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Th ere  is now  am ple ev idence o f th e  eco lo g ica l im pacts  of recent c lim ate  change, fro m  po lar te rre s tria l to  trop ical m arine  
environm ents. The responses o f both flo ra  and fa u n a  span an array  of ecosystem s and o rg an iza tion a l h ierarch ies , from  the species  
to th e  com m unity levels. D espite continued uncerta in ty as to com m unity  and  ecosystem  tra je c to rie s  under global change, our 
rev ie w  exposes a coherent pa tte rn  o f eco log ica l change across system s. A lthough w e  a re  only a t an early  stage in the projected  
tren d s  of global w arm in g , eco lo g ica l responses to  recent c lim ate  change are  a lread y  c le arly  vis ib le .

he E arth ’s c lim ate  h as  w a rm e d  b y  ap p ro x im a te ly  0.6 °C 
over th e  p a s t 100 years w ith  tw o  m a in  p e rio d s  o f  
w arm ing , betw een  1910 a n d  1945 an d  fro m  1976 
onw ards. T h e  ra te  o f  w a rm in g  d u r in g  th e  la tte r  p erio d  
has been ap p ro x im a te ly  d o u b le  th a t  o f  th e  f irs t a n d , thus, 

g rea te r  th a n  at any  o th e r  tim e  d u r in g  th e  las t 1,000 y ears1. O rg an ­
ism s, p o p u la tio n s  and  eco log ical c o m m u n itie s  do  n o t, how ever, 
re sp o n d  to  ap p ro x im a ted  g lobal averages. R a th e r, reg io n a l changes, 
w h ich  are  h igh ly  spa tia lly  h e te ro g e n e o u s  (Fig. 1), a re  m o re  relevan t 
in  th e  con tex t o f  ecological re sp o n se  to  c lim a tic  change. In  m an y  
reg ions th ere  is an  a sy m m e try  in  th e  w a rm in g  th a t  u n d o u b te d ly  will 
co n tr ib u te  to  he te ro g en e ity  in  eco log ica l d y n am ics  across system s. 
D iu rn a l tem p e ra tu re  ranges have decreased  becau se  m in im u m  
te m p e ra tu re s  are increasing  a t a b o u t tw ice  th e  ra te  o f  m ax im u m  
tem p era tu res . As a co n seq u en ce , th e  freeze-free  p e rio d s  in  m o st 
m id -  and  h ig h -Ia titu d e  reg io n s a re  le n g th e n in g  an d  sa te llite  da ta  
reveal a 10% decrease in  snow  cover a n d  ice ex te n t since th e  late 
1960s. C hanges in th e  p re c ip ita tio n  reg im e have also been  n e ith e r  
spa tia lly  n o r  tem p o ra lly  u n ifo rm  (Fig. 1). In  th e  m id - an d  h igh  
la titu d es o f  th e  N o rth e rn  H e m isp h e re  a d ecad a l in crease  o f  0 .5 -1 %  
m o stly  occurs in  a u tu m n  a n d  w in te r  w hereas, in th e  su b -tro p ic s , 
p re c ip ita tio n  generally  decreases b y  a b o u t 0 .3%  p e r d ecad e1.

T h ere  is n o w  am p le  ev idence  th a t  th ese  recen t clim atic  changes 
have affected a b ro a d  ran g e  o f  o rg an ism s w ith  d iverse geograph ica l 
d is tr ib u tio n s2' 6. W e assess th ese  o b se rv a tio n s  u sin g  a p rocess- 
o rie n te d  ap p ro ach  a n d  p resen t a n  in te g ra te d  synopsis across th e  
m a jo r  tax o n o m ic  g ro u p s, covering  m o s t  o f  th e  b io m e s o n  E arth . We 
focus o n  th e  consequences o f  th i r ty  y ears o f  w a rm in g  a t th e  en d  o f  
th e  tw en tie th  cen tury , an d  rev iew  th e  resp o n ses  in  ( 1 ) th e  p h en o lo g y  
a n d  physio logy o f  o rgan ism s, (2) th e  ran g e  an d  d is tr ib u tio n  o f 
species, (3) th e  c o m p o s itio n  o f  a n d  in te ra c tio n s  w ith in  c o m m u ­
n ities, and  (4) th e  s tru c tu re  a n d  d y n am ics  o f  ecosystem s, h ig h ­
lig h tin g  c o m m o n  a n d  co n tra s tin g  fea tu re s  a m o n g s t th e  taxa  and 
system s considered .

P h en o lo g y — th e  tim in g  o f  seaso n a l ac tiv ities  o f  an im als and 
p la n ts— is p erh ap s th e  s im p les t p ro cess  in  w h ic h  to  track  changes 
in  th e  ecology o f  species in  re sp o n se  to  c lim a te  change. Birds,
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b u tte rflie s  a n d  w ild  p la n ts , in  p a rtic u la r, in c lu d e  p o p u la r  a n d  easily 
iden tifiab le  species a n d  th u s  have received consid erab le  a tte n tio n  
fro m  th e  p u b lic . As a re su lt  m a n y  lo n g - te rm  phen o lo g ica l d a ta  sets 
have b een  co llected . S tu d ies in  E u ro p e  an d  N o rth  A m erica  have 
revealed p h en o lo g ica l t re n d s  th a t  very  p ro b a b ly  reflect responses to 
re c e n t c lim ate  ch an g e7,8. C o m m o n  changes in  th e  tim in g  o f  sp rin g  
activ ities in c lu d e  earlie r b reed in g  o r  firs t s ing ing  o f  b ird s, earlier 
a rriva l o f  m ig ra n t b ird s , earlier a p p ea ran ce  o f  b u tterflies , earlier 
cho ru ses a n d  sp a w n in g  in  am p h ib ia n s  an d  earlier sh o o tin g  and  
flow ering  o f  p la n ts  (Fig. 2). In  general, sp rin g  activ ities have 
o ccu rred  p rog ressively  earlie r sin ce  th e  1960s (Table 1).

S om e ev idence also  in d ica tes  a la te r  o n se t o f  a u tu m n a l p h e n o lo ­
gical even ts , b u t  these  sh ifts  are less p ro n o u n c e d  an d  sh o w  a m o re  
h e te ro g en eo u s  p a tte rn . S tud ies reveal d iffe ren t p ro p o r tio n s  o f  b ird  
species w h ich  advance , de lay  o r  do  n o t  ch an g e  a u tu m n  m ig ra tio n 9, 
an d  tre n d s  o f  lea f  c o lo u rin g  o f  trees a t n e ig h b o u rin g  s ta tio n s  often  
show  c o n tra d ic to ry  sig n a ls10. In  E u ro p e , fo r exam ple, leaf co lou r 
changes show  a p rog ressive  delay  o f  0 .3 -1 .6  days p e r  decade, 
w hereas the len g th  o f  th e  g row ing  seaso n  has increased  in som e 
areas by  up  to  3.6 days p e r  decade over th e  p as t 50 years8,11. T h is 
ex tension  o f  th e  g ro w in g  season  acco rd s w ith  th e  len g th en in g  o f  
12 ±  4 days deriv ed  fro m  satellite d a ta 12 as well as w ith  an advance 
in  th e  seasonal cycle b y  7 days a n d  an increase  in  am p litu d e  o f  the 
an n u a l C O z cycle sin ce  th e  1960s13.

In  c o n tra s t w ith  th e  c lim a tic  facto rs c o n tro llin g  a u tu m n  phenology , 
th e  c lim ate  signal c o n tro llin g  sp rin g  p h e n o lo g y  is fairly w ell u n d e r­
stood : nearly  all p h e n o p h a se s  co rre la te  w ith  sp rin g  te m p e ra tu re s  in 
th e  p reced in g  m o n th s . F o r b ird s, te m p e ra tu re s  o n  the m ig ra tio n  
ro u te  are  also im p o r ta n t .  Som e sp r in g  events, such  as egg-laying o f  
several so n g  b ird s  a n d  th e  s ta rt o f  th e  v eg e ta tio n  p e r io d  in n o r th e rn  
an d  cen tra l E u ro p e , also  co rre la te  w ith  th e  N o r th  A tlan tic  O scilla­
tio n  (N A O ) index , w h ic h  quan tifie s  w in te r  c lim atic  co n d itio n s5,1,1,15 
(Fig. 2). A n  analysis o f  50 years o f  d a ta  o n  13 p la n t species in  137 
localities revealed  resp o n ses  to th e  N A O  in  71%  o f  th e  to ta l, w ith  
ea rly -b lo o m in g  a n d  h erb aceo u s species show ing  g reater responses 
to  w in te r  w a rm in g  th a n  la te -b lo o m in g  a n d  w oody  p la n ts15. The 
te m p e ra tu re  re sp o n se  o f  b ird  a rriv a l m a y  be m o d ified  by p h o to -
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p e rio d ic  co n tro l, genetic  reg u la to ry  system s a n d /o r  p o p u la t io n  size. 
P h en o lo g ica l changes in b irds an d  p la n ts  a re  o ften  s im ilar, as 
d escrib ed  in  so m e  cross-system  s tu d ie s16,17 (Fig. 2 ). H ow ever, the 
tim in g  o f  change in  d ifferen t ta x o n o m ic  g ro u p s  is n o t  always 
sy n c h ro n o u s  a n d  m ay  have p ro fo u n d  ecological consequences. 
E arlier leaf u n fo ld in g , fo r exam ple, genera tes a lo n g e r  g row ing  
seaso n  b u t m ay  also increase th e  r isk  o f  d am ag e  b y  a la te  frost 
(see also  ‘C o m plex  D ynam ics’ below ).

G eog rap h ica l d ifferences a re  ev id en t fo r  b o th  p la n ts  a n d  b ird s, w ith  
delayed  ra th e r  th a n  earlie r onse t o f  sp r in g  ph ases in  so u th e a ste rn  
E u ro p e , in c lu d in g  la te r  b ird  a rriv a l in  th e  S lovak R e p u b lic 18 an d  a 
la te r  s ta r t  o f  th e  g row ing  season in  th e  B a lkan  re g io n " . L o n g er d a ta  
se ries covering  th e  last cen tu ry  also in c lu d e  p e r io d s  o f  la te r  o n se t16. 
T h e re  can also b e  differences in re sp o n se  to  c lim ate  ch an g e  betw een  
species at p a r tic u la r  sites o r  w ith  t im e  o f  season . F o r  p la n ts , s tro n g  
se aso n a l v a ria tio n  is re p o rte d  w ith  th e  h ig h es t ad v an ce s in  early 
sp r in g  (and  n o tab le  advances o f  succeed in g  p h e n o p h a se s)  and  
a lm o st n o  response  in su m m e r an d  early  a u tu m n 10,17. Sim ilarly, 
sh o r t-d is ta n c e  m ig ra tin g  b irds, w h ich  te n d  to  m ig ra te  early  in  th e  
seaso n , often  ex h ib it a tre n d  to w ard s  ea rlie r  a rriva l, w h ereas th e  
la te r  arrivals by  lo n g -d is tan ce  m ig ra n ts  sh o w  a m o re  com plex

response , w ith  m an y  species n o t  c h an g in g  th e ir  a rriv a l tim es o r 
even delay ing  th e m 7,19.

It is generally  agreed  th a t  c lim atic  reg im es in fluence  species’ 
d is tr ib u tio n s , o ften  th ro u g h  sp ecies-specific  p hysio log ica l th re sh ­
o lds o f  te m p e ra tu re  a n d  p re c ip ita t io n  to le ran ce20,21. W ith  general 
w arm in g  tren d s , these  ‘c lim a te  en v elopes’ b eco m e  sh ifted  tow ard s 
th e  poles o r  h ig h e r  a ltitu d e s . To th e  ex ten t th a t  d ispersa l and  
resou rce  availab ility  allow , species a re  ex p ec ted  to  tra c k  th e  sh ifting  
c lim ate  a n d  likew ise sh if t th e ir  d is tr ib u tio n s  p o le w a rd  in  la titu d e  
a n d  u p w ard  in  e levation . In  so m e  cases (fo r  exam ple , reef-b u ild in g  
corals), range sh ifts in  re sp o n se  to  ch an g in g  te m p e ra tu re  m ay  n o t 
o ccu r if  la titu d in a l d is tr ib u tio n s  a re  also  lim ite d  b y  o th e r  factors 
such  as lig h t41.

M an y  s tu d ies o f  th e  b io lo g ica l im p a c ts  o f  c lim ate  change have 
focused  o n  species ab u n d an ce s  a n d  d is tr ib u tio n s  in  search  o f  th e  
p red ic ted  sy stem atic  sh ifts . M ig ra to ry  species are  a m o n g  th e  best 
d o c u m e n te d  b u t  o ften  exh ib it large f lu c tu a tio n s  f ro m  year to  year in 
th e ir  b reed in g  sites, m a k in g  it d ifficu lt to  d isc ern  lo n g - te rm  range 
sh ifts22,23. By co n tra s t, range  ch anges in  m o re  se d en ta ry  species 
fo llow  fro m  th e  slo w  processes o f  p o p u la tio n  ex tin c tio n s and  
co lon iza tions. T h is h as  m a d e  i t  easier to  d e te c t t ru e  geograph ic

a

b

Figure 1 S p a t ia l  v a r ia b i l i ty  o f  a n n u a l  t r e n d s  in  t e m p e r a t u r e  a n d  p r e c ip i ta t i o n  s i n c e  I 9 7 6  r e la t i v e  to  1 9 6 1  to  1 9 9 0  n o r m a l s  ( í e t  1, m o d if ie d )  a, T e m p e r a t u r e  (°C  p e r  d e c a d e ) :  
b, p r e c ip i ta t i o n  1%  p e r  d e c a d e ) .
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• S p r in g  a r r iv a l  in  b ird s  
■ T  (M ar, A pr, M ay)

' H a tc h in g  in  f ly c a t c h e r s  
T  (M ar, A pr)

B. pendula 
A. hippocastanum 
N A O  (F e b ,  M ar)

Figure 2 A n o m a l ie s  o f  d i f f e r e n t  p h e n o lo g i c a l  p h a s e s  In  G e r m a n y  c o r r e l a t e  w e ll  w ith  
a n o m a l i e s  o f  m e a n  s p r i n g  a ir  t e m p e i a t u r e  T a n d  N AO  in d e x  (b y  P  D J o n e s ,  h t t p : / /  
w w w  c r u  n e a  a c . u k / c r u / d a t a /n a o .h t m ) .  T e m p e r a t u r e  t a k e n  f ro m  3 5  G e r m a n  c l im a te  
s t a t i o n s  P h e n o lo g i c a l  p h a s e s  u s e d  s p r i n g  a r r iv a l  in  b i r d s ,  i s la n d  o f  H e lg o la n d ,  N o r th  
S e a ,  h a t c h in g  in  f l y c a t c h e r s  (Ficedula hypoleuca), N o r th e rn  G e r m a n y ;  a n d  m e a n  o n s e t  
o f  l e a f  u n lo ld m g  o f  Aesculus hippocastanum a n d  Betula pendula

shifts in  th e  la tte r  g ro u p  becau se  ch an g e  is m o re  m e th o d ic a l and  
m issing  d a ta  have a sm aller im p ac t. I t  is n o w  clear th a t  p o lew ard  and  
u p w ard  shifts o f  species ranges have o ccu rred  across a w ide  ran g e  o f  
tax o n o m ic  g ro u p s an d  geo g rap h ica l lo c a tio n s  d u r in g  th e  tw e n tie th  
c e n tu ry 2,4,6,23 (T ab le 2).

Factors affecting  species d is tr ib u tio n  in te ra c t in  co m p lex  ways, 
an d  it is n o t  su rp ris in g  th a t s im p le  c o rre la tio n s  w ith  te m p e ra tu re  
changes are  n o t  always obse rv ed . R ange sh ifts are  o ften  ep iso d ic  
ra th e r  th an  g rad u a l o r  m o n o to n ie . In  reg io n s u n d e r  th e  in flu en ce  o f 
El N iñ o /S o u th e rn  O sc illa tio n  (E N S O ), fo r  exam ple, ch an g e  m ay  
h ap p en  rap id ly  d u r in g  w a rm  ep isodes, w ith  ‘se tbacks’ d u r in g  coo l 
periods. In  a d d itio n , c lim atic  ex tre m e s— re la ted  to  n a tu ra l  osc illa­
tio n s an d  u n d e rly in g  lo n g - te rm  tre n d s — are  also  im p o r ta n t  in 
d riv in g  th e  p re se n t ran g e  ch anges23. T h u s, ra tes  o f  ra n g e  shifts 
vary  greatly  a m o n g  a n d  w ith in  species, im p ly in g  d iffe ren tia l d is­
persal abilities. W h ereas th e  m a g n itu d e  o f  e lev a tio n a l sh ifts o f  a lp ine  
p lan t species lags b e h in d  th e  iso th e rm a l sh if t o f  8—10 m  p e r 
decade24, b u tte rflie s  a p p e a r  to  tra c k  d ecada l w a rm in g  q u ick ly 25,26, 
m a tch in g  th e  u p w ard s  an d  n o r th w a rd s  sh ifts  o f  te m p e ra tu re  
iso th e rm s27 (co m p are  d a ta  in  Table 2).

W ith  clim ate change, n o n -n a tiv e  species fro m  ad jacen t areas m ay  
cross fro n tie rs  an d  b eco m e  new  elem en ts o f  th e  b io ta . W h e n  long  
distances have been  covered , su c h  m o v e m e n ts  have o ften  been  
m ed ia ted  by  h u m a n  activ ity . H ow ever, fo r  species o rig in a tin g  
from  h ab ita ts  m o re  su itab le  th a n  th e  n e w  lo ca tio n  p ro v id es, a 
p e rm a n e n t e s tab lish m en t at th e  n ew  loca lity  m a y  n o t  be  possib le  
w ith o u t changes in  local co n d itio n s . A n o b v io u s  p o ss ib ility  is th a t, 
w hile h u m a n  ac tiv ities p ro m o te  species m o v e m e n t, th e ir  su b se ­
q u e n t re p ro d u c tio n  a n d  sp read  a t th e  new  lo ca tio n  im p ly  a ltered  
site  co n d itio n s  due , fo r ex am p le , to  c lim ate  change. T h e  clearest

ev idence  fo r  su ch  a c lim ate  tr ig g e r  o ccu rs  w h ere  a su ite  o f  species 
w ith  d iffe ren t h is to ries  o f  in t ro d u c tio n  sp read  en m asse  d u rin g  
p e rio d s  o f  c lim atic  a m e lio ra tio n 28,29. E xam ples in c lu d e  w arm -w a te r 
species th a t  have recen tly  a p p e a re d  in  th e  M e d ite rran ean  an d  the 
N o r th  seas28,30,31 an d  th e rm o p h ilo u s  p la n ts  th a t  sp read  from  gardens 
in to  s u r ro u n d in g  c o u n try s id e 29,32 (Fig. 3). E ven in  su ch  rem o te  
places as so m e  su b -A n ta rc tic  islands, it  is e s tim a ted  th a t  in tro d u c ­
tio n s  by  h u m a n s  over th e  la s t  tw o  cen tu rie s  a c c o u n t fo r  50%  o r 
m o re  o f  th e  h ig h e r-p la n t d iv ersity 33 and  a co n sid erab le  p ro p o rtio n  
o f  th e  in sec t an d  m ite  fau n as34.

C lim a te -lin k ed  inv asio n s m ig h t also involve th e  im m ig ra tio n  o f 
u n w a n te d  n e ig h b o u rs  such  as ep id em ic  diseases. T h ere  is m u ch  
ev idence th a t  a s teady  rise  in  a n n u a l te m p e ra tu re s  has been 
asso c ia ted  w ith  ex p an d in g  m o sq u ito -b o rn e  d iseases in  th e  h ig h ­
lan d s o f  A sia, East A frica a n d  L atin  A m erica35, O verall, tren d s 
o f  ran g e  changes sh o w  rem a rk a b le  in te rn a l consistency  betw een 
stu d ie s  re la tin g  to  glaciers, p la n t  an d  insect ranges an d  sh ifting  
iso th erm s.

C om m unity sh ifts
T h e  assem blages o f  species in  eco log ical c o m m u n itie s  reflec t in te r­
ac tio n s  a m o n g  o rg an ism s as w ell as be tw een  o rg an ism s an d  the 
ab io tic  e n v iro n m e n t. W e m ig h t expect, the re fo re , th a t  ra p id  cli­
m a tic  change o r  ex trem e c lim a tic  even ts can  alter c o m m u n ity  
c o m p o s itio n . In  th e  S o n o ra n  d ese rt o f  th e  so u th w e ste rn  U nited  
S tates, fo r  exam ple, recen t increases in  w o o d y  sh ru b  density , 
ex tin c tio n  o f  p rev io u sly  c o m m o n  an im al species a n d  increases in 
fo rm erly  ra re  a n im a l species have been  a ttr ib u te d  to  reg ional 
c lim atic  sh ifts36. F u rth e rm o re , so m e  o f  th e  exam ples o f  range 
shifts m e n tio n e d  earlie r involve co m m u n ity -lev e l changes29,37,38. 
C hanges in  d is tr ib u tio n  are  o ften  a sy m m etrica l w ith  species inv ad ­
ing  faster fro m  low er e lev a tio n s38 o r  la titu d e s37 th a n  resid en t species 
are  reced in g  u p slo p e  o r  p o lew ard . T h e  resu lt is a (p resum ab ly  
tra n s ie n t)  increase  in  species rich n ess o f  th e  c o m m u n ity  in  q uestion  
as a co n seq u en ce  o f  th e  v a riab ility  in  ra tes  a t w h ich  species sh ift th e ir  
ranges.

R a p id  e n v iro n m e n ta l w a rm in g  h as  b een  re p o rte d  over th e  las t 3 0 -  
50 years a t a n u m b e r  o f  s ta tio n s  in  th e  A n ta rc tic , p a rticu la rly  in  th*3 
A n ta rc tic  P en in su la  reg io n  a n d  o n  su b -A n ta rc tic  islands, along  w ith  
ch anges in  p re c ip ita tio n  p a tte rn s39,40. L ikew ise, tro p ic a l oceans have 
increased  in  te m p e ra tu re  by  1 - 2 ° C  over th e  p as t 100 years41. 
W arm in g  tre n d s  are p u n c tu a te d  in  m o s t ocean s b y  fairly  regu lar 
p h e n o m e n a  su c h  as E N SO  events, w h ic h  in d u c e  anom alies b o th  
locally  a n d  tem p o ra rily ; th ese  p h e n o m e n a  have increased  in  size and  
d u ra tio n  over th e  p as t c e n tu ry 42. M o st c lim ate  p ro jec tio n s  reveal 
th a t  th is t re n d  is likely to  increase rap id ly  in  th e  nex t 50 years41.

A n ta rc tic  te r re s tria l h ab ita ts  an d  n e a rsh o re  tro p ic a l m arin e  
c o m m u n itie s  reflec t o p p o s ite  ex trem es o f  en v iro n m en ta l an d  b io ­
logical v a r ia tio n  o n  E a rth . T h e  w a rm th  an d  s ta b ility  o f  trop ica l 
ocean s c o n tra s ts  d ram atica lly  w ith  th e  y e a r-ro u n d  low  tem p era tu res  
an d  ra p id , u n p re d ic ta b le  sh o r t- te rm  v aria tio n  typ ica l o n  la n d  in th e  
A n ta rc tic . Likewise, th e  rich  b io d iv ersity  and  tro p h ic  w eb co m p lex ­
ity  ch arac te riz in g  ree f c o m m u n itie s  d iffer strik ing ly  fro m  the 
ch arac te ris tics  o f  th e  ex trem ely  sim p le  c o m m u n itie s  o f  th e  A n tarc tia  
(Fig. 4 ) . B o th  e n v iro n m e n ts  are exp erien c in g  ex tensive ch anges43,44

T a b le  1 E v id e n c e  o f  r e c e n t  a d v a n c e s  in  t h e  t im in g  o f  s p r in g  e v e n t s

Taxon Location O b se ry ed  c h a n g es P enod

N um erous p lant sp ec ie s Europe 
North America

Flowering an d  leaf unfolding o ccu n in g  1 .4 -3 .1  d a y s  per d e c ad e  earlier5 
Flowering a n d  leaf unfolding occurring  1 2 - 2 .0  (3.8) d ay s  p e í d e c ad e  eerlied

P ast 3 0 - 4 8  years 
P ast 3 5 -6 3  years

18 butterfly species UK Earlier a p p e a ra n c e  b y  2 .8 - 3  2 d a y s  per d e c ad e 62 P a s t 23  years

Am phibians UK Earlier b reeding"7 P ast 25  years

N um erous b ud sp e c ie s Europe, North 
Am erica

Earlier spring migration by 1 .3 -4 .4  d a y s  p er d e c a d e  an d  breeding  by 1 .9 -4 .8  d a y s  p e r  d e c a d e 1 as"M P a s t 3 0 - 6 0  years
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T a b le  2  R e c e n t  la titu d in a l a n d  a lt itu d in a l  r a n g e  s h i f t s

Species* Location O b served  c h a n g e s Clim ate link

Treeline E urope, New  Zealand A dvancem ent tow ards higher altitudes'1’" '’ General warming

Arctic sh rub  vegetation Alaska Expansion of s h ru b s  in previously sh ru b -lree  
a reas '”

Environmental warming

Alpine p lants European  Alps Elevational shift of 1 - 4  m  p e r  d e c a d e 74 General warming

Anlarctic plants an d  invertebrates Antarctica Distribution ch an g es '" Liquid w ater availability an d  increased  
tem perature

Zooplankton, intertidal invertebrate 
an d  tisii comm unities

Californian c o a s t .  North Atlantic Increasing a b u n d a n c e  o f w arm -w ater
species®237*3' 4

W arm er shoreline o cean  tem perature

39  butterfly species North Am erica an d  E urope Northward ran g e  shifts u p  io 2 0 0  km  over 27 
y ea rs23,95

Increased  tem peratu res

su c h  a s  Edith's C heckerspo t butterfly
1Euphydry'as editha)

W estern  United S ta te s 124 m  upw ard  an d  9 2  km  northw ard  shift s ince the 
beginning of the  tw entieth  century35“

Lowland birds C o sta  Rica Extension o f  distribution from lower m ountain 
s lo p e s  to  higher a re a s5-

Dry se a so n  m ist frequency

12 bird species Britain 18 .9  km  average  range  m ovem ent northw ards over 
a  20 - y e a  period59

W inter tem pera tu res

R ed fox (Vu/pes vulpes), Arctic fox C an ad a Northward expansion  of red  fox ran g e  and General warming
(A lopex lagopus) sim ultaneous retreat of Arctic fox range97

'W here  possible, num bers of species which showed s  response to climate change are given.

a n d , ly ing  at o p p o s ite  ex trem es o f  e n v iro n m e n ta l a n d  b io log ical 
g rad ien ts, generate  d iffe ren t b io lo g ica l signals o f  c lim ate  change.

In  A n tarc tic  te rres tria l ecosystem s, v isua lly  d ra m a tic  exam ples o f  
b io log ica l changes in  resp o n se  to  c lim a tic  w a rm in g  in c lu d e  the 
co lo n iza tio n  by m acro sco p ic  p la n ts  (largely  m osses) o f  p rev iously  
b a re  o r  new ly exposed  g ro u n d  a n d  th e  ra p id  ex p an s io n  in  e x te n t and  
n u m b e rs  o f  th e  o n ly  tw o  h ig h e r  p la n ts  p re se n t o n  th e  c o n tin e n t43,45. 
C o m m e n su ra te  w ith  vegeta tio n a l ch anges has b e e n  co lo n iza tio n  by 
soil invertebra tes . As y e t th e re  are  few  exam ples o f  A n ta rc tic  
co lo n iza tio n  by ‘exotics’ fro m  lo w e r  la titu d e s , a lth o u g h  som e 
species have estab lished  them se lves ra p id ly  a ro u n d  severa l sources 
o f  geo therm al w arm in g 46 a n d  th e re  is a n  in creasin g  n u m b e r  o f 
h u m a n -m e d ia te d  im p o rts , p a r tic u la rly  to  th e  su b -A n ta rc tic  region.

S ubstan tia l im p ac ts  o n  c o m m u n ity  s tru c tu re  have b e e n  observed 
in co ra l reefs d u rin g  p e rio d s  o f  w a rm e r  th a n  n o rm a l sea te m p e ra ­
tu res. Poised  n ea r th e ir  u p p e r  th e rm a l lim its , co ra l reefs have 
u n d e rg o n e  global m ass b leach in g  ev en ts w h en ev e r sea te m p e ra tu re s  
have exceeded lo n g -te rm  su m m e r  averages b y  m o re  th a n  1.0 °C  for 
several w eeks4''47. Six p e r io d s  o f  m ass co ra l b leach in g  have o ccu rred

since 1979 a n d  th e  in c id en ce  o f  m ass co ra l b leach ing  is increasin g  in 
b o th  freq u en cy  a n d  in te n s ity 41. T h e  m o s t  severe p e r io d  o ccu rred  in 
1998, in  w h ich  a n  e s tim a te d  16% o f  th e  w o rld ’s reef-b u ild in g  corals 
d ied 48. T h e  im p a c t o f  th e rm a l stress o n  reefs can  be  d ram a tic , w ith  
th e  a lm o s t to ta l  re m o v a l o f  corals in  so m e  in stances41,49"51. In  som e 
cases (u sually  sm a lle r o r  sh o r te r  th e rm a l an o m alies ), th in -tis su ed , 
b ra n c h in g  a c ro p o r id  a n d  p o c illo p o rid  corals have b leached  a n d /o r  
d ied  p refe ren tially , leav ing  m o re  m assive species like Porites spp  
in tac t. In  o th e r  cases, all co ra l species have b een  largely rem oved51'52. 
E stim ates o f  h o w  ecosystem  species richness an d  co m m u n ity  
s tru c tu re  have ch an g ed  a fte r b leach in g  even ts are  generally  unavail­
able, b u t  su c h  ch an g es a re  su sp ec ted  to  be  large.

T h e  c o m b in a tio n  o f  rising  te m p e ra tu re s  an d  EN SO  variab ility  
has g en e ra ted  c o n tra s tin g  im p ac ts  in  A n ta rc tic  te rres tria l versus 
tro p ic a l m arin e  ecosystem s. Increasing  te m p e ra tu re s  have redu ced  
th e  lik e lih o o d  th a t  A n ta rc tic  o rg an ism s will be exposed  to  th e ir  
lo w er th e rm a l lim its , th e reb y  a llow ing  increases in  b o th  n u m b e rs  
an d  ex ten t o f  p o p u la tio n s  p rev iously  a t th e  edge o f  th e ir  ran g e  w hile 
also, in  a few  in stan ces, increasing  th e  risk  o f  exposu re  to  u p p e r

T . .  * \ je  •

•jVr
V

1 9 0 0  1 9 2 0  1 9 4 0  1 9 6 0  1 9 8 0  2.000
Year

Figure 3  V e g e ta tio n  s h i f t  f ro m  i n d i g e n o u s  o e c i d u o u s  t o  e x o t i c  e v e r g r e e n  b r o a d - l e a v e d  
v e g e t a t io n  in s o u th e r n  S w i tz e r l a n d .  T h e  s h r u b  la y e r  is  d o m i n a t e d  b y  t h e  g r o w in g  
n u m b e r  o f  s p r e a d in g  e x o t ic  e v e r g r e e n  b r o a d - l e a v e d  s p e c i e s  ( s e e  i l lu s t r a tio n )  t h a t

a p p e a r  to  p r o f i t  f ro m  m i ld e r  w in t e r  c o n d i t io n s ,  i n d i c a te d  h e r e  b y  t h e  d e c r e a s i n g  
n u m b e r  o f  d a y s  w ith  f r o s t  p e r  y e a r  ( th e  s m o o t h e d  c u r v e  g iv e s  fiv e  y e a r  a v e r a g e s  fo i th e  
n u m b e r  o f  f r o s t  d a y s  p e r  y e a r ) 29.
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Figure 4 D if f e r e n t  e n v i r o n m e n t s  a n d  t h e i r  r e s p o n s e s  t o  w a r m i n g  B io d iv e rs i ty  is  lo w  in 
t e r r e s t r ia l  c o m m u n i t ie s  in  A n ta rc t ic a  (a), b u t  v e ry  h ig h  in n e a r s h o r e  m a r in e  c o m m u n i t ie s  
in  t r o p i c a l  o c e a n s  (b) T h e  r e s p o n s e  o f  t h e s e  c o m m u n i t i e s  t o  w a r m i n g  s e e m s  to  d iffe r  
M a n ip u la t io n s  o f  A n ta r c t i c  s o i l s  b y  u s in g  P e r s p e x  c l o c h e s  p r o v i d e d  r e a l i s t i c  s im u la t io n s  
o f  c l im a te  c i ia n g e  ( t e m p e r a t u r e  i n c r e a s e  a n d  e x p o s u r e  to  d i f f e r e n t  w a v e l e n g t h s  o f  UV

ra d ia t io n )  b y  u s in g  d i f f e r e n t  P e r s p e x  t y p e s ,  VE a n d  O X , b e t w e e n  1 9 9 8  a n d  2 0 0 0  T h e s e  
l e d  w ith in  2  y e a r s  t o  a n  i n c r e a s e d  d iv e rs ity  in  s o i l  n e m a t o d e  c o m m u n i t ie s  (c o lo u rs  
in d i c a te  t h e  p ro p o r t io n a l  c o n t r ib u t io n  o f  m a jo r  g e n e r a ) ,  c o m p a r a b l e  to  t h a t  f o u n d  n a tu ra l ly  
in m o r e  d e v e lo p e d  m ic r o h a b i ta t s  (c). H o w e v e r  t h e  i n c r e a s e d  o c c u r r e n c e  o f  b le a c h in g  
e v e n t s  o n  c o r a l  l e e f s  (eft i s  lik e ly  t o  d e c r e a s e  a b u n d a n c e  if n o t  d iv e rs ity

th e rm a l lim its43,53,54. In  th e  tro p ic s, an o m alie s  o f  less th a n  1 °C m ay  
exceed physio log ical to lerances an d  re su lt in  large-scale  coral 
b leach in g  (ow ing  to physio log ical d y sfu n c tio n  an d  loss o f  crucial 
d inoflagella te  sy m b io n ts )  an d  su b se q u e n t m o rta lity . B ecause o f  
th e ir  need  to  co p e  w ith  s h o r t- te rm  a n d  se aso n a l en v iro n m en ta l 
variab ility , A n ta rc tic  b io ta  generally  o ccu p y  a w id e r  physical n iche  
th an  d o  o rg an ism s fro m  m o re  stab le  e n v iro n m e n ts  (su ch  as m arin e  
tro p ic a l o rg an ism s). T h is  d ifference  is im p o r ta n t  in  defin ing  
range b o u n d a r ie s  and  h o w  species re sp o n d  to  en v iro n m en ta l 
chan g e55.

R esponses b y  in d iv id u a l species to  c lim ate  ch an g e  m ay  d is ru p t 
th e ir  in te rac tio n s w ith  o th ers  at th e  sa m e  o r  ad ja c e n t tro p h ic  levels. 
W hen  closely in te ra c tin g  o r  c o m p e tin g  species d isp lay  d iverg en t 
responses o r  suscep tib ilities to  chan g e , th e  o u tc o m e  o f  th e ir  in te r ­
ac tio n s  m ay  b e  altered , as lo n g - te rm  d a ta  o n  b o th  te rre s tria l and  
m arin e  o rg an ism s in d ica te56,57.

R e c ru itm en t in  fish p o p u la tio n s  has lo n g  been  k n o w n  to  be  a key 
process th a t is stro n g ly  in flu en ced  by  c lim a te  v ariab ility 38. V aria­
tio n s in a tm o sp h e ric  c ircu la tio n  o v e r th e  B ering  Sea, th ro u g h  
in te ra c tio n s  w ith  ocean cu rre n ts , in flu en ce  tr a n sp o r ta t io n  o f  ju v e ­
n ile  walleye p o llo ck  ( Theragra cha lcogram m a ) aw ay f ro m  adu lts, 
affecting  th e  in te n sity  o f  can n ib a lism  an d , co n seq u en tly , year class 
s tre n g th 59. B ecause walleye p o llo c k  is a n  im p o r ta n t  forage species 
fo r o th e r  fish, m arin e  m a m m a ls  a n d  b ird s , its  f lu c tu a tio n s  in  
re c ru itm e n t affect th e  w ho le  B ering  Sea fo o d  w eb. A S o u th e rn  
O cea n  para lle l involves k rill (E uphausia  superba), a key  fo o d  sou rce  
fo r  h ig h e r p re d a to rs  (p en g u in s a n d  o th e r  seab ird s , w hales, seals) as 
well as a fishery target. C lim ate  chan g e  is a p p a re n tly  affecting 
th e  rep ro d u c tiv e  g ro u n d s  o f  krill, a n d  co n se q u e n tly  its  re c ru it­
m en t, by  red u c in g  th e  area o f  sea ice fo rm e d  n e a r  th e  A n ta rc tic
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P eninsu la , w h ich  leads to  b o th  fo o d  w eb an d  h u m a n  econom ic  
con seq u en ces58,60.

T h e  m o s t w id esp rea d  effects o f  c lim ate  o n  d y n am ics in  m arin e  
system s app ear, how ever, to  be in d ire c t. T h e  p e rsis ten ce  o f  positive 
anom alies o f  th e  N o r th  A tlan tic  O sc illa tio n  has, fo r  instance, 
m o d ified  m arin e  p r im a ry  an d  se co n d ary  p ro d u c tio n 57. T h is  m ay  
affect th e  availab ility  o f  p la n k to n ic  fo o d  fo r  fish larvae, w hich  
d e te rm in es th e  re c ru itm e n t success a n d  c o n seq u en tly  th e  size o f  
fish p o p u la tio n s58. M ig ra tio n  p a tte rn s  an d  sp a tia l d is tr ib u tio n s  o f 
large pelagic fish, su ch  as b lu efin  tu n a  ( T h u n n u s thyn n u s), can  also 
be a ltered  in d ire c tly  th ro u g h  c lim a te - in d u c e d  changes in  p rey  
a b u n d a n c e 61. In  u p w ellin g  system s, fish p ro d u c tio n  ap pears to  be 
co n tro lle d  by  e n r ic h m e n t, c o n c e n tra tio n  an d  re te n tio n  processes62, 
w h ich  are  them se lves governed  b y  clim atic  facto rs . B ecause te m ­
p e ra tu re  increases sh o u ld  in tensify  upw elling , g lobal fish p ro d u c ­
t io n  cou ld  d ecline  b ecau se  o f  a co n seq u en t re d u c tio n  in  the 
c o n c e n tra tio n  a n d  re te n tio n  processes. C hanges in  th e  n o r th ­
east Pacific ecosystem  th a t  s u p p o r t  th is h y p o th es is  are already  
ev id en t63.

H u m a n  ex p lo ita tio n  m ay  fu rth e r  exacerbate  th e  effects o f  oceanic 
w arm in g  o n  fish p o p u la tio n s . In N o r th  Sea cod ( G adus m ohrua), for 
exam ple, a lo n g  a d u lt lifespan p ro v id es a b u ffe r to  occasional 
re c ru itm e n t failures, b u t  o verfish ing  has tru n c a te d  th e  age s tru c tu re  
o f  th e  p o p u la tio n  an d  th e reb y  increased  v u ln e rab ility  to  th e  adverse 
effects o f  p ro lo n g e d  w a rm in g 64.

S p e c ie s  in teraction s in terrestrial sy s te m s
D irec t c lim atic  effects o n  d ev e lo p m en t, sp a tia l d is tr ib u tio n , and  
species in te ra c tio n s  are  a p p a re n t in  am p h ib ia n s  an d  rep tiles, w hich , 
in  c o m m o n  w ith  o th e r  ec to th e rm s, a re  heav ily  in fluenced  by 
e n v iro n m en ta l c o n d itio n s . B oth  te m p e ra tu re  a n d  h u m id ity  affect 
th e ir  rep ro d u c tiv e  p hysio lo g y  an d  p o p u la t io n  dynam ics . O ogenesis 
a n d  sp e rm ato g en esis  in  te m p e ra te  am p h ib ia n s  an d  rep tiles are 
d e p e n d e n t o n  seasonal te m p e ra tu re  regim es. In  th e  case o f  reptile*'
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th e re  is p a rtic u la r  in te re s t in th e  effects o f  c lim ate  ch an g e  o n  the 
p o p u la tio n  dynam ics o f  species w ith  te m p e ra tu re -d e p e n d e n t sex 
d e te rm in a tio n . In  p a in te d  tu rtle s  (C hrysem ys p ic ta ) o ffsp rin g  sex 
ra tio  is h igh ly  co rre la ted  w ith  m ean  July te m p e ra tu re , a n d  th e  
p ro d u c tio n  o f  m a le  o ffsp ring  w o u ld  be  p o ten tia lly  c o m p ro m ise d  
even by m o d est ( 2 - 4  °C) te m p e ra tu re  increases65,66.

W in te r  w arm in g  h as  p re c ip ita te d  b reed in g  season  changes in 
som e b u t  n o t all species o f  am p h ib ian s  in  B rita in 67. T h is  v ariab ility  
has, in  tu rn , a lte red  te m p o ra l n ich e  o verlaps in  b reed in g  p o n d s  w ith  
im m e d ia te  con seq u en ces fo r tro p h ic  in te rac tio n s . T h u s, new ts 
( Triturus  sp p .)  are  en te rin g  p o n d s  earlie r th a n  b efo re , w h ereas 
frogs (R ana  tem poraria ) have n o t  su b s tan tia lly  a lte red  th e ir  r e p ro ­
d u c tiv e  pheno logy . E m b ry o s an d  larvae o f  ea rly -b reed in g  frogs are, 
the re fo re , exposed  to  h ig h e r  levels o f  n ew t p re d a tio n . Such  exam ples 
illu stra te  th e  h ig h e r-o rd e r  co nsequences o f  p h en o lo g ica l responses 
to  c lim ate  change described  above. E specially  d ra m a tic  in d ire c t 
effects have been  observed  on th e  p o p u la t io n  dynam ics o f  m o n ta n e  
a m p h ib ia n  species38. In  C osta  R ica an d  th e  w estern  USA, sh a rp  
p o p u la tio n  declines have been  lin k ed  w ith  ep id em ic  d isease and  
changes in  p re c ip ita tio n  p a tte rn s  re la ted  to  recen t w a rm in g 38,68. 
F u rth e r, frog p o p u la tio n  declines in  C o sta  R ica have o ccu rred  
sim u ltan eo u s ly  w ith  th o se  o f  an o lin e  lizards (N orops sp p .) , b o th  
b e in g  associa ted  w ith  th e  sam e clim atic  p a tte rn s38.

D elays in  sp rin g  arriva l by  m ig ra to ry  b ird s  m a y  lead  to  increased  
c o m p e titio n  fo r n es t sites w ith  species a rriv in g  earlie r69. E vidence 
also in d ica tes  th a t  w a rm e r  sp rin g  w e a th e r  in  E u rope has d isru p te d  
th e  sy n ch ro n y  betw een  w in te r  m o th  ( O perophtera b ru m a ta )  
h a tc h in g  an d  o ak  b u d  b u rs t, lead in g  to  a m ism a tc h  b e tw een  th e  
p eak  in  insect availab ility  an d  th e  p eak  fo o d  d e m a n d s  o f  g rea t t it 
(Parus m ajor) nes tlings70,71. Such  d ish a rm o n iz a tio n  o f  f in e -tu n e d  
even ts m a y  p o se  co nsequences fo r  species in te ra c tio n s  a n d  th e  
persis ten ce  o f  eco log ical c o m m u n itie s  across an  a rra y  o f  ecosystem s.

E xtensive s tu d ies o f  large m a m m a ls  in d ica te  th a t  c lim atic  
ex trem es ap p ea r to  in fluence  ju v en ile  su rv ival, p r im a rily  d u rin g  
w in te r, a lth o u g h  n o t  in d e p e n d e n tly  o f  p o p u la tio n  d e n s ity 15,72. 
Increasing ly  w a rm  w in te rs  associa ted  w ith  th e  N A O  in flu en ce  th e  
d ev e lo p m en t and  fecu n d ity  o f  red  deer {Cervus elaphus)73 an d  Soay 
sheep ( O vis aries)7'' in  N o rw ay  an d  th e  U K . T h e  im p a c t o f  su c h  life 
h is to ry  responses o n  p o p u la t io n  d y n am ics can  o ccu r y ears la ter 
w h en  co h o rts  have reach ed  re p ro d u c tiv e  m a tu r ity 15,74 a n d  m ay, as in 
th e  case o f  Soay  sheep , o ccu r o n ly  above ce rta in  p o p u la tio n  
d en s itie s75. O n  Isle Royale, USA, c lim ate  d irec tly  in flu en ces te m ­
p o ra l d y nam ics a t p ro d u c e r, h e rb iv o re  an d  carn iv o re  tro p h ic  
levels76, as w ell as in d ire c tly  th ro u g h  m e d ia tio n  o f  tro p h ic  in te r ­
ac tio n s  such  as w o lf  p re d a tio n  a n d  m o o se  h e rb iv o ry 77.

W e have review ed m ere ly  a p o r t io n  o f  th e  e n o rm o u s  b o d y  o f  basic  
resea rch  o n  eco logical an d  physio lo g ica l processes th a t  are  sensitive 
to  clim atic  variab les su ch  as te m p e ra tu re  a n d  p re c ip ita tio n . T h e  
ev idence in d ica tes  th a t  o n ly  30 years o f  w a rm e r  te m p e ra tu re s  a t th e  
e n d  o f  th e  tw e n tie th  c e n tu ry  hav e  affected  th e  p h e n o lo g y  o f  
o rgan ism s, th e  ran g e  a n d  d is tr ib u tio n  o f  species, a n d  th e  c o m p o s i­
t io n  a n d  dynam ics o f  c o m m u n itie s . T hese  exam ples, sp a n n in g  th e  
p re v io u s  cen tu ry  an d  en co m p assin g  m o s t  m a jo r  tax a  an d  ecosys­
te m s o n  E arth , p ro v id e  linkages b e tw een  recen tly  observed  
changes in  n a tu ra l system s an d  tw e n tie th  c e n tu ry  c lim ate  
change. T h e  m ech a n is tic  bases fo r th e  ob se rv ed  b io tic  responses 
to  c lim ate  change have b e e n  well e s tab lished  th ro u g h  ex p erim en ta l 
an d  o b se rv a tio n a l s tu d ie s  on  th e  b eh av io u r, ecology and  p h y sio l­
ogy o f  m any  w ild  species. S uch  s tu d ie s  w ill c o n tin u e  to  p ro v id e  
deta iled  m ech an ism s by  w h ich  c lim atic  ch an g e  affects in d iv id u a l 
physiology, seasonal t im in g , p o p u la tio n  d y n am ics an d  g eo graph ic  
d is tr ib u tio n s .

H ow ever, th e  co m p lex ity  o f  eco log ical in te ra c tio n s  re n d e rs  it 
d ifficult to  ex trap o la te  fro m  s tu d ies o f  in d iv id u a ls  an d  p o p u la tio n s  
to  th e  c o m m u n ity  o r  ecosystem  level. W e do  n o t, fo r  exam ple , have a

clear u n d e rs ta n d in g  o f  th e  ro le s  o f  s h o r t- te rm  versus lo n g -te rm  
e n v iro n m e n ta l sto ch astic ity  a n d  p o p u la tio n - in tr in s ic  processes in 
c o m m u n ity  d y nam ics a n d  s ta b il i ty '6,78. C urren tly , th e  m o s t relevan t 
physical a n d  te m p o ra l scales o f  ecological investiga tion  a re  local and  
s h o r t- te rm  (less th a n  th re e  d ecades). In  co n tra s t, c lim ato logy  
generally  enco m p asses m u c h  la rg e r  sp a tia l an d  te m p o ra l scales. As 
a co n sequence , it  rem ain s d ifficu lt to  l in k  p o p u la tio n  a n d  c o m m u ­
n ity -leve l d y n am ics to  th e  g lo b a l-sca le  s tu d ies o f  a tm o sp h e ric  and  
o cean ic  processes23,79,80.

As b o th  eco logical th e o ry  a n d  c o n se rv a tio n  h is to ry  have show n , 
th e  m o d e rn  land scap e  p ro v id e s  little  flex ib ility  fo r  ecosystem s to 
a d ju s t to  ra p id  e n v iro n m e n ta l changes. In  c o n tra s t w ith  h isto rica l 
responses a n d  m ig ra tio n  p rocesses, species in  m an y  areas tod ay  
m u s t m o v e  th ro u g h  a la n d sc a p e  th a t  h u m a n  ac tiv ity  has ren d ered  
increasin g ly  im passab le81. As a  resu lt o f  th e  w id esp rea d  loss and  
f ra g m e n ta tio n  o f  h ab ita ts , m a n y  areas w h ich  m ay  b eco m e c lim a ti­
cally su itab le  w ith  fu tu re  w a rm in g  a re  rem o te  from  c u rre n t d is­
tr ib u tio n s , an d  b ey o n d  th e  d isp e rsa l cap ac ity  o f  m an y  species. 
C onseq u en tly , species w ith  lo w  ad a p ta b ility  a n d /o r  d ispersa l cap a­
city  w ill be  cau g h t by  th e  d ile m m a  o f  c lim ate -fo rced  range change 
a n d  low  lik e lih o o d  o f  fin d in g  d is ta n t  h a b ita ts  to  co lonize, u ltim ate ly  
re su ltin g  in  increased  e x tin c tio n  rates. F u rth e rm o re , several case 
s tu d ie s  (especially  in  th e  m a r in e  e n v iro n m e n t)  have in d ica ted  th a t 
c lim ate  change can  re in fo rce  th e  d e tr im e n ta l effects o f  h u m a n  
ex p lo ita tio n  an d  m ism a n a g e m e n t a n d  p u sh  species a n d  ecosystem  
to le ran ces  over th e ir  lim its . T h is  is exem plified  by  th e  N o r th  Sea 
cod, w h ich  clearly  illu stra tes th e  h u m a n  eco n o m ic  consequences o f  
su ch  synerg istic  effects, as w ell as b y  th e  m assive an d  d ire c t im p ac ts  
o f  c lim ate  change o n  co ra l reefs th a t  m a y  y ie ld  even m o re  su b stan tia l 
soc ia l a n d  eco n o m ic  im pacts.

It is n o t  s im p ly  th e  m a g n itu d e  o f  ch an g e  o f  g lobal average 
te m p e ra tu re  over th e  last c e n tu ry  b u t  th e  in h e re n t a sy m m e try  in 
chan g e  p rocesses th a t  co m p lica tes  p re d ic tio n s  o f  ecological 
responses, especially  fo r  co m p le x  system s. H ow ever, i t  is clear 
th a t  c o m m u n itie s  a re  a lread y  u n d e rg o in g  re -assem bly  th a t is 
a ttr ib u ta b le  to  c lim ate  change, as several o f  th e  s tud ies c ited  in 
th is review  d e m o n s tra te . T h e  im p lic a tio n s  o f  su ch  large-scale, 
co n s is ten t responses to  relatively  lo w  average rates o f  clim ate 
chan g e  are large a n d  th e  p ro je c te d  w a rm in g  fo r th e  co m in g  decades 
raises even  m o re  co n ce rn  a b o u t its eco log ical an d  also  so c io ­
eco n o m ic  consequences. □
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2 0 7 - 2 1 7  ( 1 9 9 4 ) .

3 5 . E p s te in ,  P. R. c t a l. B io lo g ic a l  a n d  p h y s ic a l  s ig n s  o f  c l im a te  c h a n g e :  f o c u s  o n  m o s q u i t o - b o r n e  d is e a s e s .  

B u ll. A m .  M ete o ro !. S o c . 7 9 ( 3 ) ,  4 0 9 - 4 1 7  ( 1 9 9 8 ) .

3 6 . B r o w n , ). H . ,  V a lo n e , T . J. 8c C u r t i n ,  C . G .  R e o r g a n iz a t i o n  o f  a n  a r id  e c o s y s t e m  in  r e s p o n s e  to  r e c e n t  

c l im a te  c h a n g e . P roc. N a t l  A c a d . S e i.  U S A  9 4 , 9 7 2 9 - 9 7 3 3  ( 1 9 9 7 ) ,

3 7 . S a g a r in ,  R. D ., B a r ry , L P ., G i lm a n ,  S . E . S t B a x te r ,  C .  H .  C l im a te - r e la te d  c h a n g e  i n  a n  in te r t id a l  

c o m m u n i ty  o v e r  s h o r t  a n d  lo n g  t im e  sc a le s .  E coI. M o n o g r .  6 9 , 4 6 5 - 4 9 0  ( 1 9 9 9 ) .

3 8 . P o u n d s ,  I. A ., F o g d e n ,  M . P. L. S t C a m p b e l l ,  J . H .  B io lo g ic a l  r e s p o n s e  t o  c l im a te  c h a n g e  o n  a  t r o p ic a l  

m o u n t a i n .  N a t u r e  3 9 8 ,  6 1 1 - 6 1 5  ( 1 9 9 9 ) ,

3 9 . K in g , ) .  C . 8c H a r a n g o z o ,  S . A . C l im a te  c h a n g e  in  t h e  w e s t e r n  A n ta r c t i c  p e n in s u l a  s in c e  1945: 

o b s e r v a t io n s  a n d  p o s s ib l e  c a u s e s .  A m i. G la c io l. 2 7 ,  5 7 1 - 5 7 5  ( 1 9 9 8 ) .

4 0 . B e r g s tr o m , D . M . &  C h o w n ,  S . L. L ife  a t  t h e  f r o n t :  h i s t o r y ,  e c o lo g y  a n d  c h a n g e  o n  s o u th e r n  o c e a n  

is l a n d s . T r en d s  E co!. E vo l. 1 4 , 4 7 2 - 4 7 6  ( 1 9 9 9 ) .

4 1 . H o e g h - G u ld b e r g ,  O .  C l im a te  c h a n g e ,  c o r a l  b l e a c h i n g  a n d  th e  f u tu r e  o f  t h e  w o r l d ’s  c o ra l  r e e fs . M a r.  

F re sh w a t. R es. 5 0 , 8 3 9 - 8 6 6  ( 1 9 9 9 ) .

4 2 . R e a s e r ,  I. K ., P o m e r a n c e ,  R „  T h o m a s ,  P. O . C o r a l  b l e a c h in g  a n d  g lo b a l  c l im a te  c h a n g e :  s c ie n t if ic  

f in d in g s  a n d  p o lic y  r e c o m m e n d a t i o n s .  C o n se rv . B io l .  1 4 , 1 5 0 0 - 1 5 1 1  ( 2 0 0 0 ) .

4 3 . C o n v e y , P. in  " F in g e r p r in ts "  o f  C l im a te  C h a n g e — A d a p te d  B e h a v io u r  a n d  S h i f t in g  S p c d e s  R a n g e s  ( e d s  

W a lth e r ,  G .-R .,  B u r g a , C .  A . 8c E d w a r d s ,  P. J . )  1 7 - 4 2  ( K l u w e r  A c a d e m ic ,  N e w  Y o rk , 2 0 0 1 ) .

4 4 . B r y a n t ,  D ., B u rk e , L ., M c M a n u s ,  ) .  S t  S p a ld in g ,  M .  R e e fs  a t  R is k :  a  M a p - b a s e d  I n d ic a to r  o f  T h r e a ts  t o  th e  

W o rld 's  C o ra l R ee fs  ( W o r ld  R e s o u r c e s  I n s t i t u t e ,  W a s h in g t o n  D C ,  1 9 9 8 ) .
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4 8 . W ilk in s o n ,  C . R . ( e d . )  S ta tu s  o f  C o ra l R ee fs  o f  th e  W o rld :  2 0 0 0  ( G l o b a l  C o r a l  R e e f  M o n i t o r in g  N e tw o r k , 

A u s tr a l ia n  I n s t i t u t e  o f  M a r i n e  S c ie n c e , T o w n s v il le ,  A u s t r a l ia ,  2 0 0 0 ) .

4 9 . B r o w n , B. E. C o r a l  b le a c h in g :  c a u s e s  a n d  c o n s e q u e n c e s .  C o ra l R ee fs  1 6 , 1 2 9 - 1 3 8  ( 1 9 9 7 ) .

5 0 . S p e n c e r ,  T ., T e lek i, T . A ., B r a d s h a w , C .  S t  S p a ld in g ,  M .  C o r a l  b l e a c h in g  i n  t h e  s o u t h e r n  S e y c h e lle s  
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5 1 . M u m b y , P. | .  e t a l. U n p r e c e d e n t e d  b l e a c h in g - in d u c e d  m o r t a l i t y  in  P o r ite s  s p p .  a t  R a n g i r o a  A to ll,  
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5 5 . C h o w n ,  S . L. St G a s t o n ,  K . 1, E x p lo r in g  l in k s  b e tw e e n  p h y s io l o g y  a n d  e c o lo g y  a t  m a c r o - s c a le s :  t h e  r o le  

o f  r e s p i r a to r y  m e ta b o l i s m  in  in s e c t s .  B io l. R ev . 7 4 ,  8 7 - 1 2 0  ( 1 9 9 9 ) .

5 6 . S a e tre ,  G .-P ., P o s t, E . S< K ra l,  M .  C a n  e n v i r o n m e n ta l  f l u c t u a t i o n  p r e v e n t  c o m p e t i t i v e  e x c lu s io n  in  

s y m p a t r i c  f ly c a tc h e rs?  P roc. R . So c . L o u d . B  2 6 6 ,  1 2 4 7 - 1 2 5 1  ( 1 9 9 9 ) .

5 7 . F r o m e n t in ,  J .- M . S t P l a n q u e ,  B . C a la n u s  a n d  e n v i r o n m e n t  i n  t h e  e a s t e r n  N o r t h  A t la n t ic .  2 .  I n f lu e n c e  

o f  t h e  N o r t h  A t la n t ic  O s c i l l a t i o n  o n  C . f in m a r c h iu s  a n d  C .  h e lg o la n d ic u s . M a r . E co l. P rog . Ser. 1 3 4 , 
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6 1 . P o lo v in a ,  J. I .  D e c a d a l  v a r i a t i o n  in  t h e  t r a n s - P a c i f ic  m i g r a t i o n  o f  n o r t h e r n  b lu e f in  t u n a  ( T h u n n u s

th y n n u s )  c o h e r e n t  w i th  c l im a te - in d u c e d  c h a n g e  in  p r e y  a b u n d a n c e .  F ish  O ce a n o g r. 5 ,  1 1 4 - 1 1 9  

( 1 9 9 6 ) .

6 2 . B a k u n ,  A . in  R e i n v e n t in g  F ish e r ie s  M a n a g e m e n t  ( e d s  P i tc h e r ,  T . J ., H a r t ,  P. 1. B. S t P a u ly , D .)  3 3 1 - 3 5 8  

( K lu w e r  A c a d e m ic ,  D o r d r e c h t ,  1 9 9 8 ) .

6 3 . M c G o w a n ,  J . A .,  C a y a n ,  D . R . S t  D o r m a n ,  L, M .  C l im a te - o c e a n  v a r ia b i l i ty  a n d  e c o s y s te m  r e s p o n s e  in  

th e  N o r t h e a s t  P a c ific . S c ie n c e  2 8 1 ,  2 1 0 - 2 1 7  ( 1 9 9 8 ) .

6 4 . P l a n q u e ,  B . S t  F r é d o u ,  T . T e m p e r a tu r e  a n d  t h e  r e c r u i t m e n t  o f  A t la n t ic  c o d  ( G a d u s  m o h n ia ) .  C a n . f  

F ish . A q u a ! .  S e i.  5 6 ,  2 0 6 9 - 2 0 7 7  ( 1 9 9 9 ) .

6 5 . la n z e n ,  F. J. C l im a te - c h a n g e  a n d  t e m p e r a t u r e - d e p e n d e n t  se x  d e t e r m in a t io n  in  r e p t i le s .  P roc. N a t l  

A c a d . S e i. U S A  9 1 ,  7 4 8 4 - 7 4 9 0  ( 1 9 9 4 ) .

6 6 . R h e n ,  T . S t L a n g , J . W . A m o n g - f a m i ly  v a r i a t i o n  f o r  e n v i r o n m e n ta l  se x  d e t e r m in a t io n  in  r e p t i le s .  

E v o lu t io n  5 2 ,  1 5 1 4 - 1 5 2 0  ( 1 9 9 8 ) .

6 7 . B e e b e e , T . J . C . A m p h i b i a n  b r e e d in g  a n d  c l im a te  c h a n g e .  N a t u r e  3 7 4 ,  2 1 9 - 2 2 0  ( 1 9 9 5 ) .

6 8 . K ie se c k e r ,  J. M . ,  B la u s te in ,  A . R . S t B e id e n , L . K . C o m p le x  c a u s e s  o f  a m p h ib i a n  p o p u la t i o n  d e c l in e s .  

N a t u r e  4 1 0 ,  6 8 1 - 6 8 4  ( 2 0 0 1 ) .

6 9 . B o th ,  C .  S t V is s e r ,  M .  E . A d ju s tm e n t  to  c l im a te  c h a n g e  is c o n s t r a in e d  b y  a r r iv a l  d a t e  i n  a  lo n g - d is ta n c e  

m ig r a n t  b i r d .  N a t u r e  4 1 1 ,  2 9 6 - 2 9 8  ( 2 0 0 1 ) .

7 0 .  V is s e r ,  M .  E . S t H o l l e m a n ,  L , J, M .  W a r m e r  s p r in g s  d i s r u p t  t h e  s y n c h r o n y  o f  o a k  a n d  w i n t e r  m o th  

p h e n o lo g y .  P ro c . R . S o c . L o n d . B  2 6 8 ,  2 8 9 - 2 9 4  ( 2 0 0 1 ) .

7 1 . V is se r, M .  E ., v a n  N o o r d w i j k ,  A . J„  T in b e r g e n ,  J. M . S t L e s se is , C . M .  W a r m e r  s p r in g s  le a d  t o  m is t im e d  

r e p r o d u c t i o n  in  g r e a t  t i t s  ( P a r u s  m a jo r ) .  P ro c . R . So c . L o n d . B  2 6 5 ,  1 8 6 7 - 1 8 7 0  ( 1 9 9 8 ) .

7 2 . M iln e r ,  J . M „  E ls to n ,  D .  A . 8< A lb o n ,  S , D . E s t im a t i n g  th e  c o n t r i b u t i o n s  o f  p o p u la t i o n  d e n s i ty  a n d  

c l im a t i c  f l u c t u a t i o n s  t o  i n t e r a n n u a l  v a r i a t i o n  i n  s u r v iv a l  o f  S o a y  s h e e p ,  / ,  A n im .  E col. 6 8 , 1 2 3 5 - 1 2 4 7

(1 9 9 9 ) .

7 3 . P o s t ,  E . ,  S t e n s e th ,  N .  C . ,  L a n g v a tn ,  R . S t  F r o m e n t in ,  J .- M . G lo b a l  c l im a te  c h a n g e  a n d  p h e n o ty p ic  

v a r i a t i o n  a m o n g  r e d  d e e r  c o h o r t s .  P roc. R . Soc . L o n d . B  2 6 4 ,  1 3 1 7 - 1 3 2 4  ( 1 9 9 7 ) .

7 4 . F o r c h h a m m e r ,  M . C . ,  C l u t to n - B r o c k ,  T . H . ,  L in d s t r ö m ,  J . S t  A lb o n ,  S , D . C l im a te  a n d  p o p u la t io n  

d e n s i ty  i n d u c e  l o n g - t e r m  c o h o r t  v a r ia t io n  in  a  n o r t h e r n  u n g u la te .  / .  A n im .  E col. 7 0 , 7 2 1 - 7 2 9  ( 2 0 0 1 ) .

7 5 . G re n f e l l ,  B . T , e t  a l.  N o is e  a n d  d e t e r m in i s m  i n  s y n c h r o n i z e d  s h e e p  d y n a m ic s .  N a t u r e  3 9 4 ,  6 7 4 - 6 7 7  
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7 6 . P o s t ,  E. S t  F o r c h h a m m e r ,  M . C .  P e r v a s iv e  i n f lu e n c e  o f  la rg e - s c a le  c l im a te  in  t h e  d y n a m ic s  o f  a 

te r r e s t r i a l  v e r t e b r a t e  c o m m u n i ty .  B M C  E col. 1 , 5  ( 2 0 0 1 ) .

7 7 . P o s t ,  E „  P e te r s o n ,  R . O . ,  S t e n s e th ,  N . C .  8 : M c L a r e n ,  B. E . E c o s y s te m  c o n s e q u e n c e s  o f w o l f  b e h a v io u r a l  

r e s p o n s e  t o  c l im a te .  N f l iu r e  4 0 1 ,  9 0 5 - 9 0 7  ( 1 9 9 9 ) .

7 8 . P a s c u a l ,  M . S< L e v in , S . A . F r o m  in d iv i d u a l s  to  p o p u l a t i o n  d e n s i t ie s :  s e a r c h in g  f o r  t h e  in t e r m e d i a t e  

s c a le  o f  n o n t r iv i a l  d e t e r m in i s m .  E c o lo g y  8 0 , 2 2 2 5 - 2 2 3 6  ( 1 9 9 9 ) .
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s tu d i e s ?  C o n se rv . B io l.  7 ,  2 5 6 - 2 7 0  ( 1 9 9 3 ) .

8 0 . H a r r in g to n ,  R ., W o iw o d ,  I. &  S p a r k s ,  T . C l im a te  c h a n g e  a n d  t r o p h i c  in t e r a c t io n s .  T r e n d s  E col. E vol. 14 , 

1 4 6 - 1 5 0  ( 1 9 9 9 ) .

8 1 . P i te lk a ,  L . F. S t  T h e  P l a n t  M ig r a t io n  W o r k s h o p  G r o u p .  P l a n t  m ig r a t i o n  a n d  c l im a te  c h a n g e . A m . Sei. 

8 5 , 4 6 4 - 4 7 3  ( 1 9 9 7 ) .

8 2 . R o y , D . B. 8 t S p a r k s ,  T . H .  P h e n o lo g y  o f  B r i t i s h  b u t t e r f l i e s  a n d  c l im a te  c h a n g e .  G lob . C h a n g e  B io l. 6 , 
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E x te n sio n

55 °C.

A nnealing

1 e in

F igure 1 D N A  a n d  chips. O b e id  e t a í.5 h av e  b u i l t  a m ic ro sc a le  d ev ice  in  w h ich  DNA can  b e  am p lified  
q u ic k ly  u s in g  th e  p o ly m erase  ch a in  re a c tio n  (P C R ). W h e n  a sa m p le  is  a d d e d  a t  e i th e r  o f  th e  PC R  
in p u ts  i t  flow s o v e r h e a tin g  b lo c k s  w h o se  te m p e ra tu r e s  a re  s e t  to  in d u c e  th e  th re e  step s  o f  P C R  
consecu tive ly : d é n a tu ra t io n , o r  u n w in d in g  o f  th e  D N A  s tra n d s ; an n e a lin g , in  w h ic h  p r im e rs  are 
a t ta c h e d  to  th e  se p a ra te d  s tra n d s ; a n d  f in a lly  e x te n s io n  o f  th e  p r im e rs  in to  co m p le te  D N A  s tra n d s , 
to  p ro d u c e  tw o  cop ies o f  th e  o r ig in a l D N A  s t r a n d . S am p les  ca n  b e  ex tra c te d  fro m  th e  c h ip  a fte r  
b e tw e e n  20 a n d  40 P C R  cycles, a t  th e  p o in ts  in d ic a te d . A  fu r th e r  a d v a n tag e  o f  th is  d e s ig n  is  th e  
c h a n n e l fo r  reverse  tr a n s c r ip t io n  (R T), in  w h ic h  R N A  s a m p le s  ca n  b e  tr a n s c r ib e d  in to  D N A  befo re  

e n te r in g  th e  PC R  reg io n  o f  th e  ch ip  fo r  a m p lif ic a tio n .

ne tw o rk  defin ing  four zones, o n e  fo r  reverse 
tran sc rip tio n  and  th ree fo r P C R  (Fig. 1). 
Z on e  tem pera tu res are co n tro lled  by sim ply  
p lacing the en tire  chip over fo u r te m p e ra ­
tu re -co n tro lled  heating  blocks. Five ou tle ts 
fo r p ro d u c t collection are located  a long  the 
channel, so the p ro d u c t can  be analysed 
after 20, 25, 30, 35 and 40 PCR cycles. Using 
th e ir device, th e  a u th o rs  d em o n s tra te  effi­
c ien t am plifica tion  o f DNA after 20 cycles in 
tim es as sh o rt as 5 m inutes. F u rth e rm o re , by

period ically  in jec ting  sm all sam ples (2 pel) 
in to  th e  system , separa ted  by w ater an d  air 
plugs, s im u ltaneous am plification o f  m ultip le  
sam ples can  be p erfo rm ed  in  co n tin u o u s 
flow  w ith o u t c ro ss-con tam ination .

T h e  benefit o f  con tinuous-flow  am plifi­
ca tio n  is fu rth e r  d em o n stra ted  by th is 
dev ice’s ability  to perfo rm  reverse tr a n ­
sc rip tio n  o f  RNA in to  DNA before PCR 
am plifica tion  —  a process widely used fo r the 
q u an tif ic a tio n  o f  m essenger RNA levels.

R everse tra n sc r ip tio n  is p erfo rm ed  w ith in  a 
se rp e n tin e  m ic ro ch an n e l tha t, dow nstream , 
in tersec ts th e  PC R  channel, a n d  subsequently  
p roceeds th ro u g h  th e  h eating  zones. In teg ra ­
tio n  o f  th e  tw o processes w ith in  a m ono lith ic  
device is often  p ro b lem atic  as reverse-tran- 
sc rip tio n  c o m p o n en ts  a t h igh  concen tra tion  
can  in terfere  w ith  th e  PCR. T he au th o rs  
tackle th is  p ro b lem  by reducing  th e  flow rate 
at w h ich  reverse tran sc rip tio n  is perfo rm ed , 
so  th a t, at th e  in te rsec tio n  o f  th e  reverse- 
tra n sc r ip tio n  an d  P C R  channels, th e  reverse- 
tran sc rip tio n  m ix tu re  constitu tes abo u t 10% 
o f  the PC R  volum e. W ith  th is approach, 
h ig h - th ro u g h p u t reverse-transcrip tion -P C R  
(of 0.7- pel volum es) is achieved in  sh o rt tim es 
and  w ith o u t nonspecific  am plification.

T h e  w o rk  described  by O beid  and  co l­
leagues d e m o n s tra te s  th e  t ru e  in teg ra tio n  of 
b io logically  re levan t processes w ith in  a 
m o n o lith ic  device. Im po rtan tly , co n tin u - 
ous-flow  o p e ra tio n  offers a d irect ro u te  to 
au to m a te d  sam p le  in tro d u c tio n , m ixing 
a n d  reaction , a n d  th u s  th e  possib ility  of 
h ig h - th ro u g h p u t sequence  analysis in m any 
p rac tica l ap p lica tio n s. ■
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Climate change

The eariier bird
S i n c e  1 9 0 9 ,  r e s e a i c h e r s  h a v e  b e e n  
c a t c h i n g  a n d  m a i  k in g  m i g r a t i n g  
b i r d s  t h a t  s t o p  o v e r  o n  t h e  i s la n d  
o f  H e lg o la n d  in  t h e  s o u t h e a s t e r n  
N o r th  S e a  T h e s e  b i r d s  b r e e d  in 
S c a n d in a v i a  a n d  s p e n d  t h e  w i n t e r  
in  e i t h e r  c o n t i n e n t a l  E u r o p e  ( s h o r t -  
d i s t a n c e  m i g r a n t s )  o r  A fr ic a  ( lo n g ­
d i s t a n c e  m i g r a n t s )  T h e  m e t h o d s  o f  
t r a p p i n g  — - o n e  t y p e  o f  a p p a r a t u s  
i s  s h o w n  in  t h e  p h o to g r a p h  o p p o s i t e  
—  h a v e  n o t  c h a n g e d  s i n c e  1 9 6 0 .  
M o r e o v e r  t h e  d a t a  c o v e r  a r o u n d  
t w o  d o z e n  s p e c i e s ,  a n d  d e s c i i b e  
t h e  m e a n  t im e  o f  m ig r a t i o n  fo r 
a ll  t r a p p e d  in d iv id u a l s ,  n o t  j u s t  
e x t r e m e s  in  t h e  f o r m  o f  f i r s t  
a r r i v a l s .  A ll o f  t h i s  m a k e s  t h e  
H e lg o la n d  d a t a  s e t s  s o m e  o f  
t h e  b e s t  a v a i l a b l e  w i t h  w h ic h  
to  s t u d y  t h e  t im in g  o f  b ird  
m i g r a t i o n

O m m o  a n d  R a th i  in  H u p p o p  h a v e  
n o w  a n a l y s e d  t h e s e  d a t a  s e t s ,  w i th

r e m a r k a b l e  r e s u l t s  (Proc R Soc 
Lond. B 2 7 0 ,2 3 3 - 2 4 0 ;  2 0 0 3 ) .
T h e y  f in d  t h a t  a i l  2 3  m i g r a to r y  b ird  
s p e c i e s  f o r  w h i c h  s u f f i c i e n t  d a t a  a r e  
a v a i l a b l e  p a s s  b y  H e lg o la n d  o n  th e ir  
w a y  t o  S c a n d in a v i a  e a r l i e r  n o w  —  
b y  t w o  t o  t w e l v e  d a y s  —  t h a n  4 0  
y e a r s  a g o .  T h e r e  i s  a  c l e a r  d iv is io n  
b e t w e e n  s h o r t - d i s t a n c e  m i g r a n t s ,  
w h o s e  m e a n  t i m e  o f  p a s s i n g  
c o r r e l a t e s  w e l l  w i t h  lo c a l  
t e m p e r a t u r e s ,  a n d  l o n g - d i s t a n c e  
m i g r a n t s ,  f o r  w h i c h  i n c r e a s e s  
in  t h e  N AO  i n d e x  (a  m e a s u r e  o f  
t h e  a i r  p r e s s u r e  o v e r  t h e  N o r th  
A tla n t ic  O c e a n )  g i v e  a  m u c h  b e t t e r  
e x p l a n a t i o n  f o r  t h e  e a r l i e i  t im e  
o f  p a s s a g e .

W h e t h e i  a  m i g r a t i n g  b i i d  
a c t u a l ly  l a n d s  o n  a  s m a l l  i s la n d  
w h i le  p a s s i n g  o v e r  i t  d e p e n d s  o n  
m a n y  f a c t o r s .  S u d d e n  c h a n g e s  in 
w e a t h e r  p l a y  a  l a r g e  p a r t .  S o  i t  is  
i m p o r t a n t  t o  a n a l y s e  l a r g e  d a t a

s e t s  to  d i s e n t a n g l e  g e n e r a l  p a t t e r n s  
f r o m  s u c h  i s o l a t e d  e x a m p l e s .  T h e  
c h a n g e s  in  t h e  t im i n g  o f  m i g r a t i o n  
a r e  a p p a r e n t l y  s t r o n g  e n o u g h  to  
b e c o m e  e v i d e n t

T h e s e  c h a n g e s ,  in  p a r t i c u l a r  th e  
e a r l i e r  p a s s a g e  o f  t h e  l o n g - d i s t a n c e  
m i g r a n t s ,  r a i s e  q u e s t i o n s  a b o u t  t h e  
c o n t r o l  o f  s p r i n g  m i g ia t i o n .  T h e r e  
a r e  t h r e e  m a i n  h y p o t h e s e s  t h a t  
m i g h t  e x p l a i n  t h e i r  e a r l i e r  p a s s a g e  
F ir s t ,  t h e  m o m e n t  o f  l e a v in g  A fr ic a  
h a s  n o t  c h a n g e d ,  b u t  r e f u e l l i n g  in 
c o n t i n e n t a l  E u r o p e  p i o c e e d s  m o i e  
q u ic k ly ,  b e c a u s e  m o r e  f o o d  —  in 
t h e  fo rm  o f  i n s e c t s  —  is  a v a i l a b l e  
e a r l i e r  ( I n c r e a s e s  in  t h e  NAO 
in d e x  g e n e r a l l y  i n d i c a t e  f a v o u r a b l e  
s p r in g  c o n d i t i o n s  in  E u ro p e . )
S e c o n d ,  if t h e  w e a t h e r  in  A fr ic a  is  
a l s o  c o r r e l a t e d  w i t h  t h e  N AO  i n d e x ,  
t h e n  t h e  b i r d s  m i g h t  l e a v e  e a r l i e r  
b e c a u s e  t h e  s e a s o n s  t h e r e  a l s o  
c h a n g e  e a r l i e r .  T h i r d ,  t h e  w e a t h e r  in

A fr ic a  h a s  n o t  c h a n g e d ,  b u t  n a t u r a l  
s e l e c t i o n  h a s  a l t e r e d  t h e  ' t r i g g e r  
v a l u e s '  fo i  s t a r l i n g  m ig r a u o n .  E a c h  
h y p o t h e s i s ,  if t r u e ,  w o u ld  m a r k  a n  
e x c i t in g  b r e a k  w i t h  e x i s t in g  
k n o w l e d g e ,  a n d  I e a g e r l y  a w a i t  
f u r th e r  r e s u l t s  o n  c h a n g e s  in  s p r in g  
m i g r a t i o n .  A rie  J .  v a n  N o o rd w ijk  
A rieJ . van  N oordw ijk  is  a t the 
N etherlands In s titu te  o f  Ecology 
Boterhoeksestraal 4H. 6666 GA 
H eteren , The Netherlands, 
e-m ail: a. vannoordw ijk®  
n io o k n a w .n l
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