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Abstract We examined how a weed aVected the basking
and activity of a diurnal lizard, and the potential cascading
eVects of these shifts for life history strategies and expres-
sion of morphology. Hatchlings of the diurnal lizard
Lampropholis delicata were raised to maturity in outdoor
enclosures that mimicked high, moderate and low invasion
by a sprawling plant (blue periwinkle, Vinca major). Skinks
depend on sunlight for growth and maintenance. Periwinkle
diVers from displaced grassland by being structurally com-
plex and blocking sunlight. Lizards restricted to the enclo-
sure Xoor achieved preferred body temperatures only when
exposure to periwinkle was moderate or low. However, liz-
ards in high invasion enclosures could reach preferred body
temperatures by climbing plants and basking on exposed
canopy. This shift in basking strategy resulted in lizards
growing longer hind limbs compared with animals that
rarely (moderate invasion) and never (low invasion)
climbed plants. Consequently, lizards reared in high inva-
sion enclosures sprinted faster than conspeciWcs reared in
lower invasion environments. Throughout the study there
was no signiWcant variation among treatments in the ten-
dency of animals to be moving when they were not hidden.
However, lizards in high invasion treatments hid more
often during the day, were lighter in body mass, and
females had lighter clutch masses and oVspring than did

those from moderate and low invasion enclosures. Thus,
microhabitat degradation can drive a cascade of changes to
an animal’s ecology.

Keywords Microhabitat · Thermoregulation · 
Life history · Phenotypic plasticity · Invasion

Introduction

Body temperature signiWcantly aVects a variety of physiolog-
ical and behavioural processes in ectothermic organisms
(reviewed in Huey and Kingsolver 1989; Heinrich 1993).
The range around an optimum temperature required for the
performance of a certain process is known as the thermal per-
formance breadth (sensu Pough and Gans 1982). Discrepan-
cies between actual body temperatures and optimal
temperature ranges should reduce performance and therefore
Wtness (Autumn and De Nardo 1995). For example, a short-
term consequence of suboptimal body temperatures could be
reduced activity (Bennett 1983), and consequently a reduc-
tion in food intake or rates of feeding (e.g. Ayers and Shine
1997). Continuously reduced thermoregulatory opportunities
may lead to slower rates of growth (Downes and Bauwens
2004; Dawson et al. 2005), and decreased fecundity (Downes
2001; Karlsson and Wiklund 2005). Consequently, natural
selection should favour animals that are able to maintain their
body temperature within the optimal range by making
behavioural decisions that suit their current external thermal
environment (Nice and Fordyce 2006).

The invasion of open areas by sprawling vegetation sig-
niWcantly changes the available temperatures of the micro-
habitats utilised by ground-dwelling animals. The canopy
of the vegetation prevents sunlight from reaching the
ground, which provides ectotherms with poor opportunities
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to regulate their body temperature at a preferred level
(reviewed in Vitt et al. 2002). It is intuitive to predict that
ectothermic animals living within invaded habitats will
shift thermoregulatory set-points (i.e. the “normal tempera-
ture” at which they are active, Christian and Bedford 1995)
or diminish thermoregulatory eVorts (Schäuble and Grigg
1998) and thus be less active and suVer decreased growth
and reproduction (Huey and Webster 1976; Hertz and Huey
1981). However, this may not be the case if animals adjust
their body temperatures within optimal ranges by shifting
their basking strategy. For example, behaviours such as
gregariousness (Stamp 1980), the construction of shelters
(Casey et al. 1988; Joos et al. 1988) and climbing vegeta-
tion (Nice and Fordyce 2006) have been shown to eVec-
tively regulate body temperatures.

SigniWcant changes in the structure of microhabitats can
also accompany invasion of open areas by sprawling vege-
tation. A number of studies have shown that diVerences in
landscape structure can lead to diVerential expression of
morphology due to phenotypic plasticity. For instance, in
the speckled wood butterXy (Pararge aegeria), adults that
develop in agricultural landscapes are heavier and have
greater wing loadings than siblings reared in woodlands or
woodland fragments (Merckx and Van Dyck 2006). Studies
on anoles show that lizards which frequently climb
throughout their lifetimes have signiWcantly longer limbs
than conspeciWcs which climb less often (see Losos et al.
2000). Therefore, animals that shift basking behaviour to
cope with altered thermal landscapes induced by plant inva-
sion may also exhibit plasticity in the body parts which are
associated with that behaviour.

We used an integrated set of observations and experi-
ments to address a series of questions about the eVects of
plant invasion on the behavioural ecology and life history
strategies of a ground-dwelling lizard. Our primary investi-
gation examined how changes in thermal conditions and
microhabitat structure over ecological time, as a result of
plant invasion, aVect the basking tactics and activities of
animals. We also addressed the possible eVects of these
shifts in behaviour on life histories by measuring growth
and reproductive output. During this work, we identiWed a
signiWcant shift in climbing behaviour. This Wnding led us
to devise a second series of experiments to test how shifts
in basking strategy aVect the expression of limb morphol-
ogy and associated locomotor performance.

Methods

Study system

Our study species is a small communal lizard [garden
skink, Lampropholis delicata; 20–40 mm snout–vent

length (SVL); 0.2–1.6 g mass] that occurs at high densities
in urban habitats (Torr and Shine 1996). They maintain pre-
ferred body temperatures by overtly basking, and shuttling
between sunlit and shaded microhabitats (Torr and Shine
1996). Although primarily terrestrial, lizards can climb
short distances to bask on the peaks or walls of stones and
foliage (S. Downes, personal observation).

We selected the blue periwinkle (Vinca major) as our
study vegetation. Originally from Europe and western Asia,
this plant is a serious weed in eastern Australia (Twyford
and Baxter 1999). Its form is prostrate, rooting at the tip
and nodes, and its spreading shape forms dense mats that
grow to 15 cm high. It has thin wiry stems and evergreen
broadleaf foliage that is elliptical, displays opposite leaf
arrangement, and is around 5 cm long.

Garden skinks and periwinkle overlap in distribution
along coastal New South Wales, including our study site at
the St. Stephens Cemetery in Sydney. At this site in 2001,
40% of the groundcover in areas suitable for lizards was
comprised of blue periwinkle (total suitable area: 300 m2).
The alternative groundcover is mostly grasses. Skinks are
distributed evenly throughout the grass and weeded micro-
habitats: during a two-day census of lizard abundance
across the entire study site, 53% were observed in weeded
microhabitats (n = 257 individuals). The size of patches of
weed varies from 4 to 60 m2 and remains constant through-
out the year.

Animals and their maintenance

Hatchling skinks used in this study were the lab-born prog-
eny of females collected from our study site during Septem-
ber and October 2001. We housed animals at the Australian
National University in a room at 19 °C; they had access to
heat (attaining 35 °C) and ad libitum water. Gravid lizards
were individually kept in cages (220 mm £ 130 mm
£ 70 mm), and fed house crickets (Acheta domestica)
every third day. Freshly laid eggs were weighed and indi-
vidually placed in 64-ml jars containing vermiculite
(¡200 kPa). Jars were sealed and placed into an incubator
set to 26 § 0 °C, which approximates the mean temperature
attained in natural nests in Sydney (Qualls and Shine 1998).
Incubators were checked for hatchling lizards twice daily.

Experimental design

Our experimental approach was to inoculate Weld cages,
where vegetation cover was manipulated, with hatchling
lizards. Female garden skinks produce three to four eggs
per clutch, and under favourable conditions oVspring
mature by the reproductive season following birth (Downes
2001). Neonates were measured (SVL), sexed, identiWed
using a unique toe clip, and assigned to outdoor enclosures
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mimicking diVerent degrees of exposure to periwinkle (see
below). One hatchling from each female was placed in each
of the three exposure treatments. This split-clutch design
was used so that genetic eVects from mothers could be dis-
counted as potential contributors to phenotypic variation.
We assume that there are no important nonadditive eVects
among females by oVspring rearing treatments. During the
2001/2002 summer, four replicate enclosures per exposure
treatment were stocked with ten similar-aged hatchlings
(Wve males, Wve females; n = 40 lizards/treatment); these
lizards were raised until the 2002/2003 summer when they
were around 12 months old. Initial densities of lizards in
enclosures represented that observed in the wild (up to 15
lizards per 2 m2: Torr and Shine 1996). Survivorship of liz-
ards until termination of the study was relatively high (83%
per enclosure on average), and deaths occurred at haphaz-
ard intervals and among treatments. Newborn lizards were
maintained in captivity for 8–10 days (under the same con-
ditions as their mothers) and then transferred to enclosures.
They were recaptured every three months thereafter until
the experiment terminated.

Enclosures measured 2 m £ 4 m with 1.6-m-high metal
walls, and they were located in a predator-proof compound
that received no natural overhead shade. A portion of each
enclosure was shaded early in the morning and late in the
afternoon by the walls, and this area was consistent among
treatments. Each enclosure contained the same substrate:
river sand covered with a layer of soil and bark chips. They
were manipulated to mimic three types of situations that
lizards Wnd themselves in naturally. Given the small home
ranges of garden skinks (·20 m2: S. Burgin, unpublished
data), lizards inhabiting the central regions of large patches
of periwinkle are unlikely to move beyond weeds. Trans-
planting periwinkle over the entire Xoor of the enclosure
simulated “high exposure” to this weed. In smaller patches
of periwinkle, or at the edges of larger patches, lizards may
have the option of using both weeds and the immediately
adjacent grasses. “Intermediate exposure” was simulated by
transplanting periwinkle into one half of the enclosure and
grass (Danthonia spp.) into the other half. In areas where
weeds do not occur, the lizards always have access to grass.
Planting grass over the entire Xoor of the enclosure simu-
lated “low exposure” to weeds. The weeds were trans-
planted from areas surrounding the enclosures, and grasses
were obtained commercially. Prior to reintroducing the liz-
ards after each recapture period, we maintained the original
microhabitat features of enclosures by removing foreign
plants and trimming established plants. Spraying the enclo-
sures with water thrice a day for 5-min periods provided
lizards with water, and kept the vegetation moist.

We veriWed the accuracy of our experimental manipula-
tions by measuring thermal characteristics in our enclosures
and the Weld. We estimated the amount of sunlight reaching

the ground by measuring on cloudless days the proportion
of the ground that was sunlit at noon. The vegetation in the
high invasion enclosures allowed between 5 and 10% sun-
light onto the Xoor, whereas the intermediate invasion
enclosures experienced approximately 45% sunlight onto
the Xoor. To mimic the situation in nature, the low invasion
enclosures were provided with artiWcial shade (one narrow
strip of garden cloth attached overhead) such that 80% of
the Xoor experienced sunlight.

Data collected at the beginning of the study showed that
the proportion of sunlight reaching the ground in each
microhabitat type did not vary signiWcantly between the
experimental enclosures and the Weld situation (in both
cases n = 4, mean § SE % for experiment vs. Weld = low,
81 § 0.9 vs. 80 § 2.0; intermediate, 45 § 1.5 vs. 45 § 2.0;
high, 7 § 0.9 vs. 8 § 1.4; ANOVA: 1,18 df, F = 0.17,
P = 0.89). Measurements taken in the four enclosures per
treatment at 0, 3, 6, 9 and 12 months throughout the study
showed that the rearing environments maintained similar
levels of sunlight penetration throughout the experiment
(repeated-measures ANOVA: 5,45, F = 0.46, P = 0.80).

Availability and consumption of food

Each week throughout the study, we deposited an equal
amount of live house crickets in each enclosure. During the
Wrst three months of a lizard’s life we used 2 g of hatchling
crickets (1 mm long) and thereafter switched to 3 g of small
crickets (3 mm long). During censuses, enclosures were
cleared of uneaten crickets so that they did not accumulate
over time.

Several months after beginning the experiment we used
baited glue-traps to quantify the proportion of 500 crickets
remaining after one week in enclosures that did and did not
contain lizards (n = 2 enclosures per treatment: see Downes
2001 for detailed methodology). Across all treatments,
most crickets deposited into enclosures without lizards
were recaptured one week later (mean no. crickets § SE
= 428 § 29.2; range = 418–478). There was no signiWcant
variation among treatments in the number of crickets
remaining one week after deposition in enclosures with liz-
ards (mean § SE = 68 § 7.5, 68 § 9.5, 66 § 9.0 for high,
intermediate and low invasion treatments; ANOVA: 2,3 df,
F = 0.27, P = 0.97). Therefore, any diVerences in the phe-
notypes of animals among treatments are not due to varia-
tion in food intake.

Available temperatures, preferred temperatures 
and activity temperatures

To determine the variation in the temperatures of the rear-
ing microhabitats in the enclosures (hereafter referred to as
“available temperatures”), we placed data loggers (DS1921
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ibutton Thermocron, Dallas Semiconductor, Dallas, TX,
USA) on the Xoor under the weed canopy, the open grasses
and the upper foliage of weed plants. Within four replicate
intermediate invasion enclosures, two loggers were located
in each of the potential microhabitats available to lizards.
The Wrst set was programmed to record temperatures every
5 min for one week during the Wrst week of the study,
whereas the second set recorded the temperature every
255 min during the entire study.

We used a laboratory photothermal gradient to deter-
mine the temperatures selected by lizards when the costs of
thermoregulation are negligible (hereafter referred to as
“preferred temperatures”). We suspended a 150-W light
bulb above one end of a cage (90 cm £ 48 cm £ 28 cm),
thereby creating a gradient of air ranging from 20–50 °C.
Lizards were allowed to acclimate in the gradient for 24 h
before measurements were taken. Upon seeing a surface-
mobile lizard we attempted capture by hand. If the lizard
was caught within 3 s, we measured its body (cloacal) tem-
perature to the nearest 0.1 °C with a quick-reading digital
thermometer. We used only readings that were taken within
3 s of catching the lizard to minimise the possibility of con-
duction by the collector’s hand and the lizard. Readings
were taken once per day for each individual on three sepa-
rate days, and the mean temperature was used in analyses.
We sampled 20 individuals per rearing treatment at 94 and
364 days of age. These readings were considered estimates
of the behaviourally preferred (or “selected”) body temper-
atures, and we assume that they index the temperatures that
lizards would maintain in the absence of abiotic and biotic
restrictions (Licht et al. 1966). We analysed variation in
temperature among microhabitats at the start and Wnish of
the experiment using ANOVA with “rearing environment”
and “age” as factors.

We determined the body temperatures at which lizards
were active (hereafter “activity body temperatures”) within
opaque plastic arenas (62 cm £ 41 cm £ 28 cm) in the lab-
oratory. One uncovered long side enabled lizards to be
located in any part of the arena. In the same way as the out-
door enclosures, the Xoors of arenas were manipulated to
represent high invasion, intermediate invasion and low
invasion by periwinkle. We mimicked the natural tempera-
tures of these diVerent microhabitats at the time of our trials
(Fig. 1) by placing an adjustable-neck lamp Wtted with a
100-W globe above each arena. We manipulated tempera-
ture by Wtting lamps to automatic timers which were set to
turn on and oV at various intervals, and by adjusting the dis-
tance between arenas and the heat source. Heating occurred
from 0800 to 1800 h. We measured the activity body tem-
peratures of lizards that were on the Xoor of high invasion
arenas for at least Wve consecutive minutes prior to capture
(“underneath weed”), descending the stalks of foliage in
high invasion arenas (“open canopy”), and mobile on the

Xoor of low invasion arenas (“open grasses”). We used the
same methods described above for preferred body tempera-
ture, except that readings were taken up to thrice per day
for an individual, with at least 1 h between consecutive
measures, depending on its use of the three types of tested
microhabitat during a three-day period. The mean of these
three values was used in ANOVA with “rearing environ-
ment” and “age” (94 or 364 days) as factors.

Activity, mobility and basking behaviour of lizards

We used a manipulative laboratory experiment to examine
detailed shifts in activity, mobility and basking behaviour
in the diVerent environments. These trials were performed
in the same arenas described above for measuring activity
body temperatures. Lizards were introduced to arenas at
0800 h and acclimated undisturbed. On the next day, every
60 min from 0800 to 1800 h, we scored whether the lizard
was hidden vs. active. If the lizard was active, we scored
whether it was stationary, moving or basking (stationary
underneath the heated source). We noted whether basking
lizards were on the base of the arena or on canopy.

From these data we determined the time elapsed (begin-
ning at 0800 h and calculated to the nearest hour) before a
lizard Wrst became active (initial activity) and the propor-
tion of observation periods where the lizard was not hidden

Fig. 1 Graph showing the mean § SE maximum temperature of the
Xoor underneath the weed (dotted line), the Xoor among open grasses
(solid line) and the upper foliage of weed plants (dashed line) for each
month during the 12-month experiment. Values are averages of the
maximum temperature recorded every fourth day throughout the
month and four replicate enclosures. The experiment commenced in
December 2002 and concluded in December 2003. Lizards were gen-
erally inactive during the months of May through until September.
Circles, under weed; squares, upper foliage; triangles, grass Xoor

10  

20  

30  

40  

50  

60  

D DN OSMAMF J JJ A
Month of experiment

M
ea

n 
te

m
pe

ra
tu

re
 (

° C
)

INACTIVE
123



Oecologia (2007) 153:775–785 779
(activity). We also calculated the proportion of active
observation periods that the lizard was moving (mobility),
and the proportion of active observation periods that lizards
were basking (basking rate). We sampled all the lizards in
each treatment, and every lizard experienced only the cage
type that corresponded to its rearing treatment. One third of
the lizards from each rearing treatment were tested on the
same day. Lizards were tested at three months and 12
months of age. We used repeated-measures ANOVA (with
“time” as the repeated measure, and “habitat treatment” and
“sex” as factors) to examine variation in behaviour of liz-
ards from diVerent treatments. These data were transformed
with log-ratios to eliminate the redundancy inherent in
using proportions (Aebischer et al. 1993).

Monitoring changes in morphology and performance

Growth in body size

We recorded body size at regular intervals throughout the
experiment to examine variation in growth in body size in
the diVerent environments. During every recapture period
we measured the SVL of lizards. We estimated growth in
SVL rather than mass, because the latter is subject to short-
term Xuctuations in, for example, feeding status.

Growth in limb length

We recorded limb length early and late in the experiment to
examine variation in growth in limb length in the diVerent
environments. When lizards were 8, 94 and 364 days old,
we took photographic images through a microscope lens
with a light source placed under the animal. The illumi-
nated image was saved onto a Macintosh computer. We
used the public domain NIH Image program (developed at
the US National Institutes of Health and available on the
Internet at http://rsb.info.nih.gov/nih-image/) to precisely
measure limb lengths from the well-deWned outline of the
lizard. During this process, live lizards were restrained by
adhering their ventral surface and limbs to adhesive tape
(see Hoefer et al. 2003 for further details of this method).
For both front limbs (FL) and hind limbs (HL), we mea-
sured the right and left members of the pair. For each limb
we summed values for the ulnar and humerus to obtain an
overall length.

Locomotor performance

We assessed locomotor performance at regular intervals
throughout the experiment to examine variation in this trait
in the diVerent environments. During every recapture
period we ran lizards along a 1 m £ 40 mm electronic race-
track. Lizards were acclimated to an ambient temperature

of 29 § 1 °C. To begin a trial, an individual was placed in
the holding area of a raceway, whereupon it was released
and allowed to run; if necessary, it was chased with an art-
ist’s paintbrush. Photocells located at 250 mm intervals
along the runway recorded the cumulative time taken for
lizards to cross through successive infrared beams, and
readings were corrected and expressed as m/s. Each lizard
was run twice with at least 30 min separating runs. From
these data, we calculated the average of the fastest segment
speed per trial. Trials were conducted between 1000 and
1630 h.

Reproductive characteristics

During the 2002 spring–summer, we assessed the repro-
ductive characteristics of females born in 2001 to exam-
ine variation in these traits in the diVerent environments.
During the 2002 spring–summer, we assessed the repro-
ductive characteristics of females born in 2001. We
caught lizards periodically and gently palpated the
abdominal region to feel for oviductal eggs; a gravid
female’s stage of pregnancy was judged by the size of
eggs. Females whose births seemed imminent were
retained in captivity under the conditions previously
described for their mothers. Upon discovering eggs, we
measured a female’s post-oviposition mass. Females were
then returned to their enclosures. The eggs were incubated
at 26 °C using the methods described above, and we mea-
sured the SVL of neonates. We did not assess the repro-
ductive maturity of males because it is not possible to do
so using an external examination.

Data analysis

Initial nested ANOVA (with “enclosure number” nested as
an random eVect within “treatment”) did not reveal any sig-
niWcant diVerences among enclosures for any dependent
variable (P > 0.25), and in all cases there was no main or
interactive eVect of lizard “sex” (P > 0.15). Thus, we did
not include “enclosure number” or “sex” as a factor in sub-
sequent tests.

We estimated growth rate in SVL on a size-speciWc
basis. That is, we calculated the diVerence between the log-
arithm of SVL measurements taken at the end of an interval
and the logarithm of measurements taken at the beginning
of an interval (see Sinervo and Adolph 1989 for the mathe-
matics of this method). We explored patterns in growth in
SVL separately during four sequential three-month periods
and throughout the 12-month study using ANOVA with
“rearing treatment” as the factor. We used ANOVA with
“rearing treatment” as a factor and “recapture period” as a
repeated measure to examine patterns in absolute SVL dur-
ing four sequential three-month periods.
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An initial analysis showed no signiWcant variation in the
expression of length between left and right FL, and left and
right HL, of a lizard’s body (for FL and HL, P > 0.78).
Therefore, we performed analyses on average values for the
left and right pair of FL and left and right pair of HL. We
explored patterns in relative measures of limb length using
ANCOVA with “rearing treatment” as a factor and “SVL”
as a covariate. There was no signiWcant variation in the
limb length of eight-day-old lizards assigned to the diVerent
rearing environments (ANCOVA: FL, df = 2,116, F = 0.93,
P = 0.39; HL, df = 2,166, F = 0.90, P = 0.41). We per-
formed a separate analysis for data collected during when
lizards were 94 and 364 days old.

We explored patterns in sprint speed separately during
four sequential three-month periods and throughout the
12-month study using ANOVA with “rearing treatment” as
the factor. For each time period, we also assessed relative
patterns in sprint speed using ANCOVA with “rearing treat-
ment” as the factor and “hind limb-length” as the covariate.

We used ANOVA with “rearing treatment” as the factor
to examine variation in reproductive characteristics of
females from diVerent treatments, and explored variation in
sizes of their oVspring using ANOVA with “rearing treat-
ment”, and “litter identiWcation number” nested within
“rearing treatment” as factors. We explored patterns in rela-
tive measures of clutch mass using ANCOVA with “rearing
treatment” as a factor and “post-oviposition mass” as a
covariate.

For all ANCOVA tests the covariate was treated as a
random eVect and type III sums of squares were calculated.
All analyses were performed with the statistical package
“SuperAnova” (Version 1.11, Abacus Concepts, Berkeley,
CA, USA).

Results

Available temperatures, preferred temperatures 
and activity temperatures

During the Wrst week of the study, the mean § SE maxi-
mum temperature of the Xoor underneath the weed was
19.9 § 0.1 °C, whereas the Xoor among open grasses and
the upper foliage of weed plants reached mean § SE maxi-
mum temperatures of 48.5 § 0.5 °C and 45.1 § 0.9 °C,
respectively (values averaged across four enclosures and
seven days). Although absolute values changed seasonally,
this variation in available temperatures among weeded vs.
open microhabitats was consistent during the experiment
(for all months: ANOVA, df 2,9, F < 12.90, P < 0.01;
Fig. 1).

In the laboratory photothermogradient, lizards main-
tained mean § SE body temperatures of 30.5 § 0.1°C. This

preferred body temperature did not vary signiWcantly among
lizards assigned to the diVerent weed invasion treatments
(mean § SE temperature = 30.6 § 0.1 °C, 30.4 § 0.2 °C,
30.6 § 0.1 °C for high, intermediate and low, respectively:
ANOVA, df = 2,114, F = 2.15, P = 0.12), and was consis-
tent at the beginning and end of the experimental period
(time by rearing environment interaction, ANOVA,
df = 2,114, F = 0.07, P = 0.93).

In the laboratory trials, lizards were active at mean body
temperatures of 22.3 § 0.1 °C when on the Xoor of high
invasion arenas, 30.1 § 0.1 °C when on the canopy of high
invasion arenas, and 31.0 § 0.2 °C when on the Xoor of
low invasion arenas (ANOVA, df = 2,114, F = 459.7,
P < 0.001), and this result was consistent at the beginning
and end of the experimental period (time by microhabitat
interaction, ANOVA, df = 2,114, F = 0.32, P = 0.72).
Therefore, only animals that basked on the canopy of
weeds were able to obtain their preferred body tempera-
tures in high invasion enclosures.

Activity, mobility and basking behaviour of lizards

A lizard’s exposure conditions signiWcantly aVected its ten-
dency to be hidden during trials (repeated-measures
ANOVA: treatment, 2,97 df, F = 4.23, P = 0.02). Animals
in high invasion enclosures were signiWcantly more likely
to be hidden during the day than were lizards in intermedi-
ate or low invasion enclosures (Table 1). During those peri-
ods where lizards were active rather than hidden, there was
no signiWcant variation among treatments in the proportion
of time that animals were mobile (repeated-measures
ANOVA: treatment, 2,97 df, F = 1.53, P = 0.22) or were
stationary under the heat source (repeated-measures
ANOVA: treatment, 2,97 df, F = 0.82, P = 0.44: Table 1).
Lizards from high and intermediate invasion enclosures had
opportunities to climb periwinkle plants in order to bask,
but only the lizards in the high invasion enclosures fre-
quently basked on the canopy (mean § SE% basking ani-
mals on canopy = 0.03 § 0.01, intermediate; 0.45 § 0.04,
high). All of these trends were consistent at three months
and 12 months of age (in all analyses P > 0.24 for the main
and interactive eVects of “time”) and for both of the sexes
(in all analyses P > 0.34 for the main and interactive eVects
of “sex”).

Growth in body size

Lizards raised in high invasion enclosures experienced sub-
stantially slower size-speciWc growth rates between the
beginning and end of the experiment than did lizards raised
in intermediate and low invasion enclosures (Table 2). This
result reXects slower growth by lizards in high invasion treat-
ments only during the Wrst three months and Wnal three
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months of the experiment (Table 2). This variation in growth
rates resulted in lizards from high invasion enclosures main-
taining signiWcantly smaller body sizes throughout the exper-
iment compared with siblings from intermediate and low
invasion enclosures (repeated-measures ANOVA, treatment,
df = 2,213, F = 45.20, P < 0.001; Fig. 2).

Growth in limb length

At the beginning and end of the study, lizards raised in high
invasion enclosures had signiWcantly longer HL relative to
their body length than did lizards raised in intermediate and
low invasion enclosures (ANCOVA: 94 days, df = 2,99,
F = 3.48, P = 0.04; 364 days, df = 2,85, F = 3.29, P = 0.04;
Fig. 3). At the beginning and end of the study, lizards raised
in diVerent treatments did not exhibit signiWcant variation
in the length of FL relative to their body length (ANCOVA:
94 days, df = 2,99, F = 1.15, P = 0.32; 364 days, df = 2,85,
F = 1.00, P = 0.38; Fig. 3).

Locomotor performance

Lizards raised in diVerent environments diVered signiW-
cantly in sprint speed: at all recapture periods, lizards from

high invasion enclosures were faster than lizards from
lower invasion enclosures (Table 3). These diVerences in
speed were not directly due to rearing environment but
instead result from an indirect eVect due to limb plasticity
in response to environment. This result is most easily seen
from ANCOVA that incorporates limb length as a covari-
ate: at all recapture periods sprint speeds corrected for limb
length were not signiWcantly diVerent among lizards from
diVerent rearing environments (Table 3).

Reproductive characteristics

In all rearing treatments, a similar proportion of gravid
female lizards were recorded (high, 13/19; intermediate,
8/13; low, 10/17; Fisher’s exact test, 2 df, X = 0.38,
P = 0.83) and ages at oviposition were not signiWcantly
diVerent (high, 364 § 7 days; intermediate, 369 § 5 days;
low, 365 § 6 days; ANOVA: 2,28 df, F = 0.18, P = 0.84).
There was no signiWcant variation in the clutch sizes of
females from the diVerent rearing environments (high,
3.5 § 0.2; intermediate, 3.4 § 0.3; low, 3.2 § 0.3; ANOVA:
2,28 df, F = 0.47, P = 0.62), and a similar proportion of
eggs from females raised under the diVerent treatments sur-
vived to hatching (high, 41/46; intermediate, 22/27; low,

Table 1 Summary data for levels of activity, mobility and basking during laboratory trials by lizards sampled from high, intermediate and low
invasion enclosures

Activity was scored as the proportion of 11 observation periods in which lizards were not hidden. Mobility and basking rate were scored as the
proportion of active observation periods in which lizards were moving and stationary under the heat source, respectively. Lizards were tested in
cages that mimicked the environments created in outdoor enclosures. Trials were conducted when lizards were three months and 12 months of age.
Values are mean values § SE averaged across replicate enclosures

Dependent variable 3 months of age 12 months of age

High Intermediate Low High Intermediate Low

Activity 0.66 (0.04) 0.82 (0.03) 0.77 (0.05) 0.66 (0.04) 0.81 (0.03) 0.72 (0.05)

Mobility 0.58 (0.05) 0.59 (0.03) 0.63 (0.04) 0.50 (0.06) 0.60 (0.02) 0.60 (0.04)

Bask rate 0.38 (0.06) 0.32 (0.04) 0.35 (0.04) 0.34 (0.06) 0.32 (0.04) 0.29 (0.04)

Table 2 Mean (SE) size-speciWc rates of growth (mm¡1) in snout–vent length (SVL) of lizards from high, intermediate and low invasion
enclosures

Figure 2 shows the mean SVL of lizards at each recapture period. Summary statistics are from ANOVA with “rearing treatment” and “sex” as
factors and size-speciWc growth rate in SVL as the dependent variable. Data are presented for four sequential three-month periods (in all cases
df = 2,71 for “treatment” and “treatment by sex” and 1,71 for “sex”) and over the entire 12-month experiment (df = 2,84 for “treatment” and “treat-
ment by sex”, and 1,84 for “sex”). Time, mean age of lizards to the nearest day at the beginning and end of the growth period

**P < 0.01, ***P < 0.001

Time (d) Rearing treatment Summary statistics: ANOVA

High Intermediate Low Treatment Sex Interaction

8–94 14.0 (1.2) 17.2 (1.1) 16.4 (1.4) 8.06*** 0.95 1.41

94–172 7.9 (1.3) 9.1 (1.5) 8.9 (1.6) 1.47 2.32 1.05

172–257 3.6 (0.9) 3.5 (1.4) 3.7 (1.3) 0.04 3.20 0.31

257–354 2.8 (1.5) 4.0 (0.9) 3.8 (1.3) 4.89** 0.65 0.67

8–354 28.7 (1.6) 33.9 (1.7) 33.1 (1.9) 21.67*** 0.06 0.62
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31/32; Fisher’s exact test, 1 df, X = 3.7, P = 0.16). How-
ever, gravid females from high invasion enclosures pro-
duced lighter clutch masses than did females from
intermediate and low invasion enclosures (high,
0.25 § 0.1 g; intermediate, 0.39 § 0.1 g; low, 0.35 § 0.1 g;
ANOVA: 2,28 df, F = 21.37, P < 0.01). This trend does not
reXect the relatively lighter maternal post-oviposition
masses of females from high invasion enclosures

(ANCOVA: df = 2,25, F = 0.79, P = 0.47 for slopes).
Moreover, litters of females from high invasion enclosures
averaged 0.12 g per oVspring (SE = 0.01), vs. 0.13 g
(SE = 0.01) and 0.14 g (SE = 0.01) for hatchlings from
intermediate and low invasion females respectively (using
the nested ANOVA design: 30,63 df, F = 1.57, P = 0.07).

Discussion

Our study clearly demonstrates that invasion of open habi-
tats by dense sprawling vegetation can drive a cascade of
changes to an animal’s ecology. The density of weeds in
open areas signiWcantly altered the basking strategies of
animals, which in turn inXuenced growth of HL and hence
sprinting performance. Moreover, our experimental treat-
ments signiWcantly aVected the amount of time during the

Fig. 2 The mean value (§SE) for snout–vent length (SVL) of lizards
raised in high, intermediate and low invasion enclosures. Measure-
ments were taken at each recapture period when lizards were approxi-
mately 94, 172, 257 and 354 days old. The experiment commenced
after measuring eight-day-old lizards, at which time there was no sig-
niWcant variation in the SVL of animals assigned to the diVerent treat-
ments (ANOVA, treatment, df = 2,119, F = 0.20, P = 0.82). To
increase readability, the data points for lizards from intermediate inva-
sion enclosures are oVset to the right of those for lizards from low inva-
sion enclosures. Circles, high; squares, intermediate; triangles, low
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Table 3 Mean (SE) sprint speed (m/s) of lizards from high, intermediate and low invasion enclosures before the experiment began (eight days)
and at each recapture period throughout the 12-month study (94, 172, 257 and 354 days)

F-ratio statistics are provided for ANOVA with “rearing treatment” as a factor, and ANCOVA incorporating hind limb-length as a covariate. Age,
mean age of lizards at running to the nearest day

df degrees of freedom

*P < 0.05; **P < 0.01; ***P < 0.001

Age (days) Degree of weed invasion F-ratio statistics

ANOVA ANCOVA

High Intermediate Low df Treatment df Treatment HLL

8 0.31 (0.01) 0.30 (0.01) 0.30 (0.01) 2,119 0.11 2,116 0.06 0.38

94 0.38 (0.01) 0.35 (0.01) 0.36 (0.01) 2,102 4.03* 2,97 0.07 1.04

172 0.42 (0.01) 0.40 (0.01) 0.39 (0.01) 2,97 7.37** 2,92 1.00 1.63

257 0.48 (0.01) 0.42 (0.01) 0.45 (0.01) 2,95 5.00** 2,85 0.20 0.02

354 0.54 (0.02) 0.47 (0.01) 0.49 (0.01) 2,91 6.56** 2,87 0.37 0.11

Fig. 3 A scatterplot of the residuals from a simple regression of HL
length and SVL for lizards reared in high, intermediate and low weed
exposure environments. Measurements were taken at the end of the
experimental period when lizards were 364 days old. Each symbol rep-
resents the score for an individual lizard.  Circles, high; squares, inter-
mediate; triangles, low
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day that animals were hidden, which in turn had implica-
tions for growth in body mass and hence reproductive
output.

Our evaluation of periwinkle microhabitats conWrms
reports that invasion of open areas by dense sprawling veg-
etation signiWcantly blocks sunlight and alters ambient tem-
peratures (e.g. Vitt et al. 2002; Yelenik et al. 2004). These
shifts resulted in the availability of diVerent thermal oppor-
tunities for lizards among treated microhabitats. At our
experimental site, garden skinks were active during the
warmer months of the year (September through May) and
rarely emerged from retreat sites during June through
August. In a laboratory thermal gradient, animals from all
experimental treatments selected the same preferred body
temperature of around 30 °C (see also Prosser 2004 and ref-
erences within). Throughout the active months of the study,
temperatures in high invasion treatments never approached
the preferred body temperatures of lizards, whereas those in
medium and low invasion treatments were typically well
above the threshold temperatures preferred by lizards
(Fig. 1). Consequently, lizards restricted to the enclosure
Xoor achieved preferred body temperatures only when
exposure to periwinkle was moderate or low.

Natural selection should favour individuals that maintain
body temperatures within an optimal range by shifting
behaviour to suit current environments (reviewed in Gerald
and Spezzano 2005). Our lizards responded to the cooler
thermal conditions on the ground by shifting their use of
available microhabitats to the warmer exposed canopy of
periwinkle plants. Consequently, individuals in enclosures
that were heavily infested by weeds achieved preferred
body temperatures by climbing plants to bask (see also
Shine et al. 2005). By enhancing physiological capacity,
this shift in microhabitat selection presumably improves a
lizard’s ability to perform activities that aVect Wtness
(reviewed in Pough 1980; Huey and Kingsolver 1989).
However, this change in behaviour must also incur a sig-
niWcant cost because individuals in the medium invasion
treatments did not adopt this tactic. This cost may involve
some combination of the energy expended to climb plants
(e.g. Bennett and Nagy 1977) and a greater risk of preda-
tion on open canopies (e.g. Schwarzkopf and Shine 1992).

Microhabitat use can be a major determinant of the
expression of morphology within an animal’s lifetime
(reviewed in Doughty and Reznick 2004). In our study, liz-
ards that frequently climbed the stalks of plants to reach the
canopy had relatively longer HL than individuals that rarely
climbed plants (moderate invasion) and never climbed
plants (low invasion). This situation is analogous to sea-
soned tennis players having a serving arm that is signiW-
cantly longer than their non-serving arm (Van Damme et al.
2003). Similarly, in Anolis sagrei, lizards which climb
broad surfaces have relatively longer HL than conspeciWcs

that climb narrow surfaces (Losos et al. 2000 and papers
within).

Garden skinks reared in high invasion enclosures
sprinted faster on a horizontal track than conspeciWcs
reared in low invasion environments. This eVect is largely
due to the longer limb length of high invasion lizards
(ANCOVA; F(3,42) = 7.04, P < 0.001). Previous work in
open microhabitats demonstrates that faster garden skinks
are less vulnerable to snake predators than slower garden
skinks (Downes 2001; Downes and Shine 2001), but we do
not know how this translates to environments invaded by
weeds. Moreover, performance on a horizontal track may
not equate to the speed at which an animal may evade pre-
dators through climbing (see Irschick and Losos 1999).

Despite achieving preferred body temperatures by
climbing plants, lizards from high invasion enclosures were
lighter in body mass and females had lighter clutch masses
and oVspring than did females from moderate and low inva-
sion enclosures. We suggest several probably synergistic
explanations for this result. First, lizards in high invasion
enclosures were active for shorter periods of time, and
therefore had reduced opportunities to assimilate energy
(Huey and Kingsolver 1989; Bauwens et al. 1995). Second,
repeatedly climbing plants to bask in high invasion envi-
ronments would be energetically costly (see Van Damme
et al. 1990). Third, lizards may be stressed by living in ther-
mally poor environments, which in turn may trigger hor-
mones that aVect rates of growth (see Sinervo and Licht
1991). It is possible that repeatedly climbing plants inter-
feres with a lizard’s ability to encounter and/or capture prey
and/or that prey movement was reduced in cooler climates,
but our Wnding that food consumption was the same across
all three treatments suggests that this is not the case.

Studies on the eVect of weed infestation on ecological
communities largely focussed on plants and the physical
environment. We infer from our study that the presence of
periwinkle in otherwise open microhabitats signiWcantly
inXuences the behavioural ecology and life history strate-
gies of L. delicata. Though we did not attempt to explic-
itly measure Wtness costs, our empirical data demonstrate
trends that may be beneWcial (longer limbs which may aid
predator evasion) and/or disadvantageous (lighter female
body mass and clutch mass) to lifetime reproductive suc-
cess. The random distribution of lizards at our Weld site
among open vs. periwinkle microhabitats suggests that
the interplay between these factors is complex. Undoubt-
edly, factors that were not examined in the present experi-
ment also play a role in determining the distribution of
lizards among microhabitats. For instance, L. delicata
incubated at temperatures that mimic nests underneath
patches of periwinkle microhabitat are better able to for-
age at ambient temperatures that mimic heavily infested
areas (Bilcke et al. 2006).
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We presume that our results are applicable to any dense
sprawling plant that invades open grassland to create local-
ised shaded areas, but acknowledge that plant structure and
associated invertebrate communities may vary among situ-
ations to diVerentially impact on ecology.
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