Do nuclear accidents generate a “Garden of Eden” for wildlife?
Lessons from the Chernobyl and Fukushima disasters
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- 438 Nuclear reactors in operation around the World
- 65 under construction (22 in China)
- 165 on order or planned, 325 proposed
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Enormous quantities of radioisotopes released as a part of normal operations.

ANALYSIS OF CANCER RISKS
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FIGURE 2.5 Comparison of atmospheric releases of noble gases for selecred BWRs
(left) and PWRs (right) in the United States. The units on the vertical scale are in
gigabecquerels (GBq = 0.03 Ci). SOURCE: Data from the United Nations Scientific
Committee on the Eftects of Atomic Radiation (UNSCEAR).

Burris, J.E.,..., T.
Mousseau, et. al. 2012.
Analysis of Cancer Risks in
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and Radiation Studies
Board, The National
Academies Press,
Washington, D.C., 412pp.




Country

Spent Fuel Inventory
(tons of heavy metal)
end of 2007

Spent Fuel Policy

Canada

37,300

Direct disposal

Finland

1,600

Direct disposal

France

13,500

Reprocessing

Germany

5,850

Direct disposal (now)

Japan

19,000

Russia

Reprocessing

13,000

Some reprocessing

South Korea

10,900

Storage, disposal undecided

Sweden

5,400

Direct disposal

United Kingdom

5,850

Reprocessing but future unclear

United States

61,000

Direct disposal

Table 2. Spent fuel inventories in cooling ponds and dry-cask storage at the end of 2007 for the 10 countries in the

present study.
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New Developments Disclosed On Tritium Contamination At Vermont
Yankee
Friday, 01/28/11 5:50pm

[@li LISTEM (2:06) | MP3 | Download MP3

John Dillon - Montpelier, Wt

{Host) There are more developments an
radioactive tritium contamination at the
Yermont Yankee plant,

The plant disclosed today that another well
is contaminated. &nd, as YPR's John Dillon
reports, Yankee also confirmed that it
couldn't test for tritium for two weeaks,

(Dillon) &n underground plume of water
laced with tritium has been tracked by
Yankee officials and government regulators
since about this time last year,

The tritiurm was traced to leaking
underground pipes that Yankee had not
previously disclosed existed.

1 Dbt I sormere  There hadn't been any additional discoveries
& ankee spokesperson examines a monitoring well  for months, Until last week, That's when
in March, 2010, Yankee said it had found another well
containing the radioactive isotope.



Atomic Bombs at Nagasaki and Hiroshima
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Figure XIl. Bikini and Enewetak test sites.

The inner dotted circle indicates a distance of 500 km, the outer dashed circle 1,000 km from the test sites.
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Figure |I. Tests of nuclear weapons in the atmosphere and underground.
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Chernobyl disaster — April 26, 1986 — nuclear fire burned for 10 days
- More than 200,000 km? significantly contaminated land or abut half the land area of Japan
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Technology The Chances of Another

Review Chernobyl Before 2050?
50%, Say Safety Specialists
Andthere’'s a50:50 chance of a Three Mile Island-scale disaster

inthe next 10 years, according to the largest statistical analysis of
nuclear accidents ever undertaken.
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The catastrophic disasters at Chernobyl and Fukushima are among the worst humankind has
Wh eatley et al. 2015. had to deal with. Both were the result of the inability of sclentists and engineers to foresee

how seemingly small problems can snowball into disasters of almost unimaginable scale.




Hypotheses and questions addressed:

Do low (and high) doses result in measureable,
elevated mutation rates in natural populations?

« Are there phenotypic consequences to elevated
mutation rates?

» Are there fitness consequences to elevated
mutation rates? (i.e. survival, reproduction, or
disease).

 |Is there evidence for adaptation?

» Are there effects on population abundances and
biodiversity?

» Are there ecosystem consequences?




How do we know the radiation
dose received by an animal?




“TLD” dosimeters to
measure external radiation
dose.




Gamma radiation spectrometry in the field is used to determine internal dose to birds and
rodents without hurting them.




T.A. Mousseau (South Carolina) and A.P. Mgller (France) — first field
expedition together in 2000.

Research in Fukushima beginning July 2011

Studies of natural populations of birds, insects, microbes,
mammals, and plants.

More than 35 research expeditions to Chernobyl, and 14
expeditions to Fukushima.

More than 80 scientific publications related to low-dose radiation
effects (Most available at http://cricket.biol.sc.edu)

We are independent evolutionary biologists; our primary interest
is in documenting adaptation and impacts of elevated mutation
rates on population processes. We are not activists.



bhcala iRl @2 T o
REPLIRTS aantans @)

~ B

SUBJECT AREAS:
ECOLOGICAL GENETICS
EVOLUTIOMARY GENETICS

Received
25 September 2014

Accepted
16 December 2014

Published
10 February 2015

Correspondence and
requests for materials
should be addressedto
A P.M. |onders.
moller@u-psud.fr)

s "o

Strong effects of ionizing radiation from
Chernobyl on mutation rates

Anders Pape Maller’ & Timothy A. Mousseau?

Laboratoire d’Ecologie, Systématique et Evolution, CNRS UMR 8079, Université Paris-Sud, Batiment 362, F-214035 Orsay Cedex,
France, *Department of Biological Sciences, University of South Carolina, Columbia 5C 29208, USA.

In this paper we use a meta-analysis to examine the relationship between radiation and mutation rates in
Chernobyl across 45 published studies, covering 30 species. Overall effect size of radiation on mutation rates
estimated as Pearson’s product-moment correlation coefficient was very large (E = 0.67; 95% confidence
intervals (CI) 0.59 to 0.73), accounting for 44.3% of the total variance in an unstructured random-effects
model. Fail-safe calculations reflecting the number of unpublished null results needed to eliminate this
average effect size showed the extreme robustness of this finding (Rosenberg’s method: 4135 at p = 0.05).
Indirect tests did not provide any evidence of publication bias. The effect of radiation on mutations varied
among taxa, with plants showing a larger effect than animals. Humans were shown to have intermediate
sensitivity of mutations to radiation compared to other species. Effect size did not decrease over time,
providing no evidence for an improvement in environmental conditions. The surprisingly high mean effect
size suggests a strong impact of radioactive contamination on individual fitness in current and future
generations, with potentially significant population-level consequences, even beyond the area contaminated
with radioactive material



Chernobyl: Radiation and Mutation, a Meta-Analysis

E=0.67;95% CI 0.59t0 0.73; N =151
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A. P. Mgller, T. A. Mousseau. 2015. Strong effects of ionizing radiation on mutation rates from Chernobyl. Nature Scientific Reports .
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Aspermy, Sperm Quality and Radiation in Chernobyl
Birds

Anders Pape Mgller'*, Andrea Bonisoli-Alquati?, Timothy A. Mousseau?, Geir Rudolfsen®

1 Laboratoire d'Ecologie, Systématique et Evolution, CNRS Unité Mixte de Recherche 8079, Université Paris-Sud, Batiment 362, Orsay Cedex, France, 2 University of South
Carolina, Department of Biological Sciences, Columbia, South Carolina, United States of America, 3 Department of Arctic and Marine Biology, University of Tromse,
Tromse, Norway

Abstract

Background: Following the Chernobyl nuclear power plant accident, large amounts of radionuclides were emitted and
spread in the environment. Animals living in such contaminated areas are predicted to suffer fitness costs including
reductions in the quality and quantity of gametes.

Methodology/Principal Findings: We studied whether aspermy and sperm quality were affected by radioactive
contamination by examining ejaculates from wild caught birds breeding in areas varying in background radiation level
by more than three orders of magnitude around Chernobyl, Ukraine. The frequency of males with aspermy increased
logarithmically with radiation level. While 18.4% of males from contaminated areas had no sperm that was only the case for
3.0% of males from uncontaminated control areas. Furthermore, there were negative relationships between sperm quality
as reflected by reduced sperm velocity and maotility, respectively, and radiation.

Conclusions/Significance: Our results suggest that radioactive contamination around Chernobyl affects sperm production
and quality. We are the first to report an interspecific difference in sperm quality in relation to radioactive contamination.

Citation: Mgller AP, Bonisoli-Alquati A, Mousseau TA, Rudolfsen G (2014) Aspermy, Sperm Quality and

Radiation in Chernobyl Birds. PLoS ONE 9(6): €100296. doi:10.1371/journal.pone.0100296




Proportion of male birds with no sperm
Or only dead sperm in Chernobyl.

Frequency of Male Sterility (%) vs. background
radiation (uGy / hr).
(multiply by 8.8 for mGy/y)

287 males from 38 species — R? = 43%

Moller, Rudolfsen, Bonisoli-Alquati, & Mousseau. 2014.
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High frequency of albinism and tumours in free-living birds around @Cmm“k

Chernobyl

A.P. Meller®*, A. Bonisoli-Alquati®, T.A. Mousseau”

4 Laboratoire d'Ecologie, Systématigue et Evolution, CNRS UMR 8079, Université Paris-Sud, Batiment 362, F-91405 Orsay Cedex, France
b Department of Bivlogicul Sciences, University of South Caroling, Columbia, SC 29208, USA

ARTICLE INFO

ABSTRACT

Article hisrory:

Received 10 September 2012
Received in revised form

22 December 20012

Accepted 15 April 2013
Available online 12 July 2013

Keywords:
Albinism
Chernobyl
Population decline
Radiation
Tumaurs

The effects of radivactive contamination on the phenoty pe of free-living organisms are poorly understood,
mainly because of the difficulty of capturing the large numbers of individual specimens that are required
to quantify rare events such as albinism and tumour formation. We hypothesized that the frequency of
abnormalities like albinism and the frequency of radiation-induced diseases like cancer would increase
wilh the level of backeround radiation, that the two markers of radiation would be positively correlated,
and rhat the reduction in abundance of animals would be greater in species with a higher frequency
of albinism and tumour formation, if these markers reliably reflected poor viability. Here we analyzed
the frequency of albinistic feathers and tumours in a sample of 1669 birds captured during 2010-2012
al eight sites around Chernobyl that varied in level of background radiation from (.02 to more than
200 pSv/h. We recarded 111 cases of partial alhinism and 25 cases of tumour formation, Nominal logistic
models were used to partition the variance into components due to species and background radiation,
Radiation was a strong predictor of the two markers in birds, with a small, but significant effect of species
for albinism. The slope of the relationship between abundance and radiation in different bird species
was significantly inversely correlated with the frequency of albinism and tumours, as was to be expected
if a common underlying cause (i.e. radiation) affects both variables. These findings are consistent with
the hypothesis that background radiation is a cause of albinism and tumours, that albinism and tumours
are biomarkers of radiation exposure, and that high lrequencies of albinism and tumours were present
despite the low viability of birds with these conditions.

£ 2013 Elsevier BV. All rights reserved,




Great tit, Parus major

Tumor around eye









Tumors and other developmental abnormalities

Mgller, A.P., A. Bonisoli-Alquati, and T.A. Mousseau. 2013. High frequencies of albinism
and tumors in free-living birds at Chernobyl. Mutation Research.



Chernobyl Birds Have Significantly Higher Rates of Tumors

Chernobyl Denmark
N = 1669 N = 35,578
25 cases 0 cases of
Of tumors tumors

=15/1000

Mogller, A.P., A. Bonisoli-
Alquati, and T.A. Mousseau.
2013. High frequencies of
albinism and tumors in free-

T O . living birds at Chernobyl.
Mutation Research.
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Nominal logistic regression models of albinism and turmnours in relation to background radiation and species. R* was 0.20 and 0.06 for the two models. Odds ratios and their
95% confidence interval are also shown.

Variable Chi-square df Estimate (SE) Odds ratio 95% Cl for odds ratio

Albinism
Species 146.97
Radiation 33.82 0.660 (0.120) 0.162, 0577

Tumours
Radiation 15.06 0.722(0.210) 0.011,0.271
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The eye of an A-bomb calaracl patien!

Taken In April 1968

Coutury of the Department of Dphinaimalogy, Focumty of ledicine.
Hirgghima WBaiversity

The patient was exposed 820m from Ing hypocanie:
and had white cloudiness in both eyes.

The dark area in the center of this photo is the cloudiness
caused by an A-bomb cataract,
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Elevated Frequency of Cataracts in Birds from Chernobyl

Timothy Alexander Mousseau', Anders Pape Moller**

1 Department of Biological Sciences, University of South Carolina, Columbia, South Carolina, United States of America, 2 Laboratoire d'Ecologie, Systématique et
Evolution, CNRS UMR 8079, Université Paris-Sud, Orsay, France

Abstract

Background: Radiation cataracts develop as a consequence of the effects of ionizing radiation on the development of the
lens of the eye with an opaque lens reducing or eliminating the ability to see. Therefore, we would expect cataracts to be
associated with reduced fitness in free-living animals.

Methodology/Principal Findings: We investigated the incidence of lens opacities typical of cataracts in more than 1100
free-living birds in the Chernobyl region in relation to background radiation. The incidence of cataracts increased with level
of background radiation both in analyses based on a dichotomous score and in analyses of continuous scores of intensity of
cataracts. The odds ratio per unit change in the regressor was 0.722 (95% Cl 0.648, 0.804), which was less than odds ratios
from investigations of radiation cataracts in humans. The relatively small odds ratio may be due to increased mortality in
birds with cataracts. We found a stronger negative relationship between bird abundance and background radiation when
the frequency of cataracts was higher, but also a direct effect of radiation on abundance, suggesting that radiation indirectly
affects abundance negatively through an increase in the frequency of cataracts in bird populations, but also through direct
effects of radiation on other diseases, food abundance and interactions with other species. There was no increase in
incidence of cataracts with increasing age, suggesting that yearlings and older individuals were similarly affected as is
typical of radiation cataract.

Conclusions/Significance: These findings suggest that cataracts are an under-estimated cause of morbidity in free-living
birds and, by inference, other vertebrates in areas contaminated with radioactive materials.

Citation: Mousseau TA, Meller AP (2013) Elevated Frequency of Cataracts in Birds from Chernobyl. PLoS ONE B(7): 66939, doi:10.1371/journal.pone.0066939



Cataracts & Deformities

Bird Eyes of Chernobyl
7 ~ e e B,
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All phatos captured using an EyeQulck Digital Ophthalmoscope Camera.
Further information can be found at http://cricket.biol.sc.edu/chernobyl/
All photos (c) 2012 - T.A.Mousseau & A.P.Meller



Chernobyl
Birds

Cataracts & Deformities
Bird Eyes of Chernobyl

Cataract score

Radiation y Gv/ h

Table 1. Mixed model of cataracts in relation 1o species (random factor) and radiation. The random species effect sccounted

Mousseau, T.A., and A.P.
Mgller. 2013. Elevated
frequencies of cataracts in
birds from Chernobyl. PLoS
ONE.

B-PLOS [one

for a variance ratio of 00955 and 8.71% of the total variance.

Variable o.f ) P Estimate (SE)

Intercept 48.66, 1074 < (.0001
log Radiation I 1074 B9.63 < (0001 0131 0014)




Mental Retardation Following In Utero Exposure to
the Atomic Bombs of Hiroshima and Nagasaki'

William J. Blot, Ph.D., and Robert W. Miller, M.D.

ABsTrRACT—The prevalence of mental retardation in children tested at 17 years
of age who had been exposed in ufero to the atomic bombs of Hiroshima and
Nagasaki was studied in relation to the most recent estimate of radiation dose
received. Significant increases at doses greater than 50 rads in Hiroshima and
200 in Nagasaki were found, with the risk of mental retardation generally rising
directly with increasing dose. The lower dose-effect in Hiroshima may have
been due to irradiation by neutrons which were virtually absent in Nagasaki.

INDEX TERMS: Mental Deficiency e Radiations, Injurious Effects, embryonal,
fetal

Radiology 106:617-619, March 1973
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Chernobyl Birds Have Smaller Brains

Anders Pape Mgller'*, Andea Bonisoli-Alquati?, Geir Rudolfsen®, Timothy A. Mousseau?

1 Laboratoire d'Ecologie, Systématique et Evolution, CNRS UMR 8079, Université Paris-Sud, Orsay, France, 2 Department of Biological Sciences, University of South
Carolina, Columbia, South Carolina, United States of America, 3 Norwegian Radiation Protection Authority (NRPA), Department of Environmental Radioactivity, The Polar
Enviranmental Center, Tromsg@, Norway

Abstract

Background: Animals living in areas contaminated by radioactive material from Chernobyl suffer from increased oxidative
stress and low levels of antioxidants. Therefare, normal development of the nervous system is jeopardized as reflected by
high frequencies of developmental errors, reduced brain size and impaired cognitive abilities in humans. Alternatively,
associations between psychological effects and radiation have been attributed to post-traumatic stress in humans.

Methodology/Principal Finding: Here we used an extensive sample of 550 birds belonging to 48 species to test the
prediction that even in the absence of post-traumatic stress, there is a negative association between relative brain size and
level of background radiation. We found a negative association between brain size as reflected by external head volume
and level of background radiation, independent of structural body size and body mass. The observed reduction in brain size
in relation to background radiation amounted to 5% across the range of almost a factor 5,000 in radiation level. Species
differed significantly in reduction in brain size with increasing background radiation, and brain size was the only
morphological character that showed a negative relationship with radiation. Brain size was significantly smaller in yearlings
than in older individuals.

Conclusions/Significance: Low dose radiation can have significant effects on normal brain development as reflected by
brain size and therefore potentially cognitive ability. The fact that brain size was smaller in yearlings than in older individuals
implies that there was significant directional selection on brain size with individuals with larger brains experiencing a
viability advantage.

Citation: Meller AP, Bonisoli-Alquati A, Rudolfsen G, Mousseau TA (2011) Chernobyl Birds Have Smaller Brains. PLoS ONE 6(2): e16862. doi:10.1371/
journal.pone.0016862
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Brain Size in Chernobyl Birds

Acrocephalus arundinaceus
Acrocephalus palusins
Acrocaphalus scirpaceus
Aegithalos caudatus
Anthus trivialis
Caprimulgus surcpasus
Carduslls chioris
Carduslis spinus

Carthia familiaris
Coccothraustes cocoothraustes
Delichon urbica
Dendrocopos leucotos
Dendrocopos major
Dendracopos minor
Emberiza ciirinalla
Ernthacus rnubecula
Ficedula parva

Fringilla coelebs
Garulus glandarius
Hippolais icterina
Hirundo rustica

Jynx torquilla

Lanius colluno
Locustella fluviatilis

Lulluta arporesa
Luscinia luscinia
Motacilla alba

Qriolus orolus

Parus caerulaus
Parus cristatus

Parus majpd

Parus montanus
Parus palustris
Phoenicurus ochruros
Phoanicurus phoenicurus
Phyloscopus collybita
Phylloscopus sibilatrix
Phylloscopus trochilus
Sitta suropasa

Sylvia alricapilla
Sylvia borin

Sylvia communis
Sylvia nisona
Troglodytes troglodyles
Turdus merula

Turdus philomaios
Turdus viscivarus
Upupa epops

Figure 2. Head volume of birds (mm?) in relation to level of background radiation (uSv/h), after controlling for species and body
mass. The line is the linear regression line with the equation log,s(Head volume) =3.3918-0.0045 log,(Background radiation). Residuals from a
model that included species as a predictor were added mean log,q-transformed head volume 3.3934 to facilitate interpretation.

doi:10.1371/journal.pone.0016862.9g002




Rodents from Chernobyl and Fukushima show smaller brains in radioactive areas

(corrected by
body mass)

Brain mass 3.0—
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Population and Ecosystem
Consequences of Injuries to Individuals




Most of our research includes areas of the highest contamination in addition to control
areas. Patchiness of deposition permits disentanglement of radiation, distance from
source, and other environmental factors that influence abundance and biodiversity.
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Massively Replicated Biotic Inventories
(1500 in Fukushima, 896 in Chernobyl)
+

Measures of Multiple Environmental Variables

(e.g. meteorology, hydrology, geology, plant community, Habitat type,
land use history, plant coverage amount and type, altitude,
meteorological conditions, time, date, distance to nearest water source, etc)

+
Field Measures of Residential Radiation Levels

-+

GIS

+
Multivariate Statistics

Predictive Models of Radiation Effects on Populations



