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Abstract 
 

Famines have been common in human history, but their effects on human biology 
remain only partially understood. Recent studies have highlighted how these effects may 
propagate through the life-course into subsequent generations. An evolutionary approach 
helps understand how these multiple effects are distributed. Generically, undernutrition in 
early life constrains early growth, increasing the short-term risk of morbidity and 
mortality. However, the long-term health effects of early undernutrition are mediated by 
catch-up growth, which improves early survival, but potentially at the expense of later 
metabolic penalties. The long-term effects of early undernutrition vary in relation to 
several factors: whether the undernutrition comprises a brief sharp shock (maternal 
famine) or chronic malnutrition of the lineage; how much catch-up occurs and when; and 
what environment is encountered from childhood onwards. Sudden famines induce less 
deficit in fetal growth than chronic malnutrition, and if brief may allow substantial catch-
up growth. However, nutritional shifts induced by systematic economic development also 
allow catch-up following chronic malnutrition. Maternal phenotype has substantial 
capacity to buffer offspring from the effects of brief famines, but this capacity is 
diminished following chronic malnutrition across generations. Catch-up growth appears 
to interact with the obesogenic niche in generating harmful metabolic load. Thus, while 
in utero exposure to famine is associated with increased chronic disease risk in sex-
dependent manner, the strongest effects of early life undernutrition on chronic disease 
risk are seen in populations undergoing rapid modernisation.  
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These populations are characterized by more severe deficits in fetal growth due to 
reduced maternal buffering, followed by exposure to modern lipogenic diets that are very 
different from traditional diets. The combination of chronic undernutrition followed by 
rapid economic development may therefore be a greater stress for population health than 
specific famines. 
 
 

Introduction 
 
Nutritional research in the 1920s made it clear that the growth and nutritional status of 

humans is a function of what they eat [1, 2], provoking substantial subsequent work over the 
following century. Early experimental studies on rodents showed that malnutrition affects not 
just body size, but also physical activity, reproductive profile, morbidity, and mortality and 
longevity [3-7], whereas caloric restriction in the absence of overt malnutrition prolonged 
lifespan [8]. In India, Robert McCarrison demonstrated experimentally the effects of human 
diets on development, by showing that rodents fed the typical southern rice-rich diet grew 
very poorly in comparison with others fed the typical northern diet, richer in protein and 
micronutrients [9]. 

Further classic studies on rats during the 1960s and 1970s illustrated the varying effects 
of undernutrition on growth, according to the timing and duration of the nutritional insult [10-
12]. These studies identified a particular sensitivity to malnutrition during early life, such that 
rats undernourished during fetal life or infancy remained small throughout their subsequent 
lives, whereas those undernourished later in development demonstrated only a temporary 
slowing of growth. 

Such work was stimulated by growing awareness of the powerful impact of malnutrition 
on many amongst the world’s population. The second half of the 20th century brought 
together both an understanding of the impact of acute malnutrition in concentration camps 
and other settings during the Second World War, along with increasing awareness of the 
chronically malnourished state of a large proportion of the human population worldwide, a 
situation often previously concealed by unscrupulous colonial authorities. Detailed records 
compiled by Ancel Keys, in his authoritative monograph on the Minnesota Starvation Study 
of 1944-45, indicate that famines have been frequent throughout the historical period in 
agricultural populations in most global regions [13]. Chronic undernutrition is less easily 
documented but also very prevalent in recent human history. 

While many studies and surveys have repeatedly demonstrated stark associations between 
restricted food intake and human health, there is still an inadequate understanding of the full 
impact of famine on human biology. One area of particular relevance to a large proportion of 
contemporary humans worldwide concerns the propagation of effects induced by famine in 
early life across the whole life-course, and into subsequent generations. On a related issue, 
insufficient attention has been directed to differentiating between the effects of acute/discrete 
famine, versus chronic undernutrition propagated forward from previous generations. Each of 
these effects may further interact with exposure to overnutrition later in the life-course, 
whereby the penalties for early malnutrition may depend on the quality of the environment 
encountered subsequently. This chapter aims to explore these issues, using an evolutionary 
approach. 
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Such an evolutionary approach is valuable, in order to improve public health policies and 
clinical practice. The management of malnutrition in adults is in several ways simpler than 
that in younger age groups. Amongst adults, re-feeding allows the reacquisition of depleted 
somatic and adipose tissues [14-16]. Studies of patients with severe weight loss have 
elucidated the optimum nutritional regime for such rehabilitation, while noting that fat 
deposition initially exceeds lean deposition [13, 17]. In the Minnesota Starvation Study, re-
feeding was associated with the eventual restoration of health in the majority of individuals 
[13], although recent studies have suggested that famine exposure in adolescence adversely 
affects long-term cardiovascular health [18]. 

The effect of malnutrition in early life is rather different. The sensitivity that 
characterizes early development means that nutritional intakes affect not only immediate 
nutritional status, but also the trajectory of growth and maturation, driven by complex trade-
offs between survival, growth and future reproduction. During early life, the body passes 
through a succession of sensitive periods of physiological development, sometimes referred to 
as ‘critical windows’ [19, 20], during which different components of phenotype emerge, 
consolidate and mature. The impact of nutrition is not consistent across these different 
sensitive periods, hence malnutrition may have very different impacts depending on when, 
and for how long, it occurs. The substantial delay between the ‘input’ of malnutrition and the 

eventual manifestation of some ‘outputs’ relevant to health and disease risks is one reason 
why our understanding of the impact of famine remains incomplete. 

This scenario has major implications for our efforts to minimize the adverse effects of 
malnutrition in early life, not only on health of the individual in later life, but also on his or 
her subsequent offspring. This issue has become ever more pressing as economic 
development drives nutritional change within the life-course of increasing numbers of people 
[21]. Through the ‘nutritional transition’, many who have experienced some or other form of 

malnutrition during early development are subsequently destined to encounter a surfeit of 
calories, along with a sedentary lifestyle, during childhood, adolescence or adulthood. 
Research increasingly suggests that these individuals may pay the most severe penalty for 
malnutrition in early life. 

This chapter will explore how nutritional intakes early in life correspond to the provision 
not only of diverse nutrients to the developing organism, but also of ‘information’, which is 

incorporated into developmental trajectory. How each individual responds to such 
information determines multiple longer-term effects on health, nutritional status and 
reproductive function. An improved understanding of this information transfer will aid us 
identify the optimum public health strategies whereby early life malnutrition and its long-term 
consequences can be addressed. Such an approach suggests that our current approach to early 
malnutrition is simplistic, and fails to address these life-cycle elements. 

 
 

Famine versus Chronic Malnutrition 
 

In everyday parlance, famine implies a sudden severe drop in the availability of food, 
resulting in nutritional deficiencies. Researchers have studied the long-term consequences of 
several such famines, including the Dutch Hunger Winter [22] and the Leningrad siege [23] 
in the Second World War, the Great Chinese Famine of 1959-1961 [24], the Biafran famine 
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in Nigeria during the civil war of 1967-1970 [25], and the Somalian civil war of 1991-1993 
[14]. Other famines are discussed in the current volume. Although these events are often 
referred to as ‘natural experiments’, affecting only specific age cohorts for quite specific 
periods of the life-course, they were all provoked by human political activity and further 
involved failure to distribute food equitably, as remarked by the economist Amartya Sen[26]. 

Many other populations experience chronic energy insufficiency, whether or not outright 
famine materializes. For the large numbers of the world’s population who live on less than $2 
per day, food may never be adequate for health. 

These populations also owe their nutritional status to the global political situation, the 
consequence of a range of long-term and short-term unequal interactions between states, 
companies and people. Figure 1 shows for example a strong association between population 
mean birth weight and per capita GDP [27]. Natural events can cause perturbations of the 
food supply, the most common being El Nino events affecting many tropical regions [28]. El 
Nino also predisposes to armed conflict [29] and hence the risk of food shortages, generating 
a fundamental link between geophysical factors and political impacts on the food supply. 
Historically, many civilizations have been brought to collapse by ecological disaster 
interacting with institutional instability [29]. 

Shortages of food, whether of short or long duration, impact on many components of 
biology. During development in early life, nutritional supply encompasses numerous signals 
that target growth and development. It might be assumed that it matters little whether 
undernutrition is of recent origin or has been long-term. However, the role of parental biology 
in transducing such signals means that the duration of undernutrition is of great importance. A 
tall well-nourished mother experiencing a sharp but brief drop in energy supply may send 
very different signals to her unborn fetus in comparison with a much shorter underweight 
mother, whose stunted height is the consequence of chronic malnutrition in her recent 
ancestors. 

 

Figure 1. The association between mean population birth weight and per capita GDP across countries. There 
is a strong inverse association, highlighting the importance of global economic inequality on human 
nutritional status. Reproduced with permission [27]. 
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In practice, there is still inadequate evidence to distinguish in detail between these 
effects. In this chapter, I will address both chronic undernutrition and acute famine, where 
possible trying to emphasize how their effects might differ. However, I also admit the 
limitations of existing evidence on this issue. 

 
 

Malnutrition and Effects on Growth 
 
The most immediate consequence of undernutrition in early life, whatever its duration, is 

negative effects on growth. Chronic malnutrition has long been recognized to constrain 
growth. Average birth weight varies substantially between different global regions, as do 
average rates of infant weight gain [30-32]. Table 1 summarizes data from a selection of 
studies from the mid 20th century, highlighting how some populations achieved on average 
only 75% of the weight of Swedish infants at birth and 1 year of age, a deficit equivalent to 
around 2 standard deviation scores. However, the recent multi-centre growth study 
coordinated by the World Health Organization showed that if samples are drawn from 
populations of high social status, growth is remarkably similar in different global regions 
[33]. The clear message is that population variability in early growth arises primarily from 
environmental factors rather than major genetic differences. 

Famine likewise reduces growth during fetal life and infancy, however maternal 
buffering constrains the magnitude of this effect. Whereas the average birth weight in India is 
2.7kg [34] reflecting a long history of chronic malnutrition, the birth weight of babies 
exposed to maternal famine in Holland in the last trimester of pregnancy was 3.1 kg, still 
300g less than the weight of babies born just before this famine [35]. Birth weight deficits 
following famine exposure in earlier trimesters were much smaller. Maternal BMI does not 
have a strong association with breast-milk output across populations, suggesting that the 
capacity to lactate is likewise substantially buffered against maternal malnutrition [36], thus 
protecting infant growth. However, under extreme conditions, maternal underweight does 
constrain breast-milk output and hence infant growth [37]. 

 
Table 1. Weight over the first year of life from selected diverse populations 

 
 Birth 6 months 12 months 
Population 
[reference] 

Male Female Male Female Male Female 

Australian aborigine 
[149] 

2.90 2.86 7.34 6.80 8.72 8.22 

West Indies [150] 3.41 3.36 7.36 6.86 8.64 8.18 
Papua New Guinea 
[151] 

2.65 2.67 6.88 6.50 8.19 7.75 

The Gambia [152] 3.32 2.98 7.90 7.27 9.18 8.64 
Chandigarh, India 
[153] 

2.94 2.97 7.35 7.01 8.95 8.72 

Sri Lanka [154] 2.70 2.69 5.97 6.10 7.38 7.47 
Sweden [155] 3.57 3.45 7.77 7.47 10.23 9.90 
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In the short-term, poor growth is a strong risk factor for morbidity and mortality in early 
life [38, 39]. Low birth weight is strongly associated with the risk of neonatal and infant 
death, while poor rates of growth in infancy also reduce the likelihood of survival. The 
adverse legacy of small size is transmitted across generations, with the offspring of shorter 
Indian mothers having poorer health and an increased risk of mortality in childhood [40]. For 
those born small, faster infant growth, known popularly as ‘catch-up’, promotes survival [41]. 
These data provide compelling evidence that poor growth compromises early survival. This 
has been well established for decades and has led to growing international efforts to reduce 
malnutrition in early life, though progress is still inadequate. 

The short-term effects of malnutrition in early life are therefore clear. The situation is less 
clear regarding the long-term consequences, however as efforts to reduce morbidity and 
mortality in early life have improved, attention has increasingly turned to the long-term 
consequences for health and human capital. 

As catch-up growth in chronically undernourished populations is rarely substantial, 
chronic early-life malnutrition is associated with lower than average height throughout later 
life [42]. In the 1980s, the economist David Seckler suggested that for those malnourished in 
early life who did not succumb to disease, such small size might represent no particular health 
burden, and that up to 90% of those categorized as malnourished were actually ‘small but 

healthy’ [43]. According to this hypothesis, reduced weight and height should not be 
considered detrimental if the lower weight were proportional to the shorter height. This 
argument was intended to satisfy development economists, who on this basis could radically 
reduce the number of individuals officially categorized as malnourished in many countries, 
such as India. Seckler argued that shifting the boundaries of categorization and reducing the 
magnitude of this proportion would allow more financial resources to be diverted to general 
‘economic development’, which would benefit the whole population of such countries in 
different and longer-term ways [43]. 

As will be discussed below, this argument is flawed in two ways. First, the process of 
becoming small is not neutral, and on a population basis, one penalty is paid through 
increased morbidity and mortality in early life. Second, small size is not neutral for chronic 
disease risk in later life either, and paradoxically, the penalties for poor early growth are 
greatest in those who are subsequently exposed to the effects of economic development, 
where according to Seckler’s arguments the resources ‘spared’ from addressing 

undernutrition were proposed to be recycled. This scenario became clear as epidemiological 
studies probed in more detail the long-term consequences of early life variability in nutrition. 

 
 

Altered Growth Patterns 
 
Reductions in weight and length in fetal life or infancy, where they predict poor health 

during childhood, are only the most easily measured outcomes pertaining to growth and 
development. Studies have increasingly described in more detail the nature of poor growth, 
and its implications for health in later life. These effects have been observed both in 
populations exposed to specific famines, and in populations exposed to chronic trans-
generational undernutrition. 
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In the late 1980’s, epidemiologists began to report associations between low birth weight 
and later chronic disease risk. In a series of articles describing analyses of a cohort of elderly 
adults from Hertfordshire, UK, the risks of diabetes, cardiovascular disease, stroke and 
hypertension were found to be greatest in those born small [44-47]. Chronic diseases had 
previously been assumed to be attributable to the interaction of genetic profile with adult life-
style [48]. The new data challenged this understanding, by indicating that experience in early 
life made an important contribution to these diseases. 

In 1992, Hales and Barker published a classic paper describing a hypothesis for this 
association [49]. The authors suggested that the low birth weight neonate had made a ‘thrifty’ 

adaptation to its low energy intake, sacrificing some organs such as the pancreas in order to 
protect the brain. Such low energy intake might index direct maternal undernutrition, as in the 
case of famine exposure described above, but in the absence of such extreme circumstances it 
is likely to be a consequence either of placental dysfunction [50], or of other constraints on 
fetal growth such as reduced uterine volume or constrained pelvic dimensions [38, 51, 52], 
reflecting chronic transgenerational rather than acute maternal undernutrition. Indeed, birth 
weight is closely associated with economic development and long-term nutritional trends, as 
Table 1 illustrated. 

This thrifty phenotype would achieve a short-term survival advantage, in that it had found 
a solution to the suboptimal supply of energy in fetal life by reducing beta cell mass. 
However, this advantage would occur at the expense of a long-term penalty: if the thrifty 
phenotype encountered a nutritionally richer environment, later in life, it would be less able to 
tolerate the higher nutritional load, and complications such as diabetes would develop [49]. 
This model would therefore explain how, for a given body mass index [BMI] in old age, the 
risk of diabetes was raised in those born small. Other explanations for these associations have 
been suggested. For example, deprivation has been proposed to contribute to both birth 
weight and disease risk [53]. Similarly, certain genes may predispose to both low birth weight 
and later chronic disease risk, as in the case of the glucokinase gene [54]. Birth weight itself 
may not provide an accurate marker of the relevant early-life exposures. Nevertheless, 
extensive animal studies provide strong support for a life-course component of chronic 
disease aetiology[55], and inverse dose-response associations between birth weight and 
subsequent disease risk [47, 56] suggest that some component of fetal development is a 
contributing factor. 

Subsequently the thrifty phenotype model was expanded to a wider range of outcomes 
and organs. Epidemiological studies of humans, supported by more rigorous physiological 
studies of humans and experimental work on animals, showed that several organs and tissues 
were selectively reduced through fetal malnutrition, including the masses of the liver, kidney 
and muscle tissue [55, 57, 58]. These effects have been observed in many different species 
[55, 59]. Specific physiological alterations were also shown, with for example birth weight 
scaling directly with nephron number in the kidney [60]. In each case, adjusting for body 
weight, it was possible to demonstrate that these early-life adaptations could be associated 
with metabolic penalties in later life, in terms of dyslipidaemia, insulin resistance and 
cardiovascular risk [47]. 

Thus, the thrifty phenotype was proposed to provide short-term survival advantages in 
the face of early-life undernutrition, at the cost of increased chronic disease susceptibility in 
later life in the western environment. 
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Table 2. Effect of exposure to famine in early life on subsequent height,  

BMI and obesity risk 

 
Population Date Ref. Exposure Outcome of exposure relative to non-exposed group 
Dutch 1944-45 [156]  Age 50 y 
   Trimester 1 Height (cm): m +0.9, f +0.9; waist (cm): m +1.8, f 

+5.7; BMI (%) m +0.5, f +7.4 
   Trimester 2 Height (cm): m -1.5, f -0.6; waist (cm): m -1.0, f 

+0.4; BMI (%1) m 
-1.2, f -1.3 

   Trimester 3 Height (cm): m +0.5, f +0.1; waist (cm): m +1.8, f -
0.7; BMI (%1) m +0.4, f -2.1 

  [78]  Age 58 y 
   All trimesters Waist (cm): m + 0.5, ns; f +4.7, p<0.01; BMI 

(kg/m2): m +0.3, ns;  
+ 1.8, p<0.01 

Chinese 1959-61 [24] Fetal-infant Height (cm): m +0.07, f -0.45; BMI (kg/m2): m -
0.03, f +0.31 
OR obesity: m 0.95, f 0.92 

   Toddler Height (cm): m: -0.59, f -1.14; BMI (kg/m2): m -
0.13, f + 0.64 
OR obesity: m 0.95, f 1.46 

Biafran 1967-70 [25] Fetal-infant Sexes-combined: height (cm) -1; waist (cm): +3; 
BMI (kg/m2) + 1 
OR obesity: m 1.03, f 1.23 

BMI – body mass index; m – male; f – female; ns – not significant. 
OR – Odds ratio 
1 %BMI calculated as percentage difference from non-exposed group. 

 
These associations proved to be replicable not just across western populations [61-63], 

but also across middle-income countries such as India and Brazil, undergoing the nutritional 
transition [64, 65]. 

 
 

The Capacity Load Model 
 
Although the epidemiological data consistently illustrated an enhanced risk of chronic 

disease in those born small, they also showed two further effects which are critical for 
interpreting the data. 

First, the deleterious effects were not isolated in the smallest babies, rather there was an 
inverse dose-response association between birth weight and later disease risk in many studies, 
and for diverse metabolic outcomes [46, 66]. In each case, increasing birth weight across the 
majority of the birth weight range was found to be protective against later disease risk. The 
only exception to this pattern was found for the largest infants, who are often the macrosomic 
infants of mothers with gestational diabetes. These babies have an increased risk of obesity 
and diabetes, such that the overall pattern linking birth weight with disease risk is inverted J-
shaped [67, 68]. 
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Second, the penalties for lower birth weight were greatest in those who subsequently 
became tall or obese. Thus, small babies who remained small in later life tended to pay a 
relatively small penalty for their poor early growth, in contrast with those who became big 
[62, 63, 69]. This effect had been predicted in the thrifty phenotype hypothesis, but its full 
implications have often not been appreciated. 

Building on the thrifty phenotype hypothesis, I have suggested that chronic disease risk 
may be represented as the function of two generic traits, one of which scales positively with 
birth weight and which I have termed ‘metabolic capacity’, and the other of which scales 

positively with BMI during childhood, adolescence and adulthood, and which I have termed 
‘metabolic load’ [70, 71]. 

According to this model (Figure 2), for any given level of metabolic load, a smaller 
metabolic capacity increases disease risk. Equally, for any given level of metabolic capacity, 
a greater metabolic load increases disease risk. Hence, the largest disease risk is found in 
those born small who become large, as demonstrated in the studies described above. 

 

 

Figure 2.The metabolic capacity-load model of chronic disease aetiology. Metabolic capacity refers to 
components of organ structure and function strongly contingent on fetal growth, which confer homeostatic 
capacity. Metabolic load refers to tissue masses (especially adiposity) and the metabolic consequences of diet 
and physical activity level from childhood onwards, which challenge homeostatic capacity. Chronic disease 
risk is then a function of the association between load and capacity. (a) Holding capacity constant, increasing 
load is assumed to increase disease risk. (b) Holding load constant, decreasing capacity is assumed to 
increase disease risk. The highest risk of disease is then predicted in those born small who become large. 
Note that birth weight is an imperfect index of metabolic capacity. Adapted and redrawn from [71]. 

This model is valuable for understanding how exposure to undernutrition in early life is 
associated with later disease risk, because while poor growth in fetal life and early infancy 
detract from metabolic capacity, they can, conditions permitting, induce subsequent catch-up 
growth which can elevate metabolic load. There is thus an inherent association between fetal 
and subsequent growth patterns, which is mediated by the quality of the ecological 
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environment. These associations become clearer if we consider how nutritional experience in 
early life is associated with subsequent growth patterns. 

 
 

Fetal Growth Variability and Later Health 
 
The initial interpretation of data on birth weight and later disease risk was that fetal 

malnutrition was key to later chronic disease risk [72]. However, birth weight is not the ideal 
way to assess fetal growth rate, it is simply a widely recorded outcome available in large 
sample sizes and, in the case of the Hertfordshire study, from a cohort born in the 1920s to 
1930s. 

The limitations of birth weight as a proxy for fetal undernutrition have recently become 
clear, through an ultrasound study of the association of growth faltering stratified by the 
trimester of pregnancy [73]. In this study, growth faltering in each trimester was categorized 
as being below the 10th centile. Compared to those who did not falter at any time point, those 
who faltered in the third trimester had, as expected, a significantly lower birth weight and 
reduced skinfold thicknesses (Figure 3). Those who faltered in the first trimester were 
however of similar weight and fatter than those who did not falter. 

 

 

Figure 3. Weight, head girth (multiplied by 10 for ease of presentation) and subscapular skinfold thickness at 
birth according to the trimester in which growth faltering (defined using ultrasound) occurred, or did not 
occur. Whereas faltering in the third trimester significantly reduced the magnitude of all outcomes, faltering 
in the first trimester was associated with greater skinfolds than in those where no faltering occurred. Based on 
data of Hemachandra and Klebanoff[73]. 
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This suggests that some kind of ‘catch-up’ had already begun in fetal life. It is not clear if 

this catch-up was also in lean mass, or was disproportionately in adipose tissue. 
Nevertheless, it is clear that such early-pregnancy faltering would not be detected by birth 

weight, highlighting that this anthropometric outcome is primarily sensitive to faltering late in 
pregnancy. 

This scenario may help explain the findings of the first study to focus more specifically 
on the long-term effects of actual exposure to maternal famine on offspring growth. In 1976, 
Ravelli and colleagues reported the results of a follow-up of adults who had been exposed in 

utero to maternal famine in Holland at the end of the Second World War. Compared to adults 
whose mothers had not experienced famine, those whose mothers had experienced famine in 
the third trimester of pregnancy had lower adult BMI [74]. However, those whose mothers 
had experienced famine in the first trimester of pregnancy had higher adult BMI than those 
whose mothers experienced no famine. These data show similarity to the ultrasound study, in 
suggesting that the effect of inadequate energy transfer to the fetus has different effects 
depending on when during pregnancy it occurs. Their implications of these findings remain 
uncertain, however, as they refer only to the upper end of the BMI spectrum and may not 
apply across the whole spectrum of weight. 

Other data from the Dutch Hunger Winter showed that compared to those who were not 
exposed to maternal malnutrition, birth weight, length and head girth along with placental 
weight were most affected in those exposed in the third trimester, whereas there was minimal 
effect on these outcomes in those exposed during the first trimester [35, 75]. Again, these data 
are consistent with the ultrasound study described above, in demonstrating that maternal 
famine slows offspring growth most notably in late pregnancy, but may nevertheless exert 
long-term effects on phenotype in each trimester of exposure. 

The Dutch Hunger Winter data seemingly provided confirmation that the risk of some 
elements of chronic disease in early life is ‘programmed’ by undernutrition in fetal life [76], 
although the prevalence of the metabolic syndrome did not show such an association [77], 
and associations for obesity differ between the sexes [78], hence further studies on this issue 
are required [79]. However, the results of the Dutch Hunger Winter were not replicated in 
follow-up of adults exposed to malnutrition in utero in another famine during the Second 
World War, during the siege of Leningrad. In the latter famine, the 500g mean decrease in 
birth weight was even more severe than that reported in the Dutch Hunger Winter. However, 
there was no association between fetal exposure to maternal famine and obesity in the 
Leningrad cohort [23]. 

The cohorts are challenging to compare, involving different control groups and with very 
limited sample size in the Leningrad cohort. Bearing in mind these limitations, one significant 
difference between the cohorts was that in Holland, the famine lasted only a few months, and 
subsequently, adequate rations were rapidly restored. Infants who had experienced famine in 

utero were able to undergo subsequent ‘catch-up’ growth. In Leningrad, the siege continued 
for much longer, and there was no sudden resumption of adequate rations, and infant catch-up 
growth is not likely to have occurred. Thus, using the model described above, these historical 
studies once again demonstrate that the magnitude of the penalty for poor metabolic capacity 
developing in utero depends on the magnitude of metabolic load that emerges subsequently. 
As shown in Table 2, other studies from China and Nigeria also link early-life exposure to 
maternal famine to an increased risk of later obesity, more so in females than in males, and 
with inconsistent effects between different developmental periods of exposure [24, 25, 80]. 
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These heterogeneous effects of early famine on later obesity risk are likely to be at least 
partially explained by variability in the time of onset, length of persistence and magnitude of 
catch-up growth. Yet why should apparent recovery from early undernutrition contribute to 
the risk of poorer health outcomes later in life? 

 
 

Catch-Up Growth 
 
From around two years of age, human growth becomes canalised and children tend to 

track closely along a given centile [81]. The phenomenon of catch-up growth was first 
described in children who had been ‘knocked off’ their individual growth trajectory. 
Restoration of normal conditions resulted in a brief acceleration of growth rate until the 
original centile, demonstrated in the individual prior to faltering, had been reattained [82]. 

Infancy is a more plastic period, when growth is sensitive to nutritional intake. Rapid 
growth during this period has been suggested not to be catch-up growth, but rather to 
comprise simply ‘growth acceleration’ [83]. This perspective ignores substantial evidence 
that infant growth rate is strongly and inversely associated with fetal growth rate. This 
association in part reflects a statistical phenomenon, in that over time there is regression to the 
mean. Beyond this, however, large studies have shown that infants growing fast include those 
who were subject to nutritional constraint (though not necessarily through maternal nutrition 
itself) during fetal life, a proportion of whom are identified through low birth weight. 

In the UK ALSPAC cohort, infants were divided into three groups according to their rate 
of growth during the first 2 years of life [84]. The group showing rapid growth during this 
period had an increased tendency to be firstborns who tend to have a 200g deficit at birth 
compared to later-borns[85-87], and to be the offspring of mothers who smoked in pregnancy, 
or of mothers who themselves had lower birth weight, or of tall fathers. Thus, these infants 
had a number of characteristics suggesting reduced attainment of growth during fetal life 
relative to their actual potential, and their rapid infant growth allowed catch-up, albeit often 
with an eventual overshoot. 

Recent studies of humans and animals have begun to clarify the hormonal basis of catch-
up growth and its long-term effects. Although small babies have low IGF1 levels at birth [88, 
89], they have higher levels of expression of IGF1 receptors, and these can be further 
upregulated under conditions of improved food supply [90-93]. These changes involve 
epigenetic effects which tend to persist into later life, helping understand how early growth 
influences tolerance of environmental conditions in later life, as discussed below. A second 
effect of early nutrition on phenotype involves leptin-mediated epigenetic effects on neurons 
in the arcuate nucleus of the hypothalamus [94], involved in appetite regulation. Again, this 
may help explain associations between early growth patterns and later appetite and dietary 
patterns [95, 96]. Studies also increasingly show that the timing of catch-up affects its 
subsequent metabolic impacts [93, 94]. 

Catch-up overshoot certainly appears very important in relation to long-term disease risk. 
In the ALSPAC cohort, those born small became taller and fatter than average by 5 years of 
age [84]. In Brazil, firstborn children have lower than average birth weight but become taller 
and heavier than average in adulthood [87]. Why should catch-up growth over-compensate 
for the apparent initial deficit in size? One likely reason is that the capacity for catch-up 
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interacts with the modern nutritional environment, so that upregulation of hormones in early 
life interacts with subsequent diet to promote growth through childhood [97]. In large cohort 
studies, those who develop cardiovascular disease or diabetes from middle-age onwards 
demonstrated not only below average birth weight but above-average weight gain from mid 
childhood [98-100]. 

Thus, much of the long-term chronic disease risk following reduced fetal growth is 
associated with excess weight gain in post-natal life, which has long-term effects both on 
body composition and on parameters of metabolic risk such as blood pressure, blood lipid 
concentrations and insulin metabolism [98, 100]. Some have therefore argued that early 
catch-up growth is likewise detrimental, and that slowed infant growth in early life is 
protective against long-term cardiovascular risk [101, 102]. In contrast, others have argued 
that early catch-up is a major benefit for long-term health and human capital [64]. In a series 
of analyses of data from low-income and middle-income countries, height at 2 years was 
positively associated with a variety of outcomes, suggesting that early growth itself is clearly 
advantageous [64]. It is therefore necessary to probe in more detail why early undernutrition 
is associated with later excess weight gain and chronic disease risk. 

 
 

What is Adaptive about the Thrifty Phenotype? 
 

The fact that famine and chronic undernutrition affect not only short-term growth but also 
subsequent disease risk has led to considerable interest in the notion of adaptation. We saw 
above that down-regulating the growth of certain organs in early life in response to fetal 
undernutrition is replicated in many species [59], and appears to be a coherent response. The 
logic is that selective sacrifice of some organs in order to preserve others (in particular the 
brain) is a better option that down-regulating all organs equally. In other words, some organs 
have higher survival value in early life, and these are the ones selectively protected. But what 
do these differences in organ investment mean for the long term? 

Bateson has suggested that nutrition during early life involves not only the transfer of 
nutrients – carbohydrate, fat and protein, along with various micronutrients – but also the 
transfer of information [59]. Organisms are ‘open systems’, such that information continually 

enters phenotype during development. The weather forecast model assumes that the 
developing offspring can obtain valuable information about some aspect of its environment, 
and can use this information to develop a coherent strategy. 

I have argued, in contrast, that mammalian offspring cannot actually experience the 
external environment during early life, because the processes of placental nutrition and 
lactation are mediated by maternal phenotype [103]. A review of the literature on maternal 
supplementation studies during pregnancy showed that giving additional protein and energy 
to mothers during the second half of pregnancy had very modest effects on offspring birth 
weight. In one large randomised trial in the Gambia, the average increment on birth weight 
was only 136g, although this effect was greater in the hungry season (201g), when mothers 
were lighter, than in the harvest season (94g) [104]. Other studies have tended to show similar 
effects [105-107], although in under-nourished East Asian mothers in the UK, a 300g 
increment was reported [106]. These studies collectively show that the effect of maternal 
supplementation depends on maternal phenotype, but they also indicate that much of the 
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additional energy is retained by the mother, presumably for investment in her own survival or 
in future offspring. 

The same process is apparent in reverse if we consider the birth weight of offspring 
exposed in utero to maternal famine. The average deficit in birth weight in the Dutch Hunger 
Winter following exposure during the third trimester was 300g, equivalent to 9%. In the 
longer Leningrad famine, the average deficit of 500g was equivalent to 14%. These deficits 
are significant and may have long-term effects on later size and some components of health, 
yet they are arguably of much smaller magnitude than the total reduction in energy intake, 
which approximated a 50-60% decline in energy intake [108], although actual intakes may 
have been protected in pregnant women. 

While these data relate only to birth weight and not to other components of development, 
they illustrate how human mothers buffer their offspring from fluctuations in energy supply. 
This maternal effect is possible because humans are ‘capital breeders’, acquiring much of the 

energy required for fetal growth before pregnancy begins [109]. Complex physiological 
regulatory systems control the probability of conception in relation to cues of energy 
availability, with hormones such as leptin and insulin along with the availability of oxidizable 
fuels playing key roles [110-112]. Importantly, these regulatory systems appear not to have a 
fixed set-point, but rather to respond to short- and long-term changes in energy dynamics. 
Thus, a short drop in energy intake in a well-nourished woman may temporarily negate the 
possibility of conception, whereas long-term exposure to the same level of energy supply may 
still enable reproduction [113]. 

 

 

Figure 4. The safe harbour hypothesis, whereby maternal phenotype buffers the developing offspring against 
ecological perturbations. The offspring gains from such buffering, receiving coherent signals of nutritional 
supply, but in doing so submits to maternal strategy [103]. 
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This buffering effect is consistent with the notion of maternal phenotype as a ‘safe 

harbour’, offering protection to the offspring from acute stresses [114]. The higher quality 
maternal phenotype, the more protected is the offspring (Figure 4). Conversely, the lower 
quality maternal phenotype, the more the developing fetus may be exposed to ecological 
stresses. After birth, this effect of maternal phenotype on offspring development continues 
during the period of lactation. As the energy cost of lactation is greater than that placental 
nutrition [115], ecological stresses may potentially exert strong effects during this period too. 

I have built on the concept of embodied capital, proposed by Kaplan and colleagues 
[116], to suggest that the niche to which fetuses are exposed is that of maternal capital. Using 
this approach, it becomes easier to integrate studies of acute and long-term maternal 
undernutrition within a single conceptual model. Maternal capital may be considered to have 
a number of related dimensions, including height which constrains uterine volume, lean mass 
which affects work capacity, and adiposity which comprises energy stores [27]. Maternal 
capital may allow vigorous buffering of brief famine, by using energy from adipose tissue to 
provide the energy for fetal growth [27]. However, chronic undernutrition over many years or 
decades may lead to the loss of maternal capital across generations, resulting in downward 
secular trends in height and lean mass, and low levels of adipose tissue energy stores [27]. 
Such downward trends are observed in the anthropometric history of India [27], and in other 
populations exposed to political adversity such as South Africa under apartheid [117]. 

Thus, mothers represent a safe harbour from short-term fluctuations in energy supply, but 
the magnitude of this buffering is also strongly dependent on maternal phenotype. Mothers 
with little capital are less able to buffer their fetuses from chronic undernutrition, resulting in 
poor capital accumulation (poor fetal and infant growth) in the next generation [118]. Hence, 
chronic undernutrition, acting through the trans-generational process of cumulative maternal 
capital loss, sends stronger signals of energy stress to the fetus than does brief maternal 
famine, resulting in a greater deficit in the offspring’s metabolic capacity. This in turn makes 

these offspring the most vulnerable to the interactive effects of catch-up growth and the 
obesogenic niche, as shown today by the epidemic of diabetes in countries such as India [119, 
120].This dynamic system allows adaptation of the offspring to ecological conditions, but 
under the protective umbrella of maternal capital. Many aspects of the external environment 
are transduced by maternal physiology, introducing a time lag between external stress and 
offspring response. Such ecological stresses include food availability, disease load, thermal 
load, oxygen pressure and reproductive demography [71]. Cumulative responses across 
several generations lead to upward or downward trends in body size and composition that 
represent adaptations of a population to energy availability and other stresses. Thus, I have 
argued that offspring sensitivity in early life enables maternal phenotype to guide the 
offspring’s developmental trajectory, and to improve the fit between the offspring’s demand 

for food and maternal capacity to supply food [71, 103, 121]. 
 
 

Famine as Anticipatory Signal:  

A Flawed Argument 
 
Others have developed a different argument concerning the adaptive nature of 

developmental plasticity, with specific reference to famine. Gluckman and Hanson have 
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proposed that the information obtained by the fetus through its nutrition allows it to make a 
long-term prediction of the environment in which its own reproduction will occur [122-124]. 
According to this ‘predictive adaptive response’ (PAR) theory, a small baby predicts life-long 
famine, and adapts accordingly by developing insulin resistance and central fat. There are a 
number of inadequacies in this approach. 

First, existing environmental conditions offer no reliable guarantee of future conditions. 
This has been demonstrated using simulation models of stochastic environments [125], and 
also using actual data on the Indian environment [126]. It is therefore not viable for the fetus, 
on the basis of the brief experience of pregnancy, to predict ecological conditions for a 
substantial period two decades in the future. Another approach has suggested that the mother 
integrates long-term information and uses this ‘average past’ to predict the future [127]. The 
same simulation shows that this is unlikely to be successful in the stochastic environments in 
which the majority of human evolution occurred. 

Second, the characteristics of thrift which Gluckman and Hanson consider adaptive in 
famine conditions [central adiposity and insulin resistance] are not in fact present at birth, but 
rather emerge later in the life course [71]. At birth, small babies are insulin sensitive, and this 
is suggested to aid them catch-up in length during infancy [128, 129]. Insulin resistance and 
central fat appear to develop through excess weight gain that manifests from early childhood 
[130]. However, this represents a contradiction of the PAR hypothesis, as thrift develops 
when the food supply becomes more generous. 

A second contradiction in the opposite direction is also apparent, as low birth-weight 
Gambian offspring do not develop central fat and insulin resistance despite inhabiting an 
energy-stressed environment for much of their adult life due to seasonal shifts in energy 
availability [131]. Thus, thrift does not develop when the theory suggests it should be 
adaptive, and instead develops when it is not adaptive. 

Finally, studies from animals show that offspring born small tend to have lower repro-
ductive success regardless of the state of the adult environment, but especially so in tough 
conditions [132, 133]. This has been described as the “silver spoon hypothesis” [134], 
predicting that those offspring receiving the greatest investment in early life are well-prepared 
to breed in any conditions encountered in adulthood. Thus, the notion that small babies are 
successfully adapted for life-long famine is not supported by evidence. Rather, small babies 
do better if they catch-up in infancy, and they pay minimal penalties for this catch-up if they 
do not subsequently encounter the obesogenic niche. The PAR hypothesis is therefore 
uncomfortably close to the ‘small but healthy’ hypothesis, and fails to address the role of the 
childhood and adulthood environments in eliciting deleterious traits which these authors 
assumed to develop in fetal life. 

 
 

Impact of the Obesogenic Niche 
 
The evolutionary approach described above helps make sense of the epidemiological 

evidence on early-life famine exposure in humans and other species. The metabolic penalties 
(chronic disease risk) generated by early undernutrition appear dependent on two interacting 
factors – early catch-up growth followed by exposure to the obesogenic niche. 
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Rapid catch-up growth is favoured by formula-feeding, which has particularly strong 
effects if introduced in the immediate perinatal period. In formula-fed infants, weight-gain in 
the first week of life has been associated with later obesity risk [135], while other studies 
have associated nutritional intakes during this period with later insulin resistance, blood 
pressure and lipid levels [102, 136, 137]. Catch-up does occur through breast-feeding, but at a 
relatively slower rate due to the low levels of breast-milk ingested in the first week of life, 
when most babies temporarily lose weight[138]. 

When such catch-up occurs, its longer-term penalties manifest under the influence of the 
obesogenic niche, characterized by high levels of refined carbohydrate and fat. Recent 
research has emphasized a ‘metabolic perturbation’ model of obesity, proposing that diets 
high in refined carbohydrate [sucrose, high-fructose corn syrup] are especially lipogenic. 
Modifications to IGF1 and insulin receptors by catch-up growth could therefore increase 
susceptibility to lipogenic diets from childhood onwards. Upregulated appetite, also 
epigenetically achieved, could likewise interact with energy-dense foods. Under these 
circumstances, insulin resistance could develop to counter-act upregulated insulin signaling, 
protecting the tissues from high levels of oxidative stress [139]. 

This scenario may help explain associations between early undernutrition and obesity in 
contemporary populations. However, both the epidemiological evidence and the animal 
studies could be considered to be somewhat artificial, relative to long-term human evolution. 
If maternal phenotype naturally buffers nutritional perturbations in early life, then the cross-
fostering design of animal experiments, and modern human diets involving formula-milk and 
lipogenic foods, will subject the offspring generation to artificially large swings in nutritional 
stresses and associated metabolic compensations. 

In rodent studies, for example, offspring exposed to a maternal low-protein diet had 
fewer pancreatic beta-cells [140, 141] and secreted less insulin in response to an amino acid 
load [142]. These deficits in insulin secretion then persisted into adulthood [143]. If the 
animals exposed to malnutrition in utero remained on an energy-restricted diet, by the third 
generation, insulin sensitivity in the offspring was contingent on the diet of the second 
generation mothers [144]. The offspring of insulin-resistant mothers fed an energy-restricted 
diet developed normal insulin sensitivity, whereas the offspring of insulin-sensitive mothers 
fed the restricted diet during pregnancy became insulin resistant [144]. 

These studies therefore illustrate how nutritional swings exert cumulative effects of 
offspring, and that the greater the role of maternal buffering during development, the more 
protected from such swings the offspring are. Growth variability is early life is encountered in 
all populations, but in the absence of ‘catch-up overshoot’ and adult obesity, such early 
variability does not translate into chronic disease risk [131, 145-148]. 

This evolutionary approach therefore highlights the powerful effect of the Western 
industrialized niche, interacting with undernutrition or exposure to maternal famine earlier in 
the life-course, in inducing metabolic penalties by overcoming such maternal buffering. Few 
researchers have understood that their experimental designs act in opposition to the way that 
maternal buffering acts in nutritional environments. The magnitude of experimental effects 
are often therefore unphysiological, and although the long-term effects of famine can be 
detected in large human samples, it is perhaps most notable that the magnitudes are relatively 
modest, in comparison with those that are seen in populations undergoing rapid economic 
development. 
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Conclusion 
 
In summary, an evolutionary interpretation of the effects of exposure to famine must not 

under-estimate the contribution of exposure to the peculiar modern obesogenic niche, with 
levels of intakes of refined carbohydrate that are unlikely to have been relevant for the vast 
majority of human evolution. Under these circumstances, the effects of early famine in 
combination with subsequent catch-up growth are magnified. From a broader perspective, the 
penalties of exposure to brief famine are modest compared with those arising from a rapid 
shift from chronic undernutrition to overnutrition, as seen in the emergence of the obesogenic 
niche in urban populations from countries long affected by chronic undernutrition. Famine 
exposure therefore mimics the effect of chronic undernutrition, but with its effects 
substantially buffered by maternal phenotype. However, famine in chronically under-
nourished populations might exert stronger effects, although studies of such populations 
remain sparse. The combination of chronic undernutrition, rural-urban migration and the 
emerging obesogenic niche in India is associated with an epidemic of diabetes and 
cardiovascular disease, and there is little possibility for maternal capital to restrain these 
adverse effects. A rapid trans-generational shift from chronic malnutrition to the obesogenic 
niche is therefore a worst-case scenario, and public health policies need to address both 
chronic undernutrition and chronic overnutrition, in eachcasetackling harmful economic 
policies. 
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