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(Hoplocephalus bungaroides) in Southeastern Australia

Thermoregulation by a Nocturnal Elapid Snake
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New South Wales 2006, Australia

temperatures enhdce snake fitn€ss for only a short tim€ each
day and can be attained over that short period without the
''spense" ofheLiothermy. our r€sults strggest that precise ther
moregulation nay not be widespread among snakes, particu
larly smal Docturnal species that spend long peliods seques

ABSTMCT

Studies of reptiliar thermoregulation have tended to tocus on
diurnal heliothermic t& that display overt rhermoregulatory
behavior, with nocturnal reptiles attracting le$ attention. we
studied themoregulation by the broad-headed snake (Hoplo-
cephalus bu garoides), a small (mean snout-vent lengd = 57
cnl) nocturnal elapid that spends long periods sequestered in
diumal retreat sites. The snakes selected bodl temperatures
of 28.1'-3r.r'C in laboratory thernai gradienls. Prey-capture
abjlity Gtrike speed dnd accuracy) inoeased at higher bod)-
temperatures over the range 20' 30'C. Using temperature'
sensitiv€ iadio transmitters, we obtained 7,801 bodytempera
tule measurements of 19 ftee ranging snakes. Information on
operative environmental temperatures was obtained at the
same time. From these data, we quantified the degree to which
ihe snakes dpioit the environmental thermal heterogeneity
available to ihem (i.e., the tine they spent within their set
point range, relative to the total time that these body tempera
tures were a€ilabie to them). Mean body tenperatures (boih
diurnally and nocturnaly) ditrered among sea$ns but not
anong differcnt q?es of.etreat sites. Inclement w€ather pre-
vented snakes ftom attaining "preferred" body tempentures
on l0o,,i, of days. However, even when pieferred temperatures
were available, rhe snakes exploited this oppodunity for only
26010 of the time they remained within reteat sites and rarely
emeiged to ba.!k. Nonethele$, judicious retreat site selection
resdted in snakes beinS within their set point rdge for 60010
of the time at the most crucial time of day (i.e., the 2 h period
around dusk, when the opportxnity to capture prey is highest).
Basking may be rare not only because of its high potential
costs (e.9., risk of avian predatior) but also because high body

Since the pioneering work of Cowles and Boged (1944), nu-
meroN studies have demonstrated th€ complex and often sub
tle ways i! whi.h reptiles can modify their body tenperatures
by er"loiting thennal heterogeneity in the local eNironnent
(reviews by Avery 1982i Huey 1982)- However, this work is
based primarily on a restricted subset of reptilian species: pri
marily, oD diurnal heliothermic temperate zone Northern
Hemisphere lizards (Avery 1982j Huey 1982)- One reason that
studies of thermoregulation have focued on these species is
that they actively and ovcft1y thcmoregulate and, thus, ns-
imize an investigatols ability to docunent organismal 'ttrate

gies" for thermoregulation (e.9., Bradshaw and Main 1968)-
Unfortunately, this bias may obscure more general patterns of
reptilian thermoregulation for two ieasons: (l) nany specles
spend long periods inactive in refugia, where temperatures may
be very different to those available on the surface (Huey 1982i
Pete6on 1987; Huey et al. 1989), and (2) conpared with liz
ards, a significantly higher proportion of snakes (t)"icalty,
{oud 500/0) are Docturnai (e.9., Huey 1982i Cogger 1992).

To date, few studies have adequately investigated themoreg-
ulation by jnactive diurnal or noctumaL squamates (but see
Peterson 1987, Huey et al. 1989! Autumn et al. 1994). One
central question is the degree to which thermoconfomity (i.e.,
reluctance to show oveft thermoregulatory behavior such as
basling) rcsult! in a significant reduction in the prcportion of
time that an organism is able to achieve temperatures optimal
for key ph)siological or behavionl proce$es. lor tropical rep
tiles, this diminution may be trivial in magnitude (e.9., Ruibal
1961; Huey 1982; Hertz et al. 1993; Shine and Madsen 1996).
Hoqe\er .  r t  ma) be rSn i .dnt  lor .emperare /one \pe.re i .

In order to adequateiy determine the dtent to which ecto
therms exploit their thermal enviroment, we need informa
tion on four variables: (1) the animals' "preferred" body ten-
perature (Tb) unse, usually a$e$ed in a cost-free'
environnent in the labontory (Heath l96si Licht et al. 1966);
(2) ihe range ofpotential equilibriun body temperatures (op
erative temperaiures: T"'s) that an animal would attain in a

11o whon all corespondence should be addre$ed. pBent ad&ss: hculty
of S.ienc, Nodhem T*itory Univdrity, Darwin 0909, Nonhern Tedtory,
Au$raliq E mlil jwebbr@b.ndub cdu,ru.
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particuiar miclohabitat at a particular time (Porte! et al. 1973j
Bakken od Gates 1975; Peterson r987)j (3) the aninals' physi-
oloSical state (Regal 1966; Stevenson et al. 1985; peterson et
al. r993)j and (4) rhe body temperatures acrually displayed in
the field (i.e., spot tenperatures or continuou profrles, see
Peterson [1987]). Using these data, we can then calculate indi
ces that describe the *tent of active thermoregulation (Hertz
et a]. 1993; Christian and Weavers 1996).

we studied thermoregulation by a snall species of elapid
snake (the broad-h€aded sn ke, Haploaphalus bungarcidd:)
that lives in a relativ€l), cool and highly sesonal climate and
shows strong theimally fo.ced seasonal shifu in retrear site
selection (Webb and Shine I998r). Bioad,headed snates are
active noctumally but infrequendy and, thus, spend iong peri-
ods of tine (both by day and by night sequestered under
stones on exposed clilT edges. The snales are highty selective
in their choice of retreat sit€s: during spring ihey select thin
rocks firly erpos€d to solar insolation bur avoid shaded and
thicker (and thus cooler) rocl<s (Webb and Shine 1998r).
Broad-headed snakes bask inftequendy (Webb 1996), but we
do not know whetne( the virtual absenc€ of this behavio( re-
flectls high costs (e.g., vulnerabiliry ro predation whe! basking)
or low benefits (e.g., snakes sheltering under rocc may oe
able to expioit their thelnal environment emcientty without
basking). In this article, we invesrigate the latter hporhesis by
quantitiing the e\tent to which these snakes are able ro eryloit
their themal environmeni with and wirhout basking. In addi
tiotr, the drahatic seasonal shift in habirat use dispiayed by fl.
,r,garoid$, whereby the snakes shelter in tree holiows u open
woodlmd durins sunner (webb and shine 1e97r), allom us
to quandry the erlent to which differenr ttpes of r€rreat sites
inf l  uence rh. 'naker  doi l iq  roetp lo i r  rhe.nermal  e i r i 'onmenl
at different times of the year.

Material and Methods

Studf Sites and Radiatelenetry

This study ]6 part ofa 3-yr (1992 1995) radiorelemetry and
4 )a ma.k-r€capture project that was caried out in Morton
National Park, 160 km south ofsydney, New South Waies.In
this area, the mean daily na\inlun air iemperatures rarge
Fon 2s.9'C in Ianuary (midsumrner) to ts.8.C in Iuly (mid-
winter), whiie the mean daily minimum air remperatu.es for
these months are 15.9' and 6.0oC, respectively (Bureau ofM€te-
orology 1988). Each year, we radio tracked 1l snakes at tnree
sites (each approxirnateb- 3 km apart), on the western side of
a san&tone plateau of400 m elevation. The plateau is covered
by open woodland forest (for a tull descdption, se€ Black
119881) except for the exposed western cliff edge (10 30 rn
wide) where iocks ofvaiying sizes and thicknesses nave wearh-
ered lion the underllng sandstone. The clifi faces de 20 30
n high and are deeply dissected by nunerous horizonral crev
ices. Both sandstone rocks and crevices are abundant and are

used d r€treat sites by broad-headed snakes (Webb and Shine
1998b).

Temperature-sensitive radio tansmitters (Holohil BD-2c,
18 x 9 x 5 mm, 2.2 g, slow pulsing, battery iife 6 mo) were
waterproofed dd calibrated at 2'C inclemenrs ftom 4. to 40.C
before implantation in snakes. Iull details of our surgical tech,
niques are siven elsewhere (webb and shine 1e97r). Folowing
surgery snakes were released at the site of capture and radio-
tracked for periodr of up to 6 mo- Snakes were usually Fdio-
tracked ftom eady spring (S?tember) to late sumner (Febru-
ary), but release dates varied each year depending on when
we could find snakes. Fdl details of body sizes od sexes of
telemeteied snakes, release dates, ud duration of radio
tracking are provided elsewher€ (webb and Shine 1997a
1997b)-

SetPoiit Tenpenturcs in the Laborctory

Body temperatures of nine postabsorprive snakes (7 males, 2
nongravid females, nean snout-vent lengrh [SVL] = 63.8 m,
ranSe s5.s - 76.0 cm) were measured in identical rhernai gradi-
ents over 2 d in early spring 199s. we used uDfed snales
because this species feeds infrequendy in rhe wild (Webb and
Shine 1998a), so that overall pauerDs of thermal selection are
uDlikely to be atrected gleatly by postfeeding thermophity. Each
thermal gndient con$red of a painted wooden cage (77 cm
long x 30 cm wide x 30 m high) with a sliding-gla$ liont
with an underfloor heating elemenr and air vent at one end.
Themal gadients were placed in a constanr-temperature room
with an imbient temperature of 17"C. Lighring in the ioom
matched de natual photoperiod, and heating elements wirhin
the cages were programmed to come on at sunrise and swit€h
otrai dusk. Diurnal flooi temperatures within €ach cage rmged
from <20'C to >50'C (ne3ns of 17.4' and 52.3'C, respec-
iivelr.

Thin gauge copper'constantan themocouples conrected to
a Canpbel CRi 0 data logger were used ro monitor snake body
temperatures. The end of each th€rmocouple was cover€d ir
Dow Corning l00yo nowable silicon and aliowed to dry before
use. Thermocouple ends were inserted 2-3 cm into tbe cloacae
of snakes dd were held in place with glue (5-min epoxy resin)
and masking tape on the tail 2 o below the venr. Both glue
and tape were easily removed afteMard by soaking the snakes'
tails in water. Following attachment of rhermocouples, snakes
were immediat+ placed into themal gradients, and their body
temperatures were lecorded every 5 nin for 2 d. A thin layer
of newspaper was placed in each cage for shelter. Snakes usualy
renained under the newspaper throughout the day and were
able to move Feely fron one end of the gradient to the orher.
During the da)-, most snakes reinained relativeiy stationary in
coiled postures (diameter ofcoil <8 cm) whiie in the gradients.
Thus, cloacal temperatures should approximate deep bod).

Ior each snake, the bouds of the central 50% of the ob,
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serv€d body temp€ratures nere used to estimate the set point

range lHertz et al. 1993; Christian and WeaveN 1996).

Effect ol reftpdature oh Pe'fornance
(Strike Speed afld Accutucl)

Broad headed snakes are sit-and-wait Predatois lbat ambush

prey (diurnal and nocturnal lizards)that venture near or nnder

rock used by the snakes (Webb and Sline 19984). ln this

species, feeding strikes are initiated from a stationary Position,
so that prey .apture is likely to d?end on stike sPeed and

accuracy rather dran, for Nmplq crawling speed. We rcirize

that &e situation will be fa! more cotuplex in the lield, where

rcsponses of both predator (prey-detection abiliry) and prey

{crypsis, tail loss, ability to flee) will ultimately determine

whether a feeding strike is successful (see Downes and Shine

1998).
Snake strike trials were held in a gla$ areDa (aa cn hng

x 37 cm wide x 20 cm high) with a rsooden floor. The wooden

floor was raised 6 cn from the bottom ofthe aquarium, and

a rail was attached 4 cm above the floor to allow a clear Pe6per

lid to slide into place. Thls design meant tbat snakes were

contained Nithln a 4 cm-high "(e!ice" dudng the er?erinent.

A new she€t of paper with 1 cm gid squates rsas glued onto

the floor before each day of testing. Trials were filmed liom

above with a 6xed vid€o camera.
Strlke speed triah were caded oui at 20', 25', and 30'C,

wlth the test ordet randomized for each snake Ten postabsorP_

tive adult broad headed snakes (six nales, four fenalesi near

SVL = 63.1 cm, range 55.5-72.0 cm; meaD mass - 71-5 g,

iange 37.0-141.4 g) were used in the dPeriment. For each

trial, a snake wds placed into the "&e!ice" and a piece of dark

cardboard was placed on top of the Pebpex lid at one end.

snakes usually sheltered under the cardboard, and rse gave

them 5 nin to settle dowD before the ca.dboad was renove.l

A snall dead mouse (the staple diet for captive snakes) was

then slowly noved toward the snale; this was rePeated until

dre snake had struck the mouse several times. Trials were termi

nated after 5 min or when snakes exited the arena.

Trials wele aDaryzed $ing a video recorder that allowed

frane by frane playback (2s ialnevt. we only anal'zed

strike speed iD instances where snakes actually bit the mice

we followed Greenwald's (1974) protocol for mcasuring strike

speed. Snakes usua y hitiated strikes from a standstill, so mea-

surements were taken oDce the snake's head first moved and

were teminited as soon as the snake'shead app€ared to touch

the mouse. Thus, we measured the distance moved by the

snake's head lion ftane to Iiame. These fteasurements al-

loned us to determine the average velocity over the eDtite

stile as well as the ma{imum telocity atiained during the

strik€. Only one measutement of average and mdimum veLoc

ity (from the single fastest strike) for each snake wa.! induded

in the fiDal data set. we defined "successtul" stdkes as those

strikes where the snake struck the mouse with an oPen or

closed mouth. The toial nunber of st.ikes and the number of

successful strikes wcre recorded for each snake at each tenpera

Opetutirc TenPerctutes

Operative environmental tenperatures (7"'s: Bakken and Gates

l97s; Bakl<cn 1992) auilable to broad headed snakes were

estimated bI combining temperalure data (lionr rocks and

erposed nrodels) with data on the availabiiity of ro.ks with

ditrerent thicknesses and degtee ofshadilg We measuredterD
peratures under eight sandstone rock of different diamete6
(20-63 cn) and thicknesses (2 16 cm) on a single exposed

rock outciop. Thernocouples were glued to the niddle of the

underlyins rock substratun (I) and undeside of each rock
(T.) using s mn1 epoxy resin. It ws physically imPossible to

place hollow copper-tube models under rocks becausc of the

extrenely tight fit (olien <6 mn) between the rocks and their

underlying rock substrata. To assess the etrects of shadinS on

rock temperatures, we artificially shaded four roctr (range of

21 34 cm in diameter,4-10 cn thick) using square lnmes
(90 cn widc x 50 cm ligh) covered with two 1aye6 ot 750lo'

beige shade cloth. Shaded airtemperatule 1m from the ground

was also recorded (Christjan and Tracy 1985). n]] thernocou-

ples were mrltiplexed to a Canpbell-CRlo data logger, and

temperatures were recorded every 30 min
Although the patterns of heat flu undei rocks are complex

(e.g., Kreith 1965; Porter et al 1973), pi{ious studies have

found that rock thickness strongly affects rock temperatures
(Hueyet al. 1989). Our results suppo.t this tuding (see below)

Thus, we cm predict temperatures under rocks of ditrerent

thickreses usirlg our thernal data. To estinare the availability

of rock with different thernal characteristics, we neasured

rhe size {length and width), thickness, propoftlon canoPy cover
(shadins), and substrata (soil vs. rock) directly below a total

of 1,995 rocks (including lla rock used by snaket along

transectr (see Webb and Shine [1998r] for full details)

Body temperatures available io snakes in the oPen Gun vs

shade) or in crevices were estimated using physical models
(Peterson et al. 1993). Models were 60-cftJong coPper tubes
(wall thickness 1.1 nln, diamete! 12 mm, painted black) with

sealed ends (tight-frtting plastic stoppers). Each nodel had a

single thermocouple suspended in its center and was flattened

slightly to ensure thal the "ventral" sftface made good contact

with the substrate (Peterson et al. 1993). Initial tests show€d

that the models accurately predicted body temperatures oi

bioad headed snakes (e.g., comparison of tenperatures of a

model with a dead broad-headed snake on a flat exposed con'

.  rere,ur fd(e i r^T 0800 ro I  l0{ r  hour .  on !  'Lrny .pr ing mof

ing: Fnge for both nodel and snake = u'-38'C, mean ther

nal disdepancy between model and snake <0 1"C' dd

@relation berweeD the two readiDgs /'= 0.97i 1,89 dfi -P

< 0-0001). One nodel was placed in ii l sun on m exposed

rock platform neat the cliff edse, one model wa.! placed in finl
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shade (under a large shady ree), aDd three modets were ptaced
5 cm inside crevices witb westerly, easterlr and southerly as
pects. During the finai field season, we placed one model under
a large boulder (170 cm long x 90 m wid€ x 36 cn thick)
and two models 60 cm inside cliff-top crevices wirh westerly
aspects lthickness of roct above craices = 60 cn). Tempera-
tures of models ryere recorded every 20 mi. usirlg single chan-
nel Hobotemp data loggers.

Fiekl Bady Temperaturcs

Continuou body temperarures (";t of rhree snakes under
rocks, tbree snakes in fi€vices, and seven snakes in tree hollows
were recorded during the 1993 1994 and 1994 1995 fretd
seasons 'rsins an automated sysrem (see Rmnery er al. [ 1995]
for details). Body temperatures of four of these snakes were
recorded when the snakes were using diffe.ent rerreat sites, so
overal we have continuous body tempenture measurenents
for nine differebt adult snakes (6ve nales, fou nonSrdvid
fenales). Additional informarion on daily body lemperarures
of another 10 snales ru obtained by recording the period
between pulse intervak with a stopwarch over 2 d in i992 and
8 d in 1993. We denned "diurnal" tenperatures to be those
recorded between 0800 hours and suDset, and "nocturnal"

temperatu€s as rhose taken over the test of the day. Exacr times
of sunset for Sydney (Lornb 1994) were used in atl anatyses.

Ifl d i ce s of Th e r ft ore gulan ofl

Exploitation Index. Chtktin and Weavers (1996) showed rhat
plots that superirnpose T;s, ?"\, md rhe set-point ranSe oyer
the whoie day arc enremely usetirl for describins rhermoregu-
latioD by ectotherms. These plois can be visually inspected to
assess daily pattems (Peterson 1987) or canbe used to describe
the extent to which thc mimals explojt their themal environ
ment. The ind{ of themlal exploitarion {La) is the rime in
which L's are within the ser-point range divided by the tnne
available for the aninal to have its T6 within the set point raDge
(ChJistian dd Weavers 1996). we used this methodolosy ro
desciibe themoregulation by brodd-headed snakes. Coot,
overcast, or rainy days (where mdimuh T.'s < 28.1.C) and
dqs where snakes codd only att.in prefened body tehpera-
tures for <i h were dcluded from the analFis. Ior the rc-
nainn€ days, we calculated the amount of time rnar each
,ndke (oLld hdre,(h ieved  s  t  wi .hn rhe,er-ooinr  rdn8e.
Snakes in the diff top habitat had acce$ to a varieq, of rocts
of diferent thicknesses and crevices of different aspects, and
so could potentially maintain prefened body temperatures tor
long periods by basking early in the morning and rhen re
tiealing under rocks or inro crevices later in the day. The
mdimum time that these snakes could achieve t€mp€ratures
within their set-point iang€ was derernined by mmining T"
data for rocks, er?osed models, md nodels in crevices. Snakes
using tree hollom also had considenble opporunities for rher-

moregulation. Most trees selected by snakes were targe and
contained more than two hollow branches (Webb od Shine
1997a). Broad headed snakes are agile clinbers, and so codd
potentially qawl to dposed sites on tr€e branches to er?loir
patches of sunlight both early in rhe noming dd late in rhe
afternoon. However, we were uable place snal<e rnodets in
these places (nost hollow.s used by rhe sDakes were located > t 5
m from the ground, see Webb and Shine [1997a]).Instead, we
used T. data from oui cliff-top sire (I.'s ofmodets in full sun
aDd tull shade) to estinate rhe maximum time rhar snakes in
I  (  loUow'  (oL d .oend In rhei -  .e l  poinr  runge.

We Ll lcu l r red lhe oe8ree ^ l  the.  mal  pxplo iu l ion orer  rwo
time periods: (t) the hour before sunser plur the hou after
sunset and (2) the rest ofthe day. The former neasure provides
an index of the snakes' degree of thermal exploitation of its
ambient thermal envircment ar dusk, which is likely to be
the most critical time ol day for prq- caprure Gee b€low). our
statistical ana\ses are based on near values for each snake in
each 9?e ofretrear site rather than trearing succe$re measure-
ments on the same snaie within a given t}?e of retreat site as
independent measures. We adopred this technique Lo avoro
pseudoreplication (Hurlbert t984). However, we rreated data
for the same snake in ditrerent tpes ofretJeat sites (e.g., crevice
vs. tree hollow) as separate sanples. civen that thernat vari-
ances were similar among snakes and mong rerreat-site cate
gories, this procedure should not introdu.e any signifrcanr bias
into o'rr oalyses (Lege. od DidJichson 1994).

,Yertz lrda! Visual inspecrion of plots that superimpose Tb,s,
X.t, and Xd Gee Fiss. r-3) reveal how snake nt (and ?:'s)
dsiate from Xfr during differenr times ofthe day. we calcu-
lated tbe magDitude of these deviations using rhe nerhods of
Hertz et al. (1991), but our aDalysis was rcstricted ro 4 data
obtained from ne snales usins ditr top habitars (sia in c.ev-
ices, three under rock) during si\ ditrerent sprins dqs over
a 3-)a period (1992-1994). For each snake we catculated d,
tbe deviation of "b 6on I. (note that a Tb within Id is
assigned a value of zero), and 4, the nean deviarion berween
7:'s and the set point range (see Hertz er al. 1993). The indd
4 describes the therrnal qualiry of the habirat; a large 4 neans
that the animal must thermoregulare carefuI)- if it is to nain,
tain its 7i within the set-point range. Our analysis war re-
stricted to cliff-rop habitats because to calculate a" a gooo
enimrre of  T .  in  . - re hrb, r r  i "  requi red.  t r  our  . ruoi .  Z\
were measured in the exposed cliffhabitat bur not the arboreal
habitat. To estimate rhe med T" in this habitat (a requremenr
ofthe analysis, see Hertz et al. [ 199]l for tull details of method,
ology), we u.!ed our data on avaiiabfiry of exposed basking
sites and rocks with ditrerent thermai characreristics Gee Webb
and shine ll99Erl and results below). A mean 4 for $ake
nodels ms obtained b). assuming thar snakes had equal acess
to crevices with different aspeds. This assumption is not uD.e-
alistici at our study sites, the wesrern facing clitr edges are
deeply dissecied so rhat crevices with easterb and southerly
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Time ot day (hours)

l isure L Bodj  ,cmperr 'Lre.  o nvo r 'on5 "v id lemal 'brodd-
ni 'a"a . , * "  u ing ro ' rs  c  r r 'ng .PanB ' ,4 '  dd 'umer /a '

The snake monitoied in sPring (November 13' 1993) was under
a thin (10'cm'thic&) expo;d rock, where.s the snake monitotd
durins sumner (January 22, 1994) $as under a thin (10-ctu thick)
shaded rock. n = snake bodv temPeraturc, ?, sun = substr'ium
temrrcnture under a lo-cm-thnk exPoscd rock' lli shade : sub_
. ' , , iun re.p,  dure unda "  l0-m In i . l  'had 'd roc l  d d I
* rn a 'nae modd In fu l l  .u_ ihe 'err r .J  dorred l i r r '  ho$
the tines of local sunset. The solid horizont l lincs show the
upper and lower ljmits of the set Poirt range (as measured in the
[b;ratory). The shaded scction between th$e lines rePresents rhe
time periods for which the snakes cotid lotentialy attain bodl
temp;ratures within thjs range, oD rhe basn of ataihble T"\'

aspects are fouDd telativ+ close (<5 ]n away) t those with

northedy and westedy asPccis. However, the cliff-top shaded

sites were less common (76 60/0 of all rock werc in er"osed

locations), so nodels i! irl sun and full shade were weighted

according to the availability of these sit€s. similarly, thermal

data fron rocks were Neighted according to dreir availabilitv

in the habitat, but we restricted our sample to mcks with rock

substiata since telemetered snakes avoided rocks lying on soil

(webb md Shine 1998r)- Last, we alculated a rirnd indd

proposed byHertz et al. (1993) that describes the effectivene$

of thennolegulation: E = 1 - (dbld"). Values of zero indicate

no thermoregulation, wherear values near I ildicate precse

A
thermoregulation. This indd allows us to addJess the question'

How carefully do broad-headed snakes thermoreglrate?

Results

Tenperoturet Sel.cte.l by Snokes in the Laboratory

We discarded data for iwo snakes that remained at the cold

end of the gradient throughout the experimeDt. Thus' our

analysis is based on the data from seven snakes. lor these

anirnals, lower (28.1'C) and upPer (3l.r"C) set point bodv

temperatures were very simnar oD all3 d (one-factor repeated-

6 2 0
F E

E

€-

'lime olday (hours)

lpu,c, , .  8od1 remperJ lure '  o ' t *o male bro,d-he"ded ' rJe '
, . i " '1 .  . ' * . " - - [ .pn"5,  { 'dnd ' rmnelBr '  fne nr lemoru
ro, . ;  dun, 's  'pr ins ! \ . \enber 10.  lqo4i  6 i  J  ( rP\ i .e  I  n
b" low rhe. , f l  rop.  r l -  h  rne .a, r .  nonr lo ed dur inS 'mmer
(December 19, 1994) was jn a crevice aPProximatery s m below
the clitrtoP. ?b = snake bodl temperature, I" = snake model in
tull sun, T. thick rock = substiatum temperature under an e4osed
16'.m thick rcck, T- west crevice = snake model 60 ctu inside
an exDoscd .liff top delice with a w$tedl aspect, T^ soulh crence
= snake nodel 6o cn insidc an q?oscd diff tol dsie wirh a
southerly aspect. See caPtion to Figure 3 for eryldations ol other
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(SVL, nass) were not conelated with our me ures of strike
speed (either for the entire stike or for the fastest part of
strite: P > 0.05 for all correlation analyses). overall, snates
stuck fasier at higher temperatues (repeated neasures
ANOVA for all strikes: I,,,: = 5.85, P < 0.017i for the fastest
parr of the strike I,., = 4.16, P < 0.05; see lig. 4).

To examine the effect of temperature on strike accurary, we
excluded data from snal<es that struck les than three times
in a trial. Hence, we ana\zed data for eight snakes at each
temperature. The proportion of succe$fii strikes made by
snakes increased with temperature (repeated-nesures
ANOVA for the proportion of successtul strikes: I2.,a = 7.28,
P < 0.05). Overall, snakes shuck fait€r and more accurately
at higher tempentures (see !ig. 4).

E

E ' .

F a

1 . 8

1 . 6

1 . 4

1 . 2

1 . 0

0 . 8

0 . 6

0.4

o.2

0 . 0
Time ol day (hours)

Iigule 3. Body temperatures of a nongravid fem.le broad-headed
$rake using tree hollows in open woodland duing (A) sp.ing
(Novehbe. 26, 1993) dd (r) smner (tanuary 20, 1993). 4,
= snake body tmp*ature, T. = snake model in fttll sun, T",
shade - sn.ke model in fi shade. See caption to Figure I fo!
explanatio.s of othe. sinbols.

measurcs ANOVAS: 2, 6 df; P > 0.0s for both va.iables). Lower
and upp€r set-point temperatuies showed a sinilar range dur-
ing the 3 d (lower set-point tempemtures; 23.5' 32.2', 23.3'
32.6', and 24.4' 30.6'Ci upper set point temperaiuies: 28.8'
33.9', 26.1' 33.3', and 27.5' 34.6'C). Mininun dd mdi
mum TL's of snales were also sinilar on aI 3 d (one fador
repeated measures ANOVAS: 2, 6 dfj P > 0.05 for both vari-

Efect ofTemperature on Stike Perfornonce
(speed and Accuracy)

Nine of l0 snakes readily bit the dead mouse when rt was
moved toward them- one snake did not bite the mouse during
any of the trials, and a second snake failed to bite durilg the
2s'C trials. Hence, we have data for nine snakes at 20' and
30'C and eight snakes at 25'C. Our neasues of snake size

1 . 0 0

0.75

0.50

o.25

0.00
2A 30

Temperature (oC)

Iiglre 4. Changes ir (,4) speed of tbe feeding strik€s and (B)
a(u.act of the feeding st.ikes of captive broad headed sn kes as
a frmciion of the body temperatures of rhe snakes when tested.
Values are means and Sls. see text for description of arcna and
statistical analFis of resul$.

[/laximum velocrly
Avelage velocity
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'rme ot day (hours )

Figure s. Daily cycle of rock ( 4) and substratun ( I.) lenleratures
durins a fine sprins dar (octob{ ll, 1994) for (,,t) a thin rock
(7 cm thick) lnd ! thick rock (16 cm thick) iD tull sun and ior
(B) thin .ock (a cm thi&) in tull sun and fi shadc for thc samc
dal- Solid hodzontal lin* indicate the prefered tenperatu.e range
(set loini range) of the snak$, ihe dorted horizontal llne is the
sn kes' volut ry thehal mdimum (VT",.,) based on laboratoir
studies. The dotled reftical line is the tine of sulset. Me6ure-
ments werc taken at 30-min i erals.

Thernal Chanctenstics af Rocks

on sunny days temperatures underneath rocks showed clear
daily cycles due to radiant heating and differences in thermal
regimes of potential r€treat sites were larg€]y dependent on
rock thiclness and degree of shading.

Rocfr t1'ri7cs. Thick rocks heated nore slowly than thiD rocks,
so that the thermal dinima and naxina, and the tirnes of day
at which they were dchieved, all depended on ro& thickness
(Fig. s). Ior exanple, on a sunny day on october 31, 1994,
mdimum temperatures were negatively correlaied with ro&
thickness (/'�- 0.74i 1,6 dl P< 0.01)while minimun temper
atures were positively correlated with thicknes (|] = 0.5s; l,
6 dfi P < 0.0s). Very thin rock (<s cm thick) achieved
their thermal minima and mdina earlier in the day (tlpically,
around 0600 and 1400 hours, respectively) than did thicker
rocks (at 16 cn thick, qi@lly around 0700 and 1700 hou6,
respectively). During spring, temperatures 'rnder thick rocks
neve. wamed to th€ snakes' prefened range.

Therndl Heterogefleity in Ret/ert ste' Some ro&s provided
more heierogeneous thermal microlubitats than did othe6.
Snakes could potentially thermoregulaie either by noving
closer to the edges of rocks or by moving so as to maximize
bodily contact with the upper surface of their retreat site (i.e.,
the underside of the overlying rock). on sunn). darr, rock
tempentures were higher than substratum temperatures, while
the rcvers€ was ftre at night. Th€ magnjtude of this themal
di,Terence depended on rock thickness. For example, on a
sunny day on October 31, 1994, the mdimum difference was
10.2'C for a rock 2 cm thick and only 5.4'C for a rock 16 cn
thiclc At night, rock temperatures were cooier than substratum
temperatures, but the difference ms nuch smaler (1.8'C un-
der a 16 cm thick rock vs. 2-4"C uDder a 2 cm thick rock).
Although we did not take contilual measurements of edge
temperatures under rock, spot checks raealed that rock edges
were often 3"C warmer thu ihe center. Hence, there were
distinct the.mal gradieDts under rocks that snakes could ex-

Sfiddi,& The degree to which a rock was shaded also affected
its temperature. or suny days, temperatures under shaded
rocks were much cooler than those und€r unshaded rockr of
similar thicknes (see Fig. s). Ior example. on october 24,
i994, diunal (0800 2000 hours) temperatures under four
shaded ro&s (4 10 cn thick) were significantly cooler than
those under exposed rocks of similar thickless (one-factor
ANOVAS; muilnunl T,: neans of25.0'vs. 30.9'C, F,,. = 19.2,
P < 0.01! for aaenge ".: tueans of 2l.l'vs. 24.7'C, 4.6
= 10.6, P = 0.02i for ftalimun T.: means of26.3'vs. 40.3'C,
F,,5 = 195.3, P < 0.001; for average ?: means of22.l'vs.
30.9"C, 4,5 = 36.1, P < 0.01). During spdng, temperatures
under shaded rocks never warmed to the snaket preferred

Alailabili, of Retreat Sites

lull details on the availabiliq, of snake reireat sites (ro&s and
craices) are presented eisewhere (Webb and Shine 1998b), but
key results are given here. Rock er"osed to tull sun (with rock
or soil substrata) wele readily available to snakes (76.60/0 of al
rocks were *posed). ftus, exposed bokhg sites were abui-
dmt on the sparsely vesetated clitr edge (Webb 1996). Because
temperatures undcr rocks are larsely inf'luerced by weatber and
iock thickness, snakes trying to achieve s€t point tempentures
would have to select thi! (ls cm thick) exposed rocks during
spring- Although srch rocks wele reasonably abunddt (32%

of available rocks, see webb and Shine [1998b]), very thin
.o,k.  r  4  m r l ' ick l  .ould Jr  p\ reed / "  or  wdrm .pnng

days (see fig. 5). Thus, in order to maintain set point tempera-
tures, the snaies have to choose retreat sites caretuliy.

Field Bo.ly Tenpetuturcs

we obtained a total of7,80l body temperatute measurements
fron 19 snakes (12 males, seven nongravid femal€t on 79

A

- , 5
e
E
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Table 1: crand meds of diurnal (0800 hours sunset) and nocturnal (sunset-0800 hou6)
body temperarures of telemetercd Hoplocephalus bungdfoiddJ recorded on sunny da).s

Dav Night

N N SDSD Range

Spring:
6

t 0

I

4

I
l

I

25.7
25.6
21.2

26.7
27.3
25.9

20.8
18.3
2 l , 8

5.8
5 . 1
5.5

t.9
1.4
4.4

3.8

2.5

19.3
22..2
17.8

22.6
23.8
21.6

18.1
t6.4
19.0

4.3
3.6
3.6

3 . t
3.3

2,6
3.5
2.3

12.7-35.3
13.7-34.8
l t .4  34.9

18.4 35.0
17.5 33.9
16.5 35.2

12.8 28.8
11.8 28.5
1,4.3-29.4

12.2 29.5
14.5 31.0
10.5 30.5

I8.0-32.3
t7.7-33.9
12.5,34.r

t2.6-26.6
\) . .9-27.0
\) .2 23.1

2
I
2

I

I

4

I

I

I

Nore. Body tenpentres of free ranging broad headed snaks were rccordcd du&,B slriig (Scptcnber Novenber), .umn{ (Decenber February), and
. ! t ! hn  (Mdch -M.y ) .  L$d  t i nes  f o r  suns  N {e  Ned i t he r  nng€d  6oD  1700  t  1330hou r i n ru tumn ,1740 to1350hou^ insp r i ns ,an l1350 roL9 r0
hou6 in summcr. N = runbq ofindivin!.lrn.ler rnr whi.h we hrve at le t 3 h ol ontnruons datr o. bodv te'nDeuturci

sunny daF durins fie study (118 snake days, mean = 6.2
d/snake, SD = 8.0, ranse l-30 d). Tabte I sho$ the grand
means of body temperatures of telemetered sDakes in the three
most commonly used reteat sites (rocks, crevices, ard tree
hollom) during spring, summer, and autumn.

Efects ol Season anA Rctuat Site

To investigate whether body temperatures ol snakes varied
with tine offar or tl?e of retreat site, we used a F o factot
ANOVA with nean daily body temperatures from individual
snakes as the iDdependent variables. we restricted our analysis
to spring and sumner, the two seasons where we had large
sample sizes. Mean body tenperatures of snakes were signifi
cantly lower in spring thm in sunner (means of 2s.2"
vs. 27.5'C). The anal)'sis reveaied a significant effect of season
(4,r = 6.7, P = 0.02), whereas the other faciob (retreat site,
interaction between season and retreat site) werc nonsignifi-
cant. A similat analysis using tuinnnum body tenperatures of
snales also showed strong seasonal effects (F,,- = 24.3, P
< 0.0001), but no effects ofretreat site or inteiaction between
the two factors. Snakes had lower minimun body temperatures
in spring than in sunmer (means of 1s.0'vs. 21.6'C). Maxi
mun body temperatures ofsnaies were sinilar in spiing and
sunner (neans of 32.0' vs. 33.s'C) and did not dilT€r among
retreat sites, with Do significant interaction beaveen the two

Did snales exhibit ditrereDces in nocturnal body tenpera
tures between seasons or ahong retrcat sitcs? A two-factor
ANOVA using mean nighttime body temperntutes of snakes
as the hdependent variable revealed a barely signincant efect

of sedon (FL, i = 6.7, P = 0.05), with no effect of retreat
site and a nonsignificanl inteiactlon term. Mean noctumal
.enperr .u-e '  o i  ndke,  \ere lower 'n ,pr ing l l 'da in  'unrer

oleans of 19.1' vs. 23.2'C). Interestingly, minimum nocturnal
bodl tenperatures of sDakes did not differ among seasons,
whereas maxinun body temperaiures did (I,. j = 10.5. P
= 0.02). At nisht, snakes attained higher body tenperatures
in summer than in spr s (30.8" $. 26.3'C).

Efeds of weather afld Tine oI Daf

Duing cool, clotrdy days, snakes had low body tempeFtures
( < 25"C) and showed the snooth pauern described by Peterson
(1987). on sunny days, snal<e body temperatures vaded de-
pending on the q?e of retreat selected and the time of year-
Snakes under rocks tracked heating and cooling rates of rocks
(Fig. 1). In most cases, body tempeiatures of snakes under
rocks only fell within the set point range when the tempera
tures under rock were within this range. In consequence, snal<e
body tenperatures often rose above the set point range on
warm days (Fis. 1). tsecause rocks heated nore slowly than
exposed snake models, rnaximum temperatures of snakes un-
der rocks were not attained until after midday during spring
and suniner (Iig. 5).

Durlng spring, many snakes selected crevices with westerly
aspects near the tops of cliffs, and these were not exposed to
direct insolation until after midday (s€e webb and Shine
1998r). snakes using these devices did not attain preferred
body temperatures until midafternoon (rig. 2). During hot
weathcr in sunmer, nodel tenperatures deep inside (60 cm)
cliF-top c.evices with westerly aspects renained within the
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snakes' set-point range for long periods of time (up to 17
lvd, see Fig. 2). How{er, during sunmer, the snales selected
crevices lower dowr the cliffsi th€se crdices were cooler than
diff-top crevices becallle of increased shading by vegetation
(W€bb and Shine 1998 b). One snake that used a crevice halfway
doM the clitr basked early in the morning, and then retreated
into the crevice to maintain temperatures within its set point
unge (Iis. 2r).

During sp.ing, snakes sheltering in tree hollows attained
prefered body temperatures for relatively short pedods of the
afternoon (Fig. 3). Ior aample, a snake that used a low
iying holow branch near the clif edge in November 1992
maintained a relatively high constant body tempenture by
moving alory portions ofthe branch that lay in direct sulight.
Presumably snakes can maintain preferred body temperatures
by er?loiting theimal g.adients within the hollows. During
summer, snakes sh€ltering in rre€ hollows attained preferred
body tempe.atures after midday, and occasionaly snakes
basked in direct sun before reteating inside then branches
(Iig.3). Snakes using tree hollows during s'rmmer consist€ndy
exhibited relatively high body tenperatures at dusk (lig. 3).

Desree of E plahdnon of Thdmal Eflriroflneflt

whole Day. Body tempentures of 19 individual snakes were
recorded on9l ditrercnt days. On 27 ofthese days (i.e.,29.70lo),

overcast or uinl weather prevented snakes from attaining body
temperatures in their set point range. During the remaining
64 d, continuous measurements of snake body temperatures
and operative temperatures enabled us to calculat€ the number
ofhours per day that a snake in a given season could possibly
achieve its set point range, the number of hours that snakes
actually did renain within this range, and the index Ex (the

degree to which the snakes ex"loited their available thermal
environmentr see ChristiaD and Weaven [1996]). The most
strihng result is that mean Ex indices were low ( < s0%) regard
less ofthe t)'�e of retreat selecred by snakes or the time ofyear
(Table 2). How€ver, variability anong snakes was high, od
four snakes never attained piefered body temperatures, al-
though s€t-point t€mp€mtures were achievable.

wl€n we conpared the two seasons with large smple sizes

Gping and sunner), we found that snakes could potentially
attain preferred body temperatures for longer peiods during
sunner than spring (6.6 vs. 11.0 hj two-factor ANOVA: I,,n
= 13.6, P < 0.01). This analysis revealed a barely significant
effect of retreat site (4.r, = 3.6, ? = 0.05, but post hoc tests
showed no ditrercnces anong the three tDes of ietreat sites).
Despite the strong seasonal effects, the mean time that snakes
actually spent in th€ir prefered range was not signilicddy
different in spring or sunrner (1.9 vs. 3-l hi two factor
ANOVA F,.r = 2.2, P > 0.05) or anong snakes using ditrerent
ret.eat sit€s, and there was no significant interaction between
the two factors. In fact, Ex indices of snakes were remarkably
silnjlar in spring and summer (29.0% vs. 30.0q0) ud anong

habitat q?es {see Table 2). During sunmer and spring, there
was a highly signincant positive correlation b€tween the time
spent by individual snakes in the set poini rdge dd the time
available for snakes to attain preferred body tenperatures (r2
= 0.86i t, 26 dfi P < 0.000r).

,,s7. Do snakes exploit the tberhal environment more in the
2-h period around dlllk than they do in the rest of the day?
we used a paired analysis to .ompare Ex indices of individual
snakes for duk with the lest of the day. Ovelall, snakes had
higher Lr indices around dusk compared with the iest of the
day (59.9% vs. 25.6v0! paired t-test: t,, 16 = 3.64, P = 0.001).
Dur ing spr ing and 'umne, .  'nrke.  Jr i l i i ing d i f ferenr  rerrear
sites had similar Ex values a.ound dusk (Table 2). Overall dusk
Ex \dues fo! sprhg and summer were rcnarkably similar
(41.6010 vs. 41.0y0). During autumn, Ex values for the whole
day and dusk wer€ generally low (Table 2), but the small sanple
size makes these resuLts hard to interpret-

Do broad headed snakes thermoregulate more carefully in the
evening or are T"'s within the set-point range more abundant
at this tine? To investigate this question, we calculated the
indices suggested by Hertz et al. (1993). If we consider the
entire day, we find that broad'headed snakes do not thermo-
resulate very carctully (Table 3). In contrast, if we partition
the day inio three equal 4 h periods (norning, afternoon, and
evening), a more conpl{ pattern of themoregulation is re
vealed. During the afternoon, the average deviation of ?i ftom
T," (i.e., 4) was relatively low, so that even nonthernoregulat-
ing snakes would attain TL's dose to Xd. In coftrast, during
the morning and evening, average T. s were below I", so that
snakes would have to select specifc microsites in order to attain
Tb's close to T*,. Clearly, during the moning, snakes did not
thermoregulate (db wa! m'rch higher than d., Table 3). In
contrdt, snakes clearly thernoregdated during the evening
(db wa! closer to T*, than 4), and the value ofE (0.s3) suggests
that broad-headed snakes were moderately effective thermoreg-

Behaior of Snakes in Reteat Sites

we routinely obsered broad-headed snakes making subde
movements i! their retreat sites during daylight hou6 (e.9.,

moving to the edges of rocks or crevices during the morning
dd afternoon). Clearly, the snakes could have extended the
time spent in their preferred body-tenperature rdge by bask
ing, but ihey rare\ did so. During 3 }{ of lieldwork (s13

obsemtions of 2s radio-tagged snaket, we only obsewed
snakes basking or part-basking (body loops enended f.om
c!ryices or .ock, on ls occasions (12 individual snakes, six
males, six fenales). Thus, the relatively 1o1r [x values for broad-
headed snakes were related to the snakes' reluctance to bad<,
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Table 2: Mean time that body temperatures within the set point range w€rc obtained by fiee,ranging
broad-headed snakes usiDg three tnes of retreat sites in three different seasons

Season and Retreat No. of
Site Days

Time ?*l
Possible (h)

Time 7"",
!.xploited (h) Dusk ExEx

Spring:
Rock (3)  . . . . . . . . . . . . . . .
crevice (9) ...........
r ree (3)  . - - - . - -

Rock (1)  . . . . . . . . . . . . . . .
crevice (a) ...........
r  ree 1/ ,  . . . . . . . . . . . . . . . .

Rock (1)  . . . . . . . . . . . . . . .
crevice (1) ...........
Tree (1)  . . . . . . . . . . . . . . . .

1 0
4
9

9
t 5

l4
2

6.3
7.4

10.6
l l .8

2.5
4.0

I � l
t .8
1,4

3.3
3_7
3.1

. l

.3

. 1

49.2
24.3
28.6

t 1 . 1
22.5
32.6

2.2
r2.0
2.5

92.4
49.7
90.5

47.6
t32,6
54.7

s0.0

66.6
75.0
22,2

71.4
100.0
75.0

57.1,
50.0
25.0

Not€. Numbas of snakcs uing e.ch .r?e ol rtteat site for which we havc body tcmleiarure dda .re liied in paftnihess. The tablc shoFs lhe oean nunbd
oa houB per day that *t point tenpcnturcs wce..hieable. nre index Ex is ihe ntio of rhc so pr(eling.oLutus {xroo) rd represeDts the pscentagc of
rhe available tine in the set point mge d[t is ciploiEd bt the sni(e. Ihe pe(ertage ol days $ith tcnpcdtulcs aithin the selpoint nnSe (I.d) at dlsk (l l]
bcforc lnd t h alter sunsd) ir arso shom. the index Duk Ex indi.ar.s the degree dl e\?loibtion ol set poinr tempoatuG .round dusk by rhe sahes

as can be cleuty seen fron the temperature pm61es ofsnakes
and models (Iiss. i-3). This la& of basking by broad-headed
snakes was not due to la& of suitable basking sites since rocks
exposed to direct suniight were abundant on the cliff edge.

The thernoregulaiory behaviot of Haplorephah$ bungarcides is
very ditrerent frorn the precise heliothermic thermoregulation

Table 3: M€an body (Tb) and operative (T") tenperatures,
deviations of body (dJ and operative (d") temperatures
from T*,, and E, the effectiveness of temperature regulatio!
b)  broad-headed.nale.  u ' ing r l i i i rop habirab dJr ing
spnng

Lical of diurnal li,ards (Ave4. 1982). Many diurnal lizards
bask in sunlight early in the morning and then shuttle between
sun and shade in order to maintain relatively high and stable
body tempentures (e.g., Bradshaw ud Main 1968). In con
tnst, broad-headed snales select thermally suitable retreat sites
where they remain for entire days and sometimes even weeks
(webb and Shine 1997r). As a consequence of this relatively
sedentary behavior, the snakes do not fuIy exploit the thermal
opportunities available in then envircnment. Duing spring,
snakes could mdinize the time spent in then set-point range
in two ways: thq- could move among rocks of different thick-
ne$es at different times of the day o. on days with different
w€ather conditions (e.9., moving liom a thin rock to a thicker
rock on a hot day or at midday) or ihey could bask beside
their reteat sites (rocks and crevice, during the norning and
then reireat to their shelters later in the day. Bsking in the
moming followed by re[eat to shelter sites is common mong
diurnal snakes (e.g., Peterson 1987) bui rar+ occuis in Il-
,lrgaroides ou ne utenentr of the availabilig, of rocks in
tul] sun coupled with T"'s show that snakes could easiv achirye
high body temperatures sinply by basking beside ro.k or

Basking may be rare because it involves signilicant costs o.
fs benelits for this species (Huey and Slatkin 1976). These
costs are clearly not relaied to a lack of thermally suitable
nidoclimates, as is the care for nany forest-dwelling lizalds
(€.g., Huey 1974; Huey and Slatkin 1976i Rummery et al. 1995).
Instead, the exposed nature of th€ sudstone clitr edge means
that ba.sking (even relativ+ close to retreat sitet may substan-
tialiy increase the risk of piedation. Presumably, smau snakes
like H. ,rrgafo'lci are nlnerable to birds of piey if they move

Whole Day Morning Aftedoon Evening

Ts. . . . . . . . . . .  25.6 ! .4  t9.6 ! .5  2a.9 ! .4  27.5 ! .4
T" . . . . . . . . . . .  26.8 !  .3  25.1 ! .6  30.9 ! .6  24- t  ! .7
d6 ._..._..... 3.7 ! .t 8.6 1 .5 1.5 1 .2 r.9 1 .3
d" . . . . . . . . . . . .  3 .4 !  .2  4.0 ! .4  2.2 t  .2  4.1 1 .4
E . . . . . . . . . . . . .  .08 r . l5  .32 -53

Note. Opentir tenperaturts d bodt tcmperarures of.n*.-"- \""*
siakcs u.der rocks, six snaLes in.ftvics) wer r(ord.d d.ry 30 nin during
spring. vducs listed de ne.rs and Sts for the entir lzh d (0330 2000
hom), nonins (firo 1200 hous), aitedoon (1230 1600 hout, md N.
.ins {1630-2000hout. Note that ! = 1 (d/d"). v.lues ofrdose to one
rhow clreful rheinoregulation, while valus .err z{o show thcrnoconiorbb,.
Nqative alucs of t suggc{ avoidan@ ol d-point tenpectues (see Hcrz cr
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around on exposed cLitr edges during the day. Numerous spe
cies of diurnal aviu snake predatoB have been recorded in
Moton Nationai Park includins De species of raptors (Fox
1988). At our study sites, kookabunas (Dacelo dgar, whistling
kires (Milrus sphetutus), bro$'i fr1cons (IaLo s,b',sn), and
wedge-tailed eagles (A4rila aada;r) were comnoniy reen nqr
the cliffs.

An alte.native explanation for the broad-headed snakek low
c{ploitation of the thermal environment is that maintaining
set point temperaiures for exlended periods du.ing the day
has few benelits. AI of our iadio tagged snakes fed inflequently
in the field (webb and Shine 1998a) and were nongavid.
laboratory er?eriments have demonstrated thermophilic re
sponses to feeding in several snake tda (Peterson et al. 1993),
but in rhe field, such responses nay be nodilied by constraints
imposed bI the thermal enviroment (Peterson 1987i Beck
1996) or larlnerabilily to predators (Lysenko and cilis 1980i
Beck 1996). Indeed, available evidence suggests that careiirl,
prolonged thernoreguiation bI snakes is most obvious in
gravid fehales (e.g., Charland and Gregory 1990; Pete6on et
al. 1993! Reinerl 1993, Charland 1995).

Eecau'e o i  rhe ,na\e.  general  imm"bi l iq  in  r€. redr  . i re . .
they ll-lually did not attain preferred body tenperatures until
after nidday. Ior snakes under rocks, the delay war p|imarily
due to the heating proliles of rocks abd th€ high correlation
between rock iemperatures and snake tenperarurcs (Webb and
Shine 1998b). For snakes sheltering in cevices, the delayed
heating was brought about by ihe snakes' reluctance to move
outside their qryices od because the crevices they selected
(those with westerly aspects) did not receive direct suilight
utrtil after nidday. Although we have no operative tempeiature
data for hollow tree branches, the snales could presumably
have basked outride the branches much earlier in the day. They
did not. The ovenll effect of the delay in heating shoM by
broad-headed snakes was that their body temperatures were
relatively high arcund dusk when nocturnal prey are nost
active- Similar diel patterns of thernoregulatior, wh€reby ani-
mak delay heating until late in the day, have been documented
in nocturnal fossorial skinks in the laboratory (Bennett and
Iohn Alder 1986i Andrews and Kenney 1990). The most plausi-
ble dplaation for the delay in heating shoM by some noctur'
nal species, induding IJ' hflgaroilds, is that high body tenper'
. 'ure.  around du. t  ia . i l i rdre lorugng ar  $"r  um,

Duing spring, broad'headed snakes in our study area fed
rnainly on one species ol noctumal gecko (Oenurc bsueuni;
Webb and Shine 1998a) that is nost active around dusk (ScHe
singer and Shire 1994). Hence, snakes with high body tenpera
tures at this tine would maximir their abiliiy to capture prey
b€cause higher temperatures enable snakes to strike faster and
more acc'rrat€ly (Iig. 4i see also Creenwald 1974). Velvet
geckos also select "hot rocks" (Webb and Shine 1988a), and
.e le.  r ion o '  "u,  h 'o.k  b/  bro,d headed f  r ler  na)  in( , rd 'e
rheir probability of encountering prey. Interestingly, the snakes'
re lu. rdn.e to mo'e out ' ide r l 'e i r  rerredt  i i ,e \  mry m n mize

odor d€posirs that could alert velvet geckos to the snakes'
presence (DoMes and Shine 1998). DuriDg summer, the
snakes fed on small nocturnal manmah (Webb and Shine
19984). Snakes with high body temperatures mayenhance their
chances of capturing a fast moving mammal that enters the
same tree hollow as the snake. Elevated temperatures at dusk
my also facilitate locomotor performance (at least for the first
few ninutes), thereby reducing rulnerability to avid predaiion
(e.9., Christian and Tracy 1981).

In conclusion, our study suggests that broad headed snakes
ma)- exploit the available themal environment rn . rather
different fashion than do previously studied diunul snakes
(e.9., Peterson et al. 1993) and lizards (e.9., Christiu and
Weavers 1996). Our calculations of the degee of themal s-
ploitation suggest that the snakes' thernoconfornity (i.e., its
restriction to retreat sites and reluctance to bask) considerably
reduces the proportion of tirle that the snakes spend within
their preferred range of body temperatures. However, this re-
striction is actually quite minor for the tine period (around
dusk) that is likely to be nost important biologically to these
snakes (i! terms of prey capture and the snake's ability to
move befiveen retreat sitet. Thus, the snakes select retreat sites
that enable ihem to attain high body temperatures around
sunset. ln this way, the snakes avoid the metabolic costs of
nuintaining high body tempelatures throughout much of the
day and the rulDerabiliq, to avian predation that could arise
froft ba.lking in expos€d positions. The extent of thermoresula-
tion shown by these small ectotherms rray be nodified by
environmental costs (such risk ofpr€dation) well as by
the time dependence of the benefits of auaining high body
temperatures. This conclusion ni.rors that Fom previous dis-
cussions (Huey r974i Huey and Slatkin 1976).

In combination with previous woik, our data suggest that
reptile species may vary considerably in the degree to which
individuals attempt to maimize the time spent in their pre
fered themal rmge (e.9., Poner et al- 1973; Huey et a1. 1989).
In particular, muy snake species may not themoregulate pre-
cisely under fie1d conditions, at least for nuch of the dal. The
proportion of noctumal species tends to be higher in snakes
than in lizdds (Huey 1982), and reliance on diurnal retreat
sites for theimoregulation is ijlely to be widespread anons
noctLrrral snakes. We suggcst that complex time-d?endencies
ofihermal exploitation may well be a general feature ofnoctur-
nal reptiles. Diuinal species that are careful, precise thermoreg
ulators have attracted most attention, but they represent only a
subset perhaps, a ninority ofsnakes. Ifindeed most snake
species only thermoregilate actively when the ben€fits of doing
so exceed the associared cosis (e.9., Huey 1974i Huey and
Slatkjn 1976), we predict ihat simple optimality diteria (e.9.,
maintain body temperatures within the set point range for as
long a time as po$ible each da, will not be generaly appLicable
to these mimals. Additional studies on the thennal biology of
noctumal snake species would be valuable and would help to
evaluate the generality of our results.
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