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Abstract The Rhytidae (Mollusca; Gastropoda; Pulmo-
nata) are a group of large carnivorous land snails

distributed in the southern hemisphere, with a particularly

rich fauna in New Zealand. The endemic genus Powelli-
phanta consists of at least 10 species and many more

recognised subspecies, most of which are restricted to the

western margin of South Island, New Zealand. Powelli-
phanta taxa tend to have restricted ecological and spatial

ranges among the mountains of this region, with some

species being limited to lowland forest and others to hab-
itats at or above the treeline. Among recent discoveries is a

population of snails occupying habitat on and around

a peak called Mt Augustus, which is situated at the edge of
a large and economically important coalfield. Since rec-

ognition of the potential biological significance of the Mt

Augustus snails in 2004, almost all of their habitat has been
destroyed by opencast mining revealing a direct conflict

between economic and biodiversity prioritisation. Our

analysis of mtDNA sequence data indicate Powelliphanta
‘‘Augustus’’ is a distinctive evolutionary lineage, more

closely related to a nearby lowland species Powelliphanta
lignaria than the spatial and ecological neighbour

Powelliphanta patrickensis. Powelliphanta ‘‘Augustus’’
appears to be a specialised local endemic species. Despite a

growing international awareness of the importance of

biodiversity conservation, the demand for foreign earnings
continues to take priority over the protection of our biota.

Keywords mtDNA ! Coal mining ! Extinction !
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Introduction

The Rhytidae (Mollusca; Gastropoda; Pulmonata) are a
group of large carnivorous land snails distributed in the

southern hemisphere (South Africa, New Guinea, Austra-

lia, New Zealand and islands in the south west Pacific),
with a particularly rich fauna in New Zealand (Spencer

et al. 2004). Powelliphanta O’Connor 1945 is an endemic

genus that is almost entirely restricted to the region west
of the major mountain chain that dissects South Island,

New Zealand. Tectonic activity has yielded a mountainous
landscape in the west, with a high rainfall due to oro-

graphic lift of moist air arriving from the Tasman Sea.

The genus includes the largest New Zealand rhytidid,
Powelliphanta superba prouseorum (shell diameter up to

90 mm), and the glossy, intricately patterned and coloured

shells of all Powelliphanta are attractive. The larger
species living in relatively accessible native forests came to

the attention of Western science soon after European

settlement of the country in the 1860s (e.g. Pfeiffer 1862), and
many were described by the 1930s and 1940s, culminating

in a taxonomy consisting of 10 species and 27 subspecies

(Powell 1979). However, smaller Powelliphanta living in
remote alpine areas were more easily overlooked and a few

new species are still being discovered today.
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The conservation status of many species of Powelli-
phanta and other rhytidids in New Zealand is of concern as
a result of habitat loss and predation by introduced pre-

dators (Walker 2003). Habitat loss and modification

previously had its most pronounced impact on the species
occupying relatively low altitude forest habitats, but now

taxa at higher altitudes are equally threatened; the most

recently discovered alpine Powelliphanta became critically
endangered as a result of opencast coal mining almost as

soon as it was found. In this paper we describe the rec-
ognition of Powelliphanta ‘‘Augustus’ in 2004 and the

destruction of almost all its remaining habitat by 2007 to

provide direct material benefit to humans.
In 1996 a handful of Powelliphanta shells were found on

Mount Augustus on the Stockton Plateau north of Westport

South Island, New Zealand. Initially, these were thought to
be Powelliphanta patrickensis, whose type locality is also

the Stockton Plateau. However, in 2003, during a detailed

survey of the range of Powelliphanta patrickensis, the Mt
Augustus shells were critically examined and found to

differ substantially from these in terms of shell morphol-

ogy. Shell shape, colour and size indicated that the taxon
was either a highly distinctive new subspecies of Pow-
elliphanta lignaria, or a separate new species.

Stockton Plateau is the site of a large opencast coal
mine (*2,300 ha) and by 2004 the original collection site

for the Powelliphanta from Mt Augustus had been

destroyed. A small population remained on about 5 ha of
the Mt Augustus ridgeline, though this too was in the

process of being mined. Exhaustive searches elsewhere

failed to find any further colonies of the Mt Augustus
snail, and thus the snail’s taxonomic distinctiveness

became a prime importance in decisions as to whether

mining should continue.

The Stockton Plateau, a high (600–1,100 m asl) uplifted

plain that slopes gently to the east from a precipitously
steep western scarp, has been the site of coal extraction

since the 1870s. The Eocene coal deposits here are gen-

erally in the form of a single seam (Mangatini) 4–15 m in
depth (Nathan 1996; Barry et al. 1994). Extraction was

originally by underground shafts, but later by opencast

mining by the state-owned coal company, Solid Energy
New Zealand Ltd. (SENZ). This involves stripping of the

overburden, which at Mt Augustus includes snail habitat, to
access the coal. The overburden (Fig. 1) consists primarily

of quartz sandstone, and soils developed on this tend to be

shallow and infertile supporting subalpine heaths rather
than forests (Wardle 1991). Soil pH is low, and there is a

very high rainfall ([6,000 mm/annum), which leaches

what little nutrients the thin soils contain. The Mangatini
coal measure extends beneath the entire western escarp-

ment, including Mt Augustus, so mining this seam involves

permanently lowering the ridgeline by 30–50 m. High
quality coking coal in the Stockton mine is nearly

exhausted, so the coal under the ridgeline is the last

available, but unfortunately also particularly valuable. As
the snails are restricted to one of the highest and wettest

peaks along the ridgeline, coal extraction will result in the

destruction of almost all of their available habitat.
Following the discovery of the snails, about 60% of the

individuals were salvaged and taken into captivity and

mining of the Augustus ridgeline continued. The vegeta-
tion, soils and substrate of almost all of the snail habitat has

now been removed, and the cliffs are being ‘‘deconstruct-

ed’’; this lowering of altitude may in turn impact on
orographic rainfall and drainage in the sliver of snail

habitat that remains on the western escarpment below the

coal seam. The long-term survival of the snail population
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Fig. 1 Cross-section schematic
of coal deposits at Mt Augustus
on the Stockton Plateau, South
Island, New Zealand (based on
‘‘Stockton Opencast Mine
Ridgeline Mining:
Environmental Impact
Assessment’’ by Solid Energy
New Zealand, July 2005).
Overburden (dark grey)
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coal measure (black) that are
being removed to gain access to
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snail distribution on Mt
Augustus is indicated by pale
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was highest at the higher
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salvaged before mining is uncertain, thus it remains

important to determine whether the Mt Augustus snail is a
distinct evolutionary lineage and therefore a unique part of

New Zealand’s endemic biodiversity, or a genetically

undifferentiated but isolated population of a more wide-
spread taxon.

This study used mitochondrial DNA sequence data to

place the Mt Augustus snails in a phylogenetic context. As
no previous phylogenetic analysis of Powelliphanta has

been undertaken with DNA sequence data, we used a broad
sampling of the wider taxonomic and spatial range of the

genus, in addition to extensive sampling in the vicinity of

Mt Augustus (Fig. 2). This provided the best opportunity to
assess the relative diversity within the group as a whole and

identify the closest genealogical relations of the Mt

Augustus snails. In particular, it allowed us to test whether
Mt Augustus snails are phylogenetically closest to the

alpine species Powelliphanta patrickensis, as initially

supposed on the basis of their close proximity on the coal
measures of the Stockton Plateau, or nearer the lowland

taxon P. lignaria to which they are morphologically more

similar.

Methods

Biological material

Powelliphanta snails were collected in the field, and

common species were killed by freezing. Soft parts were
removed and held at -80"C for genetic analysis, and shells

stored dry at ambient temperatures. Most material was

collected in 1987–1990 for use in an allozyme analysis of
the genus (Walker 2003). Rare species were not collected

until 2004, when tissue biopsies were taken before the live

snails were returned to the wild. Snails from the Mt
Augustus population were initially sampled in 2004 and

2005 as two whole animals found freshly dead. Soft parts

were stored in ethanol and shells dried. In order to obtain a
more extensive sample without further impact on an
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Fig. 2 South Island, New
Zealand indicating approximate
location of sampling sites of
Powelliphanta snails analysed.
The species P. traversi, is
restricted to North Island,
outside the boundary of this
map
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already limited population, biopsies of *1 9 3 mm were

taken from live snails. To do this, snails were collected in
the field and transported to the laboratory. Here, placed on

a glass plate at room temperature, the snail emerged,

allowing a biopsy to be taken from the side of the foot with
a sterile scalpel. Biopsied tissue was placed immediately in

95% ethanol, and the animal returned to its container and

rehydrated and cooled for recovery. The first nine snails
sampled in this way were held for 3 months to confirm full

recovery from this procedure, before being returned to the
wild. Following legal action and recognition of the con-

servation issues relating to the Mt Augustus snails,

individuals were collected by SENZ and maintained by the
New Zealand Department of Conservation, with a view to

subsequent relocation. Individuals in captivity thus became

a ready source of additional biopsy tissue samples.
The taxonomy and systematics of several recently dis-

covered Powelliphanta populations is currently being

addressed. Based on the combined evidence of spatial
distribution, morphological variation, allozyme data and

ecological niche a relatively advanced hypothesis for

classification of this fauna has already been developed
(Walker 2003). Thus, although a number of the popula-

tions examined in our present analysis are identified by

tag-names following Walker (2003), these taxa (and in
many instances specific samples) have already been the

subject of allozyme, spatial and morphological interpre-

tation. Included in our sample are representatives of
described species and tag-named populations from the

wider Buller area, some of which are associated with

elevated habitats, sometimes on coal measures (Table 1).
The closest populations are P. lignaria ‘‘Millertoni’’ at

300 m asl about 4 km north of Mt Augustus, and P. pa-
trickensis which occurs between 550–1,040 m asl in low
coal measure heath and low forest over much of the

Stockton and adjacent Denniston plateaux. On Stockton

Plateau, P. patrickensis comes to within 1.5 km south of
the Mt Augustus snail colony, along the same ridgeline

(Fig. 3).

Extraction, amplification and sequencing of DNA

Genomic DNA was extracted using incubation at 55"C with

Proteinase K and a CTAB buffer (2% Hexadecyltrimethyl-

ammonium bromide, 100 mM Tris–HCl pH 8.0, 1.4M
NaCl, 20mM EDTA), followed by a combined phenol/

chloroform/isoamyl alcohol (25:24:1) cleanup based on

previously described methods (Thomaz et al. 1996; Stine
1989; Terrett 1992). Extracted DNA was re-suspended in

TE buffer (10 mM Tris, 0.1 mM EDTA) and the quality

and quantity checked using a NanoDrop# ND-1000
(NanoDrop Technologies) and electrophoresis on 1%

agarose gels. We targeted a portion of the mitochondrial

gene, cytochrome oxidase subunit I (COI) using universal
primers LCO1490, HCO2198 (Folmer et al. 1994) and

H7005 (Hafner et al. 1994). The COI primers used have

been effectively applied to intra- and interspecies studies of
molluscs (Holland and Hadfield 2002; Ponder et al. 2003;

Rundell et al. 2004; Simison and Lindberg 1999; Spencer

et al. 2006; Trewick et al. 2008). PCR reactions were
performed in 10 ll volumes with Red Hot # Taq poly-

merase using the cycling conditions: initial denaturation at
94"C for 2 min, followed by 35 cycles of, 94"C for 30 s,

annealing at 50"C for 30 s, extension at 72"C for 45 s, with

a final extension at 72"C for 3 min. PCR products were
purified using SAP/EXO (Shrimp Alkaline Phosphatase/

exonuclease) enzymatic digest (USB corporation). Cycle

sequencing used Perkin Elmer Bigdye # chemistry fol-
lowing the manufacturer’s protocols, and was read on an

ABI prism DNA capillary sequencer (Applied Biosystems,

Inc., Foster City, California).
Sequences were checked against the ABI trace file using

Sequencher v4.6 (Applied Biosystems, Inc., Foster City,

California) and aligned by eye in SeAl v2.0a11 (Rambaut
1996). The nucleotide sequence for COI was translated to

check for the presence of stop codons and frame shifts

(Blanchard and Lynch 2000; Bennason et al. 2001). DNA
sequences representing outgroup taxa (other New Zealand

Rhytida) were obtained from Genbank (Spencer et al.

2006).

Phylogenetic analysis

We used PAUP* (Swofford 2002) to implement phyloge-

netic analyses using Neighbour Joining (NJ), Maximum
Parsimony (MP), and Maximum Likelihood (ML) criteria,

and MrBayes v3.1.2. (Ronquist and Huelsenbeck 2005) for

Bayesian analysis. To select among models of DNA evo-
lution for the ML and NJ analyses we used Modeltest

version 3.06 (Posada and Crandall 1998). We also used

NeighbourNet as implemented in Splitstree 4 (Huson and
Bryant 2006) to express sequence relationships and signal

conflict among the ingroup (Holland et al. 2004). Bootstrap

support (Felsenstein 1985) for each node was assessed
using 1,000 replicates under ML (implemented using

PhyML, Guindon and Gascuel 2003), MP and NJ opti-

mality criteria. Bayesian analyses used HKY (nst = 2) and
GTR (nst = 6) models with gamma-distributed rate vari-

ation across sites (with four categories), a proportion of

invariant sites and default priors. Each analysis of 107

generations used two independent, simultaneous runs with

three heated chains and a sample frequency of 100 gener-

ations. For burnin, 25,000 samples were discarded. Node
stability is indicated by credibility values.
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Results

Genetic diversity

We analysed and aligned 87 sequences of 580–800 bp from
the COI gene (Table 1). Translation of COI nucleotide

sequence to amino acid sequence revealed little variation

and no frame shifts or stop codons that might indicate the
presence of nuclear copies. Representative DNA sequences

have been deposited on GenBank (EU265739–EU265774).

Pairwise genetic distances were estimated using the
HKY+G+I model selected by ModelTest v3.06. Haplo-

types were determined on the basis of the 580 bp

homologous sequences obtained from all 87 samples
(Table 1). Among the 47 Powelliphanta ‘‘Augustus’’ snails

sampled we found two haplotypes that differed by 0.5%.

These two haplotypes were distributed spatially at Mt
Augustus with all 24 individuals from the ridgeline north of

the Mt Augustus having one haplotype, and 23 from the

ridgeline just south of Mt Augustus having the other. The
spatially closest samples with different haplotypes came

from sites about 700 m apart.

Eight P. lignaria samples representing the seven sub-
species and the newly discovered taxon P. l. ‘‘Millertoni’’

each had different haplotypes. Genetic distances (HKY+

G+I) between P. lignaria mtDNA sequences and the
P. ‘‘Augustus’’ haplotypes averaged 3.6%, compared to a

mean pairwise distance of 1.1% within P. lignaria (maxi-

mum 1.8%). The mean genetic distance between
P. ‘‘Augustus’’ and P. patrickensis samples was much

higher, 7.7%. Higher genetic distances were found in

comparisons of the P. ‘‘Augustus’’ haplotypes with all
other Powelliphanta taxa surveyed (Table 2).

Phylogenetic relationships

Initial analysis (not shown) undertaken using outgroup

representatives of the Rhytidae (Rhytida greenwoodi
DQ298508, Wainuia urnula DQ298517, Amborhytida dun-
niae DQ298465, Schizoglossa novoseelandica DQ298516,

Paryphanta busbyiDQ298504) revealed that Powelliphanta
fiordlandica is sister to all otherPowelliphanta in the present
study. This confirms indications from morphology (Climo

1971), allozymes (Walker 2003) and previous molecular

analysis (Spencer et al. 2006). Thus, we used P. fiordlan-
dica in subsequent analyses as a preferred, closer outgroup

to address the phylogenetic position of snails from Mt

Augustus. Phylogenetic analyses used 36 COI sequences
from Powelliphanta representing the DNA sequence

diversity found among the sample set (Table 1). All key

taxa (P. patrickensis, P. lignaria and P. ‘‘Augustus’’, plus
other taxa were represented by at least one full 800 bp

sequence.

Fig. 3 Buller region, South Island, New Zealand with taxon ranges
(shaded) and collecting locations (symbols) indicated: Powelliphanta
patrickensis on Stockton and Denniston Plateaux (plus symbol),
P. ‘‘Augustus’’ (circle with dot), P. lignaria ‘‘Millertoni’’ (asterisk),

P. l. rotella (square), P. l. johnstoni (triangle), P. l. lignaria (star).
P. l. unicolorata sampled outside boundary of this map. Thick black
line indicates the current extent of opencast coal mining in the
vicinity of Mt Augustus
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Although the deeper phylogenetic structure among the

Powelliphanta taxa in our present study is only partially
resolved we found a consistent pattern of relationships with

a number of main clades. Phylogenetic trees with the same

or similar groupings of taxa were returned by MP, NJ, ML
and Bayesian nst = 2 and nst = 6 analyses. We found that

analysis of a reduced character data set of 580 bp of

homologous sequence produced the same arrangement of
clades as analyses using the 800 bp character set (that

included some missing information). Most of the taxa in
our analysis are allopatric or parapatric although close

sympatry is observed in some instances. For example, three

species (P. superba, Powelliphanta hochstetteri and Pow-
elliphanta gilliesi) are sympatric on Parapara Peak, Golden

Bay, with a forth parapatric taxon (P. ‘‘Anatoki Range’’) at
higher elevation. mtDNA sequences from these sympatric
taxa differ by 5.9% or more (P. hochstetteri and P. gilliesi
Table 2) although many morphologically distinct allopatric

Powelliphanta species have lower genetic divergences than
this. For example the large and distinctive South Island

P. hochstetteri and the North Island species Powelliphanta
traversi have COI sequences that differ by just 1.9%.

All analyses revealed a sister relationship of P. lignaria
and the Mt Augustus snails, supporting inferences from

morphology (Fig. 4). We also found that, where DNA
sequences from multiple individuals were analysed they

formed monophyletic clades, and this included the repre-

sentatives of the P. lignaria group. It was immediately
evident that the Mt Augustus snails were not closely related

to P. patrickensis despite the close proximity of these taxa,

their occupation of related geology, ecology and land-
forms, and superficial similarity in the size and weight of

their shells. Whilst P. ‘‘Augustus’’ is evidently not closely

related to P. patrickensis, a number of other taxa analysed
are, including Powelliphanta ‘‘Buller River’’, Powelli-
phanta ‘‘Garabaldi’’ and Powelliphanta ‘‘Matiri’’.

However, mtDNA evidence corroborates indications from
morphology and allozymes (Walker 2003) that P. ‘‘Buller
River’’, P. ‘‘Garabaldi’’ and P. ‘‘Matiri’’ constitute distinct

taxa in their own right (Fig. 5), and will receive further
attention. We note that even within P. patrickensis, there is
evidence for phylogeographic structure among populations

on the Stockton and Denniston coal plateaux.

Discussion

Our analyses indicate two levels of phylgenetic structure;

deeper relationships among taxa that are either sympatric
(e.g. P. hochstetteri and P. gilliesi) or spatially widely

disjunct (e.g. P. spedeni and P. superba), and shallower

relationships among close allopatric or parapatric taxa (e.g.
P. patrickensis group). This indicates that there have been

episodes of speciation over a protracted timeframe. A

similar scale of genetic diversity has been reported for a

related group of New Zealand snails (Paryphantinae—
Spencer et al. 2006).

On the basis of the present sampling it is clear that

P. ‘‘Augustus’’ is distinct from other species and subspecies
of Powelliphanta. It is closest to the low altitude P. lignaria
but is apparently the phylogenetic sister to this entire spe-

cies group rather than being a subspecies of P. lignaria.
This finding is consistent with their spatial proximity and

morphological characteristics of P. ‘‘Augustus’’ which also

indicate an affinity to P. lignaria but not a close relationship
to any particular subspecies in this group. Although dis-

tinguished by low mtDNA sequence diversity, the described

subspecies of P. lignaria are well supported by morphol-
ogy, and have discrete geographic ranges. On the basis of
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Fig. 4 Evolutionary hypothesis from a Bayesian analyses of 36
mtDNA COI sequences up to 800 bp long from Powelliphanta snails.
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the current sampling, all the recognized P. lignaria sub-

species sampled, including P. l. ‘‘Millertoni’’, are much

closer to each other than they are to P. ‘‘Augustus’’.
Although recent advocates argue that mtDNA sequence

divergence is (in many cases) sufficient alone to determine

species status (e.g. Hebert et al. 2003), it is overly sim-
plistic to rely on this single measure in the absence of other

information (Trewick 2007). Indeed, the most striking and

seemingly convincing examples of such an approach in fact
draw upon extensive ecological, morphological and/or

behavioural evidence to corroborate inferences from

mtDNA sequence difference (e.g. Hebert et al. 2004). Low
mtDNA sequence divergence is in itself not sufficient

reason to constrain interpretation of specific status where

other evidence is contradictory (Trewick 2001), and many
studies of snail diversity reveal low genetic distances

among some species (e.g. Partulina semicarinata and

P. variabilis 2.5%—Holland and Hadfield 2002; Succinea
manuana and S. modesta 0.2%—Rundell et al. 2004;

Paryphanta busbyi and P. watti 0.25%—Spencer et al.

2006). It is however widely observed that sequence dif-
ferences (for COI and other mtDNA genes) between

species in most animal groups tend to be greater than 2%
(Hebert et al. 2003) and a conservative threshold of 3% for

sequence diversity within species has been applied to many

taxa.
Thus, even on these simplistic metric terms,

P. ‘‘Augustus’’ (which differs from its sister species

P. lignaria by 3.6%) could arguably be considered a dis-
tinct species, but we prefer a holistic approach that draws

on the broadest available evidence. Such an approach is in

accordance with the criteria set out by Moritz (1994) and
others (e.g. Mallet 1995). The most potent evidence for

species distinction when dealing with allopatric taxa comes

from a combination and contrast of phylogenetic place-
ment, genetic distance, morphological evidence and

ecological specialisation. The fact that P. ‘‘Augustus’’ is

not sister to the geographically and ecologically neigh-
bouring species P. patrickensis, indicates that these snail

lineages have independently adapted to the harsh condi-

tions of the montane coal plateaux. Powelliphanta need
calcium for shell and egg-case construction. Their main

prey, earthworms, flourish in alkaline, moist but not satu-
rated soils. However, the Buller coal plateaux provide only

super-saturated acidic soils with very low pH, low avail-

able calcium, and low densities of earthworms. Presumably
in response to the unfavourable conditions, both

P. ‘‘Augustus’’ and P. patrickensis have a reduced adult

size and, particularly in the latter, fragile shells lacking
much conchin. This gives them superficial similarities in

shell morphology, but the molecular data reveal this to be a

case of convergence in response to local conditions.
The sister relationship of P. ‘‘Augustus’’ to P. lignaria

provides a contrast that supports this inference. In shell-

shape, colour, banding and sculpturing, there are echoes of
P. lignaria in P. ‘‘Augustus’’. However, in contrast to the

small, thin-shelled, subalpine scrub and heath-dwelling

P. ‘‘Augustus’’, all subspecies of P. lignaria, are heavy-
shelled snails, even those which only attain relatively small

adult size (i.e. P. l. unicolorata) or live on relatively acidic

substrates (i.e. P. l. rotella and P. l. johnstoni). All sub-
species of P. lignaria are lowland forest-dwellers, with the

distribution of most subspecies closely aligned to the

presence of limestone.
Powelliphanta patrickensis, which occurs in both forest

and heathland from below the bush line (600 m asl) to the

summit of the highest peaks on the plateaux (Mt’s Fred-
erick and Rochfort at 1,100 m asl) has a much larger

spatial range and apparently wider ecological tolerance

than P. ‘‘Augustus’’. Although widespread burning asso-
ciated with underground coal mining on the Denniston

Plateau has reduced the land’s carrying capacity (Walker

2003), the wider geographic range of P. patrickensis has
protected it so far from the rapid and extreme population

decline of the more localized P. ‘‘Augustus’’. As opencast
coal mining on the Stockton Plateau is now beginning to
permanently destroy P. patrickensis habitat too, this con-

trast is starting to be obscured, but for now it is interesting

to speculate on why their ecological tolerances should be
so different.

A sharp altitudinal boundary delineates the natural range

of P. ‘‘Augustus’’ on the unmodified steep western slopes
of Mt Augustus, with snails present in abundance above

900 m asl, but entirely absent just 100 m below. Whilst

change in vegetation type may have been a contributing
cause of the sharp cut-off (below 900 m short sub-alpine

P. "Buller River"

P. patrickensis

P. "Matiri"
P. "Garabaldi"

P. fletcheri
P. gagei

P. lignaria

P. "Augustus"

P. spedeni

P. hochstetteri

P. superba
P. annectens

P. gilliesi
P. traversi

Fig. 5 Neighbournet (SplitsTree 4, Huson and Bryant 2006) analysis
of mtDNA COI sequences from ingroup Powelliphanta snails. Box-
like branches indicate relative support for alternative relationships
among taxa
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vegetation rapidly gives way to taller forest communities)

there is more evidence that the key factor shaping distri-
bution is increasing moisture and decreasing temperature at

the higher altitudes where P. ‘‘Augustus’’ occurred. Due

simply to the steep orographic gradient, rainfall is about
1,000 mm higher per annum at 1,010 m at the top of the

snail colony than at the bottom of the colony where there

are very few snails. The former prominence of the peaks of
Mt Augustus meant there was nearly always a wreath of

mist and cloud over the snail colony, but this moist, cooling
cloud is absent below 900 m. Temperature steadily drops

with increasing altitude, so that average temperature is at

least a degree cooler in the core of the snail colony than
just below it.

An alternative explanation is that differential predation

by introduced mammals, which are theoretically limited
above but abundant below 900 m asl, created the striking

altitudinal limit to the snails distribution, rather than

P. ‘‘Augustus’’ being a habitat specialist. However, with
other equally palatable snails (i.e. P. patrickensis) only 1.5

km away, subject to the same potential predators but still

present both above and well below 900 m, and with no
evidence of shells, predator-damaged or otherwise below

the Mt Augustus snail colony, this theory lacks support. A

similarly erroneous proposal has in the past been made to
explain high altitude limitation in New Zealand’s alpine

scree weta (Orthoptera; Anostostomatidae) (discussed by

Trewick et al. 2000).
Why should P. ‘‘Augustus’’ be so restricted to very cool

and extremely wet sites, when P. patrickensis is not? One

possibility is that P. ‘‘Augustus’’, derived from ancestral
lowland P. lignaria stock, still retains behaviours that

evolved in heavier-shelled snails in shaded forest envi-

ronments where water-loss was not so likely.
Paradoxically, when it is not raining or misty, the exposed

coal plateaux, covered only in short grasses and heaths, can

be something of a desert, so such behaviours in snails
which are no longer protected by a heavy shell could be

lethal. These characteristics reveal that P. ‘‘Augustus’’ is of
considerable evolutionary interest and should be given
appropriate conservation consideration. The species status

of P. ‘‘Augustus’’ will be formally established elsewhere.

Almost no significant natural habitat now remains for
the Mt Augustus snail. A third of the salvaged snails have

been relocated to land just below the original colony that

they were unable to occupy naturally; a third have been
relocated to Mt Rochfort on the Denniston Plateau where

they will be in competition with P. patrickensis; and a third
remain in captivity awaiting identification of other possible
translocation sites. These translocations are high risk as the

remaining sliver of natural habitat and the two transloca-

tion sites appear to be at best sub-optimal P. ‘‘Augustus’’
habitat; being very small, modified and fragmented, and

separated from each other. Less than a decade after this

species was first discovered, it is on the brink of extinction
in the wild.

It is not known how many other organisms have or had

distinctive lineages or species endemic to Mt Augustus.
Prior to the discovery of snails, an extension of an adjacent

protected area to incorporate the summit of Mt Augustus

was proposed in 1998 because it was the type locality for
two insect species (Click beetle—Elatichrosis, plant hop-
per—Paracephalus), and was identified as being
botanically valuable with specialized habitat of high aes-

thetic value (Overmars et al. 1998). Whether the Mt

Augustus snail was part of a distinct biogeographic element
will never be known, so determining the true impact on

national biodiversity of mining Mt Augustus will also

remain unknown. The extent of coal mining in New Zealand
is far from the scale of environmental devastation being

wrought, for instance, in the Appalachian mountains of the

United States (Orr 2007), but the philosophy underlying the
practice is the same (Johns 2007). In fact the biodiversity

impact may well be disproportionately high as New Zealand

has a relatively small land area with a distinctive and highly
endemic biota (Myers et al. 2000; Orme et al. 2005), and

some areas support extreme levels of diversity (e.g. land

snails—Solem et al. 1981; Barker and Mayhill 1998).
As pressure mounts to exploit dwindling fossil fuel

reserves, the impacts on global biodiversity are inevitable

(Johns 2007). Invertebrates are usually the last to be con-
sidered in any competition for resources, and land snails

seem particularly vulnerable. Molluscs have the dubious

honour of having the highest number of documented ani-
mal extinctions of any major taxonomic group (Lydeard

et al. 2004). They suffer the dual disadvantages of extreme

sensitivity to habitat modification and pollution, and under-
recognition of taxonomic diversity. The extent of conver-

gence of shell type (a key taxonomic feature) in distinct

lineages and thus the source of under-recognition is being
revealed by the application of genetic methods (e.g. Haase

et al. 2003; Weaver et al. 2007). A combination of mor-

phological, ecological and genetic information is essential
if we are to disentangle the evolutionary histories of land

snails and provide a sound appraisal of their biodiversity

(Chiba 2003; Lydeard et al. 2004). In particular the
application of genetic evidence provides a robust frame-

work for the recognition of evolutionarily significant units

(ESU) in terrestrial molluscs (Backeljau et al. 2001). For
the Mt Augustus snail, the combined weight of evidence

indicates that it should be treated as a distinct species, yet

by the time this is formally done, the land where it lived
will have ceased to exist. The sorry tale of the late

discovery and quick demise of P. ‘‘Augustus’’ is the

unfortunate detail behind the global decline (Lydeard et al.
2004) of non-marine molluscs.
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