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 J ourn al of A n im al


 Ecology  1996,


 65, 539-544


 In creased daily  w ork  precipitates n atural death  in  th e


 k estrel


 SE R G E  D A A N *t, C H A R L O T T E  D E E R E N B E R G * an d  C O R  D IJ K ST R A *t


 *Z oolog ical L ab oratory , U n iv ersity  of G ron in g en ; tM ax  P lan ck  In stitut fu r V erh alten sp h y siolog ie, A n d ech s a


 tR ijk sw aterstaat, D irectie F lev olan d , L ey stad , T h e N eth erlan d s


 Su m m ary 


 1. C osts of rep rod u ction  h av e b een  assessed  ex p erim en tally  b y  m easu rin g  su b sequ en t


 su rv iv al an d  rep rod u ction  of p aren t an im als raisin g  en larg ed  an d  red u ced  n u m b ers


 of offsp rin g . R ep orted  effects on  su rv iv al h av e so far alw ay s referred  to local su rv iv al


 of m ark ed  in d iv id u als in  th e stu d y  p op u lation . T h ey  d o n ot p rov id e d efin itiv e p roof


 of a cost of rep rod u ction , sin ce red u ced  local su rv iv al m ay  b e d u e eith er to red u ced


 su rv iv al or to an  in creased  ten d en cy  to em ig rate from  th e stu d y  area. T h erefore, it is


 im p ortan t to assess m ortality  rates in  con n ection  w ith  b rood  size ex p erim en ts


 2. W e rep ort an  an aly sis of th e tim e of d eath  in  63 cases w h ere k estrels, F alco


 tin n u n cu lu s L . h ad  raised  b rood s of m an ip u lated  size an d  w ere su b sequ en tly  rep orted


 fresh ly  d ead . 60%  of th e p aren ts raisin g  tw o ex tra n estlin g s w ere rep orted  d ead  b efore


 th e en d  of th e first w in ter, com p ared  to 29%  of th ose raisin g  con trol or red u ced


 b rood s. T h is resu lt con firm s ou r in terp retation  of th e m an ip u lation  effects on  local


 su rv iv al as d u e to m ortality  rath er th an  em ig ration . T h e ex tra m ortality  occu rred  in 


 th e w in ter follow in g  th e b rood  en larg em en t


 3. K estrel p aren ts in  th ese ex p erim en ts h av e b een  sh ow n  to ad ju st th eir d aily  en erg y 


 ex p en d itu re to th e m od ified  b rood  size. In creased  p aren tal effort in  th is sp ecies th u s


 en tails an  in creased  risk  of d eath  h alf a y ear later.


 K ey -w ord s: b rood  size m an ip u lation , cost of rep rod u ction , d isp ersion , recov eries,


 su rv iv al


 J ou rn al of A n im al E colog y  (1996), 65, 539-544


 In trod u ction 


 A  red u ction  in  th e resid u al rep rod uctiv e v alue of p ar- 

 en ts as a con sequ en ce of th eir rep rod u ctiv e effort, as 

 p ostu lated  first b y  W illiam s (1966), is on e of th e cen -

 tral th eorem s of life-h istory  th eory . T h is cost of rep ro- 

 d u ction  in  iterop arou s an im als lead s to a trad e-off 

 b etw een  th e n u m b er of offsp rin g  in  th e cu rren t b rood  

 (b rood  size) an d  ex p ected  fu tu re rep rod u ction , an d  

 form s th e b asis of clu tch  size th eory  (C h arn ov  &  K reb s 

 1974). A  cost of  rep rod u ction  m ay  b e fou n d  in  su b -

 sequ en t fecu n d ity  or in  su b sequ en t su rv iv al or in  b oth . 

 T h e m eth od  to ev aluate su ch  costs h as g en erally  b een  

 th e m an ip u lation  of th e n u m b er of y ou n g  after b irth  

 of a litter or b rood , an d  th e su b sequ en t assessm en t

 of su rv iv al an d / or fecun d ity  of in d iv id ually  m ark ed  

 p aren ts in  th e stu d y  p op u lation . T h e m ost clearcu t 

 effects on  su b sequ en t fecu n d ity  h av e b een  th ose w h ere 

 th e in cid en ce of secon d  b rood s w as red u ced  follow in g  

 en larg em en t, or en h an ced  follow in g  red u ction  of th e 

 first b rood  (Sm ith , K allan d er &  N ilsson  1987; L in d en

 1988; T in b erg en  1987; V erh ulst 1995; V erh ulst &  H u t 

 1996). In  ad d ition , lon g -term  effects on  rep rod u ctiv e


 su ccess h av e b een  ob serv ed  (G u stafsson  &  Su th erlan d


 1988; R osk aft 1985; V erh u lst 1995). E ffects on  fec-

 u n d ity  m ay  b e v iew ed  eith er as a p h y siolog ical or as a


 strateg ic con sequen ce of th e ex p erim en t. F or in stan ce,


 th e effects m ay  b e in  th e first p lace on  a p h y siolog ical


 con d ition  affectin g  th e p rob ab ility  of su rv iv al, w h ich 


 m ig h t alter th e strateg ic d ecision  of th e an im als


 w h eth er or n ot to p rod uce an oth er b rood .


 E ffects of b rood  size m an ip u lation s on  su rv iv al


 itself h av e b een  less u n am b ig u ou sly  d em on strated .


 Su ch  effects h av e so far b een  rep orted  in  th ree sp ecies


 (F iced u la h y p oleu ca A sk en m o 1979; P aru s caeru leu s


 N u r 1984, b u t see P ettifor 1993; F alco tin n u n cu lu s


 D ijk stra et al. 1990). In  all cases th e d ata refer to local


 su rv iv al, i.e. th e relativ e frequ en cy  of retu rn  to th e n ex t


 b reed in g  p op u lation  of in d iv id u ally  m ark ed  p aren ts.


 D ecreased  local su rv iv al m ay  reflect in creased  m or-

 tality  or an  in creased  ten d en cy  to leav e th e local area,


 or a com b in ation  of b oth . In creased  em ig ration  is a


 p lausib le altern ativ e h y p oth esis for b ird s for w h om 


 rep rod u ction  h as b een  m ore ex h au stiv e, an d  w h ich 
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 m ay  h av e ex p erien ced  th is as a p oor situ ation . T h u s,


 d ecreased  local su rv iv al follow in g  b rood  en larg em en t


 b y  itself d oes n ot con stitu te ev id en ce for a cost of


 rep rod u ction . A lon g  th e sam e lin e of reason in g , th e


 ab sen ce of an  ex p erim en tal effect on  local su rv iv al is


 n o ev id en ce to refu te a cost of rep rod u ction . T h is is


 p articu larly  tru e w h en  th e effort of p aren ts raisin g  th e


 en larg ed  b rood  h as n ot b een  assessed , as is frequ en tly 


 th e case.


 In  v iew  of th is d ilem m a, w e h av e u n d ertak en  to 

 assess th e rate of m ortality  in  k estrels h av in g  raised 

 m an ip u lated  b rood s. T h is w as d on e b y  record in g  all

 rin g  recov eries of b ird s fou n d  fresh ly  d ead  b y  th e


 g en eral p u b lic an d  calcu latin g  th e p rop ortion  reco-

 v ered  m ore th an  on e y ear after th e ex p erim en t. W e


 n ow  rep ort th at after raisin g  tw o ex tra n estlin g s, p ar- 

 en ts su ffer in creased  m ortality  in  th e su b sequ en t

 w in ter, an d  th u s p rov id e d irect ev id en ce for a p h y sio-

 log ical cost of rep rod u ctiv e effort. 

 M eth od s


 A m on g  p airs of n ests, ch aracterized  b y  sim ilar lay in g

 d ate an d  clu tch  size, n estlin g s w ere ex ch an g ed  w h en

 arou n d  7 d ay s old ; tw o n estlin g s w ere m ov ed  from  on e

 ('red u ced ') n est to an  oth er ('en larg ed ') n est. K estrel 

 p aren ts accep t n ew  n estlin g s as th eir ow n , an d  ad ju st

 th eir d aily  food  p rov ision in g  rate to th e ch an g ed

 d em an d s from  th e b rood , su ch  th at m ore y ou n g  fled g e

 from  en larg ed  th an  from  con trol b rood s (D ijk stra et

 al. 1990). T h is is ach iev ed  b y  an  in crease in  d aily  tim e

 sp en t h u n tin g  for food  (M asm an  et al. 1989; D ijk stra

 et al. 1990) an d  in  d aily  en erg y  ex p en d itu re as assessed

 b y  th e d ifferen tial in  clearan ce rates of stab le isotop es

 of ox y g en  an d  h y d rog en , th e 'D ou b ly  L ab elled  W ater'

 m eth od  (D eeren b erg  et al. 1995). 

 A ltog eth er, 200 p airs of k estrels w ere in v olv ed ,

 b reed in g  in  th e y ears 1985-90 in  tw o stu d y  p op u -

 lation s in  th e N eth erlan d s (M asm an , D aan  &  B eld h u is


 1988; M asm an  et al. 1989; D ijk stra et al. 1990; D aan ,


 D ijk stra &  T in b erg en  1990). In  373 of th e 400 cases 

 th e p aren t w as rin g ed , an d  th e p rop ortion  of th ese

 cases in  w h ich  th e b ird  w as ob serv ed  aliv e in  th e stu d y

 p op u lation  at least 1 y ear after th e ex p erim en t ('local

 su rv iv al') cou ld  b e assessed . W h en  su rv iv in g  locally ,

 an  in d iv id u al cou ld  en ter th e d ata set a secon d  tim e, 

 or a th ird , etc. In  ad d ition , 'g lob al su rv iv al' w as esti-

 m ated  from  63 cases of b ird s w h ich  h ad  b een  in v olv ed 

 in  th e ex p erim en t an d  w ere su b sequ en tly  rep orted

 fresh ly  d ead  in  th e y ears 1985-94. T h e fraction  of th ese

 b ird s th at d ied  m ore th an  1 y ear after th e ex p erim en t

 g iv es an  estim ate of g lob al an n u al su rv iv al. A  sm all

 fraction , estim ated  at 0-14 for th e 1990 b ird s, an d

 dow n  to 0-006 for 1985, on  th e basis of data from  

 D ijk stra (1988), is prob ably  still alive today  (1995), 

 an d  causes our d ata to slig h tly  un derestim ate true 

 survival rates. H ow ever, th is bias sh ould  n ot cause a 

 differen ce betw een  exp erim en tal groups, as th ese w ere

 equally  distributed  over th e 6 y ears of exper-

 im en tation .


 R esults


 R ed u ced  an d  en larg ed  n ests d id  n ot d ev iate sig -

 n ifican tly  from  u n m an ipulated  con trol n ests in  term s


 of lay in g  d ata an d  clutch  size, b u t th ey  d iffered  from 


 con trols in  th e n um b ers of fled g lin g s raised  (T ab le 1).


 In  sp ite of a sig n ifican t in crease in  n estlin g  m ortality 


 in  th e en larg ed  brood s, p aren ts ap p aren tly  w ere ab le


 to raise m ore n estlin g s th an  th eir ow n  b rood .


 L ocal su rv iv al of p aren ts d ecreased  w ith  th


 of n estlin g s (6N  = -2; 0; or+ 2) th at h ad  b


 to th eir fam ily  (F ig . la, op en  sy m b ols). T


 d en ce of local su rv iv al on  m an ip u lation  w a


 log istic reg ression  an d  fou n d  to b e sig n ific


 P  < 0-05 lev el (T ab le 3). A d d in g  y ear of t


 m en t d id  n ot sig n ifican tly  red u ce th e d ev ia


 m od el. In clu d in g  y ear in  th e m od el red u ced


 w h ich  still b ord ers on  sig n ifican ce. T h is co


 earlier an aly sis b ased  on  p art of th ese d at


 et al. 1990). T h e sam e effect w as fou n d  w h e


 in d iv id u al b ird  on ly  th e first ex p erim en t


 in to accou n t (F ig . la, solid  sy m b ols). A g ain , th e


 d ep en d en ce of local su rv iv al on  m an ip u lation  is sig -

 n ifican t (T ab le 3). Y ear d id  n ot sig n ifican tly  red u ce


 th e d ev ian ce, an d  in clu d in g  y ear in  th e m od el red u ced


 X 2 to 5-74, w h ich  is still sig n ifican t (P  < 0.025). T h e


 effect of m an ip u lation  on  local su rv iv al can  th erefore


 n ot b e attrib u ted  to th e fact th at som e of th e su rv iv in g


 b ird s re-en tered  th e stu d y  p op u lation . T h e ov erall


 effect is n ot d u e to sp u riou s y ear-to-y ear d ifferen ces


 in  local su rv iv al. F u rth erm ore, th e effect of th e ex p eri-

 m en t w as ob serv ed  in  b oth  g en d ers (T ab le 2).


 T h e p rop ortion  of all ex p erim en tal b ir


 rep orted  d ead  b y  th e g en eral p u b lic (see

 associated  n eith er w ith  g en d er (A N O V A  F


 n or w ith  ex p erim en tal m an ip u lation  (F 2


 T h e p rop ortion  am on g  th ese d ead  recov er


 th at h ad  su rv iv ed  at least 1 y ear d ecreased


 raisin g  red uced  to th ose raisin g  en larg ed  b


 su rv iv al of con trol p aren ts w as in term ed ia


 of b oth  g en d ers (T ab le 2, F ig . lb , op en

 L og istic reg ression  of th e p rop ortion  of


 v iv in g  1 y ear y ield ed  a sig n ifican t con t


 ex p erim en tal g rou p  to th e ex p lain ed  v arian ce


 (I2 = 5-00; P  < 0 .05). In  th is case, in clu d in g  y ear in 


 th e m od el d id  sig n ifican tly  red u ce th e d ev ian ce, an d


 red u ced  th e 2, to 3 .74, w h ich  b ord ers on  sig n ifican ce


 (T ab le 3). A s w ith  local su rv iv al, th e sam e effect w as


 fou n d  for g lob al su rv iv al w h en  for each  in d iv id u al


 b ird  on ly  th e first ex p erim en t w as tak en  in to accou n t


 540
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 n atu ral d eath  in  th e
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 541


 S. D aan ,


 C . D eeren b erg  & 


 C . D ijk stra


 T ab le 1. Stan d ard  rep rod u ctiv e p aram eters for ex p erim en tal an d  con trol n ests. M ean s + stan d ard  d ev iation  (n u m b er of n ests


 in  p aren th eses). Lay in g  d ate ex p ressed  as d ay  of th e y ear (121 = 1 M ay ). M ortality  is th e p rop ortion  of n estlin g s d y in g  b etw een 


 b rood  size m an ip u lation  an d  fled g in g . P aren tal D E E  in  k J  d ay -' (from  D eeren b erg  et al. 1995) as m easu red  in  25 p aren t


 k estrels in  1992 (n u m b er of in d iv id u al p aren ts in  p aren th eses). L ay in g  d ate an d  clu tch  size d id  n ot v ary  b etw een  ex p erim en tal


 g rou p s. Y ou n g  fled g ed , n estlin g  m ortality  an d  p aren tal D E E  w ere sig n ifican tly  affected  b y  ex p erim en tal m an ip u lation 


 E x p erim  en tal g rou p  R ed u ced  C on trol E n larg ed  F , P


 L ay in g  d ate 116-0+11.7(44) 1159+ 15-0(103) 118-7?+ 12-6(52) F 2,196 078;


 P  > 010


 C lu tch  size 5-44 0-73 (43) 5-31 0.89 (96) 5-42 + 082 (52) F 2,187 = 0.80;


 P  > 0-10


 Y ou n g  fled g ed  2.95 +096 (44) 4.61 + 1 18(104) 6-35 + 169 (52) F ,198 = 165;


 P  < 0.001


 N est m ortality  0.03 +0.10(44) 0.04+ 013(104) 011 +0-22(52) F l,198 = 10-25;


 P  < 0'002


 P aren tal D E E  368 + 60 (9) 428 + 65 (7) 449 + 70 (9) F 1,23 = 7.24;


 P  < 0.02


 1.0


 (a) 

 (b)


 0.8 -

 0.6 -

 0.4 -

 0'2 -

 R ed u ced  C on trol E n larg ed  R ed u ced  C on trol E n larg ed


 B rood  size


 F ig . 1. F irst-y ear su rv iv al in d ices for k estrel p aren ts after raisin g  a m od ified  b rood . P rop ortion s su rv iv in g  ? 95%  con fid en ce


 in terv al b ased  on  b in om ial d istrib u tion s. O p en  sy m b ols = p rop ortion s b ased  on  all cases (n u m b ers of b ird s as in  T ab le 2);


 closed  sy m b ols = p rop ortion s b ased  on ly  on  th e first case for each  in d iv id u al b ird . (a) Su rv iv al b ased  on  local recov eries of


 liv e b ird s w ith in  th e stu d y  p op u lation  on e or m ore y ears later. (b ) Su rv iv al b ased  on  th e fraction  su rv iv in g  I y ear am on g  all


 recov eries rep orted  fresh ly  d ead .


 ? 1996 B ritish 


 E colog ical Society ,


 J ou rn al of A n im al


 E colog y , 65, 539-544


 T ab le 2. In d ices of su rv iv al an d  d isp ersion  for k estrel p aren ts raisin g  ex p erim en tal an d  con trol b rood s. L ocal su rv iv al is b ased


 on  liv e recov eries in  th e stu d y  p op u lation  after 1 y ear, g lob al surv iv al on  th e fraction  of recov eries later th an  I y ear am on g  all


 d ead  recov eries. N u m b ers in  p aren th eses. F or 'in d iv id u als' on ly  th e first case (w ith  recov ery  d istan ce on ly  th e last case) in 


 w h ich  each  in d iv id u al p articip ated  in  th e stu d y  w as reg ard ed . F or statistical an aly sis of su rv iv al see T ab le 3


 E x p erim  en tal g rou p  R ed u ced  C on trol E n larg ed


 G  en d er M  ale F em  ale M  ale F em  ale M  ale F em  ale


 L ocal su rv iv al


 C ases 0-62(39) 0-61(44) 0-57 (92) 0-44(99) 0-50(48) 0-43(51)


 In d iv id u als 0-58(24) 0-69(32) 0-57 (65) 0.47 (75) 0-48(31) 0-35(34)


 G lob al su rv iv al


 C ases 0-70(10) 0-87(8) 0-73(15) 0-60(15) 0-44(9) 0-33(6)


 In d iv id u als 0-86(7) 1-00(4) 0-57(7) 0-61(13) 0-25(4) 0-50(4)


 R ecov ery  d istan ce (m  ean  elog  k m  )


 In d iv id u als 0-69(3) 2-17(6) 1-34(8) 2-18(11) 1-09(7) 2-56(4)


 R an g e (k m  ) 0-3 2-94 0-10 1-185 0-20 0-37
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 In creased  d aily 


 w ork  p recip itates


 n atural d eath  in  th e


 k estrel


 T ab le 3. L og istic reg ression  of first-y ear p aren tal local an d  g lob al surv iv al (0 = n ot su rv iv ed ; 1 = su rv iv ed ) on  m an ip u lation 


 (n estlin g s ad d ed : -2 = red u ced ; 0 = con trol; 2 = en larg ed ) an d  y ear of ex p erim en t (d u m m y  v ariab le). C ases refer to all


 ex p erim en ts, in d iv id u als on ly  to th e first ex p erim en t in  w h ich  an  in d iv id u al p articip ated . P -v alu es for th e sig n ifican ce of th e


 con trib u tion  to th e ex p lain ed  v arian ce w ere tak en  from  th e x 2 d istrib u tion . C oefficien ts w ere tak en  from  th e m od el con tain in g 


 m an ip u lation  on ly 


 (In crease in ) (In crease in ) M ean


 d ev ian ce d .f. P  coefficien t SE


 L ocal surv iv al: cases


 N u ll m  od el 516-63 372


 F in al m  od el 512-73 371


 C on stan t - 1 0-083 0-104


 M  an ip u lation  3-90 1 0-048 -0-148 0-075


 R ejected : Y ear 8-83 5 0-116


 L ocal su rv iv al: in d iv id u als


 N u ll m  od el 361-51 260


 F in al m  od el 355-27 259


 C on stan t 1 0-087 0-126


 M  an ip u lation  5-74 1 0-017 - 0231 0-094


 R ejected : Y ear 10-90 5 0-053


 G lob al surv iv al: cases


 N  u ll m  od el 82-69 62


 F in al m  od el 54-96 56


 C on stan t - 1 0-561 0-273


 Y ear 22-73 5 0-0004


 M  an ip u lation  3-74 1 0-053 -0-421 0-196


 G lob al su rv iv al: in d iv id u als


 N  u ll m  od el 50-92 38


 F in al m  od el 29-45 32


 C on stan t 1 0-584 0-365


 Y ear 15-16 5 0.010


 M  an ip u lation  4-76 1 0-029 -0-663 0-291


 (F ig . lb , solid  sy m  b ols). F or th e in d iv id u al b ird s, th e

 d ep en d en ce of g lob al su rv iv al on  m an ip u lation  cat-

 eg ory  rem  ain s sig n ifican t after in clu d in g  y ear in  th e

 m  od el (P  < 0-05; T ab le 3). A g ain , th e effect can  n ot

 b e attrib u ted  to th e fact th at som e b ird s su rv iv in g

 locally  re-en tered  th e stu d y  p op u lation .

 If b ird s from   th e th ree ex p erim en tal g rou p s h ad  a

 d ifferen t ten d en cy  to d isp erse to areas v ary in g  in  th e


 p rob ab ility  of rep ortin g , th en  th e p rop ortion  rep orted


 d ead  after m  ore th an  1 y ear w ou ld  rep resen t a b iased


 in d ex  of su rv iv al. W  e th erefore an aly sed  th e d is-

 trib u tion  of d istan ces of d ead  b ird s from   th e ex p er-

 im  en tal area. T h is w as d on e b y  first log -tran sform  in g


 th ese d istan ces (in  v iew  of th e sk ew n ess of th e d is-

 trib u tion s) an d  th en  reg ressin g  elog  d istan ce on  g en d er


 an d  th e last receiv ed  ex p erim  en tal treatm  en t. M  ean


 recov ery  d istan ces an d  ran g es are sh ow n  in  T ab le 2.


 F em  ales w ere rep orted  fu rth er aw ay  from   th e ex p er-

 im  en tal area, an d  th is d ifferen ce w as sig n ifican t


 (F 1,37 = 8-30; P  < 0-01). A fter con trollin g  for g en d er,


 elog  d istan ce w as n ot associated  w ith  ex p erim  en tal


 g rou p  (F 1,36 = 025; P  > 0-1). C on trollin g  for y ear of


 th e ex p erim  en t d oes n ot ch an g e th ese resu lts. T h ere-

 fore, th ere ap p ears to b e n
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 n ation s in v ok in g  d ifferen ces in  b eh av iou r an d  rep ort-

 in g  rates cau sin g  th e d rastic effects of th e ex p erim  en ts


 on  su rv iv al. U sin g  th e log -su rv iv o


 from  all b ird s rep orted  d ead , w e c


 th e tim in g  of th e en h an ced  m  ort


 h av in g  raised  in creased  b rood s. A

 y ear su rv iv al rates w ith  resp ect to


 th at m ortality  w  as m  ost sev ere d u ri


 2). Su rv iv al d u rin g  th e su m  m  er an
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 th e ex p erim en t (J u n e-O ctob er) w as 0-89 (56/ 63) an d 


 w as n ot associated  w ith  ex p erim en tal m an ip u lation .


 Su rv iv al rates in  th e su b sequ en t w in ter (N ov em b er-

 M arch ) w ere sig n ifican tly  affected  b y  th e ex p erim en t,


 as d em on strated  b y  log istic reg ression : y  = ln 


 [S/ (1-S)] = 1149-0 513 SN  (n u ll m od el: d ev i-

 an ce 62-98, d .f. 55; fin al m od el 58-03, d .f. 54; ch an g e

 in  d ev ian ce b y  in clu d in g  6N : 4-95; P  = 0-027).


 D iscu ssion 


 T h e d ata p resen ted  in  F ig . 1 rep resen t th e f irst ev i-

 d en ce f or in creased  m ortality  of  in d iv id u als trick ed

 in to an  in creased  rate of  d aily  w ork  in  th e f ield . It

 con f irm s ou r earlier ten tativ e in terp retation  (D aan  et

 al. 1990) th at red u ced  'local su rv iv al' is d u e to 

 in creased  m ortality , an d  n ot a result of in creased  d is-

 p ersal from  th e stu d y  area. T h ere is in d eed  reason ab le

 qu an titativ e corresp on d en ce b etw een  th e tren d s 

 ob serv ed  in  local an d  in  g lob al surviv al (Fig . 1). T h e

 d ata th us p rov id e solid  ev id en ce for a life h istory  cost

 of rep rod uction  in  th e k estrel. 

 T h e m ech an ism s m ed iatin g  th ese effects of th e rate

 of p aren tal w ork  on  m ortality  rem ain  to b e u n ravelled . 

 T h e fact th at th e in creased  m ortality  is foun d  d u rin g

 th e w in ter m on th s, lon g  after th e b reedin g  season ,

 sug g ests th at it is n ot d ue to in stan tan eous h azard s to

 th e an im als, such  as in creased  p red ation  (M ag n h ag en

 1991) or d isease d urin g  th e ep isod e of (m an ip ulated )

 p aren tal care. 

 A n  altern ativ e h y p oth esis w ould  b e a tem p orary  

 su pp ression  of v itality , for in stan ce d u e to in terferen ce

 of th e rate of w ork  w ith  fun ction in g  of th e im m un e

 sy stem  (A p an ius 1993; D eeren b erg  1996). Such  a

 h y p oth esis w ould  b e in  lin e w ith  th e orig in al su g g es-

 tion  b y  C av e (1968) th at in creased  b rood  size m ay

 ag g rav ate a 'risk  of d eath  b y  ex h au stion ' in  k estrels. 

 T h e con sequen ces for m ortality  m ig h t th en  b e m easur- 

 ab le on ly  sev eral m on th s after th e ex p erim en t, w h en 


 con d ition s of w eath er an d  food  av ailab ility  h av e


 d eteriorated .


 T h ere is still a th ird  h y poth esis w h ich  m ig h t exp lain 
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 th eory . T h is th eory , origin ally  d ue to P earl (1928),

 an d  later d ev elop ed  by  Sach er (1978), states th at th e

 rate of d eg en erativ e cell d estru ction  un d erly in g 

 ag ein g, sen escen ce an d  d eath  is p roportion al to th e

 rate of m etab olic en erg y  turn over. T h e th eory  h as

 d eriv ed  correlative sup port from  com p arative studies


 on  life sp an  an d  m etab olic rate (P earl 1928; Sach er


 1978; C ald er 1984), an d  from  th e association  betw een 


 life sp an  an d  th e in cid en ce of torpor in  h ib ern ators
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 ex perim en tal results is still con troversial (e.g. R ose

 1991). T h is th eory  h as poten tially  im portan t im plica-

 tion s for th e th eory  of life-h istory  op tim ization  (Stearn s


 1992). It w ould  p redict a n on -tem p orary , cu m ula-

 tive effect of en erg y  m etab olism  on  rates of surv iv al.


 O ur data d o n ot allow  us to d istin g uish  betw een  m or-

 tality  rates of th e exp erim en tal g roup s m ore th an  a


 y ear later. T oo few  in dividuals survive 1 y ear after


 raisin g  in creased  fam ilies to assess subsequen t


 surv iv al. T h e stud y  can  th erefore n ot b e con clusiv e on 


 th e cu m ulativ e asp ect of th e association  b etw een  w ork 


 rates an d  surv iv al. T h e rate of livin g  h y p oth esis w ould


 y ield  a rate of m ortality  w h ich  is roug h ly  p roportion al


 to en erg y  exp en d iture. T h e effect of th e ex perim en ts


 on  first-y ear m ortality  seem s d isprop ortion ally  larg e


 com p ared  to th e effect on  D aily  En erg y  Expen d iture.


 A n n ual m ortality  in creased  from  0-22 for paren ts of


 red uced  b roods to 0-60 for en larg ed  brood s (T able 2),


 a n early  th reefold  in crease. D EE  d urin g  p aren tal care


 in creased  from  368 to 449 k J  d ay -' (T ab le 1), an 


 in crease of on ly  22% , an d  m uch  less if in teg rated  ov er


 a y ear, if w e assum e th at D EE w ould  revert to n orm al


 levels in  all experim en tal g roups after th e tim e of p ar-

 en tal care. Sin ce it m ig h t b e an ticipated  th at effects


 of experim en tally  in creased  m etabolic rates b ey on d


 op tim al lev els p recip itate th e ag ein g  process an d  sh or-

 ten  life span  in  a n on -lin ear fash ion  w e can n ot rule


 out th e possib ility  th at a tem p orarily  en h an ced  D EE


 w ould  lead  to d isp roportion ately  in creased  m ortality .


 T h e results are th erefore n eith er in con sisten t w ith  th e


 rate of livin g  th eory  n or p rovide an y  support for it.


 R egardless of th e m ech an ism , th e assay  of m ortality 


 follow in g  b rood  size m an ipulation s provides stron g


 eviden ce for lon g-term  detrim en tal effects of excess


 paren tal effort as h ave b een  p ostulated  by  D ren t & 


 D aan  (1980), an d  w h ich  play  a k ey  role in  th e th eory 


 of optim al rep roductive decision s (W illiam s 1966;


 C h arn ov  &  K rebs 1974; D aan  et al. 1990; Stearn s


 1992).


 A ck n ow led g em en ts


 T h is stud y  w as su p p orted  b y  N W O -B IO N  g ran ts, an d 
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