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Abstract - We sampled the frog and reptile species on 63 quadrats chosen to
represent the geographical extent and diversity of terrestrial environments in
a 75 000 km2 study area in the Carnarvon Basin. Twelve frog and 17 gecko, 10
pygopodid, 16 dragon, 58 skink, four goanna and 16 snake species were
recorded, an average of 16.3 species per quadrat.
Patterns in species composition were related to biogeographical, ecological

and local evolutionary processes. Four species assemblages were
distinguished, each relating to gradients in a different set of precipitation
plus soil plus topographic attributes. In these terms, Poisson error models
with logarithmic links fitted the relationships. Virtually identical patterns
emerged when we re-analysed the data using an ecological taxonomy that
was based on functional morphology.
If evolutionary processes are to be protected along with the ecological and

biogeographical processes, the reserve system will need to sample the
geographical range of the various rainfall, soil and topographic gradients
identified by the analyses.

INTRODUCTION
This study explores patterns in the composition of

reptilian and amphibian communities in non-
aquatic environments of the southern Carnarvon
Basin.
The earliest records from the study area were made

early last century by naturalists Peron, Quoy and
Gaimard accompanying the French navigators
Baudin and Freycinet (Storr and Harold, 1978). The
German zoologists W. Michaelsen and R. Hartmeyer
made the next collections in 1905 (Werner, 1909).
Most of the data available at the outset of this

study were derived from specimens collected in the
area since the 1950s and lodged in the collections of
the Western Australian Museum. Sources included
the localised inventories of Bernier and Dorre Island
(Douglas and Ride, 1962), Faure Island in 1959
(W.H. Butler, unpublished), Dirk Hartog Island
(Burbidge and George, 1978), Edel Land and
Hamelin (see Storr and Harold, 1978), and Toolonga
Nature Reserve (Burbidge et al., 1980).
The first comprehensive inventories, carried out

between 1976 and 1980 by Harold, Peterson and
Winton, allowed Storr and Harold (1978, 1980,
1984) to review the biogeographical relationships
and habitat-preferences of the amphibian and
reptilian species known from the Zuytdorp, Shark
Bay and Lake MacLeod Regions. Combined, these
three regions cover the same tract of country as our
study area.
The first quantitative sampling of herpetofaunal

patterns in the study area was carried out by
Kendrick (1991), for his dissertation on the
biogeography, ecology and systematic
relationships of the skink genus Lerista. But the
lack of any systematic ecological survey of the
entire herpetofauna in terms of the study area's
climatic and, geomorphological gradients has
precluded any quantitative understanding of the
structure and composition of this component of its
communities.
By sampling a set of quadrats, positioned to

represent the diversity of the study area's physical
environments across its geographical extent, we
aimed to provide a regional context for conserving
the study area's herpetofauna. Specifically, our
objectives were to:
• carry out the first systematic survey of species

extant in the study area,
• lodge voucher collections in the Western

Australian Museum for detailed taxonomic
appraisal (Aplin et al., in press),

• provide an overview of the status and
distribution of species,

• describe the relationships between species
occurrences and attributes of the study area's
physical environment, and identify predictors of
gradients in species composition across the
study area and

• provide a quadrat-based benchmark against
which future changes in the status of the
herpetofauna can be measured.
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Figure 1 The Camarvon Basin study area, showing the 13 survey areas (campsites) and individual quadrat positions.
Precise quadrat co-ordinates are provided in Appendix A (p. $$$, this volume). Survey area codes were Bush
Bay (BB), Boolathana (BO), Cape Cuvier (CD), Edel Land (EL), Gascoyne Junction (GJ), Kennedy Range (KE),
Meedo (MD), Mardathuna (MR), Nanga (NA), Nerren Nerren (NE), PelOn Peninsula (PE), Woodleigh (WO)
and Zuytdorp (ZU).
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METHODS

StudyArea
TheCarnarvonBasinstudyareacovers75000
km2onAustralia'swesterncoast.Itiscentredon
SharkBay,andextendsnorthwardsfromthe
Murchison RivertotheMinilya River, and
eastwardsto115°30'E(beyondGascoyneJunction)
(Figure1).
ItsphysicalenvironmentsaredetailedbyWyrwoll,
CourtneyandSandercock(2000)andWyrwoll,
Stoneman,ElliottandSandercock(2000).Briefly,the
regionisalowlandcharacterisedbygentlegradients
onabasementofsoftsediments.Underavarietyof
climates,interactingalluvialandaeolianprocesses
haveproducedacomplexlandscapemosaic,thathas
beenfurthermodified byextensivecoastal
transgressionsassociatedwithsea-levelchanges.
Today,theareasouthofSharkBayhasasemi-arid
climateinfluencedbytemperateweathersystems
(mainlywinterrainfall).FromSharkBaynorthward,
theclimateisinfluencedbybothtropicaland
temperatesystems;semi-aridatthecoast,butarid
withlocallyunreliablesummerandwinterrainfall
furtherinland.Inphytogeographicterms,thestudy
areacomprisesthenorthernhalfoftheIrwinDistrict
oftheSouth-westernProvince,aswellasthe
southernhalfoftheCarnarvonDistrictofthe
EremeanProvince(Beard,1980).
Extensivealluvialplainsdominatethestudyarea,
althougherosionaluplandssuchastheKennedy
Rangeoccurinitseasternparts.Theplainsare
traversedfromeasttowestbytwolarge,ephemeral
rivers:theGascoyneandWooramel.Bothriversare
linedwithgrovesofRiverGum(Eucalyptusvictrix).
Lowopenwoodlandsofbowgada(Acacialinophylla)
andsnakewood(A.xiphophylla)overAtriplex,Senna
andEremophilashrubsandtussockgrassescoverthe
plains,withAcaciagrasbyiinareaswherecalcretes
areexposed.Lowredsandridgesscatteredacross
theplainssupportshrubsovermainlyhummock-
grasses.Innorthernparts,theplainsgradeintored
sanddunefieldsthatsupporthummock-grassand
mulga(A.aneura)communitiesreminiscentofthe
redcentre.Inthesouththeplainssupport
woodlandsofEucalyptusloxophlebaandCallitris
glaucophylla,withmallee,Banksia,Allocasuarinaand
Actinostrobusscrubsandheathsongreyishand
yellowsanddunes.Astripoflimestonethatfollows
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thecoastsouthwardsfromSharkBayispartially
mantledbypalEyellowtogreysandssupporting
lowproteaceousheathswith r ~ thicketsof
Banksiaandmallees suchasEucalyptusillyarrie.
WhitecoastalsanddunessupportSpinifexlongifolius
communities.Low-lyingsalineareas,suchasthe
fringesofLakeMacLeod andthecoastalflats,
supportsamphireandsaltbushcommunities.
Detaileddescriptionsofthevegetationsinthestudy
areaareprovidedbyBeard(1975,1976),Payneetal.
(1987),Gibsonetal.(2000)andKeigheryetal.(2000).

HistoricalReview
Listsofthespeciespreviouslycapturedinthe
studyareawereextractedfrompublishedliterature
andfromtheWestern AustralianMuseum's
zoologicalregister.

FieldSampling
Herpetofauna were sampledonquadrats
positionedthroughoutthegeographicalextentof
thestudyareainastratifiedrandomarray.The
quadratswereplacedintypicalexamplesofeachof
thesurfacestratigraphicunitsthatcharacterisethe
studyarea.Manyquadratswerepseudo-replicated
(locallyaswellasatdistantpoints)toallo'Yforthe
internalheterogeneityofthestratificattonunits
(hypothesisedscalars)andto. ~ any
analyticalcircularityintroducedbythestratification
(McKenzieetal.,1989,1991b).
Thestudyareaencompassedsevenmillion
hectares,andsamplingwasrestrictedto63releve
quadratswithacombinedareaof1008hectares
(eachrelevewassetinavisuallyhomogeneous400
x400marea=16hectares;63x16=1008ha).Thus,
samplingwassparse;nomorethan0.014%ofstudy
areawasactuallysampled.The63quadratswere
clusteredinsetsoftwotosixquadratsaroundeach
of13surveyareas,hereinreferredtoas'campsites'.
Trappingandhand-foraging(digging,rakingetc)
wereusedtodetectspecies'presence-absenceon
quadrats.Twopitfall-traparrayswereplacedon
eachquadrat.Thearrayseachcomprisedalineof6
PVCtubularpitfall-traps('tubes'),125mmin
diameterand500mm deep,spacedat10m
intervalsalonga50mflywiredriftfencethatwas
300mmhigh.About5 mfromeithersideofthe50
m fencewasa"bucket"pitfall-trap300mmin

Table1 Totalnumberoffencedpitfall-trapnightspersamplingsession,excludingthe9260tub-nightsinMay1995.

Pit-trap Type Oct94 Jan95 May95 Nov95" Mar96b Total

Buckets 1220 12 1244 2476
Tubes 3660 72 3704 516 2736 10688
Total 4880 84 4948 516 2736 13164

"see'Dataquality',below.
bseeTable2.
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Table 2 Number of fenced pitfall-trap nights per quadrat in early-Autumn 1996 (8-27 March). The total number of
fenced pitfall-trap nights completed at each quadrat over the entire sampling programme is included in
brackets. Campsite locations are provided in Figure 1.

Campsite Quadrat
1 2 3 4 5 6

BB 24 (184) 84 (276) 24 (184) 84 (244) 48 (208)
BO 36 (196) 36 (196) 144 (304) 192 (352) 144 (304)
CU 18 (178) 18 (178) 18 (178) 24 (184) 48 (208) 48 (208)
EL 0(144) 0(144)
GJ 48 (208) 48 (240) 54 (246) 24 (184) 24 (220)
KE 24 (184) 24 (216) 48 (240) 24 (216) 48 (240)
MD 48 (240) 48 (240) 42 (234) 108 (220) 48 (240)
MR 36 (196) 24 (184) 48 (240) 24 (184) 48 (208)
NA 48 (240) 48 (184) 72 (264) 24 (184) 60 (252)
NE 24 (184) 24 (184) 24 (184) 24 (184) 24 (184)
PE 18 (178) 60 (252) 48 (208) 48 (208) 48 (240)
WO 54 (246) 36 (196) 36 (228) 36 (228) 36 (196)
ZU 18 (178) 24 (184) 24 (184) 24 (216) 24 (184)

Table 3 Quadrats that had not yielded any Ctenophorus
(C ), Diplodactylus (D), Gehyra (G), small skinks
such as a small Lerista (5), or large Lerista (L)
species during the 5pring 1994 and May 1995
sampling sessions (the first 10 days of
sampling). Campsite locations are provided in
Figure 1.

diameter and 450 mm deep positioned at the centre
of a 10 m long drift fence. In addition, 30 plastic
'tubs', 150 x 150 x 200 mm deep, were scattered
across each quadrat during the Autumn (May 1995)
survey. The tubs were sunk into the ground around
the periphery of grass tussocks, and in the leaf litter
under trees and shrubs.
Trapping effort is summarised in Table 1, and a

comprehensive breakdown of sampling effort by
season is provided in Rolfe and McKenzie (2000).
The quadrats were sampled for five days and nights
in spring 1994 (27 September-20 October) and in
late-autumn 1995 (9 May-8 June), a total of 80
fenced pitfall-trap nights per quadrat per seasonal
visit. Further sampling was carried out on a sub-set
of 29 quadrats in November 1995 (see 'Data

Campsite

BB
BO
CU
EL
GJ
KE
MD
MR
NA
NE
PE
WO
ZU

1

C

2

5

Quadrats
3 4

5

5

C

6

Quality', below), prior to a final resampling session
at 61 of the quadrats in early-autumn 1996 (8-27
March) that involved an average of 44.8 fenced
pitfall-trap nights per quadrat (see Table 2). When
we compared our Spring 1994 collections with
existing museum collections, a gap in the survey's
coverage became evident, so two quadrats were
belatedly established on Edel Land (EL), and first
sampled in January 1995 (for 3-4 nights), then re-
sampled for five nights during the Autumn 1995
fieldwork.
Reptiles and frogs were also caught in the five

invertebrate pitfall traps (300 x 400 mm buckets) set
on each quadrat and left open for 12 months, a total
of 114 000 trap nights. Unlike the vertebrate
buckets, each of these was partially filled with a
solution of glycol-formalin (see Harvey et al., 2000),
un-fenced, and covered by a sheet of wire mesh (10
mm square holes) designed to minimise accidental
vertebrate deaths.
Approximately one person-hour per day per

quadrat was spent foraging for herpetofauna
during each sampling session, mainly by visual
searching, stripping dead bark, turning logs, raking
leaf litter, and digging. The staff involved all had
prior experience in herpetofaunal surveys. We
estimated that 702 person-hours were spent
foraging for herpetofauna.
A representative collection of specimens,

including frozen tissues, has been lodged in the
Western Australian Museum. Species nomenclature
in this report follows Aplin et al. (in press).

Data Quality
A sub-set of the quadrats was re-sampled in

November. Using pitfall-trap arrays, but without
the buckets, we re-sampled 23 of the 63 quadrats
for two nights each (BB2, GJ2, GJ3, GJ5, KE2-5,
MDl-5, MR3, NA1, NA3, NA5, PE2, PES, W01,
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W03, W04, ZU4). We also searched by hand for
reptiles on 18 quadrats (BBl-3, BB5, GJ2, GJ3, GJ5,
KE2-5, NA1, NA5, NE2, NE3, W01, W03 and
W04). These sub-sets included 18 of the 19 quadrats
where there appeared to be 'gaps' in the expected
community structure, Le. widespread genera of
dragons, skinks or geckoes had not been detected
(e.g. Diplodactylus, Lerista or Ctenophorus - see
Table 3). The possible outcomes were:
• if, on average, <10% of the total lizard species

recorded were new species-quadrat
intersections, we would assume that the
sampling was robust enough, unless some
consistent pattern emerged or

• if >10%, were new, then we would re-sample all
quadrats in March 1996.
As a result of the November 1995 assessment,

further sampling was carried out at all quadrats
(except for the two on Edel Land) in March 1996,
with particular emphasis on those that had still
yielded few if any reptiles (Table 2). The overall
trapping effort by trap-type (except for the 150 tub-
nights/quadrat described in the previous section) is
tabulated in McKenzie, Hall and Muir (2000);
herein, these data are summarised in Table 1.
Species accumulation curves were used to assess

the results of the sampling programme (both the
trapping and the opportunistic searching). A curve
was plotted for each of the 63 quadrats showing the
increase in species-records per day during
sampling. In compiling each curve, we excluded
days when no frogs or reptiles at all were recorded
from that quadrat (you have to encounter species
for there to be a real opportunity to improve the
quadrat's species list). This occurred if the weather
was too cold for herpetofaunal activity and if hand-
searching effort was focussed on other quadrats. In
effect, these were the days when there was no
effective survey effort at the quadrat. Also, records
derived from the invertebrate pits could not be
included in the species accumulation curves
because these traps were checked only five times
during the year that they were open.

Analysis of Patterns in Species Assemblages
The analysis package PATN (Belbin, 1995) was

used to seek patterns of species composition in the
data matrices. The clustering techniques selected
were described in McKenzie et al. (1991a). Briefly, the
association measure 'Two-step' (Belbin, 1980) was
used to determine the quantitative relationship
between each pair of species, and the Czekanowski
measure (Czekanowski, 1932) was used to compare
the quadrats according to their species similarities.
For both measures of association, a modified version
of "unweighted pair group arithmetic averaging"
(UPGMA - Sneath and Sokal, 1973; Belbin, 1995)
hierarchial clustering strategy was used, with the
clustering parameter (Beta) set to -D.1.
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The assemblages of reptiles and frog species
recorded on the quadrats were used as the input
data. We analysed the presence-absence of species
on the quadrats, rather than their relative
abundance, because limitations in sampling
techniques, aggravated by staff and time
limitations, precluded reliable abundance estimates
(Austin, 1984; McKenzie et al., 1991b). The biol-
ogical patterns revealed by these analyses were
investigated in terms of a set of attributes related to
the physical environment of the quadrats (see
Wyrwoll, Courtney and Sandercock, 2000; Wyrwoll
Stoneman, Elliott and Sandercock, 2000; Appendix
D, this volume), and to the known habitat
preferences of the species throughout their ranges
elsewhere in Australia (Wilson and Knowles, 1988;
Ehmann, 1992; Tyler et al., 1994). The generalised
linear interactive modelling package GUM (NAG,
1986; Nicholls, 1989) was used to model the
relationships between the biological patterns and
the physical attributes of the quadrats. Forward,
stepwise regression models were fitted to each of
the species-assemblages defined from the
classification procedure, with quadrat species-
richness used as the dependent variable. The
significance of the parameters in the regression
equations was calculated using the Wald Statistic,
and is indicated by asterisks: * < 0.05, ** < 0.01, *** <
0.001, etc.
Eleven climatic attributes were derived for each

quadrat using ANUCUM (McMahon et al., 1995).
Soil and geomorphic attributes were also recorded
from each quadrat (Wyrwoll, Stoneman, Elliott and
Sandercock, 2000). The 17 soil chemical and texture
values used herein were derived from sub-samples
collected from 20 - 30 points on each quadrat at a
depth of 5 - 10 cm, then bulked (Appendix D).
Significant inter-correlations between these physical
attributes were identified using Kendall's rank
correlation coefficient (Kendall's 'tau').

Analysis of Patterns in Assemblages of
Ecologically-defined Taxa
Uneven phylogenetic discrimination can bias

analyses of patterns in species composition. Species-
complexes within Lerista, Diplodactylus and Ctenotus
are distinguishable only on the basis of small
differences in colour pattern and head-scale
arrangement, and introduce strongly localised
patterns of allopatry. Other congeneric species have
much greater morphological differences, reflecting
very different ecological roles.
To reduce the effect of uneven phylogenetic

interpretation on the geographical analysis, we
combined closely related taxa (usually congenerics)
of similar potential foraging niche (Table 4). Factors
such as shape, size, leg-length and usual foraging
microhabitat, assigned to three or four categories
each, were taken into account. Using this 'ecological
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Table 4 The species that were combined in terms of their functional morphology to provide an ecological taxonomy
of the study area's herpetofauna. Species names differentiated by suffix letters (e.g. Lerista muelleriA and 1.
muelleriB) are yet to be described - see Aplin et al., in press)

Species Combined Name

FROGS
Arenophryne rotunda, Psedophryne guentheri and Uperoleia russelli
Neobatrachus aquilonius, N. sutor and N. wilsmorei

GECKOS
Diplodactylus alboguttatus and D. stenodactylus
Diplodactylus pulcher and D. klugei
Strophurus rankini, S. spinigenls and S. strophurus
Diplodactylus squarrosus and Rhynchoedura ornata
Gehyra punctata and G. variegata

PYGOPODIDS
Aprasia sp. aff. ftlsea, A. haroldi and A. smithi
Delma australis, D. butleri, D. nasuta, Pygopus nigriceps and"Pygopus lepidopodus

DRAGONS
Ctenophonls maculatus badius and C. m. maculatus
Ctenophorus femoralis and C. scutulatus
Ctenophorus nuchalis and C. reticulatus
Tympanocryptus parviceps and T. adelaidensis

SKlNKS
Cryptoblepharus carnabyi and C. plagiocephalus
Ctenotus alleni, C. australis, C. fallens, C. mimetes, C. saxatilis and C. sevenlS
Ctenotus hanloniA, C. hanloniB and C. uber
Cyclodomorphus celatus, C. melanops melanops and Eremiascincus fasciolatus
Egernia depressa and E. stokesii badia
Lerista connivens, 1. kendricki, 1. petersoni and 1. varia
Lerista planiventralis decora and 1. p. planiventralis
Lerista elegans, 1. haroldi, 1. lineata, 1. muelleriA - D
Lerista humphriesi, 1. praepeditaA and 1. praepeditaB
Lerista kennedyensis and 1. uniduo
Lerista lineopunctulataA and 1. macropisthopus
Menetia 'amaura', M. greyiA, M. greyiB and M. greyiC
Menetia surda cresswelli, M. surda subsp. indet. and Notoscincus ornatus ornatus
Morethia lineoocellata and M. obscura
Tiliqua muItifasciata, T. occipitalis and T. rugosa

GOANNAS
Varanus brevicauda, V. caudolineatus and V. eremius

SNAKES
Demansia calodera and D. psammophis
Suta fasciata, Furina ornata, Pseudonaja modesta and Neelaps bimaculata
Pseudechis australis and Pseudonaja nuchalis
Ramphotyphlops australis, R. grypusA, R. grypusB and R. hamatus
Simoselaps bertholdi, S. littoralis and Brachyurophis semifasciatus

PSEUDOPH
NEOBATRA

DIPALBST
DIPPULKL
STROPH_l
DIP]HYN
GEHYRA_

APRASIA
DEL_PY.GO

CTENOP_l
CTENOP_2
CTENOP_3
TYMPANOC

CRYPTOBL
CTENOT_l
CTENOT-2
CYCERE_
EGERNIA_
LERIST_l
LERIST_2
LERIST_3
LERIST_4
LERIST_5
LERIST_6
MENET_l
MENET_2
MORETH_2
TILIQUA_

SNAKE_51
SNAKE_52
SNAKE_Ll
SNAKE_BL
SNAKE_53

taxonomy', based on functional morphology, we
compiled a new quadrat-versus-'ecological taxon'
matrix to determine whether the same
biogeographical and ecological relationships would
emerge when the analyses were re-run using a
matrix based on ecological taxa instead of species.

RESULTS

Historical Review
Prior to our field survey, 147 herpetofaunal

species were known from the study area (Tables 5

and 6). We found 79% of these extant on our
quadrats. Our quadrat-based sampling methods
were more effective for dragons (94%, 15 of the
previous list of 16 species), geckos (85%, 17 of 20),
goannas (80%, 4 of 5), skinks (79%,44 of 56), and
pygopodids (77%, 10 of 13), than for frogs (73%, 11
of 15) and snakes (65%, 15 of 23).

Data Quality
If an asymptote is taken as three or more

successive days with no new species captured, 47 of
the 63 'species accumulation curves' had not
reached an asymptote by the end of the Autumn
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Table 5 Frogs recorded in the study area prior to our survey (from Tyler et al., 1994). Quadrat locations are provided
in Figure 1.

Species Range in W.A.* 1994-6 Survey Comments

Arenophryne rotunda northern coastal GS, and Ell, ZUl-5
Dirk Hartog I.

Neobatrachus sutor coastal CAR but not west B04, BB5, MR1
of Lake MacLeod, YAL,
southern MUR

N pelobatoides South-west Province (incl. ZU5
GS), YAL, COO

N wilsmorei MUR, YAL, CAR BB2,4, GJ2-5, closed gaps in western part of range
MD1,2,4,5, W05,
ZU4,5

Nfulvus coastal CAR GJ2,3,5 includes N. centralis and N. sp. (Gnarloo)
records from Storr and Harold (1980,1990).

N aquilonius northern CAR, central GJ2,5
deserts

Notaden nichol1si tropical arid
Pseudophryne guentheri South-west Province MD3,ZUl range extension

(incl. GS)
P. occidentalis COO, YAL, MUR, south

edge of CAR
Cyclorana maini CAR, eastern MUR, GAS, GJ2-5, MD3, closed gap in range

PIL MR2,3
i C. platycephala CAR, YAL, MUR, GAS MR2 closed a gap in north-western

part of range
Limnodynastes spenceri CAR, GAS, PIL, north G}l-5, MD3 closed gap in range.

andeastMUR
Uperoleia russelli CAR, PIL, north MUR G}l,5, MD3 closed gap in range
Liforia rubel1a CAR, GAS, PIL, north GJ5,MD3 closed gap in range

MUR, Kimberley
Heleioporus albopunctatus South-west Province to range limit is south of ZU

27°30'S
Crinia pseudinsignifera South-west Province to range limit is south of ZU

27°30'S

* Geographical range in Western Australia is described in terms of IBRA Bioregions (Thackway and Cresswell, 1995):
GS = Geraldton Sandplain, CAR = Carnarvon, GAS = Gascoyne, MUR = Murchison, YAL = Yalgoo, COO =
Coolgardie and PIL = Pilbara.

1995 trapping programme (c. day 10 in Figure 2).
Furthermore, the November 1995 ground-test of the
field sampling detected a total of 89 species-records
from the 29 quadrats that we re-sampled. Eighteen
(20%) of these were new species for their quadrats
(Table 7), which exceeded the arbitrary 10%
threshold (see Methods), so we re-sampled all
quadrats in March 1996.
The results of the March 1996 session are

summarised in Table 8. While 62 (24.9%) of the 249
species-records were new species for their quadrats,
the hand-foraging component of our March
sampling effort was biased towards perceived gaps
in lizard community structure and the average
improvement in the quadrat species lists was only
6% (from Tables 8 and 9), so we concluded that
further field sampling effort would be cost-
ineffective. On the other hand, there is no doubt
that our inventory of the quadrats was still
incomplete: an additional species was detected on
the last day of field effort at 23 of the 63 quadrats
(Figure 2).

Patterns in the Richness and Composition of
Species Assemblages
We found 133 species on our quadrats during the

sampling program (Table 6): 12 frogs, 17 geckos, 10
pygopodids, 16 dragons, 58 skinks, four goannas
and 16 snakes. This list includes a number of
taxonomic sub-divisions of some of the species
previously known from the study area, as well as
three species recorded in the study area for the first
time: Pseudophryne guentheri, C. calurus and Lerista
lineata (see Tables 5 and 6, and Aplin et al., in press).
We recorded 16.3 ± 5.6 (s.d.) (n = 63) species on

the average quadrat (Table 9). Quadrats on saline
claypans were poorest in species (NA1, PE1, BB3
and CUI: 4.3 ± 2.0, 4), while those on red sand
dunes were the richest (BB4, B05, CU3, KE1, MR3,
PE2 and PES: 22.9 ± 4.2, 7). Quadrats that had been
regularly grazed by stock, feral goats and/or rabbits
(BB, BO, CU, EL, GJ, KE3-5, MD, MR, NA1, NE2-5,
PE, WO and ZUl-3: 16.1 ± 5.9, 54) were not
significantly poorer in species than those that
showed no sign of these introduced herbivores
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(KEl-2, NA2-5, NE1 and ZU4-5: 17.1 ± 2.8, 9).
Even those in overtly degraded condition, with
sheet erosion and virtually no leaf litter or Al soil-
horizon remaining, retained similar richness (16.8 ±
4.1, 10: B05, GJ4-5, KE4, MDl-2,4-5, PE4 and
W01).
High levels of syntopy were recorded among

Ctenotus and Lerista species in quadrats representing
the red sand with hummock grass environments that
dominate Australia's arid zone (BB4, PE2,5, CU2-5,
MR2-5, NE1 and KEl-2: 3.4 ± 2.1,14 Ctenotus and 4.4
± 1.5, 14 Lerista species). In terms of Ctenotus but not
Lerista, these were richer than quadrats representing
the other environments in the study area, including
red dunes without hummock grass (0.9 ± 0.7, 49
Ctenotus and 3.4 ± 1.6,49 Lerista species).
The 133 species were classified according to

similarities in their co-occurrences at the same
quadrats (Figure 3). The four assemblages defined
from the dendrogram are assessed below in terms
of the distributional characteristics and habitat
preferences of their component species throughout
their geographical ranges in Australia. Relevant
data are summarised in Ehmann (1992), Dell and
How (1985), How et al. (1988), McKenzie et al. (1987,
1992, 1994) and Wilson and Knowles (1988), as well
as from data associated with previous collections

from the study area that are annotated in Storr and
Harold (1978, 1980, 1984).
• Assemblage-I: Species characteristically

restricted to hummock grass communities on the
red sandplains and dune fields of the arid zone,
with their geographical ranges extending across
middle and tropical latitudes.

• Assemblage-2: Species of semi-arid to arid
temperate areas of the southern half of Australia,
and its west coast, that favour a variety of sandy
surfaces (hummock grasslands and shrublands).

• Assemblage-3: Widespread arid to semi-arid
species, many of which are confined to finer
textured soils, from loamy-sands and sandy-
loams to alluvial plains and even samphire pans.
Exceptions are Eremiascincus fasciolatus and
Moloch horridus, both of which are also found on
sands.

• Assemblage-4: Species favouring flood plains
and riverine flats in arid Australia. The inclusion
of four singleton species normally associated
with rock surfaces (Ctenophorus caudicinctus,
Gehyra punctata, Antaresia perthensis and Morethia
ruficauda exquisita) reflects the ecotonal position
of the quadrat GJ1 (low on the scree slope of the
Pell Range, but only 0.1 km from the floodways
and levee banks of the Gascoyne River).
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Table 6 Reptiles recorded in the study area (from Storr and Harold, 1980, 1984, 1990; StOIT, 1991a,b,c; Kendrick, 1989,
Western Australian Museum collection, and our field sampling program). P = not recorded on quadrats
during our 1994-6 survey. * =Recorded during our survey, but not on quadrats. N =new species-records for
the study area from our quadrats. T =new species or subspecies recognised during the course of the survey
(also see Aplin et al., 2000).

GECKOS SKlNKS 1. praepeditaA T
Christinus marmoratus P Cryptoblephanls 1. praepeditaB T
Crenadactylus sp. aff. ocellatus T carnabyi (A and B) T 1. uniduo
Diplodactylus alboguttatus C. plagiocephalus 1. varia
D. conspicillatus Ctenotus alleni Menetia 'amaura'
D. klugei T C. calunls N M. greyiiA T
D.ornatus C.fallens M. greyiiB T
D. pulcher C. hanloniA T M. greyiiC T
D. squarrosus C. hanloniB T M. surda cresswelli T
D. stenodactylus C. iapetus M. surda subsp. indet. T
Strophunls michaelseni P C. leonhardii P Morethia but/eri
S. rankini C. australis M. lineoocellata
S. spinigenls C. mimetes M. obscura
S. strophunls C. pantherinus M. nificauda exquisita
Gehyra punctata C. piankai N Notoscincus ornatus ornatus
G. variegata C. nifescens Tiliqua multifasciata
Heteronotia binoei C. saxatilis T. occipitalis
H. spelea C. schomburgkii T. nlgosa
Nephrunls levis C. severus GOANNASRhynchoedura ornata C. uber Varanus brevicaudaUnderwoodisaurus milii P C. youngsoni P V. caudolineatus
PYGOPODIDS C. zastictus P V. eremius
Aclys concinna major p* Cyclodomorphus celatus V. gouldiiC. melanops melanopsAprasia sp. aff. fusca T Egernia multiscutata bos P V. giganteus p*
A. haroldi
A. smithi E. depressa SNAKES

Delma australis E. inornata P Acanthophis pyrrhus
D. butleri E. kingii P Aspidites ramsayi P

D. nasuta E. stokesii stokesii P Demansia calodera
D·fraseri P E. stokesii badia D. psammophis
D. tincta P Eremiascincus fasciolatus Suta fasciata
Lialis burtonis E. richardsonii P Parasuta monarchus P

Pletholax gracilis edelensis Lerista bipes Furina ornata
1. connivens Antaresia perthensisPygopus lepidopodus 1. elegans A. stimsoni stimsoni p*

P. nigriceps 1. gascoynensis Pseudechis australis
DRAGONS 1. haroldi Pseudonaja modesta
Amphibolurus longirostris 1. humphriesi P. nuchalis
Ctenophonls caudicinctus 1. kendricki Ramphotyphlops australis
C. clayi 1. kennedyensis R. grypusA T
C. femoralis 1. lineata N R. grypusB T
C. maculatus badius 1. lineopunctulataA R. hamatus
C. m. maculatus 1. macropisthopus R. leptosoma P
C. nuchalis 1. muelleriA T R. waitii P
C. reticulatus 1. muelleriB T Brachyurophis approximans P
C. nlbens A and B T 1. muelleriC T B. fasciolata fasciolata P
C. scutulatus 1. muelleriD T B. semifasciatus P
Diporiphora winneckei 1. petersoni Neelaps bimaculata
Moloch horridus 1. planiventralis decora Simoselaps bertholdi
Pogona minor 1. p. planiventralis S. littoralis
Rankinia a. adelaidensis
Tympanocryptis parviceps
T. butleri P

In Figure 3, the 63 quadrats have been re-ordered
in terms of similarities in their species composition.
The sorting strategy yielded a quadrat-dendrogram
that summarised the herpetofaunal patterns of
occurrence (Figure 4).
Several distinct step-wise structures dominate

both the quadrat- and the species-dendrograms.
Such structures would occur if the species-
assemblages were responding to different
gradients in the physical environment or
differently to sub-sets of environmental gradients
(McKenzie et al., 1989, 1991a). To" test this
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Table 8 Number of herpetofaunal species recorded
during the March 1996 sampling session /
number of species that were new records for
the quadrat. Campsite locations are provided
in Figure 1.

were superimposed as a histogram on this
dendrogram, attribute-by-attribute. !his iterative
process allowed us to identify the physical
attributes that most closely conformed to the
patterns in assemblage-l's species-composition
across the study area. Assemblage-l's dendrogram
structure (Figure 5) showed a significant fit to the
gradient in summer rainfall (Pwar: Kruskall Wallis
H = 15.3, p. = 0.0005 at the 3-group level) and,
within that, to altitude (ALT: H =12.4, p. =0.002 at
the 3-group level) and soil potassium (KHC03: H =
6.8, separated group-5 from group-4 and group-6).
Altitude and soil potassium were only relevant in
the context of environments with high summer
rainfall (Pwar). These are found at the north end of
the study area, which explains the inter-correlations
with latitude (LAT) and certain temperature
attributes (see Table 10).
Assemblage-2's species richness at quadrats was

best explained in terms of precipitation seasonality
(Psea), soil potassium and longitude (LONG) using
the equation:
Ln (species richness) = 80.8 + 0.572 Psea - 0.003
Psea2 - 0.009 KHC03 - 0.933 LONG
s.e. = 27.4*** for the constant, 0.182** for Psea,
0.001** for Psea2, 0.001 for KHC03**** and 0.203****
for LONG, respectively.
Scaled deviance =71, d.f. =58
Scaled deviance for null model = 411, dJ. = 62
Scaled deviance for Psea =175, dJ. =61
Scaled deviance for Psea + Psea2 =153, d.f. =60
Scaled deviance for Psea + Psea2 +KHC03 = 93, dJ.
=59
The model was sensitive to CU6 and ZU3, but as

there was hardly any change in the model
parameters when it was re-fitted with these data
points deleted (see below), the original model was
considered to be satisfactory.

Herpetofauna

Table 7 Number of herpetofaunal species recorded
during the November 1995 sampling session /
number of species that were new records for
the quadrat. Campsite locations are provided
in Figure 1.

Campsite Quadrat
1 2 3 4 5 6

BB 2/2 5/1 0/0 0/0
Ba
CU
EL
GJ 3/0 3/0 10/5
KE 5/1 2/0 3/1 0/0
MD 7/0 6/0 3/0 6/0 5/1
MR 3/0
NA 1/0 1/1 2/0 4/2
NE 1/0 6/3
PE 0/0 0/0
wo 3/0 4/0 1/0
ZU 3/1

hypothesis, the four species-assemblages were
treated as independent data-sets and analysed
separately using the above analysis pathways and
the package GUM. GUM was used to model
assemblage species richness in terms of the
physical attributes of the quadrats.
Assemblage-l's species richness at quadrats

(Figure 3) was best explained in terms of
precipitation in the warmest quarter (Pwar), soil
potassium (KHC03) and altitude (ALT) using the
equation:
Ln (species richness) = -3.695 + 0.0008 Pwar2 - 0.014
KHC03 + 0.007 ALT
Standard error (s.e.) =0.682**** for the constant (the
y-intercept), 0.0001**** for Pwar2, 0.004*** for
KHC03 and 0.001**** for ALT, respectively
(significance indicated by asterisks).
Scaled deviance =43, d.f. =59

I Scaled deviance of null model =306, d.f. =62
Scaled deviance for Pwar2 =137, dJ. =61
Scaled deviance for Pwar2 +KHC03 = 73, dJ. = 60
The model was sensitive to quadrat MRl, so the

model was re-fitted with this data-point deleted
(weighted to zero):
Ln (species richness) = -3.945 + 0.0008 Pwar2 - 0.012
KHC03 + 0.007 ALT
s.e. =0.735**** for the constant, 0.0001**** for Pwar2,
0.004** for KHC03 and 0.001**** for ALT,
respectively. Scaled deviance =40, dJ. =58
Since there was hardly any change in the terms of

the re-fitted model, the first model was considered
to be satisfactory.
In Figure 5, the 63 quadrats have been classified

in terms of species belonging to assemblage-l (from
Figure 3), so that the assemblage's pattern of
occurrence across the study area could be
summarised as a dendrogram. Univariate data on
aspects of the quadrat's physical environments

Campsite Quadrat
1 2 3 4 5

BB 4/1 3/1 1/0 9/1 5/1
Ba 3/0 3/2 12/2 10/5 5/1
CU 3/1 7/0 3/0 4/1 7/2
EL
GJ 3/1 5/2 6/1 3/1 3/0
KE 5/1 1/1 1/0 2/0 3/0
MD 8/1 9/2 3/0 8/1 4/1
MR 5/1 7/5 9/1 8/2 7/2
NA 0/0 3/0 5/2 2/0 1/0
NE 1/1 2/1 1/0 0/0 3/1
PE 0/0 6/0 2/1 2/0 4/2
WO 7/1 7/4 3/2 3/1 7/4
ZU 1/0 0/0 2/1 2/0 0/0

6

6/0



Figure 3 Entire data matrix re-ordered according to species co-occurrences at the same quadrats and similarities in the overall species composition of the quadrats. Quadrat
codes are printed vertically. Species dendrogram is included to indicate classification structure down to the 9 group level.
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ASSEMBLAGE-1 I I I I I
Acanthophis pyrrhus... ... ..... I I * I I I
Lerista aff. muelleriC........ I I * I I I
Ctenotus saxatilis. I ** I I
Diporiphora winneckei......... I ** I I
Notoscincus ornatus.ornatus... I ** 1 I
Lerista kennedyensis...... . . . . I * I I
Aprasia smi thi. . . . . . . . . . . . . . . . * I I
Cyclodomorphus m. melanops.... * I I
Ramphotyphlops aff. grypusB... * I I
Ctenophorus femoralis......... * * I I
Ctenotus calurus... ***** I I
Ctenotus aff. hanloniB..... ****** I 1*
Ctenotus pantherinus.......... ****** I I
Ctenophorus rubens ···.·1 * ****** I I
Ctenophorus clayi I * * ** I I
Ctenophorus rufescens I * *** I I
Menetia surda cresswelli I 1* ** I I
Varanus brevicauda I 1** ** I I
Ctenotus piankai I I *** I I
Menetia aff. greyiiC·· 1 I **** I I
Lerista bipesoo 00 00.00 00 00.00·1 I * I I
Cyclorana platycephalus.· ·1 I * I I
Ctenotus iapetus ··1 I****** I I ****
Lerista planiventralis plani . . I 1* * I I 1*** ** * * 1-1------------------;-
ASSEMBLAGE-2 1--------------------+------+------+---+-+---+-----------------+-------1
Aprasia sp. af£. fuscaoo 00 00 001 I I I I I * * I
Lerista haroldi I I I I I I * I
Ctenotus aff. hanloniA I I I I I I **** I
Delma butleri 00.00 00 001 I I I I I *** * I
Menetia aff. greyiiB 1 I I I I I **** I
Pseudonaja nuchalis I I I I I I * *** I
Demansia psamrnophis I I I I I I * I
Strophurus rankini I I I I I I * * I
Delmanasuta······· ..··········1 I I I I I * * I
Strophurus michaelseni I I I I I I * I
Pseudechis australis·····.····1 I I I I I * I
vermicella multifasciata·.·.··1 I I I I I * 1----
Crenadactylus aff. ocellatus .. I * I I I I I **** * * I I
Ctenotus alleni···· .. ···· ·1 * * I I I I I *** I I
Menetia surda subsp. indet 1 * I I I I I ** ** * * * 1 I



Ctenophorus maculatus badius . . 1 ** * I 1 1** I I 1** ** ***** * ** 1
Lerista elegans 1** * I I * * I I I I 1*** ********* ***** I
Morethia lineoocellata.·······1 * * * I 1 * I I* I 1 ** *** *** ****** 1
Lerista lineopunctulata ·1* * I 1 1 1 I 1**** ** ******** * ** I
Lerista aff. praepeditaA.·····1 * I I I I I I * ********** *****1
Menetia 'amaura' ···.··1 **** 1 1 1 I I 1 * * **** * *** *1
Ctenotus fallens · 1 I 1 1 I *** * ** * ** * 1
Diplodactylus alboguttatus 1 1 I 1 I ***** **** ** ** I
Cyclodomorphus celatus 1 I I I I *** * * ** I
Simoselaps littoralis ····.·1 I I 1 I * **** ** 1
Diplodactylus ornatus ·1 I I 1 I * *** ** ** 1
Lerista aff. praepeditaB····.·1 * 1 I I I * ***** * I
Lerista varia ··.·.··1 I I I I * ***** I I I
Tiliqua rugosa I * I I I I **** I I I
Lialis burtonis 1 * * 1 I ** 1 I * * I ** 1-1-
Aprasia haroldi 1 1 1 I 1 I* I 1
Ramphotyphlops australis I 1 I I I 1* I I
Arenophryne rotunda 1 1 I I I 1* *****1 I
Strophurus spinigerus 1 1 I I 1 1****** 1 1
Pletholax gracilis edelensis .. 1 I I 1 1 * 1* * * I 1
Tympanocryptis parviceps 1 I 1 I I * 1*** I I
Pygopus lepidopodus I I I 1 I 1 * 1 I
Tympanocryptis adelaidensis···1 I I 1 1 I * I 1
Neelaps bimaculata I I I 1 1 I * I I
Cryptoblepharus carnabyi 1 I I I 1 I * *1 I
Ctenotus australis 1 I I 1 I I * * 1 I
Lerista humphriesi 1 1 I I I I * 1 1
Ctenophorus maculatus maculat. I I I I I ** I ***1 1
Lerista planiventralis decora·1 1 I 1 I 1 I ** I ***1 I
Lerista kendricki I 1 I 1 1 1 I * * * 1 * 1 1
Neobatrachus pelobatoides.· 1 1 1 I 1 1 1 1 *1--1---------
ASSEMBLAGE-3 1--------------------+------+------+---+-+---+-----------------+-------1
Cryptoblepharus plagiocephalusl * 1 I I 1 1 I 1 1
Suta fasciata....... . I * I 1 I I 1 1 1 1
Diplodactylus klugei · 1 * ** ** I 1 1 * I I 1 1 I
Egernia depressa 1** *** 1 1 I I I I I I
Furina orna ta 1 * I I 1* I I 1 1 1
Morethia butleri ········1 * I I 1 I I I I 1
Morethia obscura ······1 * 1 I I 1 1 I I I
Cter:otus uber 1 * 1* I 1 1 1***1 1 I
Lensta petersom ·.····1 1 1 I 1 1 * I 1 I
Lerista aff. muelleriD 1 I 1 * I I I*** I I 1
Ctenotus mimetes . . , '" ·1 * * I I 1 I I I I 1
Tiliqua occipi talis 1 ** I 1 I 1 1 I I 1
Neobatrachus sutor ·.··1 * * I I 1 I 1 1 * I I
Lerista lineata I * 1 1 I 1 I I I I
Tiliqua multifasciata I * I I I 1 I I I I
Egernia stokesii badia I I I I 1 I I *1 1---
Amphibolurus longirostris 1 I * 1 I 1 1 I * I I I
Pseudophryne guentheri········1 1 * I I I 1 1 1 * 1--1-
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Ctenophorus nuchalis·.····· 1 ** * *1 ***1 * * 1***1 1 1 *1
Neobatrachus wilsmorei ··1 * **** I **** 1 1 I 1** 1 ** 1
Ctenotus schomburgkii 1***** ********* 1* **** I I 1 I * * I 1
Rhynchoedura ornata···········1*** ****** 1 ***** 1 * 1 1 1 1 1 I
Pseudonaja modesta I ** I ** 1 1* I I 1 1 I
ctenophorus reticulatus I** ***** **** *1 ****1 * *1 1*1 **1 1 1
Diplodactylus squarrosus ··1**** ****** * ***** 1 ** ** I ** 1** 1 1 1* * * I 1
Lerista uniduo " " 1************* **** I****** I **** I* I I 1** * * ** * I I
Lerista aff. muelleriB 1********************1 * 1 ** *1 1 1 1 *1 * I
Varanus caudolineatus ····1 ** * * I * I * 1 I 1* 1 I 1
Ramphotyphlops aff. grypusA 1** * * 1 * * I ** I 1 I * 1 1
Diplodactylus stenodactylus I * 1* *1 ** *1 1 I 1 1
Diplodactylus conspicillatus . . 1** *** 1 * *1 **1 1 1 1 I
Ramphotyphlops hamatus 1 ** ** I *1 * * 1 I 1 * 1 1
Eremiascincus fasciola tus I ** 1 * 1* ** 1 1 I I 1
Diplodactylus pulcher 1 * ** ** 1 I ****1 1 *\ * ** *1 1
Varanus gouldii 1 * 1 * 1 *** I * 1 1 * ** 1 1
Pygopus nigriceps ···1 * *1 1 * I 1 * 1 1
Delma austral is 1 * * I 1 I 1 * I * 1
Ctenophorus scutulatus 1 * ***** **** ** 1 1 1 1 ** *1 1
Lerista connivens 1 * ** ****** * 1 * 1 1 * * * **1 1
Heteronotia binoei 1 ** ************* 1*** 1 J * ** 1 I
Menetia aff .. greyiiA 1*** ** ** * ** I***** I 1* * ******* * I I
Demansiacalodera· .. · ·1 *****1 1 11 ** * * I 1
Moloch horridus .. · · ·1 * *** 1 I * 1*1 * * ** * * I *1
Strophurus strophurus.. .. .. .. .. .. .. .. .. * * ** * I ** * I** ** ** I* I *** ***** * *** I I
Gehyra variegata *************** * * 1******1****** * I 1** ************* * *1* ***1
Nephrurus levis * ** ** * *** 1***** 1* **** * I I *****************1** *1
Pogona minor * ** *** * **** **1 I *** * I 1*** **** ************1 *** **1
Lerista macropisthopus ******* *********** I * * 1****** * I 1** ***** ****1 I I
Varanus eremius * ****** ***** I 1*** ** I I ***** * * ** I I I
Simoselaps bertholdi. . . . .. . . . . * * ** **** 1 *** 1** ** 1 1 ** ** * *1 1--1---
ASSEMBLAGE-4 --------------------+------+------+---+-+---+-----------------+------- I
Ctenophorus caudicinctus...... 1* 1 1 1 I
Gehyra punctata " . .. . . I* I I I I
Antaresia perthensis. . . . . . . . . . I* I 1 I 1
Morethia ruficauda exquisita.. 1* I 1 I 1
Ctenotus severus I 1 * ** 1 1 1 I
Litoria rubella I 1 * * 1 1 1 I
Uperoleia russelli I 1** * 1 1 1 I
Lerista gascoynensis·.·······.1 * * 1* ****1 I I 1
Lerista aff. muelleriA 1 1* **** I I \ 1
Limnodynastes spenceri. '" 1 1******1 1 1 1
Cyclorana maini 1 1****** 1 1 1 I
Neobatrachus fulvus 1 1 *** 1 1 1 1
Neobatrachus aquilonius·······1 1 * * 1 I I 1--------

I 1
0.36 0.48

DrSSrMrLARrTY COEFFrcrENT
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Table9 Herpetofaunalspeciesrichnessperquadrat.
CampsitelocationsareprovidedinFigure1.

Campsite Quadrat
1 2 3 4 5 6

BB 16 16 6* 19 15
BO 14 10 22 18 18
CD 6 18 23 16 17 23
EL 15 10
GJ 17 20 19 18 23
KE 22 18 8 7 6
MD 17 20 18 17 17
MR 18 28 31 26 20
NA 1 15 20 19 16
NE 17 14 13 16 11
PE 4 22 18 19 24
WO 13 14 14 13 18
ZU 16 12 22 13 14

*11ifsandypatchspeciesareincluded.

Ln(speciesrichness)=82.5+0.585Psea-0.003
Psea2-0.008KHC0

3
-0.95LONG

s.e.=30.6**fortheconstant,0.187**forPsea,0.001**
forPsea2, 0.002****forKHCO and0.23****for

3

LONG,respectively.Scaleddeviance=59,d.f.=56
Assemblage-2'scompositionalstructure(Figure3)
conformedwithaprecipitationseasonalitygradient
acrosssandyquadrats(lowinpotassium)ofthe
temperateand/orcoastal(lowLongitude)partsof
thestudyarea(Figure6).Atthe7-grouplevel,Psea
hadaKruskallWallis Hof38.7(p.<0.0000)and
KHC0

3
hadanHof31.6(p.<0.0000),whileLONG

hadanHof34.6(p.<0.0003)atthe12-grouplevel.
Theseasonalitygradientwas stronglyinter-
correlatedwithsomeotherclimaticattributes(Table
11).PatternsofallopatryamongStrophurus,
TympanocryptusandLeristawerenotreflectedbythe
histograms.
Assemblage-3'sspeciesrichnessatquadratswas
bestexplainedintermsofannualaverage
precipitation(Pann),soilelectricalconductivity
(EC)andaltitude(ALT)usingtheequation:
Ln(speciesrichness)=5.827-0.014Pann-0.001EC
-0.0015ALT

Table10Kruskall-Wallisvaluesfortheintercorrelated
physicalattributesthatshowedsignificant
«0.05)differencesbetweengroupsof
assemblage-1 quadrats thathadbeen
clusteredintermsoftheirspeciessimilarities
(Figure5).
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s.e.=0.387****fortheconstant,0.002****forPann,
0.0003**forECand0.0005**forALT,~

Scaleddeviance=59.4,dJ.=59
Scaleddeviancefornullmodel=177.7,d.f.=62
ScaleddevianceforPann=83.6,d.f.=61
ScaleddevianceforPann+EC=67.8,dJ.=60
Themodel wassensitivetothesalineplaya
quadratsPE1andNA1.Whenthesewereweighted
tozero,andthemodelre-fitted,ECwasnolonger
significant,butthecoefficientsofthey-intercept
andPannbarelychanged(seebelow),sothe
originalmodelwasconsideredtobesatisfactory.
Ln(speciesrichness)=5.83-0.014Pann-0.0013
ALT
s.e.=0.39****fortheconstant,0.002****forPann
and0.0005**forALT.Scaleddeviance=59,dJ.=
58
Assemblage-3'sspeciescomposition(Figure3)
conformedwithanannualaverageprecipitation
gradientacrossnon-salinesoilsatlowaltitude
(Figure7).Atthe9-grouplevel,theKruskallWallis
HforPannwas42.1(p.<0.0000),forALTwas33.5
(p.<0.0000)andforECwas13.7(p.=0.09).Annual
rainfallwasstronglycorrelatedwithsomeother
climaticattributes(Table12).Therewereseveral
distinctmis-matchesbetweentheobservedgradient
inspeciescompositionandtheclimaticvaluesat
quadratssuchasKEl-2andMR2-4(Figure7).The
displacedallopatricclustercomprisingCtenotus
uber,LeristapetersoniandLeristamuelleriDatKE3-5,
isvisibleintheshapeoftheannualprecipitation
(Pann)histogram(group-7inFigure7).Species
associatedwithasmallsandyriseonquadratBB3
havebeenremovedfromtheanalysisbecausethe
soilsamplecamefromthesamphire.
Assemblage-4(Figure3)onlyoccurredinareas
subjecttounchannelledover-bankstream-flow
(gs_over,Figure 8),ageomorphicprocess
associatedwithriverinefloodplains(Wyrwoll,

Table11 Kruskall-Wallisvaluesforintercorrelated
phYSicalattributesthatshowedsignificant
«0.05)differencesbetweengroupsof
assemblage-2quadratsthathadbeen
clusteredintermsoftheirherpetofaunal
similarities(Figure6).

Attribute Kruskal-WallisKendall'sTau
valueat (prob.)from
7-groups Appendix1

Kruskal-WallisKendall'sTau
valueat (prob.)from
3groups Appendix1

Attribute

WarmestQuarterPrecipitation 15
Latitude 18
WettestQuarterTemperature 18
AnnualAverageTemperature 17
WarmestQuarterTemperature14

-0.73(****)
0.59(****)
0.73(****)
0.60(****)

PrecipitationSeasonality 39
WettestQuarterPrecipitation 43
ColdestQuarterPrecipitation 41
AnnualAveragePrecipitation 43
WarmestQuarterPrecipitation17
WarmestQuarterTemperature34
AnnualAverageTemperature 23
soilpotassium(KHC0

3
) 32

Longitude 23

0.81(***)
0.81(***)
0.74(***)
0.81(***)
-0.77(***)
-0.53(***)
-0.26(**)
-0.57(***)
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Stoneman, Elliott and Sandercock, 2000). The four
singleton species are rock-scree dwellers; their
presence on GJ1 is an ecotonal effect and was
discussed earlier. No model was developed for this
assemblage because its species occur at only eight
quadrats, because of the ecotonal affect of GJ1, and
because 'gs_over' was ordinal data with only four
categories.

Table 12 Kruskall-Wallis values for intercorrelated
physical attributes that showed significant
«0.05) differences between groups of
assemblage-3 quadrats that had been
clustered in terms of their herpetofaunal
similarities (Figure 7).

Attribute Kruskal-Wallis Kendall's Tau
value at (prob.) from
9 groups Appendix 1.

Analysis of Patterns in Assemblages of
Ecologically-defined Taxa
To minimise the influence of phylogeny on the

geographical analysis, we re-analysed the quadrat
data using an ecological taxonomy that was based
on functional morphology (Table 4). Classification
of the 68 ecological taxa according to similarities in
their co-occurrences at the same quadrats yielded
similar assemblage boundaries to those derived
from the species analysis (Figure 9):
• Assemblage-1: Taxa characteristically restricted

to hummock grass communities on the red
sandplains and dune fields of the arid zone, with
ranges extending. across middle and tropical
latitudes.

• Assemblage-2: Taxa of semi-arid to arid
temperate areas of the west coast and southern

0.74 (***)
0.71 (***)
- 0.61 (***)

Annual Average Precipitation 42
Wettest Quarter Precipitation 38
Coldest Quarter Precipitation 37
Warmest Quarter Temperature 34

half of Australia, that favour the variety of sandy
surfaces (hummock grasslands and ·shrublands).
Some taxa are confined to this coastal strip.

• Assemblage-3: Widespread arid to semi-arid
taxa, many of which are confined to finer
textured soils, from loamy-sands and sandy-
loams to alluvial plains and even samphire pans.

• Assemblage-4 had two components: (1)
singleton taxa normally associated with rock
surfaces (Ctenophorus caudicinctus, Antaresia
perthensis and Morethia ruficauda exquisita) were
previously included in Assemblage-4 (Figure 3)
because of the ecotonal position of the quadrat
GJ1: low on the scree slope of the Pell range, 0.1
km from the floodways and levee banks of the
Gascoyne River; (2) species restricted to riverine
flood plains. In Figure 3, these were inchlded in
Assemblage-4.

• Six assemblages comprising one or two taxa that
were recorded on only one or two quadrats.
Of the nine assemblages defined in Figure 9, only

four involved sufficient taxa and quadrats to
analyse. In Figure 9 they are labelled according to
the assemblage they most closely resemble in Figure
3. As previously, the four assemblages were treated
as independent data-sets and the package GUM
was used to model the assemblage's species
richness in terms of the physical attributes of the
quadrats.
Assemblage-1's species richness at quadrats was

best explained by the equation:
Ln (species richness) = -3.04 + 0.0007 Pwar2 - 0.008
KHC03 + 0.004 ALT
s.e. = 0.58**** for the constant (the y-intercept),
0.0001**** for Pwar2, 0.002**** for KHCO and3
0.001**** for ALT. Asterisks indicate parameter
significance. Scaled deviance =50, dJ. =59; scaled
deviance of null model = 306, dJ. = 62. The model
was sensitive to quadrat MR1, which was poorer in
species than predicted.
Assemblage-2's species richness at quadrats was

best explained by the equation:
Ln (species richness) = -2.45 + 0.047 Psea - 0.005
KHC03

Quadrats classified according to similarities
in their species composition. Dendrogram
structure to the IS-group level is displayed.
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s.e.=0.71****fortheconstant,0.008****forPseaand
0.001****forKHC0

3
•Scaleddeviance=74,dJ.=60;

scaleddevianceofnullmodel=411,dJ.=62.The
modelwassensitivetothesalineplayaquadrats
PE1andNAl.
Assemblage-3'sspeciesrichnessatquadratswas
bestexplainedbytheequation:
Ln(speciesrichness)=3.97-0.006Pann-0.001EC-
0.0018ALT
s.e.=0.34****fortheconstant,0.001****forPann,
0.0003**forECand0.0005***forALT. Scaled
deviance=40,dJ.=59;scaleddevianceofnull
model=178,dJ.=62.Themodelwassensitiveto
quadratsPE1andNAl.
Assemblage-4taxaoccurredattoofewquadrats
tomodel. Theyonlyoccurredinareassubjectto
unchannelledover-bankstream-flow(gs_over),
consistentwiththeequivalentassemblageinFigure
3.Thethreesingletontaxaaretherock-scree
dwellersdiscussedearlier.
Ineachcase,thebestlinearpredictorswerethe
sameasthoseidentifiedfortheequivalentspecies-
basedassemblage.Theonlyexceptionwas
'longitude'(LONG)intheassemblage-2equation.

DISCUSSION

ExtantFauna
Sixteenfrogand146reptiletaxaarenowknown
fromthestudyarea,although19ofthereptilesare
yettobedescribed(seeAplinetal.,inpress).We
foundnoevidenceofintroducedreptileor
amphibianspecies.
While onlythreespecieswererecordedinthe
studyareaforthefirsttime,thespecies-level
variationidentifiedwithinourcollectionsprovides
somemeasureofthegeographicallybiasednature
ofpreviousreptilesurveysinthearea.Elevenofthe
previouslyknownspecieshavebeensub-divided
(seeAplinetal.inpress),sothat22'new'taxaa!e
listedinTable6.
Many ofthe25specieswedidnotencounter
(Tables5and6)havegeographicrangesthatare
centredonotherregionsandoccuronlyonthe
margins ofourstudyarea(e.g.Heleioporus
albopunctatus,Criniapseudinsignifera,Underwoodi-
saurusmilii,TympanocryptisbutleriandCtenotus
youngsoni).Othersarestronglylocalised(e.g.
Ctenotuszastictus)orconfinedtotheislandsin
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Figure5 Quadratattributevaluesfor'precipitationinthewarmestquarter'(Pwar),'soilpotassium'(KHC0
3
)and

'altitude'(ALT)superimposedashistogramsonthedendrogramstructurederivedfromtheclassificationof
the63quadratsintermsofspeciesbelongingtoassemblage-I.Quadratcodesareprintedvertically.
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Figure6 Quadratattributevaluesfor'precipitationseasonality'(Pseas),'soilpotassium'(KHC0
3
)and'longitude'

(LONG)superimposedashistogramsonthedendrogramstructurederivedfromtheclassificationofthe63
quadratsintermsofspeciesbelongingtoassemblage-2.Quadratcodesareprintedvertically.

SharkBay(EgerniamuItiscutatabosandE.kingii).
Ninespeciesaresnakesorpygopodids,groups
poorlysampledbyourmethods. Althoughnot
recordedonanyofourquadrats,anAclysconcinna
majorwasfoundontheroadbetweenquadratsNA3
andNA4,asingleAntaresiastimsonionaroadin
Carnarvon,andaVaranusgiganteuswascaptured
100meastofMD3.
Unlikemammals,thereisnoreasontosuppose
thatanyfrogorreptilespecieshasbecomeextinct
inthestudyareaduringthelast200years,despite
extensivelossoftopsoil,amajorreductionin
vegetativecoveracrossmostofthearea,andthe
introductionofavarietyofmammalianherbivores
andpredators.Quadratsvisiblydegradedbygoats,
stockand/orrabbitswerenotsignificantlypoorer
inspeciesthanthoseelsewhereinthestudyarea.
Similarreptilestorage-effects(WarnerandChesson,
1985)havebeenreportedfromthenorthern
Nullarbor(30000'S,127°45'E),whereareasthathad
beenvirtuallystrippedofvegetationformorethan
adecadehadretainedatleast40%oftheirreptile
fauna(McKenzieetal.,1987;Wyrwoll, Stoneman,
ElliottandSandercock,2000).Landsbergetal.

(1997)reachedasimilarconclusionfromabroad
rangingstudyofAustralianpastoralregions,and
citedNorthAmericanstudiesthatyieldedsimilar
conclusions- grazingsignificantlyreducesthe
abundanceofreptiles,butnottheirspeciesrichness
(Jones,1981;Bocketal.,1990).Nevertheless,
Saundersetal.(1991)havepointedoutthat
presenceofspeciesdoesnotnecessarilyimplytheir
persistenceinthelongerterm;mostlargereptiles
arelong-livedandnearlyallreptileshavelow,and
onlyintermittent,nutrientrequirements.Thus,
individualsmayremainlongaftertheirpopulations
areno-longerviable.

DataQuality
During thisstudywe attemptedtomake
exhaustiveinventoriesof16hectarequadrats,
ratherthanoflarge,environmentallyheterogeneous
areascomparabletothe"compartments"discussed
byGibbonsetal.(1997).Nevertheless,long-term
studiesofAustralianreptileshaveshownthat
speciescontinuetobeaddedtoquadrat-listseven
afterseveralyearsofregularsampling,usingpit-
trapsanddrift-fencesaswellashand-foraging
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Figure7 Quadratattributevaluesfor'annualaverageprecipitation'(Pann),'soilelectricalconductivity'(EC)and
'altitude'(ALT)superimposedashistogramsonthedendrogramstructurederivedfromtheclassificationof
the63quadratsintermsofspeciesbelongingtoassemblage-3.Quadratcodesareprintedvertically.

methods(How,1998;James,1994).Ourtrap-return
analysisrevealedasimilarpattern.Evenonthelast
dayofthesamplingprogramme,anadditional
specieswasdetectedat23ofthe63quadrats
(Figure2),althoughthe6%averageimprovement
overthefinalsamplingsession(duringMarch1996)

indicatedthatthesamplingreturnshaddiminished.
Comparisonwiththehistoricaldatarevealedthat
ourquadratsamplingmethodsweremoreeffective
fordetectingthepresenceorabsenceofdragons
(94%ofthepreviouslyknownfauna),geckoes
(85%),varanids(80%),skinks(79%)andpygo-
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Figure8 Quadratattributevalues(ordinal)for'over-bankstreamflow'(gs_over)superimposedasanhistogramon
thedendrogramstructurederivedfromtheclassificationofthe63quadratsintermsofspeciesbelongingto
assemblage-4.Quadratcodesareprintedvertically.



Figure9 Datamatrixofecologicaltaxare-orderedaccordingtospeciesco-occurrencesatthesamequadratsandsimilaritiesintheoverallcompositionofthequadrats.
Quadratcodesareprintedvertically.Taxadendrogramisincludedtoindicateclassificationstructuredowntothe22grouplevel.
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Varanusgouldii .
Ctenotuscalurus .
Ctenophorusrubens .
Ctenotuspantherinus .
Ctenophorusclayi .
Ctenophorusrufescens .
Ctenotuspiankai .
Leristabipes .

Cycloranaplatycephalus.....
ASSEMBLAGE-2
Crenadactylusaff.ocellatus
SNAKE_Ll .
CTENOP_l .
LERIST_4 .
MORETH_2 .
LERIST_2 .
CTENOT_l .
DIPALBST .
DEL_PYGO .
Lialisburtonis .
CYC_ERE_ .
MENET_2. . .
CRYPTOBL .
PSEUDOPH .
Diplodactylusornatus .
Pletholaxgracilis.edelensis
.TYMPANOC .



ASSEMBLAGE-3
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STROPH_i .
SNAKE_S3 .
GEHYRA_ .
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Pogona minor .
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Ctenophorus caudicinctus .
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Limnodynastes spenceri .
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Neobatrachus fulvus .
Litoria rubella .

Strophurus michaelseni .

Amphibolurus longirostris ...

Morethia butleri .

Neobatrachus pelobatoides ...
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podids (77%), than for frogs (73%) and snakes
(65%). Although the snake and pygopodid
inventories of the quadrats were likely to be too
unreliable for quantitative analysis, the gecko and
frog percentages are probably under-estimated
because the three gecko species and two of the four
frogs that were overlooked have geographical
ranges that barely intrude into our study area.

Richness
One hundred and thirty-three species were

recorded on quadrats during our sampling
programme, an average of 16.3 ± 5.6 (sd), n=63
species per quadrat (over three seasons). Similar
species richness was recorded from quadrats of
equivalent size in the adjacent Murchison and
Coolgardie Bioregions elsewhere in the arid zone of
southern Western Australia (12.2 ± 4.5, n=109
species per quadrat, sampled using equivalent
methods) (Dell and How, 1985; How et al., 1988;
McKenzie et al., 1992, 1994, 1995).
The study area's total herpetofaunal species

richness comes from four sources.
1. The region straddles the biogeographic

transition from the South-western to the
Eremean Phytogeographic Province, and
includes components of the herpetofaunas of
both regions.

2. Examples of the sand environments that
dominate the Eremean (Australia's red centre)
are well represented in the study area, as are a
variety of the semi-arid woodlands, sand heaths
and coastal habitats of the South-west.

3. Rich Lerista assemblages were associated with
the Eucalyptus and/or Acacia litter-patches found
on virtually all non-saline quadrats in the study
area, even quadrats with only a thin sandy soil
A-horizon (3.8 ± 1.4, n = 56 Lerista species per
quadrat). Seven species were recorded on some
quadrats (BB4, CU3, PE4 and ZU3). Kendrick
(1991) concluded that there has been a
significant radiation of Lerista taxa in the study
area.

4. The arid-adapted genera Diplodactylus,
Ctenophorus, Ctenotus and Lerista are very diverse
(7, 10, 18 and 22 species respectively) with high
levels of syntopy among Ctenotus and Lerista
species, particularly on the 14 quadrats which
represented the red sand-hummock grass
environments that dominate Australia's arid
zone: an average of 3.4 Ctenotus and 4.4 Lerista
species per quadrat. In equivalent sand-
hummock grass habitats of the Great Victoria
Desert, elsewhere in temperate Western
Australia, Pianka (1969b) noted up to seven
Ctenotus species in "ecologic sympatry".

Heatwole and Taylor (1987: 215 et seq.) reviewed
the literature on factors that are known to affect

richness in reptile assemblages. A range of factors,
including rainfall, amount of sunshine, structural
complexity in vegetation and productivity have been
shown to have a positive correlation with species
richness. In arid regions of Australia, richness has
also been explained in terms of environmental
heterogeneity, the presence of hummock grass,
occupation by reptiles of niches elsewhere occupied
by other animal taxa, and low nutrients (poor soils)
limiting homeotherrns (see Heatwole and Taylor,
1987: 220; Morton and lames, 1988; Pianka, 1989; but
also see Rosenzweig, 1992).
The 14 quadrats representing these low nutrient,

red sand with hummock-grass environments in the
study area had the richest assemblages we
enco.untered; an average of 21.5 ± 4.8 (sd)
herpetofaunal species (BB4, PE2,5, CU2-5, MR2-5,
NE1 and KEl-2; Table 9). Rich reptile assemblages
have previously been reported from such hummock
grasslands on red sand in the Great Victoria Desert
(Pianka, 1969a; Armstrong, 1992). For instance,
Pianka (1969a) reported 39 species of lizard co-
existing in sympatry in a square kilometre of
sandridge habitat, and at several sandplain sites he
reported up to 30 species. Elsewhere in Central
Australia, Fyfe (1985) found that hummock
grasslands on red sand surfaces supported a greater
number of reptile species than did the Mulga
shrublands that occurred on finer textured soils in
the same area.

Patterns in the Species Composition of
Assemblages
Scale is important in determining which

environmental attributes emerge as significant
correlates with compositional patterns (Dale, 1983;
Whitmore, 1984). Regional studies have usually
linked compositional patterns to climatic and/or
geological categories (Ashton, 1976;McKenzie et al.,
1987, 1991a, 1992, 1994; McKenzie and Rolfe, 1995).
In more geographically restricted studies,
topographic setting and lithology become important
(Whitrnore, 1984)
Several distinct stepwise structures dominated

both the quadrat and the species classification
dendrograms (Figures 3 and 4). In the context of
our study, this would occur if the component
species were responding to different environmental
gradients and/or to the same gradients differently.
On the reasoning that species which usually co-
occur are more likely to be responding to the same
environmental gradient/s than are species with
different patterns of co-occurrence (see McKenzie et
al., 1989: 255-6), we sought to untangle the
biogeographical processes by treating the four
species assemblages derived from the overall
analysis as independent data-sets, and analysing
them separately (cf. McKenzie et al., 1989, 1991a;
McKenzie and Belbin, 1991).
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Strong relationships between herpetofaunal
patterns and environmental attributes emerged for
all assemblages. The species richness of each
assemblage at any site fitted Poisson error models,
with logarithmic links (Crawley, 1993; Nicholls,
1989) that usually involved a climatic, a soil and a
geographical parameter:
• assemblage-1 (precipitation in the warmest

quarter, modified by soil potassium and
altitude),

• assemblage-2 (precipitation seasonality,
modified by soil potassium and longitude),

• assemblage-3 (annual average precipitation,
modified by electrical conductivity and altitude),
and

• assemblage-4 (unchannelled over-bank stream
flow).
As expected, the richness of each assemblage

related to different sets of attributes, although soil
potassium and altitude were among the attributes
significant for two of the three assemblages
modelled. Potassium is readily leached from soil
profiles by rainfall or flood water and provides a
sensitive measure of fertility (T. Stoneman, personal
communication). The sand soil profiles were low in
Potassium (Kendall's Tau = -0.42, p. < 0.001), and
the positive relationship between sandiness and
species richness probably relates to the radiation in
genera such as Ctenotus and Lerista that has
occurred in the sand environments that dominate
arid Australia. This radiation was discussed above,
and by Aplin et al. (in press).
As a linear predictor, however, soil potassium is

of little practical value for un-sampled sites because
data on soil chemistry are only available at a few
points in the study area. The tight inter-correlation
between soil potassium and textural shear strength
(Kendall's tau = 0.45 ***) despite six (10%) missing

I values in the latter, suggests that shear strength
i should be a useful surrogate for field work.
Electrical conductivity, the other significant soil
attribute, is a measure of salinity. Numerous
previous studies have found that quadrats with
highly saline soils are species-poor, although
compositionally distinctive (e.g. How et al., 1998;
McKenzie and Rolfe, 1995).
Within each assemblage, richness provided a

reasonable surrogate of composition because
regionally-nested patterns in species composition
(cf. Patterson and Brown, 1991) are visible in each
assemblage (see Figure 3). These are not perfectly
defined due in part at least to localised patterns in
allopatry in addition to the sampling errors related
to the snakes, varanids and pygopodids (see Rolfe
and McKenzie, 2000). Further, well-defined nested
patterns in species composition would not be
expected for assemblages where richness is
influenced by the interaction of several divergent
environmental gradient vectors.
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In combination with our univariate analyses, the
GUM analyses revealed that patterns in the species
composition of the herpetofaunal assemblages were
being influenced by environmental processes
operating at two geographical scales: (1) a
biogeographical scale related to the differences
between the Eremean and South-western faunas,
and corresponding to the study area's arid-to-mesic
and tropical-to-temperate climatic gradients, but
mitigated by coastal effects in northern parts of the
study area, and (2) a local scale related to
topographic and soil attributes.
Localised patterns of allopatry among closely

related species belonging to the more diverse
genera, and unevenness in taxonomic
discrimination within different genera, were
additional sources of variation in assemblages-2
and -3. Our ecologically re-defined taxa virtually
eliminated this variation without losing ecological
discrimination, indicating that the reserve system
will need to sample the geographical extent of the
various rainfall and soil gradients identified by the
analyses, if evolutionary processes are to be
protected.
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