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 P R O C EE D IN G S


 -O F -1 P i) P r?c- R - Soc- B  (2006) 273, 547-555


 T H E  R O Y A L  rV \  d oi:10.1098/ rsp b .2005.3357


 SO C  I E T Y  1L J J  P u b lish ed  on lin e 6 D ecem b er 2005


 E stim atin g  in d iv id u al con trib u tion s to p op u lation 


 g row th : ev olu tion ary  fitn ess in  ecolog ical tim e


 T . C ou lson 1 '*, T . G . B en ton 2, P . L u n d b erg 3, S. R . X . D all4,


 B . E . K en d all5 an d  J .-M . G aillard 6


 1 D iv ision  of B iolog y  an d  C en tre for P op u lation  B iolog y , F acu lty  of L ife Scien ces, Im p erial C olleg e, Silw ood  P ark ,


 A scot, B erk sh ire SL 5 7P Y , U K 


 2Sch ool of B iolog y , U n iv ersity  of L eed s, L eed s LS2 9J T , U K 


 3D ep artm en t of T h eoretical E colog y , E colog y  B u ild in g , L u n d  U n iv ersity , 223 62 L u n d , Sw ed en 


 ^C en tre for Ecolog y  an d  C on serv ation , U n iv ersity  of E x eter in  C orn w all, T rem ou g h  C am p u s,


 P en ry n  T R IO  9E Z , U K 


 5D on ald  B ren  Sch ool of E n v iron m en tal Scien ce an d  M an ag em en t, U n iv ersity  of C aliforn ia,


 San ta B arb ara, C A  93106-5131, U SA 


 6U M R  5558, "B iom etrie et B iolog ie Ev olutiv e" U C B  Ly on  2, 43 B ou lev ard  d u  11 N ov em b re 1918,


 69622 V illeu rb an e C ed ex , F ran ce


 E colog ical an d  ev olu tion ary  ch an g e is g en erated  b y  v ariation  in  in d iv id u al p erform an ce. B iolog ists h av e


 con sequ en tly  lon g  b een  in terested  in  d ecom p osin g  ch an g e m easu red  at th e p op u lation  lev el in to


 con trib ution s from  in d iv id uals, th e traits th ey  ex p ress an d  th e al?eles th ey  carry . W e p resen t a n ov el m eth od 


 of estim atin g  in d iv id u al con trib ution s to p op u lation  g row th  an d  ch an g es in  d istrib u tion s of qu an titativ e


 traits an d  al?eles. A n  in d iv id u al's con trib u tion  to p op u lation  g row th  is an  in d iv id u al's realized  an n u al


 fitn ess. W e d em on strate h ow  th e qu an tities w e d ev elop  can  b e u sed  to ad d ress a ran g e of em p irical


 qu estion s, an d  p rov id e an  ap p lication  to a d etailed  d ataset of Soay  sh eep . T h e ap p roach  p rov id es resu lts


 th at are con sisten t w ith  th ose ob tain ed  u sin g  lifetim e estim ates of in d iv id ual p erform an ce, y et is


 su b stan tially  m ore p ow erfu l as it allow s lifetim e p erform an ce to b e d ecom p osed  in to an n u al su rv iv al an d 


 fecu n d ity  con trib u tion s.


 K ey w ord s: d e-lifin g ; selection ; fitn ess; coh ort effects; d em og rap h y 


 Y ou 'v e b een  g iv en  a g reat g ift, G eorg e. A  ch an ce to see


 w h at th e w orld  w ou ld  b e lik e w ith ou t y ou ?C laren ce


 (H en ry  T rav ers) in  th e 1946 film  'It's a W on d erfu l


 L ife'.


 1. IN T R O D U C T IO N 


 M ost th eory  ab ou t ev olu tion ary  ch an g e is con cern ed  w ith 


 u n d erstan d in g  ch an g es in  al?ele, strateg y  an d  h eritab le


 trait d istrib u tion s (F ish er 1930; F alcon er 1960; L ew on tin 


 1974; L an d e 1982; M ay n ard -Sm ith  1982). A  com m on ly 


 u sed  ap p roach  is to assess th e p erform an ce of al?eles,


 strateg ies or traits b y  estim atin g  th eir fitn ess. T h is


 ap p roach  d efin es fitn ess as th e ex p ected  rep resen tation 


 of a rep licatin g  en tity  w ith in  a p op ulation  at som e d istan t


 p oin t in  th e fu tu re (H am ilton  1964; D aw k in s 1982; M etz


 et al. 1992; B en ton  &  G ran t 2000; Sh ertzer &  E lln er


 2002). F itn ess is, th erefore, th eoretically  con sid ered  as a


 lon g -term  m easu re of relativ e p erform an ce (Fish er 1930;


 L an d e 1982; C h arlesw orth  1994). M an y  em p irical tests of


 ev olution ary  th eory , in clud in g  estim ates of selection  an d 


 resp on ses to selection , u se g en eration -b ased  p rox ies for


 * A u th or for corresp on d en ce (t.cou lson @ im p erial.ac.u k ).


 T h e electron ic su p p lem en tary  m aterial is av ailab le at h ttp :/ / d x .d oi.


 org / 10.1098/ rsp b .2005.3357 or v ia h ttp :/ / w w w .jou rn als.roy alsoc.ac.


 u k .


 fitn ess to ch aracterize p erform an ce. T h e fitn ess of al?eles,


 traits or strateg ies is ty p ically  estim ated  b y  m easurin g  th e


 lifetim e p erform an ce of th e in d iv id u al in  w h ich  th ey  occur:


 lifetim e rep rod uctiv e success (LR S: th e n um b er of off


 sp rin g  p rodu ced  ov er th e lifespan ) is on e such  m easure


 (C lutton -B rock  1988). A n oth er reason  th at p er g en eration 


 fitn ess m easures are favoured  is th at in  m ost form al


 ev olu tion ary  b iolog y  th ey  perm it selection  to b e d istin 


 g u ish ed  from  th e respon se to selection  (Fish er 1930;


 A rn old  &  W ad e 1984). Lon g er term  estim ators of fitn ess


 con foun d  h eritability  an d  selection ; h ow ev er, estim ators


 of fitn ess m easures on  tim e scales sh orter th an  th e


 g en eration  d o n ot.


 T h e p er-g en eration  b ased  app roach  h as p rov en  illum i


 n atin g ; h ow ever, th ere are em pirical issues in  usin g  th ese


 m etrics to estim ate selection  an d  ev olution ary  ch an g e in 


 th e field, in cludin g : (i) d ifficulties in  collectin g  sufficien t


 d ata to satisfy  th e lon g -term  assum p tion s of m ost


 th eoretical m odels (G rafen  1988), (ii) substan tial v ari


 ation  in  g en eration  tim es b etw een  coh orts an d  in div iduals


 in  iterop arous species (K ruuk  et al. 1999) an d  (iii) a failure


 to correct for en v iron m en tal an d  ecolog ical v ariation 


 d urin g  th e lifesp an  th at m ay  in fluen ce th e p erform an ce


 of an  in div idual in  a sp ecific g en oty pic or p h en oty pic state


 in  a y ear (C oulson  et al. 2003). T h ese p rob lem s h av e


 h am p ered  attem p ts to recon cile p red icted  an d  ob serv ed 


 m icro-ev olution ary  ch an g e in  th e w ild  usin g  th eory 


 d erived  m easures (M erila et al. 200\ b). T h e m otivation 


 R eceiv ed  28 J uly  2005 547 ? 2005 T h e R oy al Society 


 A ccep ted  28 Sep tem ber 2005
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 548 T . C oulson  an d  oth ers It's a w on d erfu l life


 b eh in d  th e w ork  d ev elop ed  in  th is p ap er is to d ev elop 


 m easures of in d iv id u al p erform an ce th at can  b e u sed  to


 em p irically  lin k  ecolog ical an d  ev olution ary  ch an g e. W e


 start b y  ju stify in g  th e u se of n on -g en eration al m easu res;


 w e th en  p resen t n ov el em p irical m eth od s b efore ap p ly in g 


 th em  to d ata from  Soay  sh eep . 

 2. N O N -G EN ER A T IO N A L  M E A SU R E S O F  

 E V O L U T IO N A R Y  C H A N G E  

 D esp ite th e ev ocativ e lex icon  of ev olu tion ary  b iolog y  (see 

 D aw k in s 1982 for an  ex cellen t d iscu ssion  of th is) 

 b iolog ists d o n ot con sid er in d iv id uals 'follow in g  strateg ies' 

 or 'm ak in g  d ecision s' th at activ ely  'trad e-off' curren t an d 


 fu tu re p erform an ce (K reb s &  D av ies 1997; R off 2002).


 In stead , ap p aren t trad e-offs w ith in  life h istories are th e 

 resu lt of con tin u ou s p ast selection  on  in d iv id ual d ecision  

 ru les: an  org an ism  m ay  d ecid e to b reed  n ow  or n ot, 

 p erh ap s b ased  on  its cu rren t state; it g en erally  d oes n ot 

 d ecid e b etw een  b reed in g  n ow  or later. A n oth er w ay  of 

 p h rasin g  th is is ev olu tion  n ot con cern ed  w ith  p er 

 g en eration  fitn ess (C asw ell 2001, p . 295)?selection  is a 

 con tin u ous p rocess th at op erates on  th e d istrib ution  of 

 p h en oty p ic traits w ith in  a p op ulation  at a p oin t in  tim e, 

 an d  it m ay  g en erate a resp on se to selection  at th e g en etic 

 lev el w h ich  can  b e record ed  as a ch an g e in  al?ele 

 frequ en cies. G iv en  th is, an  altern ativ e ap p roach  to th e 

 an aly sis of m icro-ev olu tion ary  ch an g e is to con sid er tim e 

 in  sh orter in terv als th an  th e g en eration  (M etz et al. 1992; 

 B en ton  &  G ran t 2000; E n g en  et al. in  p ress). E m p irically  

 th is is frequ en tly  d on e: selection  g rad ien ts are frequ en tly 


 calcu lated  b etw een  a trait an d  on e com p on en t of fitn ess


 lik e ju v en ile su rv iv al in  on e y ear (K in g solv er et al. 2001).


 O n e d raw b ack  of th is ap p roach  is th at selection  can 


 op erate v ia su rv iv al an d  fecu n d ity  sim u ltan eou sly  (L an d e


 1982) an d  th e relativ e im p ortan ce of selection  v ia on e


 com p on en t of fitn ess can  v ary  ov er tim e (C ou lson  et al.


 2003). C on sequ en tly , th ere is n o reason  to ex p ect th at


 selection  estim ated  u sin g  on ly  on e d em og rap h ic rate


 w ill h av e m u ch  u tility  in  p red ictin g  ev olu tion ary  ch an g e.


 A  p ow erfu l w ay  arou n d  th is d raw b ack , w h ich  h as n ot b een 


 w id ely  ap p lied , is to estim ate selection  b etw een  a trait an d 


 all d em og rap h ic rates, an d  to su m  tog eth er all th e selection 


 g rad ien ts, each  w eig h ted  b y  th e association  of th e


 d em og rap h ic rate w ith  p op ulation  g row th  (Lan d e 1982;


 v an  T ien d eren  2000; C ou lson  et al. 2003). O n e p rob lem 


 w ith  th is ap p roach  is it requ ires th e estim ation  of larg e


 n u m b ers of selection  g rad ien ts w h ich  cou ld  in trod u ce


 error in  th e ov erall estim ate of th e stren g th  of selection .


 T h e ap p roach  w e d ev elop  h ere estim ates in d iv id u al fitn ess


 ov er a tim e step  in  su ch  a w ay  it av erag es to g iv e m ean 


 fitn ess ov er th e tim e step . T h is ap p roach  sim p lifies th e


 estim ation  of selection  on  a trait v ia all d em og rap h ic rates


 b y  red u cin g  th e n um b er of selection  g rad ien ts th at n eed  to


 be calculated.


 T h e m easures w e develop are con cern ed w ith  describ


 in g tem poral ch an ges in  distribution s. V arious statistics


 can  be used to ch aracterize tem poral ch an ges in  distri


 bution s. For exam ple, th e area un der a distribution  (th e


 'size' of th e distribution ) w ill ch an ge as th e population  th e


 distribution  describes ch an ges in  size. U n derstan din g


 ch an ges in  th e size of trait or al?ele distribution s is th e


 dom ain  of population  ecology , but is cen tral to evolution 


 ary  ecology  as w ell. C h an ges oth er th an  th e size of th e


 distribution  can  be ch aracterized w ith  ch an ges in  th e


 m om en ts of th e distribution  lik e th e m ean , th e varian ce,


 th e sk ew  an d th e k urtosis as lon g as th e distribution 


 describes a con tin uously  distributed trait. C h an ges in  th e


 frequen cy  of al?eles or discretely  distributed traits are best


 ch aracterized by  ch an ges in  th e relative h eigh ts of th e bars


 of th e h istogram s depictin g th e distribution  at tw o poin ts


 in  tim e. In  ??3-5, w e dem on strate h ow  in dividual


 con tribution s to population  grow th , m om en ts of con tin u


 ously  distributed traits an d relative frequen cies of al?eles or


 discretely  distributed traits can  be calculated by  rem ovin g


 in dividual dem ograph ic perform an ces, trait values an d


 gen oty pes an d recalculatin g  sum m ary  statistics.


 3. IN D IV ID U A L C O N T R IB U T IO N S T O  PO PU LA T IO N 


 G R O W T H  pf(l)


 T h e approach  w e develop allow s th e estim ation  of an 


 in dividual's con tribution  to population  grow th  over a tim e


 step from  life h istory  an d population  data. T h is quan tity  is


 an  in dividual's an n ual realized fitn ess.


 W e first calculate h ow  a population  w ould h ave


 perform ed w ith  th e focal in dividual rem oved over th e


 tim e step t to r+ 1. W e do th is by  retrospectively  rem ovin g


 th e in dividual an d an y  offsprin g th at it produced betw een 


 tim e t an d t+ 1 th at w ere still alive at tim e t+ 1 from  th e


 data an d recalculatin g population  grow th . T h e m ech an ics


 of th is approach  is th e sam e as jack k n ifin g; h ow ever,


 jack k n ifin g is a specific statistical tool, so from  h ere on  w e


 term  th e m eth od 'de-lifin g'.


 T h e n um ber of survivin g offsprin g produced over a


 tim e step, th at are still alive at th e en d of th e tim e step, plus


 on e if th e paren t survived, is a m easure w ith  a lon g


 pedigree in  population  biology  (W atson  &  G alton  1874;


 C asw ell 2001; Lan de et al. 2003); w e refer to th is quan tity 


 as in dividual perform an ce an d den ote it ?. For each 


 in dividual w ith in  a population  at each  tim e w e rem ove ?


 an d recalculate population  grow th . T h is approach  tak es


 th e realized population  grow th  over a tim e period an d ask s


 h ow  each  in dividual con tributed to it directly . T h e m eth od


 does n ot estim ate w h at th e con sequen ces of rem ovin g an 


 in dividual w ould be on  th e perform an ce of oth er


 in dividuals. O f course, if a dom in an t in dividual or


 territory  h older really  w as rem oved from  a population  it


 could alter dom in an ce h ierarch ies or territory  ten ure. W e


 are n ot attem ptin g to estim ate th ese con sequen ces (th e


 quote at th e begin n in g of th e paper sh ould n ot be tak en 


 too literally )?w e are specifically  w ork in g w ith  th e realized


 population  grow th  an d estim atin g direct (relative) in divid


 ual perform an ce given  th e en viron m en t th ey  experien ced.


 W e den ote population  grow th  w ith  in dividual ?'s con tri


 bution  rem oved w t^-^. If N  is population  size it is


 straigh tforw ard to calculate,


 T h e logic beh in d th is equation  is th at population  grow th 


 betw een  tim e t an d t+1 (w t) is th e population  size in  y ear


 t+ 1 divided by  population  size in  y ear t. If in dividual /  is


 rem oved at tim e t th en  th e population  size at th at poin t


 w ould be th e den om in ator in  equation  (3.1) (J V f?1). If


 in dividual i an d an y  survivin g offsprin g are rem oved at


 tim e r+ 1 th e population  size w ould be th e n um erator in 


 equation  (3.1) (N t+l ? % t{i)). T h is equation  con siders tim e


 Proc. R . Soc. B  (2006)
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 T ab le 1. D em on stration  of h ow  to calcu late p t(i) from  in d iv id u al p erform an ce d ata. (N T  = 9?th e n u m b er of row s in  th e tab le.)


 ID  

 ag e 

 su rv iv e (st(l)) recru its (ft(n ) 

 ?t(0

 (sn n  -s)/ (N t - 1) (ftii) -f )l(N t - 1) p t(i)


 A  

 B 

 C 

 D 

 E 

 F 

 G  

 H  

 I 

 totals 

 m ean s 

 6 

 0.667 (s) 

 0 

 0 

 0 

 2 

 1  

 2 

 2 

 2 

 1  

 10  

 1.111 (/ ) 

 0 

 1  

 1  

 2 

 2 

 3 

 2 

 3 

 2 

 16(N / M ) 

 1.778 (?;,) 

 0.0833 

 0.0417 

 0.0417 

 0.0833 

 0.0417 

 0.0417 

 -0.0833 

 0.0417 

 0.0417 

 0 

 0 

 -0.1389 

 -0.1389 

 -0.1389 

 0.1111 

 -0.0139 

 0.1111 

 0.1111 

 0.1111 

 -0.0139 

 0 

 0 

 -0.2222


 -0.0972


 -0.0972


 0.0278


 0.0278


 0.1528


 0.0278


 0.1528


 0.0278


 0


 0


 as d iscrete an d  assu m es th at th e tim e in terv al ch 
o
se
n
is


 sh orter th an  th e tim e it w ou ld  tak e for a n ew b orn  to g row

 to rep rod uce itself. If ch an g es ov er a tim e p eriod  lon g er

 th an  th is are of in terest, w e su g g est d ecom p osin g  th is

 lon g er in terv al in to step s th at on ly  in clu d e on e b reed i n g

 season . 

 A n  in d iv id u al's con trib u tion  to p op u lation  g row th ,

 p t(i ), is calcu lated  b y  su b tractin g  w t(- / } from  w T . W e d en ote

 th is qu an tity  p r(i) 

 P ti=u >t- N  _  1?> <3-2) 

 w h ich  can  b e re-arran g ed  to g iv e 

 from  th is arran g em en t it is clear th at th e n u m erator

 p rov id es th e resid u al p erform an ce of in d iv id u al z, an d  th e

 d en om in ator th e n u m b er of com p etitors w ith in  th e

 p op u lation . T h e log ic for correctin g  b y  th e n u m b er of

 com p etitors w ith in  th e p op u lation  is th at an  in d iv id u al

 w ith  a ??(?) = 3 liv in g  in  a p op u lation  w ith  a w t = 0.97 w ill

 m ak e a g reater con trib u tion  to p op u lation  g row th  if  th e

 p op u lation  is sm all (for ex am p le, 100 in d iv id u als) rath er

 th an  larg e (1000 in d iv id u als). A n  altern ativ e m atrix  an d 

 v ector form u lation  for th e calcu lation  ofp r(i ) is p rov id ed  in

 th e electron ic su p p lem en tary  m aterial. 

 W e can  fu rth er b reak  d ow n  p / (l) v alu es in to th e

 con trib u tion  of an  in d iv id u al's su rv iv al or rep rod u ction

 to p op u lation  g row th . If w e w rite ct(l) = st{l} +/ m ) w h ere

 sr(7) is a b in ary  v ariab le rep resen tin g  w h eth er in d iv id u al i

 su rv iv es from  y ear t to r+ 1 an d  fr(l) is th e n u m b er of

 offsp rin g  p rod u ced  b y  in d iv id u al i in  y ear t th at su
rv
i
v
e
 t
o


 y ear t-\ -1 an d  d efin e st an d / r as th e m ean s of sr(l) an d / r(,)

 th en 


 p . =s^)~It +ftd )-ft 34

 P n  N t-l + N t-l i3A )


 T h e su rv iv al or fecu n d ity  com p on en ts on  th e rig h t-h an d

 sid e of equ ation  (3.4) can  b e su m m ed  across in d iv id u als

 w ith in  th e sam e state an d  w eig h ted  b y  (N T ?l)/ (N f ? x )

 w h ere x  is th e n u m b er of in d iv id u als w ith in  th e class, to

 g iv e th e con trib u tion  of state-sp ecific su rv iv al or fecu n d ity

 to p op u lation  g row th . T ab le 1 p rov id es an  ex am p le of th e

 calcu lation  ofp t^^ from  d ata. T h is ex am p le con sid ers on ly

 th e fem ale com p on en t of th is th eoretical p op u lation ; 

 h ow ev er, if w e con sid ered  a tw o sex  p op u lation  th e

 n u m b er of recru its p rod u ced  w ou ld  b e m u ltip lied  b y

 1
/
2
. F
rom  tab le 1 it can  b e seen  th atp r(i) can  b e p


 n eg ativ e. A  n eg ativ e v alu e rep resen ts an  in d iv


 p erform ed  w orse th an  th e p op u lation  m ea


 p ositiv e v alu e rep resen ts on e th at p erform ed  b et


 A n  im p ortan t p rop erty  of th e p i(i) statistic


 w eig h ted  su m  across in d iv id u als w ith in  th e s


 (ag e, size, etc.) can  b e calcu lated  to g iv e th e co


 of in d iv id u als w ith in  a sp ecific state to p op u lation


 F or ex am p le, in d iv id u als D , E  an d  F  in  tab le 1

 tw o, w h ich  m ak es th e total con trib u tion  of tw o y


 p op u lation  g row th  = (0.0278 4- 0.0278 + 0.1528


 0.2779. B ecau se p r(i) v alu es are corrected  for p


 size th ey  can  also b e su m m ed  across y ears.


 T h ere are tw o oth er p rop erties of p r(i) th at

 n oted . F irst, th e op p ortu n ity  for v ariation  in

 con trib u tion s to p op u lation  g row th  is d ep en d e


 h istory . In  a life h istory  w h ere fem ales can  on ly


 on e offsp rin g  in  each  y ear a fem ale h as fou r w ay


 sh e can  con trib u te to p op u lation  g row th : (i) su rv


 p rod u cin g  a recru it, (ii) su rv iv in g  an d  failin g  to

 recru it, (iii) failin g  to su rv iv e b u t p rod u cin g  a r


 (iv ) failin g  to su rv iv e an d  failin g  to p rod u ce

 A lth ou g h  th ere are fou r w ay s a fem ale can  con


 p op u lation  g row th , tw o w ay s of con trib u tin g  w i


 th e sam e v alu e ofp r(i). In  term s of w  th e w ay  an

 can  con trib u te to ch an g e is b est th ou g h t of in  ter


 n u m b er of in d iv id u als con trib u ted  to n ex t y e


 lation . In  ou r ex am p le, a fem ale can  eith er: (


 p op u lation  size b y  on e in d iv id u al in  y ear t+ 1 b y

 n ot rep rod u cin g , (ii) in crease p op u lation  si


 in d iv id u al b y  su rv iv in g  an d  rep rod u cin g  or (ii


 effect on  p op u lation  size b y  eith er su rv iv in g


 r
e
p
r
o
d
ucin g  or rep rod u cin g  b u t n ot su rv iv in g . In


 w h ere a fem ale can  p rod u ce m ore th an  on e off


 op p ortu n ity  to con trib u te to p op u lation  g row th  is


 A  secon d  in terestin g  p rop erty  is th at th e op


 for an  in d iv id u al to con trib u te to p op u lation  g ro


 fu n ction  of p op u lation  size. T h is is b ecau se w 


 p op u lation  con sists of a few  in d iv id u als on e in d iv


 h av e a larg e in flu en ce on  m ean  p erform an ce, w h


 n ot th e case for v ery  larg e p op u lation s. F or an y  lif


 as p op u lation  size g oes u p  th e m ax im u m  p


 con trib u tion  an  in d iv id u al can  m ak e in  an y  o


 step  g oes d ow n . If w ? 1 ex actly  th en  N t+l =N 


 th e m ax im u m  v alu e of p f(i) for a life h istory


 in d iv id u al can  on ly  p rod u ce on e offsp rin g  at eac


 attem p t is 1 -(N -2)/ (N - 1 ) = l/ (N  - 1). F or


 ian ce, if th e su rv iv al p rob ab ility  is q, th en  th e re
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 p rob ab ility  m u st b e (1?# ), an d  so (if  rep rod u ction  an d  

 su rv iv al are in d ep en d en t) th e v arian ce in  in d iv id u al 

 p erform an ce w ill b e 2q(l?q). T h u s, v ar(p ) = 2q( 1 ? q)l


 (N -l).


 4. IN D IV ID U A L  C O N T R IB U T IO N S T O  T E M P O R A L


 C H A N G ES IN  T H E  D IST R IB U T IO N S O F


 C O N T IN U O U S T R A IT S (c# )


 A  sim ilar d e-lifin g  ap p roach  can  b e u sed  to estim ate


 in d iv id u al con trib u tion s to tem p oral ch an g es in  th e


 frequ en cy  d istrib ution  of con tin u ou s traits lik e size. A t


 tw o p oin ts in  tim e, t an d  r+ 1, th e frequ en cy  d istrib u tion s


 of th e trait of  in terest are ch aracterized  w ith  m om en ts of


 th e d istrib u tion  (m ean  x , v arian ce a2, sk ew  s3, k u rtosis k 4).


 T h e ch an g e in  th e m om en ts of th ese d istrib u tion s ov er


 tim e is ob tain ed  b y  su b tractin g  th e m om en ts estim ated  at


 tim e t from  th e m om en ts estim ated  at tim e r+ 1 : a ch an g e


 in  th e m ean , for ex am p le, is sim p ly  ?x t ? x t+l ?x t. T h e


 trait v alu e of each  in d iv id u al in  th e p op u lation  in  y ear t is


 th en  rem ov ed  in  tu rn  an d  th e m om en ts of th e d istrib u tion 


 recalcu lated . T h e m ean  of a d istrib u tion  w ith  in d iv id u al z's


 trait v alu e rem ov ed  is term ed  x t{_ i)?a qu an tity  w e refer to


 as a red u ced  m ean . T h e sam e p rocess is rep eated  for y ear


 r+1. T h e d ifferen ce in  th e red u ced  m ean s for each 


 in d iv id u al b etw een  y ear t an d  y ear t+ 1 is th en  calculated 


 A x r(_ ?) = ?,+!(_ ;) ?x t(_ iy  If an  in d iv id u al w as n ot p resen t in 


 th e p op u lation  in  y ear t its rem ov al from  th e d istrib u tion 


 h as n o effect on  th e p op u lation  m ean  for y ear r, such  th at


 x tir^) = x t. T h e m ean  of th e v alu es of A x r(_ ?) across all


 in d iv id u als w ith in  th e p op u lation  is equ al to A x r (e.g .


 Q ^ia A x t(_ i))/ iV = A jcf). T h e fin al step  in  calcu latin g  an 


 in d iv id u al's con trib ution  to a ch an g e in  th e m om en t of a


 d istrib u tion  is to su b tract th e ob serv ed  ch an g e in  th e


 m ean s w ith  in d iv id u al i ex clu d ed  from  th e ob serv ed  

 ch an g e in  th e m ean s (c? = A ?cf ? A jc?(_ ?)). A n  in d iv id u al


 w ith  a p ositiv e c? m ad e a p ositiv e con trib u tion  to A x r w h ile


 an  in d iv id u al w ith  a n eg ativ e c{ m ad e a n eg ativ e


 con trib ution . A n  in d iv id u al, i, m ay  h av e con trib u ted  to


 A jcr b y  p rod ucin g  offsp rin g  th at recruit to th e p op u lation  in  

 y ear i+1 w ith  th eir ow n  trait v alu es. In d iv id u al i m ay  h av e


 su rv iv ed  or d ied  b etw een  y ear t an d  y ear i+1. C on se 

 quen tly , in  th e sam e w ay  th at th ere are v ariou s routes v ia 

 w h ich  an  in d iv id u al can  con trib u te to th e ch an g e in  size of a


 d istrib u tion  ov er a u n it of tim e (z??( _ ,-)), th ere are also


 v ariou s w ay s in  w h ich  an  in d iv id u al can  con trib u te to th e 

 ch an g e in  th e m om en ts of a p h en oty p ic d istrib u tion  ov er


 tim e. H ow  can  w e com b in e th e c v alu es for a p aren t an d  an y 


 offsp rin g ? Im ag in e an  in d iv id u al h as ct = 0.1 an d  it p rod u ces


 tw o offsp rin g  w ith  c{ v alu es of 0.05 an d  ?0.2, th e 

 con trib u tion  of th e focal in d iv id u al to th e ch an g e in  th e


 m ean  is sim p ly  th e sum  of th ese n u m b ers (e.g . 0.1+ 0.05 ?


 0.2=?0.05). In  th e electron ic sup p lem en tary  m aterial, w e 

 p rov id e a m ath em atical p roof th at th e d e-lifed  m om en ts of 

 a d istrib u tion  av erag e to th e p op u lation  m om en t.


 So far w e h av e b een  ab le to sh ow  h ow  to calcu late 

 in d iv id u al con trib u tion s to th e p op u lation  g row th  an d  

 in d iv id u al con trib u tion s to ch an g es in  th e m om en ts of 

 d istrib ution s of qu an titativ e traits. H ow ev er, on e of ou r 

 ob jectiv es it to lin k  ch an g es in  al?ele d istrib u tion s to 

 ch an g es in  qu an titativ e trait d istrib u tion s an d  ch an g es in  

 p op u lation  size an d  g row th . N ex t, w e d em on strate h ow  w e 

 can  calcu late in d iv id u al con trib ution s to ch an g es in  al?ele 

 frequen cies. 

 5. IN D IV ID U A L  C O N T R IB U T IO N S T O  T E M P O R A L


 C H A N G ES IN  T H E  D IST R IB U T IO N S


 O F  D ISC R ET E  T R A IT S (d ?)


 D istrib u tion s of d iscrete traits lik e ey e colou r or al?eles


 can n ot b e d escrib ed  w ith  m om en ts of th e d istrib ution .


 O n e w ay  th at th e d istrib u tion s of al?eles or d iscrete traits


 can  b e ch aracterized  is w ith  a v ector d escrib in g  th e h eig h t


 of each  b ar of a h istog ram . T o w ork  out h ow  a d istrib u tion 


 of al?eles h as ch an g ed  b etw een  tim e t an d  tim e r+1


 (<5G r:r+1), for in stan ce, w ou ld  in v olv e calcu latin g  a v ector


 for b oth  tim e in terv als (V t an d  V t+1) an d  su b tractin g  th e


 v ector V t from  V t+\ . D e-lifin g  is on ce ag ain  u sed  to


 estim ate an  in d iv id u al's con trib u tion  to ch an g es in  th e


 d istrib u tion s ov er tim e. F or each  in d iv id u al in  tu rn , its


 g en oty p e in  y ear t an d  y ear r+ 1 an d  th e g en oty p es of its


 recru its in  y ear t+ 1 are rem ov ed  from  th e d ataset an d 


 ^r(-i) an d  F t+!(_ ,-) are calcu lated . A n  in d iv id u al's


 con trib u tion  to ch an g es in  th e d istrib u tion  are th en 


 d escrib ed  w ith  a v ector d G r:r+1(_ ?) = F r+1(_ ?) ? F r(_ ?}. T h e


 su m  of all d G f:r+k -,-) across all in d iv id u als is d G v t+x . A s


 b efore, d G r:r+1 can  b e su b tracted  from  each  d G r:r+1(_ ?) to


 p rov id e v ectors of in d iv id u al con trib u tion s to ch an g es in 


 th e frequ en cy  d istrib u tion s of d iscrete traits (d ?) th at su m 


 across in d iv id u als to p rod uce a v ector of zeros. P ositiv e


 v ector elem en ts rep resen t th ose in d iv id u als th at in creased 


 th e relativ e frequ en cy  of a trait v alu e or al?ele, w h ile


 n eg ativ e elem en ts rep resen t th ose in d iv id u al w h o h av e


 red u ced  relativ e frequ en cies.


 A s an  ex am p le w e con sid er a trait w ith  th ree d iscrete


 v alu es?al?eles a, b  an d  c. A t tim e 1 th ere are 38, 42 an d  18


 cop ies of a, b  an d  c, resp ectiv ely , w ith in  th e p op u lation 


 (p op ulation  size = (38 + 42 + 18)/ 2 = 49). A t tim e 2 th ere


 are 30, 38 an d  22 cop ies of al?eles a, b  an d  c (p op u lation 


 size = 45). W e focu s on  th e con trib u tion  of in d iv id u al X ,


 w h ich  w as aliv e at tim e 1, b u t w as d ead  b y  tim e 2. Sh e


 p rod u ced  th ree offsp rin g  in  y ear 1 th at w ere all still aliv e at


 tim e 2. In d iv id ual X 's g en oty p e w as ac, an d  h er offsp rin g 's


 g en oty p es w ere aa, ab  an d  ab . F rom  th is in form ation  w e


 calculate


 <5G i.? = 

 30 

 38 

 22 

 38


 42 

 18 

 -4


 4


 an d


 <5G l:2(-x ) -

 30-4 

 38-2 

 22 

 38-1 

 42 

 18-1 

 -11


 -6


 5


 g iv in g 


 d  = 

 -11 

 -6 

 5 

 -8 

 -A  

 4 

 -3


 -2


 1 


 In  oth er w ord s, if in d iv id u al X  h ad  n ot ex isted , th e


 frequ en cy  of al?eles a an d  b  w ou ld  h av e d ecreased  m ore


 th an  th ey  actu ally  d id , w h ile th e p op u lation -w id e d ecrease


 in  frequen cy  of al?ele c w ould  h av e b een  less.


 T h ere are v ariou s u ses of p r(i), c? an d  d ?. B ein g  ab le to 


 d ecom p ose statistical d escrip tion s of ch an g es in  d istri


 b u tion s of traits an d  al?eles in to con trib u tion s from 


 in d iv id u als at a sp ecific p oin t in  tim e is a m eth od  th at


 can  p rov id e in sig h t in to m an y  asp ects of p op u lation 
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 eolK ?t


 F ig u re 1. In d iv id u al con trib ution s to p op ulation  g row th  su m m ed  across in d iv id uals in  th e sam e p h en oty p ic states for th e Soay 


 sh eep , (a) A g e-sp ecific v alu es of p r(i) for th e Soay  sh eep  av erag ed  across y ears 1986-2003, (b ) tim e series of ag e-sp ecific


 con trib u tion s to p op u lation  g row th . T h e solid  lin es rep resen t lam b s (n eg ativ e v alu es ofp r(i), an d  fou r an d  fiv e y ear old s (p ositiv e


 v alu es). T h ere is su b stan tial in ter-an n u al v ariation  in  th e con trib u tion  of d ifferen t ag e-classes to p op u lation  g row th  an d  (c) th e


 con trib u tion  of d ifferen t coh orts to p op u lation  g row th . N ote th at th e foot an d  m ou th  ou tb reak  m ean s d ata are n ot av ailab le for


 2001.


 an d  ev olu tion ary  b iolog y . B elow  w e h ig h lig h t sev eral u ses,


 g iv in g  w ork ed  ex am p les for th e first fou r u ses. F u tu re


 w ork  w ill p rov id e fu rth er w ork ed  ex am p les of th e oth er


 u ses listed .


 6. U SE S O F  p f(l)f c, A N D  d ?: A  W O R K ED  E X A M P L E 


 F or ou r w ork ed  ex am p les w e u se d ata collected  from 


 m ark ed  Soay  sh eep  (O v is aries) liv in g  in  th e V illag e B ay 


 catch m en t of H irta in  th e St K ild a arch ip elag o, Scotlan d ,


 b etw een  1986 an d  2004. In d iv id u als are u n iquely  m ark ed 


 w ith in  h ou rs of b irth  an d  are follow ed  th rou g h ou t life w ith 


 b irth  an d  d eath  d ates an d  b reed in g  su ccess d ata record ed .


 G en etic an d  m orp h om etric d ata are also collected . In  th e


 ex am p les p rov id ed  b elow  w e u se b irth  w eig h t as an 


 in d iv id ual cov ariate as w ell as y early  v alues of p t (i ) for each 


 in d iv id u al w ith in  th e p op u lation . T otal p op u lation  size is


 calcu lated  as th e n u m b er of m ark ed  in d iv id u als (m ales


 an d  fem ales of all ag es) con sid ered  to b e liv in g  in  th e stu d y 


 area in  A u g u st each  y ear. F u ll d etails of th e stu d y  area,


 d ata collection  p rotocols an d  p rev iou s research  on  th e


 p op ulation  can  b e fou n d  in  C lu tton -B rock  &  P em b erton 


 (2004).


 A s m an y  estim ators of fitn ess th at em p iricists u se are


 b ased  on  lifetim e p erform an ce statistics lik e lifetim e


 rep rod uctiv e su ccess (L R S) (C lutton -B rock  1988) w e


 start b y  su m m in g  p r(i ) v alu es for each  y ear an  in d iv id u al is


 aliv e to p rov id e a m easu re of lifetim e con trib u tion  to


 p op u lation  g row th  for each  in d iv id u al. T h e correlation 


 b etw een  L R S an d  th e su m  of th e p i(i) for fem ale sh eep 


 b orn  b etw een  1985 an d  1995 is h ig h ly  sig n ifican t


 (̂  = 0.84, p < 0.001). W e d o n ot con sid er m ales b ecau se


 estim ates of th eir L R S are n ot as accu rate as estim ates for


 fem ales (C lu tton -B rock  &  P em b erton  2004), an d  w e d o


 n ot con sid er coh orts b orn  later th an  1995 as in d iv id u als


 from  th ese coh orts are still aliv e an d  rep rod u cin g .


 T h e m ain  reason  for d ev elop in g  th e d e-lifin g  ap p roach ,


 h ow ev er, is to p rov id e a m easu re of in d iv id u al p erform 


 an ce th at is n ot p er g en eration  b ased  b u t w h ich 


 in corp orates b oth  su rv iv al an d  recru itm en t in  th e


 en v iron m en ts w h ich  in d iv id u als ex p erien ce. O n ce calcu 


 lated  th e d e-lifed  statistics can  b e u sed  in  sim ilar w ay s to


 p er g en eration  m easu res of fitn ess. T h e real ad v an tag e of 


 th e ap p roach , h ow ev er, is it p erm its tim e series of ch an g e


 to b e g en erated  in  a w ay  th at is n ot p ossib le u sin g  p er


 g en eration  m easures. T h is allow s v ariation  in  trait or al?ele


 p erform an ce to b e correlated  w ith  tem p orally  or sp atially 


 v ary in g  en v iron m en tal cov ariates.


 T h e / >t(j) v alu es can  b e su m m ed  across in d iv id u als in 


 d ifferen t states to estim ate th eir con trib u tion  to p op u lation 


 g row th . F or ex am p le, fig u re la is a h istog ram  sh ow in g  th e


 av erag e across y ears of th e w eig h ted  su m  of th e ag e


 sp ecific p r(i)S b etw een  1986 an d  2003, an d  in  fig ure 16 w e


 p rov id e tim e series of flu ctu ation s in  th e su m  of ag e


 sp ecific p r(i)S. It is clear th at lam b s con trib u te m ost to


 p op u lation  g row th , b u t b ecau se lam b s su ccessfu lly  raise


 recru its less frequ en tly  th an  old er in d iv id u als th eir


 con trib u tion  is n eg ativ e. W ith in  ad u lts fou r an d  fiv e y ear


 old s con trib u te m ost to p op u lation  g row th  (a p ositiv e


 con trib u tion ), alth ou g h  th ere is su b stan tial in ter-an n u al


 v ariation . B y  u sin g  th e surv iv al an d  fecu n d ity  com p on en ts
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 in  equ ation  (3.4) w e cou ld  fu rth er d ecom p ose th ese ag e


 sp ecific con trib u tion s in to ag e-sp ecific con trib u tion s d u e


 to su rv iv al an d  fecu n d ity .


 A  sim ilar ap p roach  can  b e u sed  to m easu re th e


 con trib u tion  of d ifferen t coh orts to p op ulation  g row th 


 (fig u re lc). T o d o th is requ ires su m m in g  th ep r(i) v alu es for


 each  in d iv id u al w ith in  a coh ort ov er all y ears th ey  are aliv e.


 C oh ort effects h av e p rev iou sly  b een  ex am in ed  in  th e Soay 


 sh eep  an d  th e su ccess of a coh ort is d eterm in ed  to a larg e


 ex ten t b y  v ariation  in  p op u lation  d en sity  an d  clim ate in  th e


 y ears of con cep tion  an d  b irth  (F orch h am m er et al. 2001).


 T h e p attern  of  su ccessfu l an d  u n su ccessfu l coh orts w e


 rep ort in  fig u re \ c is sim ilar to th ose rep orted  b y 


 F orch h am m er et al. (2001).


 T h e d e-lifin g  ap p roach  can  b e u sed  to estim ate


 selection  on  qu an titativ e traits (A rn old  &  W ad e 1984),


 an d  to ex am in e h ow  selection  v aries ov er tim e. T h e


 stren g th  of selection  is estim ated  b y  reg ressin g  a trait


 v alu e ag ain st p r(i)?h av in g  tran sform ed  th e d ata p rior to


 an aly ses as is u su al for estim ation  of stan d ard ized 


 selection  g rad ien ts (A rn old  &  W ad e 1984). B y  estim atin g 


 selection  in  each  y ear, a tim e series of selection  p ressures


 can  b e g en erated . In  fig u re 2a w e p lot p t^ v alu es ag ain st


 b irth  w eig h t for 1993 to d em on strate h ow  a stan d ard ized 


 selection  g rad ien t can  b e calcu lated  u sin g  th e d e-lifin g 


 ap p roach , an d  in  fig u re 2b  w e p rov id e a p lot of th e tim e


 series of selection  g rad ien ts b etw een  1986 an d  2003.


 U sin g  th e su rv iv al an d  fecu n d ity  com p on en ts of equ ation 


 (3.4) w e cou ld  also estim ate th e stren g th  of selection  v ia


 su rv iv al an d  fecun d ity  an d , if d esired , w ith in  sp ecific ag e


 or size classes w ith in  a y ear. H ow ev er, sp ace p reclu d es u s


 from  d oin g  th is h ere. F lu ctu ation s in  selection  p ressu res


 on  b irth  w eig h t (W ilson  et al. 2005<2,6) an d  w eig h t


 (M iln er et al. 1999) h av e p rev iou sly  b een  ex am in ed  in 


 th e Soay  sh eep . T h ese an aly ses h av e rep orted  selection  for


 an  in crease in  w eig h t, w h ich  is con sisten t w ith  ou r resu lts.


 T em p oral flu ctu ation s in  selection  g rad ien ts h av e b een 


 calcu lated  b y  estim atin g  sep arate selection  g rad ien ts u sin g 


 L R S for in d iv id u als w ith in  a coh ort. T h e relation sh ip 


 b etw een  estim ates of selection  calcu lated  u sin g  p t^ an d 


 selection  estim ated  u sin g  L R S calcu lated  for each  coh ort


 b orn  b etw een  1986 an d  1995 is w eak , p ositiv e, b u t n ot


 sig n ifican t (fig u re 2c).


 T h e d e-lifin g  ap p roach  can  also b e u sed  to estim ate a


 p h en oty p ic resp on se to selection . Sig n ifican t association s


 b etw een  c{ or elem en ts of  d { an d  p r(i) for in d iv id u als in  a


 p articu lar p h en oty p ic or g en oty p ic state w ou ld  in form 


 w h eth er in d iv id u als th at p ositiv ely  or n eg ativ ely  con trib 


 u ted  to ch an g es in  trait or al?ele d istrib u tion s also ten d ed 


 to h av e a su b stan tial im p act on  p op u lation  g row th .


 A  sig n ifican t association  su g g ests a resp on se to selection .


 W ith  m u ltip le y ears of d ata it is p ossib le to id en tify 


 w h eth er th e association  b etw een  ct, elem en ts of d { an d p i(i)


 are tem p orally  v ariab le an d  w h eth er d ifferen t p h en oty p es


 p erform  in  con trastin g  w ay s in  d ifferen t en v iron m en ts.


 O u r m eth od  can  b e u sed  w ith  qu an titativ e g en etics


 ap p roach es to in fer ch an g es in  g en etic stru ctu re (F alcon er


 &  M ack ay  1996). If related n ess b etw een  in d iv id u als is


 k n ow n , h eritab ilities of p r(i) an d  c? can  b e estim ated  u sin g 


 ap p lication  of th e an im al m od el to p ed ig ree d ata. K ru u k 


 et al. (2000) p rov id es an  ex am p le of ap p lication  of th e


 an im al m od el to d etailed , lon g -term  d ata on  w ild  an im als.


 A  sig n ifican t h eritab ility  ofp r(i) w ou ld  sug g est th at related 


 in d iv id u als are m ore lik ely  to con trib ute to p op u lation 
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 F ig u re 2. U sin g  p r(i) to estim ate selection  in


 (a) A n  ex am p le of a selection  g rad ien t calcu


 w eig h ts an d  / >i(i) v alu es for all Soay  sh eep  (


 liv in g  in  th e p op u lation  in  1993. E ach  d


 in d iv id u al. M ales an d  fem ales of k n ow n  ag e


 th e p lot. D ata are tran sform ed  to h av e a m 


 stan d ard  d ev iation  of u n ity  p rior to an aly ses


 of flu ctu ation s in  selection  p ressu re on  b irth


 u sin g  p f(i). T h ere is ev id en ce th at th e stren


 b irth  w eig h t h as d eclin ed  d u rin g  th e cou rse


 h orizon tal d otted  lin e sh ow s th e estim 


 calculated  u sin g  lifetim e rep rod u ctiv e su cc


 to th e m ean  of th e estim ates of flu ctu atin g

 u sin g  / >i(i) (solid  circles) (c) scatter p lot sh o


 correlation  b etw een  an n u al estim ates of se


 u sin g  p r(i) an d  coh ort b ased  estim ates calc


 g row th  in  sim ilar w ay s th an  u n related  in d


 a p rop ortion  of th is association  is d u e to a


 effects. Sim ilarly , a sig n ifican t h eritab


 su g g est th at related  in d iv id u als are lik ely

 ob serv ed  ch an g es in  th e m om en ts of p


 d istrib ution s in  sim ilar w ay s. W e w ou ld  r


 th is ap p roach  in  each  y ear rath er th an  w i


 P roc. R . Soc. B  (2006)


This content downloaded from 161.55.198.139 on Fri, 13 Jul 2018 19:08:20 UTC

All use subject to http://about.jstor.org/terms


AR027988

http://about.jstor.org/terms


 It's a w on d erfu l life T . C ou lson  an d  oth ers 553


 su m  of th e p t(i)S as th is p erm its ex am in ation  of w h eth er 

 h eritab ilities v ary  w ith  en v iron m en t. T h is, h ow ev er, w ou ld  

 requ ire su b stan tial p ed ig ree d ata for a w ild  p op u lation . 

 T h e an im al m od el h as b een  ap p lied  to th e Soay  sh eep  d ata 

 to ex am in e m icro-ev olu tion  in  b irth  w eig h t an d  d ate 

 (W ilson  er al. 2005a,b ). 

 A s w ell as ex am in in g  ev olu tion ary  ch an g es in  qu an ti 

 tativ e traits, th e d e-lifin g  ap p roach  allow s th e fitn ess of 

 al?eles an d  lin eag es to b e ex p lored . C orrelation  b etw een  

 asp ects of an  in d iv id u al's g en oty p e an d p r(i) can  b e u sed  to 

 id en tify  v ariation s in  fitn ess across g en oty p es. Sim ilarly , 

 correlation s b etw een  elem en ts of d r an d  p T  (i ) w ill id en tify  

 h ow  selection  on  an  al?ele g en erates ch an g es in  th e al?ele 

 frequ en cies. T h e d e-lifin g  m eth od  can  b e u sed  to estim ate 

 th e fitn ess of an  al?ele b y  su m m in g  th e p r(i) v alues of 

 in d iv id u als w ith in  th e p op u lation  th at carry  a sp ecific 

 al?ele. If th is is rep eated  ov er m an y  tim e step s, th e g row th  

 rate of th e al?ele in to th e p op u lation  can  b e ex p lored . 

 A  sim ilar ap p roach  can  b e u sed  to ex am in e th e g row th  

 rates of lin eag es in to p op u lation s. F or ex am p le, th e 

 con trib u tion  of an  in d iv id u al's lin eag e to p op u lation  

 g row th  at a sp ecific p oin t in  tim e can  b e calcu lated  as 

 th e sum  of th ep f(i)S ofth at in d iv id u al's d escen d an ts aliv e 

 in  th e p op u lation  m u ltip lied  b y  th e related n ess (77) of 

 th ose d escen d an ts to th e focal in d iv id u al (J ]f=i P irh  w h ere 

 x  is th e total n um b er of d escen d an ts w ith in  th e p op u lation  

 at th e tim e of  in terest). T h is qu an tity  calcu lated  ov er 

 sev eral y ears can  b e u sed  to ch aracterize th e g row th  rates 

 of a lin eag e in to a p op u lation . 

 T h e d e-lifin g  ap p roach  can  also b e u sed  to ex am in e 

 sp atial v ariation  in  in d iv id u al p erform an ce. If d ata on  th e 

 sp atial p osition  of in d iv id u als are av ailab le, th e sp atial 

 d istrib u tion  ofp ?(i), c?, an d  v alu es of d t can  b e p lotted , an d  

 sp atial clu sterin g  of in d iv id u al con trib u tion s to ch an g e can  

 b e ex p lored . T h e con sisten cy  of th ese clu sters can  b e 

 com p ared  ov er tim e, an d  an y  v ariation  correlated  w ith  

 en v iron m en tal v ariation . In  d ifferen t p arts of th e Soay  

 sh eep  stu d y  area d ifferen t d em og rap h ic rates con trib u te to 

 v ariation  in  p op u lation  g row th  in  con trastin g  w ay s 

 (C ou lson  et al. 1999) so it is lik ely  th at c?, p r(i) an d  

 elem en ts of d i v ary  sp atially . 

 7. D ISC U SSIO N  

 W e presen t a sim ple m eth od th at allow s th e decom position  

 of population  grow th , quan titative trait distribution s an d  

 al?ele frequen cies in to con tribution s from  in dividuals 

 w ith in  th e population  over a tim e step. W e dem on strate 

 h ow  to estim ate useful de-lifed statistics an d th en  discuss, 

 w ith  exam ples from  a population  of Soay  sh eep, h ow  th e 

 statistics can  be used to provide ecological an d evolution  

 ary  in sigh t. 

 A lth ough  th ere are m ultiple defin ition s of fitn ess in  

 population  biology , m ost w idely  used defin ition s are based  

 on  estim atin g a rate of grow th . For exam ple, in  th e fields of 

 population  gen etics an d adaptive dy n am ics fitn ess is th e 

 rate of spread of m utan t al?eles or strategies in to 

 population s of residen t al?eles or strategies (M etz et al. 

 1992; B en ton  &  G ran t 2000), an d in  population  ecology  

 m ean  fitn ess is th e population  grow th  rate (C oulson  et al. 

 2003). Em pirically  it is usually  difficult to estim ate grow th  

 rates of al?eles an d strategies in  th e field, so proxies of 

 fitn ess are often  used, usually  collected at th e level of th e 

 in dividual (C lutton -B rock  1988; M cG raw  &  C asw ell 

 1996). T h ese are ty pically  per gen eration  m easures lik e


 LR S, an d th is is on e reason  for th e curren t popularity  of


 quan titative gen etic approach es in  field studies (K ruuk 


 et al. 2000; M erila et al. 2001a). T h ere are, h ow ever,


 various lim itation s w ith  usin g  per gen eration  m easures


 un der som e circum stan ces.


 Per gen eration  m easures of in dividual fitn ess w ere


 developed for cases w h en  gen eration  tim e does n ot vary 


 betw een  in dividuals (Fish er 1930)?an n ual plan ts for


 exam ple?w h ere th e population  w as at equilibrium . In 


 th is case th e m ean  of LR S from  on e gen eration  to th e n ext


 gives th e population  grow th  rate over on e tim e step, a


 quan tity  th at is a sh ort-term  estim ate of m ean  fitn ess. In 


 cases w h ere gen eration s overlap an d th ere is substan tial


 in ter-in dividual variation  in  gen eration  len gth  (m ost


 iteroparous species) or w h en  th e population  fluctuates


 over tim e, th e m ean  of per gen eration  estim ates of fitn ess


 do n ot give m ean  fitn ess. T h is can  lead to selection  an d


 h eritability  bein g con foun ded, w h ich  in  turn  biases


 estim ates of m icro-evolution ary  ch an ge (Falcon er & 


 M ack ay  1996). O n e w ay  aroun d th is problem  is to


 estim ate fitn ess as th e relative perform an ce of in dividuals


 over a period of tim e sh orter th an  th e gen eration . B ut w h at


 sh ould th e tim e period be? W e suggest a fun ction al tim e


 un it of th e life cy cle (e.g. tim e in tervals betw een  breedin g


 season s) w ould be m ost appropriate. In  season al breedin g


 species th is is th e y ear?th e un it of tim e w e h ave focused


 on  in  our exam ples.


 T h e de-lifin g approach  w e develop is a sim ple exten sion 


 of a statistic w ith  a lon g pedigree in  population  biology .


 In dividual perform an ce, defin ed as th e n um ber of recruits


 produced over a tim e period plus on e if th e paren t


 survives, w as first developed by  W atson  &  G alton  (1874)


 w h o used it to exam in e th e spread of fam ily  n am es in to


 population s. T h e quan tity  un derpin s m uch  of bran ch in g


 th eory . R ecen tly , it h as n ot been  w idely  used in  ecology ;


 h ow ever, Lan de et al. (2003) do use th is in dividual


 perform an ce m easure in  th eir decom position  of popu


 lation  grow th . O ur exten sion  to th e statistic is to correct


 for m ean  perform an ce an d to con dition  by  population 


 size. T h e logic of doin g  th is is th at th e opportun ity  for an 


 in dividual to con tribute to population  grow th  over a tim e


 step is a fun ction  of population  size, an d in  stoch astic an d


 den sity -depen den t en viron m en ts th e logical approach  to


 m easurin g  fitn ess is to assess h ow  an  in dividual perform ed


 relative to oth er in dividuals also experien cin g th at


 en viron m en t. T h us, estim atin g pt^ gives a solution  to


 assessin g  fitn ess in  stoch astic en viron m en ts.


 It is n ot surprisin g th at th ere is a stron g relation sh ip


 betw een  LR S an d th e sum  of th e />i(i) values across th e


 lifespan  in  th e Soay  sh eep. T h ere are tw o reason s w h y  th e


 m easures are stron gly , but n ot perfectly  correlated: first,


 LR S does n ot in corporate an y  in form ation  on  survival,


 w h ile in dividual perform an ce (?) does. In dividual per


 form an ce sum m ed across th e lifespan  equals LR S +


 lon gevity . In  th e Soay  sh eep n ot all fem ales breed every 


 y ear an d som e produce tw in s. C on sequen tly , th ere is n ot a


 perfect correlation  betw een  LR S an d lon gevity , an d


 th erefore, n ot a perfect correlation  betw een  in dividual


 perform an ce an d LR S. T h e secon d reason  for th e lack  of a


 perfect correlation  is th at pr(i) values are relative an d are


 con dition ed on  population  size w h ich  fluctuates from  y ear


 to y ear. In  con trast, LR S is n ot a relative m easure an d  is


 n ot corrected for population  size. In  gen eral, w e w ould


 Proc. R . Soc. B  (2006)
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 ex p ect stron g  correlation s b etw een  L R S an d  th e su m  of


 p r(i) v alues across th e lifesp an  if th ere is a stron g 


 correlation  b etw een  L R S an d  lon g ev ity  an d  p op u lation 


 size flu ctu ates little from  y ear to y ear. T h e stren g th  of th e


 d e-lifin g  ap p roach  is th at it is related  to L R S, b u t h as th e


 ad v an tag e in  th at it allow s selection  to b e em p irically 


 estim ated  at tim e in terv als sh orter th an  th e g en eration  an d 


 d ecom p osed  in to su rv iv al an d  fecu n d ity  con trib u tion s,


 w h ile p rod u cin g  a statistic, p r(i), th at is am en ab le to


 ad d ress p rob lem s frequ en tly  ask ed  in  p op u lation  b iolog y .


 T h e stron g  correlation  b etw een  L R S an d  th e su m  of th e


 p t(i) v alu es ex p lain s w h y  th e estim ate of selection  u sin g 


 L R S g iv es a v alu e close to th e m ean  v alue of th e an n u al


 estim ates of selection  ob tain ed  u sin g  p r(i) (fig u re 2a). T h e


 real ad v an tag e of u sin g  p t^ to estim ate selection  is it


 p rov id es estim ates of selection  in  each  y ear. T h is is u sefu l


 if on e im ag in es selection  h ap p en in g  rep eated ly  on 


 p h en oty p es w ith in  th e p op u lation  on  a tim e scale


 ap p rop riate to th e life h istory  of th e sp ecies; estim atin g 


 selection  u sin g  p er g en eration  m easu res of fitn ess d oes n ot


 p erm it th is in  iterop arou s sp ecies (G rafen  1988). T h e


 ad v an tag e of g ain in g  estim ates of selection  on  th e


 p h en oty p ic d istrib u tion  w ith in  a p op ulation  at rep eated 


 p oin ts in  tim e is th at reg ression  m eth od s can  b e u sed  to


 id en tify  en v iron m en tal p rocesses th at m ay  b e associated 


 w ith  flu ctu ation s in  selection  p ressu res (K in g solv er et al.


 2001; C ou lson  et al. 2003). T h e on ly  w ay  to ap p rox im ate


 fluctu ation s in  selection  p ressu res u sin g  p er g en eration 


 m easures is to estim ate selection  p er coh ort. W h en 


 com p arin g  estim ates of flu ctu atin g  selection  u sin g  th is


 ap p roach  w ith  estim ates g ain ed  u sin g  ?r(i) w e fin d ,


 u n su rp risin g ly , th at th e estim ates of flu ctu atin g  selection 


 are n ot correlated  (fig u re 2). T h e d e-lifin g  ap p roach  

 estim ates selection  across all in d iv id uals th at are in  th e 

 p op u lation  at a p oin t in  tim e. In  iterop arou s sp ecies w ith 


 ov erlap p in g  g en eration s a p op u lation  is m ad e u p  of


 in d iv id u als from  m u ltip le coh orts. E stim atin g  selection 


 on  a p er coh ort b asis u sin g  LR S estim ates selection  across


 a d ifferen t set of in d iv id u als th an  th ose aliv e in  a


 p op u lation  at a p oin t in  tim e; it estim ates th e stren g th  of


 selection  on  a sp ecific coh ort. T h ere is n o reason  w h y 


 selection  on  on e coh ort sh ou ld  correlate w ith  selection 


 across coh orts estim ated  at a p oin t in  tim e u n less selection 


 is tem p orally  con stan t. P rev ious research  h as su g g ested 


 th at selection  flu ctu ates su b stan tially  ov er tim e in  Soay 


 sh eep  (C lutton -B rock  &  P em b erton  2004).


 W e foun d  stron g  ev id en ce of sen escen ce in p r(i) v alues


 in  th e Soay  sh eep  (fig u re la). T h is is con sisten t w ith 


 p rev iou s research  th at h as rep orted  sen escen ce in 


 rep rod u ctiv e an d  su rv iv al rates (C atch p ole et al. 2000;


 C ou lson  et al. 2001). It is also u n su rp risin g  th at lam b s


 ten d  to con trib u te to p op u lation  g row th  m ore th an  oth er


 ag es as th ere are m ore of th em . T h eir con trib u tion  is


 n eg ativ e as th ey  h av e low er su rv iv al an d  fecu n d ity  rates


 com p ared  to old er an im als (C lu tton -B rock  &  P em b erton 


 2004). W e also rep ort con sid erab le v ariation  in  th e


 con trib u tion  of d ifferen t ag es to p op u lation  g row th  in 


 each  y ear (fig u re 1 b ). T h is too is con sisten t w ith  p rev iou s


 research  th at id en tified  a su b stan tial con trib u tion  of


 flu ctu ation s in  ag e stru ctu re to th e p op u lation  d y n am ics


 in  th e Soay  sh eep  (C oulson  et al. 2001) an d  in  ag e


 structured  p op u lation  in  g en eral (C lu tton -B rock  & 


 C ou lson  2002; L an d e et al. su b m itted ).


 A lth oug h  com p lete p op u lation  cov erag e is requ ired  to


 com p letely  d ecom p ose p op u lation -lev el ch an g es in  p op u


 lation  size, trait an d  al?ele frequ en cies, th is d oes n ot


 p reclu d e th e ap p roach  from  b ein g  u sed  for less d etailed 


 d atasets. B ecau se p i(i) an d  d { can  on ly  tak e a lim ited 


 n u m b er of v alu es d eterm in ed  b y  m ax im um  clutch  size,


 in d iv id u als can  b e classified  b y  th eir p erform an ce if th eir


 rep rod u ctiv e su ccess an d  su rv iv al statu s are k n ow n  for a


 y ear, an d  an  estim ate of total p op u lation  size ex ists. F or


 ex am p le, in d iv id u al p erform an ce ov er a tim e step  m ay 


 on ly  b e accu rately  ch aracterized  for a fraction  of a


 p op u lation , h ow ev er, an  estim ate of p op u lation  size m ay 


 b e av ailab le. E qu ation  (3.3) can  still b e u sed  to estim ate


 p t(i) for th ose in d iv id u als w ith  p erform an ce record s, an d 


 th ese d ata u sed  to estim ate selection  an d  resp on ses to


 selection . T h is m ean s in d iv id u al fitn ess estim ates ov er a


 tim e step  can  b e calcu lated , ev en  for in d iv id u als for w h ich 


 lifetim e fitn ess m etrics d o n ot ex ist. M an y  v erteb rate


 stu d ies collect th ese ty p es of d ata. W ork  is requ ired  to


 d eterm in e w h at n u m b er of in d iv id u al p erform an ce


 record s w ou ld  b e n eed ed  to p rov id e accu rate estim ates


 of ecolog ical an d  ev olu tion ary  p rocesses.


 W e p resen t m eth od s of estim ate in d iv id u al con tri


 b u tion s to p op u lation  g row th  an d  ch an g es in  al?ele an d 


 p h en oty p ic trait d istrib ution s ov er a tim e p eriod  sh orter


 th an  a g en eration ?a y ear is a su itab le tim e step  for


 season al b reed ers. T h e estim ates of  in d iv id u al fitn ess


 av erag e to g iv e m ean  fitn ess. B ecau se selection  can  on ly 


 op erate on  th e d istrib u tion  of p h en oty p es w ith in  a


 p op u lation  at a sp ecific p oin t in  tim e, th e m easure sh ould 


 p rov e u sefu l in  m easu rin g  ecolog ical an d  ev olu tion ary 


 ch an g e in  th e field .


 W e th an k  C ath y  P fister, B ern t-Erik  Saeth er an d  Stein ar


 E n g en  for u sefu l com m en ts on  an  earlier d raft of th e


 m an u scrip t an d  th e Stoch astic D em og rap h y  w ork in g  g rou p 


 of th e N ation al C en ter for E colog ical an d  A n aly tical


 Sy n th esis (N C E A S)?a cen ter fu n d ed  b y  th e N ation al


 Scien ce F ou n d ation  (g ran t D E B  94-21535)?w h ere som e


 of th e id eas in  th is p ap er w ere d ev elop ed . T h an k s to T im 


 C lutton -B rock  an d  J osep h in e P em b erton  for access to th e


 Soay  sh eep  d ata, an d  to th e N ation al T rust for Scotlan d  an d 


 th e Scottish  N atu ral H eritag e for p erm ission  to w ork  on  St


 K ild a an d  th e R oy al artillery  for log istical su p p ort.


 J . P ilk in g ton , A . M cC oll, A . R ob ertson  an d  m an y  v olu n teers


 h av e collected  d ata.
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