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ABSTRACT. This paper exam' ines the problem of def in ing the suff jc ient  causes
for natural  select ion to occur.  An analysis of  the opt imal body size for  a
semelparous organism is used to i l lustrate the di f f icul ty.  I t  is  suggested
that no general  set  of  condi t ions that are useful  can be given. The ana' lysis
also indicates that shj f ts in the opt ' ima1 value of  a character can occur as a
resul t  of  changes in l i fe history parameters not direct ' ly  re lated to that
character.

Natural  select ion is the central  paradigm of modern theor ies in ecology
and evolut ion.  I t  is ,  therefore, ' important to be able to def ine precisely the
circumstances in which i t  wi l  I  occur.  Verbal  def in i t ions of  select ion
general ly stress the ' importance of  d ' i f ferences in survival  or  reproduct ion.
For example,  ' the essence of  select ion is that  the carr iers of  d i f ferent
genotypes ' in a populat ion contr ibute di f ferent ia l ' ly ,  to the gene pool  of  the
succeeding generat ions' ,  (Dobzhansky 195.| )  or ,  'natural  select jon operates
through any factor that  contr ibutes to di f ferent ia l  reproduct ion' ,  (Mayr . |970)

op, ' for  any natural  select ion to occur at  a l l ,  the processes must diminjsh
the probabi  I  j  t ' ies of  surv ' ival  to a d ' i  f  f  erent extent for  var i  ous genotypes
present jn the populat ion'  (Roughgarden l97l) .  The f  i rst  two def in ' i t ions are
di  f f j  cul  t  to express mathemati  ca1 1y because the word '  d ' i  f ferent i  a l  '  j  s
ambiguous; the word may apply to ei ther relat jve or absolute di f ferences.
Suppose, for  example,  the survjval  rates of  two genotypes are reduced by some
fract ion,  the rel  at j  ve survival  rates remai n the same but the absol  ute
dj f ference between them changes. The th ' i rd def in i t ion is more exp' l ic i t  and
suggests that  a change in survival  that  is  proport ional ly the same for al l
genotypes wi l l  have no ef fect .  When there exists some genet ical  model for  the
character under cons' iderat ion the prob' lem of def in ing select ' ion' is relat ively
simple:  s ince select ion may then be descr jbed as 'any process that al ters gene
frequency in a directed fashion without change of  the genet ' ic  mater ia l
(mutat ion) or jntroduct jon f rom without ( ' immigrat iof l ) '  ,  (Wright 1969) ' i t  is
only necessary to analyse the behaviour of  the model when f i tness values are
assigned to the var ious genes or gene combinat ions.  However,  for  most
ecological  studies no adequate genet ic model exists and natural  select jon is
assumed to be a process that opt imizes some measure of  f i tness such as the
malthusjan parameter,  r .  That there may be circumstances in which
opt imizat ion may not occur (Lev' ins 1970, Turner 1970, Roff  1975) does not
detract  f rom the general  ut i l i ty  of  th is assumption in organis ing a large body
of ecol  ogi  ca1 observat ions and i  n suggest ' i  ng f ru i t fu l  avenues of
' invest ' igat i  on.

The concept of  opt imizat ion has been central  to the study of  var jat ion jn

body size,  as js at tested by the f requent use of  such words as'adapt ive
var iat ion'  (Nevo 1973),  'adapt ' ive s igni f icance'  (Hamil ton 1951, Grant 1965)
'adaptat ion'  (Jameson et  a l  .  1970) ,  'adapt ive nature'  (Pr ice 7972) i  n the
t i t le of  the paper.  I t  js- thus pert inent to ask i f  any of  three def in i t ions
tc*****tr***
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quoted above are suf f ic ient  to def jne the c i rcumstances jn which natural
select jon wi l " l  cause a shi f t  in the opt imal body size.  I  shal l  consider th js
quest ' ion wi th respect to the problem of f indjng the opt imal body size of  a
semelparous organism.

Our f i rst  requirement is a def jn i t jon of  f i tness.  This is by no means a
simple task.  The most commonly used measure of  f i tness js the malthus' ian
parameter,  r  (Fjsher . l958).  

However,  fn a stochast ic wor ld persistence and
maxjmizing the average value of  r  may not be ident ical  stategies (Murphy 1968,
Gadgi l  and Bossert  

. l970, 
Roff  1974,. l978, Fajrbairn 

. l977).  
Furthermore," i f  a

long t ime hor izon is used f i tness measures that concentrate on patterns of
energy f low through a commun' i ty may be most appropr iate (Van Valen ' |976).

However,  for  the purposes of  th is paper i  shal l  adopt r  as a measure.  To
obtajn r  we must solve the equat ' ion

I  exp(-rx)  1* m* = 1
X

( t  )

(2)

where x js dg€, l*  is  the survival  to age x and m* is the number of  female

offspr ing produced at  age x.  For a semelparous organism in whjch the breeding
per iod is short  th is equat ion reduces to

and hence

exp(-rT) 1,  m' '  = 1

r = I  n( l rmr)

T

where T js the generat ion length.

td j th ' in any given populat ion i t  would seem reasonable to suppose that the
sjze at  matur i ty increases with the length of  the" immature stage: th js is
true for some jnsects (Robertson . l960, 

Kamm 1972, Masaki  
. l967, 

1972) and
At lant ic salmon (Schaffer and Elson 

. |975) 
and' is probab' ly a common ( though not

necessar i ly  universal)  phenomenon in poik i lotherms. I t  has also been shown
that in poik i lotherms fecundi ty jncreases with body s ' ize (Chiang and Hodson
.1950, 

Green 
. l956, 

Bagenal  
. |966, 

Spight 
. |975).  

These two factors operate in
opposi t ion,  r  decreasing with development t ime per se but increasing with
fecundi ty.  Because of  the relat ionsh' ip between fecundj ty and development t ime
(due to their  mutual  dependence on size at  matur i ty)  there should exist ,  in
general ,  some jntermedjate body size at  which r  js  maxjmjzed. We might expect
thjs opt ' imum body sjze to depend also upon the age schedule of  survival .  The
durat jon spent jn some' l ' i fe stages, such as the egg phase, is probably more or
less independent of  the f jnal  s jze of  the animal,  whereas the t ime spent in
another stanza, such as the larval  per iod,  wi l l  a lmost certajnly inf luence of
the f inal  s jze.  In the f i rst  case a s imple surv ' ival  probabi l i ty ,  say p,  f ldV
be appl ied to al l  genotypes, " in the second, a survjval  funct ion that is
dependent on t jme or s jze must be appl ied.  The case I  shal l  consider is that
in which,  for  each l ' i fe stanza, other than the egg stage, the jnstantaneous

rate of  mortal i ty remains constant,  j .e.  the probabi l i ty  of  surviv ing some
smal l  increment of  t jme does not depend on sjze.  Thjs assumption generates a
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Type I I  survival  curve (Pear l  1928) and is one general ly made for f ish (Ricker
1975).  As ment ' ioned, each l i fe stage may have a character ist ic mortal i ty rate
but ' in the present case, I  shal l  assume a common va1ue, M. The proport lon of
animals surviv ing to reproduce is thus the product of  two types of  mortal i ty,

a constant factor,  p and a t ime dependent factor,  
" -MT.

The opt imum body size can be found from equat ion (3) as fo l lows: let
the relat ionship between sizes and development t ime be D(S),  (T = D(S)) ,  and
between fecundi ty and size be F(S),  (mT = F(S)) .  Then

p = tn (pr(s)"-MD(S);
D(s)

= rn (p!( l ) )  -  ND(s)

r is maximized when dr lds equals 0,  (and dzr lds2 < 0),  i .e.  when

F'(s)D(S) -  F(s)D'(s) ln IpF(s)]  = 0,  provided F(S)D(s)2 > 0

where F'(S) and D'(S) are the der ivat fves of  F(S) and D(S) respect ively.

The f j rst  point  to note about equat ion (5) is that  i t  does not involve M
and hence the opt imal s jze is ' independent of  M. But a change in M changes the
relat ive mortal i t ' ies.  For example,  suppose there exist  two genotypes with
generat ion lengths I  and 2 weeks: the proport ion of  the second genotype

surviv ing relat ive to the f i rst  is  e-M (exp(-M)/exp(-2M)).  C1ear1y, as M
increases relat ively fewer of  the second type survive.  Thus we have a
si tuat ion in which a dj f ferent ia l  change in the survival  rates of  genotypes
does not change the opt imal genotype. This cur jous resul t  means that i t  is
possible,  under the condi t ions given above, to increase the f ishing mortal i ty
of  some semilparous f ish,  such as salmon, and yet have no ef fect  on the age of
f i rst  reproduct ion.

The second point  to note is that  equat ion (5) does involve p and hence
the opt ima' l  genotype is shi f ted by a change in p even though al l  genotypes are
equa' l1y af  fected. In general  ,  F(S),  D(S) and their  der ivat ives w' i l  I  be
increasing funct ions of  body size and, therefore,  a decrease in p leads to an
increase in the opt imal body sjze:  for  examp' le,  a reduct ion jn fer t i l i ty
favours an increase in s ize.

These two apparent ly paradoxical  resul ts can be understood by examining
equat ion (4),  r  js  a l jnear funct ion of  M but a non- l inear funct ' ion of  p.  Thus
a change in M changes r Uy the same amount for aTl@@[es but a change in p
has a di  f ferent i  a l  ef fect  on r ,  thereby shi  f t i  ng the maximum. The
independence of  the opt imal body size f rom the t jme dependent morta ' l i ty

funct ' ion ( ' in th js case 
"-MT) 

is not a universal  phenomenum since most
funct jons wj l l  enter equat ion (4) as nonl jnear components.  Sim' i lar1y,  j f
breeding js spread over a s igni f icant per iod of  t jme equat ' ion (2) ' is
' inappropr iate and an equat ion involv ing a ser jes of  terms, as' in equat ion ( l )
' is  required and this introduces even the survival  funct ion . -MT into the

(4)

(5)
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solut- ion as a non- l inear term. The factor P, however,  a lways enters t ! " ' .

equat ions as a non- l inear term and hence this resul t  is  general .  Al though the

i iJ"penO"n."  of  the opt imal body size f rom M.may not be general ly t rue the

"nou! 
ana' lysis suggests that  changes in p may.be more signi f icant in causing

sh. i f ts in 1ne opt l ia l  body size than changes ' in the relat ive survival  rates.

Wh. i le the case out l ined above is extreme the analysis does point  out  the

dj f f icul t  of  def in ing the suff jc jent  causes for natural  select ion to occur.

The condj t jon given 
"by 

Roughgarden (1971) is insuff ic jent  s ince i t  imp' l ies

that changes in p w1l l  not  caule any genet ic changes. The condj t jons g ' iven by

OonznanstJ (1g5i)  or  Mayr (1970) are ' incorrect  in the example given above

because changes in the relat ive survjval  rates (M) may not cause genet ic

sh. i f ts.  The message of  the above analysis is that  the def in i t ion of

suf f jc . ient  cause for natural  selecton to occur may only be made exp' l ic i t  for .a

wel l  def jned circumstance and may change with the c i rcumstance. For th is

reason the best we can say of  the general  s i tuat jon is;

(1) I f  there js val iat ion in the survival  rates of  d i f ferent genotypes'

then al l  other th ings being equa1, there wi l l  exjst  some genotype that is the

most f i t .

(2)  Changes in the survjval  rates may or may not lead to changes in the

'most f i t '  genotYPe.

Def in jng the most f i t  genotype may not,  u.nfortunately,  be a s imple matter

and in some cases the genotyie th l t  survjves may not be 
- that  

which ' is

; . ior  o i i  ca1 ' ly ,  opt i  mal .  t ]owev6r,  the assumpti  on of  some ecol  ogi  ca]  opt i  mum

pn"not ip.  ( inO 
-nence 

genotype) may b" q usef.ul  heur ist ic ru1e, i f  nothing

!tr . ,  
"nO 

i .  tneretore"wort i rwni te ietajning. Gjven such rules ' i t  is  possible

to def ine the opt imal phenotype and hence examjne the ef fects of  var iat ion in

survival  rates, '  making no g pr ior i  presumptions concerning the select ' ive

effects of  sucfr  var iat ion.  [ t tEFGh an examinat ' ion i t  is  then possible to

state the suff ic ient  condi t ions for  natural  select ion to occur '

Another. interest jng fact  demonstrated by the above model is that  natural

select ion can act  on a character even when the actual  shi f ts in surv ' ival  do

not direct ly inf luence that character.  For example,  a reduct jon' in the

proport jon 6t  eggs hatch' ing may cause a. .shj . f t  in the opt ' imum body sjze'  In

in i i  respect - i t  " i "s s igni f  i iant  that  grad' ie l t :  in body size, ,observed jn both

nomeotnerms (McNab 197i ,  James 1970) and poik i lotherms (Ruibal  1957, Dav' id and
g";r" t  1975),  have general ly b-een explained as a resul t  of  select jon for  body

;; ; ; -pgl  i " ' (s.norun"d.r^ 1955, James 1bzo, Nevo 1973, Kendeigh 1976),  (a l though

for a rather di f ferent approach see case 1978).  tAhj le selecton may agt

direct ly on body s ' ize there may also be_ I  g igni f  icant ef fect  v ia changes jn

otn. ,  t i t "  h is i ,ory parametersl  i t  would jndeed by strange i f  a long some

lat i tudinal  grad. ie i t  
' ther"  

*ere not shi f ts in most or a ' l l  of  the survival  and

ug" rp". i f ic  reproduct ion.rates.  Thus any explanat ion of  body size or other

i f f ""u. t . r is t ic  must consider al l  var iat ' ions in l i fe history components,  not
j r i t  tnore that  are d ' i rect ' ly  l inked to the character under study.

Acknowl edgements

I  am very grateful  for  the construct ' ive cr j t ic isms of  Drs '  D'J '

Fairbairn,  L.  Van Valen, M. Easton and T'  J '  Case'



199

NaturaL select lon

References

Bagenal,  T.  B.  
, |957. 

A short  review of  f ish fecundi ty.  In.  The biological
basis of  f reshwater f ish product ion (Ed. S. D. Gerking) pp. 89- l l l .
0xford,  B1ackwe11 Scient i f ic  Publ icat ions.

Case, T.  J.  
. l978. 

A general  exp' lanat ion for  insular body size t rends' in
terrestr ja l  vertebrates.  Ecology, 59: l - . |8.

Ch' iang, H. C.,  and A. C. Hodson. 
. l950. 

An analyt ical  study of  populat jon
growth in Drosophj la melanogaster.  Ecol .  Monogr.  20:  173-206.

David,  J.  R.,  and C. Boquet.  
. l975. 

Evolut ion in a cosmopol j tan species:
genet ic lat i tudinal  c l ines in Drosophi la melanogaster wi ld populat jons.
Exper ient ia,  31:  

. |54-. |66.

Dobzhanksy, T.  
. l95. | .  

Genet ics and the or ig in of  species.  Columbja Unjv.
Press.

Fa' i rbairn,  D. J.  1977. Why breed ear ly? a
Peromyscus. Can. J.  Zool .  55:  862'871.

Fisher,  R. A. 
. |958. 

The genet ical  theory of

Gadgi l ,  M. 0. ,  and W. H. Bossert .  
. |970.

natural  select ion.  Am. Nat.  
. |04:  

1-24.

study of  reproduct ' ive tact jcs jn

natural  select ' ion.  Dover Publ .

L j fe hjstor jcal  consequences of

Grant,  P R. 1965. The adapt ive s igni f jcane of  some sjze t rends jn js land
bjrds.  Evolut ion,  19: 355-357.

Green, J.  '1956. Growth, s ize and reproduct ion jn Daphn' ia (Crustacea:
Cladocera).  Proc.  Zool .  Soc. Lond. 126 

. l73-205.

Hami ' l ton,  T.  H. 1961. The adapt ive s igni f jcane of  intraspeci f ic  t rends of
var iat jon' in using length and body size among bird species.

James, F.  C. 
. l970. 

Geographic s ize var iat ' ion' in b ' i rds and j ts relat ionship
to c l jmate.  Ecology, 51: 365-390.

Jameson, D. 1. ,  | . l .  Taylor,  and J.  Mount joy.  1970. Metabol ' ic  and
morphological  adaptat ion to heterogeneous envjronments by the paci f ic
t ree toad, Hyla regj l la.  Evo. lut ion,  24:75-89.

Kamm, J.  A.  1972. Photoper iodic regulat ion of  growth in an insect:  response
to progress' ive changes in daylength.  J.  Insect.  Physiol .  l8:  1745-1749.

Kendeigh, S. C. 1976. Lat j tudinal  t rends jn the metabol ic adjustments of  the
house sparrow. Ecology, 57: 509-5. |9.

Levins,  R. 1970. Fi tness and opt im' izat ion.  In 'Mathematjcal  top' ics in
populat jon genet ics ' .  Ed. K. Koj ima, Ber l  in Spr inger Ver lag.  389-400.

Masakj ,  S.  1967. Geographic var iat ion and cl imat ic adaptat ion in a f ie ld
cr jcket (0rthoptera:  Gryl  1 jdae).  Evolut ' ion,  21:  725-741.



200
D. Roff

Masak' i  ,  S.  1972. Cl  jmat ' ic  adaptat ion and photoper iodic response in the
band- legged ground cr icket.  Evolut ion,  26: 587-600.

Mayr,  E.  
. |970. 

Populat jon,  species and evolut ion.  Belknap Press,  Mass.

McNab, B. K. 
. l97' | .  

0n the ecological  s igni f icance of  Bergmands rule.
Ecology, 52: 845-854. 

,

Murphy, G. I .  
. |968. 

Pattern in l i fe history and the envjronment.  Am. Nat.
1A2: 39. | -403.

Nevo, E. 
. |973. 

Adapt ive var iat ion in s ize of  cr jcket f rogs.  Ecology. 54:
1271- I 28.l  .

Pear1,  R. 1928. The rate of  l iv ing.  Knopf,  New York.

Pr ice,  P.  l , / .  t972. Parasi to ids ut j l ' iz ing t lp same host:  adapt ive nature of
d ' i f ferences in s ize and form. Ecology, 53: 190-195.

Ricker,  t / .  E.  
. |975. 

Computat ion and interpretat ion of  b io logical  stat jst ics
of f ish populat ions.  Bul l .  Fish.  Res. Board Can. ,  No. l9 l ,  382 pp.

Robertson, F.  W. 
. l960. 

The ecological  genet ics of  growth ' in Drosophi la.  l .
Body s jze and deve' lopment t ' ime on dj f ferent djets.  Genet.  Res. Camb. l :
288- 304.

Roff ,  D. A. 1974. The analysis of  a populat ion model demonstrat ing the
' importance of  d i  spersal  j  n a heterogeneous envj  ronment.  Oecol  ogi  a,1 ' |
rsi 25s-275 \

Roff ,  D. A. 1975. Populat jon stabi l i ty  and the evolut jon of  d i 'spensal  jn a
heterogeneous environment.  Oecologia,  19:  2L7-237.

Roff ,  D. A. 1978. Si 'ze and survjval  jn a stochast ic envjronment.  0ecologia,
36: 163-172.

Roughgarden, J.  
. |97. | .  

Dens' i ty-dependent natural  select ion.  Ecology, 52:
454-468.

Rujbal  ,  R. 
. l957. 

An al t i tudjnal  and lat i tudjnal  c l  ine jn Rana pipjens.
Copeia,  3:  212-221.

Schaffer,  W. M.,  and P. F.  Elson. 
. l975. 

The adapt ive s ign' i f icance of
vapiat ions ' in l j fe h ' is tory among local  populat ion of  At lant jc salmon in
North America.  Ecology, 56: 577-590. '

Scholander,  P.  F.  
. |955. 

Evolut ion of  c l imat jc adaptat ion in homeotherms.
Evol ut ' i  on , 9: 15-26

Spight,  T.  M.,  and J.  Emlen. 1976. Clutch s izes of  two marjne snai ls w' i th a
changi  ng food supply.  Ecol  ogy,  57: I  I  62- I  I  78.

Turner,  J.R.G. 1970. Changes ' in mean f i tness under natural  select ion.  In
'Mathematical  topics ' in populat ion gneet ics ' .  Ed. K. Koj ' i ima. Ber l in:
Spr inger-Ver1ag, p.  32-78.



20L

Natural selectlon

Van Va1en, L.  
. |976. 

Energy and evolut ion.  Evol .  Theor.  l :  179-ZZg.

wright,  s.  1959. Evolut ion and the genet ics of  populat ions,  Vol .  2. ,  Univ.
Chicago Press,  511 p.


