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Abstract
Context. Designing an appropriate survey protocol requires understanding of how capture rates of target species may be
inﬂuenced by factors other than on-ground abundance, such as weather conditions or seasonality. This is particularly relevant
for ectotherms such as reptiles, as activity can be affected by environmental conditions such as ambient temperature.
Aims. The present study examines factors affecting capture success of reptiles in semi-arid environments of southern
Australia, and addresses the following two main questions: (1) what is the inﬂuence of weather and seasonal factors on capture
rates of reptiles, and (2) what are the implications for developing an effective protocol for reptile surveys?
Methods. We surveyed reptiles using pitfall traps in spring and summer of 2006/07 and 2007/08 at sites (n = 280)
throughout the Murray Mallee region of south-eastern Australia. We used mixed-effect regression models to investigate the
inﬂuence of seasonal and weather-related variables on species’ capture success.
Key results. Total captures of reptiles, and the likelihood of capture of 15 reptile species, increased with rising daily
temperature. Greater numbers of individual species were captured during spring than in summer, even though temperatures
were cooler. This probably reﬂects greater levels of activity associated with breeding. Several species were more likely to be
captured when maximum or minimum daily temperatures exceeded a certain level (e.g. Lerista labialis, Delma australis,
Nephrurus levis). Other factors, such as rainfall and moon phase, also inﬂuenced capture success of some species.
Conclusions. Surveys for reptiles in semi-arid environments are likely to capture the greatest diversity of species on
warm days in late spring months, although surveys on hot days in summer will enhance detection of particular species
(e.g. Morethia boulengeri, Varanus gouldii). We recommend trapping during periods with maximum temperatures
exceeding 25–30C and minimum overnight temperatures of 15C. Finally, trapping during rainfall and full-moon
events will maximise chances of encountering species sensitive to these variables (blind snakes and geckoes).
Implications. Selecting the most favourable seasonal and weather conditions will help ensure that reptile surveys
maximise the likelihood of capturing the greatest diversity of reptiles, while minimising trap-effort required.

Introduction
Field surveys of fauna are an integral component of wildlife
conservation and management. When undertaking such studies it
is critical to establish that sampling results adequately reﬂect
species’ occurrence at study sites (Caughley 1976). Designing
an appropriate sampling protocol requires an understanding of
how capture rates of target species are inﬂuenced by factors
other than abundance, such as weather conditions and
seasonality. Reptiles, as ectotherms, depend on external heat
sources (primarily solar radiation) for thermoregulation
(Heatwole and Taylor 1987; Schmidt-Neilsen 1997). As such,
a major factor constraining the activity of ectotherms is their
thermal environment. Relative to endotherms that generate
heat via metabolism of food (Schmidt-Neilsen 1997; Shine
2005) and often remain active during cool and warm
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conditions, the activity of ectotherms is inﬂuenced more by
daily ﬂuctuations in ambient temperature (Schmidt-Neilsen
1997; Shine 2005). Furthermore, as individual species of
reptiles have different thermal preferences (Heatwole and
Taylor 1987), the activity patterns of species may differ in
response to variation in daily weather conditions.
Both laboratory and ﬁeld-based studies have identiﬁed
the preferred body temperature (PBT) or active ﬁeld body
temperatures (FBT) of many species of reptiles (Cogger 1974;
Bradshaw et al. 1980; Bennett and John-Alder 1986; Henle 1990;
Melville and Schulte 2001; Whitaker and Shine 2002). Most
agamid species have higher FBTs (range 32.9–37.7C; Melville
and Schulte 2001) than many species of skink (e.g. Ctenotus
species: range 34.5–36.4C; Egernia inornata 30C) (Pianka and
Giles 1982; Bennett and John-Alder 1986), whereas geckoes
10.1071/WR09157
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typically maintain much lower active FBTs (range 23.2–28.1C)
than do both skinks or agamids (Pianka and Pianka 1976; Henle
1990).
The activity of reptiles is also affected by variation in other
environmental parameters, including ﬂuctuations in relative
humidity (Daltry et al. 1998; Read and Moseby 2001; Sun
et al. 2001; Brown and Shine 2002), rainfall (Shine and
Koenig 2001; Brown and Shine 2002), wind speed (Sun et al.
2001), cloud cover (Van Damme et al. 1987; Read and
Moseby 2001) and moon phase (Clarke et al. 1996; Read and
Moseby 2001; Brown and Shine 2002). The season in which
reptile surveys are conducted also inﬂuences captures, possibly
because of seasonal changes in prey availability, reproduction
and associated mate-searching activity, or shifts in seasonal
environmental conditions (Heatwole and Taylor 1987; Brown
et al. 2001; Sun et al. 2001).
Reptiles are a prominent component of the fauna of semi-arid
environments in southern Australia, with high levels of diversity
occurring (Cogger 1989; Menkhorst and Bennett 1990). Regional
ﬁeld guides for reptiles (Cogger 2000; Swan and Watharow
2005) suggest that different species are likely to be active
under different climatic conditions. For example, blind snakes
(Family Typhlopidae) are encountered above ground primarily
on wet, humid nights (Swan and Watharow 2005). In the one
published study available, Read and Moseby (2001) concluded
that daily maximum and minimum temperatures and relative
humidity were the most inﬂuential factors affecting the activity
of semi-arid reptiles and therefore their rate of capture.
The present study examines factors affecting the capture
success of reptiles in semi-arid environments of southern
Australia. We address the following two main questions: (1)
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what is the inﬂuence of weather and seasonal factors on the
capture rate of reptiles across broad spatial scales and (2) what are
the implications for developing an effective protocol for reptile
surveys?
Methods
Study sites and data collection
The study was carried out in eucalypt-dominated ‘mallee’
vegetation in semi-arid south-eastern Australia (Fig. 1). Mallee
refers to the growth form of eucalypt trees that have multiple
stems arising from a basal lignotuber. The term is also used to refer
to the region where such mallee trees are widespread. This region
supports a diverse herpetofauna, with some 56 species of reptiles
deﬁned as ‘mallee’ inhabitants (Swan and Watharow 2005).
Twenty-eight landscapes, each 2 km in radius (i.e. 12.56 km2)
were selected for the study (Fig. 1). Each landscape included
10 survey sites, with each site comprising a line of 10 pitfall traps
(20-L plastic buckets buried ﬂush with the ground) spaced at 5-m
intervals, connected by a 50-m drift fence (n = 280 pitfall lines).
All sites were at least 25 m from roads and at least 200 m apart.
Trapping was carried out for ﬁve consecutive nights in
spring and in summer during 2006/07 and 2007/08, resulting
in 56 000 trap-nights. Trap lines were checked once daily and
individuals were released at the point of capture. The ‘spring’
surveys extended from October to early December, whereas
the ‘summer’ surveys were conducted from January to late
March. In November 2006, a ﬁre forced the closure of traps
within three landscapes at Gluepot Reserve, South Australia. As
a consequence, the affected landscapes were resampled in
October 2007.
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Fig. 1. The Murray Mallee region of south-eastern Australia. Circles indicate the position of the 28 study landscapes.
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Response variables
Reptiles were recorded at each individual site (n = 280); however,
for analyses in the present study, the data have been collated for
the whole landscapes (n = 28, Fig. 1). Capture rates were used to
explore the inﬂuence of weather and moon-phase variables on
groups of species and individual species. For groups of species
(e.g. all nocturnally active species), the response variable was
the number of captures per night of trapping per landscape (each
landscape had 20 nights of trapping). For individual species, the
response variable was the presence/absence of the species per
night of trapping per landscape. Rare species (those present at
<10% of sites) were excluded from the analyses because the
number of captures was insufﬁcient to perform statistical analysis.
Explanatory variables
Daily weather data were obtained from Bureau of Meteorology
Australia (BOM) weather stations (n = 7) situated within 100 km
of the landscapes. The most representative station for each study
landscape was identiﬁed by the BOM.
Weather variables obtained were maximum daily temperature
(C), minimum daily temperature (C), relative humidity (%),
wind speed (km h–1) and cloud cover (Oktas or eighths). Cloud
cover was a categorical variable with nine categories ranging from
0 (a cloudless sky) to 8 (complete cloud cover). Moon-phase data
were obtained from Geoscience Australia (http://www.ga.gov.
au/geodesy/astro/moonphases, veriﬁed July 2008) and were
assigned to three categories following Read and Moseby
(2001). Zero (0) represented the two nights before, two nights
after or the night of the new moon; a ‘2’ represented the two nights
before, two nights after or the night of the full moon; and a ‘1’
represented intermediate moon phases for all nights in between.
Rainfall was recorded at several BOM weather stations in the
study area. However, storm activity and light-rainfall events can
occur locally. Consequently, rainfall occurring at speciﬁc study
sites may not have been captured by broadly distributed weather
stations. Thus, we recorded evidence of rainfall in the ﬁeld by
documenting characteristic signs of rainfall at each site (such as
the presence of moist or disturbed soil) each day. Rainfall was
scored categorically as either none (0), light (1) or heavy (2). The
night of trapping (numbered one to ﬁve for each of four trapping
sessions) and season (spring or summer) were also included in
analyses, to explore their inﬂuence on reptile captures.
Trap lines were checked in the morning only, and so the
afternoon/evening before each trap check was considered
when exploring the inﬂuence of weather on capture rates.
Therefore, maximum temperature, humidity, cloud cover,
rainfall, wind speed and moon phase were recorded for the
afternoon/evening before each trap check, whereas the
minimum overnight temperature was recorded for the night
preceding the trap-check morning.
Daily data for cloud cover, wind speed and relative humidity at
1500 hours, 1800 hours and 2100 hours were highly correlated
(Pearson correlation, r > 0.6 in most cases). Therefore, only data
from 1500 hours for these variables were used in analyses.
Statistical analyses
We used regression modelling to analyse how capture rates and
species presence/absence were inﬂuenced by weather variables.
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Survey sites were sampled repeatedly over time, resulting in
non-independent error structure in the data. Further, exploratory
analysis (using scatterplots) indicated that our dataset contained
non-linear relationships. As such, we used generalised additive
mixed models (GAMMs) (Wood 2006). This ﬂexible form of
regression can model non-linear relationships (Wood 2006).
Landscape was regarded as a random effect, accounting for the
non-independent error structure in the data (Zuur et al. 2009),
with all predictor variables being ﬁxed effects.
Seven explanatory variables were considered in the modelling
process (Table 1); cloud cover was included for modelling
diurnally active species only, whereas moon phase was
included only for modelling nocturnal species (Cogger 2000;
Wilson and Swan 2003; Swan and Watharow 2005).
A Poisson distribution of errors was speciﬁed for GAMMs
when the response variable was total captures, captures of
nocturnal species or captures of diurnal species per landscape,
per night of trapping. A binomial error distribution was speciﬁed
when the response variables were presence/absence data.
Signiﬁcance values (P-values) for each explanatory variable
were determined using the global (full) model. Adjusted
R-squared values were used to assess the explanatory power of
the models.
Statistical analyses were undertaken in R, version 2.7.2 (Ihaka
and Gentleman 1996). We ran GAMMs using the package mgcv
(Wood 2009). Additionally, we ran paired Student’s t-tests in
SPSS (Student version 16.0) to test for differences in captures
between survey seasons.
Results
General trapping results and weather conditions
The survey effort of 56 000 trap-nights across 28 landscapes
captured 55 species of reptiles belonging to seven families. There
were sufﬁcient data for analysis for 30 species; for these species,
there were 7406 captures in total, comprising 3880 captures of
diurnally active species and 3526 captures of nocturnal species
(Table 2).
Mean maximum and minimum temperatures were greater
for survey days in summer than in spring. However, both
spring and summer survey days had similar temperature ranges
Table 1. Explanatory variables used to model the inﬂuence of weather
and moon-phase conditions on captures of reptiles
Response variable

Explanatory variables used in model

Total captures
Captures of diurnal species
Presence/absence of diurnal
species

Maximum daily temperature (±0.1C)
Relative humidity at 1500 hours (±1%)
Wind speed (±0.1 km h 1) at 1500 hours
Cloud cover (Oktas) at 1500 hours
Rainfall (0, 1 or 2)
Season (spring or summer)
Night of trapping (1–5)
Minimum daily temperature (±0.1C)
Relative humidity at 1500 hours (±1%)
Wind speed (±0.1 km/h) at 1500 hours
Rainfall (0, 1 or 2)
Moon phase (0, 1 or 2)
Season (spring or summer)
Night of trapping (1–5)

Captures of nocturnal species
Presence/absence of nocturnal
species
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Table 2. Results of generalised additive mixed models (GAMMs) testing the inﬂuence of season, climate and moon phase on captures of reptiles
Models for single species are based on presence or absence within a landscape per night of sampling as the response variable. *P < 0.05, **P < 0.01, ***P < 0.001.
(_) = negative relationship, n.s. = not signiﬁcant, n.a. = not included, d = diurnally active species, n = nocturnally active species. For season, reference
level = ‘summer’ and for trap-night reference level = night of trapping ﬁve
Response variable

Total captures
Captures of diurnal species
Captures of nocturnal species
Agamidae
Amphibolurus nobbi coggerid
Ctenophorus fordid
Ctenophorus pictusd
Pogona vitticepsd
Elapidae
Brachyurophis australisn
Parasuta nigricepsn
Pseudonaja modestad
Gekkonidae
Diplodactylus damaeusn
Diplodactylus vittatusn
Gehrya variegatan
Nephrurus levisn
Rhynchoedura ornatan
Strophurus spp.n
Pygopodidae
Delma australisd
Delma butlerid
Lialis burtonisd
Scincidae
Ctenotus atlasd
Ctenotus brachyonyxd
Ctenotus regiusd
Ctenotus schomburgkiid
Egernia inornatan
Lerista bougainvilliin
Lerista labialisn
Lerista punctatovittatan
Menetia greyiid
Morethia boulengerid
Morethia obscurad
Typhlopidae
Ramphotyphlops bicolorn
Ramphotyphlops bituberculatusn
Varanidae
Varanus gouldiid

n

Season
(spring/
summer)

Max. Min. Relative
Cloud
Rain
Moon Wind
temp. temp. humidity
cover
prev 24 h phase speed
(C)
(C)
(%)
(0–8 oktas) (0, 1, 2) (0, 1, 2) (km/h)

Night of
trapping
(1–5)

Adjusted
R2 (%)

7406 Spring***
3880 Spring***
3526 Spring***

***
*
n.a.

n.a.
n.a.
***

(***)
(***)
n.s.

(**)
(***)
n.a.

n.s.
n.s.
n.s.

n.a.
n.a.
n.s.

n.s.
n.s.
n.s.

4 (**)
4 (**)
3 (*)

32
15
29

377 Spring***
1142 Spring
150
n.s.
197
n.s.

*
n.s.
n.s.
n.s.

n.a.
n.a.
n.a.
n.a.

n.s.
n.s.
n.s.
n.s.

n.s.
n.s.
(*)
n.s.

n.s.
n.s.
n.s.
n.s.

n.a.
n.a.
n.a.
n.a.

n.s.
n.s.
n.s.
n.s.

1 (*)
n.s.
n.s.
n.s.

5
<1
<1
<1

198 Spring***
72
n.s.
59 Spring*

n.a.
n.a.
n.s.

**
n.s.
n.a.

n.s.
n.s.
(*)

n.a.
n.a.
n.s.

n.s.
n.s.
n.s.

n.s.
n.s.
n.a.

n.s.
n.s.
n.s.

3 (*)
n.s.
n.s.

12
1
<1

1298 Spring***
236 Spring*
69
n.s.
47 Spring***
81 Spring*
195 Spring***

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

***
***
***
***
**
n.s.

n.s.
n.s.
(**)
(*)
(*)
n.s.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.s.
*
(**)
(*)
n.s.
*

n.s.
n.s.
n.s.
(***)
n.s.
***

n.s.
n.s.
(*)
n.s.
(*)
n.s.

1, 3*
2*
1, 3, 4*
n.s.
n.s.
n.s.

7
4
1
4
<1
13

124 Spring***
71
n.s.
70
n.s.

***
***
**

n.a.
n.a.
n.a.

n.s.
n.s.
n.s.

n.s.
n.s.
n.s.

(*)
n.s.
n.s.

n.a.
n.a.
n.a.

n.s.
n.s.
n.s.

n.s.
n.s.
n.s.

7
5
2

315
275
343
259
511
140
97
474
267
64
114

n.s.
Spring***
n.s.
n.s.
Spring**
Spring***
n.s.
Spring***
n.s.
Spring*
Spring***

n.s.
**
n.s.
n.s.
n.a.
n.a.
n.a.
n.a.
n.s.
n.s.
n.s.

n.a.
n.a.
n.a.
n.a.
***
***
***
***
n.a.
n.a.
n.a.

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
(**)
(*)
(*)
n.s.

(*)
(*)
n.s.
n.s.
n.a.
n.a.
n.a.
n.a.
(*)
n.s.
n.s.

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

n.a.
n.a.
n.a.
n.a.
n.a.
n.s.
n.s.
n.s.
n.a.
n.a.
n.a.

n.s.
(*)
n.s.
(*)
n.s.
n.s.
n.s.
*
n.s.
n.s.
n.s.

n.s.
1 (*)
n.s.
n.s.
1**, 4*
1, 2 (**)
1, 2 (***), 3, 4 (**)
1, 2, 3(***), 4 (*)
1, 2 (*), 4 (***)
n.s.
n.s.

4
5
2
1
3
26
9
17
5
4
8

43
65

n.s.
n.s.

n.a.
n.a.

n.s.
n.s.

n.s.
n.s.

n.a.
n.a.

**
*

*
n.s.

n.s.
n.s.

1, 3 (**)
1 (*)

11
4

53

n.s.

n.s.

n.a.

n.s.

(**)

n.s.

n.a.

n.s.

4 (*)

3

(Table 3). Cloud cover, wind speed and relative humidity were
similar during survey days in both trapping seasons. The spring
surveys were wetter and experienced far fewer warm evenings
(minimum overnight temperature >15C) than did summer
surveys. Whereas summer survey temperatures were similar to
long-term averages (Table 3), the spring survey period was
warmer than long-term averages, with higher mean maximum
and minimum daily temperatures. In addition, both the spring and
summer survey periods had less monthly rainfall and were less
humid than long-term averages (Table 3). The timing of spring
surveys resulted in there being more nights with a full moon
(52 landscape nights) than in summer surveys (16); conversely,

there were more nights of new moon in summer surveys
(77 landscape nights v. 31 for spring).
Models of trapping success
Weather and moon-phase variables explained 32% of the
variation in total captures of reptiles (Table 2). These variables
explained more variation in the capture rate of nocturnally active
species (29%) than diurnal species (15%). Furthermore, weather
and moon-phase variables were more often signiﬁcant in models
for nocturnally active species than for diurnal species (Table 2).
Season and temperature (maximum or minimum) were the
variables that were most frequently signiﬁcant in models of reptile
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Table 3. Seasonal weather averages (þs.e.) and ranges recorded at Bureau of Meteorology (BOM) stations during survey periods in study landscapes
(n = 280 landscape nights of trapping per season)
Mean total monthly rainfall (2006–08) was recorded at the BOM weather station at Mildura Airport (34.188S, 142.208E). For comparison, long-term averages
(1946–2008, recorded at the BOM weather station, Mildura Airport, Victoria) are included. For these long-term averages, data for spring is for all days in
September–November each year, and for summer all days in December–February each year
Attribute
Daily minimum temperature (C)
Daily maximum temperature (C)
Survey days >25C
Survey nights >15C
Survey nights with rainfall
Total monthly rainfall (mm)
Daily relative humidity at 1500 hours (%)
Daily wind speed at 1500 hours (km h–1)
Daily cloud cover at 1500 hours (Oktas)

Spring surveys
Mean
Range
12.44 ± 0.25
29.56 ± 0.34
200
29
75
9.6 ± 4.2
24 ± 1
15 ± 0.5
4

1.8–20.1
18.0–41.5

6–90
0–38.9
0–8

capture-rates (Table 2). Overall, reptiles were captured in spring
at approximately twice the rate for summer (spring mean
16.59  1.11 v. summer mean 9.42  0.63 captures per night
of trapping per landscape; t = 8.81, d.f. = 27, P < 0.001), despite
the fact that the temperature ranges were similar between the
seasons (Table 3). Diurnally active reptiles showed less marked
differences between spring and summer than did nocturnally
active species. For diurnal species, mean values were 6.78  0.86
captures per night of trapping per landscape in spring v.
4.68  0.61 captures per night of trapping per landscape in
summer (t = 4.99, d.f. = 27, P < 0.001); for nocturnal species,
mean values were 8.06  0.79 captures per night of trapping
per landscape in spring v. 4.13  0.41 in summer (t = 5.32,
d.f. = 27, P < 0.001).
The total capture rates, and capture rates of diurnal and
nocturnal species, all increased with increasing minimum
overnight and maximum daily temperatures (Fig. 2a, b). Total
captures of reptiles increase linearly as daily maximum
temperatures increased (Fig. 2a). Captures of diurnal reptile
species peaked at ~25C maximum daily temperature (Fig. 2a),
whereas captures of nocturnal species increased markedly once
minimum temperatures exceeded 10–15C (Fig. 2b).
Across the study region, all 30 species considered in these
analyses were captured in both spring and summer trapping
sessions. Although overall species richness of reptiles per
landscape was higher in 27 of the 28 study landscapes during
spring trapping sessions than during summer sessions, some
species were captured in particular landscapes only during
summer. Summer trapping added between zero and seven
species to species totals for individual landscapes. Varanus
gouldii (n = 9 landscapes), Ctenophorus pictus (n = 6 landscapes)
and Morethia boulengeri (n = 6 landscapes) were the species
that were most commonly captured in landscapes in the summer
trapping sessions only.
Capture success for individual species
Sixteen species were captured signiﬁcantly more frequently
in spring than in summer (Table 2). GAMM results indicated
that the presence/absence of 15 species (ﬁve diurnal and 10
nocturnal) were signiﬁcantly inﬂuenced by either minimum or

Summer surveys
Mean
Range
15.78 ± 0.31
32.98 ± 0.34
221
159
41
17 ± 8.6
25 ± 1
12.7 ± 0.5
3

5.0–25.9
20.6–40.9

9–71
0–46.4
0–8

Spring
(1946–2008)

Summer
(1946–2008)

9.83 ± 0.17
23.84 ± 0.24

15.93 ± 0.12
31.26 ± 0.14

27.2 ± 1.7
35 ± 1
19 ± 0.2
4

21.4 ± 1.9
29 ± 0.5
17 ± 0.2
3

maximum daily temperature (Table 2). However, the shape of the
response curves for each species differed slightly. Some exhibited
linear increases in the probability of capture over the range of
temperatures experienced during trapping (e.g. the diurnal skink
Ctenotus brachyonyx and the diurnal agamid Amphibolurus
nobbi coggeri, Fig. 3a). Others, such as the diurnal legless
lizards Delma australis and D. butleri, showed a marked
increase in the probability of capture at temperatures between
25 and 30C (Fig. 3b).
Among the nocturnally active geckoes that showed a
signiﬁcant response to the minimum overnight temperature,
Diplodactylus damaeus, D. vittatus and Gehyra variegata
showed a linear increase in capture with increased minimum
temperature (Fig. 4a). In contrast, the probability of capture of
Nephrurus levis appeared to increase markedly once overnight
temperatures exceeded 15C, whereas the probability of capture
of Rynchoedura ornata peaked at minimum temperatures
exceeding 15C (Fig. 4a). The nocturnal skinks all exhibited
considerable increases in the probability of capture with
increasing minimum overnight temperature. The probability of
capture of Egernia inornata and Lerista bougainvillii increased
markedly once minimum temperatures exceeded 8–10C
(Fig. 4b), whereas the likelihood of capturing L. labialis was
greatest when minimum overnight temperatures exceeded 15C
(Fig. 4b).
Interestingly, increasing relative humidity had a negative
inﬂuence on the overall capture rates of diurnally active
reptiles and total reptile captures (Table 2). Similarly,
increasing relative humidity had a negative inﬂuence on the
presence of seven species (Table 2).
Examining the raw weather data showed that as maximum
temperature increased throughout the trapping period, relative
humidity decreased (y = –1.202x + 62.21, r2 = 0.295, d.f. = 516,
P < 0.001). That is, during the trapping periods, the majority of the
weather conditions that were ‘humid’ were also ‘cool’, rather than
‘warm’ and humid. As the latter combination (warm and humid)
seldom occurred during trapping, it was not possible to model the
inﬂuence of this combination of factors on capture rates.
As days became more overcast, total captures and captures
of diurnal reptiles decreased (Table 2). Following afternoons of
almost total cloud cover, captures of diurnal species were only
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Fig. 2. Changes in the predicted capture rates of (a) all reptiles (black triangles) and diurnally active
reptiles (open circles), and (b) nocturnally active reptiles with increasing daily spring maximum and
minimum temperatures. Data points represent the predicted capture rate per day of trapping per
landscape  s.e., generated by using a generalised additive mixed model (GAMM) of captures, with
either maximum or minimum temperature and season (= spring) as the predictors.

5.22  0.71 individuals per day of trapping per landscape
(n = 31 days), whereas on afternoons with no cloud cover
(n = 57 days), the capture success was 9.21  0.70 individuals
per day of trapping per landscape (t = 3.65, d.f. = 86, P < 0.001).
In addition, the presence/absence of ﬁve species of diurnally
active reptiles was negatively inﬂuenced by increasing cloud
cover (Table 2).
Seven species of reptiles were inﬂuenced by rainfall
(Table 2); the probability of capture of four species increased
with increasing rainfall (Fig. 5a), whereas the probability
decreased for three species with increasing rainfall
(Table 2). All species that responded positively to rainfall

were nocturnal and represented two families, namely blind
snakes (Typhlopidae) and geckoes (Gekkonidae). The blind
snakes Ramphotyphlops bicolor and R. bituberculatus had a
probability of capture of <5% on nights with no rainfall,
whereas they were more likely to be trapped after rain, with
probabilities of capture of >9% after light rain and >15% after
heavy rain (Fig. 5a). Similarly, the geckoes D. vittatus and
Strophurus spp. had a <30% probability of capture on nights
with no rain, but increased to probabilities of >30% after light
rain and >40% after heavy rain (Fig. 5a).
Moon phase had no inﬂuence on the overall capture success
of reptiles (Table 2), although it signiﬁcantly inﬂuenced the
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Fig. 3. Changes in the predicted probability of capture of the following diurnally active species:
(a) Ctenotus brachyonyx (black diamonds) and Amphibolurus nobbi coggeri (open triangles), and
(b) legless lizard species Delma australis (black triangles), D. butleri (black diamonds) and Lialis
burtonis (open circles), shown to be signiﬁcantly inﬂuenced by maximum temperature, by using
generalised additive mixed models (GAMMs). Data points represent the predicted probability of
capture of the species  s.e., generated by using a GAMM of presence/absence data, with both
maximum daily temperature and season (= spring) as the predictors.

probability of capture for two gecko species, N. levis and
Strophurus spp., and the blind snake R. bicolor. The
probability of capturing N. levis dropped from 24% on the
nights of new moon to 5% on the nights of full moon
(Fig. 5b). In contrast, the likelihood of capturing Strophurus

spp. increased as nights became brighter, from 16% on the newmoon nights to 42% on the full-moon nights (Fig. 5b).
Wind speed had no effect on the overall captures of diurnal
or nocturnal species. Only four individual species (Ctenotus
brachyonyx, C. schomburgkii, G. variegata and R. ornata)
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Fig. 4. Changes in the predicted probability of capture of the following nocturnally active species:
(a) gecko species Diplodactylus damaeus (black circles), D. vittatus (open squares), Gehrya
variegata (open circles), Nephrurus levis (black squares) and Rhynchoedura ornata (black
triangles), and (b) skink species Egernia inornata (open squares), Lerista bougainvillii (black
circles), L. labialis (black triangles) and L. punctatovittata (open circles), shown to be signiﬁcantly
inﬂuenced by the minimum temperature, by using generalised additive mixed models (GAMMs).
Data points represent the predicted probability of capture of the species  s.e., generated by using a
GAMM of presence/absence data, with both minimum temperature and season (= spring) as the
predictors.

were less likely to be trapped on days of higher wind speeds
(Table 2). In contrast, the nocturnal skink, Lerista
punctatovittata, was more likely to be captured after days of
higher wind speeds (Table 2).

The likelihood of capturing 14 species on a particular trapnight was inﬂuenced by how many trap-nights preceded that
night within a trapping session (i.e. none to four nights)
(Table 2). Some, such as members of the genus Lerista, were
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Fig. 5. Changes in the probability of capture of individual species of
nocturnal reptiles shown to be inﬂuenced by (a) rainfall: Diplodactylus
vittatus (spotted bar), Strophurus spp. (black bar), Ramphotyphlops
bicolor (striped bar) and R. bituberculatus (grey bar); or by (b) moon
phase: Nephrurus levis (grey bar), Strophurus spp. (black bar)
and R. bicolor (spotted bar), by using generalised additive mixed models
(GAMMs). Data represent the predicted probability of capture  s.e. of
the species generated by using a GAMM of presence/absence, with both
rainfall or moon phase and season (= spring) as the predictors.

more likely to be trapped in the later stages of the trapping session
(i.e. trap-nights 4 and 5) than in the earlier nights (Table 2),
whereas, gecko species such as D. damaeus and D. vittatus were
more likely to be captured on nights earlier in the trapping session
(e.g. nights 1–3) (Table 2).
In all, 3 of the 30 species of reptiles included in the analyses did
not exhibit a signiﬁcant response to any explanatory variables
(Table 2). Two of these species were diurnal, namely Ctenotus
regius and Pogona vitticeps, with the third species being the
nocturnal elapid Parasuta nigriceps (Table 2).
Discussion
Reptiles in the semi-arid mallee region exhibited strong
seasonality in capture rates. More animals were captured in

spring than summer, despite temperature ranges in both
seasons being similar. Previous studies have indicated that
cues that drive seasonality in activity of reptiles are related to
the timing of reproduction (Brown et al. 2001; Sun et al. 2001;
Brown and Shine 2002). Reproductive cycles in reptile species
are thought to result in the birth of young at the most favourable
time of year, when food resources are sufﬁciently abundant for
rapid growth of juveniles, which is normally during spring or
early summer (Heatwole and Taylor 1987; Cogger 2000; Swan
and Watharow 2005). Hence, the strong seasonality observed in
the capture success of some reptiles may be associated with
breeding activity during the spring sampling periods.
Nocturnally active reptiles were inﬂuenced by weather
variables to a greater extent than were diurnal reptiles.
Similarly, Read and Moseby (2001) found that weather and
moon-phase variables accounted for 42% of the variation in
capture rates of nocturnal species, but only 25% of the
variation for diurnal species. Brown and Shine (2002) found
that weather variables accounted for a substantial proportion of
the variance in encounter rates of the water python (Liasis fuscus)
(39%) and the keelback (Tropidonophis mairii) (31%), both of
which are nocturnal species. This difference between nocturnal
and diurnal species is most likely due to differences in
thermoregulatory strategies. Diurnal species in the mallee
region are almost entirely heliotherms that depend primarily
on radiant energy for body heat (Heatwole and Taylor 1987).
They can maintain their preferred body temperatures, despite
variation in climatic conditions, through behavioural means
such as basking, shade-seeking, perching or postural changes
(Cogger 1974; Heatwole and Taylor 1987; Melville and Schulte
2001). Some nocturnally active reptiles use behavioural
strategies such as repositioning themselves in different
microclimates to minimise heat stress or maximise activity
(Webb et al. 2004; Croak et al. 2008). However, as most
nocturnal reptiles are predominantly thigmothermic, they
depend primarily on heat exchange with substrates to maintain
preferred body temperatures. Hence, their activity is more closely
correlated with climatic factors such as ambient temperature
(Pianka and Pianka 1976; Heatwole and Taylor 1987).
Of all climatic variables, temperature had the greatest
inﬂuence on the capture rates of reptiles; both the overall
captures of reptiles (total, diurnal and nocturnal species) and
captures of individual species increased with increasing
temperature. This is consistent with studies of snakes (Nelson
and Gregory 2000; Sun et al. 2001; Brown and Shine 2002)
and other reptile species in semi-arid environments (Read and
Moseby 2001).
Captures of diurnal reptiles increased with increasing
temperature until it exceeded 25C, after which capture rates
remained relatively constant with increasing temperature.
Consequently, to maximise captures of diurnal reptiles,
trapping periods should include daily temperatures that exceed
this threshold (25C), irrespective of the season. Captures of
nocturnal species increased once minimum temperatures
exceeded 10–15C; thus, warm nights favour the capture of
these species. There were two common responses to minimum
overnight temperature; captures of some species such as
E. inornata and L. bougainvillii increased markedly when
minimum overnight temperatures reached 8–10C, whereas
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captures of others, such as L. labialis and N. levis, increased
noticeably only when minimum overnight temperatures exceeded
15C. Hence, total reptile captures increased with increasing
temperature, and capture rates did not plateau or decline in the
hottest weather.
Although the likelihood of capture of ﬁve diurnal species
increased with increasing daily maximum temperature, the shape
of their responses differed (Fig. 3). Ctenotus brachyonyx and
A. nobbi coggeri showed a linear increase in the probability of
capture with increasing maximum temperature, whereas the
probability of capture of the pygopodid species D. australis and
D. butleri increased disproportionately after the temperatures
exceeded 30C. Nothing is known about behavioural
thermoregulation, preferred body temperatures (PBT) or critical
span of C. brachyonyx or the two Delma species. However,
in laboratory-based thermal gradient studies, L. burtonis
maintained an average PBT of 35.1C (Bradshaw et al. 1980).
This is consistent with its greater probability of capture when
temperatures exceed 30C. Species of Ctenotus tolerate a broad
range of ambient temperatures (e.g. C. regius remains active from
8.7C to 45.1C; Bennett and John-Alder 1986). In the present
study, C. brachyonyx was captured across a broad range of
temperatures, with no apparent maximum temperature threshold.
For ﬁve species of gecko, the probability of capture increased
with increasing overnight minimum temperature (Fig. 4),
although the response shapes differed among the species.
Whereas Diplodactylus damaeus, D. vittatus and G. variegata
exhibited linear responses to increasing temperature, R. ornata
and N. levis showed a preference for temperatures exceeding
15C. These differences are difﬁcult to explain, given that these
species share similar active ﬁeld body temperatures (Pianka and
Pianka 1976). A possible explanation relates to the range of
temperatures in which each species is active. D. damaeus and
G. variegata remain active in a broad range of ambient
temperatures (7.5–44C and 6–43.8C, respectively; Henle
1990), and thus are unlikely to exhibit a threshold response to
minimum temperature.
The critical thermal minimum of E. inornata (9.5–10.1C)
corresponds with the marked increase in the probability of capture
at 8–10C (Spellerberg 1972). In contrast, the probability
of trapping L. labialis increased markedly as minimum
temperature exceeded 15C, whereas L. punctatovittata
showed a linear response to increasing temperature. These
ﬁndings all highlight the importance of trapping for nocturnal
reptiles on warmer nights, preferably above 10C, and ideally
above 15–20C.
Increasing humidity was associated with decreased captures
of nocturnal reptiles. This result was unexpected. Heatwole and
Taylor (1987) noted that evaporative water loss in reptiles is
inﬂuenced by both the temperature and humidity of the
surrounding environment. At a given temperature, evaporative
water loss occurs more rapidly at lower relative humidities
(Heatwole and Taylor 1987), suggesting that species would
favour conditions with higher humidity. However, in the
present study higher humidity was associated with cooler
conditions (rather than warm, wet conditions). Reptile activity
is strongly inﬂuenced by increasing temperature, so captures are
more frequent at higher temperatures, when humidity tends to
be lower.
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Rainfall and moon phase did not inﬂuence overall capture
rates of reptiles, although they did affect particular species.
Capture success for both species of blind snake increased with
rainfall. Although our measure of rainfall was crude (none, light,
heavy), the present results support the contention in ﬁeld
guides (e.g. Swan and Watharow 2005) that blind snakes are
observed on the surface more often following rain. R. bicolor and
R. bituberculatus feed primarily on the adults, eggs and larvae of
ants (Shine and Webb 1990; Webb and Shine 1993). In semi-arid
south-western New South Wales, Briese and Macauley (1980)
found that the proportion of active ant nests increased markedly
after increasing soil moisture (i.e. the addition of water near nest
area). Rainfall events may hence be linked with increased
availability of food for blind snakes.
Two geckoes, Strophurus spp. and D. vittatus, were also
more likely to be encountered following rainfall. Anecdotally,
Strophurus spp. is reported to be more active on warm nights after
rain (Swan and Watharow 2005). There is no speciﬁc information
on the activity of D. vittatus after rainfall, although Henle
(1990) found that congeners (D. damaeus and Diplodactylus
tessellatus) remained active in light to medium rain, with activity
of D. tessellatus limited by low humidity.
Moon phase inﬂuenced the probability of capture of two
species; the probability of capture of N. levis decreased with
increasing fullness of the moon, whereas the opposite was
observed for Strophurus spp. Other studies have shown that
encounter rates of nocturnal reptile species decrease with
increasing light at night (Read and Moseby 2001; Brown and
Shine 2002). On bright nights, reptiles may be more vulnerable to
predators. In addition, their prey may be less active because of
exposure to predation (e.g. scorpions, Skutelsky 1996). These
explanations may account for the response of N. levis, but are
inadequate for Strophurus spp. In contrast to N. levis, which
forages in open spaces (Pianka and Pianka 1976), Strophurus
spp. is primarily arboreal (How et al. 1986) and shelters among
vegetation that may be less exposed to predators on brighter
nights. Differences in visual acuity may also be involved. Werner
and Seifan (2006) found that eye size was larger (relative to body
size) in terrestrial than in arboreal species of gecko. Strophurus
spp. are arboreal, and have smaller eyes (Pianka and Pianka 1976)
than does the terrestrial N. levis. Strophurus spp. may forage on
brighter nights to maximise hunting success, but be constrained to
foraging within vegetation to minimise predation risk.
Only three species were not affected by season, climate or
moon phase, namely two diurnal species, C. regius and
P. vitticeps, and one nocturnal elapid, P. nigriceps. As
mentioned earlier, diurnal heliotherms are likely to be less
affected by climate because they can thermoregulate by
behavioural means (Heatwole and Taylor 1987).
Although a range of weather and moon-phase variables
inﬂuence capture rates of many reptile species, much of the
variation in capture success remains unexplained. Other
studies have reported similar results (Owen 1989; Read and
Moseby 2001; Brown and Shine 2002). Other factors that may
affect capture rates of reptiles include ‘trappability’ (i.e. the
ability to escape traps or actually get trapped), the likelihood
of encountering a trap (e.g. differences in range of movement),
the timing of reproduction and aestivation, and the presence of
important habitat features.
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Conclusions
Given limited time available for surveys, the greatest diversity
of reptiles will be gained by concentrating trapping effort
predominantly in spring months. Trapping success will be
higher if maximum daily temperatures during the survey
period are greater than 25–30C and overnight temperatures
are at least 8–10C, and preferably exceeding 15C. Trapping
success will also be enhanced if some very hot days and warm
nights are experienced during the survey as it will increase the
probability of capturing species such as the legless lizards
D. australis and D. butleri or the nocturnal species, L. labialis
and N. levis. Finally, rainfall and full-moon events enhance the
chances of capturing species such as blind snakes and geckos.
Selecting the most favourable seasonal and weather conditions
will help ensure that reptile surveys maximise the likelihood of
capturing the greatest diversity of reptiles, while minimising the
effort required.
Acknowledgements
Funding and logistical support for the Mallee Fire and Biodiversity Project
was provided by Land and Water Australia, the Mallee Catchment
Management Authority, Parks Victoria, Department of Sustainability and
Environment Victoria, Department of Environment and Heritage SA,
Lower Murray–Darling Catchment Management Authority, Department of
Environment and Climate Change NSW, Australian Wildlife Conservancy
and Birds Australia. We particularly thank Greg Holland for statistical
guidance, Angie Haslem for designing the study area map and Parissa
Kamali from the Bureau of Meteorology, Melbourne, for assistance in
obtaining climate records. Many thanks go to other members of the Mallee
Fire and Biodiversity Team (Sarah Avitabile, Rick Taylor, Simon Watson,
Sally Kenny and Kate Callister) for ongoing technical and moral support and
especially to our technical assistant Lauren Brown and the many volunteers
who assisted with the ﬁeld work. This study was carried out with approval
from Animal Ethics Committees at La Trobe University (Approval No.
AEC06/07(L)V2) and Deakin University (Approval No. A41/2006), and
permits from the Department of Sustainability and Environment, Victoria
(Permit No. 10003791), the Department of Environment and Heritage,
South Australia (Permit No. 13/2006) and the National Parks and Wildlife
Service, NSW (Licence No. S12030).

References
Bennett, A. F., and John-Alder, H. (1986). Thermal relations of some
Australian skinks (Sauria: Scincidae). Copeia 1986, 57–64.
doi:10.2307/1444888
Bradshaw, S. D., Gans, C., and Saint Girons, H. (1980). Behavioural
thermoregulation in a pygopodid lizard, Lialis burtonis. Copeia 1980,
738–743. doi:10.2307/1444452
Briese, D. T., and Macauley, B. J. (1980). Temporal structure of an ant
community in semi-arid Australia. Australian Journal of Ecology 5,
121–134. doi:10.1111/j.1442-9993.1980.tb01236.x
Brown, G., and Shine, R. (2002). Inﬂuence of weather conditions on activity
of tropical snakes. Austral Ecology 27, 596–605. doi:10.1046/j.14429993.2002.01218.x
Brown, G. P., Shine, R., and Madsen, T. (2001). Responses of three
sympatric snake species to tropical seasonality in northern Australia.
Journal of Tropical Ecology 18, 549–568.
Caughley, G. (Ed.) (1976). ‘Analysis of Vertebrate Populations.’ (Wiley:
London.)
Clarke, J., Chopko, J., and Mackessy, S. (1996). The effect of moonlight on
activity patterns of adult and juvenile prarie rattlesnakes (Crotalus viridus
viridus). Journal of Herpetology 30, 192–197. doi:10.2307/1565509

L. M. Spence-Bailey et al.

Cogger, H. G. (1974). Thermal relations of the mallee dragon Amphibolurus
fordi (Lacertilia: Agamidae). Australian Journal of Zoology 22,
319–339. doi:10.1071/ZO9740319
Cogger, H. G. (1989). Herpetofauna. In ‘Mediterranean Landscapes
in Australia: Mallee Ecosystems and their Management’. (Eds
J. C. Noble and R. A. Bradstock.) pp. 250–265. (CSIRO: Melbourne.)
Cogger, H. G. (Ed.) (2000). ‘Reptiles and Amphibians of Australia.’ (Reed
New Holland: Sydney.)
Croak, B., Pike, D., Webb, J. K., and Shine, R. (2008). Three-dimensional
crevice structure of retreat sites inﬂuences habitat selection by nocturnal
reptiles. Animal Behaviour 76, 1875–1884. doi:10.1016/j.anbehav.2008.
08.011
Daltry, J., Ross, T., Thorpe, R., and Wuster, W. (1998). Evidence that
humidity inﬂuences snake activity patterns: a ﬁeld study of the
Malayan pit viper Calloselasma rhodostoma. Ecography 21, 25–34.
doi:10.1111/j.1600-0587.1998.tb00391.x
Heatwole, H., and Taylor, J. (Ed.) (1987). ‘Ecology of Reptiles.’ (Surrey
Beatty: Sydney.)
Henle, K. (1990). Population ecology and life history of three terrestrial
geckos in arid Australia. Copeia 1990(3), 759–781. doi:10.2307/
1446442
How, R. A., Dell, J., and Wellington, B. D. (1986). Comparative biology of
eight species of Diplodactylus gecko in Western Australia. Herpetologica
42, 471–482.
Ihaka, R., and Gentleman, R. (1996). R: a language for data analysis
and graphics. Journal of Computational and Graphical Statistics 5,
299–314. doi:10.2307/1390807
Melville, J., and Schulte, J. A. (2001). Correlates of active body temperatures
and microhabitat occupation in nine species of central Australian
agamid lizards. Austral Ecology 26, 660–669. doi:10.1111/j.1440169X.2001.t01-1-.x
Menkhorst, P. W., and Bennett, A. F. (1990). Vertebrate fauna of mallee
vegetation in southern Australia. In ‘The Mallee Lands: A Conservation
Perspective’. (Eds J. C. Noble, P. J. Joss and G. K. Jones.) pp. 39–53.
(CSIRO Publishing: Melbourne.)
Nelson, K., and Gregory, P. (2000). Activity patterns of garter snakes,
Thamnophis sirtalis, in relation to weather conditions at a ﬁsh hatchery
on Vancouver Island, British Columbia. Journal of Herpetology 34,
32–40. doi:10.2307/1565235
Owen, J. G. (1989). Patterns of herpetofaunal species richness: relation
to temperature, precipitation, and variance in elevation. Journal of
Biogeography 16, 141–150. doi:10.2307/2845088
Pianka, E. R., and Giles, W. F. (1982). Notes on the biology of two species
of nocturnal skinks, Egernia inornata and Egernia striata in the Great
Victoria Desert. Western Australian Naturalist 15, 8–13.
Pianka, E. R., and Pianka, H. D. (1976). Comparative ecology of twelve
species of nocturnal lizards (Gekkonidae) in the Western Australian
desert. Copeia 1976, 125–142. doi:10.2307/1443783
Read, J. L., and Moseby, K. E. (2001). Factors affecting pitfall capture rates
of small ground vertebrates in arid South Australia. I. The inﬂuence of
weather and moon phase on capture rates of reptiles. Wildlife Research
28, 53–60. doi:10.1071/WR99057
Schmidt-Neilsen, K. (Ed.) (1997). ‘Animal Physiology: Adaptation and
Environment.’ (Cambridge University Press: Cambridge, UK.)
Shine, R. (2005). Life-history evolution in reptiles. Annual Review of Ecology
Evolution and Systematics 36, 23–46. doi:10.1146/annurev.ecolsys.36.
102003.152631
Shine, R., and Koenig, J. (2001). Snakes in the garden: an analysis of reptiles
‘rescued’ by community-based wildlife carers. Biological Conservation
102, 271–283. doi:10.1016/S0006-3207(01)00102-1
Shine, R., and Webb, J. K. (1990). Natural history of Australian typhlopid
snakes. Journal of Herpetology 24, 357–363. doi:10.2307/1565050
Skutelsky, O. (1996). Predation risk and state-dependent foraging in
scorpions: effects of moonlight on foraging in the scorpion Buthus
occitanus. Animal Behaviour 52, 49–57. doi:10.1006/anbe.1996.0151

Weather conditions and efﬁciency of reptile surveys

Wildlife Research

Spellerberg, I. (1972). Temperature tolerances of southeast Australian
reptiles examined in relation to reptile thermoregulatory behaviour and
distribution. Oecologia 9, 23–46. doi:10.1007/BF00345241
Sun, L., Shine, R., Debi, Z., and Zhengren, T. (2001). Biotic and abiotic
inﬂuences on activity patterns of insular pit-vipers (Gloydius shedaoensis,
Viperidae) from north-eastern China. Biological Conservation 97,
387–398. doi:10.1016/S0006-3207(00)00137-3
Swan, M., and Watharow, S. (Ed.) (2005). ‘Snakes, Lizards and Frogs of the
Victorian Mallee.’ (CSIRO Publishing: Melbourne.)
Van Damme, R., Bauwens, D., and Verheyen, R. (1987). Thermoregulatory
responses to environmental seasonality by the lizard Lacerta vivipara.
Herpetologica 43, 405–415.
Webb, J. K., and Shine, R. (1993). Dietary habits of Australian blindsnakes
(Typhlopidae). Copeia 1993, 762–770. doi:10.2307/1447239
Webb, J. K., Pringle, R., and Shine, R. (2004). How do nocturnal snakes select
diurnal retreat sites? Copeia 2004, 919–925. doi:10.1643/CH-04-039R1
Werner, Y. L., and Seifan, T. (2006). Eye sizes in geckos: assymetry,
allometry, sexual dimorphism, and behavioural correlates. Journal of
Morphology 267, 1486–1500. doi:10.1002/jmor.10499

115

Whitaker, P. B., and Shine, R. (2002). Thermal biology and activity patterns of
the eastern brownsnake (Pseudonaja textilis): a radiotelemetric study.
Herpetologica 58, 436–452. doi:10.1655/0018-0831(2002)058[0436:
TBAAPO]2.0.CO;2
Wilson, S., and Swan, G. (Eds) (2003). ‘A Complete Guide to Reptiles of
Australia.’ (Reed New Holland: Sydney.)
Wood, S. N. (Ed.) (2006). ‘Generalised Additive Models: An Introduction
with R.’ (Chapman & Hall/CRC: Boca Raton, FL.)
Wood, S. (2009). The mgcv package, version 1.5–4. Supplementary package
for the R statistical program. Available at: http://cran.r-project.org/
[veriﬁed June 2009].
Zuur, A. F., Ieno, E. N., Walker, N. J., Saveliev, A. A., and Smith, G. M. (Eds)
(2009). ‘Mixed Effects Models and Extensions in ecology with R.’
(Springer: New York.)

Manuscript received 16 November 2009, accepted 5 February 2010

http://www.publish.csiro.au/journals/wr

