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Summary  

Background Epigenetic inheritance is a potentially important determinant of health in several 

mammals. For humans, the existing evidence is weak. We investigate whether disease 

exposure triggers functional epigenetic inheritance among humans by analyzing siblings who 

were conceived under different disease loads, and comparing their mortality in later 

epidemics. Under functional epigenetic inheritance, we expect that those who were conceived 

under high pathogenic stress load will have relatively low mortality during a later epidemic. 

Methods We use data from the Registre de la Population du Québec Ancien, which covers 

the historical population living in St. Lawrence Valley, Québec, Canada. Children born in 

1705-1724 were grouped according to their exposure during conception to the measles 1714-

15 epidemic. The 1714-15 epidemic was followed by two mortality crises in 1729-1734 

which were caused by measles and smallpox. Using proportional hazard Cox regression 

models with multivariate adjustment and with fixed-effects approach that compare siblings, 

we analyze whether mortality in 1729-1734 is affected by exposure to the 1714-15 epidemic. 

Results Children who were conceived during the peak of the measles epidemic of 1714-15 

exhibited significantly lower mortality during the 1729-1734 crisis than those who were born 

before the 1714-15 epidemic (mortality hazard ratio 0.106, p<.05 in multivariate adjusted 

models; 0.142 p<.1 in sibling comparison models). 

Conclusion The results are consistent with the functional epigenetic inheritance mechanism 

that responds to pathogen stress and suggest that early disease exposure may be protective 

later in life. Alternative explanations for the mortality patterns are discussed and shown to be 

problematic.  
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INTRODUCTION 

Epigenetics studies how inheritable changes of the cellular phenotype are caused by 

mechanisms that do not change the underlying nucleotide (DNA) sequence (1). Epigenetic 

inheritance is, for example, responsible for the soma cell differentiation in multi-cellular 

organisms, as well for the inactivation of one of the X chromosomes in female mammals (2). 

Epigenetic inheritance also occurs in the germ line and can trigger trans-generational effects 

(3). Many animals, including mammals, exhibit trans-generational effects when fed special 

diets (4), under exposure to certain chemicals(5, 6), or when they have undergone traumatic 

experiences (7, 8). Thus parental environmental conditions appear to influence their 

offspring’s phenotype via epigenetic pathways. 

 

This finding could have implications for public health, especially if the trans-

generational effects are functional and reflect an adaptation or a co-adaptation, instead of 

being non-functional and serving no biological purpose.(3). For example, Daphnia spec are 

able to initiate trans-generational, predator-specific defense mechanisms (9, 10). .While there 

is considerable evidence for functional epigenetic inheritance among other species, the 

practical importance of these findings for humans is inconclusive. There are trans-

generational effects in humans (11-13), but the functional interpretation of these effects is 

unclear. A study examining the historical population of the St. Lawrence Valley in Quebec, 

Canada compared the mortality of children that were conceived under different pathogenic 

environments based on region of residence and found no evidence of functional epigenetic 

inheritance (14). However, most biological response mechanisms are cue- and context-

specific. Therefore, negative results in one context do not imply that functional epigenetic 

inheritance does not occur in general.  
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In this study, we test the hypothesis that parents are able to alter the imprinting of the 

offspring’s epigenome after experiencing increased disease load using data from the Registre 

de la population du Québec ancien on the historical population of the St. Lawrence Valley 

(Québec, Canada). Functional epigenetic inheritance predicts that the altered imprinting of the 

offspring’s epigenome will result in a phenotype which is less vulnerable under high levels 

pathogenic stress, but which may exhibit lower levels of fitness if the subsequent disease load 

is low. It is expected that these offspring will be “pre-adapted” to environments with high 

levels of pathogenic stress. 

 

The population of the St. Lawrence Valley was periodically hit by epidemics of 

measles, smallpox, typhus, and other diseases. We use the data to investigate whether the 

children’s exposure to different levels of pathogenic stress during conception affected their 

mortality in later epidemics, as well as in periods of lower disease loads. We identified a 

period in which a strong epidemic was followed by a period of rather low and stable 

mortality, and which was then followed by another epidemic. The period between 1705 and 

1740 was ideal for our purposes. From 1705 until the middle of 1714, mortality was relatively 

stable. In 1714-1715, a measles epidemic spread, affecting especially infants and children (15, 

16) (see Figure 1). The epidemic was followed by 14 years of low and stable mortality. From 

1729 to 1734, two mortality crises struck in quick succession; we consider the years 1729-

1734 a single continuous crisis period (see Figure 3). The cause of the 1729 crisis is not 

exactly known, but may have been measles and/or bad crops (16). The 1734 crisis was caused 

by a smallpox epidemic (16). Mortality among infants, children, and young adults aged 15 to 

30 rose sharply during the 1729-34 crisis. This cohort included individuals who were 

conceived around the measles epidemic of 1714-15. The period between 1735 and 1740 was 

characterized by a low and stable mortality rate. 
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DATA AND METHODS 

Study Population and Period: The Population of the St. Lawrence River in Québec, 

1705-1740 

We analyzed the historical population of the St. Lawrence River in Québec, Canada (1621- 

1799). The data came from the Registre de la population du Québec ancien (RPQA), which 

was created by the                             mographique historique (PRDH) at the 

University of Montreal. 

 

 

We included children who were born in 1705-1724 (N=28,035). We excluded those 

who were born to recomposed families (N=5,376) because parental investment differs in these 

families when compared to other families (17). We used methods that compare siblings with 

different epidemic exposures. Therefore we included only sibling sets in which at least on 

child was born during the epidemic and one another prior or after the epidemic (N=10,614 

cases deleted). After exclusion of cases with missing data on the parent’s birth and death dates 

or residential status, our remaining sample size was 7,947 children from 575 families. 

 

We use information on the children’s sex, birth rank, and birth and death dates which 

are all directly available in the data. We estimate the conception date assumption that the 

pregnancies lasted 9 months. We also use information on the parents’ ages at death, their 

residential status, and ages at the child’s birth. 

 

Methods 

We divided the 1714-15 measles epidemic into three exposure periods: starting (Dec. 1, 1713 

- May 31, 1714), peak (Jun. 01, 1714 - Oct 30, 1714), and ending period (Nov. 1, 1714 -Feb. 

28, 1715) (see Figure 1). This classification, in particular the peak period, corresponds to the 
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death rates reported elsewhere (15, 16). We split the data into six categories based on these 

three exposure periods: I, conceived and born prior to the epidemic (N=3,467); II, conceived 

before but born during the epidemic (N=362); III, conceived during the beginning and born in 

the peak or end period of the epidemic (N=241); IV, conceived during the peak and born after 

the epidemic (N=200); V, conceived during the end period and born after the epidemic 

(N=156); and VI, conceived and born after the epidemic (N=3,521) (see time line in Figure 

2). 

 

We used Cox proportional hazards regression models (18) to estimate the mortality of 

children during three time periods: Jan. 01, 1725 to May 31, 1729 (A, the period before the 

second crisis); Jun. 1, 1729 to Jun. 31, 1734 (B, the second crisis period); and Jul. 1, 1734 to 

Dec. 31, 1740 (C the period after the second crisis) (see Figure 3). For each time period, we 

estimated two models. The first, Model I, was a standard multivariate model that controlled 

for age and age squared, sex, birth rank, mother’s and father’s ages at death, their ages at the 

child’s birth, and their residential status. These factors have all been linked to mortality, as 

parental life span is inheritable (19), child survival is affected by sex and birth order (20), 

child mortality increased in the colony of the St. Lawrence Valley over time (21), maternal 

are associated with survival (22, 23), and mortality varies by residential status (16).  

 

Model II was a fixed-effects model which was based on sibling comparison, and 

which controlled for age, age squared, sex, birth rank, and mother’s and father’s ages at the 

child’s birth. The fixed-effect Cox model allowed the baseline hazard to be family-specific. 

As a result, the model controlled for all observed and unobserved environmental and 

biological factors that were shared by the siblings (24). 
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In all models, category I (the child was conceived and born before the 1714-15 

measles epidemic) was set as reference group and the disease exposure effect was estimated 

by including indicators for the other exposure groups. 

 

Results 

Descriptive results 

Figure 1 shows the crude mortality rates over the period of 1705-24. The graphs indicates that 

mortality peaked during what we define the peak 1714-1715 epidemic period. The vertical 

lines illustrating the defined borders of five different periods of the measles epidemic. Based 

on these, we spilt the children born between 1705 and 1724 into six difference exposure 

categories (see Figure 2). Figure 3 shows the crude mortality rates over three later periods 

(1725-29; 1729-34; 1734-40) for which we estimate mortality by exposure status. The graphs 

shows that mortality peaked again in the 1729-1734 crisis years, but was relatively low before 

and after the years 1729-1734.  

 

Table 1 shows the sample size by exposure category and the numbers of deaths by exposure 

category and the three later periods: before the 1729-1734 crisis years (A); the 1729-1734 

crisis years (B); and after the 1729-1734 crisis years (C). In the period A 4.17% of those who 

were alive in the beginning of the period died; this proportion was lowest (1.34%) in the 

group that was conceived before and born during the 1714-1715 epidemic (category II) and 

highest (4.55%) for those who were conceived and born after the epidemic (category VI). 

During the second crisis period 6.08% of those who survived to the baseline died. This 

proportion varied from 7.22% among those who were conceived before and born before or 

during the 1714-1715 epidemic (categories I, II) to 0.71% among those who were conceived 

during the peak of the epidemic (category III). These results tentatively suggest that being 

conceived during the epidemic might have been protective in the later crisis years. In the 
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period 1735-1740 further 4.69% of the survivors died; this proportion varied only little by 

exposure status. 

 

Regression Analysis 

Table 2 shows the results of the regression analysis. The proportional regression model 

(Model I) suggests that in the period A that preceded the 1729-1734 crisis no category 

exhibited significantly different mortality when compared to the reference category I. 

Although, children conceived in the peak of the measles epidemic (category IV) had been 

characterized by a relatively high hazard ratio (HR = 1.433; p>.10). The fixed-effect model 

(Model II) suggests that those in category IV have significantly increased mortality when 

compared to reference (HR = 3.030; p<.05), if the model considers child’s family 

membership. 

 

In the period B that is the second crisis years 1729-1734, mortality among those who were 

conceived during the peak of the 1714-1715 epidemic (category IV) decreased sharply (HR = 

0.106, p<.05 in the multivariate adjusted model; HR = 0.142, p<.10 in the fixed effects 

model). These differences further support the idea that those who were conceived during the 

peak of the epidemic have lower mortality in later crisis years. For those who were conceived 

during the early (category III) or late phase of the epidemic (category V) mortality not 

significantly different from the reference group. 

 

Results for the period C following the 1729-1734 mortality crisis do not suggest any 

significant differences in mortality by earlier epidemic exposure status. 

  



 9 

Discussion 

The concept of functional epigenetic inheritance which responds to pathogen stress predicts 

that individuals who were conceived under a high disease load are less vulnerable in time 

periods with an increased disease load, but face a phenotype-environment-mismatch that 

might include increased mortality when disease load is low. Our results from the historical 

population of the St. Lawrence valley are consistent with this prediction. We found that 

children were conceived during the peak of the 1714-15 measles epidemic had increased 

mortality 10 years later in a period of low mortality (1725-29) and exhibit decreased mortality 

in a later crisis period that occurred in 1729-34. The results suggest that the epigenome of 

these children was imprinted to develop a phenotype that would be functional under high 

levels of epidemic stress, but which would not increase or even decrease survival probabilities 

if the disease load were low. 

 

In addition to epigenetic inheritance, there are competing explanations for the mortality 

patterns found. There are several selective mortality scenarios that might be responsible for 

our findings. First, it is possible that the cohort that was conceived during the epidemic is 

more robust due to selection by parental characteristics. Our analysis compared siblings who 

were born to same parents, ruling out the selection by parental characteristics explanation. 

Selective mortality due to the measles epidemic of 1714-15 leading to better later survival is 

also unlikely because of two reasons. First, more robust individuals should exhibit lower 

mortality not only in crises, but also in non-crisis years; however, the cohort that was 

conceived during the peak of the epidemic did exhibit lower not higher survival rates in 

preceding non-crisis years and no significantly different mortality in years that followed the 

crisis of 1729-34. We also investigated the life expectancy after age 30 (data not shown). We 

did not find that an individual’s chances of survival later in life were affected by the exposure 

status during conception. Second, the selection should have taken place intrauterine, which 
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would have resulted in increased miscarriages and decreased numbers in live births (25-28). 

However, based on the monthly numbers of births between 1710 and 1720, we did not find 

evidence of decreases in births during the 1714-15 epidemic (data not shown). 

 

It is also possible that selective mortality is causing the decreased mortality during the second 

mortality crisis in 1729-34 among the children who were conceived in the peak of the 1714-

15 epidemic. High intrauterine disease load may increase post-birth mortality (25), and we 

observed that those conceived in the peak to the 1714-15 epidemic had increased mortality 

before the second mortality crisis in 1729-34 crisis period. However, nearly all adults were 

exposed once in their lifetime to the measles. This implies that the majority of the mothers not 

only benefited from lifelong immunization, but also that their immune system was able to 

shield the fetus against intrauterine measles exposure (30). Moreover, among the children 

who were conceived in the peak of the 1714-15 epidemic mortality in the 2
nd

 crisis period in 

1729-34 is decreased so much that even if we moved all the excess deaths observed in the 

period preceding the second crisis, their mortality in years 1729-1934 would still be lower 

than expected.  

 

A second alternative explanation is an “acquired vulnerability scenario” in which the 

results are driven by increased mortality in the reference category, not decreased mortality 

among those who were conceived during the peak of the 1714-15 epidemic. If this was the 

case, however, each cohort who had contact ex utero with the measles epidemic of 1714-15 

should have been affected. However, the opposite was observed. The children who were born 

during the measles epidemic exhibited lower mortality rates in the period before the second 

crisis when compared to those who were born before the 1714-15 epidemic. Furthermore, it 

may be expected that who were born during the measles epidemic would have faced measles-

related complications and their long-term consequences, because they were younger when 
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exposed to the measles than those in the reference category. Therefore, they should have been 

more, not less, vulnerable. In addition, those who were conceived during the peak of the 

epidemic had a lower mortality relative to the reference category only during the second 

crisis; if the results were driven by the reference category being more vulnerable, we should 

have observed this difference also in non-crisis years. However, this was not observed. 

 

A third alternative to our epigenetic interpretation is a “costless immunization scenario.” A 

measles infection results in lifelong immunization, but it may also be associated with long-

term negative health consequences. We also know that breastfed children born to immunized 

mothers are protected by maternal antibodies in the breast milk (30). Based on these 

considerations, two different immunization scenarios are possible. First, children who were 

exposed to the measles epidemic after weaning faced the disease without protection, and ran 

the risk of suffering long-term negative consequences. In contrast, children who were 

protected intrauterine and/or during lactation by maternal antibodies may have been 

immunized and therefore did not come down with the measles. In other words, the 

immunization would have been “costless” for these children. An individual’s survival in a 

later epidemic might have also depended on how the child became immunized. The problem 

with a costless immunization scenario is that it does not explain why measles-immunized 

individuals were better off in the later smallpox epidemic which consisted a large part of the 

1729-34 crisis. 

 

The scenarios discussed above are all based on the assumption that the exposure of 

children to the measles epidemic of 1714-15 was directly linked to later mortality 

differentials. However, there is an alternative explanation scenario that does not necessarily 

assume that the exposure to the measles itself affected later survival. In this scenario, children 

who were conceived during the peak of the epidemic benefited from a long inter-birth interval 
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that was extended by the measles death of their nearest elder sibling. This might have 

increased the resources available for the surviving child, which would have increased later 

survival (31-33). In order to test this hypothesis, we included a dichotomous variable in the 

models containing the information about whether the nearest sibling died during the measles 

epidemic. The results changed only marginally (data not shown). 

 

In summary, alternative explanations to the observed mortality patterns are problematic. We 

conclude that functional epigenetic inheritance may be responsible for these findings. This has 

a number of implications for public health. First, a rethinking of our perspective on 

populations that are under permanently high levels of epidemic stress is necessary. The 

functionality and efficiency of the individual immune system—and, consequently, of a 

person’s health and mortality—would not depend only on individually experienced factors, 

like nutritional conditions, but also on the parental environment. This revised perspective 

would also include phenotype-environment-mismatch scenarios, in which the future 

environment differs from that prevailing during epigenetic inheritance and results in 

decreased fitness. Under this mismatch scenario rapid environmental improvement may not 

always be beneficial if the early life or in-utero experience differs markedly from the later 

environment.  

 

Second, it may be expected that the initiation of the epigenetic pathogen response 

mechanism will occasion costs, even under an optimal phenotype-environment-match. 

Resources that are increasingly invested in the immune system might not be invested in other 

domains, such as growth. Conversely, when intrauterine disease load is reduced, this may lead 

to reduced epigenetic pathogen response and could allow more to be invested in growth. This 

could potentially explain part of the secular increases in body size and earlier puberty. 
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While our results suggest that functional epigenetic inheritance operates among humans and 

influences their mortality, an important limitation in our analysis was the sample size. While 

those who were conceived during the peak of the epidemic had remarkably low mortality in 

later crisis years when compared to other cohorts (mortality hazard ratio less than .2 across all 

models), we observed only 140 individuals from this cohort during the later crisis and only 

one of these died during the period. Further analysis with larger cohorts are needed to test the 

robustness of our finding. 
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Figure 1 
Monthly number of dead infants (0-1 year), small children (1-5 years), and children (5-15 years) from 1705 until 1724, and classification of the measles epidemic 
1714-15 into a pre-epidemic, starting, peak, ending, and post-epidemic period. 
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Figure 2 
Time line illustrates the chronology of the six exposure statuses during conception. 
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Figure 3 
Graph showing the monthly number of dead infants (0-1 year), small children (1-5 years), children (5-15 years), and young adults (15-30 years) from  1725 until 
1740. The period between Jun. 1, 1729 and Jun. 30, 1735 is characterized by two periods of increased mortality in quick succession and is considered as a single 
crisis period..
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Table 1 – Cases remaining after data selection. Given are the total numbers of cases of the six exposure categories that remain after data selection (N births), as 
well as the number of individuals who survived until Jan. 1, 1725 (A), Jun. 1, 1735 (B), and Jul. 1, 1735 (C). 
Mortality during period  A 

(01-Jan-1725 to 31-May-1729) 
B (2

nd
 crisis) 

(01-Jun-1729 to 30-Jun-1735) 
C 

(01-Jul-1735-to  31-Dec-1740) 

Exposure status 
N 

births 
N alive at 
01-Jan-1725 

N dead at 
31-May-1729 

% 
died 

N alive at 
01-Jun-1729 

N dead at 
30-Jun-1735 

% 
died 

N alive at 
01-Jan-1735 

N dead at 
31-Dec-1740 

% 
died 

I conceived & born before the epidemic (REF)  
[born 01-Jan-1705 – 31-Dec-1713] 

3467 
2531 107 4.23 2424 175 7.22 2249 120 5.34 

II conceived before, born in the epidemic 
[born 01-Jan-1714 – 31-Aug-1714] 

362 
224 3 1.34 221 16 7.24 205 9 4.39 

III conceived in the start, born in the epidemic  
[born 01-Sep-1714 – 28-Feb-1715] 

241 
175 3 1.71 172 10 5.81 162 7 4.32 

IV conceived in the peak, born after the epidemic  
[born 01-Mar-1715 – 31-Jul-1715] 

200 
146 6 4.11 140 1 0.71 139 7 5.04 

V conceived in the end, born after the epidemic  
[born 01-Aug-1715 – 30-Nov-1715] 

156 
123 4 3.25 119 4 3.36 115 8 6.96 

VI conceived & born after the epidemic 
[born 01-Dec-1715 – 31-Dec-1724]- 

3521 
2723 124 4.55 2599 139 5.35 2460 99 4.02 

Sum 7947 5922 247 4.17 5675 345 6.08 5330 250 4.69 
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Table 2 – Results of the Cox regression models, child mortality between Jan. 1, 1729 & May 31, 1729 (A), 
between Jun 1, 1729 & Jun. 30, 1734 (B 2

nd
 crisis) and between Jul. 1, 1734 & Dec 31, 1740 (C). Models of 

type I (standard) are proportional Cox regression models; Models of type II (FE) are Fixed-Effects Cox 
regression models that control for unobserved family characteristics with fixed effects for the marriage. 

Mortality  

A 
(01.Jan.1725 to 
31.May.1729) 

B (2
nd

 crisis) 
(01.Jun.1729 to 

30.Jun.1734) 

C 
(01.Jul.1734 to  
31.Dec.1740) 

Type of Model I (standard) II (FE) I (standard) II (FE) I (standard) II (FE) 

N individuals 5922 1186
a
 5675 1466

a
 5330 1091 

N families (N strata) - 220 - 278 - 218 

N deaths 247 247 345 345 250 250 

Exposure status  ***     

I conceived & born before the epidemic 
(REF) [born 01.Jan.1705 – 31.Dec.1713] 

1 1 1 1 1 1 

II conceived before, born in the epidemic 
[born 01.Jan.1714 - 31.Aug.1714] 

0.482 0.716 1.130 1.261 0.782 0.617 

III conceived in the start, born in the epidemic 
[born 01.Sep.1714 - 28.Feb.1715] 

0.593 0.596 0.889 0.627 0.806 0.673 

IV conceived in the peak, born after the 
epidemic [born 01.Mar.1715 - 31.Jul.1715] 

1.433 3.030* 0.106* 0.142+ 0.908 0.758 

V conceived in the end, born after the 
epidemic [born 01.Aug.1715 - 30.Nov.1715] 

1.108 0.929 0.519 0.767 1.324 1.268 

VI conceived & born after the epidemic [born 
01.Dec.1715 - 31.Dec.1724] 

0.627 0.801 1.020 1.060 1.089 0.946 

Control variables       

Mother’s age at death 1.003 0
a
 0.997 0

a
 0.988** 0

a
 

Father’s age at death 0.991+ 0
a
 0.998 0

a
 0.992 0

a
 

Sex (female) 0.965 1.063 1.030 0.971 1.404** 1.583** 

Birth rank 0.962 1.028 1.006 1.097 1.071* 1.041 

Mother residential status  
 

    

1) place of marriage and death identical 
(REF) 

1 0
a
 1 0

a
 1 0a 

2) place of marriage, birth and death identical 0.753 0
a
 0.946 0

a
 1.121 0a 

3) place of marriage and death not identical 0.853 0
a
 1.355

+
 0

a
 1.066 0a 

Father’s residential status 
 

 **    

1) place of marriage and death identical 
(REF) 

1 0
a
 1 0

a
 1 0a 

2) place of marriage, birth and death identical 1.084 0
a
 0.775 0

a
 0.852 0a 

3) place of marriage and death not identical 0.963 0
a
 0.545*** 0

a
 0.989 0a 

Maternal age at birth 
  

    

>14 – 19 0.864 0.796 0.959 0.820 1.555 1.672 

>19 – 25 1.006
 

1.155 1.041 1.000 0.923 0.960 

>25 – 35 (REF) 1 1 1 1 1 1 

>35 – 40 1.333 1.669 0.992 0.929 1.103 1.655 

>40 – 45 1.725* 2.152 0.890 0.784 0.721 1.362 

>45 – 50 0.644 0.547 0.000 0.000 0.530 1.882 

Child’s age at Jan,1
st
 1725 (A); Jun,1

st
 1729 

(B); Jul,1
st
 1740 (C) 

0.664*** 0.692*** 1.063 1.139 1.403 1.441* 

Child’s age at Jan,1
st
 1725 (A); Jun,1

st
 1729 

(B); Jul,1
st
 1740 (C) SQUARED 

1.018*** 1.019*** 0.999 0.999 0.993 0.992* 

*** p < 0.001; ** p < 0.01; * p < 0.05; + p < 0.1        
a
 – Degree of freedom reduced as compared to corresponding model I because of constant or linearly dependent covariates due to 

stratification 
- – No cases 
 


