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lntroduction

ReFoductive success (RS) increases with age jn many
organisms bu1 the causal basis lbr this correlahon re-
mains obscure for most ta-\a. ln animals with determi
nate growth, increased RS with age nuy resull primarily
fiom leaming. For example older animals may have
higher mating efficiency as in butterflies, Jalmenus er'
agorus (Elea( and Pierce 1988), or be better at raising
offspring as in many birds (Harvey et al. 1988: Thomas
and Coulson 1988). Indeed, in mosl natural populatioN
of birds and mammals. breeding performance is highly
dependert on age: RS not only increases with age early
in life, bul also decreases with age laler in life due to se-
nescence (e.g. Fitzpalrick and wolfenden 1988; Itrujjt
and de Vos 19ll8t Mccleery and Pedns 1988; Newion

1988; Smith 1988). Because adull body sizes remah rel
aiively constant alter maluration in many of these taxa,
ontogenetic changes in RS are presumably related direct
ly 10 agc (via plocesses such as learning or senescence)
rather thar to indirect effects of ontogenetic changes in
body size. Howevet the situation is more complex in
taxa which continue to grow after maturation. A pattern
of increased RS with age is also seen in many such taxa
(e.g. Fjtch 1975; Madsen etat. 1993), but (as many au-
thors have nolcd) may result fioir increased body size
rather than age per se. Thus, the correlation between age
and RS in lhese taxa may be an epiphenomenon (a con
sequence of growth) rather than a direct effect. For ex-
ample, clutch size may increase as a simplc consequence
of space available ir the lemale's body cavity (Shine
1992), or male RS may increase because size confers an
ability to win combat bouts against smalle{ rivals (e.g.
Tdvers 1976; Olsson 1994). Plausibly, bolh age and
body size may contnbute indepe[dendy or interactively
to the higher RS ofolder,larger animals.

Few studies of species in which growtl conlinues af-
ter maturation have altempted to separate the ell-ects of
size and age on a wide range of fitness correlated moF
phological and behavioural vanables (see, e.g., Howard
1q86, Belou. $e penbrm .uch anrl) .e\  on rn e\ len. i re
data set fiom a ficld study of known age sand lizards
(Ldcefta agiliJ). to evaluate the relative importance of
age and size in detemnning reprodustive tactics and RS

Sand lizards are snall (up to 90 mm snout vent
length) oviparous lacerlids that are widely distributed
from Ergland to westen Russia, and from Swedet
southward to Fralce and northern Greece,
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Materials and methods

Our study area was situaled at Asketunnan 50km South of Co-
thcnbdg on the wesiem coasL of Sweden (see Olsson 1992. 1993,
1994 lbr turlher deiailt. Thc lizards were moniiorcd every day on
whicl veather coodltions pcrnitted lizard activity dlring the mat
I 's  co.on\  r  lo8r  loo2 (1c. .  '  len. i \F l )  . l  o  rn lub ' l - lo86)
t6-  t . /dJ.  {e e c"p,u pd o)  nuu. ,nA ^ l .y  h.nd Jrd $c,e r .  *ed

Does reproductive success increase with age or with size in species
with indeterminate growth?
A case study using sand lizatds (Lacerta agl'rrs)
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Abshact Most data olt dcterminants of feproductive
success (RS) and reproductive "tactics" are correlational
in nature. and hence cannot be used to infer causation.
Consistent pattems such as an insrease in RS with age,
as seen in many rypes oforganisms - may result from dj
vene underlying mechanisms. Ontogenetic tncreases m
RS in mammals and birds may be due largely to dircct
eflecfs of age (via learning, etc.) but our analyses show
that apparently analogous ontogenetic shilts in reproduc-
tive taclics and increases in RS in sand lizards (Zd.drta
dgiltr) are actually due to ontogenetic changes in body
size. When size effects are removed, age exefts very lillle
etTcct on either reproductive behaviour or RS in either
sex. In many taxa, both age and body size may exert im
portant effects on reproductive biology, and disenian-
gling these effects should be a focus offuther research
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SVL SvL (Age) Asc (sVL)

Table I Speaman's tank order
corelation coeffi cients be-
lween (1) body size and (2) age
versns other traits in nalc ard
lamale sand lizards. Vaiables
wilhiD palert?cs.i (body size.
agc) havc been contolled for i.
Sleanan\ partial rank order
cofl€lation analysesi thDs. the
.unbers represent Spearma! s
partial rank order corelation
coeticietrts. (JYa snout lent
length, nS t€poducdve suc
cess. see texl other abbrevia-

0.8,1 0.0001

0.000t 0.85 0.0001
0.0001 0.80 0.0001

0.0001 0.50 0.0001
0.0001 0.63 0.0001
0.0001 0.27 0.0001
0.61 0.04 0.66
0.004 0.31 0.001
0.005 0.1,1 0.02
0.0001 0.E0 0.0001
0.0001 0.36 0.0001
0.0001 0.34 0.0001

0.57 0.0001

0.0001 0.59 0.0001
0.0001 0.58 0.0001

0.0001 0.32 0.00r
0.0001 0.44 0.0001
0.41 4.t4 0.21
0.0001 0.40 0.000r

0.0001 0.16 0.0001

0.26 0.0001
0.18 0.0001

0 . 1 r  0 . 1 4
0.0,1 0.62
0.15 0.01
0 . 1 5  0 . l 0
0.03 0.75
0.01 0.91
0. l l i  0.20
0.04 0.50
0.04 0.56

0.31 0.0003
0.30 0.0005

0.05 0.60
0.17 0.09
{ . r 6  0 .  r 6
0.0E 0.34

0.06 0.:16

Males
SVL

Length

Leg lengtb

Hind
Emerge

x Y shitr

RS
Rel RS

SVL

Leg lenglh

Bind
x Y shift

2IJ3

261 0.95
266 0.90

179 0.66
177 0.74
281 4.23
124 0.04
93 -0.28

265 0.11
52 0.84

2rJ3 0 4l
2E3 0.39

134 0.79
135 0.75

105 0.53
105 0.62
?ri {.09

153 0.61

153 0.58

0.81 0.000r
0.69 0.0001

0.50 0.0001
0.50 0.0001

-0.002 0.97
0 . r 5  0 . 1 0
0.08 0.46
0.10 0.10
0.62 0.0001
0.20 0.0005
0.20 0.009

0.69 0.000i
0.66 0.0001

0.:14 0.0001
0.49 0.0001
0.1r 0.35
0.5r 0.0001

0.48 0.0001

pemanently by toe clipping and le poraril)' by painling u indi
vidual nunber on adhesive tape placed on ihe lizlfd's back. Be
fore being released aL the place of capture the lizdds were mea-
sured and weighcd, and in 1989 ! photogmph was taken of a
nalel leii body side in ordd to estimate his area ol nuprial col-
ouration (see Olsson 1992. 1994 for a more detailed descriptio. of
nethods). Male RS was esliinated by visiting ienales scvcral
nmes daily. and moniloring the idemities of copulanng and mate
gua dilg males on these days. Ihir nelhod i x limilu to focll ani
mal sanpling (Altnann 197,+) and should yield unbiased estrmares
of nale mating succcss. Litter sizes fof females were obtaiied b)
bringing temales irto the labor.tory a few days prior to oviposi
tion, mairtairing lhem sepanlely and rc.ording the number of

The polar coordinates of all localilies used by each iizard o.
tbe slrdy area lere translbmcd to ofhogonal ones to facililate
calculalion of(1) hoDc range size in males. and (2) shifts in f,ean
home range coo.dinatcs between yeas in boft sexes (see Olsron
| 992, 1993 fof a more detailed description of melhodology).

We used these dara to calcdale corelalion coefficicnts betNeetr
lizard age or sjze on the one hand, and lizad reproductive tactics
and RS on the othcr. We lirst calculated snnpb Spednan\ rank-
orde. co(elation coefticients for each of lhe reproduclire varidbles
!e6us (l) age and (2) body size Gnout vent length). To separatc
the indelendenl effects of age and size. re calculated patial core
lations berween $ese va.iable! and thc rcp.oductive rails (and
' o r ' e  F l e r d , r  n n r p , l . g . , l  \ a i a b l e ' , .  h o l J , r p  c i r h e r  . B e o , . / e
corstant. Si.ce rhe frequencl disrribltion ofRS is li]gl y non.or
mal, especiauy in mrles, all our statistical lnalyses employ non
paramelric te.hniques. whcn age or size has been cortrolled for in

ldtial cotrelatio. analyses. Ne hale used Spearnan s ldlial rank
order corelalion coer'licienl (alailablc in SAS 1987).

The results are sumnra[zcd i'r Tablc l, rhich provides nrfor
nation on analyses using the following variables: snoul vert
lcngth (SVL, mnt, age in calendar yeds (estinared by skelero-
chonoloey and v.lidated by colrparisons with known'rge lizards,
Hemelaaf 1985). ffont leg lenglh and hind leg length (mn), linr
day of emergence in relarion to the date ol energence of ihe first
lizatd observed thal year (Emerge). hone rnnge sizc in nales cal-
culaled br lhe A4-tudex (Homc fargci JeDnrich and TlDer 1969),
thc shitt in the gcoDretric centef of a iizdd\ home mnge betNeen
tiro $'ccesile yeaN (shift in mean or$ogonal coordinales: X Y
shifo. nunber ol fighLing lcds in nales (Scar), the de! ol a
male\ body size covered b) gre€n nuptial pigne.lation (Badge),
absohe male RS (nuhber of 'natings ib. that male), rclatile nale
RS (Rel RSr RS dividcd by lopulanon mean of RS lbr all adul
nales in that ycar, litter size, and.el.tive litter slze (litter size for
that lcralc djvidedby thelopulatiotr mean litter size for all rcpfo-
ducine lemlles in that yeaf).

Results

Body size increases with age in both sexes, although
growth rale decreases aller maturation and asymptotical-
ly approaches zero (Fig. l). Females attain larger mean
and maximum body sizes than do males as is true ln oth-
er populations of this species (Bischoff 1984). However,



Age in .alendr. Year

Fis I Mean. variatior (SD) and sample sizes of$out-tent lengtl
(mh) in cohorK of malc and tenale sandliTa,ns

in each cohoft there js considenblc variation in body
size (SVL), du.J 1o variation among individuals in age-
specific gowth rates. For example, the smallest 9 ycar_
old female (80 mm) was smaller thaD the largcst 3-year-
old femalc (81mm). This variation in growth ratcs
among jndividuals gave us the opportunity to disentangle
age versus size effects. Tablc I shows tha! age and body
size are highly corrclated in l- dSilir of both sexes and
thal. in turn, these iwo attributes are signilicantly corre-
lated wilh several vaiables related to rcproductive biolo
gy. The pddai correlation analyses strorgly suggest that
ontogenelrc changes in body size are the major contribu-
tors to reproductive tactics and RS- When the cffects of
body size arc removed liom the analyses, age exefts only
a minor (and generally non-significano effect on rcpro-
ductive trails (Table l). In contrast, body size is signifi
cantly corelated \\,ith the other variables even whe[ agc
is held constaDl in the analysis. More detailed rcsults are
given below.
I� RS and reprcductive tactics shift both with age (16 of
l8 corrclations are significant on the P<0.05 level), and
with body size (16 of l8 correlatjons are signilicant on
the P<0.05level).
2. Conelations tend 1() be stronger with size than with
age (14 of 17 conelation coeflicients are higher lbr size
than age, two-tailed binomial test of equal numbers of
more extreme col_relaiion coeflicicnts between srzc ver-
sus agc and trait values, P 0-012, I tie, ,1=17).
3. When efiecls of age are conuollcd for by patial cor-
reladon analysis, body size is still strongly correlated
with repfoductive laciics and RS (Table l; 13 of l8 par
tial corelations with body size are signilicant at the
P<0.05 level, and two mote have plobability values
<0.10). That is, within each year class, larger ljzards
consistently display diftercnt rcptoductive lactics than do
smaller aDimals of the same age, and the lafgef lizards
e{pcrience higher RS.
,1. When the cfccts of body size are controlled ibr by
partial correlation analysis, age per se is ltol significantly
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coffelaled with most traits. in particu]ar not with rcpro_
ductive tactics or RS (5 of 18 corclations are significant
on the P<0.05 level, and lbur ofthese significant correla
tiolts are those betwecn head size and body size in both
sexes). That is. among lizards ofthe same body size, old
er a mals and younger animals do nol differ signiiicanl-
ly in most of the attributes we mcas red.
5. The diltcrence between the magnitude of these lwo
eflecls (age versus sizc) when the other is contrcllcd for
is striking. We can evaluate the statistical significance of
the difference in magDiludc of 'age' versus 'size' partjal
corclations by compaing the strength ofthe partial cor-
relation cocfficients. This comparison sbows that 'size'

corrclatioff are consistently larger than 'age' correla-
tions (larger in 15 of 17 cascs, I tie, two tailed binonial
probabjlity for ihis or more extlene outcones, P=0.002,

The clear rcs lt from thesc analyses is that within any
given age class, RS increased with body size, aDd at the
same body size. RS did no1 differ consislently between
lizdrds of different ages. The partial conelatior analyses
did, however, identify some significant effects of age in-
dependent of body sizc. Although age did not atlect
home range siz,rs of male sand lizards, or the rumber oI
fightilg scars they carried (suggesting that movement
patterns and the intensity of battles did not change over
an adult male's lifetime), older males emerged froln hi
benation earlier lhan did younger males of thc same
body size (Table 1). The biological significance of this
pattern is unclear: earlier emerging malc sand lizards had
larger home rangcs during the mating season (correlation
herucen dal(  ol  em(rgcnc( "nd hurnc range si /e.  "-

0.30, r=l2zl, P<0.001), but home range size did rot
consistently cnhance RS in lhe same sanple (t"=0.07,
n=124. P<O.44).

The nost obvio s effects of age are olt morphology.
At equivalcnt SVLS. older sand lizards have larger hcads.
This effect is significant in both sexes (Table I ). Again.
the biological importance of this hend is difflcult to eval
uale. Head size relalive io body length is grcaler rn mate
than in lemalc sand lizards (ANCOVA. 12=0.82, F,,.1"1
=941.2. DFnooer=2. DF""",=398. F"".=85 0, P<0 0001,
F.\r=1'79'7.4. P<0-0001), suggesting thal scxual selec
ti6imay favour increases in relative hcad size il1 males
(perhaps to edrarce slrccess ir malc-male combats, e.g
Hews 1990). However, the same ontogenetic shift to a
larger rclative head size is seer in fcmales (Table l), and
argues against any straightforward interpretalion lbr

Discussion

The pdmary result liom our analyscs is that the ontoge-
nctic increase in RS, aDd concurreni shifts in reproduc
tive taclics of sand lizards, tue a luDction of body size
rathef than age. Unlike the many cases documented in
endotherrnic verrebrales (Clutton Brock 1988), it appears
lhat age per se has very little elTect on the bchaviour or
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RS of our lizards. Thus. a superficial similarity in rhe re
lalionship betweer age and RS a patten that is wide-
spread among both venebrate and irvertebratc laxa
(Clutton Brock 1988) may be misleadjng. The causal
basis of the phenomenor (age versus body size) may be
entirely diffelent between laxa.

Future work could usefully investigare the causal
rnechanjsms u erlying ontogenetic shifts in reproduc-
tive tactics and RS in a variety of organjsms with differ
ent growth pattems. One obvious possibility is that direct
age effects arc more imporrant than size effects in endo
thermic vertebrates (birds and mammals) because of
their great behavioural flexibiliry (and thus, abitity to
learll) and limited posr-maruraLioDal growrh, whercas rhe
reverse will be true for ectotherms. Neveitheless, growth
continues after maturation in many endolhenns (e.g.
Clutton Brock 1988) and almosr ceases in many ecto-
therms (e.g. A4drews 1982). Also, rhe ability ro lsarn is
by to means restricted to endothenns (Burghardt l9?7).
This kind of diversity in gowth parlems and behavioural
capabilities provides ideal material to explorc rhe causat
basis olontogenetic shills in reproductive tactics and RS.
Ir the interim, our analysis on sand lizards suggests rhat
caution is needed in inferring causality fiom obseNa-
tions of an increase in RS with age. Alrhough such shifrs
are phylogeneticaliy widespread, rhey may rcsult from
fundamentally differcnr mechanisms in differenr types of
organisms-
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