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Abstract This paper describes the development of the holis-
tic sustainable management plan that is being implemented at
Volivoli Cave, Viti Levu, Fiji. The cave has been mapped to
assess the levels of degradation of archaeological deposits
since a previous mapping exercise 13 years earlier. The new
survey indicates that 5.7 m2 of sediments to around 40 cm
depth have been removed by stream erosion during this time.
A preliminary survey of the invertebrate fauna has been
performed to provide baseline data for future monitoring and
give some general indication of “cave health”. A conservation
plan to protect the cave has involved installation of a drainage
system to divert water away from important archaeological
deposits, implementation of a walkway so as to allow safe
access into the cave and the production of a notice board
displaying accurate scientific information. The project was
carried out in close cooperation with the local landowners
who carried out much of the maintenance work using local
natural materials and are now able to manage, sustain and
conserve their own natural heritage. This type of study and
plan is the first in the tropical South Pacific region and has
rarely been carried out before in the Pacific. It is envisaged
that the methodology and approach employed in this article
may be developed and applied to other similar cave systems in
Fiji and the South Pacific region.

Keywords Geoconservation . Cave sediments . Cave
Fauna . Sparassidae

Introduction

Geoconservation has steadily become an established con-
cept (Sharples 1995; Stanley 2000; Brilha 2002; Gray 2004;
Brocx and Semeniuk 2007; Burek and Prosser 2008; Burek
2012) which refers to the conservation and sustainable man-
agement of geological/geomorphological heritage sites of
special interest for education and research. Caves are geo-
logical phenomena that allow people the unique opportunity
to observe geological structures and features in three di-
mensions. In addition, they often contain unique flora and
fauna and the remains of prehistoric human, faunal and
floral assemblages (e.g. Barker et al. 2007). Cave manage-
ment is now a well-established science; at a global level, the
International Union of Speleology, the International
Speleological Heritage Association, the International
Geographical Union and the Commission for National
Parks and protected Areas, IUCN, are all active in cave
and karst management and conservation stewardship
(Gillieson 1996).

The unique geological, biological and ecological setting
of caves, however, means they are very sensitive to envi-
ronmental change and human impacts (Eberhard 2001;
Humphreys and Eberhard 2001; Hutchins and Orndorff
2009). For example, at Glow-Worm Cave, New Zealand,
75 % of native forest was cleared above the cave for agri-
culture and led to increased flooding and sedimentation in
the cave. In addition, large numbers of tourists were visiting
the Cave with resultant changes to the cave atmosphere.
This led to a decline in the population of the glow-worm
Arachnocampa luminosa until a major conservation study
was initiated in 1975 (Kermode 1974; Williams 1975) and
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implemented thereafter, including the reforestation of
slopes, controlled visitor numbers and an improvement to
the cave environment. Such management is increasingly
being used in those countries with better economic condi-
tions, although there appears to be a dearth of such projects
from economically poorer parts of the world which often
have excellent cave and karst formations; the type of study
and geoconservation plan presented in this paper is the first
in the tropical South Pacific region.

Caves in the Pacific have great potential for eco/geo-
tourism: they offer an alternative to the beach resort culture
to give local landowners a sustainable source of income and
provide a location for their natural and human history to be
understood and conserved (Dowling and Newsome 2006).
There are several caves in the Pacific region where ecotour-
ism is practiced (e.g. in Viti Levu: Wailotua Cave, Naihehe
Cave and Tau Cave also known as Qara-i-Oso) and many
more with tourism potential (Fig. 1), although from those
that are used there is little evidence of management practices
being employed (with the exception of Naihehe Cave where
a footpath using local materials has been built). Volivoli
Cave itself was used for small-scale tourism between 1995
and 1996, with on average eight people visiting per day,

6 days per week (T. Komaimua pers. comm., 2011).
Wailotua Cave is a huge cave with a large population of bats
although its environment may be under threat from an open-
air limestone quarry that has been developed within a few tens
of metres of the cave entrance. Mining in such close proximity
has the potential for structural damage of the karst from
blasting; environmental problems may also result since the
stripping of soil removes the natural filter that would other-
wise inhibit pollutants from entering groundwater.

In addition to being of intrinsic interest to academic
researchers and important sources of tourist revenue, caves
are excellent educational resources since they comprise
aspects of geology, biology and ecology. However, the
correct interpretation of caves is important so as to enhance
the learning experience. Numerous bad examples of “pseu-
do-educational” exhibits exist: for example, Spotty’s Hole in
Yorkshire, UK, contained a cardboard elf (Gillieson 1996).
It is clear that reconstructions of the prehistoric humans and
animals that did actually live at this site would equally spark
the imagination whilst providing factual information and
educational value.

This paper reports on a geoconservation plan implemented
at Volivoli Cave, SW Viti Levu (Fig. 1), which has excellent

Fig. 1 Location of Volivoli
Cave and other cave sites in Viti
Levu, Fiji (from Worthy and
Anderson 2009). Inset shows
the location of Viti Levu in the
South Pacific region

124 Geoheritage (2013) 5:123–136

Author's personal copy



features important for education, research and eco/geo-tour-
ism. Volivoli Cave is located ∼2 km southwest of Sigatoka
and ∼4 km east of Cuvu in between which is Yadua Village,
and located in south-facing limestone cliffs above Volivoli
Village (Fig. 2). The Cave is accessed by a dirt track leading
∼300 m up from the Queen’s Highway and is almost directly
opposite the Sigatoka Sand Dunes National Park headquar-
ters. The Cave’s proximity to the Highway adds to its eco-
tourist potential. The Cave is developed within limestone of
Upper Pliocene age and part of the “Thuvu Formation” (Houtz
1959). Just over 2 km to the east is the modern Sigatoka River
and 1 km to the south are the Sigatoka Sand Dunes that
include evidence for human activity primarily in the form of
pottery in deposits dated at around 2600 BP (Burley and
Dickinson 2004). Less than 2 km to the SW is the modern
fringing reef.

Volivoli Cave is the first fossil site containing extinct
megafaunal remains to be located in Fiji (bats are the only
remaining native mammal on Fiji; Worthy and Anderson
1999; Worthy et al. 1999) and following the findings of
the fossils between 1996 and 1998 the Cave site was
thereafter protected under the Fiji Museum Act; Cap. 264
The Preservation of Objects of Archaeological and
Palaeontological Interest Act. There are archaeological re-
mains in the Cave; the Fiji Museum reports finding three
human burials and has collected fragments of adzes,
undecorated pottery and shells. There is also a human-
made wall in the cave entrance (Worthy and Anderson
1999, 2009; Fig. 3). Above the Cave near to the cliff edge
is an old village site that was inhabited around 200 years
ago, the inhabitants of which moved below to what is now

modern-day Yadua Village during the introduction of
Christianity (T. Komaimua, pers. comm. 2012).

Within the Cave are impressive chemically deposited
sediments, i.e. speleothem formations and a modern climate
monitoring project is already underway. One stalagmite
sample, for instance is currently being analysed in order to
investigate palaeoclimate; this source of the sample was
already broken and so this analysis has not caused any
further damage to the cave. In terms of teaching and learn-
ing, Volivoli Cave has already proved to be a useful site for
fieldtrips from The University of the South Pacific.

The environment of Volivoli Cave has, however, become
degraded. The slopes leading down to the cave entrance
have been used for sugar cane farming, beginning in the
mid-1970s up until 2008 (T. Komaimua pers. comm., 2011),
leading to increased overland flow of water in to the cave. A
channel leads downslope into the cave and by its fresh
appearance and segments of recently deposited sediment,
indicates that during large storm events a fast-flowing
stream pours into the cave entrance, this has also been
confirmed by the local villagers. The result is that large
areas of stratified archaeological and fossiliferous deposits
are being removed from the cave entrance and with them
important clues as to Fiji’s prehistory and natural heritage.
Evidence for this process is a layer of brown sediment
containing shells and pottery that extends deep into the cave
system (Worthy and Anderson 2009); this layer is essential-
ly archaeological materials (e.g. Stephens et al. 2005) that
are assumed to have originated from the entrance and have
subsequently been transported deeper into the cave follow-
ing large storm events.

Fig. 2 Cross-section and plan
view of Volivoli Cave (from
Gilbert 1984)
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With regard to fauna and flora, cave systems essentially
behave as “ecological islands”, with populations often
evolving in isolation of other conspecifics. This gene-pool
isolation often leads to separation based on anatomical
adaptations, possible speciation and, subsequently, high
levels of endemism. Caves often contain unique faunas
and floras, and new species (and even genera) of cave-
dwelling species are still being described (e.g. Paquin et
al. 2009; Espinasa et al. 2010; Shear 2010). Schneider and
Culver (2004) listed many advantages to the availability of
detailed inventories of cave biota, including being able to
assess the status and vulnerability of a cave system, promot-
ing the need for protection and preservation, as a resource
for education and research and as a criterion to assist in
objective management and conservation decisions.
Significant numbers of bats once lived in Volivoli Cave
but, probably due to the changes in the cave and surround-
ing environment, the population has now disappeared from
the cave, with a drastic reduction in numbers noticed around
the year 2000 (T. Komaimua pers. comm. 2012). It is likely
that other cave-dwelling organisms such as arthropods and
molluscs have also probably been affected by this cave
degradation.

The aims of this investigation were to assess the
“health” of the cave in its current state, estimate what
damage is likely to occur in the absence of any conser-
vation scheme and thus formulate a management plan
that preserves or enhances cave quality. The current
invertebrate fauna of the cave has been catalogued,
which is an important first step for monitoring any
future degradation of the cave environment and is a
useful bioindicator of “cave health” (Schneider and
Culver 2004; Romero 2009). The existing archaeologi-
cal deposits in the Cave entrance have been mapped
and used to compare with previous mapping carried out
in 1998 by Gavin Udy (New Zealand), Sepeti
Matararaba (Fiji Museum), Atholl Anderson (Australian
National University) and Trevor Worthy (Palaeofaunal
Surveys; Worthy and Anderson 1999, 2009) and will
highlight any significant removal of deposits by stream
activity. The sediments throughout the cave have been
described in detail so as to understand their provenance,
distribution and provide a baseline from which to dis-
cern any future changes. Removal of archaeological
sediments by natural processes has been documented
elsewhere in tropical caves (e.g. Glover 1979), although
measures for their conservation have previously received
little attention.

Site Description: Cave Geography, Sedimentary
Deposits and Extinct Megafaunal Remains

Volivoli Cave is a cave systemwith two main quasi-horizontal
entrances and one vertical shaft within a larger doline structure
that is densely forested with trees and shrubs. The upper
slopes of the doline is deforested and covered largely by tall
grassland, a remnant of sugar cane plantations. The main
entrance (“Volivoli submergence”, ∼10 m wide and N facing)
is located at the bottom of the slope of the doline whereas the
smaller cave (“Volivoli III”, ∼2.5 m wide entrance) is in a
small dry valley above the main passage. At the entrance to
Volivoli III is a vertical shaft (“Qaranivokai”, ∼0.5 m wide;
Fig. 3). The limestone is bedded quasi-horizontally and has
probably been a factor in the quasi-horizontal development of
both caves. The main cave passage slopes ∼10° and indicates
epiphreatic development due to the groundwater gradient
down to sea level at the coast.

The sedimentary deposits of the Cave were noted with
some accuracy by Worthy and Anderson (2009: 21):

“Beside the stream, banks of red, lateritic, silty clay
remain in places”.

The red clay is likely the result of the slow settling of clay
and silt as particles of soil washed down through cracks in
the cave roof when the cave was in a more juvenile stage of
formation. This clay is mainly found in the deepest part of
the main cave passage, around 80 m from the entrance, and
could be the oldest deposit in the Cave and appears to be
archaeologically sterile.

Around 40 m from the cave entrance, at a location known
as “Volivoli fossil site 1” by Worthy and Anderson (2009),
is a steeply dipping colluvial deposit that probably derives
from the cave above (Volivoli III), as also noted by Worthy
and Anderson (2009: 21):

“A steep, 5 m high bank of mainly clay sediment with
some boulders that appear to be coming into the cave
from a now-blocked entrance. A few metres further into
the cave, a hole in the roof leads into a steeply ascending
passage, which appears to come from the same old
entrance. It was too difficult to follow this passage up
slope, but midden debris (Trochus shells and some bi-
valves) were on the floor of this passage, presumably
having been washed into the cave during wet periods.
Overlying this site on the surface is a doline, which has a
rock shelter (Volivoli III) in it from which a shaft drops
into the roof at VV1. The deposit in which the fossils
occur is a consolidated, red lateritic silty-clay matrix,
which forms part of a once more extensive cave infill.”

Preliminary optically stimulated luminescence dates by
Anderson et al. (2001) from this fossiliferous clay which in-
cludes the remains of a crocodilian, a tortoise, a giant iguana

Fig. 3 Map of Volivoli Cave entrance area plus that of Volivoli III,
Qaranivolkai and the location of associated fossiliferous deposits
(Volivoli fossil site I; from Worthy and Anderson 1999). Inset displays
a map of the total cave area and the box with the dashed line indicates
the area of the cave that is shown in detail

R
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(Lapitiguana), a boid snake, three species of frog (Platymantis
spp.) and several birds, including a previously unknown giant
megapode (Megavitiornis) and a giant pigeon (Natunaornis),
indicate an age of 10,000–20,000 years.

Further deposits containing extinct megafaunal remains
were found in the shaft named “Qaranivokai”, named after
remains of a giant iguana skeleton were found there (Worthy
and Anderson 2009:23):

“The age of the Qaranivokai fossil deposit was esti-
mated to be mid-Holocene, as the absence of pottery
and charcoal shows that it antedates the arrival of
people in the area, and hence it must be older than
about 3000 years BP. U-series ages of overlying
speleothems in the terminal chamber clearly indicate
that deposition had ceased there by about 4500 BP
(Anderson et al. 2001)… However, radiocarbon dates
on sediment presumed to derive from guano and fine
charcoal fragments from the sediments enclosing the
fossils suggest a Conventional Radiocarbon Age of
20,020±660 BP (ANU-11010) to 25,540±630 BP
(ANU-11011) (Anderson et al. 2001).”

The sediments associated with human activity in the
entrance of the cave were also noted by Worthy and
Anderson (2009:21) who were the first to document the
erosion of these sediments by stream activity:

“Archaeological structures (walls) and midden deposits
are in primary position in the main submergence en-
trance, but the latter have been eroded by intermittent
stream flows and spread along the stream bed of the cave
for about 150 m….the cave is generally about 8 m wide
for the first 60 m and the stream has eroded sediments
down to clean rock along its bed throughout this area.”

The lack of decoration on the pottery (plainware) removes
the possibility to be more precise about the timing of human
activity, although it is possible people visited the cave as early
as 2–3000 BP associated with the nearby settlement of the
Sigatoka Sand Dunes (Burley and Dickinson 2004).

In this paper we identify and describe in further detail the
deposits identified by Worthy and Anderson (2009) above,
provide further evidence for the processes of removal of the
archaeologically important deposits, outline measures taken
to alleviate the erosion of the deposits and suggest further
measures for their continued conservation.

Methods

Sediment Description

Sediments throughout the Cave as described by Worthy and
Anderson (2009; see above) were identified and

subsequently attributed a lithofacies code (a concept which
recognizes that distinct bodies of sediment can be distin-
guished on the basis of their lithology and geometry:
Reading 1996). Sediments were described at various points
through the cave in terms of their sedimentary units, thick-
nesses, structures, boundaries, texture and Munsell colour
(sediments were first air dried and then later observed under
daylight). The Munsell colour system is based on three color
dimensions: hue (e.g. 10YR), value (lightness), and chroma
(color purity). Six different lithofacies were identified and
numbered 1–5 (plus “R”), thereafter known as Lithofacies #.

Faunal Surveys

Invertebrates were collected by hand searching and by sift-
ing through sediments collected at various points throughout
the cave. Three samples (2 l) of soil/ground sediment/leaf
litter were collected into plastic bags at each of three sites in
the cave system: from deep inside the cave (>10 m), inside
the preliminary chamber of the cave mouth and just outside
of the cave mouth. These samples were returned to the
laboratory and invertebrates removed by careful
sorting/sifting of the material over a white tray and stored
in 80 % ethanol.

From the sampling regime described above very few
invertebrates were found any distance inside the cave, so
attention was then focussed on the cave mouth.
Approximately 4 h were spent collecting invertebrates by
hand in both the cave mouth chamber and in the forest
habitat just outside of the cave mouth. This involved sifting
through ground material, turning over loose boulders to
search for cryptozoa and examining the walls and roof of
the cave.

For this initial survey, the invertebrates collected were
identified only to higher taxonomic groups in order to give a
broad idea of the fauna found in the various regions of the
cave system.

Mapping

A simple quadrant technique (divided into 1×1 m grid
squares) was used in February 2011 to map out the inside
of the cave entrance area (going inside ∼12 m from the
entrance, Fig. 3; mapping of the sidewalls was done from
the base of the walls). Sticks and plastic twine were used to
construct the grid and a compass, equipped with an aiming
mirror, was utilized to assure that all the lines followed the
same vector (assuring a square grid). A measuring tape was
employed to guarantee that each quadrant was 1×1 m.
Afterwards, each quadrant was surveyed and the features
were noted on a scale plan drawn on millimetric paper. This
plan was digitized with a scanner and then imported into
ArcGIS, geographical information system software (GIS),
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where it was georeferenced. This allowed the position of
raster datasets (scanned maps/plan, aerial photography and
satellite imagery or any other image file) to a defined geo-
graphic location using map coordinates, a coordinate system
and a map projection. This was done by aligning the raster
dataset with control points. The control points were used to
build a polynomial transformation that shifted the raster
dataset from its existing location to the spatially correct
location (ESRI 2011). This also allowed us to make precise
distance and area measurements. Since the plan was made in
the cave, no GPS signal was available. Therefore, the same
grid (same dimensions) was created using the GIS software.
The four corners of the plan were used to georeference the
scanned image to the GIS grid. Afterward, the walls, rocks
and other items in the plan were drawn into the software.

A different technique was needed to georeference the
Worthy and Anderson (1999, 2009) map since only the final
map, and not the survey plan, was available to create the
GIS drawing. Visual interpretation of different elements
(such as cave walls, boulders and stream positions) was
used to reference the map to the same coordinates as the
2011 plan. This technique offers less accuracy, but is the
only technique available to estimate soil erosion in the cave.
The same digitizing method was used to create the GIS
version of the map. The Clip and Calculate Area tools
within the ArcGIS software were then used to estimate the
amount of soil that had been removed due to erosion.

Estimates of sediment removal have been made through
comparing our mapping to the map made in 1998 and
published in Worthy and Anderson (1999, 2009). The esti-
mates derived from this comparison should be regarded as
tentative given the possible inaccuracies as indicated above.

Implementation of Conservation Measures

In late 2010, vegetation was cleared by the villagers using
cane knives to form a path leading down from the track to
the Cave. The path to the Cave mouth was filled with a sand
and coral base (both raw materials sourced locally) to reduce
slipperiness and its perimeter stabilised with cement since
the descent is fairly steep. A clearly designated pathway into
the cave was installed which involved cementation of a few
unstable rocks and boulders in a confined area so as to make
as little impact to the archaeology and cave fauna as
possible.

A path was also built above the Cave leading to the
location of the old village site and lookout point at edge of
the cliff. The path was again cleared with cane knives, given
a coral and sand base and local bamboo was used to stabilise
the perimeter of the pathway.

A drainage pipe was installed in early 2011 and extends
∼70 m into the cave, way beyond the main archaeological
deposits and beyond where tourists may visit. The mouth of

the pipe is located around two metres outside the cave
entrance and is enclosed by an artificial wall (∼50 cm high)
made from local limestone rocks and cement and built to
trap and channel water into the pipe (Fig. 4). The installation
of the pipe will not only reduce erosion of archaeological
deposits in the cave but it will reduce the slipperiness of the
rocks for visitors to the cave.

A large wooden notice board with a thatched roof in the
traditional style was erected to the side of the pathway
leading down to the Cave. It contains accurate information
about the geological, faunal and human history of the site.

Results

Clastic Sedimentary Deposits

Deposits just outside the cave entrance area on the western
side are exposed to around 50 cm in thickness and dipping
steeply towards the cave entrance. The deposit is a clayey
silt diamicton (a very poorly sorted sediment; Munsell
Colour 10YR 3/1 very dark grey, Lithofacies 5) containing

Fig. 4 Photograph of drainage pipe that has been built with an
enclosing wall just outside the Volivoli Cave entrance to trap and
channel runoff during large rainfall events. Photograph credit: M.
Stephens
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clasts of limestone up to boulder size and occasional mol-
luscan shells (fragmented and whole) and pottery shards
(Table 1). The matrix of this deposit is fine-medium crumb.
Above the deposit are large, angular limestone boulders.
Molluscan shells identified from Lithofacies 5 include
Codakia punctata and Turbo setosus.

Deposits in the cave entrance area (0–12 m in from the
drip line, Fig. 3) are exposed at around 50 cm in thickness
due to the aforementioned stream channel. The base layer of
the deposits (∼10 cm thick) is a reddened clayey silt
diamicton (Munsell Colour 10YR 4/4 reddish brown,
Lithofacies 3) with limestone clasts (Table 1). This deposit
is overlain by a ∼40-cm-thick “brown” clayey silt sediment
(Lithofacies 4; Munsell Colour 7.5YR 5/2 brown) with
interlayering of ash (Munsell Colour 10YR 6/1 gray) and
charcoal layers (particularly in the top 15 cm): the charcoal
layers are 1 cm thick and the ash layers are 1–3 cm thick
(Table 1). Plainware pottery and molluscan shell fragments
(fragmented and whole) occur throughout Lithofacies 4 and
limestone clasts are occasionally present (Table 1). There is
a gradual sedimentary boundary between Lithofacies 3 and
4 (Fig. 5). Molluscan shells identified from Lithofacies 4
include: Batissa violacea, Conus eburneus, Neritina sp.,
Trochus niloticus and T. setosus.

A “brown” diamicton (Munsell 10YR 3/2 very dark
grayish brown, Lithofacies R) that contains fragments of

molluscan shell, plainware pottery and limestone clasts
(rock fragments) occurs extensively through the cave from
∼20 to 150 m from the entrance (Table 1). The thickness of
this deposit varies from around 10–50 cm. The matrix (fine
material that encloses the coarser material) of Lithofacies R
has a fine-medium granular structure and clayey silt texture.
Around 80 m into the cave Lithofacies R is underlain by
reddened (Munsell 2.5YR 4/6 red), mostly massive, clayey
sediments (Lithofacies 1; Table 1). There is a sharp contact
boundary between the two deposits (Fig. 6). Molluscan
shells identified from Lithofacies R include: B. violacea,

Table 1 Deposits listed in order of relative age (oldest first) and comparison made to descriptions of Worthy and Anderson (2009) for clarity of
discussion

Lithofacies
#/other sediment

Munsell color Structure Texture of
sedimentary
matrix

Approx. location
of deposit
(m from entrance)

Correlation to deposits described
by Worthy and Anderson (2009)

1 2.5YR 4/6 red Mostly massive Clayey 85–95 Banks of red, lateritic, silty clay

2 5 YR 4/6
yellowish red

Crudely bedded, diamict.
Contains limestone boulders

Silty clay 40–50 A steep, 5 m high bank of mainly
clay sediment with some boulders
that appear to be coming into the
cave from a now-blocked entrance

3 10YR 4/4
reddish brown

Diamict. Contains limestone
clasts, molluscan shells and
small bone

Clayey silt 0–12 N/A

4 7.5YR 5/2 brown Interlayering of ash and
charcoal layers. Containing
plainware pottery shards and
molluscan shells

Clayey silt 0–12 Midden deposits (that) are in
primary position in the main
submergence entrance

5 10YR 3/1 very
dark grey

Diamict. Contains limestone
clasts, molluscan shells and
plainware pottery shards.
Matrix is fine-medium crumb

Clayey silt Outside entrance N/A

R 10YR 3/2 very dark
grayish brown

Diamict. Containing plainware
pottery shards and molluscan
shells. Matrix is fine-medium
granular

Clayey silt 20–150 Midden deposits (that)… have
been eroded by intermittent
stream flows and spread along
the stream bed of the cave for
about 150 m

Storm deposit
April 2011

10YR 2/2 very
dark brown

Granular Clayey silt Outside entrance N/A

Fig. 5 Photograph of archaeological sediments in the cave entrance
area (Lithofacies 3 and 4). Photograph credit: M. Stephens

130 Geoheritage (2013) 5:123–136

Author's personal copy



Conus marmoreus, Conus textile, Cymatium sp., Cypraea
annulus, Cypraea caputserpentis, Cypraea moneta, Lambis
lambis, Morula sp., Nerita sp., Strombus luhuanus, Tectus
pyramis, Tridacna maxima, T. niloticus, Turbo argyrostoma,
Turbo chrysostomus and Turbo setosus.

A steeply downslope dipping, crudely bedded deposit
(Lithofacies 2), located about 50 m into the Cave, occurs
beneath a passageway above (Volivoli III, Fig. 3) and dis-
plays reddened (Munsell 5 YR 4/6 yellowish red) sedimen-
tary properties (Table 1). The thickness of this deposit
exposed is around 5 m. This deposit is diamictic with a silty
clay matrix and contains clasts of limestone (up to boulder
size) and occasional, small charcoal inclusions. Extinct
megafaunal remains have previously been reported from
these deposits (Worthy and Anderson 2009; Table 1).
These deposits are presently crumbling (through small mass
movements) into the cave.

Sediment collected outside the entrance of the cave fol-
lowing deposition by a high runoff event (sometime in early
April 2011) shows a similar colour and texture to that of
Lithofacies 5 and Lithofacies 3 (Munsell 10YR 2/2 very
dark brown; fine-medium granular, clayey silt; Table 1).

Of the molluscan shells identified in the cave sediments,
all currently have a marine habitat except for B. violacea and

Neritina sp., which are found in freshwater environments (J.
Seeto, pers. comm. 2012); such a mixed assemblage is
typical of an archaeological deposit where humans were
harvesting shellfish from different environments.

Faunal Surveys

Overall, very few individuals and species were recorded in
the cave (Table 2). The deeper regions of the cave were
particularly barren, with only a few mites (Acari) and a
single small cockroach (Blattodea) being found in the sed-
iment samples. Some very small (<5 mm) terrestrial mollusc
shells were found amongst damper sediments but none of
these contained live animals and may have been washed
down by the stream or the animals may have fallen in from
where “surface soil” may be penetrating the cave roof,
although this interpretation is speculative and not based on
observation. The lack of detritivores in the cave may be
related to a lack of organic matter in the cave sediments.
Since the bat population of the cave became extinct in the
early 2000s, fresh organic material (i.e. bat guano) in the
sediments would not have been readily replenished.

Cockroaches (possibly two species) were common in the
mouth of the cave where they were found under rocks and in
amongst the very loose, dry sediment that occurred in this
area. A few moth specimens were observed on the walls of
the cave mouth and the occasional dipteran (mainly
Nematocera) was seen flying around. By far the most con-
spicuous and well represented invertebrate group found
inside the cave were spiders, which were both abundant
and species rich in the cave mouth chambers. Web-
spinning pholcids were observed on the roof of the cave
and Uloboridae webs straddled the cave mouth. Hunting
spiders were observed on the boulders and crevices on the
cave floor and a single specimen of a large sparassid (≈9 cm
leg span) was observed for over 4 h sitting on the side of a
large boulder (Fig. 7).

The area immediately outside the cave possessed a typi-
cal forest invertebrate fauna. The soil was much darker and
richer, with much higher humus content than the sediments
in the cave mouth and detritivores such as millipedes,
woodlice, springtails were much more abundant. Soil mites
were very common and beetles and small linyphiid spiders
were observed. It would appear that few—if any—of these
“forest” species ventured the small distance into the cave
mouth.

Mapping

The total area of sediments that were affected from 1998 to
2011 is tentatively estimated as 5.7 m2 (Fig. 8), and using an
average depth of 0.4 m, is 2.3 m3 in volume. If we assume
that this phenomenon is constant, it means that 0.2 m3

Fig. 6 Photograph of Lithofacies R overlying Lithofacies 1 with a
sharp, erosive boundary. Photograph credit: M. Stephens
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[(5.7×0.4)/(2011–1998)=0.2] of sediments are removed
each year on average. The area of the archaeological sedi-
ment measures 32.7 m2. Its volume (if we use the same
40 cm average) is 13.1 m3. If the erosion is constant, it will
take approximately 66 years (13.1/0.2) for the sediments to
be completely removed.

The overlay of both maps showed clearly that sediments
were removed in greatest quantities along the right (eastern)
bank of the stream between 1998 and 2011 (Fig. 5). Two
areas seem to be most affected: one after the human-made
rock wall and another area around 4 m further south (Fig. 8).

Monitoring of Conservation Measures

Subsequent monitoring of the drainage pipe revealed that
runoff does indeed occur during heavy rainfall events and
water flows through the pipe and thus prevents further
erosion of the entrance and fossiliferous deposits.
However, after very heavy rainfall events associated with

strong Low Pressure systems in the region, large quantities
of sediment blocked the drainage pipe opening and water
overflowed into the cave entrance and posed a threat to the
archaeological deposits, although the initial erosive pulse of
water had been controlled by the pipe. Further recommen-
dations to alleviate this potential problem are outlined
below.

Other conservation measures such as pathways made
access much easier to the cave and above the cave to the
old village site and lookout.

Discussion

Erosion of Archaeologically-Important Cave Deposits

Stream channels that have ephemerally been active in the
entrance of Volivoli Cave have cut through and exposed
sections of stratified sediments that contain archaeological
remains (e.g. Lithofacies 4). Deeper in the cave (∼90 m) and
overlying a sterile red clay deposit (Lithofacies 1, Table 1)
with a sharp, erosive contact boundary is a deposit
(Lithofacies R, Table 1) with similarities in Munsell colour
and archaeological objects to deposits found just outside and
inside the cave entrance (Lithofacies 3, 4 and 5; Table 1).
Lithofacies R has a diamictic and granular structure, indi-
cating mixing or reworking of these sediments has occurred
throughout the cave, as also evidenced by the erosive con-
tact boundary on deposition. This clearly indicates that the
entrance-area sediments have been reworked and spread
throughout the cave as a result of stream action. Such
diamictic sedimentary deposits have been observed in other
tropical caves and interpreted as the result of rapid water
deposition with abundant available surface material and

Table 2 Arthropod taxa
recorded at Volivoli Cave, Fiji,
between January and June 2011;
[✓ 1 to 5 individuals; ✓✓ 6 to 10
individuals; ✓✓✓>10
individuals]

Outside cave Cave mouth Deep cave chambers

Entognatha Collembola ✓✓ – –

Insecta Blattodea ✓ ✓✓✓ ✓

Coleoptera ✓ – –

Diptera ✓ ✓✓ –

Lepidoptera – ✓ –

Psocoptera ✓ – –

Myriapoda Chilopoda ✓ – –

Diplopoda ✓✓ ✓ –

Arachnida Acari ✓✓✓ ✓ ✓

Araneae Linyphiidae ✓ – –

Lycosidae – ✓ –

Pholcidae – ✓✓ –

Sparassidae – ✓ –

Uloboridae – ✓ –

Therididae ✓ – –

Fig. 7 Photograph of a large sparassid spider (≈9 cm leg span) that
was observed for over 4 h sitting on the side of this large boulder
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little time for sorting (Bull and Laverty 1981; Smart et al.,
1985).

Furthermore our mapping exercise indicates that signifi-
cant quantities of archaeological sediments have been re-
moved between the period of 1998 and 2011 (Fig. 6). The
stream channel that enters the cave is oriented to the south-
east and so the eastern bank is receiving most abrasion and
erosion and there are no naturally occurring boulders within
these deposits to reduce the erosive potential of the stream.
In addition to the entrance deposits, Lithofacies 2 (which
contained the extinct megafaunal remains, Worthy and
Anderson 1999, 2009) is presently crumbling due to small
mass movements under the force of gravity and has proba-
bly been undercut by the stream during storm events.

The sediment collected from the April 2011 storm event
has a very similar Munsell colour, texture and diamictic
structure to that of Lithofacies 3, Lithofacies 5 and
Lithofacies R. We suggest that, in addition to comprising
archaeological deposits from just outside and within the

cave entrance, Lithofacies R also consists of local soil
materials that were washed into the cave during one or
several large storm events. The granular structure of the
recent storm deposit is the result of faunal activity in soil
(McConnell and Magee 1993; Davidson 2002). Material
produced by burrowing animals has been shown experimen-
tally by Imeson (1976) to be a major source of sediment that
can be transported subsequently downslope, and particular-
ly, where vegetation has been disturbed.

The slightly higher value of Lithofacies 3 (10YR 3/2, in
comparison to 10YR 2/2 of the recently collected storm depos-
it) is likely to result from the admixture of white shell fragments
and small limestone clasts into Lithofacies 3 as it travelled
through the cave. The slightly higher value of Lithofacies 5
(10YR 3/1, in comparison to 10YR 2/2 of the recently collected
storm deposit) probably also reflects a greater admixture of
shell and limestone fragments into Lithofacies 5; although the
lower chroma of Lithofacies 5 indicates a greater amount of
recently degraded organic matter within the recent storm

Fig. 8 Comparison of mapping completed in 2011 (left) with that of Worthy and Anderson (1999) in 1998 (right)
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deposit. The occurrence of angular, limestone boulders
within and above Lithofacies 5 is probably due to roof
collapse in the past. The crumb structure of Lithofacies
5 indicates some soil development has taken place.
Although now exposed to the elements, Lithofacies 5
may contain a hitherto unexplored deposit of archaeo-
logical and palaeontological wealth.

Faunal Surveys

There was low abundance and diversity of macro-
invertebrates in the cave, which we found intriguing for a
cave in tropical latitudes, surrounded by abandoned farmland
and secondary woodland, and containing additional internal
habitat diversity due to the presence of running water and
standing pools (see Romero 2009). In this survey, we have not
separated truly cave dwelling species from those adventitious
visitors from the surrounding terrestrial forest and farm habi-
tat. Also, no attempt was made to collect any aquatic or semi
aquatic species that may have occurred in the running water
present, ceiling drips or damp cave walls (e.g. Pipan and

Culver 2005). We collected only by “active sampling”: hand
searching and sieving through sediments, soil and leaf litter
whereas many other invertebrate surveys of cave systems
(terrestrial and aquatic) have used some form of passive
trapping, such as pitfall traps, in association with baits to
increase catch numbers (e.g. Schneider and Culver 2004;
Hutchins and Orndorff 2009; Lopez and Oromi 2010), thus
hindering any direct comparison.

There appear to have been very few systematic biological
surveys of cave systems in Fiji, and there is a noticeable lack
of cave species records in the literature (c.f. Peck, 1998).
Thus, cataloguing and producing meaningful distribution
maps of Fijian cave invertebrates is currently impossible
and will require much future survey work.

There are only three species of Sparassidae recorded for the
Fijian Islands (Evenhuis 2007) and the eye-catching nature of
these large, conspicuous predators (and spiders in general)
might make them suitable candidates as invertebrate
bioindicators of cave health. The presence of the spiders in
the cave was somewhat confusing given the dearth of poten-
tial prey that was observed. However, the number of species

Table 3 Recommendations for further conservation work inside and outside of Volivoli Cave in terms of visitors, cave fauna, and soils/sediments

Outside the cave Inside the cave

• Visitors • Signs from the nearby main road
(Queen’s Highway) to direct visitors to the Cave.

• Signs to educate cave users not to touch delicate features
in the cave such as speleothem formations.

• Markers and string lines to highlight paths through the cave.
Minimal lighting should be used to reduce environmental
impact but also to preserve the “mystery” of the cave for
visitors (Gillieson 1996).

• “No go” areas to act as refuges for cave fauna. Loose
rocks/boulders particularly in the cave entrance area not
to be disturbed but left in place as shelters. In addition
some of the rock features are archaeological structures
and should be labelled as such.

• Fauna • Faunal surveys should also be undertaken
immediately outside the cave entrance area.

• Further faunal surveys to assess any future change with
conservation measures in place e.g. a possible return
of the bat colony.

• Future faunal surveys would likely benefit from employing
multiple trapping techniques (e.g. sticky traps, pitfall traps,
suction traps and cryptozoa boards) and assessing the
usefulness of a variety of baits in collecting numbers and
diversity of invertebrate taxa.

• A standardized set of techniques that could be employed in
future surveys of Fijian caves so that meaningful comparisons
can be made both in space and in time.

• Soil/sediments • Reforestation of the slopes using seedlings of
native tree species so as to stabilise the soil on
the slopes above the cave.

• Organic material that may be blown or washed in to the cave
entrance provides food for small detritivores and so should
not be “tidied”.

• Regular removal of sediment from natural traps
in the stream that flows ephemerally into the
cave entrance. This method would provide a
greater stream capacity to hold eroded soil from
the slopes during storm events and should be
carried out after each storm event.

• A suggestion for conservation of Lithofacies 2 where many
of the ancient fossiliferous remains were found (and to
prevent a safety hazard for visitors) is for wire netting
to be placed across the sediment section face (as done in
civil engineering works for unstable slopes).
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and individuals of spiders occurring in the cave suggests that
sufficient prey is being captured. The Diptera flying around
the cave mouth are a likely source of prey for the web building
spiders and it is possible that the larger hunting spiders found
on the cave floor are taking juvenile cockroaches.
Clarification of the predator-prey interaction, frequency of
catch and level of niche overlap of these cave-dwelling spiders
would be of much ecological interest.

Eberhard (2001) stated that “Owing to the paucity of
earlier-baseline data and…a general lack of impact-related
studies, it has proved difficult to quantify and manage the
effects of various human activities on cave fauna.” The cave
arthropod assemblage at Volivoli Cave was not extensive
but the variety of animals, and the actual taxa recorded, are
very similar to some other reports of tropical cave inverte-
brates (e.g. Humphreys and Eberhard 2001), and at the very
least, these preliminary records provide a starting point to
which future faunal assessments can be compared.

Although much needed basic survey work and species
inventories are needed, Fijian cave invertebrates provide an
excellent opportunity for research into many fundamental
ecological themes. For example, speciation and adaptation
can be investigated by examining the evolutionary relation-
ships between cave species found and their closest non-cave
relatives, and biogeographical theories could be tested by
treating Fijian caves as metaphorical “islands” within an
actual island archipelago system.

Conclusions

Archaeologically important sediment has been removed from
the entrance area of Volivoli Cave and has been redistributed
throughout the cave by the action of an ephemeral stream. A
layer of sediment found throughout the cave contains the re-
mains of once-stratified archaeological materials that have been
mixed with soil from outside the cave. The stream itself flows
during storm periods and the overland flow contributing to this
stream is suggested to have increased due to cane farming that
began on the slopes above the cave in the mid-1970s. A
comparison of mapping of the Cave entrance area carried out
in 1998 with our mapping in 2011 reveals that 5.7 m2 of
sediments have been removed at a volume of around 2.3 m3.
Assuming a constant rate of removal, 0.2 m3 of sediments have
been removed each year on average. The area of the archaeo-
logical sediment measured in 2011 is 32.7m2, and if the erosion
is constant, we estimate that it will take approximately 66 years
for the sediments to be completely removed by stream action.

According to local sources a bat colony used to live in
Volivoli Cave and it is suggested that environmental distur-
bances associated with the adjacent cane farming such as
increased runoff, and with small-scale tourism that occurred
in 1995–1996 may have caused the bat colony to depart the

Cave. The invertebrate surveys recorded very few individ-
uals and species overall. The deeper regions of the cave
were particularly barren, probably due to the lack of food
sources, e.g. bat guano. By far the most conspicuous and
well represented invertebrate group found inside the cave
were spiders, which were both abundant and species rich in
the cave mouth. Cockroaches (possibly two species) were
also common in the mouth of the cave. Given that the most
abundant and diverse fauna occurred in the cave entrance
area, a pathway into the cave has been carefully installed.

A conservation plan to protect the cave has thus far involved
installation of a drainage system to divert water away from
important archaeological deposits, implementation of a walk-
way so as to allow safe access into the cave and one which
poses minimal impact to the cave fauna, and the production of
an information board displaying accurate scientific informa-
tion. The project was carried out in close cooperation with the
local landowners of Volivoli Village who carried out much of
the maintenance work using local natural materials and are
now able to manage, sustain and conserve their own natural
heritage. It is envisaged that the methodology and approach
employed in this article may be developed and applied to other
such caves in Fiji and the South Pacific region.

Further Recommendations

Table 3 shows a list of further conservation work that is
recommended at Volivoli Cave, in addition to continued mon-
itoring of the conservation measures already put in place.
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