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Abstract The population dynamics of two species of
agamid (dragon) lizards were studied in the Simpson
Desert, central Australia, over a period of 7 years, and
modelled in relation to rainfall. Both species have an-
nual life cycles, with adults predominating during the
breeding season in spring and summer and juveniles
predominating in other seasons. Within years, juvenile
abundance in both species in autumn and winter was
related most strongly to rainfall in the preceding summer
and autumn. This pattern suggests that rainfall enhances
survival, growth and possibly clutch size and hatching
success. Between years, however, rainfall drove succes-
sional change in the dominant plant species in the study
area, spinifex Triodia basedowii, causing in turn a shift in
the relative abundance of the two species. Thus, the
central netted dragon Ctenophorus nuchalis was most
numerous in 1990 when vegetation cover was <10%,
but declined dramatically in abundance after heavy
rainfall at the end of that year. In contrast, the military
dragon C. isolepis achieved greatest abundance follow-
ing heavy rains in the summers of 1990 and 1994, when
spinifex cover increased to >20%, and remained nu-
merically dominant for much of the study. We suggest
that drought-wet cycles periodically reverse the domi-
nance of the two species of Ctenophorus, and perhaps of
other lizard species also, thus enhancing local species
diversity over time. Further long-term studies are needed
to document the population dynamics of other species,
and to identify the factors that in¯uence them.
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Introduction

Arid environments are often characterised by high spa-
tial and temporal variation in the occurrence of rainfall.
Because rainfall is a stimulus for increased primary
productivity (Rosenzweig 1968), animal activity in arid
environments can in turn be expected to be spatially and
temporally variable. Desert vertebrates display a wide
range of ecological and physiological adaptations that
allow growth and successful reproduction in such envi-
ronments. Mobile vertebrates such as birds and some
mammals can move long distances to escape drought-
struck areas (Schodde 1982; Davies 1984; Dickman et al.
1995), while sedentary species may reduce activity dur-
ing dry periods and seek shelter in moist refugia or deep
underground (Heatwole 1984; Cloudsley-Thompson
1991). Some sedentary species possess physiological
mechanisms to reduce water loss and metabolic rate, and
may postpone reproduction for long periods until
favourable conditions return (Predavec and Dickman
1993). Others show considerable ¯exibility in diet,
maintaining activity by opportunistically exploiting
diverse food resources (Reichman et al. 1979; Murray
and Dickman 1994).

Lizards are considered to be particularly well
adapted to arid environments because of their low
energy and water requirements (Pough 1980; Bradshaw
1986, 1997), ability to aestivate during periods unfa-
vourable for activity, dietary opportunism and, in some
species, ability to store fat (Case 1976; Whitford and
Creusere 1977; Pianka 1986; James 1991a, 1991b).
Most species studied appear to be seasonal breeders,
although exceptions are known (Saint Girons 1984;
Robinson 1990). Desert lizards also display a diverse
set of physiologically conservative life history traits
that encompass the range of predictions of the r-K
selection model (Pianka 1970, 1986), and beyond
(Congdon et al. 1978; Dunham et al. 1989). Species
with annual life cycles are characterised by rapid ma-
turity, production of multiple clutches and turnover of
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the population within 1 year (Tinkle 1967; Orr et al.
1979). Given their high investment in reproduction and
short life span, annual lizards are considered to be
relatively r-selected and characteristic of variable, un-
predictable environments (Bradshaw 1986; Pianka
1986). In contrast, perennial lizards often exhibit slower
or more variable growth and reproduction and have
relatively stable populations; such species may be po-
sitioned toward the K-selected end of the continuum
(Pianka 1970, 1986).

In arid Australia, spatial and temporal variation in
the occurrence and intensity of rainfall can be extreme
(Gibbs 1969; Sta�ord Smith and Morton 1990). This
may have correspondingly dramatic e�ects on popula-
tion dynamics and the intensity and timing of repro-
duction in both annual and perennial lizard species
(e.g. How et al. 1986, 1990; Henle 1990, 1991; James
1991a, 1991b). In a particularly instructive long-term
study, Bradshaw et al. (1991) showed that the timing of
reproduction of an annual species of dragon (agamid)
lizard, Ctenophorus nuchalis, is dictated primarily by
rainfall. This species breeds predictably after winter
rains in the southern part of its range, and in late
summer following cyclonic rains in the Pilbara region
further north. It may also breed in spring in the latter
region, but only if winter rain has been substantial. In
contrast to the ¯exible breeding of C. nuchalis, sym-
patric C. caudicinctus breeds only in late summer after
cyclonic rain, but invests greater per capita reproduc-
tive e�ort (Bradshaw et al. 1991). The population dy-
namics of these species di�er markedly between areas
and years (Bradshaw 1986; Saint Girons et al. 1992).
Long-term patterns in the abundance of Ctenophorus
species and other arid-zone agamids are probably also
related to the seral stage of vegetation that is recover-
ing after ®re or drought (Masters 1996). However,
habitat e�ects on demography generally remain poorly
known.

Despite recognition of the probable e�ects of rain-
fall on arid-zone lizard species and the importance of
long-term studies for revealing the extent of demo-
graphic variation (Dunham et al. 1989; Pianka 1996),
little relevant work has been carried out (cf. Bradshaw
et al. 1991). In the present paper, we describe the
population dynamics of two species of dragon lizards
(family Agamidae), the central netted dragon C. nu-
chalis and military dragon C. isolepis, from a study site
in the Simpson Desert of central Australia, over a 7-
year study period. Our speci®c aim is to model the
population dynamics of the two species in relation to
rainfall and change in vegetation cover. Like C. nu-
chalis, C. isolepis appears to be an annual species (Storr
1965; Pianka 1971a). However, while C. nuchalis pre-
fers open sites, C. isolepis usually occupies hummock
grass or other vegetation and is seldom found far from
cover (Gibson and Cole 1988; Downey and Dickman
1993).

Materials and methods

Study area

The study area was located on Ethabuka cattle station in the north-
eastern Simpson Desert, south-western Queensland (23°46¢S,
138°28¢E). The dominant landforms within the study area are
parallel sandridges between 8±10 m in height, running in a NNW±
SSE direction (Purdie 1984). The dune slopes and sandy interdune
corridors support hummock grassland dominated by Triodia
basedowii. Shrubs, including Grevillea stenobotrya, Eremophila
spp., Acacia ligulata and Dodonaea angustissima, are common in
these areas. Vegetation on dune crests is relatively sparse and
dominated by shrubs, particularly Crotalaria spp., Sida spp. and
G. stenobotrya (Dickman et al. 1995), and following rain many
ephemeral herbs and forbs are present. Plains, or swales, between
sand dunes have clay soils with vegetation dominated by the tree
A. cambagei (gidyea), forbs and short grasses.

The Simpson Desert is classi®ed as a hot desert. The study area
lies between the 150-mm and 100-mm median annual rainfall iso-
pleths (Purdie 1984). The nearest weather stations to the study area,
at Sandringham, Marion Downs and Glenormiston, have average
rainfalls of 172 mm (n = 40 years), 196 mm (n = 82 years) and
203 mm (n = 95 years), respectively. In the northern part of the
desert there is a pronounced wet season with most rainfall occur-
ring between December and March; however, the annual occur-
rence and intensity of rainfall is unpredictable (cf. Morton 1982).
The mean annual temperature is 21±23°C with maxima of 46±49°C
in summer and minima of )6°C in winter (Purdie 1984).

Trapping

Animals were live trapped on twelve study grids. Grids were 0.5±
2 km apart, with each grid comprising six lines of six pitfall traps
spaced 20 m apart and covering 1 ha. One edge of each grid was
positioned along a dune crest, the opposite boundary being 100 m
away in the swale. Pitfall traps consisted of a 5-m drift fence made
of aluminium ¯ywire, positioned over a length of PVC pipe (16 cm
diameter, 60 cm deep), buried ¯ush with the ground (Friend et al.
1989). Flywire was placed underneath the traps to prevent animals
from escaping from the bottom of the traps. To prevent accidental
capture of animals, lids were placed on traps when not in use.

On capture, individuals were given a unique toe clip for iden-
ti®cation, and the following measurements were taken: snout-vent
length (SVL) and total length to the nearest millimetre, jaw length
to the nearest 0.1 mm, and mass to the nearest 0.1 g. Where pos-
sible the sex of animals was determined, their breeding condition
observed and the presence or absence of a hatchling scar noted.
Hatchlings had a SVL < 30 mm, juveniles were � 30 mm but
£ 55 mm, while adults were characterised by SVLs > 55 mm
(C.R.Dickman and M.Letnic, unpublished data).

Trapping was conducted approximately six times per year at
about 2-month intervals, between March 1990 and November
1996, with grids being checked in the morning and sometimes in the
afternoon for 2±4 consecutive days. The grids trapped and the
length of trap sessions varied from session to session. Trap e�ort
was standardised as captures per grid per day. Standardised trap
data are used for calculation of and comparison of the mean
trapping rate for each season, where seasons were de®ned as:
autumn, March±May; winter, June±August; spring, September±
October; summer: November±February. Mean values for each
season were used for regression analyses.

Rainfall

Monthly cumulative rainfall totals were obtained for the two
nearest rain stations to the study area, Glenormiston (22°55¢S,
138°49¢E) and Sandringham (24°03¢S, 138°04¢E), approximately
95 km and 75 km from the study site, respectively (Bureau of
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Meteorology, Canberra). Total rainfall within each season was then
estimated by taking the average value for these weather stations.

Vegetation cover and lizard habitat use

Assessments of the ground covered by hummock grass or spinifex,
T. basedowii, were taken each season on ®ve representative grids.
Assessments were made by estimating the area covered by spinifex
as a percentage of a 2.5-m-radius circle centred on a pitfall trap
station. Estimates were taken at six trap stations per grid, repre-
senting one station from each row of traps within a grid. A measure
of the spinifex cover on each grid was calculated as the mean of the
six measurements.

To examine the habitat use of the two lizard species, the number
of captures in each trap row was then compared against an ex-
pected frequency of no preference (i.e. the number of captures in
each row was equal) and tested using the G-test. Habitats were
broadly categorised as dune top (row 1), dune side (rows 2 and 3)
and swale (rows 4±6).

Statistical analyses

Linear multiple-regression models were used to examine time series
plots of lizard capture rates in relation to season, rainfall, and
Triodia cover on the study grids. A stepwise procedure was used to
enter variables into predictive models on the strength of their
partial correlation coe�cients. Variables were included in models
only if they were individually signi®cant (P < 0.05) or if their in-
clusion provided a greater than 5% increase of the variance in
capture rate explained by the overall model. Adults and juveniles
were analysed separately and together.

A number of rainfall-related variables were trialed for regres-
sion analyses. These included total rainfall in the preceding season
and for up to all four seasons in the previous year, rainfall that fell
separately in the preceding autumn, winter, spring and summer,
and the cumulative seasonal rainfall residual (Sutherland et al.
1991) with a 0.8 exponential decay function to accommodate the
skewed distribution of seasonal rainfall around the means (Dick-
man et al. 1999). All variables provided similar results both in
terms of variance in lizard capture rate explained and the predictive
variables included in the models. Therefore, given the similarity
between models, only the analyses including rainfall in the separate
speci®ed seasons are presented in this paper.

The annual life cycle of C. isolepis and C. nuchalis results in
structured populations characteristic of each season (Storr 1965;
Pianka 1971a; Bradshaw 1981), with adults predominating in
spring and summer populations, while juveniles and subadults are
predominant in autumn and winter populations. Thus, in order to
partition variation between seasonal e�ects and the e�ects of
variable rainfall and vegetation cover, seasons were entered into the
regression analyses as binary variables. To do this, one season was
identi®ed as the base season, with changes in lizard abundance in
the other seasons measured with respect to this base season
(Mattikallia 1996). Seasons were thus represented in the data as
dummy variables to represent seasons other than the base season.

Prior to constructing stepwise models, simple linear regressions
were run of lizard capture rates against rainfall and cover variables.
Analyses of residuals indicated no need for data transformations,
so that original values of variables are used throughout. In addi-
tion, we note that although trapping data su�er from lack of
temporal independence, analyses presented here are used purely as
descriptive tools and not as tests of hypotheses.

Results

Trapping

Between March 1990 and November 1996 there were
581 and 96 captures of C. isolepis and C. nuchalis, re-

spectively, over 1208 grid days. Recapture rates for both
species were low, with only 34 C. isolepis and 3 C. nu-
chalis being recaptured between trapping sessions. Half
of the recaptures of C. isolepis were made within
4 months of the initial capture, with only 2 at intervals
of greater than 12 months. Recaptures of C. nuchalis
took place at intervals of 2, 6 and 7 months, respec-
tively. Given the low recapture rates, no population es-
timates could be made, and therefore population indices
are presented based on direct enumeration of individuals
actually caught.

Habitat use

Over the entire period of the study, the capture rate of
C. isolepis was higher in swale than in dune top or dune
side habitats (G = 37.58, df = 5, P < 0.001), whereas
C. nuchalis was captured evenly across all trap rows
(G = 7.75, df = 5, P n.s. Fig. 1). Spinifex cover was

Fig. 1 Habitat use by dune topography for Ctenophorus isolepis (a)
and C. nuchalis (b). Error bars represent �1 SE, and Row indicates
the position of pitfall trap rows from dune top (1) through dune side
(2, 3) to swale (4±6)
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greatest in the swales and less on the dune tops and dune
sides, and also less in 1990 than towards the end of the
study in 1995 (Fig. 2).

Population dynamics: long-term patterns

The increased cover of T. basedowii between 1990 and
1996 can be attributed to growth stimulated initially by
the exceptionally high rainfall received in the summer of
1990 and, later, to growth following heavy rainfall in the
summer of 1994 (Fig. 3). Rainfall was highest in summer
and least in winter in most years. However, the timing
and intensity of rainfalls varied greatly over the study
period (Fig. 3).

Plots of abundance of adult and juvenile C. isolepis
and C. nuchalis showed seasonal trends, with adults
being dominant in spring and summer populations and
juveniles dominant in autumn and winter (Figs. 4, 5).

The abundance of C. isolepis showed a marked increase
following heavy rainfall during the wet season of 1990.
Thereafter, the population density of C. isolepis re-
mained relatively stable until 1994, when heavy wet-
season rains again appeared to result in a population
increase in the following year. In 1996, the population
size decreased to a level similar to that prior to 1995
(Fig. 4). The population density of C. nuchalis decreased
dramatically over the duration of the study, its density
being greatest in 1990, but decreasing rapidly during
1991 and 1992. Very few or no individuals were captured
in 1993 and 1994, and low densities were observed in
1995 and 1996 (Fig. 5).

Regression analyses

Dummy variables representing each season were used to
account for seasonal variation in lizard abundance. The
base seasons for adult, juvenile and total abundance
were autumn, spring and winter, respectively and do not
appear in the models.

Seasonal variables helped to explain much of
the variation in the abundance of adult and juvenile
C. isolepis and C. nuchalis. This re¯ects the seasonal
occurrence of adults and juveniles arising from the an-
nual life history strategy of these species. The ®tted
model for juvenile C. isolepis was the most successful in
explaining variation in capture rates, with 65% of vari-
ation explained by the model (Table 1; Fig. 6). Juveniles
were most abundant in autumn and winter, respectively,
and were correlated positively with spinifex cover and
rainfall in the preceding summer (Table 1). The density
of adults was greatest in spring and summer and corre-
lated positively with spinifex cover (Table 1). The total
abundance of C. isolepis was generally greatest in sum-
mer and correlated positively with spinifex cover, sum-
mer and autumn rainfall (Table 1).

Fig. 2 Spinifex cover in 1990 (cross hatched) and 1995 (®lled) on each
trap row. Error bars represent �1 SE

Fig. 3 Rainfall (closed symbols)
and spinifex cover (open
symbols) over the study period.
Error bars represent �1 SE
(A autumn, W winter, Sp
spring, Su summer)
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The abundances of adult and juvenile C. nuchalis
were correlated negatively with spinifex cover (Table 1).
Juveniles were most abundant in autumn, while adult
abundance was correlated positively with autumn rain-
fall (Table 1).

Discussion

Our results support previous work suggesting that both
C. isolepis (Storr 1965; Pianka 1971a) and C. nuchalis
(Bradshaw 1986) have predominantly annual life cycles.
This was shown particularly by the predictable domi-

nation of adults in spring and summer populations and
juveniles in autumn and winter, but also by the very
small percentages of animals recaptured at intervals of
more than a year. In other work (C.R. Dickman,
M. Letnic, G.H. McNaught, unpublished data), we have
con®rmed that an almost complete replacement of
previous-year adults takes place by late autumn, with
juveniles attaining sexual maturity after winter at 5±
6 months of age. Several further life history traits are
associated with the rapid annual turnover of C. isolepis,
including small adult body size (maximum observed
SVL = 72 mm), production of several (two to ®ve) eggs
per clutch and double clutching (Pianka 1971a). Similar

Fig. 4 Abundance of adult
(closed symbols) and juvenile
(open symbols) C. isolepis over
the study period expressed as
mean captures per grid per day.
Error bars represent �1 SE
(A autumn,Wwinter, Sp spring,
Su summer)

Fig. 5 Abundance of adult
(closed symbols) and juvenile
(open symbols) C. nuchalis over
the study period expressed as
mean captures per grid per day.
Error bars represent �1 SE
(A autumn,Wwinter, Sp spring,
Su summer)

361



traits appear to be characteristic also of other Cteno-
phorus species, including C. fordi (Cogger 1974) and C.
pictus (Henle 1989), and other predominantly annual
lizards in Israel and North America (Tinkle 1967; Orr
et al. 1979).

Despite similarity in the timing of major demographic
events, numbers of C. nuchalis declined dramatically
over the course of the study whereas those of C. isolepis
increased. These long-term ¯uctuations in abundance
are most likely to have been driven directly by rainfall,
and by the interaction of rainfall with vegetation cover
and food resources. For C. nuchalis, capture rates were
associated most consistently, and negatively, with vege-
tation cover; the lowest capture rates followed the
growth of spinifex that was stimulated by the heavy
rainfall of summer 1990. It is conceivable that heavy
rainfall had some direct e�ect on C. nuchalis, perhaps
drowning animals in ¯oodwaters on the swales, but if
this was so, the e�ect was manifested only in the rains of
summer 1990 and not in those of other years. Several

species of arid-zone lizards appear to be little a�ected by
short-term ¯ooding, climbing shrubs to avoid surface
water (Henle 1996). Furthermore, autumn capture rates
of C. nuchalis, especially of juveniles, were associated
positively with autumn rains (Table 1). Catchability may
also increase following rainfall. More importantly, such
rainfall may improve conditions for incubation and
hatching of late-season clutches, and may further pro-
mote a ¯ush in food availability that speeds growth and
increases survival in juveniles (Haynes 1996). In the
North American iguanid Uta stansburiana, arti®cial
watering to simulate rainfall elevated the biomass of
food resources and allowed females to produce larger
clutches than ``dry'' control females (James and Whit-
ford 1994). It is possible that rainfall increased clutch
sizes in the present study also, but we have no data to
evaluate this.

It is further conceivable that heavy rainfall impacted
indirectly on C. nuchalis by allowing population in-
creases of lizard predators. The number of feral cats,

Table 1 Stepwise multiple-regression equations of capture rates of
Ctenophorus isolepis and C. nuchalis against season, vegetation
cover and rainfall for all seasons between autumn 1990 and sum-
mer 1996. Signi®cant seasonal patterns in abundance are shown by
the presence of seasonal dummy variables. Equations show rainfall

in separate speci®ed seasons for up to 1 year previously (cover is
percentage cover of spinifex, Triodia basedowii; aut, win, sp and sum
are dummy variables for autumn, winter, spring and summer, re-
spectively; autR and sumR are previous autumn and summer rain,
respectively

Variable Equation R2 (%) F

C. isolepis
Adult y = 0.156 + 0.374 sp + 0.450 sum + 0.011 cover 46.4 8.55**
Juvenile y = )0.191 + 0.271 aut + 0.007 cover + 0.0003 sumR + 0.142 win 65.1 10.24***
Total y = )0.245 + 0.023 cover + 0.206 sum + 0.002 autR + 0.0007 sumR 38.8 3.64*

C. nuchalis
Adult y = 0.152 ) 0.0067 cover + 0.0008 autR 50.1 12.05**
Juvenile y = 0.276 + 0.201 aut ) 0.013 cover 28.2 4.72*
Total y = 0.568 + 0.211 aut ) 0.026 cover 38.0 7.48*

*P<0.05; **P<0.001; ***P<0.0001

Fig. 6 Actual values (open
symbols) and ®tted values
(closed symbols) estimated using
stepwise multiple regression for
juvenile C. isolepis. For the
®tted model R2 = 65.1% and
y = )0.191+0.271 autumn+
0.007 spinifex cover +
0.0003 summer rain +
0.142 winter
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Felis catus, increased in the study area in 1991 and 1992
following the heavy rainfall of summer 1990, while evi-
dence of red fox, Vulpes vulpes, activity was detected for
the ®rst time in mid 1991 (Dickman 1996a; Mahon
1999). However, strong predatory impact is unlikely.
While both species of predators eat dragon lizards,
Ctenophorus spp. comprise a minor part of the diet
(<5% by volume; Dickman 1996b; Mahon 1999).
Furthermore, populations of C. nuchalis remained low
from 1991 until the end of the study, even though the
numbers of foxes and cats dwindled from 1993 (Mahon
1999). No formal census was made of potential avian
predators of dragon lizards such as brown falcons, Falco
berigora, and Australian kestrels, Falco cenchroides.
However, casual observations (C.R. Dickman, personal
observation) suggested no dramatic increases following
the 1990 summer rains that might correlate with the
decline in numbers of C. nuchalis.

The negative e�ect of increased spinifex cover on
C. nuchalis can be interpreted largely in terms of the
thermoregulatory and shelter requirements of this spe-
cies. C. nuchalis is mostly terrestrial and constructs
burrows within hillocks such as those formed by dead
Triodia hummocks, but often basks on elevated perches
close to burrow entrances (C.R. Dickman, personal ob-
servation). An increase in spinifex cover such as that
observed during the study period may have resulted in
reduced availability of burrow sites and precluded access
to perches. In addition, C. nuchalis takes relatively many
large invertebrates in the diet; such prey are available
primarily in open microhabitats and bare sand (Fisher
and Dickman 1993), and would thus have been reduced
by spinifex growth.

For C. isolepis, abundance was associated strongly
with vegetation cover and rainfall; there was no evidence
that numbers were correlated with predator activity. The
lowest capture rates in 1990 coincided with spinifex
cover of only 6±7%, but by 1992 when cover reached a

threshold of 20% (Fig. 3), juvenile and especially adult
numbers remained remarkably stable. In contrast to its
larger congener, C. isolepis appears to be strictly ter-
restrial and uses the shade of spinifex hummocks in its
thermoregulatory behaviour (Losos 1987, 1988); shelter
is usually sought under spinifex, although burrows are
constructed in open sand among hummocks during
summer. Strong correlations of autumn and winter
captures of juveniles with preceding summer rainfall
suggest bene®cial e�ects of rain on both hatching success
and juvenile survival. In addition to maintaining the
cover of spinifex, high wet-season rainfall stimulates
production of seeds from annual and perennial grasses
and shrubs (Dickman et al. 1999). This in turn appears
to increase autumn and winter abundance of seed-har-
vesting ants (Reid 1995). Since small ants, including
many harvester species, form the bulk of the diet of
juvenile and adult C. isolepis (Pianka 1971a, 1986;
unpublished data), summer rainfall may be crucial for
promoting juvenile survival and growth.

If these interpretations are correct, both long-term
abundance and inter-annual cycles of the two Cteno-
phorus species are driven by rainfall. Within years, rain
enhances survival, growth and possibly hatching of both
species. Following periods of above-average rainfall that
have promoted a dense cover of spinifex and other
ground vegetation, C. isolepis is likely to be the domi-
nant species. In contrast, following drought when spin-
ifex has died back (Jacobs 1984) and ground cover is
sparse (<10%), C. nuchalis can be expected to pre-
dominate. To test these expectations we plotted long-
term rainfall records from Glenormiston (Fig. 7), and
reviewed collection data pre-1990 on both Ctenophorus
species from the Simpson Desert from literature sources.
In 1939, an average rainfall year following severe
drought, Kinghorn (1945) recorded many specimens of
C. nuchalis from across the Simpson Desert, but
obtained only ®ve C. isolepis from near the Hay River.

Fig. 7 Three-point moving
average annual rainfall for the
Glenormiston rain station for
95 years of records
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In contrast, in a very wet period in the mid 1970s, Bolton
et al. (1977) reported C. isolepis to be abundant in the
western Simpson and C. nuchalis to be uncommon.
Finally, in low-rainfall years of the early to mid 1980s,
Atherton et al. (1985) reported C. isolepis to be more
restricted than C. nuchalis in the eastern Simpson Desert
and sighted the former species less frequently. Although
limited, these ®ndings conform with our prediction that
C. isolepis is the dominant species during pluvial periods
whereas C. nuchalis predominates during drought. In a
similar context, Masters (1996) noted that C. nuchalis is
an early recoloniser following ®re, and that C. isolepis
recolonises later when vegetation cover has been
restored.

The dramatic e�ects of rainfall on Ctenophorus spp.
are paralleled in other taxa. Working in the same study
area, Predavec (1994) showed that the native rodents
Notomys alexis and Pseudomys hermannsburgensis
erupted after the heavy rainfall of summer 1990 and
again after heavy rainfall the following summer, with the
latter species showing strong temporal and spatial cor-
relations with seed availability. A further eruptive spe-
cies, Rattus villosissimus, was present at Ethabuka from
mid 1991 until late 1992, as was a specialist rat predator,
the letter-winged kite Elanus scriptus (Predavec and
Dickman 1994). Rainfall has been documented to drive
population ¯uctuations in many other taxa throughout
arid Australia (Newsome and Corbett 1975; Schodde
1982; Dickman 1993; Dickman et al. 1999) and in de-
serts elsewhere (e.g. Brown and Heske 1990; Meserve
et al. 1995). In most studies, population ¯uctuations
after rain have been interpreted as responses to changes
in levels of resources such as food and shelter. However,
biotic factors such as competition, predation, and fa-
cilitation may also be important in driving the dynamics
of some species populations (Thompson et al. 1991;
Heske et al. 1994; Meserve et al. 1996).

Although temporal shifts in the dominance of each
species of Ctenophorus are most likely responses to
rainfall-induced changes in vegetation cover, the two
species could potentially interact directly through com-
petition or predation. Hutchinson (1961) suggested that
the competitive abilities of species could be altered by
changing environmental conditions, and that this could
promote coexistence; inverse numerical relationships
have since been used as potential indicators of compe-
tition in diverse taxa (e.g. Grant 1978; Dickman 1984).
In the present study, however, competition seems un-
likely. The two species exploit di�erent microhabitats,
with C. isolepis preferring sites in dune swales with
denser vegetation and more compacted sand, and
C.nuchalis preferring open sites on dune tops and swales
(Fig. 1; Gibson and Cole 1988; Downey and Dickman
1993). Both species include arthropods in their diet, but
C. isolepis is an ant specialist whereas C. nuchalis takes
prey from the spectrum that is available, in addition to
some plant material (Pianka 1971b, 1986). Moreover,
there is no evidence of habitat or dietary shift between
sympatry and allopatry in the two species in western

Queensland (C.R. Dickman, personal observation), and
thus little indication that these dragon lizards interact
directly in any way.

Point-sample or alpha diversity of lizards in arid
Australia is high relative to that in other world deserts
(Pianka 1986, 1994). Hypotheses accounting for this
diversity have been based on the breadth or abundance
of available food resources (Morton and James 1988),
on the diversity of habitats and microhabitats (James
1994; Read 1995), and on combinations of ecological
and historical factors (Pianka 1989, 1994). More re-
cently, it has become clear that the abundance of many
species changes dramatically over time (Pianka 1996;
Smith et al. 1997), causing long-term point-sample
counts of species to increase. Changes in abundance are
known to occur in response to ®re-driven changes in
vegetation succession (Masters 1996; Pianka 1996). Our
results on Ctenophorus dragon lizards and those of
Haynes (1996) on Ctenotus skinks suggest that drought-
wet cycles may also contribute to increasing point-
sample diversity via their e�ects on vegetation cover
(Fatchen and Barker 1979; Jacobs 1984) or even levels of
groundwater (Braithwaite and Muller 1997). We con-
clude by echoing Pianka's (1996) call for further long-
term studies to document ¯uctuating species populations
and suggest further that experiments be undertaken to
disentangle the contributions of rainfall, food and cover
resources to local abundance.
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