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Abstruct I recenlly attempted to in,estigale inlerspecif
ic patteflrs in ecological traits of Australirn snakes using
univariate statistical lechniqucs (Shine 199,1). but high
intercorrelations among vafiables (especially rvith mean
adult body size) made it dilllculi to interpret the ob
served patterDs. Il1 the present paper. I altenpl !o tease
apart causal factors using mullivariate (path) analysis oD
the same daia set (103 specier, based on disseclion ol
>22000 museum specimens)- Two separale palb analyses
were conducted: one lhat treaied each species as an lnde-
pendent unit (and thus. ignored phylogeny) and the odcr
based on independcnt phylogenelic contras$. Path coef-
ficienls ftom the two types oi analyses were siniltrr in
magnitude, and highly conelated with each olhcr, rug-
ge.r ing rhJr mon in.er pe( i . i (  pdt lcn. Jnnng rrr i r .  rnr\
reflect functional association raiher than ph]logenctic
conservatism. Path analysis showed tha! jndirect effects
of one variable upon another (i.e., incdiated via other
traits) were often stronger than direct effects- Thus. even
when two variablcs appeared to be unconelalcd in the
u va ale analysis, this apparenl lack of relationship
sometimes masked strorg but conflicling indirect eflecB.
For example. a tradeoff between clutch siTe and off-
spring size tends to mask thc direct effect of meaD adull
body size on clutch size- Path analysis nay also suggest
original causal hypotheses. For example. interspecific al-
lometry of sexual size dimorphism (as seen ir Australian
snakes, and many other animal groups) may resull liom
a stroDg effect of anothef allonelrically licd trait (off-
r t r n g . i / e ,  n r  S r o u l h  l r : r r ( ( l o r r r . o  [ e  n i l e  .

Key rvords Allomelry .Life hisiory Rcproduction .
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lntroduction

Despite an incrcasing scientific interest in the life-history
traits of reptiles, available data are slill strongly biased
towards lizids especially, phrynosomatid species liv-
ing in temperate-zone habitats in the Nelv World. For cx
ample. our undersunding of life histor], evolution in
siakes lags well behind that tbr lizards. ln order lo delecl
and interpret broad trends in the adapti\,e radiations of
squamates, we will require much broader data sets. from
a much widcr array of species and places (Seigel 1993).
One grorp of snakes for which we do havc exiensive da-
ta are the Auslnljan spccies. I have gathered ecological
information from dissections of >22000 nuseLrm speci-
mens of 103 species (Shine 1994a). the largest compila-
tion lbf any southern-hemisphere reptile radiation. Even
with such a Iarge data set, however, the analysjs and in'
terpretation of evolutionary changcs in life'history traits
is fr,rught wilh difficulty. The reliance on conelation to
jnicr causation is a fornidable problem when so mrny
life-history traits arc highly intcrcorrelated, and often
tied allonielrically to body size. Even if we can distin
guish trait coffelations due 1() lunclio al relationship
froln those due to phylogenetic conservatism (Harvey
and Pagcl l99l), we are still left with a bewilderjng ar
ray of correlalions among Lraits. such that multiple cars-
al hypotheses arc consistent with the data. This is exacdy
the siiualion with Australian snakes. When I attempled
to detect and interprc( ovcrall pattcms using univariate
starisrics. I was irust ed by the high intercoffelations
omong variables and (especially) the high correlalion of
most variables with absohte bod]' size (Shine 1994a).
Multilariale statistics are better suited to disentangling
such ctTects, and in the presenr paper I rcport an attempt
to identify cxusal processes using a multivariaie ap-
prorch (path analysis) to the same data set.

Path aralysis offers a promising lechnjque lbr tcasing
apart coffelations that result fronr indirect pathways
($hereby rhcrc is no fumctional relationship between thc
1wo \'aiabies) frcm thosc produccd by tlnctional rela-
tionships. The procedure works by quantifying relatron
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ships among variables based on rr prioll model (he path
diagrant that includes bolh direct and indircct effects o[
one variable upon anolher. Inevilably, the conclusions
dcrived from a path analysis depend or the srbjective
judgements mdde by thc investigator at the outset ol the
sludy: especially, which hypothoses are incorporated ir
the oiginal path diagram. Thus, my rationale for select
ing hypotheses is provided below I constructed a palh
diagram to incoryorate the following hypotheses and pre-
dictions:

1. Erolutionary thanges in dietat)' compottition .lavor
ph!-logenetb shifts in mem adult ba(b liize. My fttionale
for this hypothesis was the conelation bellveen body size
and dict in Australian snakes. both within al1d among
species: only the largest snakes specialise on mammalian
prey (Shine 1994a). I considered the revcrse causrl con
nection (larger body siTe favon a dietary shift towards
larger prey) lo be less likely in evolutionaly lcrms.
2. Shifts in dietdry hdbils i4lluence optinal oJfsprins
riz?. Because snakes are gape limited predalors, off-
spring may need to be a ccrlain size al birlh or hatching
iI they are to ingest a specific prcy lype (e.g.. Nussba m
1985). Thus, for exanple, i expected that the evolution
of specialisation on larger prey (e.g., mammals rather
rhan fiogs) mighl favor an evolutionary increasc in off-
spring size. Again, the rcvcrse causal hypothesis (shilis
in offspring size favor shifts in dietary habits), although
plausible, seems less likely 1() be valid.
3 .  l t ,  f t d ' ,  i n  n h a n  " J " 1 1  h o d J  s i : ,  f u o '  ; 1 t . \ n - '  i F
clutch size and olfq fins size, but there is a ttudeoJl be
t @ p ,  I  t h . ' r  ̂ , o  / r . d t r r  l b a . e d  r h r .  h ) | o r h e . i .  u t o n  c \
tensive pubiished work showing allometric rncreases rn
both traits, and a tradeolL bctween them (e.9., Seigel and
Ford 19t37).
1. hcrcases in oJ:fspring size Jator delavd mal rution
h feftrl?.t. This hypothesis was based on the notion that
selection for incrcased offsping size should lavour in-
creased aternal body size, so lhat llrmales can morc
easjly accoDodate the larger ofiipring (Andersson 1994;
Shine 1994b). Because ales do not carry the develop
ing offspring, male body size at maturation should not
be affected by offsprirg sizc. Similarly. clutch size
should nol affect female body size al maturatron, r'c
causc smaller fenale snakes simply produce smaller
clutches, whcreas offspring size is typically relatively
conslant over a wide range of femalc body sizes (Seigel
and Ford 1987). Thus, offspring size, but not clutch size,
might be expected 1() infl ence the cvolution of lemale
body size. I also predicted that changes in grcwth tru'
je.t.7r) (espccially, the proportion of naximum size at
which maturation occurs) dre allometricalb tietl to
n?an ad lt botlJ ri.?, based on consistent intefspecific
patterns in other laxa (e.g.. Andrews 1988; Shile and
Charnov 1992).
5. The tlirection and desrce of sex tll size dinnryhism is
infue ced b)r mean a.lul! si.e, bJ, the grotrth trdjelhries
of lhe two seres and br dietary conpa\ition These hy
potheses were based on the general rllonetry oi sexual

OECOI.OCIT\ 107 (1996) O spinser Verlag 4ll5

size dimorphism in snakes and other taxa (e g.. Shine
1993; Andersson 199,1), |he importance oi growth tra

jectories as proximale determinanls of dimorphism in
adult size (e.g., Madsen aDd Shine 1994a). and compar-
ative evidence for sex specific di\,ergence in dietary
habits and trophic morphology in snakes (Shine 1993,
r994b).
6- The set ntio oJ aduLt Vecimens collecled is alledel
by adutt siae, rchtive siaes at mat ntian, ancl sexuaL
\i.e tlinoryhisn. "fhlshypothesis was based on interspe
cillc allometry in sex tatios and sexual dinorphism
(c.g-, Shtue 1993, 1994b). thc notion that relative sizes
at mallration should inflnence the rclative nunbers of
adults of each sex in the population, ard thc idea that
sex differences ir activity patterns are tied to mating
systems (which jn turn inllucnce dimorphism: Shine
1994b).

Materials and methods

I r r n \  D : r h 1 n ' l \ n . l h p f i r . ,  l c p  \ ' ^ \ o n \ r ' r r .  h  t r ' h d i d 9 r a r "
.  

' " i " * " , r^ '  
nr  ' \pu,nL\ ' . -J  u 'J l  rcJ on 'h, t  J ,n nF

!a.iabl;s. If the lbcls oiihe srudy is on the.t /&r@ of l.aits,
r - .  d  rd lh d cs. r  " .m"r '  re  put" l r ' .  l in l  in  c  r ' '  o  \P lP.
r i r .  prc.  . .  r r .  inn,  r 'c  . t i - j . ,1m i  t '  . l  " .  he )po. l , .  s  h, r  ' '
ah\ ' ;penel i .  .hr r r  in  onp r ' ' r  ! \ r r .h  o r r rer .  ' 'u l l  h .d)  rc \  i  _

io p\  .Fh.  Jn lor  d .h i  r  i r '  'nJ her , , r , r  ' .u .1,  - .  o"  r ,n"  \ i /c
f  c n . r u , " o l  . l ' e  .  . .  u \ 1 1  . p l .  r r o n s h , t  . r  r h -  I n o ' m . n r '  l )  d i i
lercnt frolr those uscd in path diagran! lhat model dn'ect iunc
tional links betveen lraits {iLhir slio|t tine sp.ns (e.e.- looking at
proccsscs occurdne du.ing a single reProdrcln'e selson King
lgsrJ The Dath diaslam conhins fesidual vnriables as s'cll as rhe
indeiendcni rnd tleiendenr variables. Residudl vari.bles quaiLilv
fte;rcDoriion ofva;iation in the dependenl variable thar is nol ex_
Dui;ed by thc nultiple rcgrc\sior model (Kingsoher and
Schenrske l99l). Path coei'lcients arc standardised Partial-regres
sion cocilicienls. obtained trom a mulliple rStession on stan
dardised variables for each delendent vlfiable in the patb dia-
Jrram. Becausc the an.lysjs is based on slandadhed lariablcs. ii-
direcr erecls ofone variable on anoLher c.n be calculrted by mul
l - o . ' I ' !  n 1 h  c o e . r . r (  l  r l  r r  - . 1  I  L  t ' ' r h q " ]  l j . l i n !  |  '  r q o
\ l i , o e ' .  I  e  e t r c f r . c e r f i ' r i .  ' . , t ' .  r  o l  r h e c  . 1 1 ' P  e a P d
alors all of these Dlthwnys. The udt of such coefficicnls is the
snnilaro rteuiation i'r tc "rnable: thus- a taft coefficicnt of +0 5
means that an increment of I SD itr lhe irdclcndent variablc caus
es an increDcnt ot 0.5 SD in thc dependent va.iable lnclusion or
cxclusion of paths based on srltisiical significancc ol indilidurl
D i r h  ( " J  i . i t , ' .  I . n , , r  r . .  m p n d c J  L r , n A . n l \ e r  : n u \ . h e m ' l e
l o a t , . o u r m J . , " J r t  p d r  ,  r f r -  i . . r u n ! l \  p p o n c J  r d r  r
. . . , 1 ) .  l o r  c ' a m f l r .  r l  o .  . l ' .  , , , ' , l r ' o  e , e !  e .  . n '  u  e d  o  d c r (  r e
r , i ;  , o . h  . , (  r '  l . r  ' p e . r c  r n r r n  \ . l u e  J . D l 3 r n e d  i r  r i l .  '  l
variaLion the dependent vafillrlc (r<0.0001).

To addres 1bc problen ofphylogenetlc conseNatism (i e , cor
rclation due Io comnon inheritancc ralher lhan any luncLional rc
lariorshiD belweetr thc rwo featurct. I caded out 1wo sepdate
path analtscs usiry the same path dilgran ihe first analylis
l - � . 0  ,  b . ( a  e  ' .  u  e '  l h .  r i l .  o -  r r e  l L  r e n e  c  l i c . l  $ d '
b 1 . e i  , , . p e c r e  m ( . n v . ' h e \ . r ' J  , e i e d P n h  D L , e ' r \ x  ' r J .

Dcndent u;u. Thus. any co(eiation beLween two t.airs mlglit bc
d u e . . c ' h '  p h r l o r c  r r r . . n r r t J r r '  o r ' ' o ' p r c r ' u n  I  e r ' o M
. '  J lJ  r '  s r .  l ' . . "o  on ' ,1 -nenoer r  pn) lupen '  i c .onr 'dJ '  $h"F
bv I suDcimDosed meantrait laldes fof each \pecies onto aPhllo
r . n e r r i n r p  i " e  ' . r " " t a c  e , . I n ' . r n d . :  -  ' " r . d  I n o " o e n J e r i  1 . . _
L r r  r - r l  . . r t r a r ' , . . r . t t ' . <  . n n l J e e l  I n ' l  l . ' ! r h i ' r < c -
nique, tire amounL ol evolutiondry change in onc ldlable caD be
co;Fred to thc anounl of change in another variable Corcla_
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lions drc to comDon inhefitance will be deleted ftom these dat!,
but if tso rails are lunctionally related, phylogenedc shifts h one
of rhcn are likelt ro be accompanied by concurcnl shifts in rhe

The d.ta sets and lhylogcnctic hlpothcscs used in this paper
ate raken from my previous sunDaies (Shinc 1994a, Appendix l:
Shine 199,1b, Appendix 1). They iNlude mean values for 11 cco
logical vanables for 103 species of Austmlian sn.kes of fouf m!
jor Families. The lpecies studied ranee ftom $nall fosodal typhl
opids 10 iarge arborcal pythons. and include lenomous as Nell as
nonvenomous species. I used snoul vent lcngth (SVL) as fte nea-
sure oibody size i. aU r.alyses. Sex differences in body size werc
qumtined using the meihods of Lovlch and Gibbons (1992),
shclcby the nean adult SvL ot the larger sex sas divlded by that
of the ualler scx. and thc diffcrence between this value and I-0
was used as thc indcx of difrorphisn (arbnrarily assigned ro be
positive if fem.les were thc lagcr scx, and.egalile if dales were
lJ ,gFn Thi  i rJer  ha . i ! '  i l i (Jnr  'ur  \ r .  a l  J l \J , rage. . . ' ,  im-
ple r.lio measures of sexual size diDor?hisD (SSD) (Lovich and
Cibbons 1992). I dsed rhe proportion of the diet composed of rep
tilian prey as tbe diet variable lo comla.e to SSD, because reptiles
are the main prcy type tbr most Australian snakcs (Shine 1994d),
and I have documented intrlspecitic scx diilcrcnccs in the propor
don ofrepdlian prey (Shine 1991).

Results and discussion .
Figurc 1 shows the palh diagran jncorporatjng the hy-
potheses listed above, and also displays path coefficients
and residual variables. In gereral, path coellicienls based
on raw (dps) data and on phylogcnetic contrasts were
similar (mean path coefficient=0.09 for tips data, 0.09
for phylogenetic contrast data) and path coelficients cal
culated from these two data sets were highly correlated
with each other (r=0.89. r=30, P<0.0001). This similari-
ty suggests that most of the major pattems of relation-
ship among life-history trails reslrlt fiom functional rela
tionships. nther rhan being artifacts ofphylogenetic con-
servatism. I now consider each of the dependent va[-
ables in turn, in light of the results liom lhe palh analys

Mean adult body size

The primary result (from both the "tips" and phylogenet-
ic aDalyses) is that only one dietary component (the pro-
portion of the diet composed of mammals) sirongly in
fluenced body size (Fig. 1). Tle likely reason for this
pattern is that there are few insectivorous snake species
in Australia (o y typhlopids), and the body sizes of an-
urophagous and saurophagous snakes overlap almost
completely. Thus, interspecific shifts among these die
tary calegories have litde ellect on mean adult body siz-
es. In conlrast. shifts to a mammalian diet involve con-
siderable increases in body size. This result parallcls that
seen in intraspccific comparisons. I have documerted
several cases in which the propotion of mammalian prey
increc.eq wrlh incrcrr ing hndy . i , ,e sirhin l  spe. ie.
(Shine 1989; Shine and Slip 1990), but no instances oI
size-related shifts betweel other prey types.

Offspring size

The path analysjs suggests that mean adult stze has a
strong direct eftect on oilspriDg size. whcrcas dietary
habits do nol (Fig. l). Th.3 resuli is a surpdsing one, in
that many authors have predicted that the optimal size at
hatching is affected by the types (and thus, sizes) ol prey
available (e.g.. Nussbaum 1985). My analysis suggests
that s ch effects occur, but are nediated tirough selec
tion on adult size, rathcr than adjustment of offspring
size pe,' se. Because the proportion of nanmalian prey
in the dlet exerts the strongest efect on body size, it also
exets the strongest indirect effect on offspring size (0.76
for tips data, 0.36 fbr conirasts). In comparison, the cor-
responding direct pathway is much weaker (-0.13,
0.003: see Fig. l). I note, howeve! that my conclusions
in this respect depend heavily upon the way in which the
path diagram was constructed; alternative path diagrams

!'ig.1 Palh diagran ofevolu-
tionar! relalionships among
ecological va ablcs in Austra-
lian snlkes. Two patr cocffi
cients are shown for each path
say: Lhe nnr from a 'lipC'

analysis ftat treiLts each lpsies
!s ar indcpcndcnl unit. and Lhe
secod frcD analysis of indc
pendent phylogenetic contrasis.
71,.k lnzr show path coefii
cienrs >0.40 (based on "tipj'

anrlysi9i arrzldts shoe paft
coefiicients for which P<0.05.
ar shoss thc lroportion of tolal
variation in lhe depeMenr vari
able that is nor explained by the
conbinalion oi independert
variables used nr lhe analylis

f L .
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''Tlps'T.ble I Plth coctlicients hnk
ing nea. adnlt body sizc
(siourvenr lengtb. SvL) io
othcr ecological trails in intef
speciilc codparnons among
Australian strakes. The lhble
prolides path cocllicienLs non
tso difefent anllyscs:a Lipi'
anrl)sis that rcated cach spe-
cics as an iidependent uni1. lnd
a "phylogcnctic confasl anal
ysis based on elolutionary

Eliect of body size on:

'l hrough orslring sizc

Pr. f .  r i '  r  o  e ln rJ .  l  \V l  l  mr l r r  i io  in  l i rn" lc

Throogh offspring sizc

Sexual size dimor0hinn

Throrgh nale matLuaiion siTc
Through lenale matur.rion eze
Through otBping sizeand female mltuEljon

'/, Males in collected.dults

Through sex dnnorph$n
Through 'nxle natunion lze
Tlrfough tcmalc nnLuration size
Through Dale nltuMton aid dnnorphism
Through tenale maturarion lnd dimorphsnt
Th.ough orspring slze. fetnale maluralion
Thfough ofiiprjng size. iemale matumriotr

1.03

1.19
l . | l
0.68

0.98

0.08

0.3.1
0.37

-0.34
0.:18

0.25
0.001
0.25
0.42
0.03
0.0i
0.39

0.03
0.50

0.83

0.97
0.rJ9
0.08

0.28
0.47
0 . 1 9

0 . 1 0
0.03
0.08
0.05
0.10

0.03
0.001
0.01
0.00r1
0.001

-0.0004
0.01

0.001
0.005

are possible, ard might suggest a greater link bctween
prey types and offspring sizes.

Clutch sizc

Mean adull body size exefts a strorlg ellbct on clulch
size, but this direct eflecl js opposed by a large negative
irdirect eflect mediated through oftspring siTe (Table l).
That is. larger species have largcr clutches, but they also
produce larger olTsprjng and evolutionary rncreases rn
offspring sizc cause reductions in clutch size. Such
lradcoffs between clutoh size and offspring size are prob
ably widesprcad, and reflect the need to partilion finite
rcsourccs into reproduction (e.g.. Seigel and Ford 1987).
Given a fixed upper limit to some resource (such as ener-
gy investment or abdominal space available to hoid fte
chtch), ar increase in offspring size must inevitably re-
duce clutch size. The end result of lhese lwo conflicting
prcssures is that clutch si4s increase with body size. but
at a slower rate than would occur ill the absence of the
tradeof involving offsprirg size (Tablc 1).

Crowlh trajeclory

In larg,3r species, both sexes tcnded to mature at a lower
proportion of mean adult size (i.e., they kept growing

nlore after matumtion). The same tre[d is scen in other
reptiles (Andrews 1988; Shine and Charnov 1992). The
shift in males nay be rclated to male-male combal,
which is more comnlon in larger species (Shine 1994a).
Thc conseq ent fitness advantagcs of large body size in
males may lavor continued growth in this sex (Madsen
and Shine 199,1). In fenales. the proportion of mean
adult body size at nanrration was irfluenced both by al-
lomelry and by offspring size (Fig. l). These efl-ecls
tcnd to cancel each olher out. An increase in mean adult
size favors maturalion at relatilely small size, bui also
favors an increase in offspring sizc, which militates
against early maturation- The net resull is that changes
in mean adult size had less ell-ecl on lhe proportioDal
size at maturation in fcmales than iD males (elTcct coef-
ficierts ol 0.08 versus -0.49). becausc nrale size at
maturation was unalectcd by offspring size (see Shine
1994b tur further analysis of ofispring size versus adult
malc body size).

Sexual size dimoryhjsn

The dietary composilion variabie employed in thc analy-
sis (proportion of the diet conposcd of reptiles) showed
significant relationships with SSD in both "tips" and
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phylogenetic analyscs (Fig. l). This result supports pre-
vious inlerences from ecological data, suggesting that di
etary divergence between the sexes may innuence the
evolution of SSD (Shine 1991, 1993). Why are males
large! relalive 1() conspecific femalcs. ir1 larger species
ofAustralian snakcs? The path analysis cladfies possible
reasons fbr this allometry. Thc direct effect of mean
adult size on the direction and degree of sex dillerenoes
in body size was small. but indirect effects were strong
(Tablc l). Because body size at matuation was highly
correlated with mcan adult size (e.g., Shine 1990), the
rclalive sizes at which thc two sexes achieved ma$rily
strongiy influenced the resultant degrcc ol sexual size di-
morphi.m. Ho$ e\ er.  rhe cl fccl  oi  l r rper oIt(pr.1g,r /c on
female manrration cancelled our rhe cffcc! of the size-
mediated shift in proportional size at maturation in this
sex (sec above). Thus, the allomclry of sexual size di
morphism among these taxa seems 1o result liom a factor
(allonetry ofmean offspring size) rhar infl enccs malu
ration patlems in females but rot males (Table l)- 'fhe

erd result is isomclry of relative maturation size in fe-
males, and allomerry in males so that the degree of
SSD shows strong allometry.

Thcse pathways also mean that the degree of SSD js
cofelated with relative offspring size ("tips" data: ,=92,
t=0.22, P<0.O3), because the latter variable influences
female size at maturation, which in tum influerces nrr:an
adult female sizc and thus, SSD. Weatherhcad and Te-
ather (199,1) recently docuirented a coffelarion belwcen
SSD and relalive oftspring size in birds, and interpreted
it jn tenns of epistatic gcneric effecrs. The relrrionships
described above suggest an akernative explanation for
their pattern.

Scx mlio ofadults in collcctions

The proportior of adult males in museum collections
tended 1() ircrease with mexn adull body size. The rrcnd
was due primarily to a direct effect of sizc. combircd
with a tendency for males to onhumber females in spc
cies in which malcs allain naturity at a small ploportion
oimean adult size (Fig. I ). As nored above, the latter el-
fect probably rellects an association between growrh tra
iectories and thc matirg system: males lcnd to nature ar
a lower prcportion of mean aduh size in species lhat
show male male combat (Shine l99,la). Males engaged
in conbat bouts are notoriously insensitive to danger and
thus, such a matillg system may make males more vul-
nerable to predators (including muse m collectors).
Also, earlier naturation in malcs should directly increasc
the numbers of adult nales in the populalion rclative to
the number of adult fcmales. Howevet these trends were
opposed by an indirect effect working rlrough size ar fe-
nale rnaturation (Table 1). The much lowcr path coeffi-
cients 1br phylogenetic contrasl aDalyses (Table l) sug
gest that such cflects may largely reflcct phylogenetic
conservaLism (e.g., in the maling system) rather than
f unctional relationships.

The usc o[ path analysis thus he]ps 10 clarify relation-
ships among ecological vafables in Australian snakes. In
Jranrcul. l r  Ihis reJhnique $J. rucce*l l l  in prnir ioning
obseNed corclations irto biologically interyretabte direct
and indirect etrects. Perhaps the strongesr resulr ro emergc
from these analyses is that overall corelatrons among
trails (as sunxnarised in clfect coeltrcients) are often the
result of seleral significant indircct as well as dircct ef
fects. In several cases, the magnitude of the indirect ef-
l-ects is greater than that o[ the direct effects. The allome-
try of sexual size dimorphism oflerc a good exarnple.
Males arc largerrelalive to females in species oflarger ab-
solutc body size. The parh analysis suggests lhar this al
lonetry is due prinarily to changes in growth lrajectories,
and 1o eflects of offspring size on lemale growrh patterns,
rather than to a direct efl-ect of body sizc p?. r€ (Table l).
In other cases, such as the relationship between mean
adult size and clutch size, the ovemll cofelation acrually
masks a major indirect etrect that is very s! ong, but works
in the opposite direction ot the direct effect (Table 1).

How do these oonclusions differ liom those reached
by univariaie analyses oI the same dara set (Shine
1994a)? The p mary concl sion fron univariate analys-
es was the importance of allometry: mosr ofthe tlails ex
amjned werc significantly conelaled with mean adult
body size. Path analysis of the same data confimled the
existence of sirong co elations between body size ard
other attribules (as is evident from thc efiect coefficienrs
in Table l) but suggested that (l) many of these effects
arc indirect rather than direct; aDd (2) even where no
overall effect of body size on another trair is apparent, a
dircct effect may be presenr (and stong) but masked by
conflicting srrong indirect effects- lndccd. irdirecr ef-
iects were strong enough 1() obscure the corelatjon be
tween the magnitude of direct cffecrs and effecr coeffi-
cients 0r=9, /r=0.16. P=0 15).

Multivariate analyses may aho generate new hypothc
ses about causal processes underlying general patterns.
Perhaps the most exciting idea to emerge from the pres
ent analysis is a possibie explanation lbr a general par-
tem: allometry of the degree of sexual size dimorphism
in many lineages- Ir many taxa, males leDd to be larger,
relative to conspeciiic fenales, in specics of la$e abso-
lule body size than in smaller ta-\a (e.g., Reiss 1989t An
dersson 1994)- The same trend occurs ir the Australian
snakes (Table I; Shine 1994a. b). The path analysis sug-
gests that this allometry results lioln a strong effect of
relative offspirig size on the body size at malururion in
Icncl<..  Alrhuugh rhe ol l \pr ing ut .mJl l  'pecres arc
srnaller in ubrolute l"r,',s than ofspring of larger taxa,
they are larger rcldire to natemal si.e- This is lrue iD
many kinds of .tnimals (e.g., Andcws 1982; Reiss 1989;
Andersson 1994). The path analysis suggests rhat this in-
crease in relative offspring size favors later maturation in
females (i.e., at a larger body sjze) whereas sizes at mat-
uration in males arc (unsurprisingly) unaffectcd by oil
spring size. Because absohte body size at maturarion
strcngly affects mean adult body size (e-9., Shjnc 1990),
the delay in maturation of femalcs, relative ro males, re-



sults in a trend to fcmale-biased sexual size dimorphism
in small,3r species (Table 1). It would be interesting to
examine data on other animal laxa, to see whether this
process oflers a plausible mechanism fb! the general al-
lometry of sexual size dimorphism.
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