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We are grateful to the commenters for their thought-

ful reading of our review. Our main goals were to

draw attention to the parallel significance of devel-

opmental plasticity research in evolutionary and

health-related fields, and to highlight shared gains

that would result from addressing outstanding ques-

tions. In doing so, we hoped to spark excitement

about multi-disciplinary approaches to understand-

ing developmental plasticity, and to emphasize that

evolutionary research can inform questions of im-

port to human health researchers and vice versa.

We focus our response on three themes that were

touched on in different ways by different com-

menters. First, Wells, Michels and Kuzawa all dis-

cuss the timing of early life environmental effects and

the role of parents, together raising several key points

for discussion: (i) What is the definition of ‘early life’?

(ii) When in early life is plasticity greatest? and (iii)

To what degree do parents buffer or mediate the

impact of ecological stressors on their offspring?

Second, the comments of Michels and Watve

highlight a common misconception about the two

groups of models proposed to explain developmen-

tal plasticity, namely that predictive models view de-

velopmental plasticity as an adaptation, while

constraints models do not. We now clarify that both

classes of models posit that developmental plasticity

is adaptive and has evolved through natural selection.

Below we discuss this underappreciated point; fur-

ther, we address criticisms of common tests of these

hypotheses brought up by Watve.

Third, Kirchengast emphasizes the role of devel-

opmental plasticity in generating variation in human

life history traits. In doing so, she points out that

human and non-human mammals exhibit dramatic

life history differences, which calls into question the

invited
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degree to which animal models are useful for understanding devel-

opmental plasticity in humans.

We address each of these three points below. In addition, we

continue to emphasize that inter- or multi-disciplinary research

approaches should be used to tackle outstanding questions about

developmental plasticity. In response to Stearns’ query about re-

search priorities, we end by enumerating three areas that are well-

positioned to benefit from this perspective.

THE TIMING OF EARLY LIFE
ENVIRONMENTAL EFFECTS

In our review, we adopt the permissive definition of ‘early life’

proposed by Lindstrom [1, 2], which defines early life as the period

between conception and reproductive maturation. We choose this

broad definition because research from humans and other long-

lived mammals has shown that experiences in utero [3–5], during

infancy [6–9] and throughout childhood [10–14] can all shape fit-

ness-related traits expressed in adulthood. In some cases, environ-

mental effects on later life traits only manifest if the exposure occurs

at a specific point in development (often referred to as a ‘critical

period’). For example, in utero exposure to the Dutch Hunger

Winter—a severe famine that occurred in the Netherlands during

World War II—led to changes in DNA methylation, obesity and

coronary heart disease risk in adulthood, but only for individuals

exposed during early gestation [15–18]. However, many early life

effects are not limited to critical periods. For instance, the effects of

early life undernutrition on stature and work capacity in humans

appear to be graded, with effect sizes that remain substantial

across a range of post-natal developmental stages [13, 19]. This

mix of effect types leaves open the question of when, and for what

phenotypes, critical periods are likely to evolve [20].

Linked to the idea of critical periods, Wells, Michels and Kuzawa all

propose that, in mammals, plasticity is greatest at conception or

during gestation and dwindles thereafter. However, it is not clear

how the total capacity for plasticity should be measured. Hence,

the belief that plasticity is maximized in the prenatal period still de-

mands support from empirical evidence. Michels provides a citation

to [21], which includes a heuristic diagram (Fig. 3) suggesting that

epigenetic plasticity is greatest during early development and de-

creases thereafter. This idea is consistent with the fact that both

maternal and paternal genomes undergo extensive demethylation

following fertilization, followed by de novo methylation and faithful

replication of DNA methylation patterns across subsequent mitotic

cell divisions. Environmental challenges that perturb the de novo

methylation process are thus thought to affect life-long methylation

patterns [22–25]. However, it is also clear that considerable plasticity

is retained post-gestation [13, 19]. This is certainly true in the case of

DNA methylation, where epigenetic remodeling in response to en-

vironmental stimuli in adulthood is now well-described, even in non-

dividing cell types [26–30]. Therefore, we challenge researchers to test

further the idea that plasticity is greatest during gestation, using

empirical data. For example, a recent study [31] used data from 21

mammalian species to conclude that maternal stress during early

gestation had stronger effects on offspring growth rates than mater-

nal stress during late gestation. Similar meta-analytic approaches, as

well as work in model organisms or longitudinally-followed animals,

could be leveraged to understand whether maximal plasticity during

gestation is common, including the types of species, exposures and

fitness-related traits for which this model does or does not hold.

THE ROLE OF PARENTS IN EARLY LIFE EFFECTS

Kuzawa and Wells both rightfully point out that our review does

not address the ways in which parents mediate environmental

effects on their offspring. Wells focuses on the fact that, during

gestation and to some degree lactation, ‘there is no ecological

stress that is not mediated by maternal phenotype’. Thus,

mothers may buffer their offspring from environmental chal-

lenges, and maternal quality or condition can influence their abil-

ity to do so. In line with this idea, Kuzawa argues that maternal

condition at the time of conception (which integrates maternal

experiences over her life-time) may be an important early life en-

vironmental cue for the offspring. We agree that mothers are an

integral mediator and component of the environment their off-

spring experience, and we acknowledge Kuzawa’s conclusion that

maternal condition could provide ‘a reliable cue of long-term local

conditions’. However, long-lived animals like humans and other

large mammals will also typically experience unpredictable, year-

to-year heterogeneity in ecological conditions (e.g. rainfall or food

availability) [6, 7, 32, 33]. Further, such animals are often able to

leave unfavorable environments and seek new ones [34]. Both of

these factors will limit the predictive power of long-term maternal

quality for the offspring’s future environment. Importantly, it fol-

lows that predictive plasticity will rarely evolve, in long-lived or-

ganisms, in response to maternal condition.

However, maternal quality is undoubtedly important, and we [6]

and others [35] have shown that maternal characteristics can buf-

fer offspring from the costs associated with other sources of early

adversity. Understanding inter-generational effects, using physio-

logical data, fitness-related measures or epigenomic data (as sug-

gested by Stearns and others [36–39]), should be a priority for

future research. Specifically, in systems where animals are tracked

longitudinally and across generations, researchers could ask

whether variation in the offspring’s epigenome is better predicted

by: (i) cumulative maternal experiences prior to pregnancy (to test

the ideas raised by Kuzawa); (ii) the interaction between maternal

condition and ecological challenges during pregnancy (to test the

hypothesis that high quality mothers ‘protect’ offspring against

external stressors) or (iii) main effects of the offspring’s in utero or

infant environment. Such work would provide much-needed in-

sight about the timing of early life effects and the role of parents, in

addition to unifying proximate and ultimate questions.
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DEVELOPMENTAL PLASTICITY EVOLVED
THROUGH NATURAL SELECTION

Michels writes that developmental plasticity contradicts evolu-

tionary principles and is not adaptive in many cases. Similarly,

Watve focuses on the need to identify ‘the adaptive component of

the phenotype’ that is induced by an early life exposure (implying

that only certain components of developmental plasticity are se-

lectively advantageous). In response to these comments, we em-

phasize that both predictive models and constraints models rely on

adaptation via natural selection to explain early life effects. In the

case of developmental constraints, fitness is expected to be higher

in individuals that are plastic (i.e. can re-allocate investment to

promote survival in poor environments) than in those that are not.

Specifically, constraints-induced plasticity is selectively advanta-

geous because individuals that exhibit the constrained phenotype

outperform individuals who exhibit no plasticity. Indeed, the ori-

ginal formulation of the thrifty phenotype hypothesis implies

exactly this type of naturally-selected re-allocation (specifically,

to promote survival even if it means impaired pancreatic function

[40, 41]); only later versions of this hypothesis invoked maternal

forecasting as a key component of an adaptive outcome [42].

Watve also suggests that the test of predictive versus con-

straints models that we describe in the review (and that has been

proposed by many others [6, 32, 33, 43, 44]) is insufficient.

Specifically, we argue that researchers must compare the fitness

of individuals born in high-quality environments with those born

in low-quality environments, when each set of individuals experi-

ence both high- and low- quality conditions as adults. Under a

predictive model, fitness will be maximized when individuals en-

counter matched early life and adult environments, whereas under

a constraints model, individuals born in high-quality environ-

ments will consistently outperform individuals born in low-quality

environments. We refer to this ‘fully factorial’ design as the critical

test of predictive versus constraints models, because the two out-

comes are mutually exclusive (put another way, one involves

crossing reaction norms while the other does not, see Ref. [43]).

Recapitulating ideas from [45], Watve suggests that an add-

itional measure is needed to provide support for predictive

models: namely, data on whether a focal individual developed

the phenotype that is ‘expected’ following an early life insult and

whether those that developed the expected phenotype had higher

fitness than those that did not. For example, in the classic case of

Daphnia, early life exposure to predator kairomones leads to the

development of defensive body structures [46, 47]. To satisfy

Watve’s criterion, we would need data on whether or not an indi-

vidual successfully produced the defensive phenotype following a

predator encounter and whether doing so resulted in higher fit-

ness than failing to do so. Here, Watve (and Ref [45]) would expect

higher fitness in predator-rich adult environments for individuals

that developed the defensive morphology relative to those that

did not.

We agree with this point in principle, although performing such

tests in practice is complicated by other inter-individual differ-

ences that may affect an organism’s capacity to respond (e.g. if

only animals in better condition exhibit the expected plastic

change). In addition, we emphasize that tests of predictive versus

constraints models must be conducted not only in species like

Daphnia with discrete polymorphisms (which are relatively rare in

mammals), but also in species that produce graded, continuous

responses to early environments (see Fig. 1C in our review) [6, 32,

48]. Critically, individuals of such species often vary in the extent of

their response to the early environment, and no single phenotype

is ‘expected.’ However, the predictions of the PAR should still

hold: fitness should be maximized when individuals encounter

adult environments that match their early life conditions, even if

the slopes of individual reaction norms vary (for example, depend-

ing on the magnitude of each individual’s phenotypic response to

early conditions). Going forward, it will be extremely important to

understand inter-individual variation in the magnitude of plastic

responses, including its causes (e.g. the contribution of genetic

variation, which we discuss at length in our review) and evolution-

ary consequences.

ARE ANIMAL SYSTEMS USEFUL FOR
UNDERSTANDING DEVELOPMENTAL PLASTICITY
IN HUMANS?

Several aspects of human biology are often described as unique

from other animals (including in the comments of Kirchengast),

raising the question of whether work in animal systems is rele-

vant for understanding the evolution, genetic basis and molecu-

lar mechanisms underlying early life effects in humans. For

example, humans have a very long, slow, late-maturing life his-

tory, with the consequence that human fitness is more heavily

influenced by survival to adulthood than variation in fertility [49].

Humans have undergone selection for both a narrow pelvis (to

facilitate bipedalism) and exhibit a large neonatal brain [50],

leading to limits on offspring growth in utero (a phenomenon

known as ‘maternal constraint’ [51, 52]). Finally, the environ-

ments that humans currently inhabit are dramatically different

from those in which we evolved, resulting in a ‘mismatch’ be-

tween our evolved plastic responses and current environmental

variation [53].

However, in all these cases, humans lie on the same trait

continua as other large mammals, although they are relatively

far along on each trait continuum. For instance, all long, slow life

histories result in fitness outcomes that are more sensitive to

survival than to other components of fitness [54–57]. This sensi-

tivity stems from a late age at maturity in humans as well as other

long-lived mammals, and not from other features of the human

life history such as the post-reproductive lifespan [49, 55]. With

respect to the relationship between maternal and offspring body

and brain size, what sets humans apart from other primates is not
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our relative brain size at birth, but the fact that we exhibit more

extended brain growth in the post-natal period than most other

primates, indicating potentially greater nutritional constraints on

post-natal development [50, 58]. In addition, limits on offspring

size at birth because of constraints on the mother are seen in a

range of taxa beyond primates, for example in equids (where the

idea originated [59]). Finally, many natural animal populations are

currently exposed to highly novel conditions as a result of human-

induced environmental change [60, 61]; thus, ‘mismatch’ is an

experience that is currently shared between humans and many

other extant organisms.

The observation that humans lie along a shared continuum

with other animals, rather than being biologically unique, is an

important point that underlies essentially all research on animal

models for human traits. It also suggests that the rules and

processes governing the evolution of human developmental plas-

ticity are likely to be shared with other mammalian taxa. Further,

the place of humans towards the end of many (but not all) trait

continua points to animals that similarly lie towards the ends of

these continua as especially appropriate models for human devel-

opment. Comparative cross-taxon studies of developmental plas-

ticity can thus provide key insight into common evolutionary

processes and molecular mechanisms.

CONCLUDING REMARKS

We conclude by addressing Stearns’ call for clear priorities for

empirical research. Specifically, we propose three high-priority

research areas. First, repeated critical tests that clearly distinguish

between predictive versus constraint models will be essential for

correcting the common misconception that development con-

straints are ‘maladaptive’, and for improving our understanding

of the evolutionary logic through which associations between

early adversity and human health arise. Second, identifying loci

that underlie developmental plasticity, and measuring variation in

these regions of the genome both within and between species, will

propel our understanding of early life effects forward. Specifically,

doing so will provide insight into the evolutionary origins of de-

velopmental plasticity, as well as the degree to which plastic re-

sponses are shared versus taxon-specific. Third, understanding

the epigenetic mechanisms that allow early environmental vari-

ation to produce diverse phenotypes from static gene sequences

is already a research priority in human genetics and molecular

biology. As these mechanisms become better understood, they

will provide key empirical grounding for theoretical models of the

evolution of plasticity. They will also be useful for investigating

factors that explain heterogeneity in the response to the same

environmental challenges (e.g. across species, individuals or cell

types).

funding

This work was supported by NIH P01-AG031719 and NSF IOS-1456832 to

S.C.A., R21-AG049936 and 1R01GM102562 to J.T., NSF BCS-1455808 to J.T.

and A.J.L., a Leakey Foundation Research Grant to A.J.L. and S.C.A., and a

Triangle Center for Evolutionary Medicine Fellowship to A.J.L.

Conflict of interest: None declared.

references

1. Lindström J. Early development and fitness in birds and mammals. Trends

Ecol Evol 1999;14:343–8.

2. Henry CJK, Ulijaszek SJ, (eds.). Long-Term Consequences of Early

Environment. New York, New York: Cambridge University Press, 1996.

3. Gluckman PPD, Hanson M, Cooper C et al. Effect of in utero and early-life

conditions on adult health and disease. N Engl J Med 2008;359:61–73.

4. Jones P. Schizophrenia after prenatal exposure to the Dutch hunger winter

of 1944-1945. Arch Gen Psychiatry 1994;51:333–4.

5. de Rooij SR, Painter RC, Phillips DIW et al. Impaired insulin secretion after

prenatal exposure to the Dutch famine. Diabetes Care 2006;29:1897–901.

6. Lea AJ, Altmann J, Alberts SC et al. Developmental constraints in a wild

primate. Am Nat 2015;185:809–21.

7. Hayward AD, Rickard IJ, Lummaa V. Influence of early-life nutrition on

mortality and reproductive success during a subsequent famine in a

preindustrial population. Proc Natl Acad Sci 2013;110:13886–91.

8. Mumby HS, Mar KU, Hayward AD, Nature Publishing Group et al.

Elephants born in the high stress season have faster reproductive ageing.

Sci Rep 2015;5:1–11.

9. Nussey DH, Kruuk LEB, Morris A et al. Environmental conditions in early

life influence ageing rates in a wild population of red deer. Curr Biol

2007;17:R1000–1.

10. Barboza Solı́s C, Kelly-Irving M, Fantin R et al. Adverse childhood experi-

ences and physiological wear-and-tear in midlife: findings from the 1958

British birth cohort. Proc Natl Acad Sci 2015;112:E738–46.

11. Galobardes B, Smith GD, Lynch JW. Systematic review of the influence of

childhood socioeconomic circumstances on risk for cardiovascular dis-

ease in adulthood. Ann Epidemiol 2006;16:91–104.

12. Smith G, Hart C, Blane D et al. Adverse socioeconomic conditions in

childhood and cause specific adult mortality: prospective observational

study. BMJ Br Med J 1998;316:1631–5.

13. Chen Y, Zhou L-A. The long-term health and economic consequences of

the 1959–1961 famine in China. J Health Econ 2007;26:659–81.

14. Wachs TD, Georgieff M, Cusick S et al. Issues in the timing of integrated

early interventions: contributions from nutrition, neuroscience, and psy-

chological research. Ann N Y Acad Sci 2014;1308:89–106.

15. Heijmans BT, Tobi EW, Stein AD et al. Persistent epigenetic differences

associated with prenatal exposure to famine in humans. Proc Natl Acad Sci

2008;105:17046–9.

16. Tobi EW, Lumey LH, Talens RP et al. DNA methylation differences after

exposure to prenatal famine are common and timing- and sex-specific.

Hum Mol Genet 2009;18:4046–53.

17. Tobi EW, Goeman JJ, Monajemi R et al. DNA methylation signatures link

prenatal famine exposure to growth and metabolism. Nat Commun

2014;5:5592–13.

204 | Lea et al. Evolution, Medicine, and Public Health



18. Roseboom T, de Rooij S, Painter R. The Dutch famine and its long-term

consequences for adult health. Early Hum Dev 2006;82:485–91.

19. Hoddinott J, Alderman H, Behrman JR et al. The economic rationale for

investing in stunting reduction. Matern Child Nutr 2013;9:69–82.

20. Wells JCK. Adaptive variability in the duration of critical windows of plas-

ticity. Evol Med Public Heal 2014;2014:109–21.

21. Godfrey KM, Lillycrop KA, Burdge GC et al. Epigenetic mechanisms and

the mismatch concept of the developmental origins of health and disease.

Pediatr Res 2007;61:5R–36.

22. Suzuki MM, Bird A. DNA methylation landscapes: provocative insights

from epigenomics. Nat Rev Genet 2008;9:465–76.

23. Klose RJ, Bird AP. Genomic DNA methylation: the mark and its mediators.

Trends Biochem Sci 2006;31:89–97.

24. Jaenisch R, Bird A. Epigenetic regulation of gene expression: how the gen-

ome integrates intrinsic and environmental signals. Nat Genet

2003;33:245–54.

25. Jirtle RL, Skinner MK. Environmental epigenomics and disease suscepti-

bility. Nat Rev Genet 2007;8:253–62.

26. Pacis A, Tailleux L, Lambourne J et al. Bacterial infection remodels the DNA

methylation landscape of human dendritic cells.Genome Res 2015;25:1801–11.

27. Barrès R, Yan J, Egan B et al. Acute exercise remodels promoter methyla-

tion in human skeletal muscle. Cell Metab 2012;15:405–11.

28. Tung J, Barreiro LB, Johnson ZP et al. Social environment is associated

with gene regulatory variation in the rhesus macaque immune system.

Proc Natl Acad Sci 2012;109:6490–5.

29. Netea MG, Joosten LAB, Latz E et al. Trained immunity: a program of

innate immune memory in health and disease. Science 2016;352:aaf1098.

30. Miller CA, Sweatt JD. Covalent modification of DNA regulates memory

formation. Neuron 2007;53:857–69.

31. Berghänel A, Heistermann M, Schülke O et al. Prenatal stress accelerates

offspring growth to compensate for reduced maternal investment across

mammals. Proc Natl Acad Sci 2017;114:E10658–66.

32. Douhard M, Plard F, Gaillard J-M et al. Fitness consequences of environ-

mental conditions at different life stages in a long-lived vertebrate. Proc R

Soc London, Ser B 2014;281:20140276.

33. Hayward AD, Lummaa V. Testing the evolutionary basis of the predictive

adaptive response hypothesis in a preindustrial human population. Evol

Med Public Heal 2013;2013:106–17.

34. Eriksson A, Betti L, Friend AD et al. Late Pleistocene climate change and

the global expansion of anatomically modern humans. Proc Natl Acad Sci

2012;109:16089–94.

35. Chen E, Miller GE, Kobor MS et al., Nature Publishing Group. Maternal

warmth buffers the effects of low early-life socioeconomic status on pro-

inflammatory signaling in adulthood. Mol Psychiatry 2011;16:729–37.
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