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The level of kin help often depends on the degree of relatedness between a
helper and the helped. In humans, grandmother help is known to increase
the survival of grandchildren, though this benefit can differ between maternal
grandmothers (MGMs) and paternal grandmothers (PGMs) and between
grandsons and granddaughters. The X-linked grandmother hypothesis
posits that differential X-chromosome relatedness between grandmothers
and their grandchildren is a leading driver of differential grandchild survival
between grandmother lineages and grandchild sexes. We tested this hypoth-
esis using time-event models on a large, multigenerational dataset from
pre-industrial Finland. We found that the presence of an MGM increases
grandson survival more than PGM presence, and that granddaughter survival
is higher than that of grandsons in the presence of a PGM. However, there was
no support for the key prediction that the presence of PGMs improves grand-
daughter survival more than that of MGMs, diminishing the overall support
for the hypothesis. Our results call for alternative explanations for differences
in the effects of maternal and paternal kin to grandchild survival in humans.

1. Background

Kin help in humans can affect both reproductive traits [1] and survival [2] of
related individuals, but not all relatives help equally: investment can differ
between kin depending on the degree of genetic relatedness [3]. Aside from
parents, grandmothers are one of the most important kin for child survival in
natural fertility/mortality human populations [2,4-7]. Grandmothers contribute
a quarter of their genes on average to their grandchildren, so helping raise their
grandchildren can provide fitness benefits, and has been predicted to lead to
the evolution of long post-reproductive life [4,8].

Grandmother influence on grandchild survival can, however, differ between
the maternal and paternal lineages [5,6,9—11], often (but not always) with maternal
grandmothers (MGMs) more beneficial than paternal grandmothers (PGMs) [2].
One potential explanation for this difference is provided by the X-linked grand-
mother hypothesis [12], which revolves around the differential inheritance of
the X-chromosome between lineages: PGMs will always, assuming no extra-pair
paternity, have 50% X-chromosome relatedness to their granddaughters, but 0%
to their grandsons, while MGMs are 25% related to both grandsons and grand-
daughters through the X-chromosome. Given the relative number of genes on
the X-chromosome and autosomes, PGMs are thus on average 23% related to
grandsons and 27% to granddaughters [12]. Grandmother effects on grandchild
survival should then follow a continuum by the order of relatedness of the
grandmother to grandchild: PGM granddaughters > MGM granddaughters/
grandsons > PGM grandsons. Three predictions arise from such relatedness differ-
ences [12]: (i) PGMs favour granddaughter (27% relatedness) survival over that of
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their grandsons (23%), (ii) MGMs increase the survival of grand-
sons more than PGMs do (25% versus 23%), and (iii)
granddaughters survive better with PGMs than with MGMs
(27% versus 25%). Support for these predictions is, however,
currently restricted to one meta-analysis of seven populations
known to have grandmother effects [12], with limited statistical
support for key predictions (see Discussion). Other work
has been done in humans on differences in grandparental
help by X-chromosome relatedness, but these relate more to
grandparental investment than grandchild outcomes [13—-15].
Here, we use longitudinal records on pre-industrial Finnish
families with known grandmother effects on survival [4] to
investigate whether there are sex differences in grandchild sur-
vival by grandmother lineage, and whether they adhere to the
three predictions of the X-linked grandmother hypothesis.

2. Methods

We investigated sex and lineage differences in grandchild survival
with a large and multigenerational dataset of pre-industrial
Finnish families from 1731 to 1885. This population was a predo-
minantly patrilocal agricultural society [16,17] that underwent
the transition to industrialization only from the late ninteenth cen-
tury onwards [18]. We used registers on births, deaths and
marriages, maintained, by law, by Lutheran clergymen for the
entire country from 1749 [19]. We included all grandchildren
born between 1731 and 1880 in eight geographically separate
parishes in Finland (Hiittinen, Jaakkima, Pulkkila, Rautu,
Tyrvaa, Rymattyla, Kustavi and Ikaalinen) with the living status
(dead/alive) of both grandmothers known. We focused on the
first 5 years of a child’s life (18 935 observations of 4494 grandchil-
dren; 854 MGMs, 826 PGMs), when the grandmother’s presence
has the most influence on grandchild survival in the study popu-
lation [4]. Grandmothers were coded as alive and present if they
were alive and lived in the same or a neighbouring parish. If an
individual had one or both grandmothers alive but living in a
different, non-neighbouring parish, they were excluded from the
analysis: only grandmothers living close by would have had the
possibility of directly affecting grandchild survival. We then
removed observation years if a mother and child were both
recorded for the last time in that year (indicating a family-level
event, e.g. dispersal) or if the child died within a week of their
mother (indicating possible shared cause of death), neither of
which would be within the control of a grandmother.

(a) Statistical analysis

We implemented time-event models with constant and time-
varying variables at each grandchild age, using binomial
generalized linear mixed-effects models (GLMMs) with logit-link
function, implemented with glmer from the Ime4 package [20], to
test predictions 1-3. Grandchild survival was coded as 1 (alive)
versus 0 (dead) in a given year. Individuals were censored at age
5, or, if either they or a grandmother had no date of death, the
age last known to be alive. In the full model, we included a sex
by grandmother type (time-varying four-level factor: only MGM
alive, only PGM alive, both alive, neither alive) interaction term
as our variable of interest, grandmother type and sex as main
terms, and also grandchild age (continuous; time-varying),
number of living siblings (continuous; time-varying), mother age
at birth (continuous), mother survival status (time-varying
factor: alive, dead, unknown), whether the child was a twin or
not, and childhood social class (landed, landless) as confounding
variables. Mother ID was included as a random factor, nested
within MGM ID, to account for shared variation between groups
of siblings and cousins. PGM ID and father ID did not affect the

results, so they were excluded. We also included parish (8-level
factor) and birth cohort (16-level factor, 10-year bins) as random
factors, to account for spatial and temporal differences in living
conditions and uneven spread of data. Model selection was then
done by sequential removal of terms from the full model and com-
parison of Akaike information criterion (AIC) between the full
model and these reduced models, leading to removal of childhood
social class, mother age at birth, and number of living siblings.
To test the significance of the interaction term in the final model,
we used a likelihood ratio test, using the mixed function from the
package afex [21].

To test the first prediction that PGMs favour granddaughters
over grandsons, we then ran the above model without the inter-
action or grandmother type term on a subset of ‘only PGM alive’
(n = 1102 grandchildren, 3894 observations) to get the parameter
estimate for any potential sex difference in survival. For the
second and third predictions, that MGMs increase survival of
grandsons more than PGMs and that granddaughters survive
better with PGMs than with MGMs, we removed sex and the
sex x grandmother type interaction from the full model. The
above model selection procedure was used, and the same terms
were removed. This reduced model was then run separately on
two subsets (grandmother type as main interest variable): grand-
sons only (n=2307 grandchildren, 9596 observations) and
granddaughters only (1 = 2187 grandchildren, 9339 observations).

All analyses were conducted with R v. 3.3.1 [22].

3. Results

Overall, over a quarter of grandchildren died before age 5
(27%; 28% of grandsons, 26.2% of granddaughters), 35.8% of
grandchildren had both grandmothers alive at birth, and the
effects of MGMs and PGMs on grandchild survival did not
differ by grandchild sex (33 = 2.29, p = 0.510; electronic sup-
plementary material, table S1). In line with the first prediction
of the X-linked grandmother hypothesis (that the presence
of PGMs is better for the survival of granddaughters than
grandsons), survival was significantly higher for grand-
daughters compared to grandsons when only a PGM was
alive and present (8= 0.262, s.e. = 0.132, p = 0.047; odds ratio
(OR) 1.300[1.000, 1.680]; figure 1; electronic supplementary
material, table S2a). We also found support for the second pre-
diction: grandson survival was significantly lower with PGMs
only than MGMs only (8= —0.266, s.e.=0.134, p = 0.046;
OR 0.766[0.590, 0.995]; figure 1; electronic supplementary
material, table S2b). However, for the final prediction, that sur-
vival of granddaughters is higher with PGMs than MGMs, we
found no support: there was no significant difference between
granddaughter survival with PGMs only or MGMs only
(B= —0.083, s.e.=0.149, p=0.579; OR 0.921[0.688, 1.232];
figure 1; electronic supplementary material, table S2c).

4. Discussion

We found insufficient evidence to support the X-linked grand-
mother hypothesis for differential grandmother effects on
grandchild survival in pre-industrial Finland. There was no
difference in survival for granddaughters with only a paternal
or only a maternal grandmother. That grandsons survive better
with MGMs over PGMs and that granddaughters survive
better than grandsons in the presence of a PGM does not pro-
vide enough evidence for support of the X-linked grandmother
hypothesis, as the hypothesized order of grandmother effects
by grandchild sex [12] (see Introduction) does not hold true
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Figure 1. Boxplots of survival probability of grandchildren under 5 years of
age by sex and grandmother lineage. MGM, maternal grandmother; PGM,
paternal grandmother; M, male grandchild; F, female grandchild. Survival
probabilities predicted from interaction model. p-Values are shown for (a)
prediction 1, (b) prediction 2 and (c) prediction 3. (Online version in colour.)

without a difference in granddaughter survival between
MGMs and PGMs. Instead, our results suggest the continuum
of survival effects by grandmother lineage and grandchild
sex was PGM granddaughters/MGM granddaughters/
MGM grandsons > PGM grandsons in pre-industrial Finland
(figure 1); X-chromosome relatedness cannot alone drive
such differences.

The X-linked grandmother hypothesis has been proposed
as a likely explanation for the observed differences in grand-
child survival by grandmother lineage in humans, but our
results, together with the lack of statistically robust support
in the only previous test of the hypothesis, question the appli-
cability of the hypothesis as the sole explanation for
differences. First, odds ratios for each population in Fox et al.
[12] were not calculated for direct comparisons, and instead
of e.g. survival of grandsons with MGM versus survival of
grandsons with PGM (prediction 2), [12] compared grandson
with MGM versus no grandmother (of either type) and separ-
ately grandsons with PGM versus no grandmother, and then
judged the direction of effects by comparing the values of the
odds ratios. Such a lack of confidence intervals and statistical
significances for the differences prevents assessment of the
key predictions. To illustrate the problem, a similar approach
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In summary, though we have shown two of the three main
predictions of the X-linked grandmother hypothesis apply to
this population of pre-industrial Finns, they are insufficient
for supporting the hypothesis without the third prediction
and lineage-specific survival continuum also holding true.
Further work is required to identify which alternative expla-
nations for differential lineage effects have a role in driving
these differences, whether these potential underlying mechan-
isms work independently or interact with each other, and to
formulate a robust unified theory for the prevalence of
lineage-specific grandmother help in humans. Such alternative
explanations include already widely cited possibilities, such as
paternity uncertainty differences between maternal and
paternal lineages [23], as well as thus-far untested factors in
the context of grandmother help that are known to contribute
to differences in helper effects in other cooperative-breeders,
such as differences in helper age.

Data accessibility. Data and code supporting the article can be found in
the electronic supplementary material.

Authors” contributions. S.N.C. analysed the data and drafted the manuscript.
All authors were involved with study design and interpretation of
results, amended the manuscript, gave final approval for publication
and agree to be held accountable for the content herein.

Competing interests. We have no competing interests.

Funding. Funding came from the Academy of Finland (grant no.
292368; V.L., S.N.C., ].E.P.) and the Kone Foundation (M.L.).
Acknowledgements. We thank the editor and two anonymous referees for
their helpful comments, and all the genealogists involved with data
collection.

Mace R, Sear R. 2005 Are humans cooperative breeders?
In Grandmotherhood: the evolutionary significance of the
second half of female life (eds E Voland, A Chasiostis,
W Schiefenhdvel), pp. 143—159. New Brunswick,
(anada: Rutgers University Press.

Sear R, Mace R. 2008 Who keeps children alive?
A review of the effects of kin on child survival. Evol.
Hum. Behav. 29, 1-18. (doi:10.1016/j.
evolhumbehav.2007.10.001)

Hamilton WD. 1964 The genetical evolution of

social behaviour. I. J. Theor. Biol. 7, 1-16. (doi:10.

1016/0022-5193(64)

Lahdenperd M, Lummaa V, Helle S, Tremblay M,
Russell AF. 2004 Fitness benefits of prolonged
post-reproductive lifespan in women. Nature 428,
178—181. (doi:10.1038/nature02367)

Beise J, Voland E. 2002 A multilevel event history
analysis of the effects of grandmothers on child

mortality in a historical German population
(Krummhorn, Ostfriesland, 1720—1874).

Demagr. Res. 7, 469—498. (doi:10.4054/DemRes.
2002.7.13)

Jamison (S, Cornell LL, Jamison PL, Nakazato H.
2002 Are all grandmothers equal? A review and a
preliminary test of the ‘grandmother hypothesis’
in Tokugawa Japan. Am. J. Phys. Anthropol. 119,
67-76. (doi:10.1002/ajpa.10070)

1S90£10T L ‘Ha7 Joig  bio'buiysigndAraposjedoriqss


http://dx.doi.org/10.1016/j.evolhumbehav.2007.10.001
http://dx.doi.org/10.1016/j.evolhumbehav.2007.10.001
http://dx.doi.org/10.1016/0022-5193(64
http://dx.doi.org/10.1016/0022-5193(64
http://dx.doi.org/10.1038/nature02367
http://dx.doi.org/10.4054/DemRes.2002.7.13
http://dx.doi.org/10.4054/DemRes.2002.7.13
http://dx.doi.org/10.1002/ajpa.10070
http://rsbl.royalsocietypublishing.org/

Downloaded from http://rsbl.royalsocietypublishing.org/ on January 10, 2018

Ragsdale G. 2004 Grandmothering in
Cambridgeshire, 1770—1861. Hum.

Nat. 15, 301—317. (doi:10.1007/s12110-
004-1011-y)

Hawkes K, 0'Connell JF, Blurton Jones NG. 1997
Hadza women’s time allocation, offspring
provisioning, and the evolution of long
postmenopausal life spans. Curr. Anthropol. 38,
551-577. (doi:10.1086/204646)

Beise J. 2005 The helping and the helpful
grandmother: the role of maternal and paternal
grandmothers in child-mortality in the seventeenth-
and eighteenth-century population of French
settlers in Quebec, Canada. In Grandmotherhood:
the evolutionary significance of the second half of
female life (eds E Voland, A Chasiostis,

W Schiefenhdvel), pp. 215—238. New Brunswick,
(anada: Rutgers University Press.

Sear R, Steele F, McGregor IA, Mace R. 2002 The
effects of kin on child mortality in rural Gambia.
Demography 39, 43-63.

Leonetti DL, Nath DC, Hemam NS, Neill DB. 2005
Kinship organisation and the impact of
grandmothers on reproductive success among the
matrilineal Khasi and patrilineal Bengali of
Northeast India. In Grandmotherhood: the

12.

13.

14.

15.

16.

evolutionary significance of the second half of female
life (eds E Voland, A Chasiotis, W Schiefenhdvek),
pp. 194—-214. New Brunswick, Canada: Rutgers
University Press.

Fox M, Sear R, Beise J, Ragsdale G, Voland E, Knapp
LA. 2010 Grandma plays favourites: X-chromosome
relatedness and sex-specific childhood mortality.
Proc. R. Soc. B 2717, 567—5573. (doi:10.1098/rspb.
2009.1660)

Chrastil ER, Getz WM, Euler HA, Starks PT. 2006
Paternity uncertainty overrides sex chromosome
selection for preferential grandparenting. Evol. Hum.
Behav. 27, 206—223. (doi:10.1016/j.evolhumbehav.
2005.09.002)

Rice WR, Gavrilets S, Friberg U. 2010 The
evolution of sex-specific grandparental harm.

Proc. R. Soc. B 2717, 2727 -2735. (doi:10.1098/rspb.
2010.0409)

Tanskanen AO, Rotkirch A, Danielshacka M. 2011 Do
grandparents favor granddaughters? Biased
grandparental investment in UK. Evol. Hum. Behav.
32, 407-415. (doi:10.1016/j.evolhumbehav.2011.
02.001)

Lahdenperd M, Russell AF, Tremblay M, Lummaa V.
2011 Selection on menopause in two premodern
human populations: no evidence for the mother

17.

18.

19.

20.

21.

22.

23.

hypothesis. Evolution 65, 476 —489. (doi:10.1111/j.
1558-5646.2010.01142.%)

Pettay JE, Lahdenpera M, Rotkirch A, Lummaa V.
2016 Costly reproductive competition between co-
resident females in humans. Behav. Ecol. 26,
1601—1608. (doi:10.1093/beheco/arw088)

Bolund E, Hayward A, Pettay JE, Lummaa V. 2015
Effects of the demographic transition on the genetic
variances and covariances of human life-history
traits. Evolution 69, 747—-755. (doi:10.1111/
€v0.12598)

Gille, H. 1949 The demographic history of the
Northern European countries in the eighteenth
century. Popul. Stud. 3, 3—65.

Bates D, Maechler M, Bolker B, Walker S. 2015
Ime4: Linear mixed-effects models using Eigen and
S4. See https://cran.r-project.org/package=Ime4.
Singmann H, Bolker B, Westfall J, Aust F. 2017 afex:
Analysis of factorial experiments. See https://cran.r-
project.org/package=afex.

R Core Team 2016 R: A language and environment
for statistical computing. See https:/cran.r-project.
org/.

Coall DA, Hertwig R. 2010 Grandparental
investment: past, present, and future. Behav. Brain
Sdi. 33, 1-59. (doi:10.1017/50140525X09991105)

159010 L ‘Ha7 Joig  bao'buiysigndiaposiedorjqss H


http://dx.doi.org/10.1007/s12110-004-1011-y
http://dx.doi.org/10.1007/s12110-004-1011-y
http://dx.doi.org/10.1086/204646
http://dx.doi.org/10.1098/rspb.2009.1660
http://dx.doi.org/10.1098/rspb.2009.1660
http://dx.doi.org/10.1016/j.evolhumbehav.2005.09.002
http://dx.doi.org/10.1016/j.evolhumbehav.2005.09.002
http://dx.doi.org/10.1098/rspb.2010.0409
http://dx.doi.org/10.1098/rspb.2010.0409
http://dx.doi.org/10.1016/j.evolhumbehav.2011.02.001
http://dx.doi.org/10.1016/j.evolhumbehav.2011.02.001
http://dx.doi.org/10.1111/j.1558-5646.2010.01142.x
http://dx.doi.org/10.1111/j.1558-5646.2010.01142.x
http://dx.doi.org/10.1093/beheco/arw088
http://dx.doi.org/10.1111/evo.12598
http://dx.doi.org/10.1111/evo.12598
https://cran.r-project.org/package=lme4
https://cran.r-project.org/package=lme4
https://cran.r-project.org/package=afex
https://cran.r-project.org/package=afex
https://cran.r-project.org/package=afex
https://cran.r-project.org/
https://cran.r-project.org/
https://cran.r-project.org/
http://dx.doi.org/10.1017/S0140525X09991105
http://rsbl.royalsocietypublishing.org/

	Limited support for the X-linked grandmother hypothesis in pre-industrial Finland
	Background
	Methods
	Statistical analysis

	Results
	Discussion
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


