and descriptive statistics. Results: 

The portable knemometer performed well across a range of participant characteristics and 

possesses a low technical error of measurement of 0.18 mm. Shuar childhood LL growth 

averages 0.47 mm/week (SD = 0.75 mm/week) but exhibits large between- and within-individual 
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variation. Discussion: Knemometry can be reliably performed in the field, providing a means for 

evaluating childhood short-term growth among genetically and ecologically diverse populations. 

Preliminary findings suggest that Shuar weekly LL growth is comparable in mean magnitude but 

likely more variable than reported for healthy Western children. Future work will further explore 

these patterns. 

 

Introduction 

Research over the past several decades has demonstrated that individual growth during 

childhood is a variable, non-linear process when evaluated over short-term (e.g., daily or weekly) 

intervals (Hermanussen, 1998; Lampl et al., 1992). This discovery has presented new avenues 

for understanding the biological mechanisms regulating linear bone growth (Hermanussen et al., 

1986; Lampl and Johnson, 2011) and has led to increasingly detailed models regarding the 

evolutionary implications of plasticity in human development (Lampl and Thompson, 2007). 

Much of this pioneering work has involved the use of knemometry, a highly reproducible 

method for monitoring the anatomically stable length of the lower leg (LL) using a device called 

a “knemometer” (Hermanussen, 1988; Valk et al., 1983a). Large and stationary in design, the 

traditional knemometer possesses a technical error of measurement (TEM) of 0.09-0.19 mm and 

is capable of detecting subtle changes in LL length with high confidence (Gelander et al., 1994; 

Hermanussen, 1988; Valk et al., 1983a; Wales and Milner, 1987). Although knemometry has 

now been applied to study multiple facets of human short-term growth (Hermanussen, 1998; 

Wolthers, 2010), the size and complexity of the traditional device has limited its use among 

children predominantly to clinical settings in developed Western nations. This methodological 

limitation, resulting in a dearth of short-term growth data from genetically and ecologically 
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diverse human populations, considerably restricts nuanced understandings of global variation in 

childhood growth and underlying developmental biology.  

Recognizing the potential value of field-friendly knemometry for anthropologists, public 

health researchers, and others interested in variation in childhood growth, the objectives of the 

present study are twofold: First, to describe a custom-built portable knemometer and assess its 

performance under remote field conditions; Second, to demonstrate the usefulness and 

application of such a device by investigating the basic characteristics of childhood short-term LL 

growth among the small-scale, indigenous Shuar of Amazonian Ecuador. 

 

Materials and Methods 

Study population 

Detailed ethnographic and ecological information for the Shuar are available elsewhere 

(Karsten, 1935b; Rubenstein, 2001). The Shuar are a large indigenous population of ≈ 40,000-

110,000 individuals inhabiting the neotropical Amazonas region of southeastern Ecuador. 

Traditionally subsistence forager-horticulturalists, recent development of infrastructure in some 

regions of Shuar territory has resulted in increased contact with outsiders and varying degrees of 

integration into the wider market economy (Liebert et al., 2013; Lu, 2007b). Many communities 

now possess schools, electricity, running water, and other modern features. Despite these 

changes, however, diet among the Shuar remains generally poor and group members, particularly 

children, continue to face a heavy burden of infectious disease (Blackwell et al., 2010; Cepon-

Robins et al., 2014; Liebert et al., 2013). Physical growth at the population level is characterized 

by rates of childhood stunting of ≈ 40% but low incidence of underweight and wasting, a pattern 

typical of other indigenous Amazonians (Blackwell et al., 2009; Urlacher et al., 2016a).  
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Data collection 

Data were collected as part of the ongoing Shuar Health and Life History Project 

(http://www.bonesandbehavior.org/shuar) during local dry seasons between August 2011 and 

March 2013. A total of 336 Shuar children (N = 176 females and 160 males) between the ages of 

5-12 years (µ = 8.8 years, SD = 2.2 years) were recruited from four rural communities for 

participation in the present study. All children in the target age range who were living in the 

relevant community at the time of enrollment were invited to participate (participation rate = 

97.7%). A short medical history was taken, and children were found to be generally healthy and 

not currently using medication. No physical examination was performed. Parental consent and 

child assent were obtained for all participants. Research approval was obtained from village 

leaders, the Federación Interprovincial de Centros Shuar, and the Institutional Review Boards of 

the University of Oregon and Harvard University.  

Measurements of height, weight, and LL length were obtained from each participant weekly 

(when possible) over a three-week study period, providing a maximum of four observations per 

individual. Height and weight were measured following conventional methods (Lohman et al., 

1988b), and body mass index (BMI) was calculated. Lower leg length was measured using a 

custom portable knemometer designed for use in the field (Figure 5.1). Modified from the 

designs of Valk et al. (1983a) and Davies et al. (1996), the device consists of three main 

components: 1) a lightweight aluminum (80/20® Inc., Columbia City, IN) frame holding a fixed 

footplate; 2) a waterproof, high-precision digital caliper (Mitutoyo America Corporation 

ABSOLUTE 552, Aurora, IL) attached to a counter-weighted polymethylmethacrylate plateau; 

and 3) a sliding chair operating on low-friction bearings at the base of the frame. Built-in bubble 

levels on the frame and caliper are used to ensure that the device is level before use. Daily 
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calibration is performed using a steel bar of known length. To make an estimate of LL length, a 

child sits upright in the chair with their buttocks and spine against the back rest and places their 

bare right foot in a metal guide on the footplate. A small amount of talc is applied to the bare 

right knee to minimize friction, and the plateau is lowered to rest gently on the knee. The 

operator, ensuring with light pressure that foot and leg positioning remain constant, then slides 

the chair back and forth along the track until a stable (i.e., maximum) reading of LL length is 

obtained visually on the caliper’s digital display. The device does not require participant training 

or personalized settings. 

 
 

 
Figure 5.1. The custom portable knemometer, based on modification of the designs of Valk et al. 
(1983a) and Davies et al. (1996). The instrument weighs approximately 12 pounds. To facilitate 

portability, the measuring caliper and chair back may be folded down to access a carrying 
handle. The device may be completely disassembled and reconstructed from individual 

components for long-distance travel. 
 
 

 
At each measurement occasion, four estimates of LL length were made (to the nearest 0.01 

mm), with children standing and walking several steps between each estimate. The most 
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divergent of the four estimates was discarded, and the mean of the remaining series of three 

provided a final measurement of LL length (Agertoft and Pedersen, 2010; Wales and Milner, 

1987). SSU performed all knemometric measurements in a semi-private setting, blind to 

participant recordings on previous weeks and following daily device calibration and assignment 

of a random baseline measure. To limit the influence of error associated with diurnal variation in 

LL length (Valk et al., 1983b), participants were measured during the same 30 minute period of 

the day on all occasions, stood for 5-10 minutes prior to measurement, and were excluded if 

reporting vigorous physical activity within the previous two hours (Hermanussen, 1988). The 

knemometer was disassembled into individual components to facilitate long-distance travel and 

was reconstructed upon arrival in each of the four participating communities. 

 

Data analysis 

The performance of the portable knemometer was evaluated using the complete dataset of 

LL length measurements (n = 1,145 total observations). Device TEM was calculated as the mean 

standard deviation of all independent series of three LL length estimates (Hermanussen, 1988; 

McCammon, 1970). To assess the potential influence of participant characteristics and device 

reconstruction on measurement precision, a linear mixed effects model was constructed with the 

standard deviation of independent series of LL length estimates as the dependent variable, 

participant sex, age, BMI, and community of residence (a proxy for device reconstruction) as 

fixed factors, and a random participant term. Post hoc multiple pairwise comparisons and one-

way analysis of variance (ANOVA) were performed to evaluate the main effect of community of 

residence on measurement precision. 
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Shuar LL growth over 1-week, 2-week, and 3-week intervals was defined and calculated 

conventionally as the difference in measured LL length between two observations (Wolthers, 

2010). Growth over all intervals was considered significant if the observed value was greater 

than or equal to two times estimated device TEM (Cameron, 2013). Random effects ANOVA 

was performed to calculate an intraclass correlation coefficient (ICC) to describe between- and 

within-individual variance components in repeated measures 1-week growth. All statistical 

analyses were performed in R 3.0.3 (http://cran.us.r-project.org/). 

 

Results 

The TEM of the knemometer was calculated as 0.18 mm (95% CI = 0.176-0.189 mm), 

translating to 95% confidence in the ability of the device to detect LL length differences of ≥ 

0.36 mm. Standard deviation in independent series of LL length estimates (i.e. measurement 

precision) was not significantly related to participant sex, age, or BMI (Table 5.1; all p > 0.05) 

and did not differ significantly by community of residence or, therefore, device reconstruction 

(F1,3 = 1.987, p = .116). 

 
 

Table 5.1. Linear mixed effects model investigating the impact of participant characteristics and 
community of residence (a proxy for device reconstruction) on precision of knemometer lower 

leg length estimates (mm). 
 

                             BMI = body mass index 
                             *Community main effect is not significant (p = .116; see Results). 
 

Fixed Effect β SE P-value 
Sex (female) 0.004 0.007 0.562 
Age (years) 0.001 0.002 0.602 
BMI (kg/m2) 0.004 0.003 0.189 
Community 1 0.011 0.008 0.067 
Community 2 0.008 0.012 0.502 
Community 3 -0.001 .009 0.990 
Community 4* - - - 
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Descriptive statistics for Shuar short-term LL growth are provided in Table 5.2. Growth 

over 1-week, 2-week, and 3-week intervals was found to average 0.47 mm (SD = 0.75 mm), 0.91 

mm (SD = 0.87 mm), and 1.30 mm (SD = 1.05 mm), respectively. Given the TEM of the 

portable knemometer, growth was detected at a level of significance in 51.0% of 1-week 

observations, 71.9% of 2-week observations, and 82.3% of 3-week observations. 

 

Table 5.2. Descriptive statistics for Shuar short-term lower leg growth 
 

Measure N Mean (SD)  
(mm) 

Mean 95% CI 
(mm) 

Range 
(mm) 

ICC 
 

N with Significant Growth* 
(% of total N) 

1-week growth 335 0.47 (0.75) 0.40–0.56 -0.67–2.71 0.485 171 (51.0%) 
2-week growth 192 0.91 (0.87) 0.78–1.03 -0.74–3.40 - 138 (71.9%) 
3-week growth 203 1.30 (1.05) 1.15–1.44 -0.51–5.57 - 167 (82.3%) 
N = number of observations; CI = confidence interval; ICC = intraclass correlation coefficient 
*Growth is detected at significance when ≥ 0.36 mm (see Results) 
 
 

Discussion 

To our knowledge, this study is the first to evaluate the performance of a childhood 

knemometer in the field. Results suggest that the custom portable device operates with a TEM of 

0.18 mm in remote Amazonia, precision falling within the upper range observed with the 

traditional knemometer in clinical settings (TEM = 0.09-0.19 mm; Gelander et al., 1994; 

Hermanussen, 1988; Valk et al., 1983a; Wales and Milner, 1987) and superior to that previously 

reported for another custom device with more limited portability (TEM = 0.27 mm; Davies et al., 

1996). Furthermore, the performance of the portable knemometer was not significantly 

influenced by participant sex, age, BMI, or community of residence (a proxy for instrument 

reconstruction) in this relatively large sample of children. These findings suggest device 
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capability to robustly detect childhood LL growth of ≥ 0.36 mm in the field following well-

validated research protocols developed for the traditional knemometer.  

To demonstrate the application and potential usefulness of portable knemometry among 

small-scale populations, we have provided preliminary short-term growth data obtained from the 

Amazonian Shuar. The portable knemometer detected significant growth in the majority of 1-

week, 2-week, and 3-week observations in this sample of children. Although reference values for 

childhood short-term LL growth have not been published, mean weekly growth rates observed 

among the Shuar (0.43-0.47 mm/week) are comparable to values of 0.4-0.6 mm/week widely 

reported in knemometric studies of healthy Western children at similar ages (Gelander et al., 

1994; Valk et al., 1983a; Wales and Milner, 1987). Notably, however, variation in Shuar weekly 

LL growth appears to be greater than previously documented in studies of Western children 

following similar observation periods and analytical techniques. Standard deviation in Shuar 

mean 1-week growth (SD = 0.75 mm/week) is, for example, ≈ 20% greater than reported for 

healthy Dutch children (SD = 0.63 mm/week) in one of the most comparable existing studies 

(Valk et al., 1983a). Although suggestive, additional data are needed to determine if variation in 

Shuar short-term LL growth is indeed significantly larger than observed among Western 

children. As indicated by an ICC value of 0.485 for 1-week LL growth measures, large variance 

in Shuar short-term growth is distributed remarkably evenly, with 48.5% of total variance 

existing between and 51.5% of total variance existing within individuals.  

The advantages and limitations of knemometry for monitoring short-term growth have been 

thoroughly reviewed (Hermanussen, 1998; Hermanussen et al., 1988; Wolthers, 2010). We note 

several lines of evidence supporting the results of the present study. First, all knemometry was 

performed by a single observer following well-validated protocols designed to minimize bias and 
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error associated with diurnal variation in child LL length. Second, mean short-term LL growth 

among the Shuar far exceeds knemometer TEM and associated lower limit of detection. Third, 

Shuar mean weekly growth rates are remarkably stable across 1- to 3-week intervals, suggesting 

little influence of interval length or magnitude of growth on estimation error. Finally, potentially 

confounding biological factors, such as weight and soft tissue dynamics, appear to have minimal 

impact on the knemometric assessment of growth among prepubescent children (Ahmed et al., 

1996; Hermanussen, 1988).  

A limitation of this paper is that our validation has not directly compared performance of the 

custom portable knemometer to that of the traditional knemometer device. Although such a 

comparison would be useful, we note that the portable instrument is intended to provide an 

approach for performing knemometry in formerly unfeasible field settings, not as a replacement 

for the traditional knemometer in clinical contexts. Recognizing such, the TEM of the portable 

knemometer suggests instrument reliability appropriate for fieldwork investigating childhood 

linear growth over periods as short as one week. In comparison, the conventional field 

assessments of stature or knee height (e.g., using a stadiometer or broad-blade calipers, 

respectively) possess TEM making them appropriate only for monitoring linear growth over 

substantially longer intervals of several months or greater (Hogan, 1999; Rogerson et al., 1998; 

Ulijaszek and Kerr, 1999). !!!! 

Knemometry is a novel method for the study of childhood development, providing a means 

for documenting and investigating potentially important variation in short-term growth that is 

otherwise masked by the traditional assessment of stature or knee height. The findings of the 

present study demonstrate that knemometry may be reliably performed in the field, expanding 

the scope of short-term growth research into diverse genetic and ecological contexts. Initial data 
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presented here for the Shuar suggest that childhood short-term LL growth in this Amazonian 

population is comparable in mean magnitude but likely more variable than observed among 

healthy Western children. While specific factors are unclear, environmental influences (e.g., 

nutrition and infectious/parasitic disease burden) may explain much of this apparent short-term 

variation in Shuar growth. Future application of knemometry among small-scale populations 

should further investigate patterns of short-term growth, with particular focus on exploring 

possibly significant relationships with primary environmental factors, long-term development, 

and health. 

 

Transition to Chapter VI 

 This chapter has described a novel portable knemometer device and validated its use for 

monitoring child weekly linear growth in field settings. It has also preliminarily characterized 

patterns of short-term growth among the Shuar, finding that children experience large weekly 

growth variation both between and within individuals. Chapter VI builds upon this work and that 

of previous chapters to directly test the hypothesis that energetic tradeoffs with immune activity 

underlie variation in Shuar linear growth. The approach in Chapter VI is unique in several ways, 

including the use of a prospective, mixed-longitudinal study design facilitating the examination 

of tradeoffs between child growth and diverse forms of immune activity (assessed via objective 

finger-prick blood biomarkers) over both short- and long-term intervals. Results are discussed 

with a focus on implications for human life history, energy allocation, phenotypic plasticity, and 

health. 
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CHAPTER VI: 
Tradeoffs Between Immune Activity and Child Linear Growth in 

the Ecuadorian Amazon 
 
 
Abstract 

The activation of the immune system is an energetically costly process that potentially 

diverts energy away from other non-essential life functions. Among developing organisms, the 

allocation of energy toward immune activity may thus lead to tradeoffs with physical growth, 

particularly in high-pathogen, low-resource environments. The present study tests this hypothesis 

among humans. Using a prospective mixed-longitudinal design, we investigate relationships 

between diverse forms of immune activity and childhood linear growth among the Shuar, a 

small-scale indigenous population from Amazonian Ecuador. Anthropometric data and finger-

prick blood samples were collected from 282 children age 5-12 years old, providing baseline 

measures of height, body fat, and biomarkers of adaptive immune activity as well as single 

measures of 3-month height growth and repeated measures of 1-week lower leg growth and acute 

inflammation. Results from mixed effects analyses demonstrate significant inverse relationships 

between immune function and growth in all models, with children experiencing up to 83% 

reductions in growth during periods of heightened immune activity (all p < 0.05). The energetic 

nature of these relationships is supported by (1) the greater strength of negative associations 

when evaluating immunity and growth over similar timeframes capturing active competition for 

energetic resources and (2) the particularly dramatic adverse effect of immune activity on growth 

among children with low levels of body fat (i.e., energy reserves). These findings support the 

existence of substantial energetic tradeoffs between immune function and growth during 
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childhood, providing insight into the mechanisms linking human immune activity with physical 

development and health.   

 

Significance Statement  

Immune activity is energetically expensive and may impede child growth. The precise 

nature of this relationship, however, remains unclear. Using data from the Amazonian Shuar, we 

demonstrate that several different aspects of child immune activity are negatively related to 

baseline height as well as subsequent 1-week and 3-month linear growth. The energetic bases of 

these relationships are highlighted by unique temporal characteristics and evidence that children 

with ample fat stores tend to avoid growth deficits during periods of elevated immune activity. 

Our findings have important implications for understanding human development and health, 

suggesting that tradeoffs between immunity and growth occur over both short- and long-term 

intervals and that recurrent, subclinical immune activity may contribute to growth faltering in the 

developing world.    

 

Introduction  

Life history theory assumes that organisms allocate energetic resources to primary life 

functions such as maintenance, growth, reproduction, and physical activity in a manner that 

maximizes fitness (Charnov, 1991; Gadgil and Bossert, 1970; Hill, 1993; Stearns, 1992). Under 

this conceptual framework, energy is limited, resource allocation is dynamic, and functional 

tradeoffs between competing metabolic processes are expected to occur. A powerful scientific 

approach, life history tradeoffs have been invoked to explain biological variation across a range 

of species and ecological contexts (Stearns, 1989; Zera and Harshman, 2001). 
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Immune function – an essential component of bodily maintenance responsible for cellular 

repair and defense from pathogens – is a particularly energetically costly and critical life task 

(Buttgereit et al., 2000; Wolowczuk et al., 2008). In recognition of these characteristics, research 

investigating the role of immune function as a driver of life history tradeoffs and phenotypic 

plasticity has recently proliferated (Demas and Nelson, 2011; Lochmiller and Deerenberg, 2000; 

Sheldon and Verhulst, 1996). This work has provided considerable evidence for tradeoffs 

between immune activity and competing life functions among vertebrates. However, direct 

evidence for tradeoffs involving immune function among humans remains rare, considerably 

restricting nuanced understandings of human life history, energy use, and health (McDade, 2003; 

McDade, 2005a). 

This study addresses this limitation by investigating energetic tradeoffs between immune 

activity and linear growth among the Shuar, a small-scale indigenous population from 

Amazonian Ecuador. Previous research has demonstrated that Shuar children experience high 

levels of pathogenic stress (Cepon-Robins et al., 2014; Jokisch and McSweeney, 2006) and slow 

rates of physical growth (Blackwell et al., 2009; Urlacher et al., 2016a). However, the energetic 

relationships linking these characteristics have been explored only preliminarily (Blackwell et 

al., 2010). Our approach in this study is novel in three ways. First, recognizing that the human 

immune system is complex and that single measures of immunity are unlikely to represent 

generalizable investment in maintenance effort (Albers et al., 2007; Long and Nanthakumar, 

2004), we assess immune activity using four different biomarkers. Each of these biomarkers 

reflects a distinct form of pathogen defense and time course of response to stimulation (Table 

6.1). Second, in contrast to previous cross-sectional studies among humans, we use a repeated 

measures mixed-longitudinal design. This strategy allows examination of retrospective 
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relationships between immune activity and current stature as well as novel prospective 

relationships between baseline immune activity and both growth in height over the subsequent 

three months and growth in lower leg (LL) length over the subsequent week. Lastly, we 

explicitly address the issue of phenotypic correlation often confounding life history tradeoff 

research (Hill and Hurtado, 1996; Van Noordwijk and de Jong, 1986) by evaluating the role of 

energy reserves (i.e., skinfold measures of body fat) in moderating relationships between 

immune activity and child growth. 

 
 

Table 6.1. Immune activity biomarkers measured in the present study 
Biomarker Description Time Coursea 
CRP Acute phase protein involved in non-specific inflammatory response, providing a 

first line of defense against pathogens and injury. A direct measure of short-term 
innate immune activity. 

Days 

EBV-Ab Antibody produced in response to the latent herpesvirus EBV. An indirect (and 
inverse) measure of cell-mediated immune activity, itself responsible for 
maintaining viral latency. 

Weeks 

IgG Class of antibodies produced predominantly in response to viruses and bacteria. A 
direct measure of adaptive humoral immune activity. 

Months 

IgE Class of antibodies produced predominantly in response to macroparasites (e.g., 
helminths). A direct measure of adaptive humoral immune activity. 

Years 

CRP, C-reactive protein; EBV-Ab, Epstein-Barr virus antibody; IgG, total Immunoglobulin G; IgE, total 
Immunoglobulin E. a, Approximate timeframe of production following stimulation and period over which 

energetic investment in immune activity may be inferred. 
  
!
!

Using data collected from 282 children (age 5-12 years old), we construct mixed effects 

models to test three hypotheses with broad implications for understanding human life history and 

the role of immune activity in childhood growth faltering. Hypothesis 1: Tradeoffs exist between 

childhood immune activity and growth such that levels of immune biomarkers indicative of 

greater energetic investment in immune activity will be associated with lower childhood height-

for-age z-score (HAZ; a measure of previous lifetime growth) and reductions in subsequent 3-

month height growth and 1-week LL growth. Hypothesis 2: The strength of tradeoffs between 

immune activity and growth is dependent upon the synchrony of observations, such that negative 
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relationships between immune activity and growth will be strongest when immunity and growth 

are evaluated over similar timeframes capturing active competition for energetic resources. 

Hypothesis 3: Somatic energy reserves moderate tradeoffs between immune activity and growth, 

such that elevated immune activity will be associated with less dramatic detriments to growth 

among children with greater levels of body fat who are better able to meet heightened energetic 

demands.  

 

Results 

 Descriptive statistics for child anthropometric measures and biomarkers of immune activity 

(Table 6.2) show that Shuar children were generally short and light but possessed approximately 

normal levels of BMI relative to US Center for Disease Control and Prevention (CDC) 

references (Kuczmarski et al., 2002). These findings are consistent with previous reports among 

the Shuar (Blackwell et al., 2009; Urlacher et al., 2016a) and several other indigenous 

Amazonian populations (Benefice et al., 2006; Foster et al., 2005; Orr et al., 2001). In total, 42% 

of children were classified as stunted (i.e., HAZ ≤ -2), 14% as underweight (i.e., weight-for-age 

z-score ≤ -2), and none as wasted (i.e., body-mass-index-for-age z-score ≤ -2). Mean 3-month 

height growth was 1.19 cm, similar to that observed among other rural Amazonian children 

(McDade et al., 2008). Short-term 1-week LL growth measured using highly-precise 

knemometry averaged 0.47 mm but exhibited considerable variation, as has been previously 

described (Urlacher et al., 2016b). Levels of immune biomarkers indicate a generally high degree 

of immune activity, again typical of the Shuar and other children in the developing world 

(Blackwell et al., 2011; Blackwell et al., 2010; McDade et al., 2005; Panter-Brick et al., 2009; 
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Wander et al., 2013). All biomarkers exhibited positively skewed distributions and were 

therefore natural-log transformed prior to statistical analysis. 

 
 

Table 6.2. Descriptive statistics for Shuar anthropometry and immune activity biomarkers 
Anthropometry  N Mean (SD) 
    Age (years) 282 8.66 (2.21) 
    Height-for-age z-scorea 282 -1.80 (0.84) 
    Weight-for-age z-scorea 282 -1.05 (0.77) 
    BMI-for-age z-scorea 282 0.21 (0.57) 
    Sum of four skinfolds (mm) 282 23.77 (5.91) 
    3-month height growth (cm) 189 1.19 (0.64) 
    1-week lower leg growth (mm) 328 0.47 (0.72) 
Immune Activity Biomarkers N Geometric Mean (± 2SD)b 
    CRP (mg/L) 469 0.21 (0.06 – 0.73) 
    CRP ≥ 1 mg/L (%) 469 14.9% 
    EBV-Ab (U/ml) 282 88.23 (13.46 – 578.25) 
    IgG (g/L) 282 2.01 (1.17 – 3.46)  
    IgE (ng/ml) 282 5,166 (713 – 37,421) 

BMI, body mass index; CRP, C-reactive protein; EBV-Ab, Epstein-Barr virus antibody; IgG, total 
Immunoglobulin G; IgE, total Immunoglobulin E; a, Z-scores calculated from United States CDC growth 
references (Kuczmarski et al., 2002); b, Geometric means are provided due to log-normal distributions. 

 
 
 

Mixed effects models constructed to investigate relationships between immune biomarkers 

and growth demonstrate numerous significant results, such that measures of elevated immune 

activity were associated with lower HAZ, 3-month growth, and 1-week growth (Table 6.3). As 

predicted, the strength and significance of these relationships varied considerably between 

specific measures, with the strongest relationships observed among variables of immune function 

and growth reflecting the most similar timeframes of biological activity (Figure 6.1).  
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Table 6.3. Sample sizes and parameter estimates (β, SE) from linear mixed effects models 
investigating relationships between immune activity biomarkers and Shuar linear growth 

 Height-for-Age Z-Scorea 
(N = 282) 

3-Month Height Growth (cm) 
(N = 189) 

1-Week Lower Leg Growth (mm) 
(N = 141, n = 328) 

Age (years) 0.00 (0.02) 0.00 (0.02) 0.02 (0.05) 
Sex (female) 0.14 (0.10) 0.10 (0.09) 0.00 (0.10) 
Region (UV) -0.16 (0.10) 0.17 (0.28) 0.24 (0.11)* 
Skinfolds > median 0.12 (0.10) -0.00 (0.09)  0.13 (0.10) 
CRP ≥ 1 mg/L 0.00 (0.15) -0.12 (0.13) -0.45 (0.13)** 
CRP x Skinfolds - - 0.43 (0.19)* 
lnEBV-Ab (U/ml) 0.03 (0.05) 0.02 (0.05) 0.11 (0.05)* 
lnIgG (g/L) -0.37 (0.18)* -0.39 (0.18)* -0.27 (0.17) 
lnIgE (ng/ml) -0.10 (0.05)* -0.02 (0.05) 0.08 (0.04) 
Baseline HAZ - 0.10 (0.06) - 
Baseline LLL (mm) - - 0.00 (0.00) 

UV, Upano Valley; CRP, C-reactive protein; EBV-Ab, Epstein-Barr virus antibodies; IgG, total 
Immunoglobulin G; IgE, total Immunoglobulin E; HAZ, height-for-age z-score; LLL, lower leg length; a, 
Z-scores calculated using Shuar-specific references (Urlacher et al., 2016a); *, P < 0.05; **, P < 0.001. 

 
 
 

Figure. 6.1. Approximate time courses of immune activity biomarkers (left) and significant 
biomarker predictors of growth in mixed effects models (right). CRP, C-reactive protein; EBV-
Ab, Epstein-Barr virus antibody; IgG, total Immunoglobulin G; IgE, total Immunoglobulin E. 
 
 
 

The natural log of total Immunoglobulin E (IgE) – a measure of humoral immune activity 

that remains elevated over a period of years – was negatively related to HAZ at baseline (β = -

0.10, SE = 0.05, P = 0.045) such that a 50% increase in IgE concentration was associated with a 

0.05 z-score decrease in height. However, lnIgE was not significantly related to measures of 
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subsequent 3-month (P = 0.802) or 1-week growth (P = 0.106). Two-way interaction terms for 

lnIgE and skinfolds were not significant in any preliminary model (all P > 0.1), providing no 

evidence for a moderating role of skinfolds in relationships between IgE and growth. 

Similar to lnIgE, ln total Immunoglobulin G (IgG) – a measure of humoral immune activity 

that remains elevated over a period of months – was inversely related to measures of HAZ (β = -

0.37, SE = 0.18, P = 0.045), such that a 50% increase in IgG concentration was associated with a 

0.19 z-score decrease in height. LnIgG concentration at baseline was also negatively related to 

subsequent 3-month growth (β = -0.39, SE = 0.18, P = 0.035), indicating that a 50% increase in 

IgG was also associated with a 0.20 cm (16.8%) reduction in growth over the 3-month study 

period. Baseline lnIgG was not related to shorter-term 1-week growth (P = 0.118), nor were 

interaction terms for lnIgG and skinfolds significant in any preliminary model (all P > 0.1). 

In contrast to IgE and IgG, ln Epstein-Barr virus antibody (EBV-Ab) – an inverse measure 

of cell-mediated immunity that remains elevated over a period of weeks – was not related to 

HAZ (P = 0.572) or 3-month growth (P = 0.642). LnEBV-Ab was, however, positively related to 

1-week growth (β = 0.11, SE = 0.05, P = 0.023), such that a 50% decrease in baseline 

concentration (i.e., reflecting increased cell-mediated immune activity) was associated with a 

0.06 mm (12.8%) decrease in LL growth over evaluated weekly periods. Similar to IgE and IgG, 

interaction terms for lnEBV-Ab and skinfolds were not significant in any preliminary model (all 

P > 0.1). 

C-reactive protein (CRP) – a measure of innate immunity that remains elevated over a 

period of days – was treated as a binary variable (i.e., CRP ≥ 1 mg/L or < 1 mg/L) indicative of 

presence or absence of acute inflammatory response in all analyses (see Methods). Baseline CRP 

elevation was not related to child HAZ (P = 0.983) or subsequent 3-month growth (P = 0.388), 
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and interaction terms for CRP elevation and skinfolds were not significant in either of these 

models (both P > 0.1). Results differed substantially for 1-week growth. In the entire sample of 

children, elevated CRP concentration on any given measurement was associated with a 0.42 mm 

(72.4%; SE = 0.09, P < 0.001) decrease in growth over the subsequent week (Figure 6.2). 

Critically, however, CRP and skinfolds exhibited a significant interaction in this relationship (β = 

0.43, SE = 0.19, P = 0.029), such that elevated CRP was associated with a highly significant 0.45 

mm (83.3%; SE = 0.13, P < 0.001) reduction in growth among children with skinfold values 

below age- and sex-specific sample medians but only a negligible 0.02 mm (3.0%; SE = 0.13, P 

= 0.915) reduction in growth among children with skinfolds above median levels (Figure 6.2). 

 

 
Figure 6.2. Results from linear mixed effects models illustrating the impact of elevated C-

reactive protein (CRP) concentration on Shuar 1-week lower leg growth for the entire sample 
(left) and stratified by low (center) and high (right) skinfold groups. *, CRP x skinfolds 

interaction P = 0.029; **, CRP main effect P < 0.001. 
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Discussion 

The present study provides novel evidence for life history tradeoffs between immune 

activity and linear growth during childhood. Using a prospective mixed-longitudinal design, we 

have demonstrated that Shuar children experiencing greater activity of diverse aspects of 

immunity at baseline were shorter than their peers and grew significantly less over subsequent 3-

month and repeated 1-week periods. The impact of immune activity on growth was in some 

cases substantial, such that elevated immune activity was associated with up to 83% reduction in 

child growth. In support of the energetic nature of these relationships, negative associations 

between specific measures of immunity and growth were considerably stronger when examined 

over synchronous timeframes corresponding to active competition for available resources. 

Moreover, children with greater levels of body fat were able to avoid the detrimental effects of 

especially costly inflammatory immune activity (McDade et al., 2016; Wolowczuk et al., 2008) 

on growth, suggesting that energy reserves play an important role in moderating observed 

tradeoffs and thereby preventing growth faltering during times of immunological stress. 

These findings are consistent with previous research demonstrating robust energetic 

tradeoffs between immune function and linear growth in experimental animal models (Demas 

and Nelson, 2011; Fair et al., 1999; Lochmiller and Deerenberg, 2000; Sheldon and Verhulst, 

1996; Soler et al., 2003). Among humans, the negative impact of infection on childhood linear 

growth has long been recognized (Black et al., 1984; Martorell et al., 1975; Mata et al., 1972; 

Scrimshaw, 1970; Stephensen, 1999). However, researchers have only recently begun to use 

evolutionary life history approaches to explore the immunological and energetic nature of this 

phenomenon. Following the strategy of several others (Blackwell et al., 2010; Decaro et al., 

2010; Konishi et al., 2014; McDade et al., 2008), we used sensitive blood biomarkers – collected 
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through minimally invasive finger-prick methods – to objectively quantify immune activity 

(Panter-Brick et al., 2001; Worthman and Costello, 2009). A strength of this study is that, rather 

than using a single biomarker, we simultaneously evaluated four distinct immune parameters 

(representing a range of immunological diversity and timeframes of production). Our mixed-

longitudinal design – including repeated weekly measures of acute immune activity and 

corresponding 1-week measures of LL growth – has further allowed us to examine prospective 

relationships between immune activity and growth over both long-term and novel short-term 

intervals. This study is among the first to explicitly investigate associations between acute 

immune activity and weekly growth among humans, providing evidence for the existence of 

short-term life history tradeoffs during childhood. This finding has implications for 

understanding the dynamic nature of human energy use as well as for effectively designing and 

implementing future life history studies across taxa. 

Consistent with previous research among 8 to 15 year-old Shuar (Blackwell et al., 2010), 

results indicate that IgE is negatively related to child height (a measure of lifetime growth), 

supporting the existence of underlying energetic tradeoffs. This inverse relationship did not, 

however, persist across measures of 3-month or 1-week growth. We believe that these variable 

findings are explained by the extended timeframe of physiological IgE production. Indeed, 

human IgE levels – responding primarily to soil-transmitted helminth infection (Cooper et al., 

2008; Hewitson et al., 2009) – remain elevated for several years following the resolution of an 

active infection (Iancovici et al., 2005). In highly pathogenic environments such as the Amazon, 

this sustained response may function to increase resistance to helminth reinfection by promoting 

increased parasite clearance and enhanced regulation of mast-cell response (Faulkner et al., 

2002; Gurish et al., 2004; Hagan et al., 1991; King et al., 1997). Thus, IgE levels among the 
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Shuar and elsewhere in the developing world appear to reflect chronic, long-term investment in 

humoral immune defense against helminths and other macroparasites (Blackwell et al., 2011). 

Recognizing that humoral immune activity is of relatively low energetic cost compared to other 

forms of immunological defense (McDade et al., 2016; Wolowczuk et al., 2008), tradeoffs 

between IgE-related immunity and growth appear to become apparent only over extended 

timeframes (i.e., longer than the three months prospectively evaluated here). The negative 

relationship observed between IgE and Shuar HAZ suggests that such long-term tradeoffs do 

indeed exist. However, examination of relationships between IgE and linear growth over 

extended periods is needed to confirm this interpretation.  

As with IgE, IgG concentration was inversely related to stature among Shuar children. 

Providing more convincing prospective evidence for energetic tradeoffs, IgG at baseline was also 

significantly and negatively related to subsequent 3-month growth in height (but not 1-week LL 

growth). We are not aware of any other research evaluating the relationship between IgG and 

linear growth among school-aged children. However, our findings are generally consistent with 

prior research among infants (Campbell et al., 2003; Panter-Brick et al., 2004). For example, 

Panter-Brick et al. (2004) have demonstrated strong inverse associations between cross-sectional 

measures of IgG and HAZ among both Gambian and British infants, with particularly robust 

findings in the pathogenically challenging Gambia. Our results suggest that such relationships 

extend into childhood in the developing world. It is important to note that IgG differs from IgE in 

that it is produced predominantly in response to viruses and bacteria, rather than macroparasites, 

and possesses a timeframe of production that lasts several months, rather than years (Abbas et 

al., 2014). We suggest that this shorter timeframe of production may explain why, unlike IgE, 

Shuar IgG is inversely related to 3-month growth as well as HAZ.  
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Following several recent studies (Inoue et al., 2013; McDade et al., 2000; Slopen et al., 

2013; Sorensen et al., 2009; Wander et al., 2013), we used EBV-Ab as an indirect measure of 

energetically costly cell-mediated immune activity (McDade et al., 2016). Cell-mediated 

immune function is, among other intra-cellular tasks, responsible for maintaining the latency of 

previously contracted viruses (Abbas et al., 2014). For individuals infected with the near-

ubiquitous herpesvirus EBV, EBV-Ab produced in response to degree of EBV replication 

inversely reflects levels of cell-mediated immune activity (McDade et al., 2000). Given its rapid 

response to stimuli and relatively short timeframe of production, EBV-Ab provides a sensitive 

and inverse measure of cell-mediated immune activity over a period of several weeks (Mcdade, 

2005c; Worthman and Panter-Brick, 2008). In light of these characteristics, the finding that 

EBV-Ab is positively related to Shuar 1-week growth but not 3-month growth or HAZ supports 

the existence of tradeoffs between cell-mediated immunity and growth over weekly timeframes 

capturing active energy competition. Such short-term tradeoffs have not been widely appreciated 

in human life history research.  

Among the biomarkers examined in the present study, CRP exhibited the most robust 

relationships with growth. An acute phase protein produced non-specifically in response to 

injury and a wide range of pathogens, CRP is a critical component of the innate inflammatory 

immune response (Ballou and Lozanski, 1992; Pepys, 2003). Levels of CRP begin to rise within 

four to five hours following stimulation, peak 24-72 hours later, and quickly return to baseline 

following resolution of insult (Gillespie et al., 1991; Gruys et al., 2005; Thompson et al., 1992). 

As such, CRP provides a highly acute measure of innate inflammatory immune activity over a 

period of days. Similar to findings for IgE, IgG, and EBV-Ab, relationships between CRP and 

growth are highly dependent upon the similarity of timeframes over which immune activity and 
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growth are evaluated. We found no significant association between CRP elevation and child 

HAZ (i.e., lifetime growth), consistent with prior cross-sectional study during childhood among 

the Shuar (Blackwell et al., 2010) and elsewhere in the developing world (Decaro et al., 2010; 

Filteau et al., 1995; Hadley and Decaro, 2014; Konishi et al., 2014; Nolla et al., 2014). Similarly, 

Shuar CRP elevation at baseline was not related to growth in height over the subsequent three 

months. Strong significant relationships were observed, however, between baseline CRP 

elevation and subsequent 1-week LL growth, such that elevated CRP was associated with a 

striking 72% reduction in weekly growth in the entire sample of children. The energetic tradeoff 

nature of this relationship is further supported by the finding that children with high levels of 

skinfold thickness – a measure closely related to levels of total body fat (Gibson, 2005) – were 

able to nearly completely avoid the detrimental effect of CRP elevation on growth. Indeed, 

elevated CRP was associated with an 83% decrease in subsequent 1-week growth among 

children with low levels of skinfolds but, conversely, only a 3% decrease in growth over the 

same period among children with greater skinfolds. A similar moderating role of subcutaneous 

fat in the relationship between CRP and childhood linear growth has been demonstrated among 

other indigenous Amazonians (McDade et al., 2008), underscoring the importance of accounting 

for somatic energy reserves in life history tradeoff analyses. This may be particularly pertinent to 

studies investigating tradeoffs among humans given a seemingly unique propensity for fat 

deposition (Kuzawa, 1998; Leonard et al., 2003; Wells, 2010). We note, however, that we did 

not detect a moderating role of skinfolds in any relationships between IgE, IgG, EBV-Ab, and 

growth in this study. This observation may be related to the relatively lower energetic cost of 

humoral and cell-mediated immune activity compared to that of innate inflammatory response 
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(McDade et al., 2016; Wolowczuk et al., 2008), perhaps leading to differences in degree of 

adipose tissue lipolysis required to fuel energy deficits. 

Supporting our general interpretation of CRP results, the repeated measures data collected in 

this study provide strong evidence that CRP among the Shuar serves as a biomarker of highly 

acute, rather than chronic, inflammatory immune activity. Of the 141 children measured on 

multiple weeks for CRP during the present study, only six (4.3%) experienced two consecutive 

weeks of CRP elevation above 1 mg/L and none exhibited CRP elevation across three or more 

consecutive weeks. These findings are similar to those previously observed among Shuar adults 

(McDade et al., 2012) and demonstrate that inflammation is highly episodic in this sample of 

children, with a complete absence of chronic, low-grade inflammation. Future human biology 

research must recognize that cross-sectional measures of CRP in the developing world – unlike 

those obtained in relatively low pathogenicity industrialized nations (Macy et al., 1997) – are 

unlikely to reflect chronic levels of inflammation. With regard to life history tradeoff studies, 

analyses utilizing CRP as a measure of investment in innate immune activity can therefore be 

reliably performed only by either (1) examining relationships between CRP and equally acute 

measures of competing life tasks (e.g., weekly growth) or (2) collecting repeated measures of 

CRP from the same individuals to better estimate immune activity over longer periods of time. 

We have demonstrated the utility of this first approach through the use of knemometry to 

precisely measure Shuar 1-week growth. Our data suggest that the second approach may also be 

productive. For example, although we did not detect a relationship between Shuar CRP elevation 

at baseline and subsequent 3-month growth in height, analysis utilizing all available weekly 

measures of CRP (collected between baseline and week three of the study) demonstrates that 

children who experienced CRP elevation on any weekly measurement occasion indeed grew 0.22 
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cm (17.7%) less than their peers over the entire 3-month study period (B = -0.22, SE = 0.10, p = 

0.028; Supplemental Information Figure S6.1). 

The findings of this study offer insight into the immunological basis of widespread poor 

childhood growth in the developing world. According to World Health Organization (WHO) 

standards (WHO, 2006), it is currently estimated that 171 million children globally under the age 

of five experience growth faltering classifiable as stunting (De Onis et al., 2012). This number 

does not include older children who would similarly be classified. Strong arguments have 

recently been made questioning the appropriateness of CDC and WHO stunting classifications to 

identify at-risk children in several indigenous populations (Guedes et al., 2010b; Kramer et al., 

2016), including the Shuar (Urlacher et al., 2016a). However, in some cases, stunted children 

experience increased rates of mortality, reduced physical and economic capacity, and greater risk 

of metabolic disease over their lifetime (Black et al., 2008; Hoffman, 2014; Prendergast and 

Humphrey, 2014). Serious chronic and acute infections can have deleterious impacts on child 

growth (Stephensen, 1999), and such effects can be mediated by multiple energetic pathways, 

including decreased food intake (Duggan et al., 1986; Martorell et al., 1980) impaired nutrient 

absorption (Mata, 1992), direct nutrient loss (Lunn, 2000), and impaired transport of nutrients to 

target tissues (Stephensen, 1999). In this study, we focused on possible effects relating to the 

direct energetic (i.e., metabolic) cost of immune activity (Buttgereit et al., 2000; McDade et al., 

2016; Muehlenbein et al., 2010; Wolowczuk et al., 2008). We capitalized on the use of sensitive 

immune biomarkers, allowing us to investigate low levels of immune activation that, while 

energetically costly, likely do not result in overt symptoms of infection (e.g., anorexia, nutrient 

loss). Doing so, we found evidence for significant negative impacts of humoral, cell-mediated, 

and innate immune activity on child growth among the Shuar. These negative impacts vary 
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between measures, but are apparent over both short- and long-term periods of time. Results 

further suggest that acute inflammatory immune activity may be particularly detrimental to 

growth. Although recurrent activation of innate inflammatory response has for decades been 

considered a possible mechanism leading to poor childhood growth in non-industrialized, 

pathogenic environments (Solomons, 2003; Solomons et al., 1993), the ability to test this 

hypothesis has been limited by a lack of means to reliably monitor growth over appropriate 

short-term intervals (Stephensen, 1999). Through the use of knemometry, we document a 

negative relationship between acute inflammatory immune activity and weekly child linear 

growth, demonstrating that elevated levels of CRP are associated with up to 83% reduction in 

growth among the Shuar. This finding bridges prior research documenting reduced child linear 

growth during intermittent infectious illness (Hermanussen et al., 1986; Wales and Milner, 1987) 

and substantial inflammation-mediated down-regulation of bone formation at the level of the 

epiphyseal growth plate (Sederquist et al., 2014). Additional research is needed to confirm these 

short-term relationships and evaluate their long-term effects on individual growth, fitness, and 

health.  

In sum, we have found that several forms of immune activity are related to decreased child 

growth among the Shuar, that such associations are highly dependent upon the similarity of 

timeframes over which immune activity and growth are examined, and that energy reserves in 

the form of body fat moderate at least some of the observed negative relationships. These 

findings support the existence of energetic tradeoffs between immune activity and growth during 

childhood, consistent with observation among other organisms and the foundational predictions 

of life history theory. Using knemometry to monitor weekly child growth (Urlacher et al., 

2016b), we have also provided evidence suggesting that acute inflammatory immune activity 
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plays an important role in Shuar growth faltering. This finding highlights the previously 

underappreciated short-term timeframes over which many energetic tradeoffs may play out 

among humans.  

 

Materials and Methods 

Study population/communities  

The Shuar are a Jivaroan-speaking indigenous Amazonian population of 40,000 to 110,000 

living predominantly in southeastern Ecuador (CODENPE, 2012; Rubenstein, 2001). 

Traditionally relying heavily on horticulture, hunting, fishing, and foraging (Harner, 1984a; 

Karsten, 1935b) they are now experiencing varying degrees of market integration and 

acculturation (de Salvador Agra and Martínez Suárez, 2015; Liebert et al., 2013; Lu, 2007a). 

Data for the present study were collected in five rural Shuar communities of approximately 60-

500 inhabitants each (Supplemental Information Figure S6.2). Two of the selected 

communities are located in the Upano Valley (UV) region of Shuar territory. At the time of data 

collection, these communities were connected by dirt road to the large market town of Sucúa 

(located approximately 15 km away) and possessed limited electricity. The remaining three 

communities are located in the more isolated and less market-integrated cross-Cutucú (CC) 

region of Shuar territory. None of these communities possessed roads at the time of data 

collection, and inhabitants reached Sucúa infrequently via a canoe trip of 2-6 hours (depending 

on water levels) followed by a 7-hour public bus ride. Despite general differences between the 

UV and CC, Shuar children living in both regions consume low-nutrient-density diets (Liebert et 

al., 2013), face high levels of infectious disease (Cepon-Robins et al., 2014; Jokisch and 
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McSweeney, 2006), and have limited access to Western medicine and healthcare (Jokisch and 

McSweeney, 2006). 

 

Data collection 

Data were collected as part of the Shuar Health and Life History Project during local dry 

seasons between August 2011 and May 2013. In total, 332 children age 5-12 years old were 

recruited for participation. All children present during study enrollment were invited to 

participate (participation rate = 97.7%). A short medical history was taken, and children were 

found to be generally healthy and not currently using medication. Exact estimates of age were 

available for most individuals from government-issued identification cards. To ensure accuracy, 

age was cross-checked using extensive overlapping genealogies constructed from information 

provided by parents and other community members. Parental consent and child assent were 

obtained for all study participants. The research protocol was approved by village leaders, the 

Federación Interprovincial de Centros Shuar (FICSH), and the Institutional Review Boards of the 

University of Oregon and Harvard University.  

Anthropometric data and dried blood spot (DBS) samples were collected from each 

participant at baseline following conventional methods (Lohman et al., 1988b; McDade et al., 

2007b). Finger-prick DBS samples were collected by placing one to five drops of free-flowing 

whole capillary blood on standard filter paper cards (Whatman no. 903, Middlesex, U.K.). To 

ensure measurement reliability, all anthropometry data were collected by SSU. Height was 

measured in duplicate to the nearest 1.0 mm using a portable stadiometer (Seca Corporation 214, 

Hanover, MD). Weight was measured to the nearest 0.1 kg using an electronic scale (Tanita 

Corporation BF-689, Tokyo, Japan). Skinfolds (triceps, biceps, subscapular, and suprailiac) were 
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measured in triplicate to the nearest 0.5 mm using precision Lange calipers (Beta Technology, 

Santa Cruz, CA). Length of the LL was measured to the nearest 0.01 mm using a custom 

portable knemometer designed specifically for use in the field (Urlacher et al., 2016b). This 

device possesses a technical error of measurement of 0.18 mm and has been validated for 

monitoring Shuar weekly growth (Urlacher et al., 2016b) following conventional knemometry 

protocols (Hermanussen et al., 1988; Wolthers, 2010). Follow-up LL data and DBS samples 

were collected one week, two weeks, and three weeks after baseline for a subset of participants, 

providing up to four weekly measures per individual. Additional height measurements were 

collected approximately three months after baseline (mean = 90.29 days, SD = 5.44 days).  

 

Immune activity biomarker analysis 

Concentrations of CRP, EBV-Ab, IgG, and IgE were measured from DBS samples using 

validated enzyme-linked immunosorbent assay (ELISA) analyses in the Human Biology 

Research Lab at the University of Oregon. EBV-Ab, IgG, and IgE were measured only in DBS 

samples collected at baseline. CRP was measured in all DBS samples, providing weekly repeated 

measures for some individuals. Concentration of CRP was determined using a high-sensitivity 

DBS assay (McDade et al., 2004) modified for new coating and detection antibodies (BioDesign 

International: Saco, ME; Blackwell et al., 2010). IgE was measured using a commercially 

available serum assay kit (Bethyl Labs: Montgomery, TX) adapted for DBS samples (Blackwell 

et al., 2010; Tanner and McDade, 2007). IgG was similarly measured using a commercially 

available serum assay kit (Bethyl Labs: Montgomery, TX), again modified for use with DBS. 

EBV-Ab concentrations were determined following a recently validated DBS protocol (Eick et 

al., in review) based on commercially available materials targeting IgG antibodies against the 
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viral capsid antigen protein p18 (Fisher Scientific: Hanover Park, IL; Biosell Solutions Inc.: Las 

Vegas, NV). All DBS samples were measured in duplicate with high and low controls. Inter- and 

intra-assay coefficients of variation were below 10% in each case. To strengthen within-

individual comparisons, all repeated weekly samples from individual participants were included 

on single assay plates during CRP analysis.  

 

Data analysis 

Fifty of the 332 recruited participants tested seronegative for Epstein-Barr virus infection 

(i.e., preventing meaningful measurement of EBV-Ab) and were removed from further analysis, 

resulting in a final sample size of 282 children (N = 159 females and 123 males; mean age = 8.6 

years, SD = 2.2 years). Excluded participants did not differ from remaining children in any 

anthropometric or immune biomarker measure (all P > 0.1). 

For descriptive purposes, sex-specific HAZ were calculated using US CDC growth 

references (Kuczmarski et al., 2002). Measures of CDC HAZ vary non-linearly by age among 

the Shuar, however, making interpretations concerning relative within-population differences in 

these values difficult (Urlacher et al., 2016a). To overcome this issue, additional measures of 

HAZ for use in statistical analyses were calculated from Shuar-specific growth references 

(Urlacher et al., 2016a). Three-month height growth was calculated by subtracting height at 

baseline from height measured at three months, standardizing to a 90-day observation period. 

One-week LL growth was similarly calculated by subtracting LL length on any given week from 

LL length measured on the subsequent week (Wolthers, 2010). Baseline sum of four skinfold 

measurements were used to categorize children into high or low skinfold groups based on age- 

and sex-specific median sample values.  
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Prior to analysis, continuous CRP concentration was converted into a binary variable 

reflecting either presence (CRP ≥ 1 mg/L) or absence (CRP < 1 mg/L) of acute inflammatory 

response. A low CRP cut-off value of 1 mg/L has been used in previous study of tradeoffs 

among Amazonians (McDade, 2005b) and is known to associate with some minor symptoms of 

infection among Shuar adults (McDade et al., 2012). Distributions of IgE, IgG, and EBV-Ab 

were positively skewed and were therefore normalized by natural log-transformation. 

Concentrations of biomarkers were not converted to serum equivalent values. 

Relationships between biomarkers of immune activity and child growth were examined 

using linear mixed effects models. Separate models were used to evaluate outcome variables for 

HAZ, 3-month height growth, and 1-week LL growth. All models included IgE, IgG, EBV-Ab, 

and CRP as fixed effects (entered simultaneously), as well as additional fixed effects for age, 

sex, region (UV or CC), and skinfolds, and a random community term (Konishi et al., 2014). The 

3-month growth model included an additional fixed effect for baseline HAZ (McDade et al., 

2008). The 1-week growth model included an additional fixed effect for baseline LL length as 

well as an additional random participant term to account for repeated measures from the same 

individuals. To investigate the potential moderating effect of body fat on relationships between 

immune activity and growth, immune biomarker by skinfolds interaction terms were included as 

fixed effects in all preliminary analyses. Non-significant interaction terms were removed from 

final models. Post hoc diagnostic analysis of final models revealed acceptable degrees of 

linearity, heteroscedasticity, and multicollinearity. 

All statistical analyses were performed using R 3.0.3 (http://cran.us.r-project.org/), with 

results considered statistically significant at P < 0.05. 
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Transition to Chapter VII 

 This chapter has afforded rare and convincing evidence for energetic tradeoffs between 

immune activity and child linear growth among the Shuar. Chapter VII expands upon this 

finding and provides a general discussion of the original human life history theory research 

presented throughout this dissertation. General research conclusions are also considered as well 

as promising future directions of study exploring the energetic nature of human development.  
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CHAPTER VII:  
Conclusions  

 

 Humans show tremendous variation in physical growth – variation that exists between 

populations, between individuals, and within individuals over time (Eveleth and Tanner, 1990b; 

Stinson, 2012). Evolutionary life history theory provides a powerful framework for developing 

and testing hypotheses to better understand the source of such heterogeneity. At the core of life 

history theory is the premise that organisms have evolved to manage limited energetic resources 

in a manner that maximizes fitness (Gadgil and Bossert, 1970; Stearns, 1992). Recognizing that 

optimal energy allocation to life’s competing demands varies across time and in response to 

dynamic environmental factors, functional tradeoffs between metabolic tasks are expected to 

occur. Such tradeoffs – encoded genetically, epigenetically, or physiologically – may directly 

underlie variation in growth and development.  

 This dissertation has applied the principles of life history theory to investigate the nature of 

human energy allocation in the context of physical growth. The Shuar have been an ideal study 

population for this research. Long the focus of anthropological and human biological research 

(e.g., Harner, 1984a; Karsten, 1935b; Liebert et al., 2013; Lu, 2007a; Rubenstein, 2001), as a 

population, the Shuar continue to practice a relatively traditional forager-horticulturalist way of 

life characterized by chronic energetic stress. Market integration is now occurring unevenly 

throughout Shuar territory, however, providing a natural source of within-population variation in 

socio-ecological conditions that may directly influence patterns of energy allocation and life 

history tradeoffs.  
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 Using data from a large sample of 2,553 individuals collected as part of the ongoing Shuar 

Health and Life History Project, this dissertation has involved four related studies. A summary of 

the findings of this research is now provided. 

 

Summary of findings 

 In Chapter III, patterns of energy allocation among the Shuar were investigated at the 

population level. Analysis entailed the use of state-of-the-art Generalized Additive Models for 

Location, Scale, and Shape (GAMLSS; Rigby and Stasinopoulos, 2005b) to create detailed 

descriptions of Shuar growth in height, weight, and BMI from birth to adulthood. Resulting 

growth references are the first to be created for a small-scale population and facilitate the direct 

comparison of growth parameters between the Shuar and CDC/WHO international references 

(De Onis, 2007; Kuczmarski et al., 2002; WHO, 2006). Findings demonstrate that the Shuar are 

relatively short and light throughout development and experience patterns of growth that differ 

substantially from those of references, particularly following infancy. Among children of both 

sexes, median growth rates are ≈ 1.0 cm/year slower for height and ≈ 0.5 kg/year slower for 

weight than observed among references. During puberty, Shuar males exhibit delayed pubertal 

growth spurts in height and weight and extend growth well into adulthood. Females also 

experience a slight delay in the pubertal growth spurt in weight, but, unlike males, exhibit a 

growth spurt in height that is approximately one full year earlier than observed among 

references. As indicated by the progressive falling of height curves and rising of weight curves 

relative to references, the Shuar appear to substantially prioritize growth in weight over growth 

in height throughout development.  



!

138!
!

 It is argued that many of the differences in growth between the Shuar and international 

references observed in Chapter III can be explained through the lens of life history theory. Some 

patterns of Shuar growth (e.g., an early female pubertal growth spurt in height, preferential 

growth in weight) are hypothesized to reflect population-level life history tradeoffs that have a 

genetic basis and are likely shared with other indigenous Amazonian populations. Other unique 

patterns of Shuar growth, however, are hypothesized to reflect individual-level energetic 

tradeoffs involving developmental or instantaneous responses to environmental stimuli (i.e., 

phenotypic plasticity). Given the highly pathogenic nature of Shuar environments (Cepon-

Robins et al., 2014; Liebert et al., 2013), immune activity is suggested as a primary factor 

limiting energy available for growth and driving patterns of slow development, particularly 

during childhood.   

Chapter IV directly built upon the findings of Chapter III to investigate sources of within-

population variation in Shuar growth and energy allocation. The Shuar are highly homogenous 

genetically (Blackwell et al., 2010; Goedde et al., 1977). As such, variation in biology is likely 

driven by socio-ecological factors. The approach in Chapter III focused on the process of market 

integration (MI) – increasing production for and consumption from a market-based economy 

(Lu, 2007a) – as a primary determinant of heterogeneity in Shuar environmental conditions, 

lifestyle, and energetics. Multivariate analyses were performed to investigate the impact of both 

overall measures of MI (i.e., year of data collection, geographic region) and specific measures of 

MI (i.e., household income, style of life, market diet) on Shuar child and adolescent body size. 

Results demonstrate that mean Shuar height, weight, and, to a lesser degree, BMI significantly 

increased over time between the years 2005 and 2014 (a period of increasing population-level 

MI) while, on any given year, measures of skinfolds were significantly greater in the more 
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market-integrated Upano Valley region of Shuar territory than in the less market-integrated 

cross-Cutucú. Results from high-resolution household-level analyses suggest that, examined 

more closely, specific aspects of MI have highly heterogeneous effects on Shuar child and 

adolescent growth and nutritional status. Little evidence was found linking household variation 

in market diet (i.e., frequency of market item consumption) with variation in child or adolescent 

nutritional status. Household measures of income and style of life, in contrast, demonstrated 

numerous significant relationships – both positive and negative – with body size. These 

independent relationships account for as much as 10% of total observed variation in Shuar 

height, weight, and BMI.  

Taken as a whole, the findings of Chapter IV suggest that socio-ecological factors driven by 

MI have a large impact of Shuar energy allocation and physical development. In general, they 

lend support the hypothesis put forth in Chapter III that energetic tradeoffs with immune activity 

play an especially important role in facilitating slow patterns of growth. This is most notable for 

Shuar children (age 2-10 years), among whom MI factors relating to traditional and household 

style of life (themselves expected to associate closely with levels of environmental pathogen 

exposure) show strong relationships with height and other measures of body size and nutritional 

status. Although suggestive of the existence of substantial energetic tradeoffs, the relationship 

between Shuar immune activity and growth was not directly tested in this analysis. 

In preparation for examining tradeoffs between immune activity and growth directly, 

Chapter V addressed a methodological limitation hampering analysis of human energy allocation 

– the inability to reliably measure linear growth over short-term (e.g., weekly) intervals in field 

settings. To this end, a custom portable knemometer was described and validated among the 

Shuar. The portable knemometer was found to operate with a low technical error of measurement 
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of 0.18 mm, providing 95% confidence in detecting child lower leg (LL) growth of ≥ 0.36 mm. 

This high level of precision was stable across multiple device reconstructions and was not 

influenced by participant characteristics such as sex, age, or BMI. Shuar weekly child LL growth 

was found to average 0.47 mm – well within the knemometer’s lower limit of detection – but 

exhibited remarkably large variation both between and within individuals. These short-term 

linear growth data are the first to be reported among a small-scale population and suggest that 

energy allocation to growth varies acutely in challenging environments. Once again, energetic 

tradeoffs with immune activity are hypothesized to explain a large portion of this variation.   

 Chapter VI synthesized the work of previous chapters to directly investigate energetic 

tradeoffs between immune activity and child linear growth. The approach was novel in several 

ways, including (1) the use of four finger-prick blood biomarkers – each reflecting a distinct 

form of pathogen defense and time course of production – to sensitively quantify levels of 

immune activity, (2) a mixed-longitudinal design facilitating the examination of retrospective 

relationships between immune activity and stature as well as prospective relationships between 

immune activity and subsequent 1-week LL and 3-month height growth, and (3) evaluation of 

the role of energy reserves (i.e., skinfold measures of body fat) as a moderator of relationships 

between immune activity and growth. Results obtained via mixed effects analyses provide 

considerable evidence for the existence of energetic tradeoffs between Shuar immune activity 

and linear growth. Shuar children experiencing greater activity of several aspects of immunity at 

baseline were shorter than their peers and grew significantly less over subsequent 3-month and 

repeated 1-week periods. This observed impact of immune activity on growth was in some cases 

substantial, such that elevated immune activity was associated with as much as an 83% reduction 

in growth. In support of the energetic nature of these relationships, negative associations between 
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specific measures of immunity and growth were stronger when examined over synchronous 

timeframes corresponding to active competition for available resources. Moreover, children with 

greater levels of body fat were able to almost completely avoid the detrimental effects of 

particularly costly inflammatory immune activity (McDade et al., 2016; Wolowczuk et al., 2008) 

on growth, suggesting that energy reserves can be drawn upon (or provide a physiological signal) 

to prevent tradeoffs with growth during periods of elevated investment in immunity. 

 The findings of Chapter VI provide rare evidence supporting the existence of energetic 

tradeoffs between human immune activity and linear growth. Such tradeoffs – reliably observed 

in experimental animal models (e.g., Fair et al., 1999; Soler et al., 2003) – may underlie much of 

the within-population variation in growth observed among the Shuar (i.e., in association with MI; 

Chapter IV). They may also at least partially explain relatively slow rates of population-level 

growth (Chapter III). One of the key findings of Chapter VI is that tradeoffs between immune 

activity and linear growth appear to occur over several different timeframes. The particularly 

strong detrimental effect of acute inflammatory immune activity (assessed via measures of the 

biomarker C-reactive protein [CRP]) on Shuar 1-week growth highlights the previously 

underappreciated short-term periods over which many energy allocation decisions may play out 

among humans. It was suggested that such tradeoffs (if occurring repetitively) may be a primary 

determinant of growth faltering among the Shuar and possibly elsewhere in the developing world 

(Solomons, 2003; Solomons et al., 1993). This hypothesis requires further investigation, as does 

the role of body fat in mitigating short-term tradeoffs. 
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Energetic tradeoffs as adaptation 

Throughout this dissertation, life history tradeoffs have been discussed under the general 

assumption that they are adaptive. This section attempts to briefly consider the adaptive nature of 

tradeoff relationships among the Shuar. Arguments concerning the possible adaptive value of 

small human body size and slow physical growth have been reviewed recently in several works 

(e.g., Bogin et al., 2007; Schell and Magnus, 2007; Worthman and Kuzara, 2005). The goal here 

is to instead focus on instantaneous tradeoffs between Shuar immune activity and growth that 

may arise from active competition for energetic resources.  

Adaptation is a central concept in evolutionary biology, yet it remains remarkably difficult 

to define (West-Eberhard, 2010). At the core of any definition of adaptation, however, is 

function (Ellison and Jasienska, 2007). Tradeoffs – if indeed an adaptation – must thus first and 

foremost entail functional interaction (Stearns, 1989). Recognizing this fact, demonstrating 

mechanistic, physiological pathways underlying interactions between traits of interest is a 

primary goal of life history tradeoffs research (Bribiescas and Ellison, 2008; Flatt and Heyland, 

2011; Ricklefs and Wikelski, 2002; Zera and Harshman, 2001). In many cases, the physiological 

mechanisms underlying relationships between immune activity and growth remain poorly 

understood. However – owing to a large number of pediatric chronic inflammatory diseases (e.g., 

juvenile idiopathic arthritis, inflammatory bowel disease) – the physiological connection 

between inflammation and child linear growth has received considerable attention (MacRae et 

al., 2006). This literature is outlined here to describe the complex and seemingly redundant 

physiological pathway underlying tradeoffs between Shuar inflammatory immune activity and 

linear growth. A possible pathway for the observed role of body fat in moderating this 

relationship is also considered. 
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Physiological pathway underlying tradeoffs between inflammation and linear growth 

The physiological pathway through which acute inflammatory immune activity is thought to 

incur its negative effect on linear growth is illustrated in Figure 7.1. At the cellular level, linear 

growth is the result of an elaborate cascade of events leading to the replacement of chondrocytes 

by osteoblasts at the epiphyseal growth plate (EGP) of the long bones (Gat-Yablonski et al., 

2009). Growth begins with the initial proliferation of immature chondrocytes. Following 

proliferation, these early chondrocytes undergo hypertrophic differentiation and begin to excrete 

extracellular matrix (ECM) before eventually undergoing programmed cell death. The final 

production of new bone occurs following ossification of the calcified ECM by invading 

osteoblasts. During childhood, this process is regulated principally by the growth 

hormone/insulin-like growth factor-1 (GH/IGF-1) axis. GH, secreted by the pituitary in response 

to GH-releasing hormone, stimulates growth directly at the EGP by inducing chondrocyte 

proliferation but also acts indirectly to promote hepatic and local IGF-1 production (Kaplan and 

Cohen, 2007). IGF-1, in turn, acts directly at the EGP to stimulate chondrocyte differentiation 

and clonal expansion (Böhme et al., 1992).    
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Figure 7.1. Physiological pathway (simplified) potentially underlying tradeoffs between child acute 

inflammatory immune activity and linear growth (red arrows), including a possible mechanism for the 
moderating effect of body fat in buffering negative tradeoffs (blue arrows). CRP = C-reactive protein; GH 

= Growth hormone; IGF-1 = Insulin-like growth factor 1. 
 
 
 

The acute phase response, triggered rapidly following bodily infection or injury, involves 

the release of several pro-inflammatory cytokines, including tumor necrosis factor alpha, 

interleukin-1, and interleukin 6 (IL-6, itself stimulating the release of CRP in hepatocytes) 

(Gruys et al., 2005). These cytokines are believed to inhibit linear growth in three primary ways. 

First, by acting directly at the level of the EGP to promote decreased chondrocyte proliferation 

and hypertrophy as well as increased cellular apoptosis (Fernandez-Vojvodich et al., 2013; 

Mårtensson et al., 2004; Nakajima et al., 2009). Second, by acting indirectly to down-regulate 

the GH/IGF-1 axis through reduced GH production (De Benedetti et al., 1997). Third, by 

promoting the activation of the hypothalamic–pituitary–adrenal (HPA) axis and the release of 

catabolic glucocorticoids such as cortisol (Hardy et al., 2012). The downstream growth 

suppressing effects of cortisol are multifactorial. Cortisol acts directly at the EGP to enhance 

bone resorption, inhibit osteoblast proliferation, and decrease ECM production (Avioli, 1993; 
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Robson et al., 2002). It also down-regulates the GH/IGF-1 axis by reducing IGF-1 expression in 

osteoblasts and chondrocytes and decreases the expression of chondrocyte GH and IGF-1 

receptors (Jux et al., 1998; Mushtaq and Ahmed, 2002). 

Figure 7.1 also illustrates a potential pathway through which body fat may mediate the 

relationship between acute inflammatory immune activity and linear growth. The hormone leptin 

is an important mediator of energy homeostasis that is produced predominantly by white adipose 

tissue and, as such, shows a strong positive correlation with human total body fat mass 

(Collinson et al., 2005; Houseknecht et al., 1998). Research has now demonstrated that leptin 

also promotes linear growth both directly at the EGP by stimulating proliferation and 

differentiation of chondrocytes (Gat-Yablonski and Phillip, 2008; Maor et al., 2002) as well as 

indirectly by up-regulating pituitary GH production and secretion (LaPaglia et al., 1998). Leptin 

also directly inhibits adrenal cortisol production and its catabolic effects (Bornstein et al., 1997), 

providing another indirect means of promoting linear growth. Given these characteristics, leptin 

is a promising candidate for a hormonal mediator of tradeoffs between acute inflammatory 

immune activity and linear growth, possibly regulating tradeoffs in direct response to levels of 

energy reserves. 

The seemingly redundant and complex physiological pathway underlying the interaction 

between inflammatory immune activity and linear growth implies that a tradeoff between these 

traits serves the non-random function of diverting energetic resources away from growth during 

times of elevated immunity. These characteristics (i.e., clear function, complexity, and non-

chance occurrence) are supportive of adaptation (Williams, 2008). Tradeoffs do not appear to 

result from a breakdown in the physiological system (i.e., pathology) but rather seem to be the 

very purpose of the system. The ability of individuals with high levels of body fat to avoid the 
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detrimental effect of inflammation on growth (potentially via the proposed leptin pathway) 

similarly implies that reduced growth is not an absolute physiological constraint imposed by the 

actions of pro-inflammatory cytokines. In the absence of long-term fitness data, these qualities 

provide support for the adaptive nature of tradeoffs between inflammatory immune activity and 

linear growth. As is obvious, however, this suggestion is far from conclusive.  

 

Future directions 

 This section briefly highlights several promising avenues for future research investigating 

life history tradeoffs among the Shuar.  

 

Physiological pathways and hormonal mediators of tradeoffs 

 The importance of demonstrating pathways underlying prospective tradeoff relationships has 

been discussed. Although one potential physiological pathway has been outlined (Figure 7.1), 

this dissertation has not directly evaluated the mechanisms regulating tradeoffs between immune 

activity and growth. Future research should address this issue, particularly with respect to the 

strong observed relationship between acute inflammatory immune activity and linear growth 

(Chapter VI). Given their proposed roles as regulators of catabolic and anabolic activity in the 

pathway outlined in Figure 7.1 and their wide recognition by researchers as key mediators of 

energetic tradeoffs across taxa (Bribiescas and Ellison, 2008; Demas et al., 2011; Worthman and 

Kuzara, 2005), the hormones cortisol and leptin appear to be the most obvious targets for future 

research investigating the physiological underpinnings of tradeoffs among the Shuar. The 

measurement of pro-inflammatory cytokines (e.g., IL-6) is also promising. These cytokines may 

be advantageous as measures of investment in inflammatory immune activity over CRP (itself a 



!

147!
!

downstream product of IL-6) since they are directly involved in growth inhibition action and 

signaling (MacRae et al., 2006). Validated protocols exist for the measurement of leptin (Miller 

et al., 2006) and IL-6 (Miller and McDade, 2012) in dried blood spot samples, suggesting that 

these measures could easily be incorporated into existing energetic tradeoff research among the 

Shuar. 

 

Long-term development and early-life influence 

 Apart from Chapter III, this dissertation has focused largely on investigating instantaneous 

energetic tradeoffs – tradeoffs that reflect individual phenotypic plasticity in response to current 

environmental conditions. This approach has been productive but remains limited in several 

respects. Future study aims to build upon this work by obtaining long-term follow up 

information on the cohort of Shuar children participating in Chapters V and VI. Such data will, 

for example, allow investigation of the long-term developmental, fitness, and health 

consequences of instantaneous tradeoffs between immune activity and growth documented in 

this study. A large and growing body of work suggests that early-life environments and 

challenges have lasting effects on individual energy allocation (Barker, 2004; Gluckman and 

Hanson, 2006; McDade, 2005a). The role of such developmental responses in shaping patterns of 

tradeoffs among the Shuar presents a promising avenue of research. 

 

Additional components of energy allocation 

 This dissertation directly investigated energetic tradeoffs between linear growth and immune 

activity (Chapter VI). However, as discussed at length in Chapters I, III, and IV, other factors 

play important roles in determining population and individual variation in energy allocation. 
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Figure 7.2 outlines the life history theory model of childhood energy allocation and indicates the 

components of the model that were not directly measured in this dissertation.  

 
 
 

 
Figure 7.2. The childhood life history energy allocation model (adapted from Gadgil and Bossert 

[1970] and Kramer and Ellison [2010]). Components that were not directly measured in this 
dissertation are circled in red. 

 
 
 
 Multivariate analyses incorporating measures of several components of energy allocation are 

a promising direction for life history research among the Shuar. Although it is recognized that 

Shuar energy availability is limited at the population level (Harner, 1984a; Liebert et al., 2013), 

future tradeoff study among the Shuar will benefit greatly from analyses controlling for 

individual variation in energy availability via direct measures of dietary intake (in addition to 

measures of energy reserves as performed in Chapter VI). One obvious limitation of this 

dissertation is its inability to account for individual variation in physical activity energy 

expenditure (AEE). Discussed in detail in Chapter IV, between-individual variation in child and 

adolescent AEE is likely to accompany MI among the Shuar – as is observed in other 

populations (Dollman, 2005; Katzmarzyk and Mason, 2009) – and may substantially alter 
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patterns of growth via energetic tradeoffs. This hypothesis will be directly evaluated in future 

work as behavioral observation and accelerometry data have already been collected for this 

purpose. Finally, the inclusion of direct measures of individual basal maintenance energy 

expenditure and total energy expenditure may also substantially improve the models presented 

here, both serving to facilitate model adjustments for individual differences in metabolic 

efficiency and overall energy constraint.  

 

Replicating results and expanding sample variation 

 One of the most notable aspects of this dissertation – yet one that also limits interpretation – 

is that comparable tradeoff data among humans are rare. Many of the analyses presented 

throughout this dissertation have been the first of their kind. As such, findings remain somewhat 

tenuous. The replication of methods and analyses among the Shuar and other populations is 

needed to confirm results and conclusions. This is particularly the case for investigation 

involving short-term tradeoffs between immune activity and growth (Chapter VI). Such data are 

notably time-intensive and difficult to collect. Future research attempting to replicate and build 

upon the results of this work should aim to expand variation in participant sample characteristics. 

With the exception of analyses performed in Chapter III, findings presented in this dissertation 

have been drawn from a sample of rural-living Shuar children and adolescents. The consistency 

of discussed relationships outside of a context of generally low energy availability and high 

pathogenicity remains unclear. Future work will expand this research into urban settings to 

address this issue.  
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Health policy and translational research 

 One of the goals of this dissertation has been and will continue to be working toward 

improving the health of the Shuar, other indigenous Amazonians, and young people globally. 

Implications of findings for understanding health are complex and have been discussed 

throughout this work. Effort will be made to continue to develop these ideas and disseminate 

information to appropriate government and health officials in Ecuador and elsewhere. Future 

research will also attempt to more strongly focus on questions and study designs that have the 

potential to translate into immediate improvements in child health and quality of life. 

 

Conclusions 

Evolutionary life history theory provides a powerful framework for understanding biological 

variation. Applying this approach in research among the Shuar, this dissertation has investigated 

the nature of human energy allocation in the context of physical growth. Three key conclusions 

can be made: First, the Shuar, as a population, experience patterns of growth that differ 

substantially from those of international references. These differences are likely shaped by life 

history tradeoffs encoded genetically at the population-level as well as those arising from 

individual-level phenotypic plasticity. Second, within-population variation in growth among the 

Shuar is closely (and complexly) related to levels of market integration. Market integration, in 

turn, appears to be related to critical energetic factors such as pathogen exposure, lifestyle, and 

diet. Third, energetic tradeoffs between growth and several forms of immune activity are 

common among the Shuar and play out over both short-term and long-term periods. Such 

tradeoffs may largely explain slow patterns of Shuar growth and the phenomenon growth 

faltering in the developing world. Future research will confirm and build upon these findings. 
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APPENDIX: 
Supplemental Information 

 
 
Supplemental Information for Chapter III 
 
 

Table S3.1. Sample sizes distributed by age, sex, and measure of interest 
 Males Females 

Age (years) NIndividuals nHeight nWeight nBMI NIndividuals nHeight nWeight nBMI 
0.00-0.99 72 64 179 63 80 104 225 101 
1.00-1.99 79 77 239 75 77 96 276 96 
2.00-2.99 72 62 154 65 76 67 177 66 
3.00-3.99 65 47 111 47 70 80 171 82 
4.00-4.99 72 62 110 61 82 70 127 69 
5.00-5.99 121 121 145 122 145 157 180 152 
6.00-6.99 150 165 175 164 158 173 183 170 
7.00-7.99 157 178 187 177 148 165 170 163 
8.00-8.99 144 156 160 155 155 179 181 174 
9.00-9.99 140 151 162 150 132 148 151 146 
10.00-10.99 130 137 147 139 123 134 137 133 
11.00-11.99 102 112 114 109 96 107 110 103 
12.00-12.99 75 86 88 84 78 84 88 82 
13.00-13.99 60 71 71 71 55 53 66 53 
14.00-14.99 28 36 36 36 39 40 49 39 
15.00-15.99 16 18 18 17 34 38 41 35 
16.00-16.99 11 11 12 11 20 17 29 19 
17.00-17.99 9 11 12 11 26 27 41 29 
18.00-18.99 5 6 7 6 23 21 34 21 
19.00-19.99 5 7 8 7 19 22 29 21 
20.00-20.99 6 7 8 7 15 16 22 16 
21.00-21.99 7 7 9 7 14 19 22 19 
22.00-22.99 3 2 4 2 10 10 12 10 
23.00-23.99 4 4 4 4 15 16 23 16 
24.00-24.99 9 12 13 13 15 17 21 15 
25.00-25.99 6 6 6 6 11 6 14 6 
26.00-26.99 7 6 9 6 15 15 18 14 
27.00-27.99 7 7 9 7 16 19 27 19 
28.00-28.99 6 7 7 7 13 15 20 15 
29.00-29.99 7 9 10 9 13 12 19 12 
Totals* 1188 1646 2216 1638 1259 1927 2662 1896 
NIndividuals = number of participants measured; nmeasure = number of recorded observations. *The mixed-
longitudinal nature of the data results in the inclusion of some individuals in multiple age groups. 
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Table S3.2. Shuar female height (cm) Lambda-Mu-Sigma parameters and growth centiles 
Age 

(years) Lambda Mu Sigma C2 C5 C25 C50 C75 C95 C98 
0.0 1.00 44.64 0.05 40.25 41.13 43.20 44.64 46.08 48.15 49.03 
1.0 1.00 71.71 0.04 65.88 67.04 69.79 71.71 73.62 76.37 77.53 
2.0 1.00 80.60 0.04 73.68 75.06 78.33 80.60 82.87 86.13 87.51 
3.0 1.00 88.57 0.05 80.28 81.93 85.85 88.57 91.29 95.20 96.85 
4.0 1.00 95.42 0.05 86.32 88.13 92.43 95.42 98.41 102.70 104.52 
5.0 1.00 101.51 0.05 92.09 93.97 98.41 101.51 104.60 109.05 110.92 
6.0 1.00 106.68 0.04 96.91 98.86 103.47 106.68 109.89 114.51 116.45 
7.0 1.00 111.31 0.05 100.75 102.85 107.84 111.31 114.78 119.77 121.87 
8.0 1.00 116.13 0.05 104.59 106.89 112.34 116.13 119.92 125.37 127.67 
9.0 1.00 120.90 0.05 108.46 110.93 116.82 120.90 124.99 130.87 133.35 

10.0 1.00 126.37 0.05 112.85 115.54 121.93 126.37 130.80 137.19 139.88 
11.0 1.00 132.13 0.05 117.93 120.76 127.47 132.13 136.79 143.50 146.33 
12.0 1.00 137.44 0.05 123.27 126.09 132.78 137.44 142.09 148.79 151.61 
13.0 1.00 141.65 0.05 128.10 130.80 137.20 141.65 146.09 152.49 155.19 
14.0 1.00 144.66 0.04 132.06 134.57 140.52 144.66 148.79 154.74 157.25 
15.0 1.00 146.56 0.04 134.90 137.22 142.73 146.56 150.39 155.91 158.23 
16.0 1.00 147.59 0.04 136.69 138.86 144.01 147.59 151.17 156.32 158.49 
17.0 1.00 148.04 0.03 137.72 139.78 144.65 148.04 151.43 156.31 158.36 
18.0 1.00 148.17 0.03 138.24 140.22 144.91 148.17 151.43 156.12 158.10 
19.0 1.00 148.20 0.03 138.50 140.43 145.01 148.20 151.38 155.96 157.89 
20.0 1.00 148.31 0.03 138.76 140.67 145.18 148.31 151.45 155.96 157.86 
21.0 1.00 148.58 0.03 139.17 141.04 145.49 148.58 151.67 156.12 157.99 
22.0 1.00 148.94 0.03 139.69 141.53 145.90 148.94 151.98 156.35 158.19 
23.0 1.00 149.24 0.03 140.14 141.95 146.25 149.24 152.23 156.52 158.33 
24.0 1.00 149.34 0.03 140.36 142.15 146.39 149.34 152.29 156.54 158.33 
25.0 1.00 149.29 0.03 140.38 142.15 146.36 149.29 152.21 156.42 158.19 
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Table S3.3. Shuar male height (cm) Lambda-Mu-Sigma parameters and growth centiles 
Age 

(years) Lambda Mu Sigma C2 C5 C25 C50 C75 C95 C98 
0.0 1.00 47.61 0.09 39.03 40.74 44.79 47.61 50.43 54.48 56.19 
1.0 1.00 73.07 0.04 67.04 68.24 71.09 73.07 75.05 77.90 79.10 
2.0 1.00 81.44 0.04 74.94 76.23 79.30 81.44 83.57 86.64 87.94 
3.0 1.00 89.35 0.05 80.92 82.60 86.58 89.35 92.11 96.09 97.77 
4.0 1.00 95.51 0.05 85.77 87.71 92.31 95.51 98.70 103.30 105.24 
5.0 1.00 100.82 0.05 90.85 92.84 97.55 100.82 104.10 108.81 110.79 
6.0 1.00 106.73 0.05 96.80 98.77 103.47 106.73 109.99 114.69 116.67 
7.0 1.00 111.78 0.04 101.74 103.74 108.48 111.78 115.08 119.82 121.82 
8.0 1.00 116.43 0.04 106.28 108.30 113.09 116.43 119.76 124.56 126.58 
9.0 1.00 120.43 0.04 109.96 112.05 116.99 120.43 123.86 128.81 130.89 

10.0 1.00 124.86 0.04 113.38 115.66 121.09 124.86 128.63 134.05 136.34 
11.0 1.00 128.84 0.05 116.05 118.59 124.64 128.84 133.04 139.09 141.64 
12.0 1.00 132.64 0.05 118.54 121.35 128.01 132.64 137.28 143.94 146.75 
13.0 1.00 137.38 0.05 122.29 125.29 132.42 137.38 142.33 149.46 152.47 
14.0 1.00 143.12 0.05 127.88 130.92 138.12 143.12 148.13 155.33 158.36 
15.0 1.00 148.49 0.05 134.18 137.03 143.79 148.49 153.19 159.96 162.80 
16.0 1.00 152.55 0.04 139.61 142.19 148.30 152.55 156.79 162.91 165.48 
17.0 1.00 155.40 0.04 143.86 146.16 151.61 155.40 159.20 164.65 166.95 
18.0 1.00 157.74 0.03 147.40 149.46 154.35 157.74 161.14 166.02 168.08 
19.0 1.00 159.59 0.03 150.18 152.05 156.50 159.59 162.68 167.12 168.99 
20.0 1.00 160.60 0.03 151.88 153.61 157.74 160.60 163.47 167.59 169.32 
21.0 1.00 160.80 0.03 152.54 154.18 158.09 160.80 163.52 167.42 169.07 
22.0 1.00 160.66 0.02 152.64 154.23 158.02 160.66 163.29 167.08 168.68 
23.0 1.00 160.53 0.02 152.57 154.16 157.91 160.53 163.14 166.89 168.48 
24.0 1.00 160.45 0.02 152.41 154.01 157.81 160.45 163.09 166.89 168.50 
25.0 1.00 160.35 0.03 152.10 153.74 157.64 160.35 163.06 166.96 168.60 
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Table S3.4. Shuar female weight (kg) Lambda-Mu-Sigma parameters and growth centiles. 
Age (years) Lambda Mu Sigma C2 C5 C25 C50 C75 C95 C98 

0.0 0.26 3.11 0.17 2.18 2.34 2.78 3.11 3.48 4.06 4.32 
1.0 0.34 7.65 0.14 5.67 6.03 6.96 7.65 8.39 9.53 10.04 
2.0 0.40 9.73 0.12 7.43 7.86 8.93 9.73 10.56 11.84 12.41 
3.0 0.45 11.92 0.12 9.21 9.72 10.99 11.92 12.90 14.37 15.02 
4.0 0.49 13.69 0.12 10.62 11.20 12.64 13.69 14.78 16.44 17.16 
5.0 0.52 15.84 0.12 12.24 12.92 14.60 15.84 17.12 19.04 19.88 
6.0 0.54 17.83 0.12 13.68 14.47 16.41 17.83 19.30 21.51 22.48 
7.0 0.55 19.61 0.12 14.87 15.77 17.99 19.61 21.30 23.83 24.93 
8.0 0.57 21.82 0.13 16.21 17.27 19.90 21.82 23.81 26.82 28.13 
9.0 0.58 23.98 0.14 17.37 18.62 21.71 23.98 26.33 29.88 31.44 

10.0 0.61 26.85 0.15 18.89 20.39 24.12 26.85 29.70 34.00 35.87 
11.0 0.64 30.47 0.16 20.97 22.76 27.21 30.47 33.85 38.95 41.17 
12.0 0.68 34.88 0.16 23.91 25.98 31.13 34.88 38.77 44.58 47.11 
13.0 0.72 39.39 0.16 27.42 29.71 35.33 39.39 43.57 49.79 52.47 
14.0 0.77 43.32 0.14 31.12 33.47 39.21 43.32 47.52 53.71 56.37 
15.0 0.82 46.45 0.13 34.61 36.92 42.50 46.45 50.47 56.35 58.86 
16.0 0.88 48.67 0.11 37.41 39.62 44.93 48.67 52.44 57.93 60.26 
17.0 0.94 49.92 0.11 39.14 41.28 46.36 49.92 53.49 58.66 60.84 
18.0 1.00 50.59 0.10 39.95 42.07 47.09 50.59 54.08 59.10 61.21 
19.0 1.07 51.01 0.10 40.19 42.36 47.48 51.01 54.52 59.55 61.66 
20.0 1.14 51.43 0.10 40.26 42.52 47.81 51.43 55.03 60.14 62.27 
21.0 1.21 52.12 0.11 40.51 42.87 48.38 52.12 55.81 61.03 63.20 
22.0 1.29 53.10 0.11 41.05 43.52 49.24 53.10 56.88 62.20 64.40 
23.0 1.37 54.14 0.11 41.68 44.26 50.18 54.14 58.00 63.40 65.62 
24.0 1.45 54.94 0.11 42.19 44.85 50.91 54.94 58.84 64.25 66.48 
25.0 1.52 55.36 0.11 42.41 45.14 51.30 55.36 59.28 64.68 66.88 
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Table S3.5. Shuar male weight (kg) Lambda-Mu-Sigma parameters and growth centiles. 
Age (years) Lambda Mu Sigma C2 C5 C25 C50 C75 C95 C98 

0.0 3.51 2.60 0.17 NA 1.09 2.26 2.60 2.86 3.15 3.25 
1.0 1.48 8.52 0.14 5.93 6.49 7.72 8.52 9.29 10.34 10.77 
2.0 0.58 10.36 0.13 7.84 8.32 9.50 10.36 11.25 12.58 13.16 
3.0 0.20 12.16 0.12 9.38 9.89 11.18 12.16 13.20 14.82 15.55 
4.0 0.14 14.23 0.12 10.99 11.58 13.09 14.23 15.46 17.39 18.26 
5.0 0.32 16.14 0.12 12.39 13.09 14.83 16.14 17.52 19.64 20.59 
6.0 0.63 18.39 0.12 14.01 14.85 16.90 18.39 19.93 22.21 23.20 
7.0 0.92 20.27 0.12 15.30 16.28 18.63 20.27 21.93 24.33 25.34 
8.0 1.12 22.50 0.12 16.82 17.96 20.65 22.50 24.33 26.93 28.01 
9.0 1.20 24.20 0.12 17.91 19.20 22.18 24.20 26.19 29.01 30.17 

10.0 1.19 26.70 0.13 19.54 21.00 24.40 26.70 28.97 32.17 33.50 
11.0 1.17 28.87 0.13 20.85 22.48 26.29 28.87 31.42 35.02 36.52 
12.0 1.16 30.88 0.14 22.03 23.83 28.02 30.88 33.70 37.69 39.35 
13.0 1.12 34.27 0.14 24.31 26.32 31.04 34.27 37.46 42.00 43.89 
14.0 1.08 39.57 0.14 28.22 30.50 35.87 39.57 43.24 48.47 50.67 
15.0 1.08 45.04 0.13 32.51 35.04 40.97 45.04 49.09 54.87 57.28 
16.0 1.13 49.67 0.13 36.37 39.06 45.36 49.67 53.93 59.99 62.52 
17.0 1.19 53.28 0.12 39.61 42.40 48.88 53.28 57.63 63.77 66.32 
18.0 1.25 56.22 0.12 42.42 45.25 51.79 56.22 60.56 66.67 69.20 
19.0 1.32 58.52 0.11 44.78 47.61 54.14 58.52 62.80 68.80 71.28 
20.0 1.40 60.13 0.10 46.61 49.42 55.84 60.13 64.30 70.12 72.52 
21.0 1.49 61.18 0.10 47.99 50.75 57.01 61.18 65.20 70.80 73.09 
22.0 1.59 62.06 0.09 49.20 51.91 58.02 62.06 65.94 71.30 73.49 
23.0 1.72 62.85 0.09 50.33 52.99 58.95 62.85 66.59 71.71 73.79 
24.0 1.86 63.39 0.09 51.27 53.87 59.64 63.39 66.95 71.80 73.76 
25.0 2.03 63.40 0.08 51.83 54.34 59.86 63.40 66.75 71.29 73.11 
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Table S3.6. Shuar female BMI (kg/m2) Lambda-Mu-Sigma parameters and growth centiles. 
Age (years) Lambda Mu Sigma C2 C5 C25 C50 C75 C95 C98 

0.0 -1.28 12.97 0.19 9.49 10.01 11.54 12.97 14.89 19.21 22.05 
1.0 0.10 14.99 0.12 11.71 12.30 13.83 14.99 16.24 18.21 19.10 
2.0 0.44 15.18 0.11 12.02 12.62 14.10 15.18 16.31 18.01 18.76 
3.0 0.63 15.64 0.10 12.65 13.22 14.63 15.64 16.68 18.21 18.87 
4.0 0.74 15.57 0.09 12.80 13.34 14.64 15.57 16.51 17.89 18.47 
5.0 0.80 15.70 0.08 13.06 13.58 14.82 15.70 16.58 17.88 18.43 
6.0 0.81 15.83 0.08 13.26 13.76 14.97 15.83 16.69 17.94 18.47 
7.0 0.80 15.93 0.08 13.37 13.88 15.08 15.93 16.79 18.04 18.57 
8.0 0.77 16.11 0.08 13.51 14.02 15.25 16.11 16.99 18.28 18.82 
9.0 0.72 16.42 0.08 13.71 14.24 15.52 16.42 17.34 18.69 19.26 

10.0 0.68 16.88 0.08 14.02 14.58 15.92 16.88 17.86 19.29 19.90 
11.0 0.63 17.57 0.09 14.53 15.12 16.55 17.57 18.62 20.16 20.82 
12.0 0.59 18.60 0.09 15.32 15.95 17.50 18.60 19.74 21.42 22.15 
13.0 0.55 19.75 0.09 16.22 16.89 18.55 19.75 20.97 22.80 23.59 
14.0 0.50 20.77 0.09 17.04 17.75 19.50 20.77 22.07 24.02 24.86 
15.0 0.46 21.64 0.09 17.76 18.50 20.32 21.64 23.00 25.04 25.93 
16.0 0.42 22.32 0.09 18.35 19.10 20.96 22.32 23.72 25.83 26.75 
17.0 0.38 22.77 0.09 18.75 19.52 21.40 22.77 24.20 26.34 27.28 
18.0 0.34 23.06 0.09 19.03 19.79 21.68 23.06 24.50 26.67 27.62 
19.0 0.29 23.28 0.09 19.23 20.00 21.89 23.28 24.73 26.92 27.89 
20.0 0.25 23.50 0.09 19.43 20.20 22.10 23.50 24.96 27.18 28.16 
21.0 0.22 23.75 0.09 19.66 20.43 22.34 23.75 25.23 27.48 28.47 
22.0 0.18 24.02 0.09 19.91 20.68 22.60 24.02 25.52 27.81 28.82 
23.0 0.14 24.29 0.09 20.15 20.92 22.86 24.29 25.81 28.13 29.16 
24.0 0.10 24.53 0.09 20.36 21.13 23.08 24.53 26.06 28.40 29.45 
25.0 0.07 24.71 0.09 20.52 21.30 23.25 24.71 26.25 28.62 29.68 
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Table S3.7. Shuar male BMI (kg/m2) Lambda-Mu-Sigma parameters and growth centiles. 
Age (years) Lambda Mu Sigma C2 C5 C25 C50 C75 C95 C98 

0.0 2.11 9.88 0.16 5.83 6.85 8.78 9.88 10.86 12.12 12.61 
1.0 1.09 16.33 0.11 12.67 13.40 15.13 16.33 17.51 19.20 19.91 
2.0 1.38 16.09 0.10 12.71 13.41 15.01 16.09 17.15 18.62 19.23 
3.0 1.67 16.40 0.09 13.05 13.76 15.35 16.40 17.40 18.78 19.34 
4.0 1.89 16.35 0.09 13.08 13.78 15.34 16.35 17.30 18.59 19.11 
5.0 2.04 16.36 0.09 13.15 13.85 15.38 16.36 17.28 18.52 19.02 
6.0 2.11 16.27 0.08 13.14 13.82 15.32 16.27 17.16 18.36 18.84 
7.0 2.12 16.46 0.08 13.36 14.04 15.52 16.46 17.34 18.53 19.01 
8.0 2.08 16.61 0.08 13.55 14.22 15.67 16.61 17.48 18.67 19.15 
9.0 2.00 16.78 0.08 13.77 14.42 15.86 16.78 17.66 18.85 19.33 

10.0 1.88 17.16 0.08 14.16 14.80 16.23 17.16 18.05 19.27 19.76 
11.0 1.75 17.44 0.08 14.46 15.09 16.51 17.44 18.34 19.57 20.08 
12.0 1.61 17.68 0.08 14.73 15.34 16.74 17.68 18.58 19.84 20.35 
13.0 1.46 18.19 0.08 15.23 15.84 17.24 18.19 19.11 20.41 20.94 
14.0 1.32 19.20 0.08 16.14 16.76 18.21 19.20 20.17 21.54 22.11 
15.0 1.19 20.30 0.07 17.13 17.77 19.27 20.30 21.32 22.77 23.37 
16.0 1.06 21.24 0.07 18.00 18.65 20.18 21.24 22.30 23.82 24.46 
17.0 0.93 21.97 0.07 18.68 19.33 20.89 21.97 23.06 24.64 25.30 
18.0 0.80 22.55 0.07 19.24 19.89 21.45 22.55 23.66 25.28 25.97 
19.0 0.67 23.02 0.07 19.70 20.34 21.91 23.02 24.14 25.80 26.50 
20.0 0.54 23.38 0.07 20.07 20.71 22.27 23.38 24.52 26.20 26.93 
21.0 0.42 23.68 0.07 20.38 21.02 22.57 23.68 24.83 26.53 27.27 
22.0 0.29 23.97 0.07 20.69 21.32 22.86 23.97 25.13 26.85 27.61 
23.0 0.16 24.26 0.07 21.00 21.62 23.15 24.26 25.43 27.18 27.95 
24.0 0.04 24.53 0.07 21.28 21.89 23.41 24.53 25.69 27.47 28.25 
25.0 -0.09 24.72 0.07 21.50 22.10 23.60 24.72 25.89 27.68 28.47 
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Supplemental Information for Chapter VI 
 
 

 
Figure S6.1. Results from linear mixed effects model investigating the effect of elevated C-
reactive protein (CRP) concentration at any single weekly measurement occasion on Shuar 3-
month height growth. *, P = 0.028. 
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