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 2 

ABSTRACT 21 

  Cardio-metabolic disease is a leading cause of death worldwide, with high prevalence in 22 

western, industrialized societies relative to developing nations and subsistence-level populations. 23 

This stark difference has been attributed to the dietary and lifestyle changes associated with 24 

industrialization, but current work has relied on health comparisons between separate, 25 

genetically distinct populations to draw conclusions. To more robustly determine how lifestyle 26 

impacts health, we collected interview and health biomarker data from a single population 27 

undergoing a rapid lifestyle transition. Specifically, we sampled Turkana individuals who 28 

practice subsistence-level, nomadic pastoralism (the traditional, ancestral way of life for this 29 

group), as well as individuals who no longer practice pastoralism and engage either minimally or 30 

strongly with the market economy. Comparisons across this lifestyle gradient revealed clear, 31 

non-linear effects of industrialization: only individuals with highly urban, market-integrated 32 

lifestyles experience increases in BMI, body fat, blood pressure, and other biomarkers of cardio-33 

metabolic health. These health differences are partially mediated by increased consumption of 34 

refined carbohydrates, and more strongly by fine-scale measures of urbanicity. Finally, because 35 

many Turkana are transitioning between rural and urban areas within their lifetime, we were able 36 

to show that being born in an urban area is associated with worse adult metabolic health, 37 

independent of adult lifestyle. Together, these analyses provide comprehensive insight into the 38 

timing, magnitude, and causes of health declines in urban, industrialized groups – an area of 39 

critical study given the massive public health burden of cardio-metabolic disease and the rate at 40 

which developing nations are experiencing lifestyle transitions.         41 

 42 

 43 
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SIGNIFICANCE 44 

The “mismatch” between evolved human physiology and western, industrialized 45 

lifestyles is thought to explain to the current epidemic of cardiovascular disease (CVD). 46 

However, this hypothesis has been difficult to test in real time. To do so, we studied a traditional 47 

pastoralist group—the Turkana—that is currently transitioning from their ancestral way of life to 48 

an urban, industrialized lifestyle. We found that Turkana who move to cities exhibit poor cardio-49 

metabolic health, partially because of a shift toward “western diets” high in carbohydrates. We 50 

also show that early life urbanicity independently predicts adult health, such that life-long city 51 

dwellers will experience the greatest CVD risk. Our work thus uncovers the timing, magnitude, 52 

and evolutionary causes of a major health gradient. 53 

 54 

  55 
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 4 

INTRODUCTION 56 

Over the last several decades, it has become increasingly clear that the spread of 57 

‘western’, industrialized lifestyles is contributing to a rapid, worldwide rise in metabolic and 58 

cardiovascular diseases (1–5). Since the Industrial Revolution, modern advancements in 59 

agriculture, transportation, and manufacture have had a profound impact on human diets and 60 

activity patterns, such that calorie-dense food is often easily accessible and adequate nutrition 61 

can be achieved with a sedentary lifestyle. This state of affairs, which is typical in western 62 

societies but spreading across developing countries, stands in stark contrast to the ecological 63 

conditions humans experienced through most of our species’ evolutionary history. Consequently, 64 

the ‘mismatch’ between human physiology – which evolved to cope with a mixed plant- and 65 

meat-based diet, activity-intensive foraging, and periods of resource scarcity – and western, 66 

industrialized lifestyles has been hypothesized to explain the current epidemic of cardio-67 

metabolic disease (6–9).    68 

In an effort to understand cardio-metabolic disease from an evolutionary perspective, 69 

researchers have studied small-scale, subsistence-level societies (e.g., hunter-gatherers, forager-70 

horticulturalists, and pastoralists) whose diets and activity patterns are more in line with their 71 

evolutionary history (6). In particular, modern-day hunter-gatherers practice a lifestyle that is 72 

arguably representative of the distant human evolutionary past (~300k years) (10), while forager-73 

horticulturalists and pastoralists rely on plant and animal domestication practices that evolved 74 

~12k years ago (11). These populations are thus ‘matched’ to their evolutionary past on different 75 

time scales, yet all studied subsistence-level populations show extremely low levels of type II 76 

diabetes, hypertension, obesity, and heart disease relative to the US and Europe (12–18). In 77 

further support of an association between evolutionary mismatch/industrialization and cardio-78 
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metabolic disease, small-scale, indigenous populations transitioning toward market-based 79 

economies report much higher rates of obesity and metabolic syndrome than populations that 80 

have remained subsistence-level (19, 20). Similarly, individuals living in isolated, rural areas in 81 

developing countries exhibit lower levels of hypertension, type II diabetes, and obesity, relative 82 

to urban individuals with access to modern amenities and the market economy (15, 21–24).  83 

Taken together, current evidence thus shows that as populations transition away from 84 

subsistence-level lifestyles, cardio-metabolic health declines. These patterns superficially support 85 

the evolutionary mismatch hypothesis, but cannot be disentangled from the idea that 86 

environmental, dietary, or lifestyle factors that differ between subsistence-level and urban, 87 

industrialized populations impact cardio-metabolic health regardless of a population’s 88 

evolutionary history. In other words, it is unclear whether hunter-gatherers, horticulturalists, and 89 

pastoralists are healthier than their urban, industrialized counterparts because of the ‘match’ 90 

between their lifestyle and evolved physiology, or more simply because some aspect of these 91 

lifestyles are beneficial and would be for any individual regardless of their evolved physiology. 92 

Because these ideas cannot be disentangled, we discuss evolutionary mismatch, industrialization, 93 

urbanization, and market-integration (i.e., an increased reliance on the market economy) as 94 

parallel explanations for cardio-metabolic disease.  95 

 Despite the lessons learned from studying subsistence-level populations thus far, three 96 

major gaps remain and limit our understanding of how industrialization increases disease risk. 97 

First, no large-scale health comparisons between small-scale and industrialized societies, or 98 

between urban and rural residents within a given country, have contrasted individuals from a 99 

single genetic background, making it difficult to disentangle genetic versus environmental 100 

contributions to health. Second, while chronic disease risk seems to track degrees of mismatch 101 
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and industrialization (e.g., rates of type II diabetes follow a rank order of US, urban areas in 102 

developing countries, and small-scale societies (6, 23–25)), most studies have only compared 103 

two populations or lifestyle groups with many confounded environmental differences. Thus, it 104 

has been difficult to identify the shape of the industrialization-health relationship, or the specific 105 

lifestyle factors responsible for increasing cardio-metabolic disease risk. Third, research to date 106 

has focused almost exclusively on the consequences of exposure to industrialized environments 107 

in adulthood (26), despite mounting evidence that early life conditions can profoundly impact 108 

long-term health (27, 28). Because these influences remain unaccounted for, it is unclear how 109 

lifestyle effects across the life course interact or accumulate to determine adult health.   110 

To address these gaps, we collected interviews and cardio-metabolic health biomarker 111 

data from the Turkana – a subsistence-level, pastoralist population from a remote desert in 112 

northwest Kenya (29, 30) (Figure 1). The Turkana and their ancestors have practiced nomadic 113 

pastoralism in arid regions of East Africa for thousands of years (30), and present-day, traditional 114 

Turkana still rely on livestock for subsistence: 70-80% of calories are derived from animal 115 

products (29). However, as infrastructure in Kenya has improved in the last few decades, small-116 

scale markets have expanded into northwest Kenya leading some Turkana to no longer practice 117 

nomadic pastoralism; instead, they make and sell charcoal or woven baskets, or keep animals in 118 

a fixed location for trade rather than subsistence. Further, in addition to the emergence of this 119 

‘non-pastoralist’ (but still relatively subsistence-level) subgroup, some individuals have left the 120 

Turkana homelands entirely and now live in highly urbanized parts of central Kenya (Figure 1). 121 

The Turkana situation thus presents a unique opportunity, in that individuals of the same genetic 122 

background can be found across a substantial lifestyle gradient ranging from more ‘matched’ to 123 

‘mismatched’ with their traditional practices. Further, because many Turkana are currently 124 
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migrating between rural and urban areas within their lifetime, we are able to test how 125 

environmental variation at each life stage independently contributes to adult health outcomes. 126 

Capitalizing on this unique opportunity, we sampled 1226 adult Turkana in 44 locations 127 

from the following lifestyle groups: (i) individuals practicing subsistence-level pastoralism in the 128 

Turkana homelands, (ii) individuals that do not practice pastoralism but live in the same remote, 129 

rural area, and (iii) individuals living in urban locations in central Kenya (Figure 1). We found 130 

that cardio-metabolic profiles across 10 biomarkers were favorable in pastoralist Turkana, and 131 

rates of obesity and metabolic syndrome were low, similar to other subsistence-level populations 132 

(12–18). Comparisons within the Turkana revealed a non-linear relationship between the extent 133 

of industrialization or evolutionary mismatch and cardio-metabolic health: no significant 134 

biomarker differences were found between pastoralists and non-pastoralists from rural areas. 135 

However, we found strong, sometimes sex-specific, differences in health between these two 136 

groups and non-pastoralists living in urban areas, though metabolic dysfunction among urban 137 

Turkana did not reach levels observed in the US. Using formal mediation analyses (31, 32), we 138 

show that carbohydrate consumption and indices of market integration may explain health shifts 139 

in urban Turkana. Finally, we show that a proxy of urbanization (population density) 140 

experienced around the time of birth is associated with worse adult metabolic health, 141 

independent of adult lifestyle. In other words, the health consequences of early life and adult 142 

conditions are additive and will thus accumulate across the life course.  143 

 144 

RESULTS 145 

Traditional, pastoralist Turkana are at low risk for cardio-metabolic disease 146 
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To characterize the health of the Turkana people, we collected extensive interview and 147 

biomarker data from adult Turkana sampled throughout Kenya (Figure 1). We measured body 148 

mass index (BMI), waist circumference, total cholesterol, triglycerides, high and low density 149 

lipoproteins (HDL, LDL), body fat percentage, systolic and diastolic blood pressure, and blood 150 

glucose levels (see Table S1 for biomarker-specific sample sizes). We also created a composite 151 

measure of health, defined as the proportion of measured biomarkers for a given individual that 152 

exceed cutoffs set by the CDC or the American Heart Association as being indicative of disease 153 

(see SI Materials and Methods).  154 

 As has been observed in other subsistence-level populations, we found extremely low 155 

levels of cardio-metabolic disease among traditional, pastoralist Turkana: no individuals met the 156 

criteria for obesity (BMI>30) or metabolic syndrome (33), and only 6.4% of individuals had 157 

hypertension (blood pressure > 135/85 (33)). Further, across 8 cardio-metabolic biomarkers that 158 

have been measured consistently in other subsistence-level populations (12–18), the mean values 159 

observed in the Turkana were generally within the range of what others have reported (Table S2 160 

and Table S3). Mean body fat percentage (mean ± SD for females = 20.45% ± 4.57) and BMI 161 

(19.99 kg/m2 ± 2.14) were on the lower extremes, but were similar to other pastoralists (mean 162 

BMI in the Fulani and the Maasai = 20.2 kg/m2 and 20.7 kg/m2, respectively) and to a small 163 

study of the Turkana conducted in the 1980s (mean BMI = 17.7 kg/m2 (34)). Notably, the only 164 

biomarkers that were strongly differentiated in traditional, pastoralist Turkana were HDL (72.69 165 

mg/dl ± 14.72) and LDL cholesterol levels (60.89 mg/dl ± 20.22), both of which were even more 166 

favorable than what has been observed in other subsistence-level groups (range of reported 167 

means for HDL = 34.45-49.11 mg/dl, LDL = 72.70-92.81 mg/dl).  168 

 169 
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Pastoralist Turkana and rural non-pastoralist Turkana have similar biomarker profiles, while 170 

urban Turkana exhibit poorer metabolic health   171 

Next, we sought to understand the shape of the relationship between industrialization/ 172 

mismatch and cardio-metabolic health within the Turkana, by comparing biomarker values 173 

across the three lifestyle categories. Using linear models controlling for age and sex, we found 174 

that Turkana practicing traditional pastoralism did not differ in any of the 10 measured 175 

biomarkers relative to non-pastoralist Turkana living in similarly rural areas (all p-values>0.05; 176 

Figure 2 and Table S5), despite there being major dietary difference between these groups 177 

(Figure 1 and Table S4). Pastoralist and rural non-pastoralist Turkana did significantly differ in 178 

our composite measure of metabolic health, with non-pastoralist Turkana exhibiting more 179 

biomarker values above clinical cutoffs (average proportion of biomarkers above cutoffs = 180 

4.02% and 6.82% for pastoralists and non-pastoralists, respectively, p-value=1.39x10-3, 181 

FDR<5%; Figure 2).  182 

Strikingly, biomarker values for both pastoralist Turkana and non-pastoralist, rural 183 

Turkana were consistently more favorable than those observed in non-pastoralist Turkana living 184 

in urban areas in central Kenya. People living in urban areas exhibited composite measures 185 

indicative of worse cumulative health (average proportion of biomarkers above cutoffs = 186 

13.42%), higher BMIs and body fat percentages, larger waist circumferences, higher blood 187 

pressure, and higher levels of total cholesterol, triglycerides, and blood glucose (all FDR<5%; 188 

Figure 2 and Table S5). In fact, the only tested variables that did not exhibit differences between 189 

urban and rural Turkana (both pastoralists and non-pastoralist) were HDL and LDL cholesterol 190 

levels, which were favorable in all Turkana regardless of lifestyle (Table S2 and Table S5). 191 

Using standardized effect sizes, we found that the biomarkers that differed most between the two 192 
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rural groups and urban residents were blood glucose, triglycerides, and BMI (Figure 2). For 193 

example, the average urban Turkana resident has a 9.69% and 8.43% higher BMI relative to 194 

pastoralist and non-pastoralist rural Turkana, respectively.   195 

For all 11 measures, we explored the possibility of a sex x lifestyle category interaction to 196 

determine whether men and women are differentially affected by lifestyle changes, but found 197 

that inclusion of this term only improved model fit for blood glucose levels (p-value from a 198 

likelihood ratio test=1.838x10-4) and body fat percentage (p-value=4.234x10-3; Table S5). In both 199 

cases, women experienced lifestyle effects on health, while men did not (Figure S1). 200 

Importantly, these results agree with several previous studies, which have shown that females are 201 

often more sensitive than males to lifestyle effects on cardio-metabolic health biomarkers (4, 16, 202 

20, 23). Whether this increased sensitivity is due to unique aspects of female biology, or to 203 

consistent, sex-targeted changes in lifestyle that occur when populations become more 204 

industrialized, remains unclear and an area ripe for future study. 205 

 206 

Biomarker profiles are more favorable among both rural and urban Turkana relative to the US 207 

We next asked whether the biomarker levels observed among urban Turkana approached 208 

those observed in a fully western, industrialized society (specifically, the US). We note that a 209 

caveat of these analyses is that they must include different genetic backgrounds, since Turkana 210 

individuals are not found in fully industrialized countries.     211 

To compare metabolic health between the US, rural Turkana (grouping pastoralists and 212 

non-pastoralists, since these groups were minimally differentiated in previous analyses), and 213 

urban Turkana, we combined biomarker data from the CDC’s National Health and Nutrition 214 

Examination Survey (NHANES) conducted in 2006 (35)  with our Turkana data, and used linear 215 
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models to test for biomarker differences. These comparisons revealed that, while urban Turkana 216 

exhibit biomarker values indicative of poorer health than rural Turkana, urban Turkana have 217 

more favorable metabolic profiles than the US (Figure 2, Figure S2-S3, and Table S6). This 218 

pattern held for all measures except (i) blood glucose levels, where no differences were observed 219 

(p-value for US versus rural Turkana=0.166, US versus urban Turkana=0.074); (ii) triglycerides, 220 

where urban Turkana could not be distinguished from the US (p-value=0.627); (iii) systolic 221 

blood pressure, where urban Turkana exhibited higher values than the US (4.55% higher, 222 

p=3.02x10-6, FDR<5%), and (iv) diastolic blood pressure, where mean values for both urban and 223 

rural Turkana were surprisingly higher than the US (US versus rural Turkana: 8.77% higher, 224 

p=4.43x10-65; US versus urban Turkana: 11.69% higher, p=3.58x10-31, FDR<5% for both 225 

comparisons; Figure S4). These differences in diastolic blood pressure remained after removing 226 

all US individuals taking cardio-metabolic medications (US versus rural Turkana: 6.91% higher, 227 

p=3.27x10-67; US versus urban Turkana: 10.37% higher, p=2.21x10-35). However, two pieces of 228 

evidence suggest the higher diastolic blood pressure values observed in the Turkana are not 229 

pathological: (i) values for rural Turkana (77.43 mm Hg ± 15.22) are similar to estimates from 230 

other subsistence-level populations (range of published means = 70.9-79.9 mm Hg; Table S2) 231 

and (ii) far fewer rural Turkana meet the criteria for hypertension relative to the US (Figure S3).  232 

For measures that exhibited differences between urban Turkana and the US in the 233 

expected directions, these effect sizes were consistently much larger in magnitude than the 234 

differences we observed between rural and urban Turkana (Figure 2). For example, while the 235 

average urban Turkana experiences a 9% increase in BMI relative to their rural counterparts, the 236 

average US individual has a BMI that is 44% and 32% higher than rural and urban Turkana, 237 
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respectively. Similarly, while the average proportion of biomarkers above clinical cutoffs is 238 

6.22% in rural Turkana and 13.42% in urban Turkana, this number rises to 38.84% in the US. 239 

  240 

Health shifts in urban Turkana are weakly mediated by increased consumption of market 241 

carbohydrates, and more strongly by indices of urbanicity 242 

A major challenge in health research is to identify the specific dietary, lifestyle or 243 

environmental inputs that explain differential outcomes between urban and rural or industrialized 244 

and non-industrialized populations (16, 20). To do so, we turned to interview data collected for 245 

each individual (see SI Materials and Methods), which revealed substantial differences in diet, 246 

urbanicity, and market access in rural versus urban Turkana (Figure 1 and Figure 3). We paired 247 

these interview data with mediation analyses originally developed in the social sciences (31, 32), 248 

to formally test whether the effect of a predictor (X) on an outcome (Y) is direct, or is instead 249 

indirectly explained by a third variable (M) such that XàMàY (Figure 3). Using this statistical 250 

framework, we tested whether increased consumption of market-based carbohydrates (e.g., soda, 251 

bread, rice), reduced consumption of animal products (e.g., blood, milk, meat), poorer health 252 

habits, ownership of more market-based goods and modern amenities (e.g., cell phone, finished 253 

floor, electricity), occupation that is more market-integrated, and residence in a more populated 254 

or developed area (measured via population density, distance to a major city, and female 255 

education levels) could explain the decline in metabolic health observed in urban Turkana (see SI 256 

Materials and Methods). In particular, we predicted that lifestyle effects on health would be 257 

mediated by a shift toward a diet that incorporates more carbohydrates and fewer animal 258 

products in urban Turkana. These analyses focused on biomarkers for which our sample sizes 259 
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were the largest, since dietary data was not available for all individuals (see Table S7 for sample 260 

sizes). 261 

In support of our predictions, urban-rural differences in waist circumference, BMI, and 262 

our composite measure of health were mediated by increased consumption of mostly refined, 263 

market-derived carbohydrates (e.g., sugar, soda, fried foods) and decreased consumption of 264 

animal products (milk and blood) in urban Turkana (Figure 3 and Table S7). Notably, a tally of 265 

the number of different carbohydrate items a given individual consumed was a strong and 266 

consistent predictor across these three biomarkers, suggesting that individual dietary components 267 

may matter less than overall exposure to refined carbohydrates. Contrary to our predictions, we 268 

did not find that dietary differences mediated urban-rural differences in systolic blood pressure, 269 

diastolic blood pressure, or body fat percentage. Instead, these measures were explained by 270 

variables that captured how industrialized and market-integrated a given individual’s lifestyle 271 

was, which was also important for waist circumference, BMI, and our composite measure of 272 

health in addition to dietary effects. For example, fine-scale measures of population density 273 

significantly mediated 5/6 tested biomarkers, as did variation in how reliant on the market 274 

economy an individual’s occupation was (Figure 3 and Table S7). Further, these indices of 275 

urbanicity and market-integration tended to be stronger mediators than dietary variables (Figure 276 

3). 277 

To understand the degree to which the mediators we identified explain the relationship 278 

between lifestyle and a given biomarker, we compared the magnitude of the lifestyle effect in our 279 

original models (controlling for age and sex, without any mediators) to the effect estimated in the 280 

presence of all significant mediators. If the mediators fully explain the relationship between 281 

lifestyle and a given biomarker, we would expect the estimate of the lifestyle effect to be 0 in the 282 
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second model. These analyses revealed that the mediators we identified explain most of the 283 

relationship between lifestyle and waist circumference (effect size decrease = 90.7%), BMI 284 

(79.9%), systolic blood pressure (74.9%), and composite health (64.1%), but explain only a 285 

small portion of lifestyle effects on diastolic blood pressure (10.0%) and body fat (23.5%; Table 286 

S7). 287 

 288 

Cumulative exposure to urban environments across the life course compromises metabolic 289 

health 290 

 Finally, we were interested in understanding whether being born in an urban, 291 

industrialized environment had long-term effects on health, above and beyond the effects of adult 292 

lifestyle we had already identified. We were motivated to look for early life effects because work 293 

in humans and non-human animals has demonstrated strong associations between diet or ecology 294 

during the first years of life and fitness-related traits measured many years later (28, 36–38). 295 

Two major hypotheses have been proposed to explain why this ‘embedding’ of early life 296 

conditions into long-term health occurs. First, the ‘predictive adaptive response’ (PAR) 297 

hypothesis posits that organisms adjust their phenotype during development in anticipation of 298 

predicted adult conditions. Individuals that encounter adult environments that ‘match’ their early 299 

conditions are predicted to gain a selective advantage, whereas animals that encounter 300 

‘mismatched’ adult environments should suffer a fitness cost (27, 38–41). In contrast, the 301 

‘developmental constraints’ (DC) or ‘silver spoon’ hypothesis predicts a simple relationship 302 

between early environmental quality and adult fitness: individuals born in high-quality 303 

environments experience a fitness advantage regardless of the adult environment 304 
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 (38, 42, 43). Importantly, under DC, poor-quality early life conditions cannot be ameliorated by 305 

matching adult and early life environments, instead, the effects of environmental adversity 306 

accumulate across the life course.  307 

 We found no evidence that individuals who experienced matched early life and adult 308 

environments had better metabolic health in adulthood than individuals who experienced 309 

mismatched early life and adult conditions (p>0.05 for all biomarkers). In particular, we tested 310 

for interaction effects between the population density of each individual’s birth location 311 

(estimated for their year of birth) and a binary factor indicating whether the adult environment 312 

was urban or rural (Table S8; see Table S9 for parallel analyses using population density to 313 

define the adult environment as a continuous measure). This analysis was possible given the 314 

within-lifetime migrations of many Turkana between urban and rural areas: only 19.52% and 315 

33.01% of urban and rural Turkana, respectively, were sampled within 10km of their birthplace, 316 

and the correlation between birth and sampling location population densities was low (R2 = 317 

0.115, p<10-16; Figure S5).  318 

While we observed no evidence for interaction effects supporting PAR, we did find 319 

strong main effects of early life population density on adult waist circumference (p=7.33x10-8), 320 

BMI (p=1.35x10-7), body fat (p=1.57x10-5), diastolic blood pressure (p=2.01x10-2), and our 321 

composite measure of health (p=3.40x10-4; all FDR<5%), in support of DC. For all biomarkers, 322 

being born in a location with high population density was associated with poorer adult metabolic 323 

health (Figure 4 and Table S8), and the early life environment effect was on the same order of 324 

magnitude as the effect of living in an urban versus rural location in adulthood (see Table S8 and 325 

SI Materials and Methods). For example, BMIs are 5.69% higher in urban versus rural areas, 326 

while individuals born in areas from the 25th versus 75th percentile of the early life population 327 
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density distribution exhibit BMIs that differ by 3.34%. Similarly, the effect of the adult 328 

environment (urban compared to rural) on female body fat percentages is 11.14%, while the 329 

effect of early life population density (25th compared to 75th percentile) is 20.7% (Table S8). 330 

 331 

DISCUSSION 332 

By sampling a single genetic background across a substantial lifestyle gradient, we show 333 

that (i) traditional, pastoralist Turkana exhibit low levels of cardio-metabolic disease and (ii) 334 

increasing industrialization – in both early life and adulthood – has detrimental effects on 335 

metabolic health. While our study cannot definitively address whether compromised health in 336 

urban Turkana is driven by industrialized environments, or more specifically by mismatches 337 

between the Turkana’s evolved traits and these conditions, we provide more direct evidence for 338 

the latter hypothesis than existing work that confounds lifestyle and genetic background. Truly 339 

separating evolutionary mismatch from main effects of industrialization would require, for 340 

example, placing individuals with a different evolutionary history into our studied lifestyle 341 

groups. Under mismatch, we would expect Turkana to exhibit better health than individuals that 342 

are not locally adapted to nomadic, desert pastoralism when both groups engage in this lifestyle. 343 

Under a hypothesis of main environmental effects, we’d expect similar health differences 344 

between individuals practicing pastoralism versus living in urban areas, regardless of genetic 345 

background and evolutionary history. However, without the ability to perform transplant 346 

experiments in humans, studying a lifestyle gradient ranging from well-matched to mismatched 347 

with the known evolutionary history of a population – as we have done in the Turkana – is 348 

arguably the best natural test of the evolutionary mismatch hypothesis. 349 
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Our observation that pastoralist Turkana do not suffer from cardio-metabolic diseases 350 

common in western societies agrees with work in subsistence-level hunter-gatherers, forager 351 

horticulturalists, and pastoralists (12–18). More generally, it supports previous conclusions that 352 

many types of mixed plant- and meat-based diets are compatible with cardio-metabolic health 353 

(6), and that mismatches between the distant human hunter-gatherer past and the subsistence-354 

level practices of forager horticulturalists or pastoralists do not lead to disease (44). In other 355 

words, contemporary hunter-gatherers are most aligned with human subsistence practices that 356 

evolved ~300k years ago (10), but they do not exhibit better cardio-metabolic health relative to 357 

forager horticulturalists or pastoralists, whose subsistence practices evolved ~12k years ago (11) 358 

(Table S2-S3). Instead, we find evidence consistent with the idea that extreme mismatches 359 

between the recent evolutionary history of a population and lifestyle are needed to produce 360 

health declines; in the Turkana, this situation manifests in urban, industrialized areas but not in 361 

rural areas with limited access to the market economy. 362 

Our study thus joins other work that has analyzed the health consequences of 363 

industrialization across multiple genetic backgrounds (12–18, 21, 22, 45), or more limited 364 

lifestyle gradients (16, 20, 46–48), in concluding that the environmental conditions typical of 365 

western societies put individuals at risk for cardio-metabolic disease. Importantly, because our 366 

study assessed health in individuals who experience no, limited, or substantial access to the 367 

market economy, we were able to determine that industrialization has non-linear effects on 368 

health. In particular, we find no differences between pastoralists and non-pastoralist in rural 369 

areas for 10/11 variables (Figure 2), despite non-pastoralists consuming processed carbohydrates 370 

that are atypical of traditional practices (Figure 1 and Table S2). Nevertheless, rural non-371 

pastoralists still live in remote areas, engage in activity-intensive subsistence activities, and rely 372 
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far less heavily on markets than urban Turkana. Our results suggest that this type of lifestyle, 373 

while different from traditional pastoralism, has not crossed the threshold necessary to produce 374 

cardio-metabolic health issues. More generally, this ‘threshold model’ may help explain 375 

heterogeneity in previous studies, where small degrees of mismatch and market-integration have 376 

produced inconsistent changes in cardio-metabolic health biomarkers (16, 49, 50). 377 

 While our dataset does not capture all of the variables that mediate urban-rural health 378 

differences in the Turkana, we were able to account for a substantial portion (>60%) of lifestyle 379 

effects on waist circumference, BMI, systolic blood pressure, and composite health. In line with 380 

our expectations, increases in these biomarkers in urban areas was mediated by greater reliance 381 

on refined carbohydrates and reduced consumption of animal products (Figure 1 and Figure 3). 382 

However, our mediation analyses also show that measures of how industrialized and market-383 

integrated an individual’s lifestyle is (e.g., population density, distance to a major city, and 384 

female education levels) have stronger explanatory power across a greater number of biomarkers 385 

than diet. It is likely that these indices serve as proxies for unmeasured, more proximate 386 

mediators – such as psychosocial stress, nutrient balance, total caloric intake, or total energy 387 

expenditure from physical activity – all of which vary as a function of industrialization and can 388 

affect components of health (6, 18, 51–54). The fact that the number of meals eaten per day 389 

(which is typically 1 in rural areas and 2-3 in urban areas) was a strong mediator for 3/6 variables 390 

points toward a potential role for total caloric intake, while the importance of occupation 391 

suggests activity levels are also probably key. Ongoing work with the Turkana will address these 392 

unmeasured sources of variance. 393 

In addition to the pervasive influence of adult lifestyle on metabolic physiology we 394 

observe in the Turkana, our analyses also revealed appreciable effects of early life environments. 395 
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In particular, controlling for the adult environment (urban or rural), birth location population 396 

density was a significant predictor of BMI, waist circumference, diastolic blood pressure, our 397 

composite measure of health, and body fat. Further, the impact of early life and adult conditions 398 

appear to be on the same order of magnitude: 2-6% differences in BMI, waist circumference, and 399 

diastolic blood pressure are observed as a function of each life stage, while body fat and our 400 

composite measure show changes in the 11-20% range (Table S8).  401 

Importantly, we did not find evidence that individuals who grew up in rural versus urban 402 

conditions were more ‘prepared’ for these environments later in life, as predicted by PAR. These 403 

findings agree with work in pre-industrial human populations and long-lived mammals, which 404 

have found weak or no support for PARs (55–59). This is potentially because early life 405 

ecological conditions are often a poor predictor of adult environments for long-lived organisms; 406 

consequently, ‘matching’ individual physiology to an unpredictable adult environment is a poor 407 

strategy that is unlikely to evolve (60–62). Instead, our work joins that of others in concluding 408 

that challenging early life environments simply incur long-term health costs (55–59). In the 409 

Turkana, greater overall exposure to industrialized environments across the life course is 410 

associated with the largest health burdens; understanding the generality of these effects will 411 

require longitudinal, life course data from other populations undergoing industrial transitions 412 

(e.g., (26)). Further, additional effort should be spent characterizing early life environments and 413 

potential mediating variables with the same attention that has been paid to adult conditions.     414 

 415 

METHODS 416 

Sampling overview 417 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 15, 2019. ; https://doi.org/10.1101/756866doi: bioRxiv preprint 

https://doi.org/10.1101/756866
http://creativecommons.org/licenses/by-nc-nd/4.0/


 20 

Data were collected between April 2018 and March 2019 in Turkana and Laikipia 418 

counties in Kenya. During this time, researchers visited locations where individuals of Turkana 419 

ancestry were known to reside (Figure 1). At each sampling location, healthy adults (>18 years 420 

old) of self-reported Turkana ancestry were invited to participate in the study, which involved a 421 

structured interview and measurement of 10 cardio-metabolic biomarkers. Participation rates of 422 

eligible adults were high (>75%). GPS coordinates were recorded on a handheld Garmin 423 

GPSMAP 64 device at each sampling location. 424 

This study was approved by Princeton University’s Institutional Review Board for 425 

Human Subjects Research (IRB# 10237), and Maseno University’s Ethics Review Committee 426 

(MSU/DRPI/MUERC/00519/18). We also received county-level approval from both Laikipia 427 

and Turkana counties for research activities, as well as research permits from Kenya’s National 428 

Commission for Science, Technology and Innovation (NACOSTI/P/18/46195/24671). Written, 429 

informed consent was obtained from all participants, after the study goals, sampling procedures, 430 

and potential risks were explained to them in their native language (by both a local official, 431 

usually the village chief, and by researchers or field assistants).  432 

  433 

Statistical analyses  434 

For each of the 11 measures (10 direct measures and 1 derived, composite measure; 435 

Table S1), we used linear models controlling for age and sex to test for lifestyle effects on health 436 

within the Turkana (comparing pastoralists, rural non- pastoralists, and urban non-pastoralists). 437 

We also used a likelihood ratio test to determine whether a sex x lifestyle interaction effect 438 

improved the fit of each model; these analyses revealed that body fat percentage and blood 439 

glucose levels exhibited lifestyle effects in females only, so downstream analyses of these two 440 
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biomarkers excluded males. To understand whether cardio-metabolic profiles in urban Turkana 441 

were as extreme as what is observed in the US, we downloaded data from the CDC’s National 442 

Health and Nutrition Examination Survey (NHANES) conducted in 2006 (35) and filtered for 443 

adults aged 18-65. We used these data as input in linear models, controlling for age and sex, to 444 

test for differences between rural Turkana (grouping pastoralist and non-pastoralist), urban 445 

Turkana, and the US. In all analyses, we corrected for multiple hypothesis testing using a 446 

Benjamini–Hochberg false discovery rate (FDR) (63). We considered a given lifestyle contrast to 447 

be significant if the FDR-corrected p-value was less than 0.05 (equivalent to a 5% FDR 448 

threshold).  449 

To identify dietary and lifestyle factors that explain biomarker variation between urban 450 

and rural Turkana, we conducted formal mediation analyses (31, 32). Specifically, we compared 451 

the estimate of the urban/rural effect on waist circumference, BMI, diastolic and systolic blood 452 

pressure, body fat, and composite health estimated from linear models that included versus 453 

excluded each potential mediator (all potential mediators are listed in Table S7). For each 454 

biomarker-mediator pair, we used 1000 iterations of bootstrap resampling to assess significance, 455 

and considered a variable to be a significant mediator if the lower bound of the 95% confidence 456 

interval (for the change in effect size between the model with and without the mediator) did not 457 

overlap with 0. 458 

To understand whether early life population density affected adult health, we modeled 459 

each biomarker as a function of age, sex, population density during the year of birth (estimated 460 

using data from NASA’s Socioeconomic Data and Applications Center (SEDAC; 461 

https://doi.org/10.7927/H49C6VHW), a binary variable describing the adult environment 462 

(urban/rural), and the interaction between early life and adult conditions. This modeling strategy 463 
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is similar to the approach of (55–58, 64), and has been previously used to test whether the health 464 

consequences of early life conditions are contingent on the adult environment (as predicted by 465 

PAR) or are instead additive and independent (as predicted by DC). In cases where we found no 466 

evidence for significant interactions between early life and adult conditions (p>0.05), we 467 

removed this term and report effect sizes and p-values from linear models with only independent 468 

effects of early life and adult environments. 469 

All statistical analyses were performed in R (65). Further details for all sampling and 470 

statistical procedures can be found in the SI Materials and Methods.  471 
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FIGURES 498 
 499 
Figure 1. Sampling and dataset overview. (A) Sampling locations throughout northern and 500 
central Kenya are marked with red dots, the county borders are marked with dashed lines. In both 501 
Laikipia and Turkana counties, the largest city (which is generally central within each county) is 502 
marked with a black dot. (B) Schematic describing the three lifestyle groups that were sampled 503 
as part of this study. (C) The proportion of people from each lifestyle group who reported that 504 
they consumed a particular item ‘regularly’, defined as ‘1-2 times per week’, ‘>2 times per 505 
week’, or ‘every day’. People who reported that they consumed a particular item ‘rarely’ or 506 
‘never’ were categorized as not consuming the item regularly. Animal products are a staple of 507 
the traditional pastoralist diet (66), while carbohydrates and food additives – which can only be 508 
obtained through trade – are indicative of market-integration. 509 

 510 
 511 
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Figure 2. Pastoralist and rural non-pastoralist Turkana have similar health profiles, while 513 
biomarkers of metabolic dysfunction are elevated in urban Turkana but not as extremely 514 
as in the US. (A) Effect sizes for contrasts between pastoralist, rural non-pastoralist, and urban 515 
non-pastoralist Turkana (from linear models controlling for age and sex; Table S5). Effect sizes 516 
are standardized, such that the x-axis represents the difference in terms of standard deviations 517 
between groups. (B) Standardized effect sizes for contrasts between rural Turkana (pastoralist 518 
and rural non-pastoralist grouped together), urban non-pastoralist Turkana, and the US (from 519 
linear models controlling for age and sex; Table S6). In panels A and B, transparent bars 520 
represent effect sizes that were not significant (FDR>5%), and analyses of body fat and blood 521 
glucose focus on females only (see SI Materials and Methods). (C) Predicted values for a typical 522 
rural Turkana, urban Turkana, and US individual are shown for a subset of significant 523 
biomarkers. Estimates were obtained using coefficients from fitted models, for a female of 524 
average age (see SI Materials and Methods).  525 

 526 
 527 
  528 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 15, 2019. ; https://doi.org/10.1101/756866doi: bioRxiv preprint 

https://doi.org/10.1101/756866
http://creativecommons.org/licenses/by-nc-nd/4.0/


 26 

Figure 3. Urban-rural health differences are only weakly mediated by diet. (A) Key 529 
measures of urbanicity and market-integration used in mediation analyses, with means and 530 
distributions shown for urban and rural Turkana. (B) Schematic of mediation analyses. 531 
Specifically, mediation analyses test the hypothesis that lifestyle effects on health are explained 532 
by an intermediate variable, such as consumption of particular food items (red arrows); 533 
alternatively, lifestyle effects on health may be direct (black arrow) or mediated by a variable we 534 
did not measure. (C) Summary of mediation analysis results, where colored squares indicate a 535 
variable that was found to significantly explain urban-rural health differences in a given 536 
biomarker. Significant mediators are colored based on how much the lifestyle effect (urban/rural) 537 
decreased when a given mediator was included in the model. MI = market-integration. Full 538 
results and samples sizes for mediation analyses are presented in Table S7. 539 

 540 
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Figure 4. Early life population density predicts biomarkers of adult health. The relationship 542 
between population density of each individual’s birth location and (A) BMI, (B) our composite 543 
measure of health, (C) waist circumference, and (D) diastolic blood pressure are shown for 544 
individuals sampled in rural and urban locations, respectively. Notably, while the intercept for a 545 
linear fit between early life population density and each biomarker differs between rural and 546 
urban sampling locations (indicating mean differences in biomarker values as a function of adult 547 
lifestyle), the slope of the line does not. In other words, we find no evidence that the relationship 548 
between early life conditions and adult is contingent on the adult environmnt (as predicted by 549 
PAR). Instead, being born in an urban location predicts poorer metabolic health regardless of the 550 
adult environment.551 

 552 
  553 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 15, 2019. ; https://doi.org/10.1101/756866doi: bioRxiv preprint 

https://doi.org/10.1101/756866
http://creativecommons.org/licenses/by-nc-nd/4.0/


 28 

REFERENCES 554 
 555 
1.   Corbett S, Courtiol A, Lummaa V, Moorad J, Stearns S (2018) The transition to 556 

modernity and chronic disease: mismatch and natural selection. Nat Rev Genet 19:1–12. 557 
2.   Pollard T (2008) Western diseases: an evolutionary perspective (Cambridge University 558 

Press, Cambridge). 559 
3.   Naghavi M et al. (2017) Global, regional, and national age-sex specifc mortality for 264 560 

causes of death, 1980-2016: A systematic analysis for the Global Burden of Disease Study 561 
2016. Lancet 390:1151–1210. 562 

4.   Bixby H et al. (2019) Rising rural body-mass index is the main driver of the global 563 
obesity epidemic in adults. Nature 569:260–264. 564 

5.   Roth GA et al. (2015) Global and regional patterns in cardiovascular mortality from 1990 565 
to 2013. Circulation 132:1667–1678. 566 

6.   Pontzer H, Wood BM, Raichlen DA (2018) Hunter-gatherers as models in public health. 567 
Obes Rev 19:24–35. 568 

7.   Manus MB (2018) Evolutionary mismatch. Evol Med Public Heal 2018:190–191. 569 
8.   Leonard W (2010) in Evolution in Health and Disease, eds Stearns S, Koella J (Oxford 570 

University Press). 571 
9.   Gluckman PD, Low FM, Buklijas T, Hanson MA, Beedle AS (2011) How evolutionary 572 

principles improve the understanding of human health and disease. Evol Appl 4:249–263. 573 
10.   Conroy G, Pontzer H (2012) Reconstructing Human Origins: A Modern Synthesis 574 

(Norton, New York, NY). 575 
11.   Zeder MA (2008) Domestication and early agriculture in the Mediterranean Basin: 576 

Origins, diffusion, and impact. Proc Natl Acad Sci 105:11597–11604. 577 
12.   R.H. G et al. (2001) Cardiovascular disease risk factors and diet of fulani pastoralists of 578 

northern Nigeria. Am J Clin Nutr 74:730–736. 579 
13.   Kaplan H et al. (2017) Coronary atherosclerosis in indigenous South American Tsimane: 580 

a cross-sectional cohort study. Lancet 389:1730–1739. 581 
14.   Leonard WR, Crawford MH, Comuzzie AG, Sukernik RI (1994) Correlates of low serum 582 

lipid levels among the Evenki herders of Siberia. Am J Hum Biol 6:329–338. 583 
15.   Mbalilaki JA et al. (2010) Daily energy expenditure and cardiovascular risk in Masai, 584 

rural and urban Bantu Tanzanians. Br J Sports Med 44:121–126. 585 
16.   Liebert MA et al. (2013) Implications of market integration for cardiovascular and 586 

metabolic health among an indigenous Amazonian Ecuadorian population. Ann Hum Biol 587 
40:228–242. 588 

17.   Glew RH et al. (2010) Lipid profiles and trans fatty acids in serum phospholipids of semi-589 
nomadic fulani in Northern Nigeria. J Heal Popul Nutr 28:159–166. 590 

18.   Raichlen DA et al. (2017) Physical activity patterns and biomarkers of cardiovascular 591 
disease risk in hunter-gatherers. Am J Hum Biol 29:1–13. 592 

19.   Lagranja ES, Phojanakong P, Navarro A, Valeggia CR (2015) Indigenous populations in 593 
transition: An evaluation of metabolic syndrome and its associated factors among the 594 
Toba of northern Argentina. Ann Hum Biol 42:84–90. 595 

20.   Snodgrass JJ et al. (2006) The Emergence of Obesity among Indigenous Siberians. J 596 
Physiol Anthropol 25:75–84. 597 

21.   Ebrahim S et al. (2010) The effect of rural-to-urban migration on obesity and diabetes in 598 
india: A cross-sectional study. PLoS Med 7. 599 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 15, 2019. ; https://doi.org/10.1101/756866doi: bioRxiv preprint 

https://doi.org/10.1101/756866
http://creativecommons.org/licenses/by-nc-nd/4.0/


 29 

22.   Teo K, Chow CK, Vaz M, Rangarajan S, Yusuf S (2009) The Prospective Urban Rural 600 
Epidemiology study: Examining the impact of societal influences on chronic 601 
noncommunicable diseases in low-, middle-, and high-income countries. Am Heart J 602 
158:1–7. 603 

23.   Price AJ et al. (2018) Prevalence of obesity, hypertension, and diabetes, and cascade of 604 
care in sub-Saharan Africa: a cross-sectional, population-based study in rural and urban 605 
Malawi. Lancet Diabetes Endocrinol 6:208–222. 606 

24.   Mbanya JCN, Motala AA, Sobngwi E, Assah FK, Enoru ST (2010) Diabetes in sub-607 
saharan Africa. Lancet 375:2254–2266. 608 

25.   Chen L, Magliano DJ, Zimmet PZ (2012) The worldwide epidemiology of type 2 diabetes 609 
mellitus - Present and future perspectives. Nat Rev Endocrinol 8:228–236. 610 

26.   Lederbogen F et al. (2011) City living and urban upbringing affect neural social stress 611 
processing in humans. Nature 474:498–501. 612 

27.   Bateson P, Barker D, Clutton-Brock T, Deb D (2004) Developmental plasticity and 613 
human health. Nature:419–421. 614 

28.   Lea AJ, Archie EA, Tung J, Alberts SC (2018) Developmental plasticity: bridging 615 
research in evolution and human health. Evol Med Public Heal 1:162–175. 616 

29.   Galvin K (1992) Nutritional Ecology of Pastoralists in Dry Tropical Africa. Am J Hum 617 
Biol 4:209–221. 618 

30.   Lamphear J (1988) The People of the Grey Bull: The Origin and Expansion of the 619 
Turkana. J Afr Hist 29:27–39. 620 

31.   Mackinnon DP, Fairchild AJ, Fritz MS (2007) Mediation Analysis. Annu Rev Psychol 621 
58:593–614. 622 

32.   Baron R, Kenny D (1986) The Moderator-Mediator Variable Distinction in Social 623 
Psychological Research: Conceptual, Strategic, and Statistical Considerations. J Pers Soc 624 
Psychol 51:1173–1182. 625 

33.   Grundy SM et al. (2005) Diagnosis and management of the metabolic syndrome: An 626 
American Heart Association/National Heart, Lung, and Blood Institute scientific 627 
statement. Circulation 112:2735–2752. 628 

34.   Corbett S, Gray S, Campbell B, Leslie PW (2003) Comparison of body composition 629 
among settled and Nomadic Turkana of Kenya. Ecol Food Nutr 42:193–212. 630 

35.  National Health and Nutrition Examination Survey Data from the Centers for Disease 631 
Control and Prevention (CDC) and the National Center for Health Statistics (NCHS) 632 
(2019) (Hyattsville, MD). 633 

36.   Moore SE et al. (1997) Season of birth predicts mortality in rural Gambia. Nature 634 
388:434. 635 

37.   Roseboom T, de Rooij S, Painter R (2006) The Dutch famine and its long-term 636 
consequences for adult health. Early Hum Dev 82:485–91. 637 

38.   Monaghan P (2008) Early growth conditions, phenotypic development and environmental 638 
change. Philos Trans R Soc Lond B Biol Sci 363:1635–45. 639 

39.   Gluckman PD, Hanson MT, Spencer HG (2005) Predictive adaptive responses and human 640 
evolution. Trends Ecol Evol 20:527–33. 641 

40.   Gluckman PD, Hanson M a, Spencer HG, Bateson P (2005) Environmental influences 642 
during development and their later consequences for health and disease: implications for 643 
the interpretation of empirical studies. Proc R Soc London, Ser B 272:671–7. 644 

41.   Gluckman PD, Hanson M a T (2004) Living with the past: evolution, development, and 645 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 15, 2019. ; https://doi.org/10.1101/756866doi: bioRxiv preprint 

https://doi.org/10.1101/756866
http://creativecommons.org/licenses/by-nc-nd/4.0/


 30 

patterns of disease. Science 305:1733–6. 646 
42.   Grafen A (1988) in Reproductive success, ed Clutton-Brock TH (University of Chicago 647 

Press, Chicago), pp 454–471. 648 
43.   Lindström J (1999) Early development and fitness in birds and mammals. Trends Ecol 649 

Evol 14:343–348. 650 
44.   Lieberman DE (2013) The Story of the Human Body: Evolution, Health, and Disease 651 

(Pantheon Books, New York, NY). 652 
45.   Silva HP, Padez C, Moura EAF, Filgueiras LA (2016) Obesity, hypertension, social 653 

determinants of health and the epidemiologic transition among traditional Amazonian 654 
populations. Ann Hum Biol 43:371–381. 655 

46.   Josh Snodgrass J (2013) Health of Indigenous Circumpolar Populations. Annu Rev 656 
Anthropol 42:69–87. 657 

47.   Dressler WW, Mata A, Chavez A, Viteri FE (1987) Arterial blood pressure and 658 
individual modernization in a Mexican community. Soc Sci Med 24:679–687. 659 

48.   Dressler WW (1999) Modernization, stress, and blood pressure: new directions in 660 
research. Hum Biol 71:583–605. 661 

49.   Steffen PR, Smith TB, Larson M, Butler L (2006) Acculturation to western society as a 662 
risk factor for high blood pressure: A meta-analytic review. Psychosom Med 68:386–397. 663 

50.   McDade T, Nyberg C (2010) in Human Evolutionary Biology (Cambridge University 664 
Press), pp 581–602. 665 

51.   Sapolsky RM (2005) The influence of social hierarchy on primate health. Science 666 
308:648–52. 667 

52.   Taylor SE, Repetti RL, Seeman T (1997) Health psychology: what is an unhealthy 668 
environment and how does it get under the skin? Annu Rev Psychol 48:411–47. 669 

53.   Solon-Biet SM et al. (2015) Macronutrients and caloric intake in health and longevity. J 670 
Endocrinol 226:R17–R28. 671 

54.   Huneault L, Mathieu MÈ, Tremblay A (2011) Globalization and modernization: An 672 
obesogenic combination. Obes Rev 12:64–72. 673 

55.   Douhard M et al. (2014) Fitness consequences of environmental conditions at different 674 
life stages in a long-lived vertebrate. Proc R Soc London, Ser B 281. 675 

56.   Hayward AD, Rickard IJ, Lummaa V (2013) Influence of early-life nutrition on mortality 676 
and reproductive success during a subsequent famine in a preindustrial population. Proc 677 
Natl Acad Sci 110:13886–91. 678 

57.   Hayward AD, Lummaa V (2013) Testing the evolutionary basis of the predictive adaptive 679 
response hypothesis in a preindustrial human population. Evol Med Public Heal 680 
2013:106–17. 681 

58.   Lea AJ, Altmann J, Alberts SC, Tung J (2015) Developmental constraints in a wild 682 
primate. Am Nat 185:809–821. 683 

59.   Pigeon G, Festa-Bianchet M, Pelletier F (2017) Long-term fitness consequences of early 684 
environment in a long-lived ungulate. Proc R Soc B 284:20170222. 685 

60.   Botero C, Weissing FJ, Wright J, Rubenstein DR (2015) Evolutionary tipping points in 686 
the capacity to adapt to environmental change. Proc Natl Acad Sci 112. 687 

61.   Nettle D, Frankenhuis W, Rickard I (2013) The evolution of predictive adaptive 688 
responses in human life history. Proc R Soc London, Ser B 280:13–43. 689 

62.   Nettle D, Bateson M (2015) Adaptive developmental plasticity: what is it, how can we 690 
recognize it and when can it evolve? Proc R Soc B 282:20151005-. 691 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 15, 2019. ; https://doi.org/10.1101/756866doi: bioRxiv preprint 

https://doi.org/10.1101/756866
http://creativecommons.org/licenses/by-nc-nd/4.0/


 31 

63.   Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: a practical and 692 
powerful approach to multiple testing. J R Stat Soc 57:289–300. 693 

64.   Uller T (2008) Developmental plasticity and the evolution of parental effects. Trends 694 
Ecol Evol 23:432–8. 695 

65.   “R Core Development Team” (2015) R: A Language and Environment for Statistical 696 
Computing (R Foundation for Statistical Computing, Vienna, Austria). 697 

66.   Galvin K, Little M (1999) in Turkana Herders of the Dry Savanna: Ecology and 698 
biobehavioral response of nomads to an uncertain environment, eds Little MA, Leslie P 699 
(Oxford University Press, Oxford). 700 

 701 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 15, 2019. ; https://doi.org/10.1101/756866doi: bioRxiv preprint 

https://doi.org/10.1101/756866
http://creativecommons.org/licenses/by-nc-nd/4.0/

