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Abstract

The current Western tendency to postpone childbearing is widely studied for its onerous personal
and socio-economic cost in reproductive outcome and progeny health. Such behaviour is
particularly alarming in those populations, like the Italian one, characterized by extremely low
fertility rates. We show how advanced GIS techniques can be used to identify regions where
mothers succeed in late reproduction, and to investigate the role of possible biological
determinants. Through spatial analysis we explored consanguinity in Sardinia and its association
with late childbearing, using 1930-1969 data regarding consanguineous marriages and fertility of
contemporaneous women. We identified a Central-Eastern zone where, despite the expected
negative impact of inbreeding on fertility, such positive association exists and does not
significantly change the incidence of highly fertile mothers, by that suggesting that genetic
determinants, enhanced in homozygous association, can affect late fertility. Since this area
includes the Ogliastra region, widely studied for its genetic homogeneity, and largely overlaps
the well known ‘Blue Zone’ of extreme longevity, its population qualifies for further deeper

investigations on possible common biological, genetic and environmental determinants.
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1. Introduction

Tendency to delay childbearing is a common on-going phenomenon in Western countries
and its negative effect on fertility and progeny health is widely reported. Such behaviour, very
onerous for its personal and socio-economic costs, is particularly alarming in those populations,
as the Italian one, characterized by extremely low fertility rates. The opportunity to identify
groups where mothers succeed in late reproduction is stimulating and even more so when
biological and non-biological determinats of the trait can be investigated.

Such typical trait of late and successful reproductive outcome is particularly intriguing since
it disagrees with the generally reported association between late maternity and an overall
reduction both in fertility and in the chance of delivering a healthy child (Stoltenberg et al., 1999;
Jolly et al., 2000; Astolfi and Zonta, 2002; Joseph et al., 2005).

Aim of this study is to highlight groups of interest in which homogeneity in the social and
cultural background favours investigation on the trait and its biological and genetic determinants,
possibly enhanced in homozygous association due to the propensity to consanguineous
marriages.

In the past century Sardinian population was characterized by peculiar traits resulting from
its geographical and historical isolation, and the socio-economic structure based on the
patriarchal family and sheep-rearing economy, which made the island different from continental
Italy as well as from the other European countries. Among these traits we can include the
historical demographic characteristics of high fertility, and the tendency towards late childbearing
(Golini, 1967; Livi-Bacci, 1977; Zei et al., 1990; ISTAT, 1990-97).

Moreover, until recently the population structure has been characterized by the typical

insular conditions of high endogamy and low immigration rate, and the isolation of the small



mountain villages, where the reduced mobility in the mating choice and the high propensity to
preserve flock and land have largely favoured marriages between relatives. Consequently, the
incidence of consanguineous unions steadily remained among the highest values of the Italian
regions (Cavalli-Sforza et al., 2004).

Since Darwin’s studies, the negative effect of inbreeding has been widely documented in a
wide range of species including humans, and the different roles of the increased homozygosity
for recessive detrimental mutations or for alleles conferring heterozygote advantage have been
reported (Charlesworth and Willis, 2009). In the discussion of the theoretical basis of the
inbreeding effects, Biémont (2010) hypothesized the involvement of epigenetic changes, and
Nebert et al. (2010) observed the opposite of inbreeding depression in the subsequent
generations of related knockout mice.

In human populations inbreeding has been associated with lower fertility, due to a longer
time to conception, wider interbirth intervals and higher rates of miscarriage, and with infant
mortality and morbidity (Ober et al.,1999; Bittles, 2001). However the evaluation of the net effect
of consanguineous unions is still debated for the counfounding role of non-biological
determinants, namely cultural, demographic and socio-economic ones. After accounting for such
factors, Bittles et al. (2002) reported the lack of any positive or negative effect on the number of
live born children; moreover in a study on the Icelandic population, Helgason et al. (2008)
described an n-shaped curve where the maximum reproductive success occurred in couples
related at the level of third and fourth cousins.

Considering that in the island the socio-economical and cultural background is largely
homogeneous, we assumed the Sardinian population of the past century suitable for
investigations on the relation between consanguinity and natural fertility. Our study grounds on

the hypothesis that consanguinity and its effects on the maternal reproductive success are



heterogeneously distributed within the island, and thereby hot spots can be identified.

Through the analysis of historical data we provide a visual representation of the
geographical structure of the propensity towards marriage between relatives and its possible
association with the maternal aptitude to late reproduction. We used 1930-1961 data on
consanguineous marriages and female fertility aggregated at municipality level, the smallest
administrative unit, and explored the geography of consanguinity and late maternity indicators
by a smoothed mapping procedure based on kernel density estimation. This procedure on the one
hand reduced the amount of local spatial variability associated with crude rates, and on the other
hand allowed us to study the spatial course of the indicators as a continuum, not limited by
administrative boundaries.

We first explored the spatial pattern of two consanguinity indicators, namely the incidence
of consanguineous marriages and surname richness, and one fertility indicator, the incidence of
mothers older than 42 years at last childbirth. Secondly, we focused on excess areas, and
identified a hot spot characterized by joint significant high levels of consanguinity and late
maternities. Finally we compared the excess and non-excess areas with respect to some maternal

reproductive traits.

2. Data

To analyze the incidence of consanguineous marriages we used a data set collected by
Moroni et al. (1972) in the bishoprics of Sardinia and regarding the period 1880-1969. Since
complete and reliable information was available only for the period 1930-1969, we used this data
subset to evaluate the incidence of consanguineous marriages over the total number of recorded

marriages in each municipality. Consanguineous marriages account for 11,314 over 331,513 total



recorded marriages in Sardinia, and regard the following consanguineous relations: uncle-niece
or aunt-nephew, first cousins, first cousins once removed, and second cousins.

As far as inbreeding is concerned, a second data set of interest was the collection of
97,854 surnames hold by 484,484 electric power users in 1983. From these data we estimated
Fisher’s o (Fisher, 1943) and used it as an index of surname richness at municipality level.

A further data set we used to investigate Sardinian female fertility and propensity to late
childbearing comes from a special investigation carried out by the Italian Central Institute of
Statistics (ISTAT) as a part of the 1961 Italian Census. The original data set accounts for 306,421
records of all women who, at Census time, lived in Sardinian municipalities. Each record reports
the following pieces of information about each woman: birth place and year, educational level,
marital status and marriage year, number of live and still-born children, birth date of the first and
last child. From the original data set we chose those women whose marriage occurred from
1930 to 1961, in order to deal with a data set corresponding, as best as possible, to the temporal
coverage of the data on consanguineous marriages. We further selected the mothers who were
older than fifty in 1961 and by then had ended their reproductive period, bore at least two
children and provided reliable information on the number of liveborn children and their age at
first and last childbirth. Information about stillborn children was only occasionally reported and
not reliable. The final sample size accounted for 29,095 records.

During the period covered by the data sets the number of municipalities changed, rising
from 351 to 375. Therefore, on the basis of subdivisions/aggregations which such units

underwent, we adjusted the corresponding information.



3. Methods

3.1 Definition of the indicators

3.1.1 Indicators of consanguineous marriages and late last childbearing

The spatial pattern of the incidence of consanguineous marriages and the maternal tendency
to late childbearing was studied using two indicators, both defined at municipality level: the
proportion, CM, of consanguineous marriages on the total marriages, and the proportion, LLCB,
of mothers aged over 42 at last childbearing on the mothers who had two or more children. The
threshold age of 42 years corresponds to the 75™ centile of the distribution of maternal age at last

childbirth.

3.1.2 Indicator of surname richness

In a population, surname richness can be considered an inverse indicator of consanguinity,
as few surnames mean that more inbreeding likely occurred. Therefore, the analysis of surname
distributions allows us to estimate population parameters that can substitute those obtained from
genes (Zei et al.,1983). The common rule by which surnames are transmitted from father to
child, therefore following and marking — like a multiallelic gene of the Y chromosome — the
people displacements, makes them a rich source of information on various aspects of the genetic
structure of human populations.
Fisher’s « is one of the most important population parameters of genetic and anthropological
interest. It can be estimated by the surname distributions in a population living in an area and, as

an estimator of surname richness, can be used as a measure of gene diversity. Fisher (1943)



developed a theoretical distribution which appears to be suitable for the frequency at which
different species occur in a random collection. The real situation, by which many species are so
rare that their chance of inclusion is small, is well represented by a limiting form of the negative
binomial distribution, corresponding to the logarithmic distribution. In this case, the expected

number of species, each represented by £ individuals (k#0) is
ax’
E[N(k)]==~

where a represents the richness in species of the material sampled and is independent of sample
size N, and x is a constant, ranging from 0 to 1, dependent on N.

From the expansion of the logarithmic distribution, the total number of species expected is
S = Z%xk — —aln(1—x)
k

and the expected total number of individuals is

N:Zaxkz ax
- (l—x)

These two equations are sufficient to determine the values of o and x for any series of
observational data.

By substituting surnames (or genes) for species, the terms of the distributions become the
expected number of surnames carried by k& individuals, and the estimated & values represent the

richness in surnames within each area.

3.2 Spatial analysis
We explored and compared the spatial distributions of the consanguinity and late fertility

indicators to find out whether some areas were characterized by unusual incidence of them, and



to investigate possible associations. The approach we adopted exploits ideas and methods from
spatial analysis (Cressie, 1993; Lawson, 2001; Silverman, 1986; Kelsall and Diggle, 1995) and
qualitative spatial reasoning (Bailey-Kellog and Zhao, 2004; Ironi and Tentoni, 2007).

Our data were provided aggregated by municipalities and were not immediately suitable to
visual representation and analysis, due to random fluctuations and the irregular spatial density of
the administrative units. The major task was therefore to provide effective graphical
representations of the indicators, so to capture their salient spatial structure and to highlight
possible heterogeneities and deviations from the expected distributions.

In this section we first outline a variable kernel method we used to estimate the density of
the incidence indicators, reduce noise, and obtain isopleth maps of their spatial course. We then
show how areas of unusually high incidence of each indicator were identified and singled out by
means of pointwise tolerance contours through a Monte Carlo approach. Finally, we describe a
spatial smoothing method we used to obtain maps of the continuous indicator «, which we
compared with CM.

By these methods we tackled the problem of analyzing the spatial structures of the
consanguinity and late fertility indicators, and of identifying hot spots characterized by

significant excess of both.

3.2.1 Kernel estimation of the incidence indicators
Let us denote by m the number of municipalities of the study region R, n; the population
size and ¢; the number of cases corresponding to the i-th municipality (i=1, .., m). We estimated

the densities of the distributions of cases, f., and population, f,, by exploiting a variable kernel



density estimation (VKDE) method (Silverman, 1986; Astolfi et al., 2009). More precisely, the

estimate of /. at a location (x,y) eR was computed as
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where C=X,-, ,, ¢;, (X;,Y;) are the coordinates of the i-th municipality, k(x,y) is the standard 2D

Gaussian kernel; y; is an edge correction factor needed to ensure that fc integrates to unity and

is a valid density; #4; are the kernel bandwidths. By letting 4; vary between 5-12 km, according
to the local density of municipalities, the method provides larger smoothing windows in more
sparsely populated areas.

The kernel estimator of the population density f, is similarly obtained.

Each incidence indicator, CM and LLCB, defined as ratio of cases over population count data,
was then estimated as the ratio of the corresponding kernel estimates of cases over population

densities

. fi(x,»)
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and then standardized with respect to the corresponding Sardinian average, so that values higher
than 1 corresponded to values exceeding the reference Sardinian rate. For simplicity, we will

hereafter denote the standardized kernel ratio by the same symbol g .

3.2.2 Global uniformity test
Prior to exploring the spatial structure of the main incidence indicators we checked whether

deviations from the uniform hypothesis (g=1 ) could be merely due to chance. To this aim we

performed a global Monte Carlo test using the following statistics (Kelsall and Diggle, 1995)



T,=[gV(xydx  j=1.,M
R

where M is the number of Monte Carlo simulations. Significance is assessed by computing the p-

value as p =(k+1)/(M +1), where k is the number of occurrences of 7; > T;,, T = jgo (x)*dx ,
R

and g, is the original incidence estimate. Significant deviations from the uniform hypothesis

would indicate the existence of a true spatial structure, and entail the search for local

heterogeneities.

3.2.3 Maps of the incidence indicators and detection of significant hot spots

A common way of representing spatial distributions of indicators based on data provided in
aggregated form is by choropleth maps. The major drawback of these representations, though, is
the “patchy” perception delivered by their discontinuous character combined with the visual bias
introduced by the arbitrary shape and size of the underlying geo-units, usually administrative
units (Cressie, 1993; Lawson, 2001).

To obtain smoother spatial representations of the distributions of both CM and LLCB,
irrespective of administrative boundaries, VKDE estimates of the indicators were obtained at
each point of a regular grid that provided a sufficiently fine discretization of the region; to this
aim, a grid spacing of 2.8 km was used. Then isopleths, i.e. contours connecting points of equal
values, were generated, and a shaded contour map was drawn for each indicator by filling with
gray levels the areas corresponding to even intervals of the indicator’s values. In these maps the
peak of interest (high/low) is assigned the darkest gray level. Let us remark that isopleth maps
can also be generated by using quantile intervals to provide a quantile zonation that can help map

comparison. A quartile isopleth map, for instance, provides a salient and concise statistical
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spatial fingerprint of the distribution, where the quartile zones Q1-Q4 can be associated with four
qualitative values of incidence: low, medium-low, medium-high, and high.

With respect to choroplethic ones, kernel isopleth maps allow to capture more easily the
salient spatial structure of an indicator. However, to correctly interpret each isopleth map it is
important to have some idea of the statistical significance of local peaks. In order to highlight the
area of significant excess of each estimated indicator with respect to the reference value, we

tested the null hypothesis of constant incidence of cases throughout the region, H,: g(x,y)=1,
against the alternative hypothesis of increased local incidence ratio H,: g(x,y)>1, and used a

Monte Carlo approach to generate a pointwise p-value surface and assess significance, as follows
(Kelsall and Diggle, 1995).

For each site i with population size n; a sufficiently large random sample of cases
e (M =1000) was obtained by assuming a Bernoulli process of parameters (n,, C/N),
where C/N is the probability of being a case within a population of size »; , according to Hj .
From the M data sets {n;, ¢ } ,o1 » we computed VKDE estimates ¢,...¢™" , and

constructed a p-value surface that gives, for each grid point, the proportion of values

{6 (x,y), k=1.M} which are less than the original estimate g, . Finally, the 95%-tolerance
contour, which bounds the region where P[g < g, |H,]<0.05, was singled out as the 0.95-
valued isopleth of such surface, and superimposed on the map of g, to outline the significant

high incidence area, denoted by S* (g).
To visually highlight areas where two indicators g;, g» take convergent values, for example
they are both significantly higher than the regional reference or they are both in their highest

quartile, we singled out the overlap profile by geometrical intersection of the two critical areas,
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that is, for the given examples, S'(g1)NS (g2) or Q4(g)NQ4(g,) respectively. We complemented
such visual information with a quantitative measure of the degree of overlap, obtained as the ratio
of the intersection area over the mean extension of the two areas (Nieto-Castanon et al., 2003).
More precisely, if A,B denote two regions of interest within a common spatial framework, their
degree of overlap can be evaluated by the proportion

___|AnB]
mean([A[,[BJ)’

<1,

where || denotes measure of surface extension. Such quantity is maximum when the two regions

coincide, and null if they are disjoint.

3.2.4 Mapping of a by spatial smoothing

From our data we computed values of & for each municipality, ¢; i =1..m. To provide a
high resolution smooth representation of « (x,y) we then performed a spatial interpolation by
which the unknown value of « at a grid point (x,y) was estimated as a weighted average of the
values ¢; available at (X;,Y;) i =1..m, with weights w; that measure the proximity of (X;,Y;) to (x,y)

according to a Gaussian profile, so to locally provide the appropriate level of smoothing. More

precisely,
N L X,
ix.y) = 3 L),
ﬂZwuw
and
w,-<x,y)=G[x‘Xf,LYfJ
o, o,

where G(u,v) is the standard 2D Gaussian function. The choice of o; affects the amount of

smoothing: considering that at a distance higher than 3o from (X;,Y;) weights w; get negligible,
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by increasing o; smaller weights are used but a larger number of neighbor centroids enter the
active smoothing window and contribute to the estimated value in (x,)).

In our computations, to take into account the inhomogeneous spatial distribution of
municipalities, we used o; = 5+12 km , with higher values being used in sparser areas, in a
similar fashion to what was done to estimate the other indicators.

We then generated a shaded quartile map of @ and compared it with the quartile map of CM, to
draw a visual indication of the agreement between the area Q12(«), where « is below the median,

and the area Q34(CM) where CM is above the median.

Numerical procedures for kernel density estimation, and the GIS software for spatial smoothing,
isopleth mapping and identification of critical areas were ad hoc developed in MATLAB 2010b
7.11. Choropleth maps were obtained by ARCVIEW GIS version 3.2. Other statistical analyses

were performed by means of SPSS v. 8.2 procedures.

4. Results
We applied the global uniformity test, described in the Methods section, to both CM and LLCB

indicators and confirmed their heterogeneous patterns (P<0.0001). Thereby we searched for local

heterogeneities and identified significant high incidence areas.

4.1 Geography of the indicators of consanguineous marriages and surname richness

Figure 1 shows the spatial distributions of CM (panels a, b) and & (panels c, d): quartile
zonation is depicted by choropleth (a,c) and kernel smoothed isopleth maps (b,d). The kernel
smoothed isopleth maps of the indicators clearly reveal their prominent geography (Figure 1b, d)

which is not easily captured through the patchy patterns of the choropleth maps (Figure 1a, c).
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Spatial pattern of the incidence of consanguineous marriages

b

d

Figure 1. Spatial distribution of the indicators of the tendency to get married between relatives,
illustrated by choropleth and kernel smoothed isopleth maps. Gray levels correspond to the

quartiles of the distributions. Panels a,b: incidence of consanguineous marriages (CM indicator);

panels c,d: « indicator of surname richness.
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In these maps four gray levels provide a quartile zonation of the region, such that the
darkest areas correspond to high values of consanguinity, measured either by incidence of
consanguineous marriages or surname richness. Numeric values of the quartiles of the
distributions are reported in Table 1. By visually inspecting Figures 1b and 1d it can be noticed
how largely Q34(CM) overlaps Q12(« ); quantitatively measured, the overlap amounts to @w=
0.72. We remark that though the o data refer to a more recent period than the CM data, and «
itself is only an indirect measure of consanguinity, maps 1b and 1d substantially agree in
indicating a wide central zone, that appears noteworthy for the population tendency to

consanguineous marriages.

Figure 2. Kernel smoothed maps of the incidence of consanguineous marriages (CM indicator,
panel a), and of mothers older than 42 years at last childbirth (LLCB indicator, panel b). The
solid black line bounds the significant high incidence areas S'(CM) and S'(LLCB), respectively.

15



Table 1. Distribution of consanguinity and maternal fertility parameters
among Sardinian municipalities inside and outside the intersection area S*.

Inside S* Outside S* SARDINIA
Municipalities ° 87 264 351
1930-66 Marriages
Total 57,284 274,229 331,513
Consanguineous 4,295 (7.50%) 7,019 (2.56%) 11,314 (3.43%)
25" centile  6.01 1.29 1.77
50" centile 8.01 3.00 4.33
75" centile  10.32 6.22 7.84
(74 parameter
25" centile 25.74 36.83 33.35
50" centile 41.71 64.46 56.75
75" centile  63.42 114.94 98.49
Municipalities * 89 286 375
Mothers with age at 1,570 4,729 6,299
last childbirth >42  27.94% 20.14% 21.65%
25" centile 24.07 16.37 17.90
50™ centile 28.95 20.70 23.04
75M centile  34.12 26.53 28.68
Mothers with age at 1,514 4,696 6,210
1st childbirth >32 26.94% 24.56% 21.34%
25" centile  21.01 14.29 15.33
50™ centile 26.74 18.91 20.69
75" centile  33.33 25.00 28.13
Mothers with 6+ 1,430 5,766 7,196
children 25.45% 24.56% 24.73%
25" centile  20.07 19.47 19.93
50™ centile 24.32 25.29 25.00
75" centile  30.74 32.43 32.08

% The number of municipalities changed on the basis of the subdivisions/aggregations
which they underwent in the examined periods.
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4.2 Geography of the aptitude to late childbearing and its relation with the tendency to
consanguineous marriages

The relation between propensity to consanguineous marriages and tendency of the mothers
to late childbearing was explored through the analysis of the kernel smoothed map of the LLCB
indicator and its comparison with the CM map.

In Figure 2 we highlight the significant high incidence areas S* of CM (panel a) and LLCB
(panel b) by singling out the 95%-tolerance levels (solid black line) over their respective maps.
By overlapping them (@ = 0.67 ) we obtained S* = S(CM) N S(LLCB), which is shown in
Figure 3a along with the area Q*=Q4(CM) N Q4(LLCB) where the highest quartiles of the two
indicators overlap. The municipalities corresponding to such areas are highlighted in Figure 3b.
In Figure 3 the municipalities of Ogliastra, an area well known for its high genetic homogeneity,

are also shown.

Figure 3. Panel a: filled in light gray is the area S*=S"(CM) N S"(LLCB) , where significant
high incidence of both consanguineous marriages (CM) and mothers with aptitude to late fertility
(LLCB)) occurs; in darker gray, the area Q*=Q4(CM) N Q4(LLCB), where the highest quartiles
overlap. Panel b: the corresponding municipalities are colored in light and dark gray. Black dots

mark Ogliastra municipalities.
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In Figure 4 we superimpose the outline of the critical area S* on the quartile maps of CM (panel
a), LLCB (panel b) and « (panel ¢). Quantitatively measured, the degree of overlap of S*
with the highest quartile zone Q4(CM) was @=0.79, and with Q4(LLCB) was ©=0.77. As
regards the quartile map of o (Figure 4c), we observe a less striking overlap (= 0.54) of S*
with the area Q1 characterized by the lowest surname richness; however we notice that S* lies
almost entirely within the Q12 area, with an overlap degree w= 0.67, a result in substantial

agreement with the other indicators.

Figure 4. Panels a, b, c: quartile maps of CM, LLCB, and « , respectively; darker colors
correspond to higher values in a, b and to lower values in c. The profile of the critical area S*

(white solid line) is superimposed on all maps.

In order to explore whether the observed aptitude to late reproduction may be the result of other
local reproductive behaviors, we evaluated two further indicators, and compared their
distributions inside and outside S*. The first indicator, of late first childBearing (LFCB),
corresponds to the percentage of mothers who delayed 1% childbirth beyond 32 years, threshold

age that is the 75™ centile of Sardinian maternal age distribution at 1% child birth; the second
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indicator, of high fertility (HF), corresponds to the percentage of mothers who had at least 6
children, that is the 75™ centile of the distribution of the number of children per woman.

In Table I we report the relevant centiles of the distribution of the consanguinity (CM, and «) and
woman fertility indicators (LLCB, LFCB, HF) inside and outside the critical area S* and in the
whole island. As expected from the spatial analysis, compared with the outside area, inside S* the
distributions of CM and « are left and right shifted, respectively, and those of LLCB and LFCB
are both right shifted. Otherwise, the distribution of the HF indicator is by and large similar
inside and outside the critical area.

The differences between inside and outside S* are confirmed by the comparison of the overall

incidence of the mothers classified on the basis of the fertility indicators: for LLCB, 27.94%

inside vs 20.14% outside (X2 =100.91, P<0.0001); for LFCB, 26.94% inside vs 24.56% outside
(X2=7.79, P=0.005 ). However we found no significant difference between the incidence of

mothers with high level of fertility, which was 25.45% inside vs 24.56% outside (X2 =1.16,

P=0.28).

5. Discussion

The present study focuses on Sardinian population and investigates the relation between its
widely spread tendencies to consanguineous marriages and postponement in childbearing. We
aimed at identifying local associations of such traits and at suggesting the role of possible
biological determinants which, in homozygous combinations deriving from consanguineous
unions, could influence the woman aptitude towards late reproduction. Through methods of

spatial analysis we explored the geography of both tendencies and identified a Central Eastern
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area including villages where propensity to endogamy, measured by the high incidence of
consanguineous marriages and low surname richness, combined with high incidence of mothers
facing last childbirth at advanced age.

Consanguinity of the Italian population has been widely studied (Cavalli-Sforza et al., 2004),
but the tendency has not been previously described at micro-geographical level in the island. Our
study explores the distribution of consanguineus marriages at municipality level, reveals its
heterogeneity through methods of spatial analysis, and identifies a homogeneous zone, where
isolation and reduced opportunity of migration and socio-cultural exchanges further enhanced
the traditional propensity towards consanguineous marriages. More precisely we highlighted a
wide zone characterized by an excess of consanguineous marriages and by a lower richness of
surnames (Figure 1 and Figure 2a).

Although mating between relatives is largely reported to have a negative impact on the
progeny health and survival (Stoltenberg et al., 1999; Charlesworth and Willis, 2009; Robert et
al., 2009; Postma et al., 2010), our study does not confirm such effect, by that contributing to the
discussion about the role of inbreeding on complex human traits. Spatial analysis of the
consanguinity (CM) and late fertility (LLCB) indicators highlighted a hot-spot S*, characterized
by the joint excess of both indicators. In this inland Central Eastern zone the tendency to
consanguineous marriages is three times higher than in the rest of the island (7.5% vs 2.6%,
Table 1), and is positively associated with the aptitude of women towards late reproduction. As
Figure 4a and 4b clearly show, most of the highest quartile zone of CM and LLCB, 90% and 88%
respectively, is included in S*.

It can be underlined that all along the past century Sardinian women have been characterized by
a deep-rooted reproductive behavior of high fertility associated with late reproduction, and only

recently fertility approximates the low values of the mainland (ISTAT 1990-97). Such tendency
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resulted in a higher proportion of aged mothers who experienced reproductive success at 35 years
and over, despite the expected negative impact of ageing in increasing risk of infertility,
subfertility and adverse pregnancy outcome (Golini, 1967; Livi Bacci, 1977; Astolfi and Zonta,
2002). In 1961 among 45-49 year old Sardinian mothers, fertility rate was 4.23 times higher than
among the contemporary mainland mothers (Golini, 1967).

As well as for consanguinity, also for this peculiar trait, that is the chance of childbearing at an
advanced age, we described a heterogeneous spatial pattern and identified a significant local
excess of the LLCB indicator (Figure 2, Table 1). However, the indicator of late reproduction at
first childbearing , LFCB reported in Table 1, revealed a postponement of the whole reproductive
period, rather than its wider extension, whose only determinant would be the late last
childbearing. Actually, as reported in Table 1, inside S* the distributions of both indicators of
late first and last childbearing, LFCB and LLCB, are shifted towards the higher values and the
percentages of aged mothers are significantly higher. The average ages at first and at last child
are also significantly higher inside than outside S*: at first childbirth 29.28 vs 28.14 (P<0.001); at
last childbirth 39.89 vs 38.78 (P<0.001).

Although it can be expected that local excess of both late reproduction and inbreeding may
correlate with lower fertility, our results reveal that the incidence of high fertility mothers, with
at least 6 children, is not significantly different inside and outside S* (Table 1, P=0.28).

In conclusion we highlighted a Central Eastern area, S*, including 87 mountain villages, where
inbreeding is so deep-rooted in traditions that the population shows a much higher incidence of
consanguineous marriages. Moreover, mothers living in this area witness an aptitude towards
reproductive success in late childbearing, and enjoy high fertility levels independently of the
postponement of the reproductive period towards the advanced ages.

Several factors of different nature may have concurred to the association of such positive
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traits. Economic advantages are likely associated with an extended familial structure deriving
from reduced migration for mating and propensity to land preservation for sheep farming. This
favourable economic status and the associated kin help might have improved the health of aged
mothers and survival of neonates (Bittles et al., 2002; Sear and Mace, 2008; Helgason et al.,
2008). Moreover the cultural pressure towards a large progeny size might also have reinforced
the tendency to reproductive compensation for the high risk of abortion and stillbirth, neither can
be excluded the role of inbreeding in increasing homozygosity in multiple genetic determinants
associated with healthy late fertility. In addition, through generations such factors may have been
positively selected and/or submitted to the effect of the genetic drift, mainly relevant in isolated
small-sized villages (Montesanto et al., 2008).

It has to be noted that previous studies had identified an area where in the last decade of the past
century high frequency of late maternities occurred combined with a reduced risk of unfavourable
outcomes (Astolfi et al., 2009); such finding had been underpinned by the observation that in this
area the aptitude towards late reproduction persisted in time (Tentoni et al., 2012). The present
study, based on historical data on consanguinity and contemporaneous fertility data, highlights a
positive association of inbreeding with late and high fertility in an area that well matches the
cited one.

It is worthwhile noting that several studies indicated this area as noticeable from various points of
view. In fact it includes the Ogliastra region (Figure 3) that, for its genetic homogeneity, has been
considered a proper candidate for studies on genetic isolates (Caramelli et al., 2007; Pistis et al.,
2009). Besides, through genetic, archaeological and linguistic studies, it was characterized as the
refuge land of Sardinian people from past invasions (Contini et al., 1989; Zei et al., 2003). In the
same area, hot spots for high frequency of centenarians, and reproductive and post-reproductive

longevity have also been identified (Poulain, 2004; Tentoni et al., 2012).

22



It is likely that the typical environmental context of that part of the island, as well as life style
and socio-economic and demographic structure, and in part genetic factors in homozygous
combination, can jointly have contributed to enhance healthy, even if late, reproductive and post-
reproductive longevity. By an evolutionary point of view, the woman aptitude to late fertility
might be the response to positive selection and/or to genetic drift acting on inheritable factors
underlying proneness to late reproduction and reduced frailty towards ageing related diseases.

The good match of S* with such area of interest suggests that common determinants exist, and
qualifies its population for deeper investigations on biological and non-biological factors that
underly the tendency towards consanguineous marriages and modulate its effects on multiple and

complex biological traits.
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