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TrIE number and size of offspring that publisied data on mean clutch sizes and
are produred each )car.  and lhe l ime. at mean offspr ing sizesJor numerous spechs.
$hi ih rhcv are produced. are importanl and manvanalrsesoftheinf luenceofbodv
bioloeical  at tr ib; tes. In lerms ol  micro- siTc on reproduct ive output (eg seigel
evolutionary forces, these "reproductive and Ford, 198?; Seigel et al. 1986), but
output ' va;iables contribute signiffcantly there is ljttle detailed intormation, for any
to tle individual fftness of reproducing fe- single population, on the determinants of
males. The number, size, and time ol ap- reproductive output in a broader sense (brn

Ir€arance of offspring atso influence the see King, 1993)- Also, available published
dynamlcs of poputatlon numbers. Despite data on reproductive biology in snakes
this importance, there are relatively {ew show strong biases $ ith respect to phylog-
detailed quantitative studies on factors in- eny (most studies deal with species trom
fluencing'reproductive output. In the case a single lineage, the Colubroidea) and ge-
of snakes. for exampre, there are abundant 

:g:tfj,r".1,i::;:i: il:f:,1.#1,*":lu::
cies of snakes are primarily tropical in oc-

, please addrs all corcspondeDe co.@rnins this currence). ln the present p-aper, we pro-
manNript to Proleer shin vide information on reproductive output
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in a tropical pythonid species as part o{ a
longtcrm ccological study that we are con-
ducting on these animals.

Thc rcproductivc output of an adulFsize
female snake in any particular year can be
visualised as the result of a sequence of"decisions" (albeit, not conscious ones on
the part of the {emale snake) that concern
the following issues. l'irst, will reproduc-
tion occur or x'ill the {emale skip repro-
duction instead? Horv much of the fe-
male's available resources rvill she devote
to the clutch? How will the investment be
packaged (into a few large eggs or many
small ones)? What will tle the size and
shape of the offspring that emerge from
these eggs? When will oviposition occur?
And finally, when will hatching occur?

There are many other influences on ma-
tcmal fitness apart from these, but our data
do not allow us to address them. For ex-
ample, we have not attempted to assess
o$spring .luality, nor have we measured
survival rates of eggs in the field. A com-
plete understanding of the evolutionary
consequence of diflerent female tactics'
"'ould require data on these questions, as
wcll as on potential "costs" of different
levels of reproductive expenditure to the
subsequent survival and growth o{ the re
producing female (e.g., Reznick, 1985;
Stearns, 1976) and on the genetic basis of
ihe observed phenotypic variation (e.g.,
Madsen and Shine, 1992). Unfortunately,
lifetime reproductive success is difficult to
measure under natural conditions in most
long livcd animals (e.g., Clutton-Brock,
1988), and rvc thus focus on reproductive
expenditure per annum in the present pa

MATEIUALS AND METHoDS

Watcr pythons (Liasis Juscus : L.
?'u.ftlofi of some authors) are large (to 3
n total length) nonvenomous snakes wide
ly distributed through tropical Australia.
Although theircommon name reflects their
association with riparian habitats, our ra-
diotelemetric studies show that many in-
dividualsof this species live far lrom water
bodies for most o{ the year (Madsen and
Shine, 1996). We have been studying the
ecology of water pythons in the vicinity of

Fogg Dam, 60 km southeast oI the city of
Darwin (Northern Territory) since 1987.
Most analyses in the present paper are
based on data from 2 yr (1991 and 1992)
when rve collected and maintained large
numbers of reproductive female pythons.
In 1993, we restricted our attention to "re-

peat females" (those that had already pro'
duced eggs in captivity during either l99r
or 1992) so that we could assess the degree
of consistency in clutch characteristics pro-
duced by the same female in different
years. Reproductive females (either gravid
or close to ovulation, based on palpation
of ovarian folliclet were hand-collected
from three areas within a S-km circle.
These three areas, chosen because o{ the
abundance of snakes and ease of collection,
rvere: (1) the rvall o{ the dam, (2) a papcr-
bark tree (Melaleuca cajrp?rrt) forest 2 km
north of the dam wall, and (s) a complex
of burro\",'s constructed and inhabited by
varanid lizards (Varanus panoptes) l km
northeast of the dam wall. Our teleme-
tered snakes often move >500 m/night,
but interchange of individuals among these
three nearby sites is low. For example, none
of our "repeat females moved from one
area to anothef between reproductive ep

We collected most female pythons at
night as they investigated potential ovi-
position sites (usually, varanid burrows or
crevices among paperbark roots). Eggs arc
laid in these sites, with maternal atten-
dance for varying periods of time by some
but not all females (Madsen and Shine,
unpubl ished data).  Each female was
weighed (.tr d and measured (snout-
vent length, SVL, :tr cm), and individu-
ally marked by clipping a unique codbi-
nation of ventral scales. Nonreproductive
females were then released whereas re-
productive females were retained- We
housed them in wire-mesh cages (60 x 60
x 60cm) in the shade (mean diurnal range
in air temperature : 16-34 C) until ovi-
position. Water was available ad libitum,
but no food was provided because female
water pythons do not feed at this stage of
their reproductive cycle (none of the 116
reproductive females contained prey items
when collected). we provided dry grass in
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each cage for cover. Cages were checked
daily for eggs and these were then re-
rnoved (usually in a single mass, because
the eggs are strongly adherent), weighed,
and placed into plastic boxes (30 x 35 x
14 cm) for incubation. The boxes were half-
fflled with moist vermiculite (50% water
by mass)into whichthe egg mass was parF
Iy buried. we placed each clutch into a
separate container, which was then sealed
to retain moisture. The containers were
kept in a constant-temperature room which
maintained ambient temperatures within
the range 29-32 C (monitored continually
with a recording thermohydrograph). This
temperature range is similar to thef al
regimes that we have measured in natural
nests (Madsen and Shine, unpublished
data). We inspected the containers daily
and added additional water if the eggs
appeared to be desiccated.

As soon as the offspring hatched, we
counted, weighed, and measured them in
the same way as we did for the adults. we
sexed olfspring from the last 48 clutches
by everion of hemipenes. we recorded
the numbers of "infertile" eggs in each
clutchi these were readily distinguishable
by their small size and yellow color but
may have included some fertile eggs in
rvhich embryos died very soon aftcr fer-
tilisation. The numbers of eggs failing to
hatch rvere also recorded. Because we were
unable to weigh eggs separately, and be-
cause of the potential statistical dangers in
treating siblings as replicates, we have cal-
culated means and variances {or each of
the traits fof each clutch rather than using
separate data for each individual egg or
hatchling in our analyses. To obtain size-
independent measures of maternal con
dition, we calculated residual scores from
linear regressions of mass to SVL at dif-
ferent stages of the reproductive cycle (i.e.,
before and after oviposition).

We released all of the adult female py-
thons after oviposition and released all the
hatchlings alter marking. Thirteen of the
reproductive adult female pythons were
collected in two of the 3 yr of our study,
so that we obtained data for two clutches
from each o{ these l3 animals. To avoid
non-independent sampling o{ the two main

years of the study (1991 and 1992), we
deleted data {or the second clutches of all
o{ these "repeat females" from our path
analyses. Thus, each female is represented
only oncc in these analyses. Data for sec-
ond clutches were used only to investigate
temporal consistency in clutch character-
istics for successive clutches from the same

Thus, we accurnulated data on several
variables related to reproductive output.
Because many oI these variables are highly
inter-corelated. it is difffcult to disentan-
gle cause-and-effect. Two variables may
well be highly correlated not because of a
causal relationship, but because both are
causally related to some third vafiable. In
order to tease apart independent contri-
butions of each variable to the patterns in
our data sets, and to distinguish direct from
indirect effects, we used path analysis. The
use of this technique has been strongly ad-
vocated by many workers, because it can
partition the correlations among va ables
(e.g., King, 1993t Kingsolver and Sohemske,
1991). The technique is particularly useful
where the data set includes a temporal
component, so that cause-and-effect rela-
tionships between 'earlier" and "later"

va ables can be superimposed onto an a
priori model (the path diagram). Path co-
efficients are standardised partial-regres-
sion coefficients and can be used to predict
the amount of change in a dependent vari-
able (in units of standard deviation of that
variable) due to change in an indep€ndent
variable. Because we have large and vir
tually identical sample sizes from each of
2 yr (1991 and 1992), we were able to
analyze data for each year separately, and
thus examine the temporal consistency of
the relationships among reproductive vari-

The structure of our path diagram (Fig.
1) r'as derived from probable causal links
between variables. Thus, for example, we
viewed clutch size as a causal influence on
egg size, rather than vice versa, because
clutch size is determined earlier in the re-
productive process than is egg size (King,
1993). Because path analysis assumes that
the relationships among variables are lin-
ear (e.g., Kingsolver and Schemske, 1991),
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it is inappropriate for some of the variables
that we have measured (e.g., class vari-
ables, such as location or reproductive sta-
tus). In such cases, we have used standard
ANOVA and ANCOVA techniques. Also,
we have examined univariate correlations
among variables wherever they seemed to
be of biological interest. For example, if
our path analyses suggested that a high
proportion of the variance in some trait
could not be attributed to the influence of
any of the traits incorporated in our path
diagram, we examined other possible cor-
relates of the relevant variable.

REsuLTs AND DlscussroN
we obtained information on 55 repro-

ductive {emales (>140 cm: Madsen and
Shine, unpublished data) captured during

y'"*.0.""

the period July-September 1991, and 6I
captured over the same period in 1999.
With deletion oI five "repeat females" (i.e.,
animals captured in both 1991 and 1992)
from the 1999 data, we are left with similar
numbers of reproductive females in each
year (55,56). The present analysis is based
p marily on these tll reproductive fe-
males, plur 129 nonreproductive adulFsize
fernales collected over the same time pe-
riod. A further eight "repeat lemales ' col-
lected in 1993are used lor analyses of tem-
poral consistency among females. All of
the reproductive animals produced clutch-
es, which contained a total of 1605 eggs.
These in turn produced 1285 hatchlings.
Female pythons were captured (and their
mass determined) an average of 25.5 days
before they laid their eggs (SD : r2.4,

{o-*'

Femalo @ndilon an$ ov pos rion

FIc, l. Plth diagam for rcprcductive output in w*er pytbons, v h patl crefffcients Gtandardised
pariial-regre$ion coefEcientt calcullted indelendently Irom data for I99l and 1992. The ffrst c@fficiert
for each pathwty t that based on the 199I data, and the second h tlat blsed o. the 1992 dita. Unerplained
vari!.@ ( U ) .alculated as (l R")"", where n t the proportion of variation in the dependelt variable
tiat is explained by the frodel ((ingslver Md schemske, 1991)

"t \"".
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'l AuL. I Mcar values and aso.iated standard deviations (SD) fo. reproductive traih nr rvirer p!,thons
ollec|ed in l99l and 1992. Some variables a.e rcsidual scores flom linear resrc$ions: co.dition : ms
vs. svl-r Last two colu"'s shorv rGults froD unpan"d / t6h rtog df) to com;are lierq{.n Jer6 . = p <
0.05. Notc that all signilicant r€sults remain at P < 005 afier sequentill BonferrD adjurmenr. The mcan
esg lnd oflsFn,g sizes are baFd on means fron each ciutch. II lars.r clutcncs generally conhn, smller
offsping, tbe overill near figu.e derived nr this vly nay b€ slishrly smaller thln tbc mean based on

indcrendent mases ol ca.h offsp.ing.

snour venr rengtt, (cm)
Ma$ {pre oviposi&,.) (g)
Matc.ul condition altei

Media. datc of ovilositioD
Media. date of hatcbing
Incubatio. period (lay,

Man rratcLrn,g ma$ (8)
M€an harchling svl- (cn)

295929 ! 73.6i

15.67 + 20.89
672.15 ! 25.7s

85.0? 1 t..r?

58.53 I 0.1
55.28 1 083

2494.8 I 65.06

724.8 1 '7.r8

tr.s8 t 0..16
86.3 t 2 89

67.95 I 0.39
56.89 i 5.85

0.95 0.34
I  4 9  0 1 6

0.79 019
1.97 0r7
o.80 0 13
0.24 0 78
0.87 039
0.32 075
0.5.1 059
154 0 0001*
0 6 8  0 5 0

r7 05 0 0001'
r . r5 018
t . t6  021
6.59 0 0001*
3.20 00018'

extremes : 4-68 days). Ovulation is de-
tectable by palpation in this species (ovar-
jrn follicler and shetled eggs are firmer
than recently ovulated ova), and ue found
an ar erage delay of appro\ imately 30 da) s
betqeen ovulr t ion and oviposit ion Thus,
^boltt 70% of our females probably ovu-
lated prior to capture, whereas the others
ovulated while in captivity. Our analyses
revealed no signi{icant differences in re-
productive characteristics between thesc
two groups of females, so data were com
bined for all further tests. Similarly, al-
though the number of days that snakes are
held in captivity can affect reproductive
traits (King, 1993), we detected no signif-
icant correlation between time in captivity
md any of the traits that we measurcd (P
> 0.25 for all test$, so we did not include
this variable in the analyses reported be

Hau Much Do Reryodu.tiae Truits
VorV Jrcm Iear to fear?

Our results reveal a remarkable simi-
larity in most reproductive traits in the two
years (Table l). For example, there werc
no significant differences between the two

years in mean body lengths or masses of
reproductive femalcs, their mea Relative
Clutch Masses (: RCMs henceforth; de-
Iined as clutch mass dividcd by maternal
mass after oviposition), their mcan clutch
sizes, the means and variances of masses
of (ggs and-hatchl ings. the rnean hatching
\uc(ess ot tcrtile eegs. or the mran pro
portion of infertile eggs (Table I ). The only
traits to show significant differences bc
tween years werc oviposition dates, incu
bation periods, and offspring lengtl$: eggs
{rom 1999 were laid earlier, took a longer
time to incubate, and produccd loneer
hatchlings than did thostfrom r99r. This
similadty in mean values of traits between
years extends also to the sign and magni
tude of relationships among traits. Com-
parison of path coefffcients from l99l data
with the analagous 1992 coefficients re-
vealcd a very high correlation (r : 0.94,
n : 28, P < 0.0001: see Fig. I for cocffi

Hou Consistent Are the Reprcductioe
Truits af IndiDidual Pltthons?

Our data on repeat females" (those
captured as reproductive animals in 2 yr)
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TaRr-F 2. (ionsisten.y betwen years in reproduc
tive tilitsol the lS lemale pyth.!s tbrl were r€.rded
to rcp.oduce in 2 yr. The Table giv€s values frcm
one-hctor anrlyses ol v!.iance, vith femab merti
Iicati.n number as tbe la.tor. * : P < 0.03, bul rot
signiffc.nt aftcr seqnortial Bonferoni adjustnent lor
tnntirnc testsr r* = P < 005, evq' altc. Ronfc.roni

adj'rtment

Ovip.sitn'r dat. (days llter I Sep-
tembet 2 93 0.0.19*

enable us to evaluate the dcgree to which
individual {emales are consistent from one
year to the next in terms of their repro-
ductive output. The question is an inter-
esting one, because a high level of consis-
tcncy in this respect would suggest that
most of thc intrapopulational variance is
due to differences among females whereas
a low consistency would implicatc proxi-
mate environmental factors (or strong on
togenetic shifts) as a major source of vari-
ation. Wc analyzed the data on the 13''repeat females with one-factor analyses
of variance, with female identiffcation
number as the factor. The variation bc
tween successive clutches from the samc
{emale (h terms of her RCM, the propor
tion of infertile eggs in her clutch, clutch
size relative to body size, number of eggs
hatching, mean or variance in offspring
body lcngth, incubation period, or the
female s body condition after laying) was
similar in magnitude to thc variation
among clutches from differcnt fcrnales
(Table 2). After sequential Bonferroni ad-
justment for multiple tests, the only vari

midpoint of snout-venl length inlerval (cn)

Ftc. 2. Thc pc.centagc of fcmalc watcr pythons
that were reproducriv. in tlF -vcar thar the-v were
colleckd as a lun.rion ol the bod! size of the snake.
Based o! 240 aduit size (>r40cm svl-)lemales cap

ables that showed signiffcrnt consistency
were mean egg mass and the proportion
of eggs that hatched successfulty (Table2).

What Factors Determine Whether Or
Not an Adult site Female PVthon

Reyoduces in a CiDen fear?
Approximately half of the adult-size

(>1.10 cm SVL) female pythons that we
captured were reproductive, and the ma-
jor influences on whether or not a female
reproduced were her body length and her"condition (: mass relative to leneth).
That is, reproduction rvas most likely to
occur if a lemale was large and was in
good condition. Although these results seem
intuitively reasonable, closer inspection
suggests that the picture is more complex
than it initially appears. Firstly, the rela-
tionship between maternal body length and
the probability of reproduction is not one
of simple linear increase. The proportion
of reproductive animals ris€s to a maxi-
mum at around 180 cm SVL and then falls
abruptly (Fig. 2); most very large females
are nonreproductive. This pattern was ap-
parent in both years of our study.

The other detcrminant of whether or
not a female python will reproduce is her
bodily condition: reproductive animals
were much heavier than their nonrepro-
ductive counterparts at the sarne body
length (Fig. 3r two-factor ANCOVA test;
factors = reproductive status and year, co-

g 6 0

d 4 0

clrt.L si?e rellrive to hdy lize
{resjdual scores fron linear re

Pr.lortion oI nifcrril. cggs
Proportion oI e.ggs hat.hjrg

Nrc.n offsprn,g ma$ (g)

\'lean ofislrnrg SVL (.n)

illean incubation lcriod (d.yt
Mrr.iriJ body .onditnni rlter hy

ing (residual scores tron liFar

1.90 0 t4

t .a2 0s4
2.0.1 013

6.t9 0 00311
3.a5 0 0s*
340 0.09"
091 0.56
0 3 6  0 9 4
0 88 0.59

152 0.26
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FIc 3.-Rody ma$ relative to srout-vert length in adult female wrter pythDls In bDth y€as of the study,
re.lrodu.tive females prior to oviposition (circles) were mor€ beav_v bodied tha. nonreproductil€ females
Gquare, Post ovipNition .eproductivc fcmaies (ffllcd dots) rvere much thnne. than the non..p.oductile
.nimals. See text fo. statn$.rl !.!lyseJ df these data

40 160 140 200 220

snout-vent length (cm)

variate:SVL,dependentvariable:massi
year Fr.,fu : 2.93, P : 0.09; reproductive
status F,.q?, : 12.53, P < 0.0005). The in-
crement in mass of reproductive females
consisted of energy stores destined for re-
productive expenditure (in fat bodies, vi-
tellogenic follicles, or eggs), because body
masses were lower in post-oviposition fe-
males than in nonreproductive animals
(Fis. 3). Clutch masses were high (RCMS
avcraged almost half of the femalet post-
oviposition mass: Table l) so that females
in poor condition simply did not have
enough energy reserves to produce a typ-
ical clutch.

What Factors Detetmine Clutch Site?
Clutch size increased with matemal size,

as is almost universal in snakes (e.g., Seigel
and Ford, 1987). Maternal condition also
influenced the number of eggs produced
by a female python in both years of our
study (Fig. r). These are separate effects,
because the way in which we calculated
our index of maternal condition (residual
scores from the regression of body mass on
maternal SVL) means that this score is not
correlated with SVL.

What Factot Determine the
Mean Size oJ Eggs?

Some female pythons produced large
numbers of relatively small eggs whereas

1 4 0  1 6 0  1 4 0  2 0 0  2 2 0

snout-vent lenslh (crn)

others produced fervcr but larger eggs. A
tradeoff between egg size and egg number
seems likely a priori given that a {emale
has a finite amount ol energy available for
her clutch. The significant negative path
coeficient between mean egg mass and
clutch size ofiers evidence for such a trade-
off (Fie.1) and has interesting implications
for thc rclationship betwe€n maternal traits
(body tength and condition) and egg mass.
Although the direct path coefffcients show
that egg mass is positively correlated with
maternal body length and maternal con-
dition, these latter variables are also pos-
itively corelated with clutch size (see
above). Because of the tradeoff between
egg size and egg number, increases in ma
tcrnal body length or maternal condition
have less effect on egg size than would be
expected from the magnitude of their di-
rect effects. For example, for 1991, the
overall effect of an increase of t SD in
matcrnal SVL is an increase of 0.?4 SDs
in mean egg mass (i.e., path coefficient :
+0.74), whereas the indirect effect (me-
diated through clutch size) is +0.74 x

cient is the sum of these two pathways, :
+0.16. Similarly, the model prcdicts that
an increase of I SD in naternal condition
would yield an increase of 0.37 SDs in egg
mass by the direct pathway, but that this
cffect would be reduced by 0.43 SDs (:0.55
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x -0.78) by the indircct pathway. Thus,
the overall effcct of an increase in mater-
nal condition would be a decrease in nean
cgg mass (0.37 0.43 : 0.06), rather
than an increase as predicted from the di-
rect effect. This example illustrates the
utility of path analyses, because the influ-
ence of indirect pathways may often pro-
vide non-intuitive results such as these.

What I'actorc Delermine the Number
of Eggs That rlabh?

The major influences on the number of
eggs hatching, from a given number that
are laid,arethe proportion of infertile eggs
and the probability of hatching experi'
enced by fertile esss (Table 3). This result
is easily interprctablc, oncc cgg sizc and
total allocation arc ffxed, infertility and
failure to hatch are the only other factors
that can influence effective clutch size. In
ourstudy, variance in hatching successwas
the more important of these two factors
(Table 3). It is likely to be even more im-
portant in thefield. By incubatingour eggs
in the laboratory, we removed any effects
of physicaland biological lactors (e.g., dcs
iccation, flooding, predation) that may in'
crease the variance in hatching success
among clutches in the field.

What Factors Determine the Mean
Mass of ofrsvins?

The path analysis shows that the mass
ot a hatchling python depends not only on
the mass of its egg, but also on an inter-
action with clutch size. However, the na-
ture o{ this effect dif{ered between the two
years of the study (Fig. 1), rendering it
difficult to intcrpret this result. Mean in-
cubation pe ods also differed between
years, and the 1992 hatchlings emerging
after prolonged incubation were longer and
thinner than their equivalents in 1991
(cornbining data from both yean: incu-
bation period versus hatchling shape, ', :
L14,t :  O.27, P <0003) We hypothesise
that the longer incubation gave morc timc
{or embryonic differentiation and thus re-
sulted in ofispring that had transformed
more oI their yolk reserves into hatchling
tissues. This process wouldaffect hatchling
mass because of thegreater metaboliccosts

duc to prolongation of development and
the additional water content (and hence,
mass relative to calo c content) of hatch-
ling tissue compared to yolk (e.g., Shine,
1977; Vitt, 1976). The cause of the differ-
ence in incubation periods between years
remains elusive and may relate to subtle
differences in water potentials of the in-
cubation media, as has been reported in
tutles (Packard, 1991).

What Factors Determine
Offspting Shape?

Hatchling pythons from some clutches
are shorter and fattcr than those from oth-
erclutches, even when the mcan hatchling
mass is the same. This variation may be
biologically significant (hatchling shape has
been shown to influence the probability of
survival in lizards: Olsson,1s92) andherce
warrants attention. Heavier eggs produce
larger hatchlings, but cgg sizc also influ
ences the shape of the offspring. In 1991,
hatchlings emerging from larger eggs were
more heavy-bodied (Fis. l). The processes
responsible for this effect remain obscure
but may involve incubation conditions as
suggested above.

Hou Does the Sex oJ the ofrspri.ng
Ated Other Aspects oJ
Reyod.rctirxz Biolo gA ))

water pythons showed o sexual differ-
ences in body size (SVL, mass) or shape
(mass relative to SVL) at hatching (P >
0.10 in all unpaired f-tests), and no cor-
relation was evident between clutch sex
ratio (% male otrspring) and any other as-
pect of reproduction that wo mcasured in
this population (P > 0.10 in all compari
son$. Hence, we can offer no insights into
the adaptive significance (or lack thereof)
of sex ratio variation in these animals.

What Factors Deterrnine the Time ol
Year at Which the Eggs Arc Laid?
The time at which eggs arc laid may

have a considerable effect on the condi
tions under which they develop, and thus
the success of incubation. Year-to-year
variation in oviposition dates has been re-
ported in many studies of reptiles, usually
in response to climatic variation among
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years (e.g., Pengilley, 1972)- On average,
oviposition in our water pythons occurred
about a week earlier in 1992 than in 1991;
this difference was highly signilicant sta-
tistically (Table r, !-ig. 4). However, the
proportion of the within-year va ance in
oviposition dates explained by our path
analysis was very low (Fig. l). More de-
tailed analysis provides a partial explana-
tion for this variance. Our "repeat te-
males" were consistent in terms of ovi
position dates (see above), mainly because
all "rcpeat 'females oviposited in the same
site in both years, and females from the
different sites differed in oviposition dates.
We scored each oviposition date in terms
of number o{ days after 1 September. In
1991, animals collected from the varanid
warrens laid their eggs earlier (mean ovi-
position date : 27.3, SD : 1.2, n : 32)
than did snakes from the wall of Fogg Dam
(mean oviposition date : 41.8, SD : 8.0,
fl : 20). The same pattern was cvident in
1992, with snakes from the warrens (a :
I7.7, SD : 8.1, fl : 2r) ovipositing earlier
than snakes from the paperbarks (t:27.0,
SD : 7.7, n : 29) or Fogg Dam (i : 35.3,
SD : ?.0, n : 9) Two-{actor analysis of
variance of the data from Fogg Dam and
the varanid warrens (with year and loca-
tionasthe independent variables, and date
of oviposition as the dependent variable)
conffrmed the signiffcance of these differ-
cnces. Oviposition datc was affected both
by location and by year but with no sig-
nificant interaction between these two
main effects (location F,r : 73.6, P <
0.0001; year F,.?$ : 18.6, P < 0.0001; in-
teraction F,,s = 0.74, P : 0.39). i. nested
two-factor ANOVA showed that the con-
sistency in oviposition dates of the "repeat

femalcs was due to their location (Ft.s:
18.7,1, P < 0.002), not to variation among
individual females within each location
(F,. , ,  -  0.82, P :  0.63).

What Factorc Determine the Length of
the Incubation Petind.?

The timing of hatching and emergence
Irom the nest can signiffcantly influence
hatchling survival, and thus may be of great
biological significance (e.g., Ewert, 1S79;
James and Shine, 1985). All of the eges

weeks since I SePtenlter

Frc 4. Diffcrencer in ttre timing of ovirositio.
(solid ban) and hlbhn s (hatched ba6) behyee. rhe
2 yrolourstudy Eggs wcrc laid later in 1991(upper
gnph) tlnn 1992 (lower grapb) but actually hatcled
slidtly earlier in r99r See tex t lor statntica I lnilyses

within a single clutch typically hatched
over arelatively brief time period: usually,
all hatched on the same day. Hatching
dates were determined primarily by ovi-
position,dates (Fig.. r..Table 3). but th€
otrser\ed \arHnce rn rncuoauon perroos
(range 5r-?4 days) deserves attention. The
year-to-year variation is pa icutarly puz-
zling (Fig. 4).

What Faitors Determine RCM?
Relative clutch masses were affected in

a compler way by direct and indirect paths.
Unsurprisingly, increases in egg size and
clutch size increased RCMS (as direct ef-
fects), but the tradeoff between egg size
and clutch size meant that indirect path-
ways reduced or reversed the impact of
the direct effects. Thus, increases in clutch
size increased RCM by the direct pathway
(in 1991.:  +0.?3) but decreased RCM
cven more via the tradeoff between clutch

: 1 0

2 z o

E 1 5

b i 0

1991
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size and egg size ( 0.78 x 2.08,: r.62).
The ovcrall effect of changes in maternal
body size and condition on RCM is thus
very complex, depending as nuch upon
indirect efiects (mediated through clutch
size and egg sizc) as on direct effects (Fig.
l, Table 3).

What Factors Determine Maternal
Condition aJter ODiposition?

The body condition of females subse-
quent to reproduction may be an impor-
tant biological variable, and a useful in-
dicator o{ "costs of reproduction. For ex'
ample, overly emaciated {emales may bc
less likely to survive or to reproduce again
in the following year (e.g., Madsen and
Shine, 1993). Our path analysis indicated
that thc most important determinant of a
female s condition after oviposition was her
condition prior to oviposition. Several
pathrvays are important here (Tablc 3).
Fi ,st l )  (and unsurpr is ingly).  there is a
rtrons direct correlat ion betw€en condr-
tion scores at the two stages. Secondly, fe'
males in better condition produce lower
RCMS Gce negative path coefficients in
Fis.  l ) .  presumabtv becJuse some of thejr
' 'c indi t ion is due io t issrLes (e.s. .  fat  stores
or muscle) that are not lost at oviposition.
Because 1o\\ er RC\4! correlale wilh betler
posl ovipo\ i t ior condi l ion. lhe nel . f tecl
o i  l h i 5  i n d i , c ( l  p a l h w c )  i . l o  r e i n l o r ( e  l h e
positive correlation between maternal con-
dition scores before and after oviposition
Ho$e!cr.  olher indrr.( l  p3lh$ a) s reduce
lhe m:reni lude ol  lhrs pnsi l i \e ef[ .cr Th.
larger e"gg'  a"d l , ,ger; lul"hc'  ol  lemal. .
in bctter(ondi l ion rc.ul l  in highcr HCVS.
$hich t .nJ lo rcducc mdlernal c"ndi l ;ol
aI ter o\ ipo. i l ion. Ypl anolher indirecl
palh$a) , \  id ef le. ls of  c luLch . ize on cgg
siTe and egFcr.  o{ egg size on RCM) ad,
dn addi l ional po. i l i \  c path cocff i i  icn L Thc
end re.Lr l t  is:r  po. i t i \  e cof l  elr l ion belwepn
condition scores atthetwo life-cycle stages
\ ' l  ablc 31. but th.  underl)  ing .rusal basi .
ior lh i5 correlal i .n i .  mueh more compler.
rhrn mighl hdte bFen Bu.s5ed at f i r5r \ ighr.

G!:NERAL D$cussroN
In mosl .asFs. lhe pal lcrn. lhal  emrrgc

irom our anal) . i .  of  rFproduct i ! .  r , , , lpul

iD water Dythons are consistent with in-
tuition, and with published studies on oth-
o species of snakes. The large body siz.
of adutt  $ater pl thons means that the)
producc larger oftspring and 1arg.r clutch
siz$ than do most other snake., hut in
othcr respects, they appear to be fairly
typical. Reproduction is strongly seasonal
(Fig. 4), \,ith an incubation period similar
to that of many other python species (Ross
and Marzec, 1990). The RCM for our py
thons averaged approximately 0.46 (Table
l) and thus is very close to the mean value
reportcd in a survey of othcr snakes (Seigel
and Fitch, 1984i note that these authors
calculated RCM by including clutch mass
in the denominator as well as the numer-
ator, so that 0.46 in our calculations equals
0.32 b)' their method of estimation). -

Our extensive data set on watcr pythons
lets us quantify sources of variation in re-
productive output of these animals in more
detail than has heretofore been possible
with tropical snakes. we now focus on three
aspects of particular interest: the relative
mignitudci of direct and indirect effects
of maternal traits on reproductive output,
thedeterminants o{ hatching date, and the
determinants of reproductive frequency.
Firstly, what can our data tell us about the
factors determining traits such as egg size,
clutch sizc, RCM, of matemal condition
after oviposition? The primary insight ffom
path analysis is that indirect effects are
likely to be at least as important as direct
effects, and will often be much sreater.
Thus, even apparently 'simple" results-
such as the positive correlation between
maternal condition scores before and after
oviposition can be the end rcsult of a
complex series of relationships, differing
in sisn as scll ar naenitude. Kin{ (1993)
rlocrimcnt.d " 'imihr"effect in othinnake

The seasonal timing of hatching may
stru, 'sh jn 0uence m a ter nat fitness, th rough
inf lu&ces on offspr irg survivat and grosth
rates (e.g., James and Shine, 1985i Tinkle,
1967). The seasonal timing of reproductive
rcti\ ib in tropical snakes i\ poody kno$ n
but appears to be dive,se (Fi tch. 1982).
Most tropical species have seasonal repro-
ductj \ e q cles. especiall) rn areas with sea -
sonal climates (e.g., Shine, 1985i vitt and
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Vangilder, 1983). Our study site exPeri-
ences high and relatively constant tem-
peratures over most of the year, but pre
cipitation is highly seasonal (e.g., Shine,
1986). The water pythons in this area have
a ti|htly synchronised reproductivc cycle
(Fis. a), with mating during the dr) seasun
0ul)  August).  ovrposit ion tate jn the dr) -
seasun, and hatchini l  oucurr ing short ly pr i -
or to the onset of the annual monsoonal
mins (November-December). The timing
o{ emergence of the young pythons coin
cideswith peak availabilityof juvenile rats
(Rattus colletti), the major prey resource
for hatchling pythons in this area (Madsen
and Shine, 1996).

Thc date that a clutch of eggs hatches
is . function of the date that it is laid and
the duration of incubation, and our data
show interesting patterns o{ variation in
both of these attdbutes. The strongest
source of variation is geographic locationi
in both years of the study, snakes from
loss Dan, laid thrrr eggs about a u€el
htei  than snakes from the varanid war
rens. Our radiotelemetric monitoring oI
snakes in these areas (n > 50 snakes over
5 \ r) sLrqe€sis that thermal fattors mry be
,e'ponsible for this di f ference. Snak.s ln-
ine in Fose Dam sp.nd most of their da) -
lis"ht houis jn the uiter, u hich ir reJatir eLl
cool (appronmateh 25-30C) uhereas py-
thons from the varanid warrens must peL-
force spend their time in much hotter ter-
restrial environment (air temperatures >30
C within the warrens). These higher tem-
peratures should accelerate vitellogenesis
ind emblvoeenesis, and thus result in ear-
ller oviposltion in the terrestrial snakcs.
This hv;othesis also ffts the data for ovi-
position dates of snakes in the paperbark
forest, an area that experiences an inter-
mediate thermal regime because it offers
shaded terrest al habitats. The significant
difference in mean oviposition datcs be-
tween thc2 yr o{our study may also refiect
thermal history: mean daily air tempera-
tures over the month preceding oviposition
u err s igniAcant l l  lo$er jn the )  ear (1Sgl)
$hen oviposrt ion occurred later (August
daily mean minima and maxima : 13 8-
32.9 C in 1991, versus 17.7-3'1.1 C in 1992:
records of Coastal Plains Research Station).

\A F turn now to the quedion ot rFpro

ductive frequency, which a recent review
identiffed asthe most important (and poor-
lv understood) variable in thereproductive
biotogy of snakes (Seigel and Ford, 198?).
It is a common observation in snake pop_
ulatioN that many adult size temales are
nonreprductive (e.g., see revie$'by Shine,
1986). Low reproductivc lrequenci€s seem
to be Darticularly common in large snake
spruies (e e.,  Shine, 1977),  and f ield and
liboratorl 

-studjes 
on othe' p)thon taxa

have eenerallv revealed less-than-annual
reproJuction bv adult females (e.g., Ross
o"d tvta.r"". 1990; Shine and Slip, 1990;
Slip and Shine,1988). Thus, it is somewhat
surpr is ing that temale p)thons i ' r  our pop-
ulai ion aie eapabte of reproJucing in t$o
successive years (as was true for at least 11
of our snakes in the current study; the oth
er two reoeat females" reproduced in
r99l and r-993). Given the dramatic de-
crease in maternal mass at oviposition, and
the consequent large incremcnt in mass
reouired tefore the ncxt reproduct i \e ep-
lsode (Fig.3t.  this high reproductne fre
{:ruenc\ indjcates that rates ot tood intake
in these animals must have been very high
durine the year between these two clutch'
es. Our mark recapture studies of rodents
in the study area conffrm this supposition,
$i th vcr\  hish Dopulat ion densit ic\  dnd
bionass ihrofth;ua the 2 y r  of  this " tud1.
Si]ni lar l )  .  a high propoLt ion of the $ thons
caoiurcd over this t ime contained treshlv
jnscst.d prel ,  suBgest jng that tood was
reidi ly a\aj tabl .  These 2 )r  mav not be
typical of long-term averages, however. as
rodent densities show extreme annual vari-
ation in this area. ln some years. snakes
are in very poor condition and rarely con-
tain food (Shine, 1993) Presuablv, re
productive frequencies of the pythons de-
cline at these times.

Eren $i thin the'c years of high prey
r b u n d a n c e .  o n l l  a b o u t  h r l f  o t  r h e  : r d u l t
size female pythons produceclutches (Fig
2/.  \4dn] ol  thc temalcs thdl  torgo repro-
d u , r i o n  c r e  r ' l a l i v c l y  t h i n  a n i m a l s  l h a l
hare orc.umablr fai led l ' ,  eath"r enoL'eh
re.ou;ccs lo producc a tul lc lurch r l ig- Jr
I n l F r c s t i n s l \ ,  R C M s  a r e  r c l a l i \ e l )  h i g h  i n
at l  temalei .  Thin temales tcnded to pro
Ju..  lo$ HcVs in 1992. bul the.ppo. i l .
was true in 199I (note the effect coeffi
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cients for maternal condition on RCM in
Table 3). This difference between years
was due primarily to indirect efrects (Fig.
1, 1'able 3). why do not thin females re-
produce with smaller clutches, instead of
skipping reproduction entifely? l,ife his-
tor) theory suggests that such a strategy is
unllkely to enhance 6tness if reproduction
entails signiffcant costs that are unrelated
to the level of reproductive output (e.g.,
Bull and Shine, r9?9). In the case of water
pythons, a female producing a small clutch
would stiU face considerable energy ex-
penditure (and, perhaps, risk of predation)
if she remained to protect her eggs and to
warm them by shivering thermogenesis
(e.g., slip and Shine, 1988). Under such
conditions, the most elficient li{e history
tactic may be for the female to delay re-
production until she has gathered enough
energy to produce a large clutch.

There is a second group of nonrepro-
ductive females, however: those that are
fat enough to reproduce but fail to do so
(Fig.3). There are many heavy-bodied fe'
males that fail to reproduce, especially at
relatively small body sizes. Our analyses
of growth rates in this population suggest
that a heavy-bodied adult-size female that
forgoes reproduction can thereby grow
very rapidly. Due to the consistent increare
in clutch size with maternal body size, this
large increment in naternal body size
greatly enhances the female's output when
she finally does reproduce.

Nonetheless, total reproductive output
does not necessarily increase with increas-
ing maternal body size- At SVLS >190 cm,
thc proportion of reproductive females de
clines sharply (Fig. 2). This result offers a
strong contrast to several reports of a con-
sistent increase in reproductive frequency
with increasing maternal size in other spe-
cies of snakes (e.g., Blem, 1982; Seisel and
l'ord, 1987; Shine, 1986). Why does re-
productive frequency decline in larger fe-
male water pythons? One obvious possi-
bility is senescence, but the rapid growth
rates of marked females in this population
(Shine, 1991, 1993) suggest that many of
these large females are relatively young.
Instead, we favor a hypothesis based on
increasing maintenance costs and repro-
ductive capacity with increasing body size.

The absolute energy allocation for a large
female s clutch is much greater than that
required by a smallcr animal. Unless the
rate of {ood intake increases rapidly with
maternal size, large females may be unable
to gather enough energy for an entire

This situation may be particularly likely
to occur in our population of Ltasisfrscas,
because these anirnals feed almost cntirely
on a single species of relatively small ro
dent (the dusky rat, n.rttus colletti: \ean
adult mass : 80 g) that can be ingested by
even the smallest adult python. In many
other species of snakes (and perhaps ln
other populations of L. fuscus), larger
snakes can locate and ingest larger prcy
items. and thus suh,stantially increare their
rate of {ood intake. In our population,
however, this option is unavailable because
of the scarcity of larger prey. Thus, re-
productivc output in female water pythons
in this area may be reduced rather than
enhanced by continued growth. Simplc
calculations show this effect clearly. A fc
male water python of 185 cm SVL has a
mean clutch size of 14.6 eggs and a prob
ability of reproduction of 100% whereas a
205-cm female has a larecr mean clutch
size (r7.7) but a lower piot ability of re-
production (71%). Thus, the overall mcan
annual reproductive output is actually
lower (17.7 x 0.71 : 12.6, versus 14.6 x
1.0 - 14.6) for the larger snake. Hence,
the demonstration that mean clrt.h si?e
increases with maternal body sizc does not
necessarily mean that larger body size en-
hances a female's reproductive output.
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