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Ahstract A s-year mark recapture study of snoorh
slakes (Cannelld dustridc,) in thc Carnic Abs ( 1100 ln
above sca level) of north caslern Italy providcd extensive
informalion on dre biology and life-history of rhese
small viliparous snakcs. Offspring wcrc reltttively large
(mean = 15 cm tot.rl length, 2.9 B) when thcy were born
in late sumnrcr. and f-emales grc\r to mrtu.iry (44 cm.
50 g) iD .rpproxinately ,l years. Larger neonates retained
iheir sizc advantage for at least 12 months. bul did nor
have a highcr probability of survival Although sexual
sizc dimorphism (at birth and ai mean adull body sizes)
was miror, the sexes differcd significrntly io scvcr.t re
spects. Fenales grew tastcr lbrn rnales during iuvenile
life. and adult lbmales dive.ged in dietary habits tiom
the rcst ol rhe population Whereas juvcnilcs (of both
sexet and adult maies fed primarily on lizards. l^rger fe-
nrales shifted ro ficding less frequenrly. but r king largcr
prcy onannnls and snakes). Reproductive output in
creased strongly rvith maternrl body size: Lrrger fimales
reproduced nrorc icquently. produccd larger litters ol
lafgef neonales. had higher rclative clutch masses
(RCMS), and had a lower pfoportion ol stillborn oft
spring. Most ftmales produccd .t litref evely 2nd or 3
' < : , r .  W e  d d  n o r  J . t e . t  \ r r r . i  i c r r  r  r c - r  r u  ) r : r  r : r r r r ' r o r r
ln rcproductire traits over dre 5 years ol our srudy. fe
males wcrc consistent from onc lilter to the ncxr in sev
cral trrits (e.9.. liitcr sizcs. ofi.spring siTcs und shapes,
proportions ol stillborn nconalcs. RCMS). bur rnrs corl
srstency was duc !o di l lerences in body sire lmong lc
m:rlcs ralher than to sizc indepeDdent marcrnal etlects.
Olefall litter scx rxtios avera.qed -50/50. but sex ratios
tcnded to be more malc biased in lirters rhat were unusu
ally large rclatjve to atcrnal body size. ind in littefs
containing a high propoftion ol slillborn oftlspring
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''Cosls ofrepfoduclion appeaf to be high in rhis popula
tion, in terns of both ercrgy allocarion and risk. Repro
duclion rcduced growlh rates. and femalcs thrt recorercd
coodition Dlore quickly iir the year atrer rcproduction
were able to reproduce again after a brieltf dela]'. Mor
tality was highest in repfoducing limales $,irh high
RCMS. and iD femrles that rvere vefy emacirGd lier
o J | l u r i . i o n  T h (  n r f k e d  n f . . r . (  i r ,  ( p r o d U .  i \ .  o u r p  l
with increasirg matcnial body size in C. .rr.r/,"i.r.d may
reflecl a rcduction in -'cosrs" rs lemales slow larger- and
thc diet y shifl to larger p.ey mry cnhance the frrc thal
lenralcs can ltccumnlare cncryy lbr reproducrion.

Kc) words AIpiDe Colubridac Life hisrorl
Itcproduction. Iieptilc

Introduction

The last two dccades h ve seen rn Lrn|recedenrcd crparr
sl(nr of  f ic ld studies or rhc dcleDnin.rnts ol  reproduct ive
success in f ic ld populat ions ()1 lcrebftr tes. As i . lbrm -
non has lccuD l l ted. i t  h ls become ob\ ioLrs rhl t  mrnv
ecologicr l  nnd l i l t  h istofy l l l i ls show strong phl lole-
ncl ic conservat isnr.  $ th t  re crn onl]  hope ro undcr
strncl  thc di \ersi ty of lefcbr i lc l i fe-hisiofy srf t r tegies by
sl ldying a lv ide phylogenet ic di lcrr iL!  of  ver lch(r lcs
(e.g..  Crccnc l98at.  In trncl icc. rhis rneans th r  we nee. l
more informal io on trx l  othef lh lr  bi fds rnd Inirnrnars.
which l r l \ ,e been the slrdy orgrnisrns ot cboice f i r . r
high froporl ior ol  research in lhi \  l ie ld (e.g..  I -ol t  l99l) .
A'rrong the rept i lcs,  srral l  d iufn.r l  hcl iothefmic I i l , r fds
h.tvc Nchieled the shtus ol 'nrcdel or-sl isDrs in beh.L!
rcral  ecology (Huey et.r l .  i9 l l l ) .  but infb nnuon on orn
cr fept i l iar gr 'oup\ hl ts hlged l i r  behind. Al lhoUgh
many a thofs hrve bcrno:rred the logi \ l icxl  di f f icut l ics
'nherent in h g lcrnr f ie ld st t( l iesofsnakcs(c.g..Turref
1977).  there is rn erncrgi  g consensus Lhrr such studjc\
rrc f t  s ible on sonc tuxr.  Lrnd cln provide inlaturbte in-
tornxlkm u, i th lvhich to rcsr rnd d.!c lop l i fe-histor]
lheory (e.g..  ( l rccne l98al Scigcl  1993).  I lowelef.  de



tailed ecological information remains unavailable for
most snake species, even for geographically widespread
taxa that occur in parts of the world tlat have been sub-
ject to intensive scientific study. The smooth snake, C.,
tunella uustriuca, is such a species. It occurs across
much ofEurope, but published information on its ecolo-
gy is based primarily upon studies in the extreme west
em limit ofits range (southern England) where it is rela
tively rare (Spellerberg and Phelps 1977; Goddard
19lt,l).

This paper is based on a 5-year field study of an Ital-
ian population of C. durrridcd by two of us (L.L., M.C.).
Because recapture rates of individually-narked snakes
were high throughout this pedod. it was possibie to
quantify a number of factors such as the interval be
tween successive clutches by the same female, the con-
sistency of ofispring phenotypes in successive clulches
by the same female, and the nature of "costs" faced by
reproducing animals that may aiiect maremal fitness,
but have rarely been measured in field studies of snakes.
Our aims in this paper are to describe t]Ie general ecolo-
gy and reprod ctive biology of C. aarl,'iaca in the Italian
Alps, to compare our results to those of previous studies
on the same species in other pafts of its geographic
Iange, and to evaluate the determinants of differcnces
among individual female C. austriaca in the numbers
and sizes of offsprirg that they produced during our
study. we consider not oily characteristics of the fe-
males' reprod ctive output, but also examine our data for
evidence of "costs" of reproduction, as predicted by the
oretical mo{lels for life-history evolution (e.e., Williams
1966; Shine and Schwarzkopf 1992).
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The snakes were caplured by hand during daily sea.ches along
standddised roules lhroughotrt the sludy area. Dieldy records
were oblrined by palpation (lbrced regurgnrtion) ud by collec-
tion rnd analysis of faecd pellels. Feftales were palpaied Lo detecl
rhe presence of oliductal ofspring, and were refroved lron lhe
field if lhey were delemined to be gravid. These grrlid females
were maintained in small outdoor enclosures until panurilion, The
females were weighed daily throughoul this pcriod, and wc usc thc
mass recorded intmedialely prior to parturition in our analyses in
the presenr paper. Pebales were mrinrained in their enclosures for
30 days atter pdturition, Lo record the incidence of posrpdtum
mortality (as obseNed in adders: Madsen aqd Shjne 1993: l-ujselli
1992) The neonales w6re thcn rclcdcd, with thcjr molhcr at her
ofiginal localily of capturc. AI snakcs wcrc idividuauy m.rkcd
by clipping lert l scales aftl by p.int m.rKng or the doB.l sur
f.ce. Regeneratior of clilped scales was relatively rapid, so snakes
sere reclipped (and if necessart, prinr-ftarked) ea.h year. Ou
measure ofbody size is toral lenEth (snout-vent lengrh plus rail).

Analyses of oftipring size were based on a singlc mean value
ler lilter. to avoid artificially inflating degrces of fr@don in sta'
tistical res$ by including li1ter-mates s indcpendcnt feplicates.
However, wc rctaincd dala tom sncccslvc liiteB of individual fc
males as septuate d.ta poinls for sotne analyses. becanse (i) repio
duclive output vdiables showed liltle consisteNy among succes
sive lilters wirhin the same feturle (see belo{), and (ii) reprodtrc
dve ouDul changed considenbly through r tehale\ reproduclive
lite. Under these circunslan.ei where the lelel of variation
mong successive liners from the sme female is simild in magni-
tudc to the vdiarce amory litters frorn difldclt fernalcs, data
pooling does nol inffoduce significant adifacls into slalistical ana
lyses (Leger and Didrichson 1994). We have not used Bonferoni
rehniques to "cofteC' for spurions significrnce leveh inboduced
b! multiple lests, because suc! techniques nrlroduce problems ol
subjectile elaluation of "independence" of data sets, and ltigher
type Il eror rales (S. Hr bert. pers. comm.). Thus, readers should
bear this.avear in frind when inteqreting nultiple tests on rehled
data-sets. Relarive clukh nrass (RCM) was deiined as naternal
mas! loss at parturition divided by matemal post-parrurition mars
(Shinc 1980). Wc calculated the additional mass loss at pd.luri-
tion' as (naternal mass los total neonate nas). ald divided this
amounl by the lotal malemal fta$ los. This vdiable provides a
mea\ure of the mass component of Lhe liLter that is aLfibulable to
c,9., lluids and tnemb.ues. lather than the Deonates themselv€s.
Records of p|cy ilons wcrc obtaincd by lalpation of ftcshly cap-
tured snakes. and analysis of faeces deposited by them.

Due tl) the very high sdpling effort. ee were able to capture
nosl adult snakes in ftosl yern- lfwe had often failed 10 capture
snakes tnrt were actually present. our data should include many
examples of $nakes that were recorded one lear and not Lhe nerl,
but thcn leappcded in a subsequent yeaf, ln 1act, this Fttem is
sccn only twicc in our data. out of 63 yelrjecods 1br 2lj snakes
(T.ble 1).

Results

We obtained hfonnation on 28 female C. dnrtr.idcd, for
an average oI2.25 (SD = 1.11) years each (range I 5)
and 1.07 (SD = 0.60) litters each (range 0-3)

Ecological ch.{acferistics

Growth rates and sutvival ofofs\ins

Figure I shows growth data liom snakes that were jndi
vidual l )  marked ar hi Ih.  \o thar rheir  e\r .1 at 'e i \

Materials and methods

The sftoolh snake is a rehdvely slender. frediud-sized (o 80 cm
lota1 lenglh) nonvenoftous colubrid species Lhat is found oler
nuch oi Europe (Arnold and Burton 1978). The sp@ies is wide-
sp.edd in lhe alpine massifand locally very com'non, espccialty in
rclativoly dry rocky babitats. 11 fccds primdily upon lacdtid liz
dds ed small rodcnts (Andren and Nilson 1976; Godddd 1984;
Rugiero et al. 1995). Unlike the coryeneric oviparous C. si/o"
d/.a. the snooth snake gives birth to fuuy developed lile young
rather than laying eggs (Agrini and Luiselli 1994).

We studied a popularion of snooth snrkes at Sella Never. in rhe
Tarvisio ForesL anong rbe Camic Alps (46'26'N. 13"31'E, | 100 m
elevalion). The habitat consists of stoDepiles and ruins of old
buildings at dD bordcr of a coniferors forest. The climale is typi
cally alpine, wi|h prolonged s.ow cover each yet (Nuauy from
late November to late April). Smoorh snrkes fue abundanr in this
dea, and de symprtric with 1wo olher snahe species, adders (yi
/aala 1. , , . j  r rJ  grr ! \  .nr te.  /va, r ,  aat i ' ) .  Tne : ,nner  . to  ie .
has been the subject of detailed ecological srudies in lhis area
(Capula rnd Luiselli 1994). Male snooth snales emerge liom
winler inaclilily in lare April (soon after the snorv cover mells),
with females following about l0 days lale. Both sexes re-enter the
libernacula at the eDd of Octobor
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Table I Reptudtrcrive ourput of sroorh slakes, Corcr.k a&s
,u.d. nt de Ca.nic Alps ot Iraly (Majr ?r. batcn.l mrss tdorto p!fiuntron. ,urr p,J/-niaternat 'na$ afrer parturtioi, i. a.U

,?.'r losr proportional addirion.l mass toss.t p.rLuritioD, belond
Lhar attiburable to neonaral m.s. lar. o/ r;/ril days after I Au
gust, rr not ' eponuclive in th.t yer., RCM relarivc clulch mass),

ID Year
(cm) (e)

G)G)

2
2
2
3
3

3

5
5

7
8
8
8

;

I O
t 0

t 1
l i
t 2
1 2
t 2
l 3
l 3
l,l
t4
t 5
l 5
t 5

1 6

l7
t 7
t 7
I IJ

t9
20
2 l
2 l
22
23
23
24
25
26
27
28

3

8

6

5

5

5

5
6

8
5
5

1

2

l

8

3

2
6
7

3

11.73

1,1.01
15.20

1 5 .  r 8

t4,60

15.32

141J2

14.88
1,{.98

16.18
15.08
15.42

:u t

2.83
3.69

3.110

2.9u

2.76

2.20

240

2.46
2.533

3.50
2.58
3 . 1 0

2.80

133
0.50
0.57

0.3ti

0.75

0.33
0.50

0.75

o.+o

o.2o

0.aJo

0.40
0 3 3

0..r3
0.75
0.40

0.71

0.50

1,u0

0.00

0.50

0.50

0.00

0.43

0.25

1.00
0.50

r.00

0.39

o.32

0.38
0.41

0.63
0.:10
0.46

0.51

0.20

0.23

0.56

o.26
0 .  r6

0 . 1 0
0.38
0.46

o . 1 2

1990 48.5
1991 48.5
1992 ,48.9
191)l .18.9
1990 60.0
1991 60.0
t992 60.1
1990 51.4
l99l  51.8
1,992 52.1
1991 52.2
lr94 52.2
1990 :15.0
r 99l 45.2
1990 44.2
t992 45.8
1990 48.1
1991 48.1
1992 48.7
1993 48.9
1991 42.2
l99l  5 t .1
1,992 51.4
1993 51.4
l99r  46.2
tr)t)2 47.5
1994 ,18.5
1992 63.0
1993 63.0
t994 63.0
1 9 9 2  6 l . l
1993 61.1
1994 61.1
1992 54.8
r99l  56.5
1994 56.5
1992 57.2
1,993 57.7
1992 46_2
l99l :16.6
1992 41.1
r  993 47.5

t992 42.3
1993 43.5
1994 43.5
1992 66.4
1993 66.4

r99t 39.1J
1993 48.5
1991 ,18.6
1993 62.8
1993 50.2
1994 50.3
1993 11.3
1993 52.E
1994 51.2
199.1 50.5
t994 53.9
1994 59.E
1994 37.5
1994 48.1

52.2 37.1
12.9
47.6
56.3 38.3
80.5 5 l . l
5 t . 0
74.1 45.6
49.0
65.E ,11..1
17.5
53.9
63.1 42.3
53.6 39.6

40.0
42.3
57.9 41.7
37.1
12_1
59.2 12.1
39.lJ
56.2 12.1
49.0
57.1 38.5
38.9
56.8 41.3
60.5 42.9
5 1 . 8
79. l  48.8
62.5 14.7
12.0 49.4

65.2 .13.3
48.6
53.8

62.9 ,15.8

.14.8 31.3
42.7
39.0

5  t . l  3 5 . 3
36.8
:1.1.9
47.1 31_4
69_2
78.6 53.1

52.2 4A.6

72.3 43.9
5 l . 8
58.4 43 8

57.8 41.3

: , ,  ! . ,

56.2 4'1.9

14.82 2.90
15.17 'O'

15.55 2.88

9'�n g"

0.41 0 59
0.57 0

0.13 009

!.t ,:t,

0.49 0.20

: "  : "

0.30 0 15

3 8 0

3 0  0 3 3

.
2 1  0 . 1 7
37 0.5

2 6 0

1 " !
12 0r5
31 0

i+.qz i.ts
13.30 2.05

13.80 220

14. l0 2.10

15.34 2.65

o.z, o.o:

0.20 0 8l

.

0.,15 0 80

0.26 0.35

0..r8 0.20

.
0.29

0.65 0 15

!x g',
0.40 0.r  0

: *

0.25 0.35

3 4 0

3,1 0.50

4t 0 50

52 0.33

4 0 0

14.65

r5.80

15.30

2.80

3.53

2.98

:13 0

J u o
4 1  0
3 1  0

2 7 0
29 0.20
31 0

3 6 0

.

34

4 4 0

3 8 0
41 0.33

3 2 0
16.45 3.75
15.30 

:r'

15.00 2.80 40 0.31
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Fis. I Cforth curves of indilidlallyinarked smooth snakcs, Co-
tu;elh dusltiaca. All ot rhese sn.kes wcre individurlly ndked at
bnth. so thct ages are known exactly. See texl lor sratistical

known. Thc variation among individual snakes in growth
rates (Fig. L) was partly due to sex. A onc factor analysis
of covariance of the recapture data (with sex as the lirc
tor, age in months as the covariate, and ln body size as
the dependent variable) showed that males grew morc
slowly than females (for ln length. slopes Fr.r5 = 5.21,
P < 0.0,1; Ior ln mass, slopes Fr.ri = 6.08, P < 0.03t see
Fig. 1). Also, snakes that were larger at birth retained
rhis. i /e advi lnlage al  l2 rnonrh\ol  rge f l inearregres. ion
of body mass at 12 months on mass at birth: n = I0,
r = 0.63, P < 0.05), but the incrcment in body mass was
independent of size at birth (x = 10, r = 0-4?, P = 0.18).
The effects of sex and size al bifth on subsequent body
size were independent, because males and females did
not difer in size at birth (see below). The mean sizes of
offspdng that survived (as judged by recapture in later
years) were no djfferent from the average sizes of offi
spring that were never recaptured (unpaired two lailcd t-
rests; for length at birth, t = 0.1'7, df = 128, P = 0.8'7; fot
mass at birth. r = 0.56, r1./= 138, P = 0.57).

Age and sizr at maturi4r

The smallest female to produce olfspring in our study
was 43.5 cm total lenglh (47.1 g preparturition). The
iargest femalc was 66.1 cm and 78.6 g. Thus, based on
growth rates (Fig. 1), we infer that fe[lale C. austritu:a
on our study arca generally give birth for the first time in
t}Ie 4th summer after they are born (i.e, at 48 months of
age). This inference is s ppofted by data on one female
(28 in Table l) that was marked at bifth (September
1990) and recaptured in each subsequent year. She re-
produced ior the fifil time in 1994, at 4 yea$ of age.
Based on body sizes of mating males, the age at flrst
reproduction is likely to be around 4 years in this sex

1 18 prey items were identifred from the alimentary tracis
of freshly captured smooth snakes (Table 2). Contingen-
cy table analysis revealed a significant ontogenetic shift
in dietary composition: smldl snakes (< 30 cm long) a1e
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Table 2 Prcy items identified ftom snoorh snakes, C. "xrrrta.a.
according 10 scx and body lenglh. Thesc ilems sere obnircd by
palpation of the abdomen. or from faeces Produced by fte snakc.
All itetus were collcctod in the period ftom July to erly Sepiem
bef, between 1987 and 1994

<30 cnr >30cm <30cm >10cfr

( Sf b o e,ru s) sj Lr ati t L s

iDvertebratc as well as vertebrate prey, whereas larger
snakes fed oily on vertebrates (X2 = 15.66,4 df,
P < 0.004). However, feeding lrequencies (as judged by
the proportion of snakes with identifiable prey in their
stomachs when collccted) did not change with snake
body size (I2 = 0.'71, I df, P = 0.40). Among large
snakes (> 30 cm body length), lhe sexes difl-ered in terms
of the prey types they consumed (X'� = 6.84, 2 df,
P < 0.03) as well as their feeding fiequencies: X'� = 7.94,
I di P < 0.005). No such sex differences were cvident ir
smaller snakes (< 30 cm; prey types I'� = 1.95, 3 dl,
P = 0.58tfeeding rates t'�= 0.29, 1 di P = 0.59). The sex
differences in larger snakes resulted liom a tendency fbr
males to feed often, on relatively small prey (especially
lizards) whe.eas females led less often, and tended to
take larger prey (snakes and malnmalsr see Table 2). This
dietary dilference between the sexes also reflected a hab
itat difference, wit]} females tending to occur ir drier
habitats than did males (L. Luiselli and M- Capula, un'
published work).

Reproductive oulp t

Year-to-year variatron was examined using oDejaclor
analysis of variance, with year as the factor. This proce-
dure revealed no significant annual variation in mean
values for littsr size, offspring size, offspring body
shape, date ofpafturilion, RCM, sex ratio, or lhl} propor-
tion of stillbom neonates (Table 3). Because matemal
body size strongly influences reproductive output in this
species (see below), we also computed size-co ected
scores for vadables |hat were significantly associated
with maternal body size. These scores (residuals from
the linear regression of the trait on mdernal body length)
similarly showed no significant temporal variation (Table

0

8

20

0 0
2 t )

3 u
l l  :16

0 0
0 0
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df

Table 3 lnfluence of matemat
idenlily ald yed on charactef
islics of ielroductive output irt
smooth snakes, C .ftrr/@.a, in
lhe Carnic Alps, The lrbte
gives values lrom single-litctor
rnalyses oi vdiance, with ci
ther matemal idertily or ycar as
rhc factors. The dz.,//e.rcd
lr/iaDl?s de raw scorcs,
q hercas the si.e - co fte c te d
,atarki de r€sidual scores
Lom the linear reSresion of
some rrarL on maternal body
lcngth. Sisnificanl P valuei in

Arotuctetl rdriables
Mean ofispring lengrh (cn)
MeJn offsDnnr nass tsr
Prnu io;,rJ;
RCM
'/. AddilioDal mass los

Size cotr.cted t.niabtes (rcsi.luat scotet
Otrslring body shape 4.22
Gesidual ln nass/leneth)

MJremal  bodJ .hap!  1 ln mds4cnglh l
f r t - | r | runrror  4,22

Bascd on neonate lengrh
Based on neon.te mas

3.92 0.03
4.42 0.02
2 . 3 1  0 . 1 2
.1.r0 O.O2
3.1.1 0.052
1.42 0.31
6.24 0.006

l5.rJ8 0.002

1.05 0.50
1.10 0.47
1.59 0.26

L24 0.40

2.84 0.07
3.20 0.049

1.22

4,22

4.22

4.22

0.54
0.42
0.25
0.70
0 . 1 0
0.29
0.68

0.39

1.03
0.55
0.61

0.63

0.80
0.75

0.70
0.19
0.90
0.60
0.98
0.88
0.61

0.8r

0.41
0.70
0.63

0.65

r8,8
r8 ,8
18.8
18,8
1li,lJ
l8 .E
r 8 . 8

t8, lJ

18,8
18,8
18,8

1 8 . 8

18,8
18.8

(clutch siTelnaternal lensrh)
Rclative RCM 

- 
4.22

Relatn c otrspring size (neonate size/marcnal length)
0.54
0.57

3). We repeated rhc size-corrected analyses uslng one
factor analysis ofcovariance (with ye.rr a; the factor. and
matemal body length as the covariare) and again found
no signilicant remporal variation in any of these rrails
(P > 0.50 in each case).

Freque qr of rcprcduction

The frequency of reproduction in snakes is often esti-
mated by the proportion of adult size females that are
reprocluctive (e.g., Seigel and Ford 1987; Capula er al.
1992). In our study, we obtained a total of 63 ..snake-
years" of records (i.e., counting each female as a sepa-
rate data poinr in each year she was collected). Repio_
ductive females comprised 3l (= 497.) of theLe record(,
suggesting a biennial cycle in individual females (Table
l). However, this estimate may be biased if reproductive
females modily their behaviour (e.g., bask more often)
in such away rhat they are easier to find and catch (Rug
iero et al. 1994). Recaprure records of indivjduat f;-
males over a number of years offer a more reliable jndi
cat ion oi  rhe rrue frcquencl ot  reproducrion tBroqn
l : q l J .  w e  o b r a i n e d  s i r  r e c o r r l s  o i  t r t t  r . p . u u r . | l , . . ,
. l e .  ' i . e . .  i n c l u d i n g  2  r e p f o d u c r i \ e  ) e a r . l r n d  t h (  i n l e n a l
bel\'r'een). Four of these cycles (including fwo in one ie-
male) were biennial, two were triennial, and one female
reproduced in 2 succcssive years. Another two females
were nonreproductive in 2 successive years (so were tri
ennial at best) and a third female was nonreproductive in
3 successive yedrs (suggesting a quadriennial cycle, or
perhaps even longer).  Hence, our dJla.usse. l  that bien_
nral  rnd l r iennial  cy( le.  dre equdl l l  colnln,u,,  " , ,n " .

c6ional females reproducing at longer or shorter inter
vals.

Litter size

O-ur femalc C aurrrtdcd produced litters of two to eight
offspring, with a mean of 5.0 (SD = 1.81. n = 28). The
primary determinant of litter size was matemal body
.r, , ( .  wirh larBer lcmale, producing tarper t i  er5 {FiS 2i .
becau.e Jdul l  lemrle\ cont inued lo grn\ b( l$een \u(_
cessive lilters (sce above), litter size also rended to in
crease ontogenetically wirhin individual females (of sev_
en females with more than one liner, the number of off
spring increased in foLrr, rcmained constanl in two, and
decreased in one). Maternal "body condition,, (residual
score from the linear regression of pre-parturilion mass
lo malernd bod) length'  dlso.nlYel" leJ po\rd!el)  $irh
l i l rer s i , ,e {Tabl< 4).  becau.e a . igni f icani proporiron ol
the female's mass at this time consists of the litter. This
coffelation disappearcd when litter size was compaied to
matemal mass post-parturition (Table 4). The propor_
r iondl los ofr l ld ronJ mater ir l  r r  parrur ir io l  uu. neBJ-
l l \e ly i iur lTelared sirh l i  er s ize tn _ 27. r  _ t) .ba,
P < 0.001): that is, the additionai mass loss was lower
(as a proportion oflitter mass) for larger litters.

Are individual females consistent in relalive fecundi-
l ] .  \uch rhar some lcnd to have con. i . lcndy high resiJual
scorc5 wherea\ othef\  have loq \cores? Appircnr ly nol.
A one-laclor anr i) . i5 of ! ,urance '  q i th mtrernal tdent i t )
as the lactor, and the residual fecundity score as the de
pendent variable) failed to detect significant differences
among 1emales in this respect (Table 3).
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lig.2 Efect of matern.l body length on reproductive o pur in
smoorh \ndlcs. .. d,,r/m, d Ld8er tem.te\ ?roduce t.,se, t' c6
t tu r  tpJ t t  o t  l ree t . lT .p r rng  , ro t , ; /? ,L  dd  hcv"  h , lhe i  rc tn i \F
clr'tch nasses as a result (relo' t"Jl}). Thc proporrion of stillborn
1s ,nd ,c \  i \  d l .o  l . rwe-  in  la ree  remdle .  r r . /on  , iAr r '  \o re  rh .  I  t  -
tersrzc in! lude\ .tillborn as sell c., Ivc neon,re\

Proportion of dead offsprine

An avemge of 14% of offspring were stillborn (SD =
19%, r'dnge = 0 507o), but 17 (617.) of rhe rlrers con-
Iai led no derd neonale. I  Lble tr .  fhe prupnf lron ol
{ l i l lbom young decreased wirh increi ts ing l i  er srze rnd
inoeasing matemal body length, and was significantly
correlated with the sex ratio (7. male) of the suNiving
offspring (Table 4; Fig. 2). There was no significant cor-
relation between mean offsping mass and the proportion
of stillborn neonates, but stillbom neonates were shoter
than live offspring (Table 4).
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Olliprins si.e

Neonates averaged 15.01 cm lengtft (SD = 0.66.'? = 28
litlels) and 2.87 g (SD = 0.47,,? = 28 lilters). There \{as
an approximately twofold variation in offspring size
among litters in terms of neondal mass (range among lit
ters 2.05-3.80 g; 13.3-16.5 cm). No sexual size dimor-
phism was evident at bith (length: unpaired I = 0.54,
121 dl P = 0.59; mass: t = 0.01, 121 df, P = O.99). \Ne
also tested for consistency in oll'spring size within suc-
ce. i i \e l i l rers proJuced b1 lhe \arne temtle. u\ ing one-
factor analysis of variance wilh maternal identity as rhe
fzrcto.. These tests showed significant differences among
lemales for mean offspring lengths and masses (Table 3).
Much of this effect was due to the strong corelation be-
tween offspring size and matemal body size: larger fe
males produced larger offspring (Table 4; Fig. 2). When
maternal body size effects were removed from the analy
sis (by using residual scores from the regression of neo-
natal size on maternal size), the differences in relative
olispring length among fernales tell below the conven-
tional level of stntisrical significance, whercas that for
neonatal mass fell just above rhis level (Table 4). Despire
the overall relationship betweeD maternal body size and
olTspring size (Fig. 2), there was no consistent trend for
mean offspring size to increase in successive litters liom
the same female (rconatal size increased from one litter
to the next for three females, and decreased for five oth-
ers). Offspring size was not cofielared wilh the date of
pafturition (Table 4). Our data provide no evidence for a
tradeoff between litter size and offspdng sjz_et rcsidual
scores fiom the regressions of these two variables
against uaternal body lengrh were not significantly cor
related ('? = 27, ,. = 0.06, P = 0.75).
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Table4 Conelanon ndd\ idr rcprodudive r,a,ls of smoolh snakcs, coD,ella alrrlta.d. (Conditio! scores rre residuals liom the lin
ear reSres ron or Ln mas on bdd, tcnSth. t/p- tr e pdturilion, /'o r losr pdturition). significant p vatues in bold 1y!c

Ofispring
lcngth

Body
lcngth

EaDe^d Sex.alio RCM bnihdrre

Body lengLh

RCM

Body length

0

0.77
0.47
{.02
0.68
1).25

0.50
o.2t

0.58

0,44
0.22
0.23
0.43
0.14

0.22
0.33

0 . 1 3
-.0.29
0.05

4.20
{.23

0.29
-0.01

-0.50
-0.31
0.85

-0.23

0.40
0 . 1 9

0..18
o_32
0.25

4.12
1).01

0.26
{.05

0.06
0.01

o. l4

0.37 0.21
tJ.13 -11.05
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otJiptins shdpe

Analysis oi residuals showed that females differed con-
sistentiy in the shape of their ofttpring (Table 3). Analy-
sis of covariance of olfspring shape (with maternal iden-
tity as the factor, offspring length as thc covariale, and
offspring mass as the dependent variable) confirmed the
existence of significant difterences in tiie length to m?Ns
relaiionships of olTspring born to different fcmales
(slopes hetercgeneous: FLq.g,r = 2.42, P < 0.003).

Overall sex ratio averagcd 0.50 (SD = 0.26, r = 28 lit
ters), with individual litters varying ftom 0E to 100%
sons. Most ofthe factors wc mcasued werc not corrclat-
ed with offsplirg sex ratios (Table 4). Thcrc wer€ no
consisten! diffcrcnces in oifsping sex ratio among fe-
males (Tabie 3), aDd no consistent ontogcnetic shift in
sex ralios of oiTspring iD successive clutches produced
by the same female (as has bcen reporled in adders:
Madsen and Shine 1992b): the proportion of male off
spring increased from one littcr to the nexl in three fe-
males, and decreased in four others.

Sex ratios in the litter lended to be more male-biased
in litte.s with a higher proportion of stillbom (and hence,
unsexabic) neonates (Table 4). Another possible co.re-
late of offspring sex ratio was the duration ot' the preced
ing reproductive cycle. Females that delayed for longer
periods between successive litters tended to producc a
lower proportion of sons, and |his trend fell iust below
the conventionnl level of statistical signiticancc (r, = 10,
r= {J.63. P = 0.053).

Relati|e cltuch nass

Larger females had higher RCMS (Table 4; Fig. 2)- Un
surprisingly, IiCMs were highcr wilh larger litters relative
1() matemal body size (using rcsidual scores: ,=27,
, = 0.50, P < 0.009) and with largcr oftipring (Table 4).
The prcportional additional mass loss at paftudtion was
negalively conclated with RCM (" = 27, r = 4.11, P <
0.035): that is, larger litter masses (relrtivc to matemal
mass) were composed primarily of offspring rather than
associated membranes and fluids. Femalss that produced
an unusually hiSh RCM at their first litter were more like
ly to do so again at their next reproductive boul (Table 3).
Females with higher RCMS tended to be those that were
in good condition prior to parluition. but were rot in
consistently poorer condition aftcr parturition (Table 4).

"Costs" of reproducrion

The biomass of ofTspring produced by C. austriaca is
large rclalive to maiernal mass (mean RCM = 42%,

SD = 137.). and hence. may constitute a signiflcant ener-
gy cost. Additionally, reproducing females allocate ener-
gy 1o their littcr ralher than to growth, so th?rt growrh
rates (in matemnl body length) tend to bc lowcr in repro
ductive years than in nonrcproductive years (true for four
of five females, binomial test. P = 0.19). This rcduction
of growth ratc is more obvious il1 the year following re-
pfoduction, suggesting that fcmales must replenish their
energy rcserves before beginning significant growth (in
cach of eight 1-ema1es, mass iDcremenh were lower in the
year immediately following reproduclion than in otler
nonreproductive yearsi binomial test, P < 0.005). Most
individual female C. .rxri.i.r.i., reproduce less thaD annu-
ally (see above), perhaps because of such costs. If energy
costs are impofiant determinants o1 lhe duration of the
nonreproduclive period between reproductive years, we
mighi expeci to see that reproduction is delayed if Ie
males aliocate more enelgy to the curent litter, are more
emaciated after producing lha! litter, or gather energy
slowly after reproduction. In practice, our data suggest
that thc main delerminants of cycle duralion are a fe-
male's body size (maternal length vcrsus cycle length:
n = 9, r = 4.71, P < 0.01) aDd her rate of ncrease rn
mr* Jur ing the )ear tol louing t l f ruf i r ion r 'ncsr Incre
menl \,ersus cycle length: ,7 = 9, r = 0.64, P < 0-03). Thar
is, larger females reproduce more ilequenlly, especially
if they replenish their energy reseNes rapidly after rcpro

Most of the other variables thar we measured showed
no obvious relationship with cyclc lcngth. Measures oI
reproductive output (litter size, litter size relative to ma-
ternal length, offspring size. RCM) and matcrnal body
condition after pafurition were not significantly correlat'
ed with cycle length (P > 0.50 in a1l conpaisons). Simi-
larly, the duration of the cycle precediDg rcproduclion
was not significantly coffelated with any of these mea-
sures either (P > 0.50). Thus. jt appears that vafiation
amorg fenales in reproductive traits has little effect on,
nor is il afteci€d by. the duration of t}Ie Donrcproductive
period between srccessive litters. Instead, it seems that
females simply dclay rcproduclion until they have accu-
mulated suff-rcient ener8y reserves (maternal condition
prepar$rition is indcpendenl oI the duralion of the pre-
ceding nonreproductive phase: n = 8, r = 0.58. P = 0. l3).

Given our high recapture raies of mdrked snakes among
ycars, it is probable lhat iemales who disappeared from
the population had died. We observed mortality of adult
fernale snakes on eight occasions: four of our snakes
died in captivily 4 8 days afler parturition, and four wefe
killed by humans (including three found dead on the
road). Contingency lablc analysis revealed signilicant
annual variation ir nortality rares among the fo r years
of the study (I, = 8.35, 3 df, P <0.O4). Overall, gravid
females survived as well as nong.avid females (I2=
0.03. I dl. P = 0.87). bul more detailed analysis shows
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that death afler parturition was more likely io occur in
females that were emacinted after giving birlh (compa|
ing residual scores of postparturilion mass ro marernal
lergth between survivoft and nonsurvivofs: unpaired
one tailed r = 2.50, 16 21, P < 0.019) and in females thar
produced high RCMS (unpaired one tailed r=2.09,
16 df,  P <0.02'7).

Discussion

Although our study is based on a relatively small number
of animals (Table l), the long timescale of the study and
the high recapture l'requency for individuals have en-
abled us to obtain a clear picture of mary ecological and
reproductive phenomena witlin the population. Broadly
spcaking, our alpine poplrlation of C d&rrr.rd.a resem
bles previously studied populalions from other parts of
the species' range in terms oI fuDdamental ecological
?tnd life history traits such as dietary composition, adrlt
body sizes, litter sjzes, neonate sizes, age at matLrralion,
and seasonality of reproduction (Duglly 1961r Andren
and Nilson 1976; Spellerberg and Phelps 1977; coddard
and Spellerberg i980, Goddard 1984). For example, the
mean litter size in our study (5.0) was intermediare be-
t\'r'een mean values reported for popularions in southern
Britain (3.9: Goddard and Spellerberg 1980) and western
Frdrce (8.3: Duguy l96l). However our data enable us
to look at underlying processes in more detail ihan has
been possible in previous work on this taxon. The lack 01'
significanl annual variation in reproduclive trairs over rhe
5 years of our study (Table 3) possibly due to the widc
dietary breadlh of this population (Table 2). and the con-
sequent ability to switch betweer alternative prey types
as they vary in abundancc rcmoves a facror that has
complicated previous andyses.

One main themc to emerge from our work is the com-
plex interplay oftrophic ecology and reproductive biolo
gy, and the resultant allometry in reproductive output of
fem^\e C. austriaca (Fig. 2). It is commonly (perhaps
universally) n-lre that reproductive output increases with
maternal body size in snakes, bu! this increase is general-
ly due to increases in only two traits: litter size and re
productive lrequency (e-g., Blem 1982: Seigel and Ford
1987). Reptilian RCM usually remains relatively con-
slanl over a wide range of malemal body sizes in intra
specific comparisons (Pianka and Parker 1975: Seigel et
al. 1986), whereas C. austriaca showed a very slrong
(seveo tbld: Fig. 2) increase in RCM wilh matemal body
iength. Although many life history models predicr rhat
reproduclive effort (RE) should increase wirh maternal
age and size (sce Roff 1992 for a review), RCM probably
of1'ers only ?r weak indcx oL RE for lnost .eptiles (Vill
and Congdon 1978; Shine and Schwarzkopf 1992). The
general constancy of squamate RCM over a wide range
of maternal body sizes has been interprcted as evidence
for physical constraints on abdominal volume available
to hold the clulch (e.g., Vitt and Congdon i978), but this
laclor clearly cannot explain the size-related shitt in
RCMs of Coiznellc (Fig. 2).

Why is rcproductive outpul so much higher in large
female C. austriaca than in smaller conspecifics? Life-
hislory theory s ggests tha! optimal levels of reproduc
tive investmcnl depend on the balance between fitress"benelits" (numbers and viabilily ol offspring produced)
and "costs" (decrements to a female's ability to sulvive
and reproduce again, and her reproductive output at
those subsequent episodes) (e.g., Williams 1966; Roff
1992). It is dilficult io see why maternal body size
should influence the "benefit" derived from cquivalenlly
sized oflipring, so that an invcstigation of possible al,
lometry in "cosls" seems wofthwhiie. Our data suggest
that "costs" of reproductjon are high in this population,
in terms of both energy and survivnl. The cxislence of
signilicant energy costs is evidcnt fiom the dependence
of reproductive frcquency on the rate of maternal growth
{and hence. abi l i ly 1, ,  ac. unuldte energ) , .  The e\ isrence
ol sun'ival costs is evident from the higher morrality
rales of females that produce large RCMS, and females
that are in poor condition after parturition. Additionally,
the difference in our estimares of femaLe reproductive
frequency based on direct sampling oI lemales in the
populaiion, versus derived liom m?rk-recapture records
over longer time periods, slrggests rhal lemales are lnore
easily capturcd during years in which they are reproduc-
tive. Gravid female smooth snakes geDerally bask in po
sitions where they are fully exposed !o t}Ie sur's rays,
wher€as males and nonreproductive females elevate thcir
body tempcralures by sheltering beneath 1la! rocks thar
are warmed by the sun (L. Luiselli and M. Capula, un
published work). Enhanced visibility of gravid iemales.
due to prolonged basking by such animals, has been doc
umentcd in seveml other viviparous rcplile speoies living
in cold climares (Peterson er al. 1993), including the
sympalric lizard Atlguit fragilis (Capula and Luiselli
1993). Females that are more easily caught by us may
also have been morc visible to other predators, although
we cannot be sure that this is the case (Andren 1985;
Madsen and Shinc 1993). Adrtitional support fbr the hy
pothesis of greater vulnerabjlity ol gravid females to pre
dation comes from our observations on another popula
tion of C. .rrrrrridcd: reproducing females constituted 13
of 15 smooth snakes thar we fbund dead (killed by pre
dators) over the pe od 1985 1994 in central Italy (Tolfe
Mountains, Province oI Rome).

Given th?rt costs of reproduction are high for female
C. austriaca, |he nost plausible advantages ftom in-
oeasinS reproductive output with increasing body sizc
involve a reduction in such cosh for largcr animals. If a
high proporion ol mo(aliry "costs" comes from preda
tion, larger body size may directly reduce a female's vul-
nerability to predation by making her a more fbrmidable
poteDtial prey item. Hence, a larger female could "rf

ford" to have a higher RCM, and be morc emaciated af-
ter parturition, without incurring as high a risk of moftal-
ity as an oquivalent smaller female. We note, however,
that this assumption may not be realistis (e.g., if birds
s ch as R&t€o brrco are inportant prcdators at Sella
Nevea, as seems to be thc case, they may not be deterred
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lrom attacking even the largest smooth snake). Secondly,
energy costs may be lower for larger animals. Adult fe
male C. .l,Ir.ia.d in our population showed a significnnt
dietary shift away fiom lizards (lhe most common prcy
forjuveniles of both sexes, and for adult nales) to much
larger prey: smkes and mammals. Adult lemales also
.ho\rcd J dccfea.e in teeding frequenc).  \uggening J
shift towards reliance on infrequent large prey nther
than norc abundant smaller prey ilems (Table 2). Wc
suggest thal lemale C. rr&rrrrr.rJ may utilise ambush pre'
dation, a strategy that may be unsuited to adult nales be
cause of their need to engage in prolonged matc scarch
ing movements during the mating season (Strijbosch and
Van Gelder 1993). Similar dielary divcrgcnce between
the sexes has been reported in several other snake spe
cies, but gcnerally in association with signifrcant sexual
climorphism in adult body sizes (e.9., Zinner 1985; Shine
1986). In the case of C. drrr1rtdc..r. males and lcmales at
tain similar adnlt body sizes (Waitzmann and Sandmaier
1990), so that the dietary divergence betweon thc sexcs
cannot bc interpreted as a secondary consequence of
body-size dimorphism. Whatever its cause, the ontoge
nedc dictary shift in females to larger prey may signifi-
caDtly enhance energy intake, and thus allow larger le
males to rcproduce more frequenlly. wilh largcr litters of
larger offspring (Fig. 2). Also, the physical burden of a
high RCM may be less "costly" to an ambush lbrager
(bccause mobility is relatively unimpoftant) than to a
pr€dator that relies on searching aclively lbr its prcy.
Thus,larger females Inay enhance their rcproductive out-
put for two rcasonsr higher leeding rales and lowcr lrsso

The ortogenetic shift in reproduclive oulpul in C.
austriaca also involves a considerable increase in off-
sprlng size with maternal body size (Fig. 2). Sinilar in-
traspecific corlelalions between maternal body size and
ollipring size occur in many types of animals (Roff
1992), including some reptiles (e.9., Stewan 1979). but
are generally much lcss marked than in Crror"llr. Given
the anatomy of the pelvic area in snakes. physical con
straints related to pelvic aperture (e.9., Corgdon and
Gibbons 1987) cannol explain such a correlation in C(,
rorclLr. Lilc history nodels predict such correlations un-
der assumprions involving density-dependent mortality
(Parker and Begon 1986) or selection on clutch sizes
(Mccinley 1989), but detailed data dre needed to evalu-
ate the rpplicability of such assumplions to the study or
ganism in qucstion (Roff 1992)- In the case of C. all:!-
t/id.d! our data suggest that larger size al birth doos not
inlluence survival of juveniles, but does enhance body
size at later ages. Given the considerable reproductive
advantages of larger body size, al least in femaies
(Fig. 2), larger neonates may thereby benefit in terms of
lifetine reproduclive success. A more dctailed evalLration
of the ca ses and consequences of ontogenetic shifis in
offspring size musl awail lurther data on this population.

Returning to the concept of "costs" ofreproduction in
our population. our da|a suggest not only that female
smooth snakes experience both energy and survival

costs, but also that the lwo are closcly rclated. some
component of the survival costs of reproduction may be
independenl ol energy expcnditurc (e.g., lhe appdrenily
higher catchability of reproductive versus norrcproduc-
live lemalet. but at least two cnergy related measures
(RCM, and degree of maternal emaciation after pa(uri-
tion) are significanr prediclors ol' matorral survival.
These two energy measures arc not significantly corfelaf
ed with each other suggesting that survival cosls may
accrue during gestation (with a higher RCM reducing
malernal mobiljty. and thus, ability to evade predators;
Seigel et al. 1987) as well as after parturition (perhaps
because oI starvalion, or becausc cmaciated iemales are
vulnerable to predators when they begifl moving around
to fbrage; Madsen and Shine 1993). Similarly high mor-
tality rates imnediately aiter pa(urilion have been re-
ported in fcmale adders (Capula et al- 1992; Madsen and
Shine 1993). The occurrence of significart reproducdve
costs is consislenl wilh theoretical models lbr the evoh-
tior of low frequencies of reproduction (Bull aDd Shine
1979), as observed in this population and in sympatric
adders (Capula and Luiselli 1994). Interactions between
energy costs alrd survival costs arc also of considerablc
inlerest liom a theoretical perspective, because they bear
directly on current debates on the neasurement of rcpro
ductive eflbt (RE). Energy based neasures of RE are
most likcly to bc useful if there is a stong relationship
berween the magnitude of costs paid in thcse two differ-
ent currencies (Shine and Schwarzkopf 1992). as seems
to be true in C. ..rxrrrt.r.irr. Thc lack of a significant trade-
off between litter size and offspring size ir C. l?&rr/ia..l
is consislenl with the observed allometry of RCMS in
this species. The existence of such a tradeoff would have
suggested that space to hold the developing embryos im
poses a finile ljmit on littcr volume, but such a conslrarDt
would be incompatible with the obseNed wide range ol
RCMS in reproducing lemalcs of this taxon (Fig- 2).

Extensive data on a small population of adders (fpc
,? rdrrr) in the extrene southem lip of Sweden suggest-
ed that the most impoftant determinant of lifetime repro
ductive success in fcnalcs was likely to be the rate at
which they could accumulate erergy (Madsen and Shine
1992a)- The same may well bc true of our C. aust aca
population. Thc considerable reproductive (= fitress) ad-
vantnges of large female size lnay be responsiblc lbr the
observed growlh trajcctorics, with females growing fast-
er thar males even during juvenile life (Fig. 1). Growth
rates are also higher in juvenile limaics than in juvenile
males in the adders (for Sweden, Madsen and Shinc
1992a; Madsen et d1. 1993; tbr Sella Ncvca. L. Luiselli
and M. Capula, unpublished work). However, our
smooth snakes differed from the Swedish adders in im
portarlt rcspects. For exanrplc, our analyses provided lit-
tle evidence of strong metemal ef}-ecls, aparl tiom those
exerled by maternal body size- lf body-size effects were
removed, successive litters from individual lbmales
showed little consislcncy in terms of relative litter sizes.
offspring sizes, RCMS, or litter sex ratios (Table 3). One
trait that did vary consistcntly was offspring body shape



(mass/length) but experimental work suggests lhat varia-
lion in this hait might reflect tlermal conditions during
embryogenesis (basking frequency) rather than genetic
factors (Shine and Harlow 1993). Thus, fenales may djf
fer consistently in oftipring shape sjmply bccause some
females live in areas with greater basking oppoftunjties.

Although our data reveal a number of patterns ir re-
productive output ol C. austridca, much remams to be
leamed. Several of our results are intriguirg, but inexpli
cable at present. For example, conelations betweer liner
sex ratio and other variables (such as relative litter size,
reproductive frequency and thc incidence of stillborn ne
onates) suggest that lemale smooth snakes may some
how manipulate litter sex ratios perhaps through selec-
live moftality of daughters irl xr€,.o (note that the surviv
ing offspring trom litters with many stiilborn young are
mostly sons). However, the adaptive significance of such
sex ralio manipulation (if, indeed. there ir any such sig-
nificance) remains obscure. Similarly, we are puzzled by
lhe incrcase in ofTspring sizc wilh increasing maternal
size (espccially since our dah did not reveal any en-
hanced survival of larger neonates) and the suryrising
constancy in dales ofpafturition across ycars with differ-
ent weather conditions (and thus, we would suspect, dif
fercnl basking oppoftunities). Thc changes from year to
year in the survival rates of aduh femalcs are unex-
plained. Differences in growth rates of juvenile males
and females, prior to any sex differences in resource al-
localion 1() reproduction, remain dificult to understand
in terms of optimality models- And finally, we nole that
furthcr inlbmation on the proximatc causes of moftality
in this population would be of Sreat value. The data gath
cred so lar suggest that C. a&rt/id.d may offer a seful
model system in which to investigate thc complex inter-
acl jon ber$een resourcc xc.rur l .  reprudLc. i \e oulpul.
and the consequences of various levels of reproductive
expenditure on an organism's survival and subsequent re-
productrve success.
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