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Why Study Chernobyl, & Now, 
Fukushima? 

Chernobyl	
  NPP	
  1986	
   Fukushima	
  Daiichi	
  NPP	
  2011	
  



A	
  Brief	
  History	
  of	
  Nuclear	
  Power	
  Plants:	
  
	
  

•  There	
  have	
  been	
  more	
  than	
  600	
  commercial	
  nuclear	
  reactors	
  	
  
	
  

•  Currently,	
  there	
  are	
  about	
  	
  430	
  reactors	
  in	
  31	
  countries	
  (100+	
  in	
  the	
  
USA),	
  72	
  new	
  reactors	
  are	
  under	
  construc5on	
  in	
  15	
  countries	
  (39	
  in	
  
China;	
  5	
  in	
  the	
  USA)	
  

	
  

•  There	
  have	
  been	
  three	
  major	
  nuclear	
  accidents	
  at	
  commercial	
  NPPs:	
  
	
  

	
  1)	
  Three	
  Mile	
  Island	
  (1979)	
  
	
  

	
  2)	
  Chernobyl	
  (1986)	
  
	
  

	
  3)	
  Fukushima	
  (2011)	
  
	
  
•  There	
  have	
  been	
  more	
  that	
  33	
  serious	
  incidents	
  or	
  accidents	
  at	
  

Nuclear	
  Power	
  Plants	
  since	
  1952	
  

•  Given	
  that	
  most	
  NPP’s	
  are	
  nearing	
  the	
  end	
  of	
  their	
  design	
  life-­‐span,	
  
more	
  accidents	
  are	
  expected…….	
  

	
  



Wheatley	
  et	
  al.	
  2015.	
  	
  



Burris,	
  J.E.,…,	
  T.	
  
Mousseau,	
  et.	
  al.	
  2012.	
  
Analysis	
  of	
  Cancer	
  Risks	
  in	
  
Popula5ons	
  Near	
  Nuclear	
  
Facil5es:	
  Phase	
  I.	
  Nuclear	
  
and	
  RadiaIon	
  Studies	
  
Board,	
  The	
  NaIonal	
  
Academies	
  Press,	
  
Washington,	
  D.C.,	
  412pp.	
  

Enormous	
  quan55es	
  of	
  radioisotopes	
  released	
  as	
  a	
  part	
  of	
  normal	
  opera5ons.	
  



How many NPP’s 
are leaking tritium? 
(>37 reported in 
the last few years) 

Also,	
  each	
  plant	
  
has	
  enormous	
  
quan55es	
  of	
  
spent	
  fuel	
  on	
  site.	
  





Atomic	
  Bombs	
  at	
  Nagasaki	
  and	
  Hiroshima	
  





UNSCEAR	
  2000	
  

1193	
  atmospheric	
  
1517	
  underground	
  
2710	
  total	
  



Chernobyl	
  disaster	
  –	
  April	
  26,	
  1986	
  –	
  nuclear	
  fire	
  burned	
  for	
  10	
  days	
  
-­‐	
  More	
  than	
  200,000	
  km2	
  significantly	
  contaminated	
  land	
  or	
  abut	
  half	
  the	
  land	
  area	
  of	
  Japan	
  



Fukushima	
  Disaster	
  –	
  March	
  11,	
  2011	
  –	
  more	
  than	
  10,000km2	
  	
  land	
  are	
  
significantly	
  contaminated,	
  unknown	
  impacts	
  on	
  the	
  marine	
  system.	
  

(36	
  M)	
  



The	
  UN	
  Chernobyl	
  Forum	
  Report	
  	
  
(IAEA,	
  2006:	
  p137):	
  

	
  
“.	
  .	
  .	
  the	
  popula5ons	
  of	
  many	
  plants	
  and	
  animals	
  
have	
  expanded,	
  and	
  the	
  present	
  environmental	
  
condi5ons	
  have	
  had	
  a	
  posi5ve	
  impact	
  on	
  the	
  biota	
  
in	
  the	
  Chernobyl	
  Exclusion	
  Zone.”	
  
	
  
Human	
  morbidi5es	
  primarily	
  the	
  result	
  of	
  
psychological	
  stress….	
  	
  
(and	
  other	
  environmental	
  factors,	
  e.g.	
  smoking,	
  alcohol)	
  



UNSCEAR	
  2013	
  
Report	
  to	
  the	
  UN	
  General	
  Assembly	
  –	
  April	
  2014	
  

4.	
  RadiaIon	
  exposures	
  and	
  effects	
  on	
  non-­‐human	
  biota	
  
	
  
“Exposures	
  of	
  both	
  marine	
  and	
  terrestrial	
  non-­‐human	
  
biota	
  following	
  the	
  [Fukushima]	
  accident	
  were,	
  in	
  general,	
  
too	
  low	
  for	
  acute	
  effects	
  to	
  be	
  observed…….”	
  
	
  
“(b)	
  …..Any	
  radia5on	
  effects	
  would	
  be	
  restricted	
  to	
  a	
  
limited	
  area	
  where	
  the	
  deposi5on	
  of	
  radioac5ve	
  material	
  
was	
  greatest;	
  beyond	
  that	
  area,	
  the	
  potenIal	
  for	
  effects	
  
on	
  biota	
  is	
  insignificant.”	
  

Note:	
  This	
  report	
  was	
  released	
  April,	
  2014,	
  more	
  than	
  a	
  year	
  a?er	
  several	
  papers	
  
were	
  published	
  showing	
  impacts	
  to	
  birds	
  and	
  insects.	
  



IAEA	
  ignores	
  all	
  the	
  recent	
  Chernobyl	
  and	
  Fukushima	
  research!	
  



But….	
  	
  	
  
	
  
•  No	
  rigorous,	
  empirical	
  scien5fic	
  data	
  

in	
  support	
  of	
  these	
  statements.	
  	
  

•  Ignored	
  growing	
  body	
  of	
  empirical	
  
data	
  demonstra5ng	
  injuries	
  to	
  
individuals,	
  popula5ons,	
  and	
  the	
  
ecosystem	
  resul5ng	
  from	
  these	
  
disasters.	
  

	
  



Chernobyl Research Initiative 
 
•  Began in 2000 by T.A. Mousseau (South Carolina) and A.P. Møller 

(France). 
 
•  Research in Fukushima beginning July 2011 

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

•  Studies of the Children of the Narodichesky region of Ukraine. 

•  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. 



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? (i.e. teratology). 

•  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? 



Es5ma5ng	
  Muta5on	
  Rates	
  

•  Microsatellite	
  DNA	
  markers	
  
•  Comet	
  assays	
  for	
  single	
  and	
  double	
  strand	
  break	
  
rates	
  

•  Micronuclei	
  frequency	
  
•  Sperm	
  morphological	
  damage	
  as	
  a	
  proxy	
  for	
  
gene5c	
  damage	
  

•  Future:	
   	
  -­‐	
  Gene	
  expression	
  profiles	
  
	
   	
   	
   	
  -­‐	
  Whole	
  genome	
  scans	
  for	
  de	
  novo	
  	
   	
  
	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  muta5on	
  rate	
  es5mates.	
  



Grasshopper	
  Hemolymph	
  

Low	
  Damage	
  

High	
  Damage	
  

Medium	
  Damage	
  

Comet	
  assays	
  of	
  gene5c	
  damage	
  to	
  chromosomes	
  

Beasley,	
  D.A.E.,	
  A.	
  Bonisoli-­‐Alqua5,	
  S.M.	
  Welch,	
  A.	
  P.	
  Møller,	
  T.A.	
  Mousseau.	
  	
  
2013.	
  Effects	
  of	
  parental	
  radia5on	
  exposure	
  on	
  developmental	
  instability	
  in	
  
grasshoppers	
  (Chorthippus	
  albomarginatus).	
  Journal	
  of	
  EvoluIonary	
  Biology,	
  in	
  
press.	
  	
  

(Chernobyl)	
  

DNA	
  is	
  intact	
  and	
  in	
  nucleus	
  of	
  cell	
  

DNA	
  is	
  broken	
  into	
  pieces	
  
by	
  radia5on	
  exposure	
  and	
  
migrates	
  out	
  of	
  the	
  nucleus	
  





!

Chernobyl:	
  Radia5on	
  and	
  Muta5on,	
  a	
  Meta-­‐Analysis	
  

A.	
  P.	
  Møller,	
  T.	
  A.	
  Mousseau.	
  2015.	
  Strong	
  effects	
  of	
  ionizing	
  radia5on	
  on	
  muta5on	
  rates	
  from	
  Chernobyl.	
  Nature	
  Scien5fic	
  Reports	
  .	
  	
  

E	
  =	
  0.67;	
  95%	
  CI	
  0.59	
  to	
  0.73;	
  N	
  =	
  151	
  
	
  
R2	
  =	
  0.44	
  	
  



What	
  are	
  the	
  Consequences	
  
of	
  Increased	
  MutaIon	
  Rates	
  
for	
  Plants	
  and	
  Animals	
  Living	
  
in	
  RadioacIve	
  Regions	
  of	
  
Chernobyl	
  and	
  Fukushima?	
  



Abnormal 
coloration 



Par5al	
  albinos	
  are	
  much	
  more	
  frequent	
  in	
  Chernobyl	
  

Møller,	
  A.P.,	
  A.	
  Bonisoli-­‐Alqua5,	
  and	
  T.A.	
  Mousseau.	
  2013.	
  
High	
  frequencies	
  of	
  albinism	
  and	
  tumors	
  in	
  free-­‐living	
  birds	
  
at	
  Chernobyl.	
  MutaIon	
  Research.	
  	
  



Møller,	
  A.P.,	
  A.	
  Bonisoli-­‐Alqua5,	
  
and	
  T.A.	
  Mousseau.	
  2013.	
  High	
  
frequencies	
  of	
  albinism	
  and	
  
tumors	
  in	
  free-­‐living	
  birds	
  at	
  
Chernobyl.	
  MutaIon	
  Research.	
  	
  

N	
  =	
  1669	
  

111	
  cases	
  
albinism	
  
	
  
=	
  66.5/1000	
  

Fr
eq

ue
nc
y	
  
of
	
  A
lb
in
ism

	
  
Chernobyl	
  Birds	
  Show	
  High	
  Levels	
  of	
  ParIal	
  Albinism	
  (“White	
  Spots”)	
  

Chernobyl	
   Denmark	
  
N	
  =	
  35,578	
  
316	
  cases	
  
Albinism	
  
	
  
8.9/1000	
  



白化した羽	
  

Fukushima	
  barn	
  swallow	
  



15	
  parIal	
  albinos	
  reported	
  from	
  
Fukushima	
  region	
  by	
  the	
  Wild	
  Bird	
  
Society	
  of	
  Japan	
  in	
  2012-­‐13	
  



White	
  spots	
  on	
  Fukushima	
  cow	
  



Bird	
  Sperm	
  swimming	
  performance	
  is	
  impaired	
  in	
  radioac5ve	
  areas	
  of	
  Chernobyl.	
  

Bonisoli-­‐Alqua5,	
  A.,	
  A.P.	
  Møller.,	
  G.	
  Rudolfsen,	
  N.	
  Saino,	
  M.	
  Caprioli,	
  S.	
  Ostermiller,	
  T.A.	
  Mousseau.	
  2011.	
  The	
  effects	
  of	
  radia5on	
  on	
  sperm	
  swimming	
  
behavior	
  depend	
  on	
  plasma	
  oxida5ve	
  status	
  in	
  the	
  barn	
  swallow	
  (Hirundo	
  rus5ca).	
  Compara5ve	
  Biochemistry	
  and	
  Physiology	
  –	
  Part	
  A	
  –	
  Molecular	
  &	
  
Integra5ve	
  Physiology,	
  159(2):	
  105-­‐112.	
  DOI:	
  10.1016/j.cbpa.2011.01.018	
  



Frequency	
  of	
  abnormal	
  sperm	
  in	
  10	
  Chernobyl	
  bird	
  species.	
  
	
  
-­‐	
  Nine	
  out	
  of	
  10	
  species	
  have	
  much	
  higher	
  rates	
  of	
  
abnormali5es	
  in	
  Chernobyl	
  	
  

Hermosell,	
  Laskemoen,	
  Rowe,	
  	
  Møller,	
  Mousseau,	
  	
  Albrecht	
  &	
  Liseld.	
  2013.	
  Biology	
  Leters	
  of	
  the	
  Royal	
  Society.	
  



Propor5on	
  of	
  male	
  birds	
  with	
  no	
  sperm	
  
Or	
  only	
  dead	
  sperm	
  in	
  Chernobyl.	
  

Moller,	
  Rudolfsen,	
  Bonisoli-­‐Alqua5,	
  &	
  Mousseau.	
  2014.	
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  5	
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  50	
   >	
  50	
  

Frequency	
  of	
  Male	
  Sterility	
  (%)	
  vs.	
  background	
  
radiaIon	
  (uGy	
  /	
  hr)	
  .	
  

39%	
  

(mul5ply	
  by	
  8.8	
  for	
  mGy/y)	
  

287	
  males	
  from	
  38	
  species	
  –	
  R2	
  =	
  43%	
  

0%	
  

20%	
  
24%	
  



Tumors	
  and	
  other	
  developmental	
  abnormali5es	
  

Møller,	
  A.P.,	
  A.	
  Bonisoli-­‐Alqua5,	
  and	
  T.A.	
  Mousseau.	
  2013.	
  High	
  frequencies	
  of	
  albinism	
  
and	
  tumors	
  in	
  free-­‐living	
  birds	
  at	
  Chernobyl.	
  MutaIon	
  Research.	
  	
  



Tumor around eye 

Great tit, Parus major 







Møller,	
  A.P.,	
  A.	
  Bonisoli-­‐
Alqua5,	
  and	
  T.A.	
  Mousseau.	
  
2013.	
  High	
  frequencies	
  of	
  
albinism	
  and	
  tumors	
  in	
  free-­‐
living	
  birds	
  at	
  Chernobyl.	
  
MutaIon	
  Research.	
  	
  

25	
  cases	
  
Of	
  tumors	
  

Fr
eq

ue
nc
y	
  
of
	
  T
um

or
s	
  

N	
  =	
  1669	
  

Chernobyl	
  Birds	
  Have	
  Significantly	
  Higher	
  Rates	
  of	
  Tumors	
  

=	
  15/1000	
  

Chernobyl	
   Denmark	
  
N	
  =	
  35,578	
  
0	
  cases	
  of	
  	
  
tumors	
  

Humans:	
  
=	
  3/1000	
  







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

Chernobyl	
  
Birds	
  

N	
  =	
  1111	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  



Cataract	
  

Cataract	
  in	
  Chernobyl	
  mouse	
  

Mousseau,	
  Mappes,	
  Boratynsji,	
  and	
  Moller.	
  2013.	
  unpublished	
  data.	
  



Cataract	
  



Chernobyl	
  Voles	
  -­‐	
  2013	
  

Mappes,	
  Mousseau,	
  Boratynsji,	
  and	
  Moller.	
  2013.	
  unpublished	
  data.	
  





Moller, Mousseau, et al. 2011. PLoS One 

Smaller brained 
birds die younger 
and appear to 
have lower  
“IQs”. 



Birds	
  from	
  “hot”	
  regions	
  of	
  Chernobyl	
  have	
  significantly	
  smaller	
  brains.	
  	
  

Møller	
  AP,	
  Bonisoli-­‐Alqua5	
  A,	
  Rudolfsen	
  G,	
  Mousseau	
  TA	
  (2011)	
  Chernobyl	
  Birds	
  Have	
  Smaller	
  Brains.	
  PLoS	
  ONE	
  6(2):	
  e16862.	
  doi:10.1371/journal.pone.0016862	
  
htp://www.plosone.org/ar5cle/info:doi/10.1371/journal.pone.0016862	
  



Selection against small heads

3.35

3.40

3.45

Yearling Older

H
ea

d 
vo

lu
m

e 
(c

c)

Age

F = 9.92, df = 1,284, P = 0.0018

(Møller	
  et	
  al.,	
  PLoS	
  One	
  6(2):e16862,	
  2011)



p	
  <	
  0.001	
  

Rodents	
  from	
  Chernobyl	
  and	
  Fukushima	
  show	
  smaller	
  brains	
  in	
  radioac5ve	
  areas	
  



Firebug	
  
Pyrrhocoris	
  apterus	
  

“Facemask	
  Bug”	
  



Mutant Firebugs from Chernobyl 

Mousseau	
  &	
  Møller.	
  2013..	
  	
  







Abnormal	
  Scots	
  pine	
  trees	
  (Pinus	
  sylvestris)	
  from	
  Chernobyl.	
  

Mousseau,	
  T.A.,	
  S.M.	
  Welch,	
  I.	
  Chizhevsky,	
  O.	
  Bondarenko,	
  G.	
  Milinevsky,	
  D.	
  Tedeschi,	
  A.	
  Bonisoli-­‐Alqua5,	
  and	
  
Møller,	
  A.P.,	
  2013.	
  Tree	
  rings	
  reveal	
  extent	
  of	
  exposure	
  to	
  radia5on	
  in	
  Scots	
  pine,	
  Pinus	
  sylvestris.	
  Trees	
  –	
  
Structure	
  and	
  FuncIon,	
  DOI	
  10.1007/s00468-­‐013-­‐0891-­‐z	
  



RadiaIon	
  and	
  tree	
  growth	
  

“Chernobyl	
  event”	
  





How	
  is	
  Animal	
  Abundance	
  and	
  
Diversity	
  Affected	
  by	
  Radia5on?	
  



- 896 bird and insect 
surveys from about 
300 locations in 
Ukraine and Belarus 
 
 
Control Populations: 
 
-  Italy (Milan) 
-  Spain (Badajoz) 
-  Denmark (Aalborg) 
-  Ukraine  

Most	
  of	
  our	
  research	
  includes	
  areas	
  of	
  the	
  highest	
  contamina5on	
  in	
  addi5on	
  to	
  control	
  
areas.	
  	
  	
  Patchiness	
  of	
  deposi5on	
  permits	
  disentanglement	
  of	
  radia5on,	
  distance	
  from	
  
source,	
  and	
  other	
  environmental	
  factors	
  that	
  influence	
  abundance	
  and	
  biodiversity.	
  



Surveys	
  of	
  birds	
  
and	
  insects	
  from	
  
400	
  discrete	
  
locaIons,	
  1500	
  
inventories	
  in	
  total	
  
to	
  date.	
  



Massively	
  Replicated	
  BioIc	
  Inventories	
  	
  
(1500	
  in	
  Fukushima,	
  896	
  in	
  Chernobyl)	
  

+	
  
Measures	
  of	
  MulIple	
  Environmental	
  Variables	
  	
  
(e.g.	
  meteorology,	
  hydrology,	
  geology,	
  plant	
  community,	
  Habitat	
  type,	
  	
  

land	
  use	
  history,	
  plant	
  coverage	
  amount	
  and	
  type,	
  al5tude,	
  	
  
meteorological	
  condi5ons,	
  5me,	
  date,	
  distance	
  to	
  nearest	
  water	
  source,	
  etc)	
  	
  

+	
  
Field	
  Measures	
  of	
  ResidenIal	
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The effects of low-level radiation on the abun-
dance of animals are poorly known, as are the
effects on ecosystems and their functioning.
Recent conclusions from the UN Chernobyl
forum and reports in the popular media con-
cerning the effects of radiation from Chernobyl
on animals have left the impression that the
Chernobyl exclusion zone is a thriving ecosys-
tem, filled with an increasing number of rare
species. Surprisingly, there are no standardized
censuses of common animals in relation to
radiation, leaving the question about the eco-
logical effects of radiation unresolved. We con-
ducted standardized point counts of breeding
birds at forest sites around Chernobyl differing
in level of background radiation by over three
orders of magnitude. Species richness, abun-
dance and population density of breeding birds
decreased with increasing level of radiation,
even after controlling statistically for the effects
of potentially confounding factors such as soil
type, habitat and height of the vegetation. This
effect was differential for birds eating soil invert-
ebrates living in the most contaminated top soil
layer. These results imply that the ecological
effects of Chernobyl on animals are considerably
greater than previously assumed.

Keywords: census; ecosystem effects;
population density; radiation at Chernobyl;
species richness

1. INTRODUCTION
The ecological consequences of radiation from the
Chernobyl catastrophe are poorly known (Zakharov &
Krysanov 1996; Møller & Mousseau 2006). Without
scientific justification, the Chernobyl exclusion zone
has been promoted as a thriving ecosystem with a
number of uncommon species having appeared in
increasing numbers in recent years (Chernobyl Forum
2005a,b; Mycio 2005; Rosenthal 2005; Stephan 2005;
UN Chernobyl Forum Expert Group 2005).

Surprisingly, there are little data on how the
abundance of animals varies with levels of radiation,
and there has been no effort to census animals in
relation to local levels of radiation around Chernobyl.

Since 1990, we have collected information suggesting
a reduced and continuously declining abundance of
birds in the most contaminated areas. This prompted
us to conduct standard censuses in relation to local
levels of radiation.

During May to June 2006, we censused breeding
birds using standard point count census (Møller 1983;
Bibby et al. 2005), while simultaneously recording
levels of background radiation at these forest sites.
Species richness and abundance of animals can be
affected by numerous environmental factors other
than radiation, and, therefore, we controlled statisti-
cally for a range of potentially confounding variables
that could affect our assessment of the relationship
between species richness and abundance of animals
and the level of background radiation by including
variables reflecting habitat, soil type, weather and
several other factors in the statistical models. Most
radiation around Chernobyl is currently in the top-
most layer of the soil (Shestopalov 1996; European
Union 1998), where soil invertebrates are abundant.
Therefore, we predicted that the abundance of bird
species eating soil invertebrates would be particularly
depressed in the most contaminated areas.

2. MATERIAL AND METHODS
APM (wearing a radiation protection suit) conducted standard
point counts during 29 May to 9 June 2006, with each count
lasting 5 min during which all bird species seen or heard were
recorded (Møller 1983; Bibby et al. 2005). The census was
conducted within the Chernobyl exclusion zone with a permit from
the Ukrainian authorities. Two hundred and fifty-four points were
located at a distance of approximately 100 m intervals within
forested areas (excluding successional stages of secondary forest
due to abandoned farming (these areas are still almost exclusively
open grassland)) of the Chernobyl exclusion zone or in areas
adjacent to the southern and western borders.

Point counts of birds provide highly reliable estimates of species
richness and abundance (Møller 1983; Bibby et al. 2005). We
directly tested the reliability of our counts for a sample of 10 points
where two persons performed the counts. The second person
performing the counts was unaware of the purpose of his counts.
The Pearson product–moment correlation between species richness
in these two series of counts was rZ0.99, tZ42.06, d.f.Z8,
p!0.0001, and for abundance it was equally high: rZ0.99,
tZ12.47, d.f.Z8, p!0.0001. Species eating soil invertebrates were
distinguished from all other species (table 1 in the electronic
supplementary material).

(a) Confounding variables
Bird abundance estimates can be affected by numerous potentially
confounding variables (Møller 1983; Bibby et al. 2005), and,
therefore, it is crucial to control such variables statistically to assess
the underlying relationship between radiation and animal species
richness or abundance. We quantified habitat (agricultural habitats
with grassland or shrub (either currently or previously cultivated),
deciduous forest or coniferous forest estimated to the nearest 10%
of ground coverage within a distance of 50 m from the observation
point). Agricultural habitat thus also controlled statistically for any
effects of edge habitat. Maximum height of trees was estimated to
the nearest 5 m, and soil type was recorded as loam/clay or sand.
The presence of open water within a distance of 50 m was also
recorded. Weather conditions can affect animal activity and hence
census results (Møller 1983; Bibby et al. 2005), and we recorded
cloud cover at the start of each point count (to the nearest eighth,
range 0–1 during the censuses), temperature (degree Celsius, range
12–22oC) and wind force (Beaufort, range 0–4 during the cen-
suses). For each point count, we recorded time of day when the
count was started (to the nearest minute). Since bird activity may
show a curvilinear relationship with time of day, with high levels of
activity in the morning and to a lesser extent in the evening (Møller
1983; Bibby et al. 2005), we also included time squared as an
additional variable.

Electronic supplementary material is available at http://dx.doi.org/
10.1098/rsbl.2007.0226 or via http://www.journals.royalsoc.ac.uk.
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Abstract The negative ecological effects of radioactive
contamination around Chernobyl have recently been sug-

gested to be moderate and declining because of an

increasing number of anecdotal observations of several
species of rare animals including predators. However, these

claims were not based on empirical evidence. Radionuc-

lides show bio-accumulation with trophic level, and the
abundance of birds is depressed in radioactively contami-

nated areas around Chernobyl. Therefore, we predicted that

birds of prey should be less abundant with increasing levels
of radiation. Here, we use our long-term field data from

1991 to 2007 in three different analyses based on obser-

vations of raptors using standardized point counts, censuses
during capture of barn swallows Hirundo rustica that

habitually give alarm calls when a raptor is present, and

line transects while driving on roads. Analyses suggest that
the abundance of birds of prey is reduced in contaminated

areas, and that there is evidence of a recent increase in

abundance of raptors in less contaminated areas, but not in
the most contaminated ones. Our findings suggest that birds

of prey that are top level consumers in ecosystems suffer
from reduced abundance in radioactively contaminated

areas.

Keywords Birds of prey ! Predators !
Radiation at Chernobyl ! Trophic level

Introduction

The ecological consequences of radiation from the Cher-

nobyl catastrophe remain poorly known, despite 21 years
having passed since the catastrophe (reviews in Zakharov

and Krysanov 1996; Møller and Mousseau 2006). Without

scientific justification, a number of institutions and private
persons have promoted the Chernobyl Exclusion Zone as a

thriving ecosystem because a number of uncommon species

such as eagles, wolves Canis lupus and perhaps even a bear
Ursus arctos have appeared in recent years (Chernobyl

Forum 2005a, b; UN Chernobyl Forum Expert Group

‘‘Environment’’ 2005; Mycio 2005; Rosenthal 2005; Ste-
phan 2005). These claims about increasing abundance of

predators and other rare species within the Chernobyl

Exclusion Zone have been promoted by the official United
Nations and International Atomic Energy Agency reports as

evidence of a recovery of the ecosystem (Chernobyl Forum

2005a, b; UN Chernobyl Forum Expert Group ‘‘Environ-
ment’’ 2005). Surprisingly, these agencies did not provide

any empirical basis for their claims by reporting information

from control areas, or by reporting temporal trends in pop-
ulation levels, and there are to the best of our knowledge no

empirical data supporting the claim. Such casual comments

are surprising given the rigor that these agencies claimed to
be using when investigating the biological, medical, and

social consequences of the Chernobyl catastrophe

(Chernobyl Forum 2005a, b; UN Chernobyl Forum Expert
Group ‘‘Environment’’ 2005).

There are three reasons in addition to the complete

lack of quantitative information why we consider the
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a b s t r a c t

The explosion at the Chernobyl nuclear power plant on 26 April 1986 released vast amounts of radioac-
tive material over an area of 200,000 km2 in eastern and central Europe, affecting all living organisms. The
biological impacts including the conservation consequences of this event are still poorly known even
25 years after the disaster. Here we assess the effects of this environmental disaster for conservation
by focusing on two connected questions addressing the short-term ecological and the long-term evolu-
tionary consequences: First, we pose the question of whether rare species are more impacted by radiation
than common species? Second, what are the conservation consequences of elevated mutation rates due
to the mutagenic effects of radionuclides from Chernobyl? Furthermore, we assess the extent to which
ecological and evolutionary aspects interact. We censused breeding birds across 731 census points in
Ukraine and Belarus during 3 years to assess the relationship between abundance of different species
and radiation. Most bird species avoided contaminated sites and individuals were concentrated in rela-
tively uncontaminated sites. While common species were recorded at a wide range of radiation levels,
rare species were restricted to the least contaminated sites and to sites with a high biodiversity. Thus,
rare species were disproportionately impacted by the accident. Mutation rates of plants and animals have
increased by up to a factor 20 due to release of radionuclides from Chernobyl. Given that each slightly
deleterious mutation is expected to result in a selective genetic death, and that an average fruitfly under
normal conditions may carry as many as 80 mutations, the number of mutations in animals and plants
around Chernobyl and hence the number of selective deaths is bound to be much higher. There is empir-
ical evidence for highly elevated mortality rates and dramatically increased rates of reproductive failure
in contaminated areas, consistent with the expected high frequency of selective deaths due to mutations.
The average slightly deleterious mutation is present for 33–167 generations in Drosophila, so if these
estimates are qualitatively similar in other organisms, we can expect that mutants will disperse outside
contaminated areas resulting in the spread of mutations well beyond the reach of contamination with
radionuclides. Therefore, it should be possible to document the gradual spread of mutations from
Chernobyl. We consider that the Chernobyl disaster and other nuclear releases may have significant con-
sequences for population size and population viability of many species due to the large number of selec-
tive deaths. These effects remain to be investigated. Finally, comparative analyses of birds revealed that
species with high mitochondrial DNA substitution rates had short dispersal distances, suggesting that
mutations will spread relatively short distances when they are common, but will spread longer distances
in species when they are rare.

! 2011 Elsevier Ltd. All rights reserved.
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Summary

1.

 

Radiation can reduce antioxidant levels dramatically because of the use of antioxi-
dants to eliminate free radicals produced in the presence of radiation. Antioxidants are
crucial biochemicals for elimination of free radicals, which can cause permanent dam-
age to DNA and other molecules. If  antioxidants are a limiting resource, we would
expect individuals of species with a high expenditure of antioxidants to suffer the most
from radiation. We tested this hypothesis by investigating interspecific variation in the
relationship between abundance and level of radiation in breeding birds inhabiting for-
ests around Chernobyl, Ukraine. We used bird point counts to estimate abundance of
57 species of birds at 254 locations where background radiation levels were quantified.

 

2.

 

Migratory birds use large amounts of antioxidants during their annual migrations to
neutralize free radicals, and migrants have depleted antioxidant levels upon arrival at
their breeding grounds. Consistently, abundance decreased with increasing levels of
radiation in species that migrated the longest distances.

 

3.

 

Bird species with long dispersal distances may experience deficiencies in antioxidant
levels because of physical activity but also because of exposure to novel antigens, imply-
ing that species with long dispersal distances should suffer the most from exposure to
radiation. Indeed, the slope of the relationship between abundance and radiation
decreased with increasing dispersal distance.

 

4.

 

Female birds deposit large amounts of antioxidants in their eggs, with the total
amount deposited often exceeding the total amount in a female’s. Accordingly, the
decrease in abundance with radiation level increased with relative egg size in different
species.

 

5.

 

Many bird species have plumage that is coloured by carotenoids, which cannot be
recovered once deposited in feathers. Therefore, bird species with carotenoid-based
plumage should show stronger declines with increasing levels of radiation than species
with melanin-based or structural coloration. In accordance with this prediction, the
decline in abundance with radiation was the strongest in species of birds with carotenoid-
based plumage.

 

6.

 

 

 

Synthesis and applications

 

. These findings highlight the importance of antioxidants
for understanding the ecological consequences of radiation on the abundance of free-
living animals, showing that species using large amounts of antioxidants will be partic-
ularly susceptible to the effects of low-level radiation.
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a b s t r a c t

Relatively little is known about biological consequences of natural variation in background radiation, and
variation in exposure due to nuclear accidents, or even the long term consequences to human health stem-
ming from the over-use of nuclear medicine and imaging technologies (i.e. CAT scans). This realization
emphasizes the need for assessment and quantification of biological effects of radiation on living organ-
isms. Here we report the results of an environmental analysis based on extensive censuses of abundance
of nine animal taxa (spiders, dragonflies, grasshoppers, bumblebees, butterflies, amphibians, reptiles,
birds, mammals) around Chernobyl in Ukraine and Belarus during 2006–2009. Background levels of radi-
ation explained 1.5–26.5% of the variance in abundance of these nine taxa, birds and mammals having
the strongest effects, accounting for a difference of a factor 18 among taxa. These effects were retained
in analyses that accounted for potentially confounding effects. Effect size estimated as the amount of
variance in abundance explained by background level of radiation was highly consistent among years,
with weaker effects in years with low density. Effect sizes were greater in taxa with longer natal dispersal
distances and in taxa with higher population density. These results are consistent with the hypotheses
that costs of dispersal (i.e. survival) were accentuated under conditions of radioactive contamination, or
that high density allowed detection of radiation effects. This suggests that standard breeding bird cen-
suses can be used as an informative bio-indicator for the effects of radiation on abundance of animals.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The biological consequences of natural variation in background
radiation levels remain largely unexplored. The average annual
worldwide radiation dose is around 2.4 mSv, with a typical range
of 1–10 mSv (IAEA, 2006), although variation in background radi-
ation levels varies by more than a factor ten across depending on
composition of the underground rock. This variation is associated
with significant incidence of cancer and cancer-related mortality
in humans (e.g. Lubin and Boice, 1997), testifying to the fact that
there may be significant impacts of natural variation in radiation
across living beings (e.g. Heidenreich et al., 2000; Moiseev et al.,
1973; Pimentel et al., 2003).

Numerous radiation accidents have taken place or been
reported, with the total number of radioactive releases worldwide
being counted in the hundreds. Although most of these incidents
have been minor, more than ten have released large amounts of

∗ Corresponding author at: Laboratoire d’Ecologie, Systématique et Evolution,
CNRS UMR 8079, Université Paris-Sud, Bâtiment 362, F-91405 Orsay Cedex, France.
Tel.: +33 1 69 15 56 88; fax: +33 1 69 15 56 96.

E-mail address: anders.moller@u-psud.fr (A.P. Møller).

radioactive material. These include at least three in the former
Soviet Union, Three Mile Island in the US and nuclear test sites
in the US, Russia, Algeria, China, India, Australia, and the Pacific. To
date, the single largest radiation accident is that at Chernobyl on
26 April 1986 that resulted in the emission of at least 9.35 × 103

to 1.25 × 104 peta-Becquerels to the environment (Yablokov et al.,
2009). The most important isotopes and their half-lives were iodine
(131I, 8 days), strontium (90Sr, 29 years), cesium (137Cesium, 30
years) and plutonium (239Pu, 24,110 years). Coincidentally, the soils
of northern Ukraine have some of the lowest levels of natural back-
ground radiation in the world at around 0.02–0.03 !Sv/h (Ramzaev
et al., 2006) making the Chernobyl fallout particularly apparent in
this part of the world, but also making the consequences particu-
larly severe due to lack of adaptation to background radiation.

Given our generally poor knowledge of the effects of these two
causes of radiation on the biota there has been surprisingly little
study of the biological consequences (Møller and Mousseau, 2006,
2008, 2009). The notion that low-level radiation has an effect on
the abundance or performance of animals is controversial due to
the difficulty of extrapolating from high level to low-level expo-
sure (e.g. Chadwick et al., 2003; Moss et al., 2006; Tubiana et al.,
2006), as are the effects of low-level radiation on disease including
cancer (e.g. Brenner et al., 2003; Prasad et al., 2004). For example,

1470-160X/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ecolind.2010.06.013





Abundance of birds depressed by 
more than 66% 

Moller & Mousseau. 2007. Biology Letters of the Royal Society 
Moller & Mousseau. 2010. Ecological Indicators. 

Micro	
  Sv	
  /	
  hr	
  	
  	
  	
  	
  	
  	
  	
  .	
  	
  	
  	
  	
  	
  	
  	
  



Moller & Mousseau. 2007. J. Applied Ecology 
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“cold”	
  site	
  	
  -­‐	
  <	
  0.6	
  usv/h	
  



Hot	
  Site	
  –	
  about	
  30	
  usv/h	
  



What	
  does	
  this	
  all	
  mean?	
  

•  Contrary	
  to	
  governmental	
  reports,	
  there	
  is	
  
now	
  an	
  abundance	
  of	
  informa5on	
  
demonstra5ng	
  consequences	
  (i.e.	
  injury)	
  to	
  
individuals,	
  popula5ons,	
  species,	
  and	
  
ecosystem	
  func5on	
  stemming	
  from	
  the	
  low	
  
dose	
  radia5on	
  due	
  to	
  the	
  Chernobyl	
  and	
  
Fukushima	
  disasters.	
  



Major	
  Findings	
  from	
  studies	
  of	
  Wildlife	
  in	
  Chernobyl:	
  
	
  
1)  Most	
  organisms	
  studied	
  show	
  significantly	
  increased	
  rates	
  of	
  geneIc	
  

damage	
  in	
  direct	
  proporIon	
  to	
  the	
  level	
  of	
  exposure	
  to	
  radioacIve	
  
contaminants	
  

2)  Many	
  organisms	
  show	
  increased	
  rates	
  of	
  deformiIes	
  and	
  developmental	
  
abnormaliIes	
  in	
  direct	
  proporIon	
  to	
  contaminaIon	
  levels	
  

3)  Many	
  organisms	
  show	
  reduced	
  ferIlity	
  rates…..	
  
4)  Many	
  organisms	
  show	
  reduced	
  life	
  spans……	
  
5)  Many	
  organisms	
  show	
  reduced	
  populaIon	
  sizes…..	
  
6)  Biodiversity	
  is	
  significantly	
  decreased……	
  	
  many	
  species	
  locally	
  exInct.	
  

More	
  speculaIve,	
  but	
  potenIally	
  larger	
  impact:	
  
	
  
7)  MutaIons	
  are	
  passed	
  from	
  one	
  generaIon	
  to	
  the	
  next,	
  and	
  show	
  signs	
  

of	
  accumulaIng	
  over	
  Ime.	
  
8)  MutaIons	
  are	
  migraIng	
  out	
  of	
  affected	
  areas	
  into	
  populaIons	
  that	
  are	
  

not	
  exposed	
  (collateral	
  damage).	
  

	
  



What	
  is	
  the	
  solu5on?	
  	
  Create	
  huge	
  piles	
  of	
  radioac5ve	
  dirt?	
  



What	
  should	
  be	
  done?	
  

•  We	
  are	
  calling	
  for	
  funding	
  of	
  in	
  interna5onal	
  
scien5fic	
  effort	
  to	
  fully	
  document	
  the	
  range	
  of	
  
biological	
  consequences	
  related	
  to	
  low-­‐dose-­‐
rate	
  radia5on	
  in	
  the	
  environment.	
  	
  

•  Such	
  an	
  effort	
  must	
  be	
  led	
  by	
  independent	
  
scien5sts	
  who	
  are	
  commited	
  to	
  a	
  rigorous,	
  
unbiased	
  analysis	
  of	
  the	
  present	
  situa5on	
  with	
  
the	
  goal	
  of	
  predic5ng	
  long	
  term	
  impacts.	
  



PublicaIons,	
  photos	
  and	
  press	
  coverage	
  	
  

•  htp://cricket.biol.sc.edu/chernobyl/
Chernobyl_Research_Ini5a5ve/
Publica5ons.html	
  


