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チェルノブイリ、そして今、福島を調査する理由 

チェルノブイリ原子力発電所	  1986年	   福島第一原子力発電所	  2011年	  



原子力発電所の歩み	  
	  

•  商業用原子力発電所は、現在までに600基以上建設された	  

	  

•  現時点で、31カ国に約430基の原子力発電所が存在し（アメリカに
100基以上）、15カ国で72基が新設中である（中国に39基、アメリカに
5基）	  

	  

•  商業用原子力発電所の大事故は、今までに3回	  
	  

	  1)	  スリーマイル島（1979年）	  
	  

	  2)	  チェルノブイリ（1986年）	  
	  

	  3)	  福島（2011年）	  
	  
•  1952年以来、原子力発電所関連の重大インシデントまたは事故は、

今までに33件	

•  大部分の原子力発電所が設計上の運用年数終了に近づきつつある

点を考慮すると、さらに多くの事故が予測される…….	  
	  



ウィートレイら.	  2015.	  	  



ブリス J.E.,…,	  T.ムソー	
ら,	  2012.	  「原子力施設近
辺の個体群における癌
のリスク分析」 原子力お
よび放射線調査委員会,	  
国立学術出版社,	  ワシン
トン,	  412ページ	  

通常稼働時に放出された膨大な量の放射性同位体	  



トリチウムが漏洩して
いる原子力発電所の
数 は？ 
（過去数年間で37件
を超える報告） 

さらに、各発電所
には膨大な量の
使用済み燃料が
存在している。	  





長崎と広島における原子爆弾	  





UNSCEAR	  2000	  

大気圏内 1193件	  
地下          1517件	  
合計          2710件	  



チェルノブイリ原発事故（1986年4月26日）原子力火災は10日間続く	
	  20万平方キロ以上の土地（日本の国土の約半分に相当）が重篤な汚染を受けた	  



福島原発事故（2011年3月11日）1万平方キロ以上が重篤な汚染を受け
た。海洋系への影響は不明	  

（人口3600万）	  



国連チェルノブイリ・フォーラム報告	  
(IAEA,	  2006:	  p137):	  

	  
「…	  多くの動植物の個体群は増加しており、現在の
環境条件は、チェルノブイリ強制避難区域内の生
物相に良い影響を与えている。」	  
	  
人間の疾病は主として心理的ストレスの結果….	  
（および、喫煙やアルコールなど、その他の環境要因）	  



UNSCEAR	  2013	  
国連総会への報告 –	  2014	  年 4	  月	  

4.	  人間以外の生物相の放射線被曝とその影響	  
	  
「 （福島） 原発事故後の海洋および陸上における人間以
外の生物相の被曝は、全体として、急性影響が観測され
ない程度に低いものであった……」	  
	  
「(b)	  …..放射線の影響は放射性物質の沈着が最も高い
一部の区域に限られており、その区域外では、生物相へ
の影響の可能性は重大ではない。」	  

注:	  この報告書が発表されたのは 2014	  年 4	  月であり、鳥類や昆虫への影響を示
す複数の論文が発表されてから1年以上経っていた。	  



IAEAは、近年のチェルノブイリと福島に関する全ての研究を無視している!	  



しかし….	  	  	  
	  
•  これらの主張を裏付ける厳密で実

証的な科学的データはない。	  

•  原発事故から生じた個体、個体群、
生態系への悪影響を示す実証的
データの蓄積が無視されている。	  

	  



チェルノブイリ研究プロジェクト 
 
•  2000年に、ティモシー･ムソー（サウスカロライナ）とアンダース･メラー（フラン

ス）が開始	
 
•  2011年7月、福島における調査を開始 

•  鳥類、昆虫、微生物、哺乳類、植物の自然個体群の研究 

•  ウクライナ・ナローディチェスキー地方の子供たちの研究 

•  チェルノブイリで35回以上、福島で14回の調査旅行 

•  低線量被曝の影響に関する80以上の学術文献（大部分は http://
cricket.biol.sc.eduより入手可能） 

•  独立の進化生物学者としての主たる関心は、生物の適応状況と、突然変異率
上昇が個体数の動態におよぼす影響を記録すること。我々は反原子力活動

家ではない  



仮説と疑問点: 
 
•  低線量（および高線量）被曝の結果、自然個体群における

突然変異率は測定可能な程度に上昇するのか? 

•  突然変異率の上昇による表現型への影響は観察される
か？（先天異常） 

•  突然変異率の上昇による適応への影響は観察される
か？（生存、生殖、疾病）。　 

•  適応に関する証拠はあるか？ 
 
•  個体数と生物多様性への影響はあるか？	
 
•  生態系への帰結はあるか？ 



突然変異率の推計	  

•  マイクロサテライトDNAマーカー	

•  単一および二重鎖切断率の測定にはコメット
アッセイを使用	  

•  小核の発生頻度	  
•  精子の形態学的損傷を遺伝子損傷の代用とし

て使用	  
•  将来：	  -‐	  遺伝子発現様式 	  　　　　　　　　　　　　　　　　　　　　	  
　　　　　 -‐全ゲノムをスキャンすることで新たな突然　　　	  
　　　　　   変異率を推計	  



バッタ血リンパ	  

損傷が少な
い	  

重度の損傷	  

中程度の損傷	  

染色体に対する遺伝子損傷コメットアッセイ	  

ビースレイ,	  D.A.E.,	  A.ボニソリ-‐アルカーティ,	  S.M.	  ウェルチ,	  A.	  P.メラー,	  T.A.	  ムソ
ー.	  	  2013.	  「バッタ (Chorthippus	  albomarginatus)	  における発達不安定に対する
親の放射線被曝の影響」 進化生物学誌,	  近刊	  

（チェルノブイリ）	  

DNAは損傷しておらず、細胞核内にある	  

放射線被曝によってDNAは
分裂し、核外部へ移動	  





!

チェルノブイリ:	  放射線と突然変異、メタ解析	  

A.	  P.	  メラー,	  T.	  A.	  ムソー.	  2015.	  「チェルノブイリの突然変異率に対する電離放射線の強い影響」自然科学報告	  

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



チェルノブイリと福島の放射
能汚染地域の動植物に対し
て、高い突然変異率はどの
ように帰結したか？	  



羽色の	
異常	
 



チェルノブイリでは部分白化の頻度が著しく高い	  

メラー,	  A.P.,	  A.ボニソリ-‐アルカーティ,	  T.A.ムソー.	  2013.	  
「チェルノブイリの自由生息鳥類における白化と腫瘍の高
頻度」突然変異研究 	  



メラー,	  A.P.,	  A.ボニソリ-‐アルカー
ティ,	  T.A.ムソー.	  2013「チェルノ
ブイリの自由生息鳥類における

白化と腫瘍の高頻度」突然変異
研究	  

N	  =	  1669	  

111	  件の白化	  
	  
=	  66.5/1000	  

白
化

発
生

頻
度
	  

チェルノブイリの鳥類は高レベルの部分白化（「白斑」）を示す	  

チェルノブイリ	   デンマーク	  
N	  =	  35,578	  
316	  件の白化	  
	  
8.9/1000	  



白化した羽	  

福島のツバメ	  



日本野鳥の会は、2012～13年に福島地
域で15件の部分白化を報告	  



福島の牛の白斑	  



鳥類の精子の遊泳能力はチェルノブイリの放射能汚染地域で低下	  

ボニソリ-‐アルカーティ,	  A.,	  A.P.	  メラー.,	  G.	  ルドルフセン,	  N.	  サイノ,	  M.	  カプリオリ,	  S.	  オステルミラー,	  T.A.	  ムソー.	  2011.	  「ツバメ (Hirundo	  rusVca)	  における
プラズマ酸化状態に依存する精子遊泳行動に対する放射線の影響」比較生化学および生理学 –	  パート A	  –	  分子および統合生理学,	  159(2):	  105-‐112.	  
DOI:	  10.1016/j.cbpa.2011.01.018	  
	  



チェルノブイリの鳥類10種における異常精子の頻度	  
	  
-‐	  10種中9種がチェルノブイリで他地域よりも著しく高い異常
率を示す	  

ハーモセル,	  ラスケモエン,	  ロウ,	  メラー,	  ムソー,アルブレクト,リフェルド.	  2013.	  英国王立協会生物学誌	  



チェルノブイリにおける無精子または死亡した	  
精子のみの雄の鳥類の割合	  

メラー,	  ルドルフセン,ボニソリ-‐アルカーティ,	  ムソー.	  2014.	  	  
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雄の無精子症の発生頻度 (%)	  とバックグラウンド
放射線の相関	  (uGy	  /	  時)	  

39%	  

(mGy/y当たり8.8倍)	  

38	  種・287	  羽の雄 –	  R2	  =	  43%	  

0%	  

20%	  
24%	  



腫瘍およびその他の発育異常	  

メラー,	  A.P.,	  A.ボニソリ-‐アルカーティ,	  T.A.	  ムソー.	  2013.	  「チェルノブイリの自由生息鳥類
における白化と腫瘍の高頻度」突然変異研究 	  



目の回りに腫瘍	

シジュウカラ （Parus major） 







メラー,	  A.P.,	  A.ボニソリ-‐アル
カーティ,	  T.A.	  ムソー.	  2013.	  
「チェルノブイリの自由生息
鳥類における白化と腫瘍の
高頻度」突然変異研究 	

25	  件の腫瘍	  

腫
瘍

頻
度
	  

N	  =	  1669	  

チェルノブイリの鳥類は腫瘍の発生率が著しく高い	  

=	  15/1000	  

チェルノブイリ	   デンマーク	  
N	  =	  35,578	  
0	  件の腫瘍	  

人間:	  
=	  3/1000	  







ムソー,	  T.A.,	  A.P.	  メラー.	  
2013.	  「チェルノブイリの鳥
類における白内障の高頻

度」 PLoS	  ONE	  

チェルノブ
イリの鳥類	  

N	  =	  1111	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  



白内障	  

チェルノブイリのネズミの白内障	  

ムソー,	  メイプス,	  ボラツンジ,	  ムラー.	  2013.	  未発表データ	  



白内障	  



チェルノブイリのハタネズミ	  –	  2013年	  

メイプス,	  ムソー,	  ボラチンジ,	  メラー.	  2013.	  未発表データ	  





メラー, ムソーら. 2011. PLoS One 

脳の小さい	
鳥は若死にし、	
ＩＱも低いと	
思われる	



チェルノブイリの「汚染」地域の鳥類は有意に脳が小さい	  

メラー	  AP,	  ボニソリ-‐アルカーティ	  A,	  ルドルフセン	  G,	  ムソー	  TA	  (2011)	  「チェルノブイリの鳥類は脳が小さい」 PLoS	  ONE	  6(2):	  e16862.	  doi:10.1371/journal.pone.
0016862	  
hap://www.plosone.org/arVcle/info:doi/10.1371/journal.pone.0016862	  



小 頭 症 の 淘 汰	

3.35
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F = 9.92, df = 1,284, P = 0.0018

(メラーら,	  PLoS	  One	  6(2):e16862,	  2011)



p	  <	  0.001	  

チェルノブイリと福島の放射能汚染地域の齧歯動物は脳が小さい	  



ファイアバグ	
（Pyrrhocoris	  apterus）	  

「覆面のような昆虫」	  



チェルノブイリのファイアバグの突然変異 

ムソー,	  メラー.	  2013	  







チェルノブイリのヨーロッパアカマツ	  (Pinus	  sylvestris)の異常	  

ムソー,	  T.A.,	  S.M.	  ウェルチ,	  I.	  チゼヴスキ,	  O.	  ボンダレンコ,	  G.	  ミリネヴスキ,	  D.	  テデスチ,	  A.ボニソリ-‐アルカーティ,	  
ムラー,	  A.P.,	  2013.	  「ヨーロッパアカマツ (Pinus	  sylvestris)	  における放射線被曝の程度を示す樹木の年輪」樹木 	  –	  
構造と機能,	  DOI	  10.1007/s00468-‐013-‐0891-‐z	  



放射線と樹木の生長	  

「チェルノブイリ事故」	  





動物の個体数と生物多様性に対する
放射線の影響	  



- ウクライナとべラ
ルーシの約300箇所
で鳥類と昆虫の調査
を896回実施	
 
 
 
対照群: 
 
-  イタリア（ミラノ） 
-  スペイン（バダホス） 
-  デンマーク（オール
ボー） 
-  ウクライナ  

ほとんどの調査を最も高濃度の汚染地域で行い、また、対照地域でも調査を実施した。
沈着が不均一なため、放射線、汚染源からの距離、個体数と生物多様性に影響を及ぼ
すその他の環境要因を区別できる。	  



個別の地点400箇
所で調査した鳥類
と昆虫は、現在ま
でに合計1500イン
ベントリー	  
	  



大量反復生物インベントリー法	  
（福島で1500インベントリー、チェルノブイリで896インベントリー）	  

+	  
多数の環境変数を測定	  

(例、気象学、水文学、地質学、植物群落、生息環境タイプ	  
土地利用歴、植物被覆の量とタイプ、海抜、	  

気象条件、時間、日付、直近の水源への距離、等)	  

+	  
居住環境放射線レベルの現場計測	  

+	  
地理情報システム	  

+	  
多変量統計処理	  

=	  
個体群に対する放射線の影響予測モデル	  



個体数に対する放射線の影響に関する近年の研究	  

Biol. Lett. (2007) 3, 483–486
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Pierre et Marie Curie, Bâtiment A, 7ème étage, 7 quai St Bernard,
Case 237, 75252 Paris Cedex 05, France
2Department of Biological Sciences, University of South Carolina,
Columbia, SC 29208, USA
*Author for correspondence (amoller@snv.jussieu.fr).

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





鳥類の個体数は66%以上減少 
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最も影響を受けているのは、長距離渡り鳥と明るい色の鳥	

鳥類の生物多様性は50%以上減少	
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「非汚染」地	  	  	  -‐	  <	  0.6	  usv/時	  



汚染地	  –	  約	  30	  usv/時	  



これらすべてが意味すること	  

•  政府の報告に反し、現在、チェルノブイリと福
島の事故の低線量被曝に起因する個体、個
体群、種、生態系機能に対する帰結（すなわ
ち、損傷）を示す豊富な情報がある。	  



チェルノブイリの野生生物研究から得られた主な知見:	  
	  
1)  調査した生物の大部分で、放射性汚染物質への被曝レベルに正比例し

て、遺伝子損傷率が有意に上昇している	  
2)  調査した生物の多くで、汚染レベルに正比例して、奇形率および発育異

常率が上昇している	  
3)  調査した生物の多くで、出生率が低下している…	  
4)  調査した生物の多くで、寿命が短くなっている…	  
5)  調査した生物の多くで、個体群の規模が縮小している…	  
6)  生物の多様性が有意に縮小している…	  多くの種が局所的に絶滅してい

る。	  

推論ではあるがより大きな潜在的影響:	  
	  
7)  突然変異が世代から世代に伝えられ、経時的蓄積の兆候が見られる	

8)  突然変異は放射能汚染地域から、その外の被曝していない個体群に移
動している（付随的損傷）	  



解決策は何か？放射性汚泥を集めて、巨大な山でもつくればいいのだろうか？	  



実行すべきこと	  

•  我々は現在、環境における低線量被曝に関
連する広範な生物学的帰結を完全に記録す
る、国際的な科学的取組みに資金を提供す
るよう働きかけている。	  

•  こうした取組みは、長期的影響を予測すると
いう目的を持ち、現在の状況を厳密かつ公平
に分析する独立した科学者が主導する必要
がある。	  



刊行物、写真、報道 	  

•  hap://cricket.biol.sc.edu/chernobyl/
Chernobyl_Research_IniVaVve/
PublicaVons.html	  


