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a b s t r a c t

Ionizing radiation causes genetic mutations, and nuclear facilities, research reactors, and power reactors

discharge radionuclides and neutrons. On the basis of exhaustive municipality data, we considered the

human birth sex ratio in 78 million births in Austria, France, Germany, Luxembourg, Switzerland, and The

Netherlands (1957e2013). We present a novel environmental health modeling concept expressing the

spatiotemporal association of the sex ratio with minimum distance from operating or decommissioned

nuclear facilities. Spatial correlation of the sex ratio is assessed by directional and omnidirectional

semivariogram analyses. We detected elevated human sex ratios near nuclear facilities, whether we

analyzed comprehensive groups of nuclear installations, or looked at individual facilities in a descriptive

and exploratory manner. The sex ratio increases are typically between a few per mill and a few percent,

and they occur in regions of up to 40 km around the nuclear installations. Intensifying research in the

field of radiation induced genetic effects is recommended.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Energy use is central to human societies and provides many

health benefits. However, each source of energy entails some

environmental and health risks (Smith et al., 2013). Ionizing radi-

ation generated during nuclear energy production has impacts on

the environment and on human beings. It has been known for

almost one century that ionizing radiation at low doses (<100mSv)

causes genetic mutations (Muller, 1927). It was Muller's hypothesis

that even background radiation (approximately 1 mSv) entails

harm according to the “linear no threshold theory (LNT)”. The

environment as well as mankind is not only exposed to natural

background ionizing radiation but also to man-made radioactive

elements from multiple sources. Incomplete knowledge in the ra-

diation sciences has recently been codified again by the order of the

US “Low-Dose Radiation Research Act of 2015” (https://www.

govtrack.us/congress/bills/114/hr35/text). Table 1 lists pertinent

literature with positive findings on radiation induced genetic ef-

fects: congenital malformations, perinatal mortality including

stillbirths, birth sex ratio, and childhood cancer.

Radioactive releases from nuclear facilities may cause genetic

effects, e.g., leukemia in surrounding populations, and the sex ratio

and stillbirths increased after nuclear accidents (Gardner, 1991;

Grech, 2014a; Scherb et al., 1999; Sermage-Faure et al., 2012; Spix

et al., 2008). Concerns about increased environmental risks near

nuclear power plants during fuel element exchange have been

raised by Ghirga (2012). In April 2010 the U.S. Nuclear Regulatory

Commission (NRC) asked the National Academy of Sciences (NAS)

to analyze “radiogenic cancer mortality and total cancer mortality

in populations living near past, present, and possible future com-

mercial nuclear facilities for all age groups,” and to conduct cor-

responding analyses for cancer incidence. Before beginning the full

study in late 2011, the NAS was required to conduct a scoping study

to determine the best study design for assessing those risks (Wing

et al., 2011).

An important indicator in the context of radiation induced sex-

linked lethal mutations in man is the sex ratio in humans at birth;

technically sex odds: male/female (Grech, 2014a, b; Schull and Neel,
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1958). However, relatively little research has been carried out in this

field since the 1960s despite extensive nuclear weapons testing and

increasing production of nuclear power. At least the United Nations

Scientific Committee on the Effects of Atomic Radiation (UNSCEAR)

has acknowledged as early as in 1958 that an increase in the fre-

quency of dominant mutations in humans associated with visible

effects would manifest itself to some unknown extent as an in-

crease in the frequency ofmalformations and stillbirths as well as in

sex ratio shifts (http://www.unscear.org/unscear/en/publications/

1958.html). Consideration of the odds of male to female offspring

at birth may therefore be a simple and non-invasiveway tomonitor

the reproductive or genetic health of a human population (Scholte

and Sobels, 1964). Except in societies where selective abortion

skews the sex ratio (SR), approximately 105 boys are born for every

100 girls. Ein-Mor et al. (2010) concluded from a large retrospective

cohort study that the sex ratio at birth is remarkably constant.

Terrell et al. (2011) examined whether environmental or occupa-

tional hazards alter the sex ratio at birth. Factors evaluated in the

review by Terrell et al. included ionizing radiation as well as

chemicals (Scherb and Voigt, 2007; Voigt et al., 2012).

In many studies on the influence of ionizing radiation on the

human secondary sex odds, an increase (not necessarily significant)

was detected (Koya et al., 2015; Mudie et al., 2007). James (1997)

even postulated that radiation is the only known reproductive

hazard that increases the sex ratio. Scherb and Voigt reported in-

creases in the human sex odds at birth in Europe and Cuba after the

Chernobyl Nuclear Power Plant accident (Scherb et al., 2013b;

Scherb and Voigt, 2011). Grech (2014a) published a birth ratio

study for Scandinavia and the United Kingdom after the nuclear

accident at Windscale, October 1957. He found a significant rise in

the sex ratio for Norway and Sweden, not for the United Kingdom.

Generalizing Grech's approach, we were able to show that after

Windscale the sex odds jumped significantly in exposed downwind

countries but remained undisturbed in less affected upwind

countries (Scherb et al., 2014b). Grech also reported substantial sex

odds increases in the former European and Asian Soviet Republics

after Chernobyl and, globally, after the atmospheric atomic bomb

testing (Grech, 2015; Scherb, 2015). Moreover, previous work pro-

vides considerable evidence that not only after nuclear accidents

but also near normally running nuclear power plants and especially

in the vicinity of nuclear processing and storage sites, the human

sex ratio at birth is distorted and in some places to a rather large

extent so (Scherb and Voigt, 2011, 2012a, b; Scherb et al., 2014c).

Bennett et al. (2013) reviewed numerical, graphical, and quali-

tative methods and metrics for characterizing performance of

environmental models and elaborated that the selection of

methods must be tailored to the model scope, quality of data, and

information available. In this spirit and introducing the additional

basic however meaningful metric “sex ratio”, the purpose of this

paper is the paradigmatic development and the propagation of a

novel environmental modeling concept and the recommendation

and exemplarily application of corresponding computational and

statistical tools for the evaluation of spatiotemporal trends in the

human sex odds at birth exemplified around 67 major nuclear fa-

cilities in six European countries (Fig. 1) on the basis of exhaustive

annual municipality data (Table 2). Within the “Thematic Issue on

Modeling Human and Ecological Health Risks”, the devised method

covers the topic “Methodological developments in the assessment

of radiation and chemicals' risks” utilizing most recent and high-

performance statistical software. Our concept can also be applied

to other spatiotemporally structured risk factors and corresponding

population health metrics like, e.g., chemical exposure, disease

incidence, and mortality statistics. Last but not least, our approach

may encourage citizen science since all data used and analyzed

here are aggregated official data, which are freely available to

everyone.

Table 1

Literature on radiation induced genetic effects: increases in congenital malformations, stillbirths, perinatal mortality,

birth sex ratios, and childhood cancers.

Effect by exposure Reference

Birth defects

Congenital malformations in radiology (Macht and Lawrence, 1955)

Neural tube defects at Hanford, USA (Sever et al., 1988)

Birth defects after Chernobyl (April 1986) (Lazjuk et al., 2003)

Down syndrome after Chernobyl (Laziuk et al., 2002)

(Zatsepin et al., 2007)

(Metneki and Czeizel, 2005)

(Sperling et al., 1991; Sperling et al., 2012)

Cleft lip and palate after Chernobyl (Zieglowski and Hemprich, 1999)

(Scherb and Weigelt, 2004)

General birth defects after Chernobyl (Wertelecki, 2010)

(Scherb and Weigelt, 2003)

Stillbirths and perinatal mortality

Father's occupational exposure (Parker et al., 1999)

Chernobyl (Auvinen et al., 2001)

(K€orblein and Küchenhoff, 1997)

(Scherb et al., 2000; Scherb et al., 1999)

Birth sex ratio

Mother's therapeutic exposure (Scholte and Sobels, 1964)

Father's occupational exposure (Dickinson et al., 1996)

Atomic bomb testing (Grech, 2015; Scherb, 2015)

Windscale/Sellafield (October 1957)

Chernobyl

Background radiation Kerala/India

(Scherb and Voigt, 2007, 2011)

(Scherb et al., 2013b, 2014a, b)

(Grech, 2014a, b; 2015)

(Koya et al., 2015)

Childhood cancer

Nuclear power plants in Germany (Spix et al., 2008)

Nuclear power plants in France (Sermage-Faure et al., 2012)

CT scans in the United Kingdom (Pearce et al., 2012)

CT scans in Australia (Mathews et al., 2013)

Background radiation in Switzerland (Spycher et al., 2015)
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2. Data and methods

2.1. Environmental modeling and ecological health risk models

A variety of environmental and/or health modeling studies have

been carried out in the past. Many of these modeling approaches

focus on nuclear power plant accidents. For example, Lelieveld et al.

(2013) assessed the cumulative global risk of exposure to radioac-

tivity due to atmospheric dispersion of gases and particles

following severe nuclear accidents using particulate 137Cs and

gaseous 131I as proxies for the fallout. The global atmospheric

transport and deposition of radionuclides from the Fukushima

nuclear power plant accident were modeled by Christoudias and

Lelieveld (2013). A complementary environmental health

modeling approach after the Fukushima accident has recently been

published (Hosoda et al., 2013). The global and local cancer risks

after the Fukushima Nuclear Power Plant accident were modeled

by Evangeliou et al. (2014). Global excess doses and corresponding

health risks from the release and atmospheric dispersion of ra-

dionuclides after nuclear power plant accidents were estimated by

Christoudias et al. (2014). These authors included all nuclear re-

actors that are currently operational, under construction, planned,

or proposed. Based on the continued operation of the current nu-

clear power plants, they calculate that the risk of radioactive

contamination to the citizens of the USA will remain to be highest

worldwide, followed by India and France. By including stations

under construction and those that are planned and proposed, re-

sults suggest that the risk will become highest in China, followed by

India and the USA.

All the above mentioned risk assessments are based on con-

ventional radiological risk coefficients. However, considerable evi-

dence has accumulated that those risk coefficients underestimate

true risks. For example a recent comprehensive ecological study

from Switzerland (Spycher et al., 2015) implies that a hypothetical

doubling of the natural background radiation (z1 mSv) would

increase childhood cancers by approximately 30%. Considering

birth defects and stillbirths after Chernobyl, we found a relative risk

for stillbirth per mSv/a of 1.33 (Scherb and Weigelt, 2003), see

Table 1 for pertinent references on evidence for radiation induced

genetic effects at low doses.

In ecological epidemiological studies the units of observations

or analysis are groups, e.g., all births naturally classed by the mu-

nicipalities in a county. A possible method to assess ecological data

that contain spatial as well as temporal information is spatiotem-

poral regression (Scherb and Voigt, 2009). The basic idea is to adjust

the regression model for region-specific trend functions and to

allow for local or global temporal broken sticks or jumps at certain

points in time or to allow for local jump heights to be proportional

Fig. 1. Maps of France (left) and Germany (right) with the geographical positions of 28 French, 30 German, and 5 Swiss nuclear facilities (NF), the latter located at the southwest

borders of Germany. Four locations in Austria and in The Netherlands are not shown. Nuclear power plants: gray dots and labels. Nuclear mining, research, storage, and disposal

facilities: black dots and labels.

Table 2

Characteristics of the annual municipality level gender specific live birth data. SO: sex odds (male/female), LL and UL: lower and upper 95% confidence limits, respectively.

Country Period Municipalitiesa Male Female Total SO LL UL

Austria 1973e2013 2402 1,800,664 1,708,660 3,509,324 1.0538 1.0516 1.0561

France 1968e2011 36,563 16,968,701 16,145,925 33,114,626 1.0510 1.0502 1.0517

Germany 1957e2013 20,190 17,367,371 16,449,761 33,817,132 1.0558 1.0551 1.0565

Luxembourg 1975e2013 137 100,431 94,851 195,282 1.0588 1.0495 1.0683

Switzerland 1969e2012 2770 1,799,508 1,704,440 3,503,948 1.0558 1.0536 1.0580

The Netherlands 1988e2009 798 2,183,191 2,078,949 4,262,140 1.0501 1.0481 1.0521

Total 62,860 40,219,866 38,182,586 78,402,452 1.0534 1.0529 1.0538

a Count of unique geografical positions in data sets.
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to the contamination levels of regional subunits. Technically, the

co-variables included in the regression models are interactions of

dummy variables coding for specified periods and/or specified lo-

cations with the main effects of interest: intercept, time, distance,

and exposure or appropriate surrogate measures for exposure. The

advantage of this spatiotemporal interaction model is that by

considering partial trends of regional units, these regional units are,

so to speak, compared to themselves, as the target variable

describing the interesting characteristic varies in time. Information

on several regional units is then combined in a global spatiotem-

poral model, giving rise to tests of temporal change-points as well

as spatial trends in the outcome health risk variable. This approach

has previously been employed in studies of genetic effects after

Chernobyl and near nuclear facilities (Kusmierz et al., 2010; Scherb

et al., 2000, 1999).

2.2. Geo-spatial background

For geo-coding municipalities and nuclear facilities in Germany,

Luxembourg, Switzerland, and The Netherlands, geographic co-

ordinates given in the GausseKrüger (GK) orthogonal coordinate

reference system (CRS) are used. For France, we employed the

orthogonal Lambert-93 CRS (http://www.ign.fr/). With an orthog-

onal CRS, distances between municipalities and nuclear facilities

can be computed easily using Pythagoras' theorem. It is also

possible to directly compute distances using the WGS84 CRS; see

Fig. 2 for a corresponding SAS function. This method was used for

Austria that extends over three GK zones which complicates the

distance calculation with GK coordinates.

2.3. Selection of nuclear facilities

Sometimes “nuclear facility (NF)” is used as synonym to nuclear

power plant (NPP). However, nuclear facilities are more diverse and

essentially encompass the following types: Uranium Mining (UM),

Nuclear Fuel Elements Production (NFE), Nuclear Storage or

Disposal Sites (NSDS), Pressurized Water Reactors (PWR), Boiling

Water Reactors (BWR), and Nuclear Research Reactors (NRR). The

characteristics and geographical positions of the investigated

running and closed nuclear power plants and research reactors,

e.g., first grid connection, first criticality, or decommissioning date

were obtained from the comprehensive documentation by the IAEA

nuclear power plant information system (International Atomic

Energy Agency, http://www.iaea.org/pris/home.aspx). First, we

selected 35 pertinent major nuclear facilities in Germany (30) and

Switzerland (5) to update our previous global synoptic spatiotem-

poral statistical data analysis (Kusmierz et al., 2010). Next, we chose

all 23 nuclear power plants in France and 5 further pertinent major

French nuclear facilities. For details concerning the French data see

Scherb et al. (2014c). The locations and a rough division by type of

the identified nuclear facilities are presented in Fig.1. Austria has no

nuclear power plant, but runs two research reactors in Seibersdorf

and in Vienna (Prater reactor). Some parts of Austria are also situ-

ated close to nuclear power reactors of neighboring countries, e.g.,

Temelin in the Czech Republic. Luxembourg does not operate a

nuclear reactor, to our knowledge. However, this small European

country is situated in the vicinity of the nuclear power plant Cat-

tenom in France. In The Netherlands, we will look at the nuclear

power plants Borssele and Dodewaard. The positions of the four

nuclear facilities in Austria and in The Netherlands are not shown in

Fig. 1.

2.4. Data, statistical methods, and computational modeling

techniques

The data we used are official sex specific live births figures by

municipality and year as well as official municipalities' geographic

coordinates available from the respective national statistical au-

thorities. Complete annual French mainland gender specific birth

data at the municipality level from 1968 till 2011 were produced by

the INSEE “Institut national de la statistique et des "etudes
"economiques” (http://www.insee.fr/fr/) and provided by the Centre

Maurice Halbwachs, Partenaire du Reseau Quetelet in Paris, France

(http://www.cmh.ens.fr/). Table 2 displays pertinent parameters of

our data base by country. The data in this study were processed

with Microsoft Excel 10 and stored as SAS data sets in a SAS library.

We applied linear and nonlinear logistic regression to investi-

gate spatiotemporal trends in the occurrence of boys among all live

births in the vicinity of nuclear facilities and to analyze any po-

tential changes in the trends following the activation (criticality) or

dismantling of those nuclear facilities. We denote the number of

male births by m, female births by f, and the proportion of male

Fig. 2. SAS code for computing distances of municipalities from nuclear facilities (NF) using geographic WGS84 coordinates.
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births as pm ¼m/(mþ f). Two important parameters in this context

are the sex odds (SO ¼ pm/(1#pm) ¼ m/f), and the sex odds ratio

(SOR¼ SO1/SO0¼ (m1/f1)/(m0/f0)), which is the ratio of the sex odds

between two populations with SO1 and SO0, e.g., in exposed versus

non-exposed populations.We used dummy coding for single points

in time and for time periods as well. For example, the dummy

variable for the time window from T onward, e.g., T ¼ 1987, is

defined as dT(t) ¼ 0 for t < T and dT(t) ¼ 1 for t $ T. The simple and

parsimonious logistic model for a trend in t and a jump in T has the

following form: mt ~ Binomial ((m þ f)t, pt)

log odds(pt) ¼ intercept þ a*t þ b*dT(t) [1]

In formula [1], t denotes year,mt the number of boys born in year

t, (m þ f)t the number of live births in t, and pt the probability of a

male birth in t. Completely analogous functions may be defined for

distance in place of time, in which case an idealized jump in the

average sex odds may occur or may be hypothesized at a certain

radial distance from a nuclear facility. Nonlinear logistic regression

for fitting Rayleigh functions (Kusmierz et al., 2010; Scherb and

Voigt, 2011) was carried out by applying nonlinear regression to

the natural logarithm (log) of the sex odds inversely weighted by

the variance of the log sex odds. The simple and parsimonious 3-

parameter Rayleigh function z, as parameterized in this paper,

has the following form:

z(a, b, c, x) ¼ a þ b*(x/c)*exp[#((x/c)2 # 1)/2] [2]

A significant Rayleigh distance law means that the sex odds as a

function of radial distance theoretically follows a non-trivial Ray-

leigh functionwith significant height parameter b, see equation [2].

Up to normalization, the Rayleigh function z is identical to the

Rayleigh distribution. The parameters of the Rayleigh function z(a,

b, c, x) are as follows: a is the intercept (baseline), b is the difference

between the baseline and the maximum height (peak) at the

location c, and x is the distance of a municipality from a single

nuclear facility or the minimum distance of the municipality from a

group of nuclear facilities measured in kilometers (km). Since

genuine nonlinear logistic regression is not available in SAS, a well-

established normal approximation by an ordinary nonlinear

regression is used. The code is shown in Fig. 3 along with code for

the linear logistic regression.

The prototype models [1], [2], and [3] and evident variations

thereof including relevant co-variables and interactions (Scherb

and Voigt, 2009) are well suited to assess spatial, temporal, as

well as spatiotemporal trends in the sex odds and to investigate

possible changes in those trends after incidents or accidents, or in

the vicinity of nuclear facilities. Region-specific and eventually

changing spatiotemporal trends may be analyzed using dummy

variables coding for regions, time periods, and appropriate

spatiotemporal interactions. Alternatives to the simple jump

functions [1] and the Rayleigh functions [2], in the present context,

may comprise basic exponential decay functions of the type exp

[#x2] (Scherb et al., 2013a) or shifted Gaussians of the form [3],

which can also model

z(a, b, c, d, x) ¼ a þ b*exp[#((c # x)2)/d] [3]

diffusion-with-transport phenomena more precisely. While we

mainly used the Rayleigh function [2] in previous applications, we

will principally employ the shifted Gaussian [3] in this paper since

in contrast to the Rayleigh function the Gaussian allows for positive

effects at distance zero. Positive distance gradients of the sex odds

within short distances from nuclear facilities, which can be

modeled by Rayleigh functions and shifted Gaussians, may be

explained by a drift due to a prevailing wind or by direct radial

skyshine effects that may lead to effect maxima only at a certain

distance from the source. The spatial distribution of the neutron

skyshine could approximately be described as an inverse square

law multiplied by an exponential (Cossairt and Coulson, 1985).

In this paper, we present results of applying the models [1], [2],

and [3] to various selections of parts of the abundant European sex

ratio data. This implies the danger of perceiving spurious effects

that become formally statistically significant even though theymay

be simply the most salient of patterns generated by randomness.

The twomain resultse themodels for the relationship between the

sex ratio and distance for the pooled data of Germany and

Switzerland or France, respectively, are not much affected by such

selections of methods on the basis of data, and show very clear

significance. On the other hand, the findings for the individual fa-

cilities in Austria, Luxembourg and The Netherlands should be

taken as descriptive and exploratory hints and examples for the

methodology presented here. For the evaluation of the sex odds

trends in the vicinity of selected nuclear facilities we mainly used

three different modeling techniques, which express possible

spatiotemporal associations in the data with distance from oper-

ating nuclear facilities: (1) a simple jump function in time or

depending on distance, (2) an inverse distance function, like in

Kaatsch et al. (2008), and (3) a shifted Gaussian function, the latter

two representing smooth flexible and parsimonious curves without

the need for a prefixed instant or distance category for the pre-

sumable effect range, see equations [1] and [3]. Note that the

assumption of a binomial distribution implies that the variances of

the random deviations are determined by the binomial parameter

p. In practice, the estimated sample variances are smaller or larger

than theory predicts, for randomness or for unknown reasons, e.g.,

unspecified or unknown co-variables. Systematic under-dispersion

may follow from correlated variables, over-fitting, or over-

adjustment. Therefore, the models can be generalized by intro-

ducing a heterogeneity parameter, and, to be conservative, we will

allow for this extension in case of overdispersion but never in case

of underdispersion. For statistical analyses, we used R 2.15.1,

MATHEMATICA 9, and mostly SAS 9.3 (SAS Institute Inc: SAS/STAT

User's Guide, Version 9.3, Cary NC: SAS Institute Inc, 2012).

3. Results

We apply the spatial trend and time trend modeling techniques

to sex odds data near nuclear facilities affecting parts of the

following countries: Austria, France, Germany, Luxembourg, The

Netherlands, and Switzerland. Spatiotemporal approaches are

especially powerful with respect to causal inference compared to

either spatial or temporal methods alone. With spatiotemporal

methods it can be demonstrated that the sex odds increased line-

arly with Chernobyl fallout and that the human birth sex odds is

elevated within up to 40 km distance from nuclear facilities. The

distances of the estimated peak effect locations ranging from 5 to

20 km in general.

3.1. Germany, Switzerland, and France

We previously studied the birth sex ratio near 28 nuclear

facilities including all nuclear power plants in Germany and

Switzerland (Kusmierz et al., 2010; Scherb and Voigt, 2011). We

found evidence for an increase in the birth sex ratio within dis-

tances of up to 40 km from those nuclear facilities in the order of

magnitude of 0.1%e1% and a significant Rayleigh distance law. In

Fig. 4 (left) we present an updated shifted Gaussian distance law

for the combined data of henceforth 35 nuclear facilities opera-

tional in Germany and Switzerland as well as the 2 running
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French NPPs Cattenom and Fessenheim close to the German

border during the period 1974 to 2013. This shifted Gaussian

function peaks at 20.9 km (95%-CI: 14.2, 27.6) with a peak sex

odds ratio (SORpeak) of 0.0048 (95%-CI: 0.0032, 0.0063), p value

0.0002. For France (1972e2011), the shifted Gaussian function

peaks at 8.9 km (95%-CI: 2.8, 15.1) with a SORpeak of 0.0081 (95%-

CI: 0.0037, 0.0125), p-value 0.0036, see Fig. 4 (right). The 3-

parameter Rayleigh function yields very similar fits to these

data. However, due to 1 less parameter in the Rayleigh compared

to the Gaussian, the resulting p-values are somewhat smaller. All

nonlinear models have some kind of stiffness that can produce

counterintuitive results. Therefore, the estimated shifted

Gaussian function range must not be confused with the hypo-

thetical or even obvious plausible range. Consequently, the “true”

effect range for the French data in Fig. 4 (right) is possibly

underestimated, as in these data a simple step function with a

jump at 50 km is also significant: p-value 0.0030. Presumably,

the Rayleigh and shifted Gaussian functions are not flexible or

robust enough to impartially cope with all occurring relevant

data patterns. This issue will be addressed in future work.

3.2. Austria: Seibersdorf and Vienna (Prater)

Austria has two research reactors: ASTRA (Seibersdorf, running

since 1960) and TRIGA Mark II (Vienna, running since 1962) in the

highly densely populated areas of Lower Austria and Vienna,

respectively. Both areas show remarkable effects on the human sex

odds at birth. From the IAEA research reactor data base (http://

Fig. 3. SAS code for linear logistic regression of simple jump as well as inverse distance functions (left) and nonlinear logistic regression of Rayleigh and shifted Gaussian functions

(right); the option “/scale ¼ d” in “proc logistic” means correction for heterogeneity, which we only invoke whenever overdisperion is present.

Fig. 4. Shifted Gaussian function distance trends of the live births sex odds in 5-km-distance rings around 30 nuclear facilities (NF) in Germany (D), 5 NF in Switzerland (CH) and 2

NF in France (F) close to the German border during 1974e2013 (left), p-value 0.0002; and around 28 NF in France during 1972e2011 (right), p-value 0.0036; see Fig. 1.
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nucleus.iaea.org/RRDB/RR/Decommissioning.aspx?RId¼7) we can

see that the Austrian research reactor ASTRA near Seibersdorf,

30 km southeast of Vienna, has been decommissioned from 2000

onward: “COOLING SYSTEM DISMANTLED IN 2000. JUNE 2001

SPENT FUEL TO SAVANNAH RIVER-SITE USA”. We therefore looked

more closely at a possible impact of the dismantling of ASTRA on

the live birth sex odds in its vicinity during 2001e2013. Fig. 5 (right)

shows a not statistically significant shifted Gaussian distance trend

of the sex odds in 5-km distance rings around ASTRA (p-value

0.1727). The more parsimonious reciprocal distance model is an

effective measure to detect a possible monotonically decreasing

radioactive ground immission with increasing distance from a

point source (Kaatsch et al., 2008). For the Seibersdorf data from

2001 to 2013, the reciprocal model is significant p-value 0.0082.

Considering the distance trend of the sex odds around Seibersdorf

for the complementary period 1973 to 2000 yields a neutral

behavior: shifted Gaussianp-value 0.4440, see Fig. 5 (left). The

maximum sex ratio within 5 km from Seibersdorf in Fig. 5 is m/

f ¼ 577/506 ¼ 1.1403. This is in itself not significant but contributes

to the “descriptive or exploratory significance” within all of the

35 km vicinity: jump at 35 km SOR 1.0132 (95%-CI: 1.0044, 1.0220),

p-value 0.0030, see Fig. 5 (right, bold dashed line). Supposedly, the

release of radioactive materials at ASTRA Seibersdorf beginning

with and during the dismantling procedure has caused this

spatiotemporal effect. A formal synoptic interactive spatiotemporal

analysis of the Seibersdorf data in Fig. 5 amounts to combining both

data sets (periods: before and after) and defining for example an

interaction (rd*d2001) between the reciprocal distance (rd) from

Seibersdorf and the dummy variable for the period from the year

2001 onward (d2001). The interaction rd*d2001 is significant with p-

value 0.0099, which confirms the informal comparison in Fig. 5.

In the center of Vienna (Prater), another Austrian research

reactor (TRIGA MARK II) is still operational. For this reactor we

initially performed a time trend analysis for the city of Vienna alone

and we observed a significant jump (change-point) in 2003. Look-

ing more closely at the sex odds time trend within the 40 km sur-

rounding area of the Vienna Prater reactor, we found a significant

downward trend (p-value 0.0021), two distinct outlier years 2003

and 2004 (common p-value 0.0002), and a distinct and highly

significant jump of the sex odds in 2008 with SOR 1.0390 (95%-CI:

1.0246, 1.0537), p-value < 0.0001, see Fig. 6 (left). We also did a

spatial analysis restricted to the period 2008 to 2013 employing the

shifted Gaussian distance law method, see Fig. 6 (right). This

skyshine-like effect (Scherb and Voigt, 2012b) from 2008 onward

with p-value 0.0075 might perhaps be caused by fast neutrons

emitted during physical experiments at the Vienna Atomic Institute

of the Technical University or by defect fuel rods of the TRIGA

reactor due to aging of shielding materials. See the IAEA document

referenced below for problems with the TRIGA fuel elements: “The

fuel elements are controlled for their elongation and/or bowing

every two years and until now 4 elements had to be removed

permanently for excess elongation or bowing and 4 for fission

product release.” (http://www.iaea.org/inis/collection/

NCLCollectionStore/_Public/38/039/38039496.pdf).

3.3. Luxembourg: Cattenom in France

The southern border of Luxembourg extends approximately

10 km north of Cattenom in France inwest-east direction. Cattenom

hosts a largeNPPwith four reactors. The first one became critical for

the first time in October 1986 (http://www.iaea.org/PRIS/

CountryStatistics/ReactorDetails.aspx? current¼207). Two rela-

tively large municipalities in southern Luxembourg within 20 km

distance from Cattenom are Dudelange (11.8 km) and Esch-Alzette

(19.2 km). Therefore, we looked more closely at the combined sex

odds data fromDudelange andEsch-Alzette and tested for a possible

jump in 1987, the first year after the initial grid connection in 1986.

Actually, in the combined data fromDudelange and Esch-Alzettewe

can see a significant upward jumpof the sexodds from1987 onward

with a SOR for the jump of 1.086, p-value 0.0137, see Fig. 7 (left).

3.4. The Netherlands: Borssele and Dodewaard

In The Netherlands there is one active NPP: Borssele and one

decommissioned NPP: Dodewaard. Fig. 7 (right) shows a borderline

or one-sided significant shifted Gaussian function (p-value 0.0955)

for the minimum distance trend of the live births sex odds in 5-km-

distance rings around the NPPs Borssele and Dodewaard combined.

Fig. 5. Insignificant (left, p-value 0.4440) and (right, p-value 0.1727) shifted Gaussian trends of the live births sex odds in 5-km-distance rings around the research reactor ASTRA

near Seibersdorf, Austria, by period before (left) and after (right) decommissioning of the reactor; the bold dashed line (right) is the significant 35-km-jump model with SOR 1.0132

(95%-CI: 1.0044, 1.0220), p-value 0.0030.
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This shifted Gaussian function peaks at 11.0 km and the peak sex

odds ratio (SOR) is 1.0171 (95%-CI: 1.0011, 1.0336). The 20-km jump

model for this data is even significant: p-value 0.0079. Here, before/

after-analyses similar to the ones for Austria and Luxembourg

(Figs. 5e7 (left)) are not possible as we only have temporally

limited data for The Netherlands from 1988 to 2009, see Table 2.

3.5. Spatial dependence of the sex odds

In principle, the birth sex ratio at nearby municipalities may be

closer in value than the sex ratio at locations farther apart if

geographical locationper sewere a real determinant of the sex ratio.

This is called spatial autocorrelation (GringartenandDeutsch, 2001),

which can be assessed by semivariogram analysis (e.g., SAS proce-

dure VARIOGRAM). Positive spatial autocorrelation exists when

similar values occur near one another. A global semivariogram

analysis of the standardized natural logarithm of the birth sex odds

forallmunicipalities ofGermany, Switzerland, andFranceduring the

30 years period from1982 to 2011 (representing 46.9million births)

yields the semivariogram in Fig. 8 left. Fitting a Gaussian model to

Fig. 6. Time trend of the live births sex odds within 40 km distance from TRIGA (left, trend p-value 0.0021, outlier 2003/2004 p-value 0.0002, jump 2008 p-value < 0.0001), and

significant shifted Gaussian distance law of the sex odds (right, p-value 0.0075) around TRIGA Vienna, Austria.

Fig. 7. Time trend of the live births sex odds in the combined data from Dudelange and Esch-Alzette, Luxembourg (left, jump 1986 p-value 0.0137), and shifted Gaussian distance

trend of the live births sex odds in 5-km-distance rings around nuclear facilities Borssele and Dodewaard, The Netherlands (right, F-test p-value 0.0955).
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the semivariance yields nugget ¼ 1.003, scale ¼ 0.028, and

range ¼ 29.8 km (95%-CI: 27.4, 32.2). This spatial correlation of the

birth sexoddswithina rangeof approximately 30kmmayreflect the

genetic influence exerted by nuclear facilities on human reproduc-

tion, e.g., by suppressing female offspring. The estimated range of

approximately 30 km is consistent with the sex odds increases near

nuclear facilities disclosed in Fig. 4. Removing 20.05 million births

(42.8%) in the municipalities situated in circular discs with radius

50 km centered at the 63 nuclear facilities considered yields the

semivariogram in Fig. 8 right: nugget ¼ 0.998, scale ¼ 0.075, and

range¼118.8 km (95%-CI: 115.1,122.6). In this scenario, the resulting

relatively large range of the spatial correlation may be due to three

factors: (1) an artifact of the perforation of the study area byasmuch

as 63 circular discs with 100 km diameter, (2) a relatively large

number of smaller nuclear facilities not accounted for in our data,

and (3) the reduction of the statistical power or an increasing inac-

curacy by excluding 20.05million births from the analysis. Since the

area for the semivariogramanalysis is always limited inpraxis, edge-

effects playan important role. These canbequite serious in sampling

areas that are not contiguous (van Groenigen, 2000). However, even

if the semivariogram analysis of the perforated area may be some-

what unreliable, the effect range of 30 km resulting from the semi-

variogram of the full area (see Fig. 8 left) is consistent with our

findings in Section 3.1. Furthermore, directional semivariograms

centered at the angle 45 (south west/north east: main wind direc-

tion in central Europe) and at the perpendicular angle 135 showed

similar effect ranges. Therefore, the major wind directions seem to

be less important from this point of view. Stronger effects would be

expected against the main wind direction because of higher radio-

nuclide concentration due to less dilution by stronger winds. How-

ever, looking at western, northern, eastern, and southern quadrants

or hemispheres gave no clear picture, either since there is no true

directional component (e.g., symmetric skyshine effects) or due to

the loss of statistical power in the stratified analyses. Noteworthy is

the fact that the “nugget effect”, which is so to speak the intercept of

the semivariogram, takes on rather large values between 93% and

98% of the sill, which is the theoretical variance of the uncorrelated

data at longer distances. These large nugget effects may reflect the

observation by Ein-Mor et al. (2010), namely that the (undisturbed)

sex ratio at birth is “remarkably constant” and that the gender dis-

tribution among newborns appears to be a mere random phenom-

enon at the population level. The semivariogram analysis (Fig. 8 left)

disclosing sex odds spatial correlations with a (Gaussian) range of

approximately 30 km is qualitatively consistent with a possible ge-

netic impact within 50 km distance around nuclear facilities in

France, Germany, and Switzerland. From this perspective it appears

as if the vicinity to nuclear facilities obstructs the natural biologic or

genetic gender determining random mechanisms (probabilities)

associated with spermatogenesis, conception, and pregnancy.

4. Discussion and conclusion

Sex ratio increases near all selected nuclear facilities in France,

Germany, and Switzerland combined could be demonstrated by

applying spatial and temporal models to approximately 63.4

million fully registered annual municipality-based births. Accord-

ing to descriptive and exploratory analyses, not only nuclear power

plants in operation but also research reactors in operation and

already dismantled nuclear reactors and nuclear power plants in

neighboring countries (Luxembourg) seem to have an impact on

the human sex odds at birth. The presentedmodelling results imply

sex ratio increases in the range of 0.5%e10% within 5e50 km from

the studied nuclear facilities that are practically all significant. An

effect in the order of magnitude of 1.005may seem small, especially

from a traditional environmental epidemiological viewpoint where

relative risks of more than 1.1 are of interest. However, from a

global population genetics perspective this is a rather strong effect.

In arithmetical terms this literally means that within every 201

(¼1 þ1/(1.005#1)) hypothetical girls to be born one girl gets lost, if

only girls are affected. The analyses presented here, which account

for dozens of millions of officially recorded births across Europe

suggest clear effects of low dose radiation on the sex ratio. This

contradicts the pertinent statements by the Radiation Effects

Research Foundation (RERF) based on a single small outdated, and

probably biased post-war data set: “In the past, lethal recessive

mutations of the X chromosome were thought to alter the birth sex

ratio in favor of females if mothers were exposed to radiation, since the

single X chromosome in males is derived from mothers, and in favor of

males if fathers were exposed, since the male X chromosome is

transmitted only to daughters. Early observations concerning births to

A-bomb survivors (1948e1953) favored this hypothesis but were not

statistically significant. Further data collected through 1962 (140,542

births, 73,994 with one or both parents exposed) did not support any

radiation effect on sex ratios. Subsequent considerations regarding

errors in sex chromosome number and patterns of X chromosome

inactivation in embryonic and extraembryonic tissues have made it

Fig. 8. Semivariograms and Gaussian models (solid lines) for the standardized logarithms of the sex odds at the municipality level for Germany (D), Switzerland (CH), and France (F)

combined; left: all birth data, range r ¼ 29.8 km (95%-CI: 27.4, 32.2); right: birth data excluded within circular disks with diameter 100 km around the 63 nuclear facilities (Fig. 1);

range r ¼ 118.8 km (95%-CI: 115.1, 122.6).
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difficult to determine how X chromosome mutations may affect sex

ratios. Under these circumstances, it seems doubtful that sex ratio

measurements can be useful as indicators of genetic radiation dam-

age.” (http://www.rerf.jp/radefx/genetics_e/sexratio.html).

It is evident and published that nuclear facilities under normal

conditions discharge radioactive substances through airborne and

liquid effluents into the environment (Hoelgye et al., 1995). These

unavoidable releases may be enhanced during the exchange of

nuclear fuel elements (Ghirga, 2012). Fast and thermal neutrons

exit HAW storage casks with high doses at the casks' surfaces and

we speculated that fast neutrons (1 MeV) may have far ranging

activating effects via skyshine scattering (Scherb and Voigt, 2012b).
41Argon (Ar) could be of special concern as it may arise through

neutron activation from the abundant stable 40Ar in the air (1%

content). 40Ar has a relatively large cross section, which eases its

neutron activation, and 41Ar has a half-life of 1.8 h. Therefore,

activated Argon (41Ar) could travel dozens of kilometers before its

decay. This makes 41Ar a possible candidate for explaining the

observed sex ratio effect range of up to 40 km. It has been hy-

pothesized (Grech and Scherb, 2015) that enhanced natural or

man-made radiation contained in the rain is possibly involved in

the well-known seasonality of the secondary sex ratio (Lerchl,

1998). 41Ar generated in the upper atmospheres and washed out

to the earth's surface could contribute to this effect. Ionizing radi-

ation causes mutations in man and creature in principle (Vogel and

Motulsky, 1986) and lethal mutation rates for humans have been

projected from birth sex ratio changes (Traut, 1969). Significant

deviations from the natural sex ratio at birth are clearly indicative

of sex-linked lethal mutations on the X-chromosome (Schull and

Neel, 1958; Vogel and Motulsky, 1986). The strength of our

approach is that we analyze official total national data and no

random samples from data. Therefore, recording error (e.g., pro-

cessing of questionnaires) and confounding error (e.g., recall bias,

interviewer bias, selection bias) are no (major) issue for our studies.

A weakness of our approach is of course the highly aggregated

nature of our data at an annual municipality basis ignoring addi-

tional confounders and possible alternative sex ratio determinants.

However, this obvious drawback is perhaps more than outweighed

by the sheer amount of individual births data in the tens of millions,

and by the corresponding full registration over decades within all

municipalities at a national basis. Moreover, it is unlikely that any

alternative sex odds determinant other than ionizing radiation

(environmental, socioeconomic, ethnic, etc.) consistently entails

significant sex odds increases near nuclear facilities. In conclusion,

we provide evidence in favor of elevated human secondary sex

odds in the vicinity of nuclear facilities in Europe. Further research

in this field is needed to assess the genetic effects of radiation from

nuclear facilities more precisely. This includes assessing data that

shows genetic damages more directly, e.g., birth defects and cancer

incidence, as well as more elaborate models that integrate effects

and correlations of error terms in space and time simultaneously.
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