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Abstract:

The fire salamander (Salamandra salamandra) has been repeatedly noted to occur in natural
and artificial subterranean systems. Despite the obvious connection of this species with
underground shelters, their level of dependence and importance to the species is still not fully
understood. In this study, we carried out long-term monitoring based on the capture-markrecapture method in two wintering populations aggregated in extensive underground habitats.
Using the POPAN model we found the population size in a natural shelter to be more than twice
that of an artificial underground shelter. Survival and recapture probabilities calculated using
the Cormack-Jolly-Seber model were very constant over time, with higher survival values in
males than in females and juveniles, though in terms of recapture probability, the opposite
situation was recorded. In addition, survival probability obtained from Cormack-Jolly-Seber
model was higher than survival from POPAN model. The observed bigger population size and
the lower recapture rate in the natural cave was probably a reflection of habitat complexity.
Our study showed that regular visits are needed to detect the true significance of underground
shelters for fire salamanders. The presence of larvae was recorded in both wintering sites,
especially in bodies of water near the entrance. On the basis of previous and our observations
we incline to the view, that karst areas can induce not only laying in underground shelters
but also group wintering in this species. Our study highlights the strong connection of the
life cycle of fire salamanders with underground shelters and their essential importance for
the persistence of some populations during unfavourable conditions and breeding activity.
In addition, the study introduces the POPAN and Cormac-Jolly-Seber models for estimating
of population size, survival and recapture probability in wintering populations of the species,
which could provide important information for species conservation.
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INTRODUCTION
Amphibians are ectothermic vertebrates dependent
on external heat sources for maintaining the preferred
body temperature (Willmer et al., 2000; Raske et al.,
2012) and on humidity for the moist skin needed
for respiration (Moore & Sievert, 2001). The winter
period represents for them a considerable challenge,
because mortality caused by freezing, desiccation
or predation (Linder et al., 2003; Wells, 2007) can
be significant, especially in populations occupying
a marginal habitat (Feder & Burggren, 1992).
Winter dormancy has evolved as a direct protective
*monika.balogova01@gmail.com

behavioural response to changing seasons, as it
removes an animal from environments with adverse
low temperatures which can cause its death (Pinder et
al., 1992; Vitt & Caldwell, 2013). In terms of reptiles
and amphibians, overwintering is secondarily also a
response to changes in resource availability (Gregory,
1982). Terrestrial amphibians usually overwinter
in various wintering places, such as under rock
outcrops, hollow trees, natural cavities found in clay
deposits and gravel piles, or inside spaces under mats
of vegetation (Wells, 2007; Vitt & Caldwell, 2013).
Some amphibians inhabit various extensive natural
or artificial subterranean environments with a stable
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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temperature and high humidity, such as caves or
mines (e.g., Baumgart, 1981; Bressi & Dolce, 1999),
and some are even referred to as troglobionts with the
entire life cycle linked to these habitats. This type of
natural history is particularly evident in the families
Proteidae and Plethodontidae. Proteidae includes
six species, only one of which – Proteus anguinus
from southeastern Europe – is troglobiotic, while
Plethodontidae, the largest family of salamanders in
the world, comprises more than 240 species, from
which nine taxa are troglobiotic species from North
America (Gunn, 2004; Gorički et al., 2012). However,
most amphibians spend only a part of their lives in
subterranean habitats intentionally or accidentally
and are classified either as troglophiles or trogloxenes
based on various criteria (Gunn, 2004). Furthermore,
underground environments play an essential role as
thermal refugia not only during winter but also for the
persistence of some amphibians during drought and
warm summer periods (e.g., Cimmaruta et al., 1999;
Ficetola et al., 2012; Rosa & Penado, 2013).
The fire salamander (Salamandra salamandra)
is a widely distributed temperate European species
inhabiting a broad range of habitats (Degani, 1996;
Griffiths, 1996; Steinfartz et al., 2000). It has been
repeatedly found during winter periods (October–
April) in various subterranean habitats across
Europe and in some of them even several tens of
adult individuals were aggregated (Feldmann, 1967;
Baumgart, 1981; Bressi & Dolce, 1999; Balogová
& Uhrin, 2014), but no evidence of cave adaptations
was found in these salamanders. In addition, this
amphibian exhibits strong fidelity to such wintering
sites; therefore, wintering fire salamanders can be
regularly found at the same place during subsequent
winter periods (Böhme et al., 2003; Manenti et al.,
2009; Balogová & Uhrin, 2014). Several studies have
also confirmed the importance of these shelters for
breeding activity in this species even when surface
water is available nearby (e.g., Manenti et al., 2009;
Manenti et al., 2011; Gorički et al., 2012; Ianc et
al., 2012; Manenti & Ficetola, 2013; Limongi et al.,
2015). It has furthermore been assumed that they
play an important role as hiding places with lower
temperature and higher humidity during the active
season and as feeding habitats, because appropriate
invertebrate prey often occurs at the entrances of
these shelters (Uhrin & Lešinsky, 1997).
Despite the obvious importance of underground
shelters for this species and the fact that it commonly
spends a substantial part of its life cycle inside them, the
view regarding the dependence of the fire salamander
on these habitats is still underestimated, and the
classification of the fire salamander into categories
of cave-dwelling animals is controversial in published
sources. There is a visible gradual progression in
considering this species to be trogloxenous (Baumgart,
1981) to rather more troglophilous (e.g., Kováč et
al., 2014). In the current study, we focused on longterm monitoring of two fire salamander populations
wintering in a natural cave and in an artificial gallery
based on the capture-mark-recapture method (CMR).
The objectives of this study were (1) to evaluate

population parameters and breeding activity of our
observed wintering populations; (2) to investigate
which kind of subterranean habitat (in our case
natural cave or artificial gallery) is probably more
appropriate for the wintering of fire salamanders
and monitoring of their population trends; and (3)
to evaluate the level of importance of underground
shelters for the investigated species and its dependence
on them.

MATERIAL AND METHODS
The survey was conducted in two wintering sites in
eastern Slovakia: a natural cave (Bobačka; Spišskogemerský kras Mts.; 48°46.9’N 20°06.3’E; 811 m
a.l.) in the period December 2011 – February 2015
i.e., during four winters (December 2011 – March
2012 – 5 inspections, December 2012 – April 2013
– 6 inspections, November 2013 – April 2014 –
8 inspections, October 2014 – February 2015 –
5 inspections) and an artificial damp gallery (Tichá
Voda; Volovské vrchy Mts.; 48°46.2’N, 20°36.3’E;
855 m a.l.) in the period November 2011 – February
2015 i.e., during four winters (November 2011 – April
2012 – 10 inspections, December 2012 – March 2013
– 2 inspections, December 2013 – January 2014
– 2 inspections, December 2014 – February 2015 –
2 inspections).
Bobačka Cave is a fluvial limestone cave with active
water flow. It is 3,036 m long and 142 m deep (Kováč &
Merta, 1991; Mikuš, 2000; Bella et al., 2007). The cave
entrance (dimensions of 50×80 cm) is closed by metal
bars that do not impede crossing of smaller animals.
Height of cave ceiling varies from approximately 1 m
up to more than 6 m. Fire salamanders are annually
wintering in the entrance corridor of ca. 20–30 m
from the cave entrance only; no salamanders were
recorded in deeper parts of the cave. This is an
observation made during annual winter monitoring
of bats conducted in almost the entire cave (Uhrin et
al., 2010).
Tichá Voda Gallery is a horizontal gallery composed
of a tangle of corridors on two levels with a total length
of approximately 350 m (Matis & Pjenčák, 2002). The
corridors are approximately 2 m high and 1.3 m wide.
Out of the total gallery length, we monitored only the
parts where salamanders are annually wintering.
These include the main entrance corridor and two
lateral corridors. The main corridor is 113 m long
with an easily accessible entrance (1.7×1.4 m). While
salamanders usually aggregate 23–33 m deep from
the gallery entrance, the remaining individuals are
dispersed throughout the corridor. Of the two side
corridors, the first ends blindly after 8 m and the
second is occupied by salamanders for the first 30
m. Average temperatures during the winter period
inside observed underground shelters were 8.5°C in
December and 7°C in March in Bobačka Cave, and
6°C in Tichá Voda Gallery.
During the surveys, we carried out inspections
by photographing all captured individuals and
their subsequent release back into the wintering
site. Individual identification was done later in the
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laboratory based on the database of photographs
and codes of unique coloration on the dorsum of
each individual (Opatrný, 1983). Despite the previous
suggestion that the dorsal spot patterns could in this
species change (Balogová et al., 2016), we assumed
the reliability of this method and the absence of
errors in identification based on the regular visits
of the observed wintering sites. Each captured and
recaptured individual was put into the dataset using
binary capture categories (1 = captured, 0 = not
captured). Sex determination was based on the
external morphology of the cloacae and the presence
of a receptaculum seminis in females (Francis, 1934;
Opatrný, 1983). The age structure of the populations
was determined on the basis of total length of the
individuals. Salamanders with total length of more
than 15 cm were assigned to the adult stage, and
smaller individuals were categorised as juveniles (cf.
Baruš et al., 1992). Breeding activity was detected on
the basis of the presence of larvae in the bodies of
water at the wintering sites.
The obtained data did not reflect a simple CMR study,
because we were not sampling the total population
“superpopulation”) but only a fraction that was
wintering in the underground shelters (“wintering
population”). Furthermore, migration of individuals
from “superpopulation” outside into “wintering
population” was very strong. The total population size
estimate and survival of “wintering population” was
calculated using a simple Jolly-Seber model (Jolly,
1965; Seber, 1965; Gotelli & Ellison, 2013) modified
according to the POPAN model, which takes migration
into account (Cooch & White, 2016). Further, we used
the Cormack-Jolly-Seber (CJS) model (Cormack, 1964;
Jolly, 1965; Seber, 1965) to estimate survival (Phi)
and capture probability (p) for both wintering sites
and all groups (females, males, juveniles). In contrast
to the survival of “wintering population” derived from
POPAN model, these parameters obtained from CJS
model take in account whole “superpopulation”. Four
basic models ({Phi(t) p(t)};{Phi(.) p(t)};{Phi(t) p(.)};{Phi(.)
p(.)}) (t – time-dependent, (.) – constant through time)
were developed for estimating survival probabilities
from the two samples and for each of the three age
and sex groups. The best-fitting model, based on the
Model Likelihood, corrected Akaike’s Information
Criterion (AICc), differences in AICc value from the
best model (ΔAICc), AICc Weights and Deviance (see
Cooch & White, 2002, for details), was presented for
each group.
The models were implemented using the MARK
program (White & Burnham, 1999; Cooch & White,
2016). In order to fit the model, we divided our
continuous 4-year study period into four sampling
intervals (winter periods), arbitrarily ranging from 1
October to 30 April. Between the intervals no sampling
was done (spring-summer-autumn active period)
and during wintering intervals between particular
samplings varied in most cases (91%) from one to five
weeks (always lasting one day), in two cases (Tichá
Voda Gallery) 8–9 weeks and in one case it was 6
weeks in the Bobačka Cave. Based on this method,
24 one-day sampling occasions for the Bobačka Cave
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and 16 for the Tichá Voda Gallery were conducted and
included in the analysis. In the case of the Bobačka
Cave all intervals were set to “1” (representing the
number of months passed from last sampling) except
the intervals 5, 11, and 19, which were set to “8”. In
the case of the Tichá Voda Gallery the same was done
for intervals 10, 12, and 14.

RESULTS
Overall we recorded 92 wintering salamanders (27
males, 29 females, 36 juveniles) in the Bobačka Cave
and 56 (26 males, 18 females, 12 juveniles) in the
Tichá Voda Gallery. In the Bobačka Cave we were
able to catch 7.5 individuals on average (8.2% of the
total number; min = 1, max = 22) and in the Tichá
Voda Gallery 14.8 fire salamanders per inspection
(26.4% of the total number; min = 4, max = 24).
The total size of “wintering population” was
estimated on average to be 148.8 individuals in the
Bobačka Cave with a density of 3.7 individuals per m2
and 60.3 salamanders in the Tichá Voda Gallery with
a density of 0.3 individuals per m2. Average survival
of wintering individuals obtained by POPAN model
was higher in males than females and juveniles in
Bobačka Cave, but on the contrary it was higher in
females than males and juveniles in the Tichá Voda
Gallery (Table 1).
A completely non-time dependent model {Phi(.) p(.)}
was the best-fitting model (lowest AICc = 682.5293)
in all groups (females, males, juveniles) and in both
wintering locations.
Using CJS model, we recorded higher survival
probability in males than females and juveniles
at both wintering sites (Bobačka Cave: males –
phi = 0.9795, SE = 0.0098; females – phi = 0.9488,
SE = 0.0128; Tichá Voda Gallery: males – phi = 0.9864,
SE = 0.0060; females – phi = 0.9785, SE = 0.0096,
juveniles – phi = 0.9710, SE = 0.0189). In contrast
to this, recapture probability was higher in females
(Bobačka Cave: males – p = 0.0831, SE = 0.0170,
females – p = 0.1485, SE = 0.0267; Tichá Voda
Gallery: males – p = 0.4304, SE = 0.0360, females
– p = 0.4394, SE = 0.0483, juveniles – p = 0.2513,
SE = 0.0595). In addition, recapture probability was
much higher in the Tichá Voda Gallery (~43% for males
and females) than in the Bobačka Cave (~8% and 14%
for males and females, respectively). In particular, we
recaptured certain individuals (11 salamanders) more
than seven times in the Tichá Voda Gallery, but in
the Bobačka Cave we noticed a lower recapture rate
where half of the individuals (46 individuals) were not
recaptured (see Fig. 1).
In terms of breeding activity, we recorded the
presence of larvae in both localities. In the Tichá
Voda Gallery this was recorded in early and late
March. Females laid larvae into water bodies near
the entrance or into puddles only a few centimetres
deep, situated more than 20 m from the entrance
(Fig. 2A). The latter was also the preferred location
of adult individuals during the winter season in the
gallery. In the Bobačka Cave larvae were present only
in the water bodies of the entrance hall.
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Table 1. Estimates of population size, average survival and density of wintering individuals using the Jolly-Seber Popan model.
Average

Average survival
[month]

CI 95%

Surface
[m2]

Density
[m2]

CI 95%

Bobačka Cave
F

36.7

31.5

52.2

0.9001

40

0.9

0.8

1.3

M

34.9

29.4

53.3

0.9243

40

0.9

0.7

1.3

Juv

77.2

46.6

196.4

0.8707

40

1.9

1.2

4.9

SUM

148.8

107.5

301.9

40

3.7

2.7

7.5

Tichá Voda Gallery
F

20.4

18.4

33.9

0.9631

196

0.1

0.1

0.2

M

26.2

26

32.9

0.9552

196

0.1

0.1

0.2

0.9124

196

0.1

0.1

0.1

196

0.3

0.3

0.5

Juv

13.6

12.2

24.4

SUM

60.3

56.6

91.2

Average number of individuals - Average, 95% confidence interval - CI 95%.

cisternasii) (Ribeiro & Rebelo, 2011), the snakenecked turtle (Hydromedusa tectifera) (Lescano
et al., 2008) and asynchronously breeding birds
(Williams et al., 2011).
Estimate of population size and density using
CMR data and appropriate models was carried
out also in other cave-dweling species occurring
in North America such as the grotto salamander
(Eurycea spelaea) (Fenolio et al., 2014), the
big mouth cave salamander (Gyrinophilus
palleucus necturoides) (Niemiller et al., 2016) or
the Tennessee cave salamander (Gyrinophilus
palleucus) (Huntsman et al., 2011). Appropriate
models were probably chosen according to their
lifestyle. These amphibians are closely tied to
Fig. 1. Recaptures of wintering individuals in both wintering sites. Dark gray –
subterranean habitats and they did not form
Tichá Voda Gallery, light gray – Bobačka Cave.
surface populations. It means that there was no
migration between outside and cave population as we
DISCUSSION
observed in our study. Therefore, the authors decided
to use simple open and in one case closed population
Population data
models in contrast to the super-population approach.
The difference between the real number of wintering
The survival and recapture probabilities for
individuals found in an underground shelter and
Salamandra salamandra were constant over time
estimate population size predicted by the POPAN
in all groups and both wintering locations, but the
model was significantly higher in the Bobačka Cave
abundance can vary independently over the years.
than in the Tichá Voda Gallery, where difference
In fire salamander populations in western Germany
amounted to only a few individuals. The higher
and southern Switzerland, Schmidt et al. (2007) and
number of estimated individuals compared to the
Schmidt & Schaub (2014) recorded similar monthly
real situation in the natural cave could be caused
survival probabilities consistently higher than 0.9.
by the unavailability of salamanders for trapping. In
Furthermore, no pronounced differences in mortality
contrast to the gallery (Fig. 2B), salamanders could be
within seasons were detected, with any survival
hidden in deep crevices of the cave and thus unseen
differences observed between summer and winter.
by the observers.
It is clear that not all salamanders living in the
Our findings are consistent with those of Wagner et al.
study areas come to overwinter in underground
(2011) in two European anurans Bufo (=Pseudepidalea)
shelters. However, in the case of survival probability
viridis and Hyla arborea. They observed higher
this could imply that some individuals preferred to
“superpopulation” estimates than simple population
use the monitored cave and gallery as wintering sites
counts and suggested that the “superpopulation”
over and over through the years. In general, males
approach is a useful population size estimator for
had a higher survival probability than females and
amphibian species with “prolonged” breeding. Their
juveniles, which may relate to their lifestyle and body
study also showed that superpopulation estimates
fitness. Compared to females, who have to migrate in
are unbiased but that accuracy can be low when
order to lay larvae, and to juveniles, who disperse into
either survival or detection probabilities (or both) are
the field, males usually do not engage in such risky
low. A similar superpopulation approach was also
behaviour. Also, female fitness and ability to escape
used for other taxa, such as the stream-breeding frog
from predators are generally lower during gravidity.
(Mixophyes fleayi) (Newell et al., 2013, Quick et al.,
Regular using of wintering sites during winter period
2015), the common toad (Bufo bufo) (Loman & Madsen,
by salamanders could also imply higher survival
2010), tadpoles of the Iberian midwife toad (Alytes
International Journal of Speleology, 46 (3), 321-329. Tampa, FL (USA) September 2017
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Fig. 2. Examples of using of underground shelters by Salamandra salamandra. A) Female laying larvae into a puddle in the Tichá Voda Gallery;
B) Adult individual hidden in fissure in the Tichá Voda Gallery.

probability obtained from CJS model compared with
survival from POPAN model.
The recorded higher recapture probability in the
Tichá Voda Gallery (Fig. 1) was probably a reflection
of the fact that the overall population was smaller and
almost completely marked. Furthermore, it could be
also explained by already mentioned better visibility
of individuals during monitoring due to higher
homogeneity of the walls in contrast to the cave.
Generally, we assumed that higher heterogeneity
of habitat can cause greater underestimating of the
wintering population of the fire salamander and
thus more inaccurate results during monitoring
of population trends. Our mark-recapture study
showed that regular visits are necessary for detecting
the true significance of underground shelters for
this species, because occasional inspections can be
greatly misleading and lead to underestimating in
this respect.
Recapture probability was higher in females in both
wintering sites compared to males and juveniles. The
reason could be that females were more available for
capture during our inspections. Balogová & Uhrin
(2014) observed that most females were located freely
in the corridor inside the Tichá Voda Gallery while
males preferred crevices. The free position of females
during wintering could probably be the result of
searching for suitable bodies of water for laying larvae.
The higher number of recorded individuals as
well as the higher estimate of population size in
the Bobačka Cave in comparison with the artificial
gallery implies that in our case the natural cave was
a more appropriate habitat for wintering of the fire
salamander. This could be the result of the already
mentioned higher heterogeneity of this wintering
site, which provided more suitable conditions with
a lot of hidden places for wintering salamanders, or
higher suitability of the outdoor environment which
population inhabits outside the winter period. The
high density of individuals in the Bobačka Cave
reflects their occupancy of a smaller surface area
than in the artificial underground shelter.
On the basis of presence of larvae in both wintering
sites, we are inclined to agree with previous claims
that the laying of larvae in underground shelters is
not an accidental phenomenon but on the contrary,
can be even favoured in karstic areas (Bressi &

Dolce, 1999; Manenti et al., 2011). The occurrence of
fire salamander larvae in underground springs was
recorded also in Romania (Ianc et al., 2012), Italy
(Bressi & Dolce, 1999; Razzetti et al., 2001; Manenti
et al., 2011) and Slovakia (Uhrin & Lešinský, 1997;
Balogová & Uhrin, 2014, 2015) as well as in Portugal
in the subspecies S. s. gallaica (Rosa & Penado, 2013).
Despite suggestion that larval development in this
environment can require more than eight months,
it can also have big advantages, such as absence of
predators, the constant thermal environment and
water level, which allows development even during
winter (Manenti et al., 2009). Except the laying of larvae
in March in the Tichá Voda Gallery, we also recorded
the presence of larvae in November and January of
the following year in another artificial gallery situated
in the eastern part of Slovakia (Balogová, unpublished
data). These findings correspond with the study of
Manenti et al. (2009), who observed laid larvae in
November and in May–April and December of the
subsequent year. Manenti et al. (2011) assumed that
accessibility of shelters and richness of macrobenthos
belongs among the most important variables
determining the presence of larvae. They also observed
that the frequency of larvae was higher in water bodies
near the cave entrances. Except for the presence of
macrobenthos, which was not evaluated, the results of
our study are in line with these predictions.
Ecology in subterranean habitats
To our knowledge there is one study by Schmidt et
al. (2005) that used wintering aggregations of the fire
salamander for demographic analyses using markrecapture data and appropriate models. However,
most of the previous studies often provide inaccurate
information in this regard or simple population
counts (e.g., Uhrin & Lešinský, 1997; Bressi &
Dolce, 1999; Ianc et al., 2012). Studies that have
observed wintering populations regularly are very rare
(e.g., Feldmann, 1967; Baumgart, 1981; Schmidt et
al., 2005).
On the basis of the real number of wintering
salamanders and estimates of population size we
assume that the presented underground shelters
belong among the significant wintering sites for the
fire salamander in Europe. Generally, we incline to
the view that karst areas induce not only laying in
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underground shelters but also group wintering in
this species.
Importance of underground shelters for fire
salamanders proves also the length of a period of
their subterranean life lasting at least 180 days a year
during wintering. However, also during their epigeous
life they are hidden most of the time in various
subterranean microhabitats (Baruš et al., 1992;
Zwach, 2009) or even in the extensive underground
shelters (e.g., Uhrin & Lešinský, 1997; Manenti et
al., 2009).
Fire salamander activity was recorded in an
epigeous habitat from a minimal temperature of
3°C and high humidity (Seifert, 1991; Böhme et al.,
2003). The peak of activity varied in localities in a
range of temperatures from 6 to 15°C (e.g., Bas Lopez,
1982; Blab, 1986; Seifert, 1991; Kuzmin, 1995).
Thiesmeier (1988) recorded the main migration of
females during the period of larvae deposition in night
time temperatures of at least 6°C in North RhineWestphalia, Germany. These recorded temperatures
are in accordance with the average temperatures
measured inside our observed underground shelters.
These environments are therefore an appropriate
habitat with suitable ambient temperatures and high
humidity levels for this species.
On the basis of the close connection of some
fire salamander populations to a subterranean
habitat, we are of the opinion that the species is
more troglophilous than trogloxenous according to
standard Schiner-Racovitza classification, because it
can breed and spend substantial part of its life cycle
in underground roosts (Trajano, 2012). According
to reviewed classification (Sket, 2008), the fire
salamander best fits the category of subtroglophiles
i.e., species that are intimately associated to the cave
environments, but requiring the epigean habitats
during some period or to complete some biological
function. Furthermore, a stronger connection of some
amphibian species to caves than hitherto suggested
by their assigned biospeleological categories was
observed by Lunghi et al. (2014). For example, several
epigeous amphibian species usually considered as
trogloxenes or accidentals were frequently found in
caves and had strong association to cave features.
Rather than the more popular term „hibernation“,
known especially in mammals, a more appropriate term
for winter dormancy of fire salamanders in extensive
underground environments of western and central
Europe is probably „brumation“ (e.g., Catenazzi, 2016)
which even could have different physiological patterns
(Wilkinson et al., 2017). During brumation vertebrate
poikilotherms are not asleep, they are less active and
can survive a long time without food (Textbook Equity,
2014). Generally, amphibians experience an energy
deficit during brumation and must therefore store
energy during favourable periods of energy acquisition.
In urodelans, lipids are stored in abdominal fat bodies,
carcass and tail. Their highest amount is usually
before winter dormancy and minimal after breeding
in the spring and early summer (Fitzpatrick, 1976).
We already confirmed that adult fire salamanders
show mobility during wintering (Balogová & Uhrin,

2014) and we also observed no feeding on invertebrate
prey (Balogová et al., 2015), although various species
of invertebrate prey were previously detected at
monitored wintering sites (e.g., Kováč et al., 2002; own
unpublished observations). Salamanders had only
skin remains in their stomach contents, which could
represent another energy source for this species during
wintering alongside the lipid storage. This stomach
item can be easily obtained without high energy loss
in contrast to active hunting of prey, which is often
substantially limited underground in comparison to
epigeous environment (Culver et al., 2004; Hüppop,
2012). Therefore, we assume that salamanders cannot
afford to spend energy on active hunting during
this unfavourable time. An alternative food resource
in the subterranean habitat was also recorded for
example in the carnivorous species Eurycea spelaea,
in which coprophagy during underground time was
observed (Fenolio et al., 2006). Last but not least,
it is also possible that salamanders survive this
dormancy period completely without eating because
it is possible that undigested food during brumation
could rot in the stomach and cause internal bacterial
infection and possibly death. Several authors warned
keepers of some reptile species against this situation
(e.g., Mader, 2006; Mong & Tintle, 2013). Stopped
food intake in winter has also been recorded in
another amphibian species (e.g., Banas et al., 1988;
Kuzmin, 1992).

CONCLUSIONS
The strong connection of the life cycle of fire
salamanders with natural and artificial underground
shelters and their essential importance for the
persistence of some populations during unfavourable
conditions and for their breeding activity was
confirmed. Although these subterranean systems
provide suitable environmental conditions for the
investigated amphibian species, it must leave them
for hitherto unidentified causes.
This study communicates the size, survival and
recaptures probability of two populations of the fire
salamander in close connection with underground
shelters. Through investigation of regularly wintering
group aggregations of the fire salamander using CMR
method and population models (POPAN and CormacJolly-Seber models), important information for
species conservation was collected. We assume that
the proposed models may also be generalized to the
long-term monitoring of other amphibian populations
with a similar type of aggregated wintering as the
fire salamander.
More than twice bigger population size in natural
cave in comparison with the artificial gallery implied
that in our case the natural cave was probably a more
suitable habitat for wintering of the fire salamander
as the possible result of the higher heterogeneity and
suitability of this microhabitat or higher suitability of
the outdoor environment which population inhabits
outside the winter period.
Regular visits using the mark-recapture method
are important for a reliable estimate of the number
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of wintering individuals in underground shelters,
which could otherwise be significantly distorted
by occasional inspections, particularly in natural
caves. Furthermore, we propose that higher habitat
heterogeneity can cause greater underestimation of
the wintering population of fire salamanders.
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Abstract:

Keywords:

Las Karmidas Cave (Puebla State, Mexico) is an unusual type of pseudokarstic cavity
generated by piping and erosive processes within the contact of a diamicton and an overlying
Quaternary ignimbrite. Morphological evidence suggests that the cave was developed in two
stages: a phreatic stage and a vadose stage. The latter was characterized by the formation
of carbonate speleothems. The absolute upper-age limit for the cave (168 +7.1/-7.5 ka)
was established by U-Th dating of zircons grains extracted from the overlying ignimbrite,
whilst a minimum age for the transition from a phreatic to vadose regime (95.6 ± 2.1 ka) was
constrained by U-Th dating of carbonate speleothems within the cave. The geochronological
results indicate a very rapid evolution of this pseudokarstic system, and suggest that similar
systems might evolve and degrade at a very fast pace; consequently, making them hard
to be preserved. Despite this, and considering the rather common geological context in
which this system was developed, it is likely that similar pseudokarstic systems are yet to be
detected worldwide.
pseudokarst, cave, speleogenesis, Xaltipan ignimbrite, Las Karmidas Cave
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INTRODUCTION
Pseudokarst processes and geoforms have been
recently recognized as an important source of
landscape modification (Benson & Yuhr, 2016).
Despite its ubiquitous occurrence and relevance in
geomorphic and geotechnical studies, the formation of
pseudokarstic caves where mineral solution is not the
driving force modulating cave development, remains
to this day poorly understood (Wray, 1997; Doerr &
Wray, 2004; Halliday, 2007). Different terminology
has been proposed for such non-dissolution caves,
based on rock or processes involved (Halliday,
2007; Eberhard & Sharples, 2013). However, some
caves fail to fit any of these descriptions as they
were formed by more than one process, and within
different lithologies.
A better understanding of pseudokarstic processes
can be obtained by applying a multidisciplinary
approach that can provide links between stratigraphy,
*jpbernal@unam.mx

sedimentary facies, and establish geochemical and
geochronological constraints on the origin, timing
and/or rates of deposition of the different materials.
Unfortunately, most pseudokarstic systems display
poor conservation of structures, sediments, and
passage morphology, and, notably, a systematic lack
of authigenic minerals amenable for radiometric
dating.
Here, we describe for the first time the Las Karmidas
Cave, an extraordinary study site in southern
Mexico, characterized by its emplacement at the
contact between a diamicton and an ignimbrite,
as well as the presence of carbonate speleothems
in the cave passages. Because of its well preserved
sedimentological structures, we are able to propose
an evolution model based on piping and erosion.
Moreover, by applying U-Th zircon dating methodologies
by LA-MC-ICPMS, we are also able to establish robust
geochronological constrains on the evolution and
formation of the cave.
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.

Aliaga-Campuzano et al.

332

CAVE LOCATION
AND GEOLOGICAL SETTING
Las Karmidas Cave (20° 0’ 20” N 97° 42’ 53” W, 700
m.a.s.l.) is located at Zapotitlán de Méndez, Puebla,
Mexico (Fig. 1A, B). The oldest formations exposed
in the surrounding areas are manly Jurassic and
Cretaceous shale and limestone. These formations
include: Huayacocotla (Jhx), Cahuasas (Jcs), Tepexic
(Jtx), Santiago (Jsg), Tamán (Jt), Pimienta (Jp), Lower
Tamaulipas (Kti), Upper Tamaulipas (Kts), and Agua
Nueva (Kan) (López-Ramos, 1979; López-Ramos,
1982) (Fig. 1C, D). These units comprise mainly
marine basin and platform sediments, folded and
thrusted during Sevier and Laramide orogenies, to
conform the Mexican fold and thrust belt (Dickinson
& Lawton, 2001; Gray et al., 2001). Towards the
south of Zapotitlán de Méndez, the abrupt topography
developed on the Mesozoic lithology was covered by
a succession of Cenozoic volcanic materials (andesite
lava), lacustrine sediments and vast Quaternary
volcanic units such as basaltic lava flows and felsic
tuffs. Volcaniclastic and epiclastic successions are
also commonly exposed in valley bottoms (LópezRamos, 1982; Capra et al., 2003). The study area is

also near a well-studied volcanic field, the LibresOriental basin, which belongs to the eastern part of
the Transmexican Volcanic Belt (TMVB) (Lugo-Hubp
et al., 2005; Siebe et al., 2006; Alaniz-Álvarez & NietoSamaniego, 2007; Norini et al., 2015).
The Libres-Oriental basin volcanic field is limited
on the east by the large (21 x 16 km) Los Humeros
Caldera (Ferriz, 1984; Campos-Enriquez & GarduñoMonroy, 1987; Carrasco-Núñez & Branney, 2005),
which is located 45 km southeast of Zapotitlán de
Méndez (Fig. 1A). After rhyolite dome eruptions a
paroxysmal event originated the Xaltipan ignimbrite
(Ferriz, 1984), which produced an enormous collapse
caldera and more than 115 km3 of pyroclastic flows
emplaced radially around the volcano. These partially
filled surrounding ravines for tens of kilometers
around the caldera, including the already deep valleys
of both the Apulco and Zempoala rivers (Ferriz, 1984;
Ferriz, 1985; Ferriz & Mahood, 1987; Carrasco-Núñez
et al., 2012; Norini et al., 2015). This ignimbriteforming eruption generated a valley fill which has
been progressively incised by river erosion, leaving
low and hanging terraces at both valley sides, very
prone to landsliding (López-Ramos, 1982; YañezGarcía & García-Durán, 1982; Ferriz & Mahood,

Fig. 1. A) Location of Las Karmidas Cave in the state of Puebla, Mexico and the the two main calderas in the vecinity of Zapotitlán de Méndez;
B) Aereal view of Zapotitlán de Méndez, the Zempoala River and an overlaping image of the cave to show the location inside the hill were Las
Karmidas Cave developed; C) Geological formations around Zapotitlán de Méndez. Mesozoic units: Huayacocotla (Jhx), Cahuasas (Jcs), Tepexic
(Jtx), Santiago (Jsg), Tamán (Jt) and Pimienta (Jp). Cretaceous units: Tamaulipas Inferior (Kti), Tamaulipas Superior (Kts) and Agua Nueva (Kan).
Quaternary: rhyolitic ignimbrite. Modified from Hernández (2008). The entrance of the cave is located at the base of a hill on the northwest valley
side nearby Zapotitlán de Méndez Village; D) Schematic chart of the geological section at the location of the cave. In black is shown the location
of the cave within the diamicton and the rhyolitic ignimbrite.
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1987; Capra et al., 2003; Lugo-Hubp et al., 2005). The
Los Humeros Caldera continued erupting explosively
until the Holocene (Dávila-Harris & Carrasco-Núñez,
2013), although no eruption has been as catastrophic
as the one which produced the Xaltipan ignimbrite
(Norini et al., 2015).

METHODS
Cave mapping and facies analysis
Underground mapping inside the cave was carried
out using compass, clinometers, and tape measure for
a UISv1-4-3-A as suggested by Häuselmann (2011).
Characteristic features including ponds, waterfalls,
rockslides, springs, main galleries, speleothems, and
the man-made entrance are indicated in Fig. 2 (map &
section). A schematic cross section was also produced
with 2x vertical exaggeration, indicating location
of main features within the cave, to which we will
refer throughout this work. Sample points and other
characteristics are also featured in the map and cross
section of the cave. Sedimentary facies were classified
into diamicton, thalweg, backswamp, channel, and
slackwater facies according to the classification of
Bosch & White (2004).
Geochemistry and geochronology
Pumice samples (Supplemental Table 1) collected at
a quarry (20°00′20.95″ N 97°43′28.68″ W) near the
town of Zapotitlán de Méndez, hereafter Zapotitlán
Quarry, were analyzed for major elements. Analysis
was performed using a WD-XRF on Li-borate/
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metaborate fused disk following the methodologies of
Lozano & Bernal (2005), and trace elements, rare earth
elements (REE), using ICP-QMS following Eggins et al.
(1997), using BHVO-1, RGM-1, GSR-2 and SDO-1 as
calibration standards and the compositions reported
by Govindaraju (1994). Both analyses were conducted
at the Instituto de Geología, UNAM. Precision and
accuracy were assessed by multiple analysis of inhouse reference sample IGLa-1 (Lozano & Bernal,
2005). In general, accuracy is better than 95% for
major elements, and 90% for trace elements.
To establish geochronological constrains on the
deposition of the ignimbrite, thus the emplacement rock
hosting the cave, zircons were extracted from samples
collected at the Zapotitlán Quarry using standard
heavy-mineral extraction techniques, and dated using
U-Th systematics (Schmitt, 2011). Additionally, to
verify the age and origin of the ignimbrite, zircons from
a sample collected at Las Minas, Puebla (19°41′32″ N
97°8′57″ W), which is generally recognized to be part of
the Xaltipan ignimbrite (Ferriz & Mahood, 1984), were
also analyzed. U-Th dating of zircons (Supplemental
Table 2) was carried out using a Neptune-plus MCICP-MS coupled to a Resonetics L-50 laser-ablation
workstation (Müller et al., 2009; Solari et al., 2010)
following the methodology of Bernal et al. (2014).
Precision and accuracy was continuously assessed by
analyzing two zircon samples known to be at secular
equilibrium: standard zircon 91500 with a U/Pb
age = 1,065 ± 0.6 Ma (Wiedenbeck et al., 2004), and our
laboratory internal standard, Panchita zircon, with an
U/Pb age = 959 ± 1.4 Ma, which are expected to be in

Fig. 2. Top: Map of Las Karmidas Cave. Bottom: Schematic cross section with 2x vertical exaggeration. Characteristic
features such as ponds (blue), waterfalls (blue arrows), rockslides (grey semicircular shapes), man-made entrances,
springs (dot with blue arrow), main galleries, and speleothems (yellow triangle-like shapes) are indicated. The sectors
described in the cave morphology section are also shown here.
International Journal of Speleology, 46 (3), 331-343. Tampa, FL (USA) September 2017
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secular equilibrium, i.e., ( Th/ U) = 1.00; note that
all ratios between brackets represent activity ratios.
Results from more than 400 independent analyses for
each zircon obtained, during 20 different analytical
sessions, attest to the long-term high-reproducibility
and precision of the methodology used here, with
(230Th/238U) = 1.0006 ± 0.0031 (2xSE, n = 370, MSWD
= 1.105) for 91500 zircon, and (230Th/238U) = 1.005 ±
0.0022 (2xSE, n = 340, MSWD = 2.05) for Panchita
zircon. The 238U/232Th and 230Th/232Th composition
of the magma was estimated from the U and Th
concentrations obtained from the whole-rock ICPMS analysis, assuming secular equilibrium (i.e.,
230
Th/238U = 1.00 ± 0.05) (Schmitt, 2011).
Carbonate samples from the cave (Supplemental
Table 2 in electronic supplement) were dated by
isotope-dilution MC-ICPMS, using a ThermoFinnigan Neptune Plus at Centro de Geociencias,
UNAM, following methodologies described elsewhere
(McCulloch & Mortimer, 2008; Hernández-Mendiola
et al., 2011). For zircon and carbonate dating, U-Th
activity ratios and ages were calculated using the
half-lives from Jaffey et al. (1971) Audi et al. (1997);
Cheng et al. (2013) for 238U, 232Th, 230Th, and 234U,
respectively. Isochrons and age-calculations were
carried out using Isoplot 3.75 (Ludwig, 2012).
230

238

RESULTS AND DISCUSSION
Cave Stratigraphy
The general stratigraphy of the cave (Fig. 3) begins
with (a) a Quaternary diamicton (fines-rich talus
breccia) that unconformably rests upon unexposed
Mesozoic carbonate rocks (Fig. 1D), followed by (b) a
Quaternary rhyolitic ignimbrite, in both welded and
non-welded facies (Fig. 4A); (c) an heterolithic breccia
that post-dates the ignimbrite, and (d) Holocene
unconsolidated sand, silt and clays. Detailed
stratigraphic logs through the internal units were
used to describe the local stratigraphic relationships.
Diamicton: It is a brown, massive and matrixsupported unconsolidated to poorly consolidated
deposit formed by sub-angular blocks of limestone,
shale and scarce volcanics, supported in a clayey
to silty matrix (Fig. 4B). It is at least 5 m thick,
massive and non-stratified. The upper contact of the
diamicton is sharp and in places shows a slight pink
color change that resembles a ‘baked’ contact by the
overlying volcanic unit (Fig. 3). It is interpreted as
formed by talus, slope or local cohesive debris-flow
events, due to the abrupt local topography.
Quaternary rhyolitic ignimbrite: Lies directly and
unconformably above the diamicton (Fig. 4C), as
a pale-cream to grey, non-welded tuff to lapilli-tuff.
The contact can be clearly observed at the manmade entrance to the cave. The tuff preserves a
minimum thickness of 3 to 50 m near and within
the cave, but with thicker exposures (near 200 m)
at the outskirts of Zapotitlán de Méndez. The base
of the tuff is finely laminated to cross-laminated,
with thin lithic trails and sporadic larger lithic clasts
protruding. It grades upwards into a massive pumice
and lithic poor lapilli-tuff. The material that forms the

tuff matrix is mainly rhyolitic glass shards needles
and ash (Fig. 4D); lithic clasts and phenocrysts
are scarce but include quartz, biotite, feldspar and
plagioclase. The juvenile component is represented
by altered, rounded and slightly fibrous rhyolitic
pumice lapilli, relatively crystal-poor. Lithics include
limestone, shale, andesite, basalt and rhyolite. The tuff
contains lateral and vertical facies changes (Fig. 5),
the most contrasting one is exposed at the narrowflooded entrance, where the welded facies can be
observed, resembling a vitric tuff with spherulites
and lithophysae (devitrification) structures and
fiamme-like pumices. Under the microscope, eutaxitic
texture is clearly defined within this lithofacies.
Per these features, this unit, which postdates the
diamicton, is defined as a variously welded, rhyolitic
pyroclastic flow deposit (ignimbrite), that would have
infilled the Zempoala River valley at the time of its
emplacement; from which only eroded terraces are
preserved today. The geomorphology of the region is
in an active stage and the remains of the ignimbrite
are prone to landslides due to the unconsolidated
nature of the material (Capra et al., 2003; Lugo-Hubp
et al., 2005; Hernández, 2008).
Breccia: This unit is exposed at the cave ceiling
and is placed unconformably above the ignimbrite
(Fig. 4E). It is a heterogeneous deposit formed by large,
angular clasts in a lithic-rich matrix. The breccia
presents an erosive lower contact, either formed by
scours and channels or just sharp fractured contacts.
Its lithology comprises limestone and shale blocks
and large clasts from the underlying welded and
non-welded tuff. It is mainly massive and ungraded,
although showing levels of finer grained sediments.
This unit is interpreted as a locally-derived collapse
breccia of the upper parts of the cave, and suggests
that parts of the cave ceiling might have collapsed at
least once, during the cave’s evolution.
Detrital cave facies: The youngest deposits inside
the cave comprise a succession of fine-grained, brown
silts and sands that range from 0.5 to 4 m thick
(Fig. 4F). This unit rests unconformably on top of the
cave walls, unconformably over the diamicton, the
ignimbrite and locally on top of the breccia (Fig. 3).
They comprise thalweg, channel, slack water, and
backswamp facies. Although this unit has not been
directly dated, it is considered a continuous deposit
which could be Holocene in age.
Thalweg (TW): Formed by well-winnowed material,
mainly boulders and some cobble; the majority of
the fragments are ignimbrite and, in less quantity,
limestone. This facies sensu Bosch & White (2004) is
the result of the winnowing of the fine material of the
diamicton and collapses, remaining only the coarse
sediments.
Channel facies (CH): Are mainly composed of
limestone and ignimbrite fragments embedded
within a sand to gravel matrix. Imbrication and cross
bedding in a chaotic fabric are the most common
sedimentary structures.
Slack-water facies (SLW): Fine grained clays and
silts with parallel lamination. These facies appear
almost horizontally in the upper part of the sequence.
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Fig. 3. Schematic section and stratigraphic logs of Las Karmidas Cave, showing the internal lithological variations at the contact between the diamicton (facies mCg) and the overlying rhyolitic ignimbrite, including
the following lithofacies: massive tuff (mT), massive lapilli-tuff (mLT), diffuse-stratified lapilli tuff (dsLT), cross-stratified lapilli tuff (xsLT). Location of logged sections (K2 to K5) indicated in cave sketch; K6 and K7
out of diagram. Sketch is not to scale and it represents sectors 3 and part of section 4. Vertical scale in logs is schematic and horizontal scale depicts grain sizes.

Speleogenesis of pseudokarstic cave Las Karmidas, Mexico

International Journal of Speleology, 46 (3), 331-343. Tampa, FL (USA) September 2017

335

336

Aliaga-Campuzano et al.

Fig. 4. Main lithologies at Las Karmidas Cave: A) Mesozoic basement formed by folded carbonate rocks
(limestone, marls, shale); B) Diamicton in a clayey matrix, note direct contact with the non-welded tuff;
C) Sharp unconformable contact between the diamicton and the ignimbrite, notice white pumice clasts;
D) Welded facies of the ignimbrite, exposing columnar joints and devitrified levels (entrance of cave);
E) Local breccia inside the cave; F) Post-cave Holocene laminated flood sediments (silts and clays).
Scale bar is 1 m with 10 cm intervals.

Backswamp facies (BSW): Composed of clays,
with no clear stratification or any other sedimentary
structures.
Cave geomorphology by sectors
Sector 1: waterfall and spring
Sector 1 in Fig. 2 consists of a narrow and very
low passage (Fig. 5A), which becomes wider at the
base of a small waterfall of ~12 m (Fig. 5B). Beyond
the waterfall, the passage becomes smaller again

until joining the artificial entrance (Fig. 5C). The
sediments here are a succession of thalweg, channel
and slackwater deposits, covered and cemented by
flowstones (Fig. 5D).
At least one level of horizontal thalweg-channel
facies points to a paleoflood that completely filled the
conduit (Fig. 5E). Later, these deposits were eroded
and a new lower conduit was formed. All sediments
are cemented by relatively more recent flowstones
(Fig. 5A, B).
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Fig. 5. Morphology at sector 1. A) Narrowed passage at top of the sector; B) Waterfall of ~12 m; C) Narrow passage passed the waterfall;
D) The sediments sector 1 are a succession of thalweg, channel and slackwater deposits; covered and cemented by flowstone; E) Paleoflood
that covered the conduit.

Sector 2
Sector 2 in Fig. 2 is a curved passage carved within
the rhyolitic tuff. All along this sector there is a
continuous flow of water, which is sensitive to rain
variability outside the cave. Here, water flux often
blocks the passage during the peak of the rainy season
(August-September), particularly when hurricanes
reach the area.
Sector 3
Sector 3 in Fig. 2 is characterized by a rectilinear
steep tunnel with a N 0-10° E direction. In cross
section, the passage shows keyhole morphology
(Fig. 6A), indicating a two-stage formation: phreatic,
evidenced by an elliptical cross section elongated in
the direction of the diamicton/ignimbrite contact,
which was followed by a vadose erosive stage incising
the diamicton. Additionally, this sector presents some
tributary phreatic conduits with circular cross section
and orientated in the direction S 50° E (Fig. 6B).
Channel, thalweg and slack water facies deposits are
present in this sector (Fig. 6C, D), covered by flowstone,
suggesting abundant sediment supply, followed by an
abrupt change in deposition conditions that allowed
the precipitation of calcite with significantly less
clastic sediment contribution (Fig. 6E, F).
Sector 4
This sector is the widest part of the cave, ~30 m,
produced by the junction of three different streams
(Fig. 2). This chamber formed mostly by erosion of
the diamicton, as evidenced by the nearly flat roof
at the inception horizon (the contact between the
ignimbrite and the underlying diamicton) (Fig. 7A),

and by the formation of incisive channels at the
passage junctions (Fig. 7B). This sector can be
divided into three different subsectors based on their
current hydrological function; we also identify two
distinct levels in the cave A (upper level) and B (lower,
presently active level).
Laguna Encantada (level A4): This is a small pond
formed in the contact between the ignimbrite and
the diamicton (Fig. 7C), and is highly decorated with
different speleothems. The passage is approximately
8 m above the lower level, and is a relict from the
first stage of the formation of the cave -in which the
diamicton was not yet eroded, as it coincides with
the inception level of the main cave (contact between
diamicton and ignimbrite).
Salón de los Recuerdos (level A2): This passage
presents a similar morphology to that of the level A;
here it is possible to observe the initial stage of the
development of the cave, consistent with the inception
horizon and posterior incision of the river eroding the
diamicton (Fig. 7D).
Tunel del Silencio (level A3): This section is currently
non-active and its entrance is nearly blocked by
flowstone. The passage has a phreatic morphology,
elongated in the direction of the inception horizon. An
incipient conduit, epiphreatic, is shown in the ceiling
(Fig. 7E). The sediments in the roof only include
backswamp facies.
Level B: Corresponds to the actual stream in the
bottom of the cave, with incisive morphology eroding
the diamicton (Fig. 7B). In the main room, the
inception horizon is clear, and the incision of the river
created a passage with keyhole morphology. Facies
are similar to those described in sectors 1 and 2.
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Fig. 6. Morphology at sector 3. A) Keyhole morphology within the passage, shows the elliptical phreatic
morphology in the contact between the diamicton and the ignimbrite and an intrusive morphology that eroded
the diamicton; B) Tributary phreatic conduits with circular cross section; C) Actual flowstone forming beside a
sequence of sediments formed of channel facies, thalweg, slack-water deposits and old flowstone; D) Slackwater deposits close to a small waterfall located near a reduction in the diameter of the conduit; E) Clastic
sequence intercalated with gaps of flowstone deposition; F) Present day flowstone formation.

Geochemical characterization of the tuff
The elemental composition of the ignimbrite at the
Zapotitlán Quarry, together with previously reported
data for the Xaltipan ignimbrite from Los Humeros
Caldera (Ferriz & Mahood, 1987; Willcox, 2012) and
the Acoculco rhyolite (Verma, 2001) are shown in Fig.
8. The major element composition of the Zapotitlán
Quarry tuffs shows that these are highly acidic,
rhyolitic, with SiO2 contents ranging between 70 and
78% (Fig. 8A and Supplemental Table 3), and have
similar compositions to those previously reported for
the Xaltipan ignimbrite from Los Humeros Caldera
and the Acoculco rhyolite. The REE composition
for the ignimbrites (Fig. 8B) are all characterized
by a significant enrichment of LREE over HREE
(Supplemental Table 4), with La/Lu = 8.2 ± 1.16
(Ferriz & Mahood, 1987; Verma, 2001; Willcox, 2012).
However, the rhyolitic deposits from the Xaltipan
ignimbrite show the most pronounced negative Eu
anomaly (Eu*), 0.19 ± 0.16, with other deposits from
Los Humeros showing only slight Eu depletions. Fig.
8B shows the chondrite-normalized (McDonough &
Sun, 1995) REEN diagrams for the Zapotitlán Quarry
and Los Humeros and Acoculco calderas rhyolites;

and shows that both the Zapotitlán and Xaltipan
ignimbrites have identical REEN composition, with La/
Lu = 8.7 ± 1) and Eu* = 0.16 ± 0.02, while the Acoculco
Caldera has a notorious lower REEN composition.
Tuff and calcite geochronology
The 230Th/232Th and 238U/232Th composition of
the zircons extracted from the Zapotitlán Quarry
ignimbrite is shown in Fig. 9A (Supplemental Table 5).
In general, the zircons form two isotopically distinct
groups: one in secular equilibrium plotting over the
isoline (i.e., age > 350 ka), and a second group forming
an isochron that yields an age of 168 +7.7 / – 7.5 ka.
(n = 8, MSWD = 0.95, probability 0.47), and in perfect
agreement with the U-Th composition of the magma.
In Fig. 9A we also compare the U-Th composition of
the zircons from the Zapotitlán ignimbrite with that
from zircon grains extracted from a sample collected
at Las Minas, Puebla (19°41′32″N 97°8′57″W), which
is generally recognized to be part of the Xaltipan
ignimbrite (Ferriz & Mahood, 1984). Both samples
have identical compositions, providing strong evidence
that the ignimbrite hosting the cave corresponds to
the Xaltipan ignimbrite, emplaced ~168 ka ago as
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Fig. 7. Morphology at sector 4. A) The main chamber shows a near flat ceiling morphology and
blocks of ignimbrite in the roof; B) The diamicton occupies most of the space between the actual
roof and ceiling indicating the main process responsible for the passage grow is the erosion of the
diamicton; C) At the Laguna Encantada the ceiling is inclined and resembles an ancient fissure-like
in the direction of the deposition of the ignimbrite; D) At the Salón de los Recuerdos is possible to
observe the inception horizon and posterior incision of the river eroding the diamicton; E) The Tunel
del Silencio has a phreatic morphology elongated in the direction of the inception horizon and an
epiphreatic conduit in the ceiling.

a result from pyroclastic flows associated with the
collapse of Los Humeros Caldera. This result is in
stark contrast to the previously K-Ar age of 400 ka
reported by Ferriz (1984), but in excellent agreement
with more recent 40Ar/39Ar dating by Willcox (2012)
who obtained an age of 170 ± 50 ka for basal fall of the
Xaltipan tuff. The difference between the new results
and the previously accepted age can stem from the
presence of unrecognized inherited radiogenic 40Ar in
certain zones of the ignimbrite, a problem commonly
found in volcanic tuffs with prolonged magma
residence times (Bachmann et al., 2007; Phillips &
Matchan, 2013). These results provide quantitative
evidence supporting previous interpretations by
several authors that linked the origin of the ignimbrite
at Zapotitlán to Los Humeros Caldera on the basis of
volcanic stratigraphy (Capra et al., 2003; Lugo-Hubp
et al., 2005; Hernández-Madrigal et al., 2007).
Carbonate geochronology
To obtain a minimum age for speleogenesis,
we sampled and dated several flowstones found

embedded between unconsolidated tuff or sediments.
Because their occurrence generally implies the
presence of voids where calcite-saturated water can
degas CO2, leading to the precipitation of calcite, these
are interpreted to represent the early stages for the
system migrating from phreatic aquifer to the current
vadose stage as a result from a drop in the local
base level.
Unfortunately, most flowstone samples collected
contained significant amounts of detrital material,
with very low 238U/232Th ratios, hence hampering
U-Th dating (Ludwig & Paces, 2002), and only few
samples proved amenable for dating with reasonably
high 238U/232Th ratios, thus resulting in precise and
meaningful ages (Table 1). The oldest flowstone
sample (Fig. 9B), collected at the entrance of Sector 4,
is sample KAR-fs-core which yields an 230Th-age of
95.6 ± 2.1 ka. We interpret this result to represent
a minimum age for the appearance of voids in the
host rock where calcite can precipitate from the
percolating solution and, thus, the minimum age for
the phreatic-vadose transition sensu-stricto. Other
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Fig. 8. Elemental composition of the Zapotitlán Quarry tuff (this work), the
Xaltipan ignimbrite from Los Humeros Caldera and the Acoculco rhyolite
A) Major element composition. Samples form Zapotitlán Quarry are shown
in blue opened dots, data from Ferriz and Mahood (1987) in red crosses,
Carrasco-Nuñez et al. (2012) in purple asterisks, Willcox (2012) in black
crosses and Verma (2001) in green diamonds; B) Chondrite-normalized
(McDonough & Sun, 1995) REE (REEN) composition. Samples form
Zapotitlán Quarry, blue, Ferriz and Manood (1987), red, Wilcox (2012),
black, and Verma (2001), green. The different EuN values reported by
Ferriz and Mahood (1987) are shown with red dotted lines.

flowstone samples collected nearby yielded 230Th ages
of 73.1 ± 0.9 and 52.1 ± 0.7 ka (Table 1).
The age of sample KAR-fs-core implies that carbonate
speleogenesis in Las Karmidas Cave started only
70 ka after the ignimbrite was emplaced. However,
because of unavoidable sampling aliasing bias, where
the age of a sample can be biased towards younger
values due to the collection of different fractions
with significantly different ages (e.g., Neymark et
al., 2000; Paces et al., 2004), it is likely that KARfs-core might be somewhat older than the 95.6 ka
reported here. This suggests that the 70-ka period
between the emplacement of the ignimibrite and the
transition from phreatic to vadose proposed above,
might only be a conservative value, and that the
pseudokarstic process that generated Las Karmidas
Cave could be significantly faster. In any case, this
result attest for an extremely rapid evolution of this
pseudokarstic system, and provides an insight on
the rates of incision of the Zempoala River over the
Xaltipan ignimbrite.
Speleogenesis of Las Karmidas Cave
Las Karmidas Cave displays a series of features that
allow a well-supported speleogenetical reconstruction:

well preserved conduit morphologies; good
geochronological constraints; and well preserved
clastic facies that provide information about
paleohydrogeological evolution.
A simplified speleogenetical diagram of Las
Karmidas Cave shows the main steps of cave
formation (Fig. 10): firstly, deposition of the
diamicton upon the hill slopes of the valley
carved by the Zempoala River (Fig. 10A). During
the caldera collapse event previously described
(Ferriz & Mahood, 1984), the valley was filled
by pyroclastic flows that deposited the Xaltipan
ignimbrite 168 + 7.7/ - 7.5 ka ago (Fig. 10B). The
contrasting hydraulic conductivity between the
recently deposited ignimbrite and the clay-based
diamicton allowed for the transmission of meteoric
water through the ignimbrite into the vadose zone,
leading to the formation of a perched aquifer that
flowed through the contact between the diamicton
and the ignimbrite towards the discharge area
and, consequently, forming the first phreatic
conduits (Fig. 10C).
While the Zempoala River started to incise
the new riverbed, the perched aquifer started to
drain to the discharged area through the Tunel
del Silencio (A3). During this stage, cave evolution
seems to have been mostly driven by piping,
as suggested by the absence of channel and
associated facies in this part of the cave (Fig. 10D).
Lowering of the Zempoala River, and the increase
of the hydraulic gradient, lead to the start of the
incisive stage with the erosion of the diamicton,
evidenced by channel and thalweg facies in

Fig. 9. Geocronology. A) 230Th/232Th and 238U/232Th composition of the
zircons extracted from the Zapotitlán Quarry tuff (blue) and from a
sample collected at location generally recognized as part of the Xaltipan
ignimbrite (red); B) Carbonate flowstone KAR-fs-core, and C) Carbonate
flowstone collected and dated.
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Table 1. Carbonates detrital-corrected U-series ages and compositions.
Uncorrected
ages

Measured

Th-age
(ka)

U
(ppm)

±

δ234U

±

Flowstone

1.364

0.005

128.9

1.4

0.01708

0.00006

0.5647

0.0021

74.4

0.42

KAR-fs-core

0.680

0.003

95.3

1.9

0.04008

0.00019

0.6602

0.0034

98.8

0.87

KAR-fs-sub

0.919

0.004

209.2

1.6

0.01510

0.00006

0.4728

0.0020

53.2

0.3

232

Th/238U

±

230

Th/238U

±

230

±

Detrital-corrected age
and composition
230

Th-age
(ka)

±

δ234Uo

±

ρ

73.1

0.9

160.7

2.6

-0.438

95.6

2.1

129.1

5.2

-0.473

51.2

0.7

245.5

2.6

-0.493

Fig. 10. Proposed Speleogenetic model for Las Karmidas Cave. A) The diamicton covered part of the
valley carved by the Zempoala River within the Pimienta Formation; B) The valley was filled by the Xaltipan
ignimbrite; C) The cave began to form within the contact of the diamicton and the ignimbrite while the
Zempoala River eroded the valley again; D) The aquifer drained throughout the Tunel del Silencio (A3);
E) As the Zempoala River eroded the valley, level B formed disconnecting level A.

sector B. This rapid erosion and entrenchment
separated sectors A1, A2, and A3 from B, and led to
the development of a main channel, as well as the
abandonment of the higher levels (level A). At this
stage, the hydrologic dynamics of the cave were
substantially altered to a more direct and rectilinear
discharge channel. Precipitation of carbonate
speleothems started as soon as cave passages were
partially drained.

CONCLUDING REMARKS
This study is the first report of a pseudokasrtic
cave developed between ignimbrite and a diamicton,
with calcite speleothems decoration. Its peculiarity
allowed us to apply several geomorphological,
sedimentological, geochemical and geochronological
methodologies to establish a robust evolution model.
U-Th dating of zircon grains from the Xaltipan
ignimbrite, in which Las Karmidas Cave is emplaced

constrain the maximum age of the speleogenetical
process at 168 + 7.7 / -7.5 ka, and is in perfect
agreement with more recent 40Ar/39Ar dating. The
inception horizon, located at the contact between the
ignimbrite and the previously deposited diamicton,
favored the formation of the earliest phreatic conduits
forming the upper level. During this stage, piping
initiated the enlargement of conduits, as suggested
by the absence of high-energy facies deposits in this
level. The lowering of the Zempoala riverbed changed
the conditions from phreatic to vadose, with an
important entrenchment of one preferable channel.
At least in some parts of the cave, this initiated
subaerial conditions and the precipitation of the
oldest carbonates (95.6 ± 2.1 ka).
Considering the rather common geological context
upon which Las Karmidas Cave evolved, it is likely that
similar systems can be found elsewhere; however, due
to very fast rate of evolution, long-term preservation
in the stratigraphic record seems unlikely.
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Abstract:

Keywords:

The impact of door opening on cave carbon dioxide (CO2) levels was studied in the Entrance
Chamber and the Gallery Chamber of the Balcarka Cave (Moravian Karst, Czech Republic).
The effect of door opening differed with cave ventilation modes. Under upward airflow mode,
the cave door opening led to the increase of output advective CO2 fluxes from the cave and
to the decrease of CO2 levels. This effect was evident especially in the Entrance Chamber
near the cave entrance and then suppressed in the Gallery Chamber situated deeper in the
cave. Under the downward airflow mode, the cave door opening changed airflow paths and
main CO2 sources/fluxes. This resulted in the increase of CO2 level in the Entrance Chamber
while the levels in the Gallery Chamber decrease. Modeling indicates that the increase could
be result of input advective CO2 fluxes from epikarst (up to 5.9 × 10-2 mol s-1). To reduce the
impact on cave microclimate, a careful control of the visiting regime without overlapping of
individual doors’ openings is recommended.
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LIST OF SYMBOLS
A
cCO2
cEK
cGal
Δc
D
j
jadv
jdeg
jdEKif
jEK
adv
l
jGa
ad v

DL
P
Q
R

total diffusion area [m2]
carbon dioxide concentration [mol m-3]
carbon dioxide concentration in soils/epikarst
[mol m-3]
carbon dioxide concentration in Gallery
Chamber [mol m-3]
difference in carbon dioxide concentrations
[mol m-3]
carbon dioxide diffusion coefficient [m2 s-1]
total carbon dioxide flux [mol s-1]
input advective carbon dioxide flux [mol s-1]
input carbon dioxide flux derived from one
liter of dripwater by degassing [mol s-1]
total input diffusive carbon dioxide flux from
soils/epikarst [mol s-1]
input advective carbon dioxide flux from
soils/epikarst [mol s-1]
input advective carbon dioxide flux from
Gallery Chamber [mol s-1]
overburden thickness [m]
barometric pressure [Pa]
volumetric airflow rate [m3 s-1]
the universal gas constant [J kg-1 K-1]

*mareklang@mail.muni.cz

PCO2
(C)
PCO2
PCO2

(H)

PCO2

(W)

t
T
Tcave
Texterior
DT
v
V

carbon dioxide partial pressure [dimensionless]
carbon dioxide partial pressure in cave
atmosphere [dimensionless]
hypothetical PCO2 reconstructed from cave
dripwater chemistry [dimensionless]
carbon dioxide partial pressure in water
[dimensionless]
time [s]
temperature [°C]
temperature in cave atmosphere [°C]
temperature in external atmosphere [°C]
temperature difference [°C]
linear airflow rate [m s-1]
cave total volume [m3]

ABBREVIATIONS
C1-UAF
C2-DAF
C3-DAF
C4-DAF
CC
CD
CO2
DAF mode

campaign 1; upward airflow
campaign 2; downward airflow
campaign 3; downward airflow
campaign 4; downward airflow
Chimney Chamber
connecting door
carbon dioxide
downward airflow ventilation mode
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DMC-DAF
EC
GC
UAF mode

detailed monitoring campaign;
downward airflow
Entrance Chamber
Gallery Chamber
upward airflow ventilation mode

INTRODUCTION
Carbon dioxide (CO2) is an important component of
the global carbon cycle (e.g., Schlesinger & Andrews,
2000) and plays important role in many karst
processes such as limestone dissolution (e.g., Stumm
& Morgan, 1996), calcite speleothem formation (e.g.,
Dreybrodt, 1999; Banner et al., 2007; Frisia et al.,
2011), or speleothem corrosion (e.g., Sarbu & Lascu,
1997; Dublyandsky & Dublyansky, 1998; TarhuleLips & Ford, 1998; Faimon et al., 2006). The difference
between the CO2 partial pressures in (1) soil/upper
epikarst, (H)PCO2, and (2) cave atmosphere, (C)PCO2,
represents the driving force for these processes (White,
1988; Ford & Williams, 2007). Some studies showed
that hypothetical (H)PCO2 values could be reconstructed
from cave dripwater hydrogeochemistry (Faimon et al.,
2012c; Peyraube et al., 2013; Milanolo & Gabrovšek,
2015; Pracný et al., 2016a, b). Generally, enhanced
(H)
PCO2 (Fairchild et al., 2000; Faimon et al., 2012c)
is responsible for limestone dissolution and cave
development (Baldini et al., 2006). The lower (C)PCO2
controls dripwater degassing and calcite precipitation
(speleothem growth) (Holland et al., 1964).
It is well known that the environment of show
caves is significantly influenced by (1) human activity
derived from the works required for ensuring the
access of cave visitors, and by (2) presence of visitors
inside the cave. The anthropogenic impact in show
caves was documented by many studies focused on
(i) temperature (e.g., Pulido-Bosch et al., 1997; de
Freitas & Schmekal, 2006; Šebela & Turk, 2014), (ii)
CO2 concentrations (Faimon et al., 2006; Liñán et al.,
2008; Milanolo & Gabrovšek, 2009; Šebela et al., 2013;
Lang et al., 2015a), and (iii) both the components
above (e.g., Hoyos et al., 1998; Sánchez-Moral et al.,
1999; de Freitas, 2010). In addition, there were some
attempts to summarize the principles of optimum cave
management and cave environment conservation (e.g.,
Fernández et al., 1986; Calaforra et al., 2003; Lario &
Soler, 2010; Lobo, 2015; Lang et al., 2017). In addition
to former “standard” phenomena, so-called “parasitic
phenomena” may also be recognized in caves. This
term was adopted from electrical engineering. It
represents various adverse phenomena that distort
time series of basic variables. In cave environment,
such phenomena could be associated especially
with temporary anthropogenic interventions into
the cave microclimate. As an example, Lang et al.
(2015b) recently presented the study of the visitor
movement in low-profile passages that affect cave
ventilation and disturb or even make inverse the
CO2 level evolution. Another similar phenomenon
is linked to door opening. The caves made available
to tourists are often equipped with doors to protect
cave microclimate. However, the high attendance in
show caves is associated with the frequent cave door

opening during visiting hours, which could contribute
to changes in the cave ventilation and consequently in
CO2 levels. The goal of this work was to verify in detail
the impact of cave door opening on (i) cave ventilation
and (ii) cave CO2 levels based on a case study in the
Balcarka Cave (Moravian Karst).

METHODS
Site of study
The Balcarka Cave is situated in the northern part of
the Moravian Karst near the Ostrov u Macochy village
(Faimon et al., 2012a; Lang et al., 2015a, b). The position
and sketch map of the cave are illustrated in Fig. 1A.
Mean annual precipitation in the study area is about
700 mm; mean annual temperature of the external
atmosphere is about 10°C (Pracný et al., 2016a).
The cave has been formed in the Upper Devonian
limestones of the Macocha Formation. It consists
of a two-level complex of relatively narrow corridors
(total length of about 350 m) and the chambers. The
cave is known for rich speleothem decoration of all
types: stalactites/stalagmites, flowstones, curtains,
and thick-walled soda straws. The height distance
between both cave levels is about 20 m. The thickness
of cave rock overburden is about 20-50 m (Fig. 1B).
The cave has three entrances equipped by steel doors:
the main entrance #1 is at 459.3 m above sea level
(a.s.l.), the old cave exit #3 at 457.5 m a.s.l., and the
new cave exit #4 at 446.9 m a.s.l. (Fig. 1B). Additional
doors, the door #2 and the connecting door (CD)
separate the input cave portal from the Entrance
Chamber and the Chimney Chamber, respectively
(Fig. 1). Note that only doors #1 (entrance into the
cave), #2 (input to the Entrance Chamber) and #4
(exit from the cave) are used during visitor tours,
doors #3 and CD were opened only for the purpose
of the experimental monitoring. In addition to the
known entrances, some hidden/unknown openings
undoubtedly exist in the cave. All the entrances/
openings in distinct altitudes are responsible for the
dynamic behavior of cave air circulation. A theoretical
background on cave air circulation was given by
Cigna (1968) and Wigley & Brown (1971). Several
studies on artificial systems (e.g., Richon et al.,
2005) can also be useful for the better understanding
natural systems. The cave airflows principally depend
on (1) cave geometry and (2) the pressure difference
resulting from contrasting air densities (de Freitas et
al., 1982; Kowalczk & Froelich, 2010). Since density
is primarily a function of temperature, cave airflows
are mostly related to the temperature difference
between external and cave atmospheres, ΔT = Texterior –
Tcave (where Texterior is external air temperature and Tcave
is cave air temperature [°C]) (Baker & Genty, 1998;
Bourges et al., 2001; Spötl et al., 2005; Faimon et
al., 2012a; Faimon & Lang, 2013). Based on sign of
the temperature difference, two ventilation regimes
are distinguished. When ΔT < 0, upward airflows
occur and cave is in the upward airflow ventilation
mode (UAF mode). If ΔT > 0, the cave airflow direction
is opposite; this corresponds to the downward
airflow ventilation mode (DAF mode) (see Faimon et
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Fig. 1. The Balcarka Cave location and the cave sketch map with monitoring sites (A). The altitude
diagram of the individual cave passages (B). The acronyms correspond to Entrance Chamber (EC),
Gallery Chamber (GC), Chimney Chamber (CC), and exterior (ext.).

al., 2012a for details). Based on Lang et al. (2015b),
the hypothetical natural airflow into the Balcarka
Cave reaches up to 3.2 × 10-3 m3 s-1. Based on case
measurements in the cave, the natural CO2 levels are
well known for winter seasons when the cave is out of
visiting regime. They approach the external CO2 levels
about 400-500 ppmv. In summer seasons, the peak
CO2 values can reach up to 7,000 ppmv (see Faimon
et al., 2012c). However, these values are affected by
the visitors’ breathing (see Lang et al., 2015a, b).
The annual course of the cave CO2 clearly indicates
a dynamic cave of type B (Lang et al., 2016). Since
1923, the Balcarka cave was gradually explored from
different sites; the individual cave parts were merged
together in 1936. The cave became public in 1926;
the visitor circuit was modified into the current state
in 1949. Nowadays, the cave is open to tourists
from March to November; the attendance is about
30,000 to 40,000 persons per year. The daily visiting
regime covers several tours: average three tours per
day during early spring (late fall) are expanding to
average ten tours per day during summer. Whereas

the entries of individual groups start every hour in
case of the smaller number of groups, the intervals
between groups are shortened to half an hour in case
of higher number of groups. The visit duration is
about one hour. It indicates that up to three visitor
groups may be simultaneously present in the cave
(while one group is entering the cave, second group is
inside, and third group is leaving the cave).
The Entrance Chamber (EC) and the Gallery
Chamber (GC) were chosen as the monitoring sites
(Fig. 1). The EC with total volume of about ~110 m3
is situated in the lower cave level, approximately 50
m from the cave entrance. The chamber is developed
in the low-profile cave passages with the cross
section from 3 to 7 m2. The chamber input passage
is represented by a narrow corridor with descending
staircase. In contrast, the output passage from the
chamber is represented by the narrow corridor of
about ~60 m long leading into the large Foch’s Dome
Chamber. The GC with total volume of about ~150
m3 is developed in deeper cave passages. It roughly
corresponds to homothermic zone (see Luetscher &
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opening of different cave door combinations. The
ten-minute intervals at individual combination were
assumed to be sufficiently long to identify the changes
induced by door opening and sufficiently short for
excluding some others influences (e.g., the changes in
barometric pressure, external temperature, and other
variables). A monitoring schedule of door opening
during the individual campaigns is given in Table 1.
The order of door combinations was designed to keep
the continuity of airflow changes. The temperatures
for ΔT calculations were logged with 1-minute time
steps (i) in the exterior, about 50 m outside the cave,
and (ii) inside the cave in the Entrance Chamber,
about 50 m from the main entrance (door #1). Based
on the previous monitoring in the Balcarka Cave,
the temperature difference between EC and GC do
not exceed 1°C, therefore the temperature in both
chambers was assumed consistent. During the
campaign DMC-DAF, airflow was logged at 10-second
time steps at one point in slightly open separating
door (#2) (the surface area of the gap corresponded to
0.1 m2). The schedule of all the campaigns is in Table 2.

Jeannin, 2004 for details). The chamber is situated in
the upper cave level and it is accessible by ascending/
descending staircases.
Monitoring
Time series of CO2 concentrations were collected
during five individual monitoring campaigns designed
on the basis of the external temperature (in the period
from November 2013 to July 2015). Because Balcarka
Cave represents a show cave, all the campaigns were
conducted in the late afternoon, when the cave was
closed to visitors. Individual measuring sensors
were placed into the chambers after the last visitor
group had left the cave, about ~1 hour before start of
experiment. Based on some studies on anthropogenic
CO2 dynamics (e.g., Lang et al., 2017), the period of
1 hour without anthropogenic influence leads to the
significant decrease of anthropogenic CO2 in the cave
atmosphere. Further decrease has slower dynamics
than the changes induced by door opening. The
individual campaigns were divided into fifteen tenminute intervals. Each interval was connected with

Table 1. Monitoring schedule of door opening (Balcarka Cave, Moravian Karst).
Campaigns C1-UAF and C2-DAF

Campaigns C3-DAF and C4-DAF

Elapsed time [min]

Door combination

Elapsed time [min]

0 - 10

#1

0 - 10

Door combination
#1

11 - 20

#1 + #2

11 - 20

#1 + #2

21 - 30

#2

21 - 30

#2

31 - 40

#1 + #2 + #3

31 - 45
(36 - 40)

#1 + #2 + #3
(#1 + #2 + #3 + CD)

41 - 50

#1 + #2 + #3 + #4

46 - 55

#1 + #2 + #3 + #4

51 - 60

#1 + #2 + #4

56 - 65

#1 + #2 + #4

61 - 70

#2 + #4

66 - 75

#2 + #4

71 - 80

#2 + #3 + #4

76 - 85

#2 + #3 + #4

81 - 90

#2 + #3

86 - 100
(91 - 95)

#2 + #3
(#2 + #3 + CD)

91 - 100

#3

101 - 110

#3

101 - 110

#3 + #4

111 - 120

#3 + #4

111 - 120

#1 + #3

121 - 130

#1 + #3

121 - 130

#1 + #3 + #4

131 - 140

#1 + #3 + #4

131 - 140

#1 + #4

141 - 150

#1 + #4

141 - 150

#4

151 - 160

#4

Table 2. Schedule of monitoring campaigns.
Campaign

Ventilation
mode

Date

Text [°C]

Tcave [°C]

ΔT [°C]

Monitored variables

Measurement
period [min]

C1-UAF

UAF

2-Dec-13

6.8 to 7.4

8.7

-1.8 to -1.2

CO2, Texterior, Tcave

150

C2-DAF

DAF

3-Jul-15

28.1 to 30. 6

9.0 to 9. 6

19.0 to 21.2

CO2, Texterior, Tcave

150

C3-DAF

DAF

29-Apr-16

13.8 to 17.6

8.3 to 10.0

5.2 to 7.7

CO2, Texterior, Tcave

160

C4-DAF

DAF

30-Jul-16

23.4 to 27.2

9.4 to 11.1

13.9 to 17.7

CO2, Texterior, Tcave

160

DMC-DAF

DAF

27-Aug-16

26.0 to 29.6

n.m.

n.m.

CO2, Texterior, airflows

90

n.m. - not measured

The CO2 concentrations were measured with
1-minute time steps in EC and GC at about 2 m
above the cave floor. During all the campaigns, CO2
concentrations were monitored under conditions
without the visitor presence inside the cave (without
anthropogenic influence). The CO2 was detected by
a 2-channel IR-detector FT A600-CO2H (measuring
range: 0 to 10,000 ppmv; accuracy: ±50 ppmv + 2 vol.
% of measured value in the range of 0 to 5,000 ppmv;

resolution: 1 ppmv or 0.0001 vol. %) linked to the
ALMEMO 2290-4 V5 Ahlborn data logger (Germany).
For modeling, the volume concentrations (in ppmv
unit) were consecutively recalculated into molar
concentrations (mol m-3), based on the Ideal Gas Law
and given temperature/pressure,

c CO2 [mol m−3 ] =

P
c CO2 [ppmv]   (1)
106 RT
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where P is barometric pressure [Pa], R is the universal
gas constant [R = 8.3144621 J kg-1 K-1] and T is
temperature [K]. Data on barometric pressure were
obtained from the meteorological station Vranov at
similar altitude of 484 m a.s.l. for the campaigns C4DAF and DMC-DAF. As the data for the remaining
campaigns (C1-UAF, C2-DAF, C3-DAF) were
unavailable at this station, the pressure data were
compiled and recalculated from alternative stations:
Brno - Kraví Hora (280 m a.s.l.), Otinoves (565 m
a.s.l.), and Vysočany (580 m a.s.l.). The final data
range from 103,000 to 103,250 Pa (C1-UAF), from
102,662 to 102,700 Pa (C2-DAF), and from 101,578
to 102,024 Pa (C3-DAF). For C4-DAF and DMCDAF, respectively, the mean values of 101,522 and
102,190 Pa were used. The applying these values for
cCO2 calculation (Eq. 1) showed only slight deviations
from calculations with standard barometric pressure
of 101,325 Pa.
The temperatures for ΔT calculations were logged
(i) in the exterior, approximately 50 m from the
cave entrance, and (ii) in EC. It was measured by
COMET S3120 data loggers (measuring range from
-30 to +70°C with a precision of ±0.4°C). Airflows
were measured by the FVA935 TH4 thermoanemometer-sensor (measuring range from 0.05 to
2 m s-1 with a precision of ±0.04 m s-1) connected
with the ALMEMO 2290-4 V5 data logger (Ahlborn,
Germany). The linear airflow rate, v [m s-1], was
consecutively recalculated into volumetric airflow rate,
Q [m3 s-1], based on the section area through which
air flowed.

THEORETICAL BACKGROUND
The concentration of CO2 in cave atmosphere is
result of balancing of various input and output CO2
fluxes. The principal fluxes are: (i) diffusive CO2
fluxes, (ii) advective CO2 fluxes, and (iii) CO2 flux
derived from dripwater degassing.
The total input diffusive CO2 flux from soils/epikarst,
jdEKif [mol s-1], is believed to represent the principal input
CO2 flux into cave chamber. It can be estimated based
on the Fick’s First Law:

jEK
dif = −D A

∆c
  (2)
∆L

where D is CO2 diffusivity (diffusion coefficient) in
karst bedrock [m2 s-1], A is the total area through
which CO2 diffuses into the cave chamber [m2], and
Δc/ΔL is the concentration gradient given by the
concentration difference Δc [mol m-3] over the distance
ΔL [m]. The CO2 diffusivity is rather uncertain due
to karst profile/bedrock inhomogeneity (limestone,
soils/sediments, fissures, cracks, or shafts). It varies
in the wide range from 1.0 × 10-7 m2 s-1 (Davidson
& Trumbore, 1995) to 1.4 × 10-5 m2 s-1 (Welty et al.,
2008). The concentration difference, Δc, was assumed
to be the difference between CO2 concentrations in
soil/epikarst and cave atmosphere.
The advective CO2 fluxes across the cave, jadv [mol s-1],
are given by the equation
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jadv = Q cCO2  (3)
where Q is the volumetric airflow rate [m3 s-1] and cCO2
is CO2 concentration [mol m-3]. The positive advective
fluxes correspond to the airflow direction into cave
and negative ones to the airflow direction out of
cave. The flux sign is derived from the sign of airflow
volumetric velocity. The effects of the advective CO2
fluxes may differ, depending on airflow direction and
position inside cave. Whereas the airflow from exterior
decreases the CO2 level, the airflow transporting CO2
from deeper cave sites and epikarst can increase the
level (Lang et al., 2015a).
The input CO2 flux derived from dripwater degassing,
jdeg [mol s-1], is generally a significant contributor
to CO2 in a cave chamber. The infiltrating water
saturated by gaseous CO2 (at given PCO2 in soils/
epikarst) typically degasses after reaching the cave
(Holland et al., 1964; Bourges et al., 2001; Baldini
et al., 2008). The degassing driving force is the
difference between (1) partial pressure of CO2 in the
water, (W)PCO2, (i.e., partial pressure of gaseous CO2 at
equilibrium with aqueous carbonate species) and (2)
actual partial pressure of CO2 in cave atmosphere,
(C)
PCO2 (Faimon et al., 2006; Ford & Williams, 2007;
Faimon et al., 2012a). In this work, however, such
flux was considered constant because of the short
duration of the experiments. Thus, the effect of the
flux at door opening was ignored.
The total CO2 flux into a cave chamber, j [mol s-1], is
given as the sum of the all CO2 fluxes (input fluxes are
positive, output ones are negative),

j=

∑j
i

i

  (4)

where ji are the individual fluxes [mol s-1]. Several
studies based on dynamics modeling and mass fluxes
(e.g., Holland et al., 1964; Lasaga & Berner, 1998;
Richon et al., 2005) are inspiring. Alternatively, the
total CO2 flux may be obtained from the slope of CO2
time series based on the relation

j=

Vdc
  (5)
dt

where V is cave chamber volume [m3], c is instantaneous
CO2 concentration in the chamber atmosphere
[mol m-3], and t is time [s].

DATA
Monitoring during UAF ventilation mode
(C1-UAF period)
The raw data (2.5-hour-long time series) obtained
during the monitored campaign C1-UAF (5 November
2013) comprise the CO2 concentrations from EC/
GC and the temperature difference ΔT = Text – Tcave
(Fig. 2). All the data were collected during the period of
active ventilation at the external temperature between
6.8 and 7.4°C. Based on almost constant cave site
temperature (Tcave ~8.7°C), the temperature difference
ΔT ranged from -1.8 to -1.2°C (Fig. 2A). It indicates
that cave persisted in the upward airflow (UAF)
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Fig. 2. Data from the campaign C1-UAF (5 November 2013; Balcarka Cave): temperature
difference ΔT (A) and CO2 concentrations in Entrance Chamber (B) and Gallery Chamber
(C). The numbers at curves represent numbers of the doors open for given period.
See text for details.

ventilation mode during the whole campaign. These
data show different evolution in individual chambers.
Whereas CO2 concentrations gradually decrease from
560 to 438 ppmv (2.4 × 10-2 to 1.9 × 10-2 mol m-3)
in EC during various combinations of door opening
(Fig. 2B), almost constant values with fluctuation
of about 15 ppmv (6.5 × 10-4 mol m-3) were observed
in GC (Fig. 2C).
Monitoring during DAF ventilation mode
During the DAF mode, four monitoring campaigns
were performed (Table 1). At the first campaign
C2-DAF, a surprising behavior of CO2 was observed.
The next two campaigns, C3-DAF and C4-DAF, aimed
to verify the data from the previous campaign. The
last campaign DMC-DAF was focused on detail CO2
monitoring and airflow direction/rates.
Campaign C2-DAF
During this 2.5-hour-long campaign (running in
3 July 2015), external temperature ranged from
28.1 to 30.6°C. The cave persisted in the period of
active ventilation. Based on almost constant cave site
temperature (Tcave ~9.0 to 9.6°C), the temperature
difference ΔT ranged from 19.0 to 21.2°C (Fig. 3A). This
indicates the downward airflow (DAF) ventilation mode

during the whole campaign. The CO2 concentrations
in EC varied in the wide range from 464 to 1,187 ppmv
(2.0 × 10-2 to 5.1 × 10-2 mol m-3) (Fig. 3B). Based on
the evolution of CO2 concentrations in EC, two main
groups of door combinations were identified. Whereas
some combinations (open door #1+#2+#3, or #2+#3)
led to the increase of CO2 levels, other combinations
(open door #1+#2+#4, #1+#4) resulted in the decrease
of CO2 levels. In contrast to EC, the concentrations
in GC systematically decreased from 1,430 ppmv to
1,176 ppmv (6.2 × 10-2 to 5.1 × 10-2 mol m-3) (Fig. 3C).
Campaign C3-DAF
During this 2.7-hour-long campaign (running in
29 April 2016), the schedule of door opening was
expanded by the two 5-minute intervals with the
open connecting door CD (Fig. 1). The campaign was
implemented into monitoring schedule based on the
experience from the campaign C2-DAF, when the
door was opened accidentally. The 5-minute periods
of the CD opening were chosen in order to distinguish
clearly the role of CD in ventilation regime. Based
on the external temperature (Texterior ~13.8 to 17.6°C)
and cave site temperature (Tcave ~8.3 to 10.0°C), the
temperature difference ΔT ranged from 5.2 to 7.7°C
(Fig. 4A). It indicates that cave persisted in downward
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Fig. 3. Data from the campaign C2-DAF (3 July 2015; Balcarka Cave): temperature
difference ΔT (A) and CO2 concentrations in Entrance Chamber (B) and Gallery
Chamber (C). The numbers at curves represent numbers of the doors open for given
period. See text for details.

airflow (DAF) ventilation mode during the whole
campaign. The CO2 concentrations in EC varied
around mean value of ~480 ppmv (2.1 × 10-2 mol m-3)
(Fig. 4B). Despite the relatively narrow range, two
different trends were identified in CO2 level evolution
depending on the door opening combinations. In the
case of periods with the open doors #1+#2+#3+#4 or
#3, slight increase of CO2 levels is observed. However,
systematical decrease of CO2 levels is evident during
the periods with the open doors #2+#4 and #1+#3+#4.
In GC, the “natural” CO2 levels (without anthropogenic
influence) varied around mean value of ~500 ppmv
(2.2 × 10-2 mol m-3) (Fig. 4C).
Campaign C4-DAF
This 2.7-hour-long campaign (running in 30 July
2016) followed the campaign C3-DAF. It includes two
5-minute intervals with open connecting door CD.
The external temperature ranging from 23.4 to 27.2°C
indicates that cave persisted in the period of active
ventilation. Based on the cave site temperature (Tcave
~9.4 to 11.1°C), the temperature difference ΔT ranged
from 13.9 to 17.7°C (Fig. 5A), which indicates DAF
ventilation mode during the whole campaign. The CO2
concentrations in EC varied in a wide range between
352 and 2,058 ppmv (1.5 × 10-2 and 8.9 × 10-2 mol m-3)

(Fig. 5B). The lower-than-mean CO2 concentrations in
the external atmosphere are in the range of the diurnal
variations of 371 ± 65 (STDEV) ppmv monitored in a
local meteorological station Holštejn. Whereas some
combinations of door opening (#1+#2+#3 and #2+#3)
correspond to the rapid increase of the CO2 levels,
other combinations (#1+#2+#3+#4 and #1+#2+#4)
represent quick decrease of CO2 levels. In GC, the
concentrations systematically decrease from 3,413 to
2,697 ppmv (1.5 × 10-1 to 1.2 × 10-1 mol m-3) (Fig. 5C).
Campaign DMC-DAF
This 1.5-hour-long campaign, running in 27 August
2016, comprised detailed monitoring of (i) CO2
concentrations in EC during DAF ventilation mode
before/after specific combination of door opening and
(ii) the airflows through the individual cave doors after
door opening. Data on CO2 concentrations showed two
periods with different CO2 trends (Fig. 6). In the initial
period (~30 minutes) under closed-door conditions,
CO2 concentrations slightly decreased from 1,176
to 799 ppmv, which corresponds to a removal of the
anthropogenic CO2 produced by last visitor group.
After opening of the doors #2, #3, and CD, this
concentrations rapidly increased during a relatively
short period (~15 minutes) up to 2,500 ppmv. After
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Fig. 4. Data from the campaign C3-DAF (29 April 2016; Balcarka Cave): temperature
difference ΔT (A) and CO2 concentrations in Entrance Chamber (B) and Gallery Chamber
(C). The numbers at curves represent numbers of the doors open for given period. The
grey bars represent the periods with opened connecting door CD. See text for details.

this, CO2 concentrations only slightly increased up to
2,800 ppmv.
Independently from the CO2 concentrations, the
airflow directions/rates through the individual
doors were logged except for the door #1 (main
entrance) because of the poorly defined relative
large vents around the door that did not allow for
quantification. The results of airflow monitoring are
summarized in Table 3. The monitored airflows
through doors #2, #3, and #4 were out of EC and
cave, respectively. The airflows through CD went into
CC. The mean airflow rates showed a wide range of
values for individual doors. Whereas the lower airflow
rates up to 1.36 × 10-1 and 1.99 × 10-1 m3 s-1 were
found through the doors #3 (old cave exit door) and
#2 (separating door), enhanced airflows reaching up
to 3.83 × 10-1 m3 s-1 were detected through the door
#4 (new cave exit door).

DATA ANALYSIS
During
UAF
ventilation
mode,
the
CO2
concentrations in both chambers evolved predictably:
the concentrations slightly decreased in EC and
remained almost constant in GC (Fig. 2). During DAF
mode, however, a completely different CO2 behavior

was observed, especially in EC: the door opening led to
increase of CO2 levels (Figs. 3, 4, and 5). Furthermore,
different CO2 levels in EC caused by opening of
individual cave doors were identified. Opening of
the separating door (#2) and old cave exit door (#3)
were found to be responsible for observed increase
of CO2 levels. Moreover, this effect was amplified by
opening CD. In contrast, opening of new cave exit
door (#4) through all the combinations contributes to
the decrease of CO2 levels. Comparison of the airflow
rates through the individual doors (Table 3) indicates
that airflows through the door #4 roughly represent
a sum of both partial airflows through the doors #2
and #3.
The total CO2 flux responsible for the increase
was calculated from detailed data (Fig. 6) based on
Eqn. 5. Its value was j ~1.1 × 10-2 mol s-1. For better
understanding of the phenomenon, individual CO2
fluxes potentially contributing to the total flux were
estimated. The assumed fluxes were: (1) diffusive
flux from soils/epikarst, (2) advective fluxes from
deeper cave passages, and (3) direct advective flux
from epikarst. The fluxes resulting from dripwater
degassing were not included because of their assumed
low values (see Lang et al., 2016) and constancy
during the whole monitoring campaign.
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Fig. 5. Data from the campaign C4-DAF (30 July 2016; Balcarka Cave): temperature
difference ΔT (A) and CO2 concentrations in Entrance Chamber (B) and Gallery Chamber
(C). The numbers at curves represent numbers of the doors open for given period. The
grey bars represent the periods with opened connecting door CD. See text for details.

Fig. 6. Data from the campaign DMC-DAF (27 August 2016, Balcarka Cave): CO2
concentrations in Entrance Chamber before/after opening the doors #2, #3, and CD.
See text for details.

The input diffusive CO2 flux from soils/epikarst
into EC, jdEKif [mol s-1], was estimated from Eqn. (2).
Both extreme values of CO2 diffusivity (1.0 × 10-7
and 1.4 × 10-5 m2 s-1) were applied, in order to cover
nonhomogeneous structure of cave overburden. The
CO2 concentrations directly measured in upper parts
of the soil profiles in the Moravian Karst range from
1,000 to 10,000 ppmv (4.3 × 10-2 to 0.43 mol m-3)

(Faimon & Ličbinská, 2010; Faimon et al., 2012b;
Blecha & Faimon, 2014). A narrower range is reported
for cave CO2 concentrations. The Balcarka Cave
belongs to the caves with rather low CO2 levels, between
500 and 3,000 ppmv (2.2 × 10-2 and 2.0 × 10-1 mol m-3)
(Faimon et al., 2012b; Lang et al., 2016). According to
the cave altitude diagram (Fig. 1B), the distance for
diffusive CO2 transport, ΔL, roughly corresponds to
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Table 3. Airflow monitoring of the individual cave doors.
Door

Airflow direction

Volumetric airflow rate [m3 s-1]

#1

into the cave

n.m.

#2

out of the chamber

(0.83-1.36) × 10-1

#3

out of the cave

(0.10-1.99) × 10-1

#4

out of the cave

(1.78-3.83) × 10-1

CD

toward CC

n.m.

n.m. – not measured

40 m. Based on all the estimated ranges of individual
variables and the total diffusion area of about 28 m2
(the projected area of EC), the direct diffusive CO2
flux into EC, jdEKif, should range between 1.5 × 10-9 and
3.9 × 10-6 mol s-1 (see Table 4).
The input advective CO2 fluxes into EC, jadv [mol
s-1], were estimated from Eqn. (3). Two types of such
fluxes were distinguished: (i) the input advective
flux from deeper cave passages (GC was used as
l
the representative one), jGa
ad v, and (ii) input advective
EK
flux from soils/epikarst, jadv. Both fluxes were driven
by cave airflows, Q [m3 s-1], and the source CO2
concentration [mol m-3] (cGal for GC and cEK for soils/
epikarst). The volumetric airflow rates through the
door #2 in the DAF mode varied in the range of (0.831.36) × 10-1 m3 s-1 (Table 3). The CO2 concentrations in

GC during campaigns at DAF mode ranged between
476 and 3,413 ppmv (2.1 × 10-2 and 0.15 mol m-3)
(Figures 3C, 4C, and 5C). Based on the estimated
ranges of individual variables, the advective CO2 fluxes
l
-3
into EC from GC, jGa
to
ad v, would range from 1.7 × 10
-2
-1
2.0 × 10 mol s and from the soils/epikarst, jEK
adv,
from 3.6 × 10-3 to 5.9 × 10-2 mol s-1. All the calculated
advective fluxes are summarized in Table 4.
Distinction between the advective fluxes was
deduced from estimated transport time. The
calculation was based on the volumetric airflow rates
measured at the door #2 of (0.83-1.36) × 10-1 m3 s-1
(Table 3) and individual cross-section areas through
which CO2 is transported into EC. The crosssection area of the corridor connecting EC with GC
is about 10 m2 on average. Total cross-section area
of the fissures, cracks, and shafts in EC overburden
(the area for advective CO2 fluxes from epikarst)
was estimated to be less than 1 m2. Based on
these individual parameters, the estimated linear
airflow rates for CO2 transport from epikarst into
EC were in the ranges of (0.8-1.4) × 10-2 m s-1 and
(4.2-6.8) × 10-2 m s-1 into GC. Assuming the distance
EC vs. GC of ~100 m and the thickness of EC
overburden of ~50 m the transport time is from 2.0 to
3.3 hours from GC and up to 0.1 hours from epikarst.

Table 4. Overview of CO2 fluxes into EC.
flux*

parameter
D [m2 s-1]

Δc [mol m-3]

ΔL [m]

c [mol m-3]

Q [m3 s-1]

jdEKif

1.0 × 10-7 to 1.4
× 10-5

2.2 × 10-2 to
0.4

40

n.u.

n.u.

l
jGa
ad v

n.u.

n.u.

n.u.

jEK
adv

n.u.

n.u.

n.u.

2.1 × 10-2 to
0.15
4.3 × 10-2 to
0.43

8.3 × 10-2 to
0.14
8.3 × 10-2 to
0.14

value
1.5 × 10-9 to
3.9 × 10-6
1.7 × 10-3 to
2.0 × 10-2
3.6 × 10-3 to
5.9 × 10-2

units
[mol s-1]
[mol s-1]
[mol s-1]

*see List of Simbols; n.u. – not used

DISCUSSION
The CO2 concentrations measured in the Balcarka
Cave in the range from 300 to 3,500 ppmv roughly
agree with the values previously measured in the
Moravian Karst caves (Faimon et al., 2006; Faimon
et al., 2012a; Lang et al., 2015a, b, 2016, 2017) and
also with the values reported by, e.g., Spötl et al.
(2005), Baldini et al. (2006), Liñán et al. (2008), Lario
& Soler (2010), and Ridley et al. (2015). The range
of values indicates that Balcarka Cave belongs to
the caves significantly influenced by cave ventilation
(e.g., Kowalczk & Froelich, 2010; Tremaine et al.,
2011). Based on Lang et al. (2016), the Balcarka
Cave represents the cave of geometry A, characterized
by an open lower entrance and the upper hidden
openings allowing the air/CO2 to penetrate into the
cave through soils/epikarst. Whereas the lower CO2
levels are associated with the UAF ventilation mode,
higher levels are associated with DAF mode (due to
the direct advective CO2 fluxes from soils/epikarst).
A different CO2 variability was identified in the
individual chambers. Whereas the wide ranges of CO2
levels are visible in the EC representing cave entrance
passages, significantly narrower ranges were found in
the GC situated in deeper cave passages (Fig. 1A). This

is consistent with lower-variable CO2 levels generally
found in deeper cave passages (e.g., Buecher, 1999;
Baldini et al., 2006). This also explains why the effect
of door opening in GC was attenuated during the
monitoring campaigns (Figs. 2-5).
Under the UAF mode, the opening of cave doors
contributed to a general increase of cave airflows and
advective output CO2 fluxes, which led to decrease of
CO2 levels. This effect is evident in the cave entering
passages (EC). Under DAF mode, the cave door
opening caused a switching of predominant airflow
paths that changed the main CO2 sources and fluxes.
This resulted in increase of the CO2 levels in EC while
the CO2 levels in GC decreased. The mechanism
of switching ventilation branches/paths is little
understood and requires further study. However, it
seems evident that in case of two parallel ventilation
paths, the airflows would dominate in the paths with
lower resistance (the resistance could be driven by the
morphology/topography/segmentation and length
of individual paths). The input flux increase in EC
is well documented by CO2 peaks in the campaigns
C2-DAF and C4-DAF reaching the maxima up to
1,200 ppmv (5.2 × 10-2 mol m-3) (Fig. 3B) and even
2,100 ppmv (9.1 × 10-2 mol m-3) (Fig. 5B), respectively.
Such rapid increase of the CO2 in EC is caused by
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strong input CO2 fluxes. Because of downward
airflows (DAF mode), the CO2 sources of the fluxes
should be situated in the upper cave parts: in (i) GC,
(ii) CC or (iii) epikarst/soils. Analysis of potential
input fluxes is given in Table 4. Direct diffusive CO2
fluxes from overburden show too low values (between
1.5 × 10-9 and 3.9 × 10-6 mol s-1) to cover the total flux
into EC. In contrast, the advective CO2 fluxes from the
deeper cave passages (GC) show the values ranging
from 1.7 × 10-3 to 2.0 × 10-2 mol s-1 that are comparable
with the experimentally found total flux into EC
(1.1 × 10-2 mol s-1). However, the transport time of
CO2 would be too long (2.0 to 3.3 hours). It would
result in several hours’ lag, which is inconsistent with
data. The airflow directions through doors #2 and #3
pointing out of the chamber/cave (Table 3) question
the possibility of flux from the CC. Moreover, the
transport time would be even longer than from the
GC. At given airflows, strong CO2 fluxes could result
from the high CO2 concentrations in soils/epikarst.
Thus, the advective input fluxes from epikarst
(3.6 × 10-3 to 5.9 × 10-2 mol s-1) remain the more
probable fluxes causing the increase of CO2 levels
in EC at the changes of ventilation during the
DAF mode. The CO2 transport time from epikarst
reaching 0.1 hour is roughly consistent with the lag
of CO2 levels (~15 minutes) beyond the door opening
(Fig. 6). There are even conceivable sudden changes of
cave CO2 levels by the advective fluxes from epikarst
without lag, made by a “piston flow” (see, e.g., Baldini
et al., 2008).
The lower CO2 levels (about 480 ppmv, i.e., 2.1 ×
10-2 mol m-3 on average) with fluctuations found
during the campaign C3-DAF (Fig. 4B) could be
explained by transitionally lower CO2 concentrations
in soils/epikarst. The campaign C3-DAF was
conducted in April, when CO2 concentrations in soils
did not reach the “standard” summer values and
cave CO2 levels corresponded to winter levels. Some
studies on CO2 concentrations in the soils above the
Balcarka Cave (e.g., Faimon et al., 2012b) showed
roughly half-values during spring (April to May) in
comparison with summer season (June to August).
The campaigns C2-DAF and C4-DAF were performed
in July, when maxima of CO2 concentrations in soils
are generally reached. In fact, this explanation seems
to be somehow contradicting to the previous studies
of Faimon et al. (2012c) and Pracný et al. (2016a, b)
indicating only slight seasonal variations in epikarstic
CO2 concentrations. Thus, this seasonality in CO2
fluxes may indicate that soils are the main source of
CO2 in the Balcarka Cave. An additional reason for
the inconsistencies in CO2 levels could be the lower
ΔT values corresponding to weaker airflows at the
campaign C3-DAF (Faimon & Lang, 2013).
An analysis of the experimentally found airflow
directions and the altitude relations of cave geometry
allowed to estimate possible ventilation paths
throughout the Balcarka Cave at open doors (#2, #3,
#4 and CD) for individual ventilation modes (Fig. 7).
Detailed patterns of airflows in the cave with closed
door are not known. It would require a special study
with specific monitoring equipment, which was not in
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the scope of this article. In fact, despite the closed
doors, the cave ventilates and shows the seasonality
typical for dynamic caves. No doubt, various hidden/
unknown openings play a role. However, the regime of
ventilation changes at open doors.
Scheme of the airflow paths during UAF mode
showed three main branches of the airflow from
exterior: (i) one branch through the doors #1 and CD,
(ii) second branch through the door #2, EC and GC,
and (iii) third branch through the doors #3 and #4
(Fig. 7A). All the airflows reoriented towards the CC
and back to exterior by the chimney. The doors #1
and #3 are playing the role of both lower and upper
entrances concurrently. Measurement at these doors
indicates that the cold air may flow through the door
at the ground whereas the warmer air at the top. The
monitored chambers EC and GC are vented by the

Fig. 7. The altitude diagram of the individual cave passages
with marked ventilation paths under UAF (A) and DAF (B)
ventilation mode. The acronym DC corresponds to the
Discovers’ Chimney. The horizontal axis is not in scale.
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second ventilation branch. The gradual decrease of
CO2 levels in EC resulted from the direct transport
of low CO2 concentrations from exterior and cave
entrance passages (Fig. 2B, C). In the remote cave
parts (GC), the instantaneous change in CO2 cannot be
observed during such short-term ventilation change.
During the DAF mode, the ventilation paths
completely changed (Fig. 7B). Additional airflows
through the epikarst bringing significant amount
of CO2 are probably responsible for the higher CO2
concentrations in EC (Figs. 3B and 5B). It could be
demonstrated by instantaneous changes in CO2
isotopic composition, but relevant data were not
available. We will concentrate on this issue in a future
study. The gradual decrease of CO2 levels in GC (Figs.
3C and 5C) could be associated with the enhanced
airflow between CC  GC - EC (through the doors #2).
The long distance between EC and GC did not allow
the impact on the CO2 levels in EC. The airflow rates
through the door #4 (Table 3) confirm summarization
of the partial airflows through doors #2 and #3.
The study showed that just one additional entrance
could be crucial at the setting of ventilation regime in
a cave. This important finding should be remembered
during discovering and accessing of caves. In the case
of the Balcarka Cave, the lowest entrance (the door
#4) is responsible for the main reduction in cave CO2
levels. The combinations of open separating doors
#2, old cave entrance #3, and connecting doors CD
are responsible for increase in the cave CO2 levels
(especially in EC during DAF mode). Since neither
door #3 nor CD are commonly used, no revision of
the current visitors’ regime in the Balcarka Cave
is necessary. Generally, however, the effect of
simultaneously open door needs to be assessed on a
case-by-case basis.

CONCLUSIONS
The impact of door opening on cave CO2
concentrations was studied in (i) the Entrance
Chamber and (ii) the Gallery Chamber of the Balcarka
Cave (Moravian Karst). The results showed that CO2
levels in both the studied cave sites were influenced
by different factors depending on the external
and internal conditions. Based on the opening of
individual doors, different ventilation paths were
distinguished in the cave under upward airflow
(UAF) and downward airflow (DAF) ventilation
modes. During the UAF mode, the cave door opening
contributed to general increase of cave airflows and
thus to the decrease of CO2 concentrations due to
enhanced output advective CO2 fluxes. Such effect
was evident especially in the Entrance Chamber due
to the transport of lower CO2 concentrations from cave
entrance passages. In the Gallery Chamber situated
deeper in the cave, such effect was suppressed. During
the DAF mode, some combinations of door opening
lead to the changes in cave airflow paths. With the
change, also main CO2 sources changed, which
paradoxically lead to significant CO2 level increase
in the Entrance Chamber. Modeling suggested that
just the transport of enhanced CO2 concentrations

from epikarst by advective fluxes represents the
more probable factor causing the increase. The
study has shown that even short-term changes
in cave ventilation may radically influence cave
microclimate. Therefore, some organizational and
technical measures are proposed in the more frequent
show caves, in order to keep natural conditions. They
could be associated with automatic door closers or/
and with a harmonization of the entry/exit times
of individual visitor groups in order to prevent the
opening of several doors simultaneously. This study
focused on the show caves could also contribute to
the general knowledge about possible changes in cave
microclimate in the geological past, during which old
openings were periodically closed by sediments at
various events (collapses, floods) while new openings
were created.
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Abstract:

Subterranean habitats are known for their rich endemic fauna and high vulnerability to
disturbance. Many methods and techniques are used to sample the biodiversity of terrestrial
invertebrate fauna in caves, among which pitfall trapping remains one of the most frequently
used and effective ones. However, this method has turned out to be harmful to subterranean
communities if applied inappropriately. Traditionally, pitfall traps have been placed in caves
solely on the ground. Here we present an optimized technique of pitfall trapping to achieve a
balance between sampling completeness and minimal disturbance of the fauna in the cave.
Monthly we placed traps for two days in two parallel sets, a ground trap and an upper one−just
below the ceiling−along the cave. In the upper set, about 10% additional species were recorded
compared to the ground set. Greater species diversity in the cave was the consequence of
both the increased sampling effort and the amplified heterogeneity of sampled microhabitats.
In caves sampled by traditional pitfall trapping, overlooked species may be a consequence
of methodological biases, leading to lower biodiversity estimates. In our research, incidencebased estimations mostly surpassed abundance-based ones and predicted 95% coverage of
the species richness within about two years of sampling. The sampling used contributes at the
same time to both the more effective and less invasive inventory of the subterranean fauna.
Thus, it may serve as an optional sampling to achieve optimal balance between required data
for biodiversity and ecological studies, and nature conservation goals.
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INTRODUCTION
In recent decades, in light of serious concerns about
rapid biodiversity loss and a crisis in biodiversity
knowledge, considerable efforts have been devoted
to measuring and documenting global biodiversity
(Mooney & Mace, 2009; Krauss et al., 2010; Mora et
al., 2011). However, it is often time-consuming and
laborious to perform representative sampling of species
communities, especially in the case of invertebrates
(Żmihorski et al., 2013). In subterranean terrestrial
fauna, this is true for two main reasons: the large
number of endemic species and the high susceptibility
of subterranean fauna to disturbance. Research into
subterranean fauna biodiversity (e.g., Deharveng et
al., 2000; Christman et al., 2005; Trontelj et al., 2009;
Niemiller & Zigler, 2013) has been conspicuously
related to efforts to provide optimal biodiversity data.
*peter.kozel@zrc-sazu.si

Although caves and other subterranean habitats
are usually considered among the most extreme
environments on the planet (Howarth, 1993; Fišer et
al., 2012) their fauna is diverse (e.g., Culver & Sket,
2000; Culver & Pipan, 2009, 2013; Reboleira et al.,
2011; Sket, 2012; Souza Silva & Ferreira, 2016).
Significant progress on biodiversity patterns has
been done in the last decade (e.g., Zagmajster et al.
2008, 2010; Malard et al., 2009; Culver et al., 2013;
Niemiller & Zigler, 2013; Bregovič & Zagmajster,
2016). Despite all these efforts, scientific sampling of
terrestrial fauna biodiversity in caves has been only
rarely evaluated for effectiveness (e.g., Weinstein &
Slaney, 1995; Bichuette et al., 2015).
Besides observation and manual collection, baited
pitfall trapping has been the most frequently applied
method for sampling terrestrial invertebrates in caves
(Peck, 1995; Slaney & Weinstein, 1996; Hunt &
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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Millar, 2001; Campbell et al., 2011). The method is
cheap, simple to use, requires little labor and yields
greater numbers of individuals belonging to a wide
range of taxa (Ward et al., 2001), and is therefore
popular among ecologists (Sabu & Shiju, 2010; Tista
& Fiedler, 2011; Żmihorski et al., 2013). Baited
pitfall traps provide results that differ in comparison
to other methods (Weinstein & Slaney, 1995). Such
traps attract, among others, organisms from fissures,
which are likely the primary habitat for many species
in caves (Juberthie, 1969; Kuštor & Novak, 1980;
Culver & Pipan, 2009). Animals are probably attracted
from greater distances (Poulson & Culver, 1968;
Juberthie, 1969). On the other hand, pitfall trapping
has long been known to cause population reduction in
caves (Vandel, 1965; Howarth, 1981). Especially longterm systematic trapping repeated at the same sites,
or traps forgotten in caves, can be very deleterious
because of oversampling and depletion of populations
of some taxa (Sharratt et al., 2000; Cardoso, 2012). In
subterranean habitats, this is especially important for
protected and vulnerable taxa, generally with limited
populations (Hunt & Millar, 2001; Cardoso, 2012).
When applying pitfall trapping, prudent consideration
is required, as the collecting should be kept to a
minimum (Culver & Pipan, 2009).
Scientists frequently encounter a conflict between
collecting and conservation of taxa (Henen, 2016), even
though biological inventories provide the foundation for
improving the applied pursuit of sustainable resource
management and conservation (Magurran, 1996).
Scientific collecting and conservation efforts should
aim to be synergistic and productive, rather than
contradictory (Henen, 2016). It is thus indispensable
to improve sampling methods and procedures, to
devise and implement new ones and find the optimal
balance between collecting for scientific purposes and
conservation (Minteer et al., 2014).
Investigators applying pitfall traps in caves are
mostly exploiting linear transect within caves, or
they may investigate specific sites or cave sections
of interest (Juberthie, 1969; Shaw & Davis, 1999;
Novak et al., 2004, 2012; Campbell et al., 2011;
Mammola et al., 2015). The traps are placed on the
ground either in groups or in transects. The vertical
distribution and dynamics of fauna have only rarely
been taken into account in caves (e.g., Novak et al.,
2010; Mammola & Isaia, 2016; Mammola et al., 2016).
Some species distributions in caves are influenced by
microhabitat distribution, even, e.g., by the structural
heterogeneity of cave walls (Bourne, 1967; Mammola
& Isaia, 2016; Mammola et al., 2016); therefore,
various microhabitats should also be considered in
such studies.
In this study, our main concern was the optimization
of pitfall sampling in caves, one of the most frequently
used methods for studies of biodiversity and
community ecology, which in turn often provide a
basis for faunal conservation. Consequently, our
study includes two of the most important issues in the
conflict between scientific collection and conservation
of subterranean communities: 1) credible coverage
of various microhabitats within a cave, and 2) as

little invasive sampling as possible. In this respect,
the cave floor and the ceiling constitute two of the
potentially most distinct types of microhabitats.
Besides, multiple data on species incidence, i.e.,
presence of a species in a particular place and time
(e.g., Novak et al., 2012), may considerably lower the
number of sampled individuals required for reliable
biodiversity estimations.
We thus address two main questions: 1) Whether
combined sampling, i.e., parallel ground and wall
and ceiling sampling, provides greater species
richness outcomes in comparison with an equally
large traditional sample, i.e., ground only pitfall trap
sampling 2) Which approach−the incidence-based
approach or the abundance-based approach−is more
efficient and provides more robust estimates of species
richness. To this end, we simultaneously focused
on the question of whether increased sampling
effort alone is responsible for the additional species
collected, or whether it could be the consequence
of an enlarged set of various microhabitats. These
issues could mitigate the conflict between scientific
sampling and conservation of fauna in caves.

MATERIALS AND METHODS
Study site
The study was performed in the cave Zguba jama
(Cadastre number 6290, Cave Register of the Karst
Research Institute ZRC SAZU and Speleological
Association of Slovenia) in the vicinity of Postojna
(Fig. 1). The cave is a potential fossil continuation of
the Pisani rov passage in Postojnska jama (Šebela,
1994). The entrance of Zguba jama is located at
561 m a.s.l. This cave (122 m long and 4 m deep) has
an entrance 1.5 m wide and 1 m high. Cave cross
sections (width x height) measure 0.9−2 x 0.5−2.5 m,
with few sites where the ceiling reaches 5 m high.
Such morphology enabled relatively easy setting of
pitfall traps beneath the ceiling (Fig. 2).
Sampling design
Terrestrial fauna was sampled by baited pitfall
traps. Along the cave passage, 31 sampling sites were
located about 4 m apart (Fig. 2). We used 85 mm deep
plastic cups, with a rim diameter of 56 mm. For bait,
we used decomposing beef (1.5 g; wrapped in gauze,
left in a closed glass for 4–5 days at room temperature
to become tainted, and attached by a wire in the middle
of the cup opening) and apple juice with a lacing of
cherry and maraschino essence, ca. 2 cm deep in
the cup. Additionally, a few drops of detergent were
added to reduce the surface tension. Pitfall traps were
placed in two parallel sets, the upper set −just below
the ceiling− and the ground set along the cave (Fig. 3).
The upper traps were affixed with a plasticized wire to
wall or ceiling features (e.g., holes, small speleothems
and fissures) above the ground traps. In smooth walls,
we drilled small holes and used stainless steel screws
to hang the traps. In cave sections lower than 2 m,
the upper traps were set just below the ceiling, while
in higher sections these were set 2 m above the floor
on the wall. About one half of the trap mouth was
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Faculty of Natural Sciences and Mathematics,
University of Maribor.
Regarding the general ecological classification
of subterranean fauna (Schiner, 1854; Racoviţă,
1907; Boutin, 2004; Culver & Pipan, 2009,
2014; Novak et al., 2012), we use the following
categories: trogloxenes – species not adapted to
the subterranean environment, troglophiles –
species partly adapted, and troglobionts – species
well adapted to the subterranean environment
(i.e., obligate subterranean dwellers).

Fig. 1. Geographical location of the study site (source: LIDAR DEM, Cave Register
2016, TTN5).

Fig. 2. Ground plan and longitudinal section of Zguba jama, with marked sampling
sites (plan according to Šebela, 1994).

attached to the ceiling using clay to fill any
gaps between the trap and the ceiling. Ground
traps were buried in the substrate, with the
entire cup mouth level with the substrate, and
shored up with small stones and clay where
necessary. Monthly sampling of the terrestrial
fauna lasted for one year and started began in
March 2012 and finished in February 2013.
It was carried out in two visits per month–for
placing and collecting the traps–within about
48 hours, in accordance with the finding that
such sampling could provide credible data for
statistical analysis and simultaneously avoid
population depletion (Novak et al., 2012).
The collected fauna was identified within
two days and preserved in 70% ethanol.
Voucher specimens are deposited at the
Karst Research Institute, Postojna, and the

Data analysis
For the analyses, we arranged three datasets:
the ground, upper and the combined groundupper sets, the last one comprising the two
previous sets. Consequently, the ground-upper
set involved twice the number of sampling
sites compared with both the ground and the
upper sets.
Annual counts and species richness for
each sampling site were used to calculate
the Shannon-Weaver index (H’) separately for
the ground and the upper pitfall trap sets,
using the vegan R package (Oksanen et al.,
2016). This index was employed because it
downweights very rare and very numerous
species and is more affected by individual
counts as measures of relative abundance
than by true abundance (Sager & Hasler,
1969). In this way, standardized diversities
with different absolute abundances (Tobin
et al., 2013) were compared for the two sets.
Data normality was graphically evaluated
by means of histograms and QQ-plots, as
suggested by Zuur et al. (2010). Spearman
rank correlation coefficient (rs) was calculated
for the abundance vs. richness, abundance vs.
diversity, and richness vs. diversity for both
trap sets. Differences between counts, richness
and diversity for both pitfall sets were tested
using the Mann-Whitney-Wilcoxon Test.
The iNEXT function from the iNEXT R package
(Hsieh et al., 2016) was applied to compute and

Fig. 3. Setting of the upper and the ground pitfall traps at a sampling site.
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and the number of samples, to collect 95%, 99%,
and 100% of the estimated number of species within
the assemblage. In these calculations, the number of
undetected species can be assessed on the basis of
the number of singletons (species represented by one
individual), doubletons (species represented by two
individuals), uniques (species occurring in only one
sample, but potentially with more than one individual)
and duplicates (species occurring in only two samples)
(see Chao et al., 2009; Gotelli & Colwell, 2011).

plot the rarefaction and extrapolation sampling curves
of species richness for individual-based abundance
data and sampling-based incidence data for the upper,
ground and upper–ground set. Bootstrap confidence
intervals, specifying 100 bootstrap replications (Chao
et al. 2016b), for rarefied/extrapolated samples
were added, facilitating the comparison of diversity
across assemblages (Chao et al., 2014; Hsieh et al.,
2016). Rarefaction curves were calculated to provide
evidence of whether the ground–upper sampling was
more efficient than a single-set-alone sampling. We
applied extrapolation of the reference sample to check
whether the doubled quantity of the upper and ground
samples separately would provide an equivalent to
the combined upper-ground sampling. Applying the
ChaoSpecies function of the SpadeR R package (Chao
et al., 2016a), several non-parametric estimators
were calculated for all three sets in order to determine
whether the combined ground–upper sampling
predicted greater total species richness estimations
than the traditional, ground-only sampling. We
used counts of individuals as an estimate of relative
abundance, based on our long-term sampling, in
order to generate our abundance-based estimates of
species richness. Estimates of species richness can
strongly be dependent on differences in inventory
completeness (Brose et al., 2003; Chao & Jost, 2012).
Therefore, we estimated inventory completeness using
the sample coverage estimator (Hsieh et al., 2016).
To test whether microhabitat specifics were affecting
species distribution, we considered two types of beta
diversity. Beta diversity can be the result of species
replacement between sites (turnover) or species loss
from site to site (nestedness), and allows inferences
about the processes driving species distribution and
biodiversity (Baselga & Orme, 2012). We calculated
pairwise between-site partitions of beta diversity for
the upper and ground trap sites, using the beta.
pair function from the betapart R package (Baselga
et al., 2013). This pairwise partition was tested using
the Mann-Whitney-Wilcoxon Test. All analyses were
performed in R (R Development Core Team, 2016).
Using the Excel spreadsheet macro provided by
Chao et al. (2009), we calculated the necessary
sampling effort for both the number of individuals

RESULTS
In the cave we collected 2810 individuals from
744 pitfall-trap samples belonging to 88 arthropod
species, most of which (48 species; 55%) were
insects. The most numerous taxa, i.e., those with
> 100 individuals, were Onychiuroides postumicus
(Collembola: Onychiuridae) (936 individuals; 33.3%),
Phoridae sp.1 (Diptera) (310 ind.; 11.0%), Absolonia
gigantea (Collembola: Onychiuridae) (131 ind.; 4.7%)
and Sciaridae sp. 1 (Diptera) (107 ind.; 3.8%). We also
recorded 17 species represented by a single individual,
all of them trogloxenes. Each higher taxon that was
not determined to the species level was considered
a further species. Trogloxenes were most abundant
with 65 species, followed by troglobionts with 14, and
troglophiles with nine species.
In the ground traps we collected 89.7%, and in
the upper traps 61.4% of the total species recorded.
Nearly two thirds (64.6%) of individuals were in the
ground traps (Table 1). Certain taxa were collected
exclusively either in the upper or in the ground traps.
Nine species (10.2%), all trogloxenes, were found
only in the upper traps: Isopoda sp. 1, Trachelipus
rathkii (Isopoda: Trachelipodidae), Necrophorus
vespilloides (Coleoptera: Silphidae), Staphylinidae
sp. 1 (Coleoptera), Diptera sp.1, Lucilia sp. 1
(Diptera: Calliphoridae), Trichocera hiemalis (Diptera:
Trichoceridae), Mymaridae sp.1 (Hymenoptera) and
Microlepidoptera sp. 1. These species contributed to
greater overall species richness in the cave.
Annual counts, species richness and ShannonWeaver indices for the ground and the upper trap
sets are presented in Figure 4. In both sets of pitfall

Table 1. Annual observed and estimated richness and sampling efforts for abundance-based and incidence-based estimators in Zguba jama from
March 2012 till February 2013. n – number of individuals collected; t – number of samples collected; T – total number of incidences; Sobs – observed
species richness; Sest – estimated asymptotic species richness based on Chao1 for abundance-based data and on Chao2 for incidence-based data;
SC – sample coverage (percentage of the total number of individuals in an assemblage that belong to the species represented in the sample);
f1 – number of singletons; f2 – number of doubletons; Q1 – number of uniques; Q2 – number of duplicates; q0 – the probability that the next individual/
sample represents a previously undetected species; g – number of additional individuals required to reach 100% (g = 1), 99% (g = 0.99), and 95%
(g = 0.95) Sest, respectively.
Abundance-based data
n
Ground
Upper
Ground-Upper

Sobs

Sest

SC

f1

f2

q0

g=1

g = 0.99

g = 0.95

1815

79

86

99.1

16

19

0.009

3465

1575

345

995

54

68

98.7

13

6

0.013

5541

3265

1531

2810

88

97

99.4

17

17

0.006

6664

3058

796

t

T

Sobs

Sest

Incidence-based data
SC

Q1

Q2

q0

g=1

g = 0.99

g = 0.95

Ground

372

744

79

100

96.4

27

17

0.036

1685

903

428

Upper

372

443

54

84

95.7

19

6

0.043

3522

2102

1156

Ground-Upper

372

1187

88

110

97.8

28

18

0.024

1657

863

397
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In both the abundance and the incidence
approaches, the rarefaction and extrapolation curves
of species richness for the ground and the groundupper sets substantially overlap, while the upper-set
curve shows lower values (Fig. 5). However, the upperground set evidences additional species with respect
to the ground set. In the abundance approach, the
species richness obtained by extrapolated doubled
ground sampling does not reach the observed species
richness in the upper-ground set (Fig. 5). In the
incidence approach, the species richness obtained
by extrapolated doubled ground sampling exceeds
the species richness of the observed ground-upper
sampling. However, fourfold extrapolated ground
sampling does not approach doubled upper-ground
sampling, indicating that the upper microhabitats
do contribute additional species. In the upper trap
set, beta diversity among sites was significantly
greater in comparison to the ground set (Table 2),
suggesting greater heterogeneity of microhabitats in
the upper set.
Non-parametric
species
richness
estimators
proposed between 59.2 and 93.6% species recorded
in all the sets (Table 3). Overall, the greatest estimates
were achieved for the combined upper-ground
set. Moreover, incidence-based estimates mostly
surpassed the abundance-based ones.

DISCUSSION
Fig. 4. Total annual individual counts (a), species richness (b) and
Shannon-Weaver index (c) for the ground (solid line) and the upper
(dashed line) pitfall trap sets.

traps, these three parameters exponentially declined
from the entrance inward, with a conspicuous peak in
individuals counts about 20-30 m inside. On average,
58.5 individuals and 12.6 species per ground trap,
and 32.1 individuals and 8.1 species per upper trap
were recorded. The average H' per ground trap was
1.81, and per upper trap, 1.37. Counts (W = 648,
p = 0.02), species richness (W = 662.5, p = 0.01) and
diversity (W = 664, p = 0.01) were significantly greater
in the ground set.
For the upper traps, correlations in abundance−
richness, abundance−diversity, and richness−diversity
(rs = 0.92, p < 0.01; rs = 0.63, p < 0.01; rs = 0.83, p < 0.01,
respectively) were greater than correlations for
ground traps (rs = 0.85, p < 0.01; rs = 0.19, p = 0.29;
rs = 0.58, p < 0.01). All pairwise correlations, except
abundance-diversity for the ground traps, were
statistically significant.
Sample coverage was nearly the same for all
three sets for both, the abundance-based and the
incidence-based data (Table 1), indicating that we
collected between 95.7 and 99.4% species. This
enables comparison of the three sets and suggests
that species richness was not biased by differences
in sample coverage among the sets. The probability
that an additional individual and sample would
provide further, previously unrecorded species, was
greatest for the upper set and lowest for the combined
ground-upper set (Table 1).

The main purpose of biological monitoring in caves is
to assess the current state of particular subterranean
habitats and to make an inventory of animals that

Fig. 5. Rarefaction and extrapolation curves of species richness for
three pitfall trap sets for the individual-based abundance data (a) and
sampling-based incidence data (b), with 95% bootstrap confidence
intervals indicated. Rarefaction – solid lines; extrapolation – up to
the double reference sample size – dashed lines; upper set – blue,
ground set – green, ground-upper set – red.
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Table 2. The pairwise between-site partitions of beta diversity for Ground and Upper sites, and the Mann-Whitney-Wilcoxon
Test of significance.
Ground mean ± SD

Upper mean ± SD

p-value

Sørensen dissimilarity

0.66 ± 0.18

0.73 ± 0.21

<0.01

Sørensen turnover

0.52 ± 0.20

0.55 ± 0.31

0.07

Sørensen nestedness

0.13 ± 0.10

0.18 ± 0.21

0.63

Jaccard dissimilarity

0.78 ± 0.13

0.83 ± 0.16

<0.01

Jaccard turnover

0.66 ± 0.18

0.65 ± 0.30

0.06

Jaccard nestedness

0.12 ± 0.10

0.18 ± 0.24

0.85

Table 3. Total species richness estimated (Est) by different non-parametric methods for the upper, ground and the ground-upper sets using
abundance and incidence data. SE – standard error; CI – confidence interval; % – estimated percentage of species recorded (species
sampled/species estimated ×100).
Abundance data
Estimator/Model

Est

SE

95% CI

Incidence data
%

Est

SE

95% CI

%

90.1

4.8

83.9

103.9

87.7

100.4

10.8

87.4

133.3

78.7

Ground
Homogeneous Model

84.8

3.1

81.1

94.7

93.6

Chao1

85.7

4.5

81.0

101.3

92.2

Chao1-bc

85.0

4.2

80.8

99.5

92.9

iChao1

85.8

4.6

81.0

101.7

92.1

Chao2
Chao2-bc
iChao2
ACE

98.5

9.9

86.6

128.7

80.2

103.2

7.8

92.1

123.8

76.6

95.3

7.6

85.8

118.0

82.9
118.4

15.3

97.9

161.2

66.7

First-order jackknife

95.0

5.7

87.2

110.3

83.2

105.9

7.3

94.9

124.5

74.6

Second-order jackknife

92.0

9.8

82.5

127.4

85.9

115.9

12.7

98.2

150.0

68.2

62.5

4.3

57.3

75.7

86.4

84.0

19.2

63.5

148.7

64.3

ICE

Upper
Homogeneous Model

58.1

2.6

55.3

66.8

92.9

Chao1

68.1

10.4

57.9

105.3

79.3

Chao1-bc

65.1

8.2

57.1

94.6

82.9

iChao1

70.6

7.6

61.0

93.2

76.5

Chao2
Chao2-bc

78.4

15.1

62.0

128.6

68.9

iChao2

91.2

13.6

72.5

128.5

59.2

ACE

65.4

6.6

58.0

86.5

82.6
77.9

11.8

63.6

113.7

69.3

First-order jackknife

67.0

5.1

60.2

81.3

72.9

6.2

64.2

89.2

74.0

Second-order jackknife

74.0

8.8

62.7

99.7

85.9

10.6

70.9

114.3

62.9

Homogeneous Model

94.6

3.4

90.6

105.0

93.0

100.2

5.1

93.5

114.9

87.8

Chao1

98.1

6.3

91.3

118.9

89.7

Chao2

107.9

10.2

95.7

139.2

81.6

Chao2-bc

106.0

9.3

94.9

134.9

83.0

iChao2

108.3

14.8

93.6

161.0

ICE

Ground-Upper

Chao1-bc

97.0

5.7

90.9

116.1

90.7

iChao1

98.1

6.3

91.3

118.9

89.7

ACE

105.1

7.9

95.2

128.5

83.7
121.7

13.4

103.9

159.6

72.3

First-order jackknife

106.0

6.0

97.5

122.0

83.0

114.0

7.2

103.2

132.3

77.2

Second-order jackknife

108.0

10.4

95.7

140.1

81.5

123.0

12.5

105.7

156.9

71.5

ICE

For details on estimators, see iNext package (Hsieh et al., 2016).
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exclusively or occasionally live there and for which
the cave represents an important habitat (Culver
et al., 2012). The pitfall trapping method has been
widely used in speleobiological studies. The present
research is a pilot study towards the optimization
of pitfall trapping in caves with the aim of providing
an optimally complete data set along with minimal
damage to the subterranean community.
The greater species richness clearly indicates in favor
of the combined, upper-ground sampling approach,
with about 10% additional taxa over single-set-alone
sampling. On the one hand, this is a consequence of
increased sampling effort by doubling the number
of sampling sites in comparison with traditional
sampling. However, this alone does not explain the
outcomes. On the other hand, this may also be the
consequence of greater microhabitat heterogeneity.
Thus, the suggested combined-set sampling provides
a more complete inventory than traditional sampling.
This could mean a shortage in inventories from caves
where only ground pitfall trapping has been applied,
and the apparent absence of many species in caves
could, in fact, be a methodological artifact. Moreover,
since many important cave microhabitats have not
been sampled, this could be a plausible reason behind
why some species are missing in traditional pitfall
sampling. Zguba jama is, on average, of a humansized cross-section. It is assumed that in larger caves
the contribution of the upper pitfall traps to the
species richness could be even greater.
Both incidence-based and abundance-based
approaches indicate that taking into account the
combined ground-upper pitfall trap set suggests the
existence of more species and yields greater estimates
of total species richness in a cave than using the
ground pitfall trap set alone. Owing to the mostly
greater incidence-based estimates, this approach is
strongly recommended over the abundance approach
in biodiversity studies of subterranean habitats
(see Novak et al., 2012). This is in agreement with
Gotelli and Colwell's (2011) argument that, although
individuals contain biodiversity “information”, i.e.,
the species identity, it is the samples that represent
the statistically independent replicates for analysis.
Species richness is very difficult to measure
(Gotelli & Collwell, 2011). Species composition
of the assemblage changes over time, and is in
some places considerably influenced by migration
(Żmihorski, 2013). In caves this especially holds true
for trogloxenes and troglophiles, since most of them
do not live exclusively in subterranean habitats,
a pattern that causes substantial variation in their
communities over the year (Di Russo et al., 1999;
Novak et al., 2012; Tobin et al., 2013). Seasonal
migrations of troglobionts have also been documented
between caves and adjacent habitats inaccessible to
humans (Juberthie, 1967; Uéno, 1987; Crouau-Roy
et al., 1992; Lencioni et al., 2010; Novak et al., 2012;
Tobin et al., 2013; Mammola et al., 2015, 2016). Chao
et al. (2009) suggest that it is reasonable to set 95%
of species as a practical limit in biological surveys.
For the ground-upper pitfall sampling method, the
necessary sampling effort, based on Chao 1, suggests
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95% of species, if approximately twice as many
samples were collected. In our case, we could reach
this number of samples within two years.
The ground traps provided significantly greater
number of individuals, richness and diversity, and
are therefore of fundamental importance to biological
inventory in caves. On the other hand, the upper traps
provided evidence of one-tenth of those species not
recorded by ground traps, in this way considerably
completing the inventory.
Additionally, we showed that to study faunal
diversity and dynamics, sampling performed by
frequent placement of traps for a short period (e.g.,
two days) is sufficiently effective to enable credible
biodiversity
consideration
and
simultaneously
diminishes the threat of oversampling or even
depletion of populations (Novak et al., 2012), which
are often insularly distributed in subterranean
habitats (Culver & Pipan, 2009). This can become
especially important in areas with highly diverse
and vulnerable species−especially endemic species,
where conflicts between fauna exploration and
conservation represent an ongoing nuisance (e.g.,
Culver & Sket, 2000; Reboleira et al., 2011; Souza
Silva & Ferreira, 2016).
In most biological sciences, invasive sampling
cannot be avoided, therefore, optimization of sampling
methods is required to balance conservation interests
and new knowledge acquirement with minimal
disturbance. Sampling efficiency is a key component
in the design of biodiversity inventories (New, 1998;
Oliver et al., 1999). Incomplete sampling as well
as sampling bias can crucially affect conservation
strategies (Zagmajster et al., 2010). Therefore, a
combination of varied methods of studying cave fauna
is also highly recommended (Hunt & Millar, 2001).
Even variation within the same method can provide
significant improvement in data collection outcomes.

CONCLUSIONS
Much more attention should be given to the inclusion
of as many microhabitats as possible within caves
to provide more credible estimates of biodiversity in
caves in the future (see Brennan et al., 1999). This
is especially true in cave sections with considerably
varying microhabitat conditions, for example the
entrance section. More complete data on biodiversity
would be welcomed in further studies of caves to
estimate the overall missed biodiversity with greater
accuracy. If we agree that 95% of the total estimated
species is an appropriate basis for relevant study of
fauna in caves, and that pitfall sampling remains
an important sampling method, the ground-upper
pitfall setting fulfills this goal significantly better in
comparison to traditional sampling. However, research
in morphologically different caves, including those
with high ceilings, is required. Despite this drawback
and the much greater, but still reasonable sampling
effort required, the suggested method is a promising
way to standardize the kind of credible biological
data collection that would improve biodiversity and
ecological studies in caves.
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Abstract:

Caves are stable environments that favour the development of several microorganisms.
The aspergilli represent a large number of species isolated from caves including strains
capable of causing serious invasive opportunistic infections in humans. Considering that
caves may harbour resistant strains to many antibiotics, investigation on the response of
opportunistic aspergilli, isolated from pristine and tourist caves to antifungal agents and the
mechanisms involved in resistance might be clinically relevant. A total of 32 strains of the
species Aspergillus candidus, A. flavus, A. fumigatus, A. niger, A. tamarii, and A. terreus
were isolated from caves in the iron quadrangle in Brazil. The strains were tested for their
susceptibility to amphotericin B (AMB), itraconazole, voriconazole and terbinafine. One strain
was analysed for the mechanism involved in the AMB-resistance, i.e., ergosterol content,
lipid peroxidation and enzymatic activity of the antioxidant system. Terbinafine minimum
inhibitory concentrations (MICs) ranged between 0.003 and 1.0 µg/mL; voriconazole MICs
ranged between 2.0 and >16.0 µg/mL; itraconazole MICs ranged between 0.25 and 8.0
µg/mL and amphotericin B MICs ranged between 0.03 and 4.0 µg/mL. The AMB-resistant
strain of A. flavus was detected with MIC value of 4 µg/mL. Resistance to AMB relied on
higher ergosterol levels and increased enzymatic activity of the peroxidase and superoxidedismutase, with lower lipid peroxidation. These results enhance the knowledge of natural
antifungal resistance in the subterranean ecosystem, and broaden the knowledge about the
subterranean microbiota.
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INTRODUCTION
Caves are unique ecosystems with environmental
characteristics that may favour the growth of several
microorganisms (Poulson & White, 1969; Culver
& White, 2005). The genus Aspergillus has often
been reported in subterranean environments and
represents many of the identified fungal species
isolated from caves (Vanderwolf et al., 2013),
including several species capable of causing serious
invasive opportunistic infections in humans (Taylor et
al., 2013; Vanderwolf et al., 2013; Taylor et al., 2014).
The species Aspergillus fumigatus (Perfect et al., 2001),
A. flavus (Walsh et al., 2008), A. terreus (Iwen et al.,
1998; Mokaddas et al., 2010), and A. niger (Person et
*maresend@icb.ufmg.br

al., 2010) are the main causative agents of invasive
pulmonary aspergillosis (IPA) in humans (Walsh et
al., 2008; Kousha et al., 2011). Although IPA occurs
mainly among immunocompromised individuals,
cases of pulmonary infection by aspergilli have been
reported in immunocompetent individuals (Person
et al., 2010; Kousha et al., 2011). The polyenes and
azoles are the agents most commonly used in the
treatment of IPA. Resistance to these drugs have
been increasingly reported (Ghannoum & Rice,
1999; Singh, 2001; Kousha et al., 2011) raising the
possibility of natural acquired resistance (Loeffler &
Stevens, 2003).
Most caves are considered extreme environments
due to their oligotrophic conditions. Normally, caveThe author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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dwelling organisms adapt to this nutrient limitation
in order to survive and colonize the ecosystem (Culver
& White, 2005). Among cave microorganisms, this
adaptation may occur at the morphological and/or
physiological level. Competition for substrate among
sympatric fungal species normally leads to production
of metabolites capable of eliminating competition,
such as antibiotics, acidifying metabolites, and toxins
(Griffin, 1994). Antibiotic resistance among cave
isolated bacteria has been described as result of genetic
background and selective forces involved in various
ecological interactions in the subterranean environment
(Bhullar et al., 2012). Fungi may also be undergoing
the same process, which may cause natural selection
of opportunistic and pathogenic strains resistant to
currently used antifungal drugs. The fact that several
caves have large mats of actinomycetes competing with
fungi for substrates and that the most potent antifungal
drug (amphotericin B) used in treatment of IPA was
firstly obtained from actinomycetes (Streptomyces
nodosus) (Svahn et al., 2015), reinforces this hypothesis.
Thus, prospective studies on the effect of antifungal
drugs against strains colonizing caves are relevant.
Considering that IPA may represent a silent emerging
risk to cave visitors, and that caves may harbour
strains resistant to antifungals, we conducted a
pioneer investigation on the response of opportunistic
Aspergillus spp., isolated from pristine and tourist
caves, to the most commonly used antifungal agents
(amphotericin B, itraconazole, voriconazole and
terbinafine) and the mechanisms involved in the
resistance to AMB.

MATERIALS AND METHODS
Study site
The strains used in this study were obtained from
eight different caves located in the Iron Quadrangle
(Quadrilátero Ferrífero, Minas Gerais state, Brazil).
This region is economically important due to their
proximity with the state capital, urban/rural areas
and sites with large mining activities (mainly metal
ores). Furthermore, cave visitation has increased in
past years. The strains used in this study were isolated
from seven iron ore caves: Rola Moça II (Brumadinho,
Minas Gerais, Brazil- 20°03’38.5” S / 44°00’30.4” W),
Rola Moça III (Belo Horizonte, Minas Gerais, Brazil20°02’38.1” S / 44°00’23.2” W), Macumba (Sabará,
Minas Gerais, Brazil- 19°40’01.1” S / 43°40’30.1” W),
Romeiros (Sabará, Minas Gerais, Brazil- 19°49’00.3” S /
43°40’35.9” W), Bloco Abatido (Sabará, Minas Gerais,
Brazil- 19°49’02” S / 43°40’50” W), Cascalhinho (Caeté,
Minas Gerais, Brazil- 19°48’59.1” S / 43°40’28.7” W),
Eremita (Sabará, Minas Gerais, Brazil- 19°49’19.5”
S / 43°40’49.5” W) and one dolomitic cave, Nossa
Senhora da Conceição da Lapa (Ouro Preto, Minas
Gerais, Brazil- 20°18’18.4” S / 43°28’20.6” W) (Fig. 1).
Aspergillus strains
Five species of aspergilli were selected due to their
association as causative agents of IPA in humans. A
total of 33 strains of the species Aspergillus candidus
(Taylor et al., 2014), A. flavus (Ghannoum & Rice,

Fig. 1. Location of the eight caves studied in the Iron Quadrangle (Minas
Gerais State, Brazil): Rola Moça II Cave, Rola Moça III Cave, Macumba
Cave, Romeiros Cave, Cascalhinho Cave, Eremita Cave, Bloco Abatido
Cave, and Nossa Senhora da Conceição da Lapa Cave. State capital
Belo Horizonte is also indicated.

1999), A. fumigatus (Perfect et al., 2001), A. niger
(Perfect et al., 2001), A. terreus (Culver & White,
2005), and A. tamarii (Culver & White, 2005) were
used that had previously been isolated from the
caves during a mycological inventory performed in
the period between the years 2010/2013. Strains
were sampled from air by the settle plate technique
with a 20-minute exposure on Dichloram Rose
Bengal Cloramphenicol Agar (DRBC, Acumedia
Laboratories, Lansing, MI USA) and Sabouraud
Dextrose Agar (SDA, Difco Laboratories, Detroit, MI
USA) with cloramphenicol (0.1%), and from sediment
by a 10-fold serial dilution on DRBC (Acumedia).
These strains are currently deposited in the
mycological collection of cave fungi in the Mycological
Laboratory of the Federal University of Minas Gerais
(Laboratório de Micologia da Universidade Federal
de Minas Gerais-LM/UFMG, Belo Horizonte, Minas
Gerais, Brazil).
Identification of species was confirmed through
analysis
of
macro
and
micromorphological
characteristics in solid media, following standard
taxonomic keys and recently published works
(Klich, 2002; Domsch et al., 2007). Two media were
used for each strain and at different temperature
regimens: Czapeck Yeast Extract Agar (CYA, Labsynth,
Diadema, SP Brazil) at 25°C/7d; CYA (Labsynth)
at 37°C/7d; and Malt Extract Agar (MEA, Difco) at
25°C/7d (Klich, 2002).
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Thermotolerance assay
Before initiating the in vitro susceptibility assays, a
preliminary triage was performed to exclude strains
with negative growth at 37°C. The media used in this
procedure were SDA (Difco) (25°C and 37°C for 7days)
and Brain Heart Infusion Agar (BHIA, Acumedia) (37°C
for 7 days). The strains presenting positive growth at
37°C were submitted to in vitro drug susceptibility
assays to amphotericin B (AMB), itraconazole (ITC),
voriconazole (VCZ) and terbinafine (TBF).
Minimum inhibitory concentration
(MIC) determination
The minimum inhibitory concentration (MIC) for
AMB (Sigma-Aldrich, St. Louis, Missouri, USA),
ITC (Sigma-Aldrich), VCZ (Sigma-Aldrich) and TBF
(Sigma-Aldrich) were determined by the antifungal
microdilution susceptibility standard test proposed
by the CLSI M38-A2 (CLSI, 2008). The inoculum
was prepared in sterile saline solution and the
transmittance of suspension was adjusted to 68-70%
(530 nm) as standard protocol for filamentous fungi
(M38 from CLSI). This suspension was diluted in RPMI1640 buffered with MOPS (Sigma-Aldrich) medium to
achieve 1.0 x 103 to 5.0 x 103 CFU/mL (colony forming
units per mL). The drugs were dissolved in 100%
dimethylsulphoxide according to the protocol of CLSI
at 1.0 mg/mL. Final concentrations ranged from 0.03
to 16 µg/mL for AMB, ITC and VCZ and ranged from
0.00195 to 1.0 µg/mL for TBF.
In each case, a volume of 100 µL of the inoculum
suspension was transferred to sterile flat-bottom 96
well plates containing100 µL of each of the antifungal.
Control on RPMI-1640 was also performed (control
growth). The plates were incubated at 37°C for 72h.
All tests were performed in duplicate (for each strain).
Ergosterol quantification
Amphotericin B resistant (AmB-R) and amphotericin
B susceptible (AmB-S) strains were cultured
(37°C/72h) on SDA supplemented with AmB (1/2 MIC
concentration) and approximately 10.0 mg of the
fungal cell mass were transferred to polypropylene
tubes. A growth control was also performed. For the
extraction of lipids, 3 mL of ethanolic solution of
potassium hydroxide 25% were added to each cell
mass and agitated for one minute. The tubes were
incubated in a water bath at 85°C for one hour and
cooled at room temperature. A mixture of 1 mL of
sterile water and 3 mL of n-heptane (Sigma-Aldrich)
was added, followed by agitation in a vortex for three
minutes. The supernatant was removed and the
reading was performed in spectrophotometer at 282
nm and 230 nm. A calibration curve with standard
ergosterol (Sigma-Aldrich) was constructed and used
to calculate the amount of ergosterol. The results were
expressed as percentage of ergosterol in comparison
with the growth control and represent the means of
three independent experiments.
Lipid peroxidation assay
Aspergillus strains were cultured (37°C/72h) on
SDA supplemented with amphotericin B (1/2 MIC
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concentration) and hydrogen peroxide (HP) 1%
as positive control. The products of the lipid
peroxidation were measured as thiobarbituric acidreactive substances (TBARS). The pellet was frozen
and homogenized with 1000 µL in ice-cold 1.1%
phosphoric acid using water as diluent (v/v). Four
hundred µL of the homogenate was mixed with 400 µL
of 1% thiobarbituric acid (Sigma-Aldrich) prepared
in 50 mM NaOH containing 0.1 mM butylated
hydroxytoluene and 200 µL of 7% phosphoric acid (all
the solutions were kept on ice during manipulation).
Subsequently, samples (pH 1.5) were heated for
60 minutes at 98°C and 1500 µL of butanol were added.
The mixture was mixed vigorously using a vortex and
centrifuged for five minutes at 2000 g. The organic layer
was transferred and the absorbance was measured
at 532 nm (Termo Scientific Multiscan spectrum,
Termo Ficher Scientific). The thiobarbituric acid
solution was replaced by 3 mM HCl in the controls.
TBARS values were calculated using the extinction
coefficient of 156 mM/cm and represent the means
of three independent experiments. The results were
expressed as the ratio between TBARS from cells
treated with AMB or HP and the values registered in
the control ± SE.
Enzymatic activity of the antioxidant system
Prior to the tests, a cell-free extract from susceptible
and resistant strains of A. flavus were cultured
(37°C/72 h) on SDA supplemented with AMB (1/2 MIC
concentration) and on positive control with HP 1%
according to the method described by Ferreira et al.
(2013). Soluble protein was determined using the
Bradford test using a standard curve of bovine serum
albumin.
Peroxidase (PER) activity
The PER activity was analyzed according with
method previously used (Ferreira et al., 2013) and
measured in a system containing H2O2 and guaiacol
as substrate. Values were obtained by monitoring
the absorbance changes at λ = 470 nm using molar
extinction coefficient value of 26.61 M-1cm-1 for the
product tetra guaiacol formed by the enzymatic
reaction. The data were calculated in nmols/min
mg-1 of protein and represent the means of three
independent experiments. The results were expressed
as the ratio of nmols/min mg-1 of protein from cells
treated with AMB or HP to the nmols/min mg-1 of
protein from growth control ± SE.
Superoxide dismutase (SOD) activity
The SOD activity was measured by the inhibition
of pyrogallol autoxidation as described previously
(Ferreira et al., 2013). In the test samples, 100 µL
of cell-free extract was added to pyrogallol and the
inhibition of autoxidation was monitored every 30s for
three minutes at a wavelength of 420 nm. The unit
of SOD was considered as pyrogallol autoxidation per
200 µL calculated as follows:
Unit of SOD mL-1 of sample = (A-B)/A x 50 x 100 x 0.6
(dilution factor) where A is the difference in absorbance
per minute in the control and B the difference in

International Journal of Speleology, 46 (3), 369-378. Tampa, FL (USA) September 2017

Taylor et al.

372

absorbance per minute in the test samples. Data was
calculated in units/mg of protein and represent the
means of three independent experiments. The results
were expressed as the ratio between the units/mg of
protein extracted from cells treated with AMB or HP
and the units/mg of protein from growth control ± SE.
Statistical analysis
A Student’s two-tailed t test and a one-way analysis
of variance (ANOVA) with the Bonferroni multiplecomparison were used to compare the differences
among groups. Significance was determined by values
of p<0.05 in all experiments. The program used was

GraphPad Prism version 5.0 for Windows (GraphPad
Software, San Diego, CA, USA).

RESULTS
A total of 33 strains of Aspergillus spp. were isolated
in this study (Table 1). Thirty-two were able to grow at
37°C. The results of growth and brief characterization
of their habitat are shown in Table 1.
In vitro susceptibility data
The MICs for azoles against the Aspergillus strains
ranging between 2 µg/mL and >16 µg/mL to VCZ, and

Table 1. Aspergillus strains isolated from caves in the Iron Quadrangle in Minas Gerais state, Brazil Growth rate of Aspergillus spp. on Sabouraud
Dextrose Agar (25°C and 37°C) and Brain Heart Infusion (37°C) after seven days of incubation.
Taxon
(strain no.)

Growth
(mm)
SDA
25°C

Habitat
BHI

37°C

Substrate

Zone of
isolation

Cave

37°C

Aspergillus candidus
UFMGLMCC03

17

8

3

Air

Aphotic

RM 3

UFMGLMCC028

20

12

11

Sediment

Disphotic

RM 3

UFMGLMCC011

20

5

3

Sediment

Disphotic

Gruta do Bloco Abatido

UFMGLMCC015

19

18

15

Sediment

Aphotic

Gruta do Cascalhinho

UFMGLMCC014

22

-

-

Air

Disphotic

RM3
Gruta do Eremita

Aspergillus flavus
UFMGLMCC04

60

51

50

Air

Disphotic

UFMGLMCC05

62

50

50

Sediment

Disphotic

RM3

UFMGLMCC06

53

47

45

Sediment

Disphotic

Gruta da Macumba

UFMGLMCC09

62

44

49

Air

Photic

Gruta dos Romeiros

UFMGLMCC019

61

60

60

Air

Disphotic

Gruta N. S. Conceição

UFMGLMCC021

59

55

52

Sediment

Aphotic

Gruta N. S. Conceição

UFMGLMCC024

52

49

44

Sediment

Disphotic

Gruta do Cascalhinho

UFMGLMCC025

63

62

63

Sediment

Disphotic

Gruta RM2

UFMGLMCC026

70

66

65

Sediment

Photic

Gruta Eremita

UFMGLMCC027

58

55

59

Sediment

Disphotic

Gruta RM3

UFMGLMCC030

69

58

59

Sediment

Aphotic

Gruta N. S. Conceição

UFMGLMCC033

44

49

50

Vegetal debris

Disphotic

Gruta dos Romeiros

UFMGLMCC01

61

59

62

Air

Aphotic

RM 3

UFMGLMCC02

64

60

58

Sediment

Disphotic

Gruta N. S. Conceição

UFMGLMCC07

57

56

59

Sediment

Aphotic

Gruta do Bloco Abatido

UFMGLMCC013

68

62

59

Sediment

Disphotic

Gruta RM3

UFMGLMCC010

66

69

67

Sediment

Disphotic

Gruta do Cascalhinho

UFMGLMCC022

64

60

61

Sediment

Disphotic

Gruta N. S. Conceição

UFMGLMCC016

70

68

68

Sediment

Disphotic

RM3

UFMGLMCC017

54

52

53

Sediment

Disphotic

Gruta RM2

Aspergillus fumigatus

Aspergillus niger

UFMGLMCC018

71

64

61

Air

Disphotic

Gruta do Eremita

UFMGLMCC023

69

68

68

Air

Disphotic

Gruta do Eremita

UFMGLMCC029

57

49

52

Sediment

Aphotic

Gruta N. S. Conceição

UFMGLMCC034

62

60

62

Sediment

Disphotic

Gruta da Macumba

UFMGLMCC012

49

36

39

Sediment

Aphotic

Gruta N. S. Conceição

UFMGLMCC020

53

53

51

Sediment

Disphotic

Gruta dos Romeiros

UFMGLMCC031

59

54

50

Sediment

Disphotic

Gruta do Bloco Abatido

UFMGLMCC032

62

59

55

Sediment

Disphotic

Gruta RM2

Aspergillus tamarii

Aspergillus terreus
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between 0.25 and 8 µg/mL to ITC. Itraconazole had
lower MIC values, with at least 50% of the Aspergillus
strains inhibited at 0.5 µg/mL. The lower ITC MICs were
observed against A. candidus and A. terreus (Table 2).
Amphotericin B had low MICs against the
Aspergillus species tested, being the values below
2 µg/mL for 29 strains. However the AMB MIC for
three strains were 2 µg/mL (A. flavus, A. niger, and
A. terreus) e.g., breakpoint determined by the CLSI;
and 4 µg/mL for one strain of A. flavus. The mean
value for AMB MIC50 was 0.5 µg/mL against A.
candidus, A. flavus, A. fumigatus, A. tamarii, and A.
terreus. For A. niger this value was lower with MIC
of 0.25 µg/mL for at least fifty per cent of strains.
The strain UFMGLMCC05 (A. flavus) was classified
as amphotericin B-resistant (AmB-R) and submitted
to further analysis of resistance mechanism. Finally,
TBF MIC values ranged between 0.003 and 1 µg/mL
(Table 2).
Amphotericin B-resistant versus
susceptible A. flavus
AmB-R A. flavus (UFMGLMCC05) was collected from
the sediment in the disphotic zone of RM3 cave where
whitish/yellowish mats of actinomycetes (including
Streptomyces spp., unpublished data) covered the
sediment. The AmB-S used for comparison was
obtained from our mycological collection and was
firstly isolated from a highly visited show cave with
no visible growth of actinomycetes (Aspergillus
flavus UFMGLMCC103, Maquiné Cave/Cordisburgo,
MG, Brazil). We have selected this AmB-S strain to
eliminate possible local adaptive effects.
The AmB-R has higher levels of ergosterol than and
AmB-S A. flavus in control media (p<0.05) and when
exposed to AMB (p<0.05) (Fig. 2). Furthermore, the
lipid peroxidation results (expresses as TBARS levels)
showed that the AmB-R strain was less susceptible
to oxidative stress caused by AMB and HP (p<0.05)
(Fig. 3). The investigation of enzymatic activities of
PER and SOD in response to oxidative stress showed
that PER activity was similar between the AmB-S and
AmB-R when treated with AMB. When treated with
HP, AmB-S had lower PER activity compared with
a large increase in AmB-R strain (Fig. 3) (p<0.05).
On the other hand, the SOD activity was higher
(p<0.05) in the AmB-R strain exposed to the drug and
HP (Fig. 3).

DISCUSSION
Resistance to antibiotic compounds involve several
mechanisms aimed at reducing drug content in the
cell, decreasing interaction between the drug and
its target, and metabolic modifications to counter
balance the lethal effect of the drug (Vandeputte et
al., 2012). It is evident that all mechanisms involved
in drug-resistance result from an adaptive response
and fitness enhancement (Anderson, 2005). This
interaction is commonly triggered by contact with
the drug due to soil/water contamination (clinical
or agricultural use) or ecological interactions with
organisms producing these antifungal agents in the
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Table 2. Minimal Inhibitory Concentration (MIC) values (µg/mL) for
amphotericin B (AMB), itraconazole (ITC), voriconazole (VCZ) and
terbinafine (TBF) against thirty-two Aspergillus strains isolated from
caves in Minas Gerais (Brazil).
Taxon
(strain no.)

MIC (µg/mL )
AMB

ITC

VCZ

TBF

1

0.5

8

0.0625

Aspergillus candidus
UFMGLMCC03
UFMGLMCC028

0.03

0.25

4

0.0625

UFMGLMCC11

0.5

0.5

4

0.125

UFMGLMCC15

0.5

0.5

4

0.003

0.5

0.5

4

0.0625

UFMGLMCC04

0.5

4

4

0.125

MIC 50 (µg/mL )

a

Aspergillus flavus
UFMGLMCC05

4

0.25

8

0.0625

UFMGLMCC06

0.5

4

>16b

0.0625

UFMGLMCC09

1

0.5

8

0.125
0.0312

b

UFMGLMCC019

0.5

4

4

UFMGLMCC021

0.5

0.5

8

UFMGLMCC024

0.5

1

>16

UFMGLMCC025

1

0.5

8

1b

UFMGLMCC026

1

0.5

8

0.0625

UFMGLMCC027

0.25

1

4

0.0625

UFMGLMCC030

2

4

4

0.001

UFMGLMCC033

1

8

16b

0.5

MIC 50 (µg/mL )

0.5

1

8

0.0625

UFMGLMCC01

1

4

8

1

UFMGLMCC02

0.5

1

2

0.0625

UFMGLMCC07

1

4

4

0.125

UFMGLMCC013

0.5

0.5

4

0.0625

UFMGLMCC010

0.25

0.5

4

0.0625

UFMGLMCC022

0.5

4

8

0.003

MIC 50 (µg/mL )

0.5

1

4

0.0625

UFMGLMCC016

0.25

8

4

0.0625

UFMGLMCC017

0.25

8

4

0.001

UFMGLMCC018

0.25

8

8

0.0625

UFMGLMCC023

0.5

0.5

8

0.003

UFMGLMCC029

0.0125

0.25

8

0.0625

0.0625
b

0.5

Aspergillus fumigatus

Aspergillus niger

UFMGLMCC034

2

4

8

0.0625

MIC 50 (µg/mL )

0.25

4

8

0.0625

UFMGLMCC012

0.5

1

4

0.03

UFMGLMCC020

1

1

8

0.03

MIC 50 (µg/mL )

0.5

1

4

0.03

Aspergillus tamarii

Aspergillus terreus
UFMGLMCC031

2

0.5

4

0.25

UFMGLMCC032

1

0.25

4

0.125

MIC 50 (µg/mL )

1

0.25

4

0.125

a

MIC50: MIC value which inhibits 50% of the strains

environment (Anderson, 2005; Vandeputte et al., 2012).
Although recent studies have focused in investigating
drug resistance and mechanisms involved among
cave isolated bacteria (Bhullar et al., 2012), this is the
first study that aimed at investigating drug resistance
among cave isolated filamentous fungi.
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Fig. 2. Effect of amphotericin B (AMB) in susceptible and resistant
Aspergillus flavus strains. Results are expressed in mg/mL. Data are
represented as the mean + SEM of two independent experiments
in triplicate assays. Statistically significant differences between the
treatment and the control (no drug) are indicated with connect lines
and between susceptible and resistant strains are indicated with
asterisks (p<0.05). Amb-S = susceptible strain to amphotericin B;
Amb-R = resistant strain to amphotericin B.

Fig. 3. Resistant cells are less susceptible to oxidative burst. (A) Lipid peroxidation (TBARs, thiobarbituric acid-reactive substances) (B) PER
(peroxidase) (C) SOD (superoxide dismutase) activities after treatment with amphotericin B (AMB) and hydrogen peroxide (HP). Results are
expressed as the ratio of the treatment to the control. Statistical differences are represented by the connect line (p < 0.05). Data represent the
mean ± S.E. of two independent experiments consisting of triplicate assays. Amb-S = susceptible strain to amphotericin B; Amb-R = resistant
strain to amphotericin B.

Terbinafine had the lowest MICs among the cave
isolated fungi and the lower MICs with no resistant
strains. Although TBF is not usually used in treatment
of invasive pulmonary aspergillosis (Kousha et al.,
1999), its use combined with AMB and azoles has
been investigated (Ryder & Leitner, 2001; Mosquera
et al., 2002; Cuenca-Estrella, 2004; Fernandez et
al., 2015). Additive and synergistic relations have
been reported between triazoles and TBF, as well as
sinergism between AMB and TBF (Singh & Paterson,
2005). Additionally the AmB-resistant A. flavus had
low TBF MICs, which is a result that deserves further
evaluation aimed at combined use of drugs.
Our results clearly showed that, among the azoles,
ITC had lower MIC values against the strains tested

when compared with VCZ. Döring and colleagues
(2014) reported similar result with ITC in clinical
strains obtained from paediatric patients. Indeed,
it is important to highlight that our samples came
from iron-rich sediment, which could be inducing
resistance mechanisms against azoles as already
observed in clinical and in vivo assays (Prasad et al.,
2006; Craven et al., 2007; Zarember et al., 2009;
Chowdhary et al., 2013; Hosogaya et al., 2013).
Hosogaya and colleagues (2013) showed a strong
positive relation between iron concentrations and
resistance to azoles in Candida glabrata. The authors
showed that the protein Dap1 is indirectly involved
in the ergosterol biosynthesis and their results
suggested heme binding by Dap1 is crucial for Erg11
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activity and ergosterol biosynthesis, thereby being
required for azole tolerance. Similar relation between
iron depletion and susceptibility to azoles in yeasts
(Prasad et al., 2006; Craven et al., 2007) and the
filamentous fungi A. fumigatus (Zarember et al., 2009)
has been reported. Our results open to a discussion
on the role of iron concentrations in natural habitats
and resistance to azoles that certainly deserves special
attention in future investigations.
Despite its high toxicity, AMB is still used against
IPA (Kousha et al., 1999). Amphotericin B MICs
commonly range between 0.25 and 2 µg/mL (Kazemi et
al., 2013) with resistance breakpoint at MIC >2 µg/mL
(CLSI, 2008). Although results with AMB were lower
in our study (with MIC50 at 0.5 µg/mL), a resistant
strain of A. flavus was detected and other strains
had MICs at breakpoint value (A. flavus and A. terreus).
The high MICs observed in A. terreus to AMB, was
not surprising, since resistance to AMB has already
been reported for this species (Sutton et al., 1999;
Singh & Paterson, 2005). To our knowledge this is
the first report of an AmB-resistant strain of A. flavus
isolated directly from cave sediment. Resistance
to AMB has already been documented for other
Aspergillus species obtained from clinical samples
(Blum et al., 2008; Van Der Linden et al., 2011;
Hadrich et al., 2012).
Interestingly, the resistant strain was collected
from the sediment of an aphotic site covered with
numerous actinomycete colonies. As mentioned by
Khoo et al. (1994), AMB was firstly obtained from
filamentous bacteria (Streptomyces nodosus). It has
been recently reported that other microorganisms
inhabiting extreme environments also produce AMB
as survival mechanism enhancing their ecological
fitness in competing for substrate (Svahn et al., 2015).
Additionally, Seo et al. (1999) induced resistance
to AMB from a wild strain of A. flavus after several
conidial transfers on AMB enriched media. This
could be occurring naturally among wild strains in
the environment. It is plausible to hypothesize that
constant natural exposure to antifungal compounds
produced by competitors (bacteria or fungi) induces
natural selection of drug-resistant strains. Similar
relation has been reported among cave isolated
bacteria (Bhullar et al., 2012). The authors detected
resistance to over fourteen antibiotics by bacteria
isolated from a pristine cave in the United States
and associated resistance with their pan genome and
adaptive response to ecological interactions.
Concerning the investigation of resistance
mechanisms, it has been widely considered that the
main antifungal action of AMB derives from the binding
between ergosterol and AMB altering membrane
permeability and causing leackage of cytoplasmatic
components (Ermishkin et al., 1976; Khoo et al.,
1994; Johnson & Einstein 2007; Laniado-Laborín &
Cabrales-Vargas, 2009). Thus, some authors have
associated the main resistance mechanism to AMB
with decrease of ergosterol content to diminish binding
sites. Others pointed that ergosterol decrease is not
the main resistance mechanism in Aspergillus spp.
(Alcazar-Fuoli et al., 2006; Blum et al., 2008; Alcazar-
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Fuoli & Mellado, 2013) with resistance being more
related with response to oxidative stress (Blum et al.,
2013). Our results showed a substantial ergosterol
increase in the AmB-R strain when exposed to the
agent. It is important to highlight that ergosterol
is involved in several relevant functions in fungi
(e.g., hyphal growth, conidiation, protection) and its
decrease has been classified as a secondary resistance
mechanism (Laniado-Laborín & Cabrales-Vargas,
2009; Mesa-Arango et al., 2014). Furthermore, the
resistant strain showed lower susceptibility to free
radicals, probably due to the overexpression of the
antioxidant system. Our group previously showed that
AMB led to ROS formation and lipid peroxidation in
yeast cells (Cryptococcus gattii) and this phenomenon
strongly increased the enzymatic activities of the
antioxidant system (Ferreira et al., 2013).
The data obtained in the enzymatic assay (PER
and SOD) showed that SOD played major role in
the resistance of A. flavus isolated from RM3 cave.
Fungal AMB-resistance has been related with
enzymatic activity against oxidative stress for
some fungi (Laniado-Laborín & Cabrales-Vargas,
2009; Mesa-Arango et al., 2014). Blum et al. (2008)
showed that AMB-resistance in A. terreus was highly
related with catalase production. Okamoto et al.
(2004) showed that oxidative damage induced by
superoxide was the main activity of AMB against
the yeast C. albicans. In the other hand, it seems
that peroxidases did not play a crucial role in the
resistance mechanism against AMB.
Caving is a common practice that has been
increasing worldwide, causing various impacts on the
subterranean biodiversity (Cigna, 1993; Souza-Silva,
2008; Lobo & Moretti, 2009; Souza-Silva & Ferreira,
2009; Kartalis et al., 2011; Taylor et al., 2013). The
use of ground water and pieces of speleothems for
curative purposes by local population should also
be mentioned (Souza-Silva et al., 2011; Taylor et
al., 2013) especially considering the impacts and
risks posed by this activity. The transport of cave
microorganisms and their contact with individuals of
poor immunologic conditions enhance the chances
of infection by drug-resistant strains. Despite being
important components of cave biodiversity microbial
communities have been poorly investigated in
management plans and monitoring of subterranean
ecosystems (Bhullar et al., 2012; Taylor et al.,
2013; Vanderwolf et al., 2013). In the past decade,
Brazilian governmental agencies have required more
detailed microbiological inventories in caves to reduce
chances of fungal outbreaks. Although the chances
of developing pulmonary fungal infections by other
species than Histoplasma capsulatum while caving are
scarce, these opportunistic infections are emerging
diseases and should be more thoroughly investigated,
as well as their resistance mechanisms. The high
resistance to AMB observed corroborates with the idea
that antibiotic resistance might be a natural event,
resulting from competition among soil organisms and
their metabolites.
In conclusion, our findings broaden the knowledge
concerning the action of AMB against A. flavus and the
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mechanisms of resistance involved. We also speculate
that interactions with environmental conditions (e.g.,
iron concentration) and between organisms lead to an
adaptive response towards natural selection of drug
resistant microorganisms in caves.
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Abstract:

Caves have been an important source of vertebrate fossils for much of Southeast Asia,
particularly for the Quaternary. Despite this importance, the mechanisms by which vertebrate
remains accumulate and preserve in Southeast Asian caves has never been systematically
reviewed or examined. Here, we present the results of three years of cave surveys in Indonesia
and Timor-Leste, describing cave systems and their attendant vertebrate accumulations in
diverse geological, biogeographical, and environmental settings. While each cave system
is unique, we find that the accumulation and preservation of vertebrate remains are highly
dependent on local geology and environment. These factors notwithstanding, we find the
dominant factor responsible for faunal deposition is the presence or absence of biological
accumulating agents, a factor directly dictated by biogeographical history. In small, isolated,
volcanic islands, the only significant accumulation occurs in archaeological settings, thereby
limiting our understanding of the palaeontology of those islands prior to human arrival. In
karstic landscapes on both oceanic and continental islands, our understanding of the longterm preservation of vertebrates is still in its infancy. The formation processes of vertebratebearing breccias, their taphonomic histories, and the criteria used to determine whether
these represent syngenetic or multiple deposits remain critically understudied. The latter in
particular has important implications for arguments on how breccia deposits from the region
should be analysed and interpreted when reconstructing palaeoenvironments.
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INTRODUCTION
Caves are renowned amongst palaeontologists
and archaeologists for their potential to preserve
vertebrate remains (e.g., Simms, 1994; Price et al.,
2009a; Fairchild & Baker, 2012; McFarlane, 2013;
O’Connor et al., 2016). The unique environmental
and geological conditions present in caves provides a
focal point on the landscape for the accumulation of
animal remains, and a physical means by which those
remains might increase in number and subsequently
*j.louys@griffith.edu.au

undergo long-term preservation (Simms, 1994; Price
et al., 2009b; Fairchild & Baker, 2012; McFarlane,
2013). Caves have long been recognised as a potential
source of fossil vertebrate remains in Southeast Asia
(Wallace, 1864), and over the last 150 years they
have produced some of the most important deposits
for understanding not only mammalian evolution in
general, but also the origins and behavioural ecology
of hominins (e.g., Dubois, 1891; Morwood et al., 2004;
Liu et al., 2010, Mijares et al., 2010; O’Connor et al.,
2011; Demeter et al., 2012; Barker, 2013; Morley, 2016).
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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Vertebrate remains can accumulate in caves via
different processes that can be classified into three
categories (Simms, 1994): biotic autochthonous, biotic
allochthonous and abiotic allocthonous processes.
Biotic autochthonous processes are those resulting
from cavernicolous vertebrates (animals that spend all
or most of their time in caves). Biotic allochthonous
accumulations have remains introduced into the cave
by the actions of some biological agent, including
predators such as owls and terrestrial carnivores.
An important subset of this type of accumulation is
represented by archaeological deposits. Finally, abiotic
allochthonous deposits are those where vertebrate
remains are introduced into the cave environment
by physical processes, mostly through natural pit
traps and flooding. Once vertebrate remains are
introduced into a cave, they can be subjected to
further taphonomic processes which can enrich and/
or destroy them. Water movement within a cave system
can erode accumulations, particularly during flood
events, destroying bones through physical damage
resulting from transportation or can carry the bones
out of the cave system. Conversely, water movement
through passages can have the opposite effect, causing
accumulation of deposits at blockages in passages,
sediment traps, or in stream placers (Simms, 1994;
Duringer et al., 2012). Long-term preservation of fossils
within a cave requires lithification, usually from the
movement of carbonate rich waters through the deposits
– cementing bone-bearing breccias – or capping and
hence protecting unconsolidated sediments through
the development of overlying flowstones.
Despite the importance of caves as reservoirs for
fossils, and their seeming ubiquity in the published
palaeontological record, especially for the Pleistocene,
the preservation of vertebrate remains and their
subsequent discovery and study is unlikely. In one
of only a few studies examining this issue, McFarlane
(2013) suggested that only 3.8% of Jamaican caves
produced “a publishable vertebrate record”. This
figure was similar to that of Devon, England, where
McFarlane (2013) suggested only some 4.4% of caves
yielded similar Pleistocene-aged deposits. Although
specific numbers weren’t provided, these figures
correspond surprisingly well with survey results
reported by Duringer et al. (2012), who suggested only
half a dozen caves out of 200 (or ~3%) investigated in
Vietnam and Laos produced fossil deposits worthy of
scientific investigation.
Cave deposits containing fossil vertebrates
are therefore rare, but for Southeast Asia they
have been instrumental to the development of a
cohesive understanding of the biogeographic and
palaeoenvironmental history of the region (e.g., Bacon
et al., 2004, 2006, 2008, 2015; Louys & Meijaard,
2010; Duringer et al., 2012; Zeiton et al., 2015, 2016).
Nevertheless, and despite an increased interest in
Southeast Asia’s Pleistocene fossil records over the
last few decades, the majority of these vertebrate
fossil studies have focused on continental Southeast
Asia, particularly southern China, Vietnam, Laos,
Thailand and Malaysia (but see Glover (1979) for
Sulawesi and Westaway et al. (2009) and Gagan et al.

(2015) for examples from Flores). Limited exploration
and documentation of caves in Island Southeast Asia
means we know very little about the fossil record, and
thus palaeontological history, of both large and small
islands in this biodiverse region.
In an effort to examine the factors responsible
for preservation of vertebrate remains in Southeast
Asian caves, and determine if any commonalities
exist that may aid in future exploration, we present
the results of surveys of caves on islands of various
sizes, degrees of isolation, and differing geological and
biogeographical histories (Fig. 1). Islands surveyed
include the Talaud Islands (small, isolated, some
limestone), Sangihe (small, isolated, volcanic), Alor
(small, somewhat isolated, limestone and volcanic),
Pantar (small, somewhat isolated, volcanic), Timor
(medium, somewhat isolated, complex geology), and
Sumatra (large, connected, complex geology). We
examine the factors that contribute to the preservation
or absence of vertebrate remains in caves in this
region, with particular emphasis on the effects of
local geology, chronology, and taphonomy. Finally, we
assess the implications of these biases with respect to
understanding the evolutionary history of vertebrates
in Southeast Asia.
Geological setting
Talaud and Sangihe
The Talaud Islands, consisting of three major
islands and several smaller ones, were formed from
uplifted Miocene strata as a result of the subduction
of the Snellius–Halmahera block under the Sangihe
arc during the Plio-Pleistocene (Moore et al., 1981).
The Talaud Island block reached sea level during
the Pleistocene, at which point coral reefs began to
form. Five major rock units have been identified for
the islands, consisting of mid-Miocene to Pleistocene
marine sediments, volcanic rocks, mélanges,
ophiolites, and coralline limestone (Moore et al.,
1981). The limestones are predominately found on
the coast and many are today experiencing active
uplift (Fig. 2). They can be found at elevations of up
to 500 m (Moore et al., 1981), attesting to the speed
and magnitude of this uplift. Some minor tilting of the
limestone has occurred, but the beds are otherwise
undeformed. The island of Sangihe is one of several
oceanic islands forming part of the Sangihe volcanic
arc. These were formed from volcanoes resulting from
the collision between the Sangihe and Halmahera
arcs. Sangihe Island has one active andesitic volcano,
Awu, situated in the north of the island, with the
southern end of the island comprised of dissected
volcanic centres (Morrice et al., 1983). The Sangihe
arc volcanism probably began sometime around the
mid-Miocene (Hall, 2002); however Sangihe Island,
like the other currently active volcanoes in the Sangihe
arc, is Quaternary in age (Morrice et al., 1983). Unlike
Talaud, very few coral reefs are present around the
shoreline of Sangihe Island.
Alor and Pantar
Alor and Pantar belong to the Banda Volcanic
Arc, the ring of volcanic islands resulting from
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Fig. 1. Map showing cave localities. Numbers refer to caves listed in Table 1.

the collision of the Australian continental margin
with the Arc, beginning sometime in the Pliocene
(Hutchinson, 2005). The volcanic arc is inactive from
Alor, through Wetar and Romang as a result of the
arrival of the Australian continental lithosphere at the
Sunda Trench (Hutchinson, 1989). Volcanic activity
on these islands ceased by about 2-3 Ma (Abbott &
Chamalaun, 1981), and isostatic rebound of the
Australian continent following on from this produced
significant regional uplift (Hutchinson, 2005). West of
Alor, from the island of Pantar to eastern Flores, the
Australian continental lithosphere has not yet arrived
and volcanic activity remains high. Pantar has one
active volcano situated at the southwestern end of the
island. The dominant geology on Alor is Pliocene lavas
and volcanic breccias. These together with much
younger outcropping volcanics characterise Pantar.
Rapid uplift of the eastern part of the arc, probably
initiated in the early to mid-Pleistocene, has resulted
in limestone terraces being found at up to 700 m in
altitude on the Kabola Peninsula, north-western Alor
(Hantaro et al., 1994). Uplift rates in this part of Alor
were estimated to be in the order of 1.0-1.2 mm/yr
(Hantaro et al., 1994). West of Alor, limestone terraces
do not appear to have reached quite such high
elevations (van Bemmelen, 1949).
Timor
The island of Timor is the uplifted accretionary
complex resulting from the active collision of the
Banda volcanic arc with the Australian continental

margin at the end of the Miocene (Harris, 1991).
Three major phases of orogenesis have been identified
(Hutchinson, 2005). The first, an accretionary phase,
occurred during the transition between subduction
and collision and resulted in frontal accretion of
Cretaceous to Pliocene bathyal sediments in a
thickening wedge (Hamilton, 1979). Continued
collision of the continental slope resulted in shortening
and uplift of the wedge as alpine-thrust sheets (Harris,
1991). Following cessation of subduction, isostatic
rebound along steep faults resulted in further uplift
of the Timor micro-continent (Chamalaun & Grady,
1978). The first emergence of Timor as an island is
suggested to be shortly before 4.45 Ma (Nguyen et al.,
2013); however benthic faunas from the Viqueque
Sequence indicate that Timor-Leste itself wasn’t
emergent until sometime after 3.35 to 1.88 Ma (Tate
et al., 2014), which correlates with pollen data that
suggests the development of Timor as a ‘high’ island
after 3.1 Ma (Nguyen et al., 2013). Emergent coral
terraces along 180 km of the north and eastern-most
coast of Timor-Leste at a peak of ca. 1,000 m elevation
speaks to considerable Quaternary uplift for at least
150,000 years; although the exact mechanisms of
uplift remain unknown, it may be attributed to active
crustal shortening (Cox, 2009). The pattern of tectonic
uplift is not homogenous from east to west: from Dili
to Subau little to no surface uplift is evident, however
an abrupt increase is observed between Subau and
Manatuto, and uplift continues to be high but variable
between Manatuto and Lautem (Cox, 2009).
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Sumatra
Sumatra forms part of the continental Sundaland,
in turn formed from several micro-continents that had
rifted from Gondwanaland (Hutchinson, 1989, 2005).
Sumatra is largely comprised of the CarboniferousPermian Sinoburmalaya Block which is conformably
overlain by limestones of Upper Permian to Triassic age
(Hutchinson, 2005). West of this block lies the West
Sumatran Carboniferous-Permian block, characterized
by Early Permian volcanism, fusulinid limestones and
early Cathaysian Jambi flora (Hutchinson, 1993).
Western Sumatra is characterised by a Cenozoic
volcanic arc resulting from the collision of the Asian
and Indo-Australian plates. The fore-arc basin
produced from this collision is a strongly subsiding
trough bounded in the west by the elevating continental
Sundaland margin, with up to 4 km of Miocene to
recent strata transgressing over the Palaeogeneaged continental margin that was uplifted in the
Late Oligocene (Hutchinson, 1989). Following this
initial uplift, a period of subsidence and sedimentary
deposition followed, until approximately 20 Ma when
a major upthrust initiated another period of orogeny
accompanied by significant volcanic activity (Whitten,
2000). A final period of Pliocene and Pleistocene
mountain building is associated with the formation of
Quaternary volcanoes along the Barisan Range.
Biogeographical setting
Talaud and Sangihe
The Talaud-Sangihe archipelago is situated
between Sulawesi, Halmahera, and the Philippines.
It lies in the northern sector of the biogeographic
region of Wallacea, the transitional zone between
Australopapuan and Asian biotas. Traditionally
the archipelago was treated as a northern section
of Sulawesi, with which it shares certain endemic
taxa such as squirrels and cuscuses. However, more
recent studies have highlighted the biogeographical
differences between Sangihe and Talaud, with the
former showing closer affinities to Sulawesi, and
the latter having closer links with Halmahera (Riley,
2002; Koch et al., 2009a). Both also share some
taxa in common with the Philippines, although
connections between Sangihe and Mindanao seem
stronger than between Mindanao and Talaud (Koch
et al., 2009a; Louys et al., in press). Talaud currently
hosts 27 species of amphibians and reptiles including
an endemic species of monitor lizard (Koch et al.,
2009a, b). The Talaud-Sangihe archipelago hosts 31
indigenous mammals, the majority of which are found
only in Karakelong (21 species, of which 19 are bats
and two are murids) and Sangihe (25 species, of which
12 are bats). Other than murids and bats, Salibabu
in the Talaud Group also supports a cuscus, while
Sangihe hosts three species of squirrel, one civet, one
tarsier, and two cuscus species (Riley, 2002). At least
11 mammalian species have been introduced into the
archipelago since historical times (Louys, pers. obs.).
Alor and Pantar
Alor and Pantar are situated on the eastern end of
the Nusa Tenggara chain of islands. Alor and Pantar

are currently separated by a narrow and shallow
oceanic channel such that they were often connected
together as a larger island during Pleistocene glacial
conditions. They remained separate from the majority
of the remaining Nusa Tenggara islands throughout
the Quaternary though were intervisible (Kealy et
al., 2017). The endemic terrestrial fauna of Alor and
Pantar have never been systematically surveyed, and
as such very limited information is available regarding
its modern biodiversity. Previous studies have
indicated the presence of the Sunda shrew on Alor
(Kitchener et al., 1994), and our own surveys have
revealed the presence of several species of Rattus,
as well as Melomys, Mus, Crocidura, several species
of small-bodied birds (quail, song birds, coucal),
microbats, several species of small blossom fruit
bats, amphibians, and reptiles (snakes and several
species of small lizards) (Samper Carro et al., 2016;
Hawkins et al., 2017). Archaeological excavations
have revealed at least one giant rat and one large
rat species, both now extinct (Hawkins et al., 2017).
Several of the small mammals collected from owl roost
deposits are currently undergoing genetic analysis
to determine whether they might represent endemic
variants. Nevertheless, these islands are significantly
depauperate in endemic terrestrial vertebrates.
Timor
Timor is situated to the south of Alor and Pantar,
and is located near the very eastern end of the Nusa
Tenggara chain of islands. It represents the highest
and largest of these. Prior to the 1990s, the only
known endemic mammals of Timor were two species
of shrew (Aplin & Helgen, 2010). More extensive
surveys of the island resulted in the discovery of
several additional endemics including one native
rodent (Kitchener et al., 1991). However, Timor held
a higher level of endemism until relatively recently,
with at least four now-extinct genera of large
rodents and five native smaller murines present in
archaeological deposits (Aplin & Helgen, 2010). Older
fossil remains indicate the presence of stegodons
(dated to approximately 130 ka; Louys et al., 2016) in
addition to a tortoise (Geochelone atlas, Hooijer 1971)
and an undescribed species of very large varanid
(Hocknull et al., 2009), all of which were likely coeval.
Today, Timor supports a number of commensals
and domestic species including monkeys, deer, pigs,
cuscus, horses, and dogs.
Sumatra
Biogeographically, Sumatra belongs to the Sundaic
subregion of the Oriental realm, however it was
connected to the rest of Sundaland and Indochina
during the majority of the Pleistocene, and its extant
faunas are reflective of this fact (e.g., Leonard et al.,
2015). It is currently home to 201 mammal species, of
which nine are endemic to the island (Whitten, 2000).
The fauna are largely Sundaic in character, but also
includes more widespread species such as rhinos,
elephants, tigers, tapirs, porcupines, as well as
several species of deer and monkey, amongst others.
Repeated and longstanding connections with the
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Southeast Asian mainland has resulted in very few
recorded Pleistocene extinctions, with the only extinct
species from the island deriving from the Dubois
legacy collections restricted (to date) to the Sunda
leopard and possibly a species of bovid (Louys et al.,
2007). However, the endemic records of the Mentawai
Islands off the west coast of Sumatra hint at more
extensive local extinctions of Sumatran mammals
during the Pleistocene, as several Mentawai species
have closer genetic ties to Bornean conspecifics than
Sumatran (Wilting et al., 2012). Detailed study of
the demographic histories of select species indicates
complex biogeographical legacies for mammals
endemic to Sumatra. For example, the current range
of the Sumatran orangutan Pongo albeii is a result of
the interplay between sea-level changes, demography,
anthropogenic factors, and volcanic eruptions over
the scale of hundreds of thousands of years (Nater et
al., 2015).
Materials and methods
Survey methods
Surveys were conducted largely on foot. For each
village in an area of interest, we enquired of the
local villagers if they knew of any caves or shelters
in the area. When the villagers were happy to act
as guides, we accompanied them to the caves. Land
ownership and the nature of the dense vegetation in
most survey areas meant we were restricted to caves
and rockshelters known locally, as both visibility
and movement through the vegetation was difficult
and most caves were situated in gardens or on land
owned by some member of the village. For each
positively identified cave and rockshelter, we recorded
geographical coordinates and photographed cave
entrances (Table 1). On some occasions caves were
observed by the roadside and investigated in a similar
manner. Where possible, caves were penetrated, and
each accessible chamber investigated for archaeology,
modern surface deposits, and breccias. Where
vertebrate faunal remains were identified, these were
collected.
U-Th dating
Uranium-thorium (U-Th) dating targeted both
speleothem associated with the breccias and fossil
teeth directly. The U-Th dating approach is based
on the premise that initial 238U radioactively decays
to stable 206Pb via a series of intermediate daughter
isotopes, including 234U (half-life: 245,250 ± 490
years) and 230Th (half-life: 75,690 ± 230 years) (Cheng
et al., 2000). For speleothem, U is co-precipitated in
the calcite (or aragonite) at the time of formation. Th
is typically immobile in aquatic environments, thus
little or no Th is incorporated into the speleothem
crystal framework (Latham & Schwarcz, 1992). The
U-Th age is then calculated by measuring the ratio
of 230Th (daughter product) relative to the parent
U. U-Th dating of speleothems provides the time of
their formation.
For speleothems, we dated flowstones both
immediately underlying and overlying breccias, thus
producing bracketing ages for the contained fossils.
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For example, a basal flowstone will typically yield a
‘maximum’ age, while a capping flowstone will yield
a ‘minimum’ age for the interbedded breccia. Where
possible, we also targeted straw stalactites that had
been incorporated into deposits. Due to their fragile
nature, straw stalactites are easily dislodged from
the cave ceiling and can be readily incorporated into
underlying deposits during their accumulation. While
direct U-Th dating of straw stalactites yields maximum
ages for the associated deposits, they commonly
approximate the true age of the deposit given their
fast-forming nature (relative to other varieties of
speleothem) and short ‘life-histories’ (St Pierre et al.,
2012; Price et al., 2015).
Unlike speleothem, fresh bone and teeth contain
little or no U. However, U is generally taken up by
such biological tissues following burial, with the
radioactive decay chain to produce 230Th beginning
thereafter (Pike et al., 2002). Thus, in ideal situations,
U-Th dating of bone and teeth generally provides
minimum ages for the specimen under investigation
(Sambridge et al., 2012). However, it is important
to note that unlike speleothem, bone and teeth are
open systems for U, and U may subsequently become
leached following uptake. Preferential loss of U over
Th can lead to erroneously high 230Th/238U ratios,
and therefore, age overestimation (Pike et al., 2002).
The possibility for leaching can be recognised and
tested by profiling for U concentration and 230Th ages
through a specimen (e.g., Price et al., 2013).
In total, we produced 20 new 230Th ages for
speleothems and teeth (including U concentration
and age profiling of three fossil teeth) for suitable cave
deposits. Detailed sample selection and physical pretreatment protocols for such samples are described
in Zhao et al. (2009), St Pierre et al. (2012) and
Price et al. (2013), for flowstones, straw stalactites,
and teeth, respectively. Sample measurement was
conducted on a Nu Plasma multi-collector inductively
coupled plasma mass spectrometer (MC-ICP-MS)
at the Radiogenic Isotope Facility, The University of
Queensland, following procedures described in Zhou
et al. (2011) and Clark et al. (2014). Ages are reported
as years BP for comparison with radiocarbon ages.
Radiocarbon
Radiocarbon dating primarily targeted fossils found
in breccia and unconsolidated deposits, aiming
to establish when the organism died through the
radioactive decay of 14C to 14N. In tropical environments
bone collagen, the fraction of bone isolated for
dating, degrades rapidly and it is often impossible to
directly radiocarbon date all but the youngest bones.
Charcoal is affected in a similar manner, and so shell
may be the only material available to radiocarbon
date. Unfortunately calibration of radiocarbon dates
on shell is complicated. Radiocarbon dates need to be
calibrated to account for the variation in the 14C/12C
ratio in the atmosphere or marine system over time.
Whilst alterations in the atmosphere are relatively
well understood, particularly in the Holocene (Reimer
et al., 2013), those in the marine system are more
complicated. Local offsets from the marine calibration
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Talaud

Talaud

Liang Warra

Kulintang

Sarawo

Marat

Wetta

Wointumbu

Bolang Cave

Duale

Liang Katoan

Matahit Cave

Totonpatu

6

7

8

9

10

11

12

13

14

15

16

Taduramang

Pangindirawan

Eo’

Batu Liang

Langakka

Liang Wuidduane

22

23

24

25

26

27

Talaud

Beoran 2

Bades Cave

20

21

Talaud

Beoran 1

19
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Talaud

Talaud

Talaud

Talaud

Talaud

Talaud

Talaud

Talaud

18

Talaud

Bo’Iyala

Mande’et

17

Talaud

Talaud

Talaud

Talaud

Talaud

Talaud

Talaud

Talaud

Talaud

Talaud

Talaud

Manappa

Hanggurang

Talaud

5

Liang Tamungku

3

Talaud

Talaud

Island

4

Goaran

Liang Tuwa Mane’e

1

Cave name

2

Location
on Figure 1

N03°57'07.3"

N04°00'11.7"

N04°03'47.1"

N04°05'57.9"

N04°05'58.4"

N04°06'15.6"

N04°04'44.8"

N04°05'09.8"

N04°05'10.1"

N04°04'32.4"

N04°04'39.6"

N04°07'37.1"

N04°10'22.6"

N04°11'56.5"

N04°13'27.6"

N04°13'02.2"

N04°12'42.0"

N04°13'20.6"

N04°13'23.5"

N04°12'54.7"

N04°12'39.1"

N04°15'26.2"

N04°20'41.4"

N04°21'01.7"

N04°21'32.2"

N04°30'00.1"

N04°30'58.3"

Latitude

E126°40'30.9"

E126°46'13.0"

E126°48'15.3"

E126°48'37.2"

E126°48'38.7"

E126°48'39.6"

E126°42'25.5"

E126°42'18.0"

E126°42'20.4"

E126°42'23.3"

E126°42'19.0"

E126°44'09.6"

E126°45'35.0"

E126°46'36.1"

E126°48'01.1"

E126°48'00.1"

E126°48'31.3"

E126°49'52.1"

E126°49'53.6"

E126°51'27.2"

E126°51'46.1"

E126°51'59.4"

E126°51'58.3"

E126°51'26.6"

E126°51'20.1"

E126°49'49"

E126°44'20.4"

Longitude

23.17

57.96

22.89

30.69

26.2

30.34

133.37

11.68

8.05

163.95

134.6

13.23

23.39

15.86

22.34

40.15

134.78

107.82

95.49

46.89

26.63

61.61

16.57

30.82

20.39

16.49

86.02

Elevation (m)
(uncalibrated)

Cave

Cave

Rockshelter

Cave

Cave

Rockshelter

Cave

Cave

Cave

Rockshelter

Rockshelter

Cave

Cave

rockshelter

Rockshelter

Cave

Rockshelter

Cave

Cave

Cave

Cave

Rockshelter

Cave

Cave

Rockshelter

Cave

Cave

Cave /
Rockshelter

x

x

x

Zooarchaeology
subsurface
deposit

x

x

x

Natural
surface
deposit

Breccia

x

Natural
subsurface
deposit

Table 1. List of caves and rockshelters surveyed for this study. Cave names were those provided by local villagers or public signs. Where these were not available, they followed the name of the nearest village.
Caves were classified as spaces with dark or twilight zones, rockshelters had no dark zones and minimal to no twilight zones. Zooarchaeology and natural subsurface deposits were found by test pitting in cave
and rockshelter floors based on surface indicators and likely underestimate true subsurface deposit occurrences.
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Tombawa

Liang Sarru

30

31

Tabubung 4

40

Tron Bon Lei owl roost

Balei 1

Balei 2

Balei 3

Leila

Karae Lei

Makpan

Hakiamang

51

52

52

53

54

55

56

57

Leuw

48

Mangilalong

Tomi Leu

46

47

Tron Bon Lei

Madeleng Leu

45

50

Gua Habaing

44

49

Tinahing

Lelengbow

43

Aaing 1

Tabubung 3

39

Aaing 2

Tabubung 2

38

41

Tabubung Leu

37

42

Tetilade

Dumaga

36

34

35

Bakir

Marige

33

Liang Managapi

Taramuda

29

32

Karandangan

28
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Pantar

Alor

Alor

Alor

Alor

Alor

Alor

Alor

Alor

Alor

Alor

Alor

Alor

Alor

Alor

Alor

Alor

Alor

Alor

Alor

Alor

Alor

Sangihe

Sangihe

Sangihe

Sangihe

Talaud

Talaud

Talaud

Talaud

Talaud

S08°10'57.66"

S08°25'55.8"

S08°26'00.96"

S08°25'42.42"

S08°26'05.76"

S08°26'06.0"

S08°26'05.64"

S08°26'04.7"

S08°26'03.9"

S08°08'32.0"

S08°07'36.2"

S08°07'35.8"

S08°07'34.1"

S08°07'47.0"

S08°07'47.2"

S08°07'57.6"

S08°07'56.94"

S08°07'36.2"

S08°07'36.2"

S08°07'36.1"

S08°07'36.1"

N03°27'09.8"

N03°26'33.8"

N03°36'57.2"

N03°37'07.1"

N03°52'16.2"

N03°52'06.3"

N03°54'21"

N03°56'56.7"

N03°56'59.7"

E124°19'07.26"

E124°21'13.6"

E124°34'03.36"

E124°34'04.08"

E124°33'29.46"

E124°33'34.62"

E124°33'41.7"

E124°33'51.3"

E124°33'49.3"

E124°30'32.8"

E124°34'09.0"

E124°34'03.1"

E124°33'41.4"

E124°34'36.2"

E124°34'36.8"

E124°35'37.8"

E124°35'38.7"

E124°35'32.5"

E124°35'30.5"

E124°35'30.3"

E124°35'29.4"

E125°39'06.0"

E125°35'09.6"

E125°30'22.8"

E125°30'17.0"

E126°40'44.3"

E126°40'47"

E126°40'46.1"

E126°40'42"

E126°40'39.3"

31

30

49.08

160

52.08

75

70

62.06

319.56

41.62

30.75

47.25

84.43

82.86

89.2

100

81.45

82.48

155.68
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curve, or ΔR values (Stuiver & Braziunas, 1993), are
poorly known around Indonesia and may have varied
by several hundred years during the past (McGregor
et al., 2008). Freshwater reservoir effects have the
potential to be much larger than marine reservoirs
where a portion of the dissolved inorganic carbon in
river, lake and estuarine environments may be derived
from limestone in the water catchment (Lanting & van
der Plicht, 1998). This type of reservoir is difficult
to quantify without paired organic and freshwater
samples from closed contexts, and dates on shell from
fresh- or brackish- water environments or on human
bone must be regarded as potentially overestimating
the true age of the sample.
This study aimed to radiocarbon date human
bones, shells, large murid bones, and charcoal
fragments lithified in breccia. The latter two samples
(large murid bones and charcoal from Matja Kuru
TD) did not survive pre-treatment. Three radiocarbon
dates were obtained, two on shell and one on human
bone. All were late Holocene in age. Dates on shell
were processed at the Waikato radiocarbon facility,
New Zealand (lab code Wk-), with samples cleaned in
ultrasonic baths, acid washed using 0.1N HCl, rinsed
and dried. The date on human bone was obtained
from the Australian National University (lab code
S-ANU-) using an ultrafiltration protocol as described
in Wood et al. (2014) and Fallon et al. (2010). Ages are
reported as calibrated years before present (cal BP),
where BP is 1950 AD.
Imaging
This study utilised the DINGO radiography/
tomography/imaging station, located on the thermal
HB 2 beam, tangentially facing the 20 MW OpenPool Australian Lightwater (OPAL) reactor housed
at the Australian Nuclear Science and Technology
Organisation (ANSTO), Lucas Heights, New South
Wales, Australia to non-invasively image breccia
prior to acid dissolution. The DINGO facility utilises
a quasi-parallel collimated beam of thermal neutrons
from OPAL with a maximum spectrum intensity at
1.08 Å (70 meV) and full-width-at-half-maximum
(FWHM) of 0.9 Å (100 meV), and two collimation (L/D)
ratios of 500 or 1000 (Garbe et al., 2011), where L is
the neutron aperture-to-sample length and D is the
neutron aperture diameter. For all measurements
described here, an L/D ratio of 1000 was used to
ensure highest available spatial resolution.
Equally-spaced angle shadow-radiograph projections,
and both dark (closed shutter) and beam profile (open
shutter) images were obtained for calibration before
initiating shadow-radiograph capture. A cosmic ray
filter was applied to all images to reduce data noise
associated with non-neutron background radiation
detection events. Neutrons were converted to photons
using a 100 × 100 × 0.05 mm 6LiF/ZnS(Ag) scintillator;
photons were then detected by an Andor IKON-L CCD
camera (liquid cooled, 16-bit, 2048 × 2048 pixels)
coupled with a Makro Planar 100 mm Carl Zeiss lens to
obtain a pixel size of 20 mm. A total of 1441 projections
with an exposure length of 10 s were obtained every
0.25° as the sample was rotated over 360° about its

vertical axis. Tomographic reconstruction of the raw
data was performed using Octopus Reconstruction
v.8.8 (Inside Matters NV), yielding a voxel resolution
of 29 × 29 × 29 mm3, and virtual slices perpendicular
to the rotation axis. When these slices are stacked
in a sequence, they form a three-dimensional volume
image of the sample. The reconstructed volume data
were rendered and visualised using VGStudio Max
2.2 (Volume Graphics GmbH).
Results
Talaud
Thirty-two caves and rockshelters were surveyed
on Talaud over approximately three weeks. A strict
distinction between rockshelter and cave was mostly
impossible with the majority of the caves little more
than very shallow, single chambered cavities with
wide entrances (Fig. 2a). One vadose spring was
documented (Fig. 2b) and partly surveyed, which
produced one of the few instances of active stalactite
formation observed on the island (Fig. 2c). Most caves
were spongework and ramiform and formed from
highly porous, reefal limestone (Fig. 2d, e). Two caves
had entrance passages of vadose origin; however
these were not explored substantially due to access
difficulties. Two archaeological excavations were
conducted (Mande’et and Pangindirawan). Mande’et
is described in detail in Louys et al. (in press), and
produced the largest faunal assemblage from the
island: a total of 615 faunal fragments, the majority of
which were raptor-deposited rodents. The latter site
produced only ten faunal fragments: five vertebrate
fragments, one rat tibia and four fish fragments from
the top 10 cm of the deposit. One cave (Totonpatu)
had ceremonially placed human skeletal remains on
the surface.
Only four caves had surface fauna present (12.5% of
caves), being mostly bats and rodents. Of these, only
one, Langakka, had subsurface deposits. Langakka
(Fig. 2f) is dual-chambered with a north-eastern
entrance that opens into a medium-sized chamber
approximately 4 m deep, which in turn opens into a
larger chamber measuring approximately 15 x 12 m.
The cave floor consists of well consolidated red clay
in parts eroded through bioturbation and water
flow. Although surveyed, no fauna was observed in
any of the exposed sections. A very small test pit
was dug at the northern end of the larger chamber
in a small limestone cavity (Fig. 2g). This produced
one vertebra of Varanus sp. cf. Varanus lirungensis
as well as several vertebrae and a cranial fragment
of a small Serpentes gen. et sp. indet. To date, these
bones constitute Talaud’s entire naturally deposited
vertebrate fossil record.
Sangihe
Four caves/rockshelters were examined over the
course of a week on Sangihe. These were formed from
volcanic breccias and boulders and were of limited
spatial extent (Fig. 3a-d). While some provided either
natural or anthropogenic sediment traps (Fig. 3b),
they were also often conduits for periodic fast water
flow (Fig. 3c). Despite evidence of use by swallows
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Fig. 2. Talaud Islands. a) Taduramang Cave, showing vertical dissolution forming entrances; b) Wetta Cave, horizontal entrance and
spring; c) active stalagmite formation inside Wetta Cave; d) Wointumbu rockshelter; e) coral structure on the walls of Wointumbu;
f) Langakka Cave entrance; g) sediment deposit in Langakka Cave producing recent faunal remains; h) east coast of Alor, showing
recent uplift of limestone.

Fig. 3. Sangihe Island. a) Bakir Cave, arrow indicates active swallow’s nest; b) sediment trap
formed in Bakir Cave created by artificial rock wall; c) Marige Cave, showing water channel
active during rains; d) Tetilade rockshelter.
International Journal of Speleology, 46 (3), 379-408. Tampa, FL (USA) September 2017
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(Fig. 3a), no surface or subsurface faunal remains
were observed.
Alor
Nineteen caves and rockshelters were explored on
Alor over a period of approximately two weeks.
Survey efforts focused predominately on the Kabola
Peninsula. Like Talaud, the majority of the caves in this
peninsula were shallow, single-chambered, spongework
to ramiform and formed from highly porous, reefal
limestone (Fig. 4a). Cave entrances ranged from very
small, horizontal, and narrow to very wide, open and
facing the ocean (Fig. 4a, b). The latter may represent
the early stages of flank margin speleogenesis (Mylroie
and Carew, 1990) or wave-cut platforms. They were
unevenly distributed across the five limestone terraces
documented for the peninsula (Hantaro et al., 1994)
with the highest cave explored at an elevation of 320 m.
In the southwestern sector of the Kabola peninsula, as
well as the southern coastline of Alor Island itself which
was surveyed, the caves are formed in the volcanic Alor
Formation. Such caves were found either directly on
the coast and formed from erosion due to wave action
(Fig. 4c), or were slightly more inland and at higher
elevations and formed from fluvial erosion (Fig. 4d).
Five caves in the Kabola Peninsula yielded surface
faunal remains: Gua Habaing, a young limestone cave
with a relatively large main chamber with significant
sedimentary accumulation on the cave floor; Aaing 2,
a large rockshelter and cave formed from collapse
along a joint or fault in the overhanging limestone;
and Tabubung 2, 3, and 4 (Fig. 4e-g). Tabubung 2
and 3 were small and shallow niches within a
coraline limestone in the terrace situated at 80 m
elevation. Both had relatively wide (compared to their
depth) entrances above ground level, and exhibited
minimal sedimentation. Tabubung 4’s entrance
sloped upwards (Fig. 4e). This cave exhibited more
speleothem formations than Tabubung 2 or 3, with
significant flowstone observed starting approximately
5 m into the cave. The cave itself is a narrowing main
chamber, with some very small side chambers mostly
filled with limestone collapse. The cave narrows from 3
m high and 6 m wide at the entrance to approximately
2 m wide and 0.5 m high (Fig. 4g), at which point
it becomes inaccessible. At the rear of the explored
section of the cave a flowstone pool measuring 120 cm
long and 58 cm wide in a roughly triangular shape was
observed. This pool was dry and created a sediment
trap approximately 13 cm deep, which was excavated.
The top layer of sediment was loose and could be easily
swept and collected. Below this, at approximately
5-10 cm depth depending on the location within the
pool, more compacted sediment was observed. The
more consolidated sediment exhibited several conical
depressions most likely caused by wasps (Fig. 4f), and
was excavated separately with trowels and chisels.
At the far end of the pool a limestone boulder had
fallen into the pool at a late stage, and exhibited some
subsequent flowstone formation, cementing some of
the sediment including at least one murid longbone
(Fig. 4h). Two ages were produced for this deposit
on the basis of Terebralia palustris shells recovered

from the excavation. It was not possible to establish
a robust ΔR value as this mollusc lives in brackish
water. Nevertheless the dates were calibrated against
the Marine13 calibration curve (Reimer et al., 2013)
in OxCal 4.2 (Ramsey, 2009), and should be viewed
tentatively. The shell from the upper, unconsolidated
sediment was dated to 2012 - 1863 cal BP (Wk41372,
2324 ± 20 BP), while the shell from the lower, more
consolidated sediment was dated to 1520 - 1376 cal
BP (Wk41123, 1902 ± 20 BP), indicating disturbance
and mixing of consolidated and unconsolidated
layers, with the higher shell likely to have moved
upwards through the actions of invertebrates. The
species recovered from this deposit include species of
Rattus (currently undergoing genetic sequencing), a
pteropodid, Crocidura sp., and Gekko sp.
Surface vertebrate accumulations in volcanic
caves were a result of the actions of owls, and three
active owl roosts were observed during surveys of the
southern coast of Alor, including one in the rockshelter
complex of Tron Bon Lei (Fig. 4k), in a cave adjacent
to the archaeological excavation described in detail in
Samper Carro et al. (2016). The Tron Bon Lei owl roost
deposit was collected and taphonomic analysis and
description of these remains is presented elsewhere
(Hawkins et al., 2017). The archaeological excavations
at the Tron Bon Lei rockskelter produced thousands
of fish and marine shellfish remains of anthropogenic
origins from three test pits (Samper Carro et al.,
2016), human remains in a burial context (O’Connor
et al., in press), very small numbers of terrestrial
microvertebrates including rodents, blossom fruit
bats, microbats, frog/toads, lizards, snakes and
birds, all of which were deposited by raptors, and
finally small numbers of macrovertebrates such as
fruit bats, marine turtles, and giant rats that appear
to have been anthropogenic deposits (Hawkins et al.,
2017). Of particular note was the presence of long lava
tube caves (Fig. 4l) on the southern coast of Alor, in
which active owl roosts were observed and excavated.
Pantar
Nineteen caves and rockshelters were examined
on Pantar over two weeks. Surveys focused on the
coastal areas, and encompassed both volcanic and
limestone outcrops. Limestone caves were formed from
horizontally bedded strata, and largely either took the
form of low-ceilinged elliptical phreatic entrances and
chambers (Fig. 5a), or joint-controlled dissolutionbrecciation caves (Fig. 5b). The limestone ranged
from massive to highly fossiliferous, coral-dominated
blocks (Fig. 5c). One extensive sinkhole, named
Tui Bara Bako, was recorded (Fig. 5d), measuring
approximately 30 x 30 m. Rockshelters and caves in
volcanic host rocks were formed as a result of tectonic
uplift and local collapse (Fig. 5e, f), and were mostly
vertically extensive, large, and single-chambered in the
case of the caves. Some smaller, burrow-like tunnels
were also recorded in volcanic conglomerates (Fig. 5g).
These were invariably shallow, single-chambered
tubes. Undercutting of volcanic conglomerates and
breccias was commonly encountered near the shore
and rivers.
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Fig. 4. Alor Island. a) Aaing 1, showing a small, horizontal entrance; b) Lelafutung Cave entrance; c) volcanic agglomerate cave near the village
of Mangilalong; d) Tomi Leu, a volcanic cave with active water channel; e) entrance to Tabubang 4; f) flowstone pool showing unconsolidated
sediment prior to excavation in Tabubang 4, depressions likely caused by wasp burrowing are clearly visible; g) Tabubang 4 during excavation;
h) Tabubang 4 capping flowstone showing captured murid humerus; i) Leila Cave, volcanic vertical fissure with active owl roost observed at the top;
j) Balei Cave 2, a shallow volcanic cave formed from undercutting by river; k) Tron Bon Lei owl roost deposit; l) Makpan Cave, volcanic tube cave.

International Journal of Speleology, 46 (3), 379-408. Tampa, FL (USA) September 2017

392

Louys et al.

Six of the rockshelters and caves produced
surface deposits. Most of these were scarce, lightly
scattered microfaunal remains (rodents and reptiles)
representing at most a few individuals. One active
owl roost was recorded, and abundant microfaunal
remains collected. Of particular and unusual interest
on Pantar was the discovery of a Homo sapiens-breccia
deposit in a limestone niche near the shore (Fig. 5h, i).
The niche has a diameter of 3 m, and is conical in
shape, tapering into the wall for a distance of 4 m.
The breccia in this deposit consists of thin smears of
cemented bone and lithics on both walls of the niche,
with unconsolidated and unlithified skeletal material
on the niche floor (Fig. 5h). This is likely a result
of active dissolution of the breccia. The alternative
scenario, that the loose skeletal material may be in the
process of active cementation, is highly unlikely due
to the limited extent and location of the breccia above

the floor deposits, no observed water flow, and the
lack of carbonate precipitation triggers. Local villagers
suggested that these remains were from pirates who
had been killed by their ancestors, and their bones
deposited in the niche. However, high quality collagen
(2.7% collagen yield, C:N 3.2, 43.8%C) was recovered
from one of the mandibles providing an age of 2,315
- 2,141 cal BP (against IntCal13 (Reimer et al., 2013),
S-ANU 51939, 2200 ± 30 BP). Without a large scale
faunal database for comparison it is difficult to assess
whether the date may be affected by a radiocarbon
reservoir effect, but a slightly elevated δ13C would
allow for some consumption of marine or freshwater
resources (δ13C: -16.7‰, δ15N: 8.5‰), suggesting
the date may overestimate the age of the individual
by up to a few hundred years. However, the date
still suggests that these remains represent a much
older burial.

Fig. 5. Pantar Island. a) Gua Tahirang 2, showing horizontal, phreatic entrance; b) Sindawapa, a joint controlled cave;
c) coral dominated limestone outcrop; d) Tui Bara Bako, large sinkhole; e) Buimao, a rockshelter formed from recent uplift
and collapse; f) Ayas Cave, in conglomerate host rock; g) Belldaing Cave, a small volcanic niche; h) Gua Tahirang showing
loose human remains on the floor of the niche; i) human-bearing breccia of Gua Tahirang, this has been wet with water to
enhance contrast; j) Dekopira Gua, a volcanic cave formed from undercutting of underlying sediment.
International Journal of Speleology, 46 (3), 379-408. Tampa, FL (USA) September 2017
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Timor
The scientific investigation of caves in Timor has
been carried out by a number of researchers from the
1960s, and in Timor-Leste hundreds of caves have
been recorded, including by several authors of this
paper and over the course of more than a decade of
research. Here we focus primarily on areas specifically
surveyed for vertebrate accumulation mechanisms
during fieldwork in Timor-Leste and Indonesia in
2014. Arguably the most well-known of these caves
are the archaeologically important Lene Hara (Fig. 6a)
and Jerimalai caves (Fig. 6b) of Lautém District in
eastern Timor-Leste (Fig. 1). These have produced
some of the earliest records of modern humans in
Island Southeast Asia (O’Connor et al., 2002, 2011).
In addition to abundant artefacts, these assemblages
preserve detailed records of fauna ascribed largely to
human subsistence activities. Jerimalai, for example,
hosts the oldest record of pelagic fishing in the
world (O’Connor et al., 2011). As well as evidence of
extensive marine resource utilisation, these coastal
sites preserve more limited numbers of terrestrial
vertebrates, namely giant and modern rats, bats,
lizards, snakes, anurans, and birds. Preliminary
examination of these indicates they represent a
palimpsest, combining both human refuse and
regurgitation by owls and other raptors.
Lene Hara and another cave from Timor-Leste, Laili,
have been subjected to detailed geomorphological
analysis in an effort to elucidate depositional
processes (O’Connor et al., 2010, 2016). Laili is a
relatively large, single-chambered cave situated in
a karstic limestone ridgeline ~86 m elevation, while
Lene Hara is a large solution cave formed in wellbedded folded limestone in an uplifted coral terrace
at ~100 m elevation. In addition to unconsolidated
archaeological deposits, both sites are notable for
preserving breccia containing archaeological material.
Lene Hara preserved a significant breccia adhering
to the base of a large speleothem column (Fig. 5 in
O’Connor et al., 2016), containing shells, bones, and
lithic artefacts (Fig. 6a). Dating of two Tectus sp.
shells produced ages between ~43-41 ka (O’Connor
et al., 2010). Significantly, marine gastropods with
carbonate encrustation were also recovered from the
surface and near-surface, the latter providing a date
of ~43 ka (O’Connor et al., 2016). This was interpreted
by the authors as late Pleistocene breccia eroding
and being incorporated into younger deposits. The
Laili breccias, meanwhile, preserve Holocene deposits
otherwise missing from the archaeological excavation
(O’Connor et al., 2016).
Other caves in Timor-Leste have produced breccias
(Table 1); however, these all represent collapsed
breccias and none contain any evidence of vertebrate
fossils (Fig. 6c). In west Timor, in a cave system near
Kupang, a horizontally extensive, approximately 1 m
thick breccia was recorded hosting giant rat remains,
turtle, and other vertebrate fragments. This breccia
has yet to be acid-processed or dated. On the basis
of field observations, it appears likely that at least
two fossil depositional events are recorded in this
cave, as breccia on either side of the end chamber
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are found at different levels with obviously different
clast to matrix ratios. Both are clay-rich, lack any
obvious pisoids, and have large limestone clasts
predominately rounded to sub-rounded (Fig. 6d). This
suggests initial limestone clast formation in a high
energy environment, possibly near-shore. However,
the presence of near complete skeletal elements such
as giant rat long bones and mandibles, the presence
of many fragile terrestrial molluscs, high clay content,
and the lack of any bedding or sedimentary structures
suggests that each breccia represents a discrete
mass movement event incorporating previously
rolled limestone clasts. Several niches and wave-cut
platforms facing the ocean, similar to that described
from Pantar, were observed on cliff walls near this
cave (see O’Connor et al., 2015).
The Matja Kuru ridge is an uplifted limestone terrace
situated near Lake Ira Laloro. Two archaeological
sites in two caves along the ridge, Matja Kuru (MK)
1 and 2, have been described, the latter of which
preserves evidence of human use from ~36 ka
onwards (Veth et al., 2005; Langley & O’Connor,
2016). In fact, the entire ridge is composed of
ramiform grading to spongeform caves, the majority
of which have not been surveyed and most of which
are interconnected through dissolution passages and
intersecting fissures. The largest cave explored to date
is the eponymous Matja Kuru Cave, located east of
MK2. It has not been mapped, but consists of large,
interconnected chambers, with abundant stalagmites,
stalactites, and tabular flowstones. Breccia was
recorded in this cave, but these were not fossiliferous.
Between MK1 and MK2, several dissolution chambers
with relatively narrow openings to the photic zone and
connected to open chambers verging on rockshelters
are present. These were not targeted for archaeological
excavation as they provide no evidence of living floors
or favourable conditions for use. Nevertheless the
depocenters in this area are represented by a series of
inter-boulder spaces and solution flutes, which have
accumulated sediment and fauna. Excavation and
sieving of these deposits has produced predominately
microfauna including rodents, bats, birds, lizards,
anurans, and birds, in addition to other organics
such as charcoal and seeds in a poorly sorted sandysilt matrix with abundant angular limestone gravels.
The time-averaging represented by these deposits
has yet to be calculated but is likely in the order of
decades. Preliminary examination of this material
suggests deposition from avian predators; however the
presence of Sus scrofa amongst the remains indicates
some anthropogenic input.
West of MK1 is a small side passage in a moderatelysized cave which yielded the first unambiguously
Middle Pleistocene fossil record for Timor-Leste
(Matja Kuru TD). This side chamber actually consists
of two separate depositional sequences in reverse
stratigraphic position. The chamber is L-shaped and
predominately north-south in orientation. Its longest
arm measures approximately 6 m in a northerly
extension, and was approximately 1.5 m wide and
1 m high prior to excavation. It is accessed by an
approximately 120 cm inclined, westerly passage with
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an east-facing opening approximately 40 x 60 cm
wide, located on the western wall of, and approximately
2 m past, the main cave entrance. The floor of the
chamber was formed from a thin, horizontally bedded
speleothem crust. Beneath this crust a dissolution
basin was excavated in 15 cm spits to a maximum
depth of 65 cm. The sedimentary sequence consisted
of massive, poorly sorted unconsolidated silts and
muds, with abundant clay pisoids and well preserved
faunal remains, including complete and near-complete
cranial and postcranial elements of extinct giant
rats, modern rodents, bats, birds, lizards, snakes,
and small numbers of fish and turtle remains. The
clay pisoids are up to 10 mm in diameter; they are
nucleated but not concentrically laminated (Fig. 6g)
and make up more than 10% of the clasts. Other
clasts included angular autogenic limestone gravels
and sands. A dissolution vugh in the surface crust
(Fig. 6h) returned a 230Th age of ca. 10 ka (Table 2).
Two straw stalactites from the top 15 cm of the
deposit returned ages of ca. 8.1-8.2 ka, while two
additional straws from 30-45 cm in depth returned
ages of 6.9-7.0 ka. Two giant rat incisors, one from
the top 30 cm of the deposit (TD-1), and the other
from 30-45 cm depth (TD-2) were serially dated. Both
provided reliable, though stratigraphically inverted
ages if these ages are interpreted as close to their real
age: TD-1 is ca. 17.5-18 ka and TD-2 is 5.5 ka; and a
minimum age of ~18 ka if both are considered coeval.
A flowstone sample, taken approximately 15 cm
below the floor crust and forming part of the wall
of the basin hosting the assemblage constrains the
maximum age of deposit of ca. 205 ka (Table 2). The
presence of clay pisoids in the assemblage, many
with isolated teeth and bone fragments forming the
nuclei, suggests deposition in a very low energy,
probably ephemeral shallow-water environment.
This is supported by the complete and near complete
postcranial elements of the giant rats, which show
little to no surface modifications from significant postdepositional movement. However, some reworking of
the deposit is suggested by the older ages calculated
from the overlying speleothem crust relative to the
ages of the underlying fossils and straw stalactites.
The following depositional history is suggested for this
deposit: sometime after ~205 ka the basin filled with
sediment and became phreatic. A calcite crust formed
at the contact between the phreatic and vadose zones
~10 ka. The water table subsequently dropped and the
majority of the underlying unconsolidated sediment
eroded out, creating a false floor. At approximately
7 ka, fossil-rich sediments incorporating older (~18 ka)
fossils travelled from a low-energy water source
proximal to the basin and refilled this cavity.
While excavating the lower deposit, a thin but
horizontally extensive fossil-bearing breccia was
observed along the west wall approximately 50 cm
above the floor crust. Bone and terrestrial molluscs
were observed eroding out, and subsequent processing
in acetic acid produced giant and normal-sized rats,
bat, and other microfaunal remains. This breccia was
clay-rich and pisolitic, with numerous clay pisoids
recovered after acid preparation indicating minimal to

no carbonate component to the clay. We attempted
radiocarbon dating on several charcoal samples from
this breccia but these did not survive pre-treatment.
Identical to the younger deposit in the chamber,
isolated teeth and bone fragments formed some of
the pisoid nuclei, although detrital grain nuclei were
more numerous. The poorly sorted nature of the
original deposit was preserved and lithified by calcite
cement, and no spatial associations or orientations
were observed between the angular to sub-angular
limestone clasts, the fossils, and pisoids (Fig. 7). An
underlying flowstone produced a date of ca. 165 ka
(Table 2). Due to the presence of gypsum crystals,
numerous clay pisoids, terrestrial molluscs, angular
limestone gravels, and the random orientation of the
clasts, we infer that this deposit formed in a very low
energy, ephemeral shallow-water environment similar
to the younger deposit described above.
Sumatra
The scientific exploration of caves in Sumatra dates
to the end of the 19th century when Dubois started
searching for hominins in Asia (Dubois, 1891).
Dubois targeted caves in the Padang Highlands
of western Sumatra, and we surveyed a total of 25
caves in that area for vertebrate deposits, including at
least one previously excavated by Dubois (Lida Ajer).
The Sumatran caves were generally large, complex,
multi-chambered anastomotic solutional caves
(Fig. 8), although some graded into joint-controlled
network caves. The caves largely occurred in tower
karst surrounded by poljes that have been heavily
agriculturalised. Non-fossiliferous breccias were
commonly encountered, and high energy phreatic
environments were recorded for several caves. Of the
caves surveyed, five preserved fossils, although two
preserved only a single tooth fragment in an otherwise
barren breccia. In one additional cave we observed
an active porcupine den with large mammal surface
bone deposits (Fig. 8). The almost complete lack of
microfaunal surface deposits in Sumatran caves was
striking, with only one rat mandible observed on
the surface of a narrow tunnel near the entrance of
Ngalau Sampit during the three week survey. Here we
focus on the three main fossil-bearing caves recorded.
With only one exception, all fossils observed in the
Sumatran breccia deposits consisted of isolated teeth
of large mammals, most of which only preserved
tooth crowns. Evidence of gnawing on the teeth was
common.
Ngalau Lida Ajer is a small cave consisting of two
main chambers, the rear one of which preserves four
discrete breccia deposits, probably belonging to the
same depositional event. The breccia is characterised
by large, angular, allogenic clasts, isolated mammal
teeth including orangutan, porcupine, and tapir,
and a cemented, poorly-sorted sandy clay (Fig. 8a),
which in some exposures approaches a diamictitic
facies. The deposits have undergone secondary
erosion and they are largely preserved as relict cave
fill on the walls of the chamber, overlain by flowstone.
Flowstone also underlies the breccia found in the
middle of the chamber. The flowstones associated with
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Fig. 6. Timor Island. a) Lene Hara Cave, showing large central pillar under which a breccia was recorded; b) Jerimalai
Cave; c) fossil free breccia in Fatu Aki Ani Knua cave; d) Gua Monyet breccia; e) Matja Kuru TD excavation; f) flowstone
forming the base of the Matja Kuru TD deposit; g) cross section of a clay pisoid from the Matja Kuru TD deposit;
h) capping flowstone and dated vugh (indicated by arrow) of the unconsolidated Matja Kuru TD deposit.
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Matja Kuru TD

Matja Kuru TD

Matja Kuru TD

Matja Kuru TD

Matja Kuru TD

Matja Kuru TD

Matja Kuru TD

Matja Kuru TD

Matja Kuru TD

Matja Kuru TD

Matja Kuru TD

Matja Kuru TD

Matja Kuru TD

Matja Kuru TD

Ngalau Gupin

Ngalau Gupin

Ngalau Gupin

Ngalau Gupin

Ngalau Supin

Ngalau Supin

TD-1-B

TD-1-C

TD-1-D

TD-2-A

TD-2-B

TD-2-C

TIK-1

TIK-2

TIK-3

TIK-4

TIK-5

TIK-6

TK-7

GG-1A

GG-1B

GG-1C

GG-1D

GS-5

GS-4

Sample Name

TD-1-A

Sample
Name
Th (ppb)

1.03 ± 0.01

12.45 ± 0.01

b

0.104 ± 0.001

0.58 ± 0.01
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9.058 ± 0.004

0.2156 ± 0.0002
12.931 ± 0.008

Dentinec

Speleothem
(vugh in
flowstone)

Speleothem
(flowstone)

33.97 ± 0.05

104.7 ± 0.2

6.54 ± 0.02

8.81 ± 0.04

17.92 ± 0.06

10.028 ± 0.004

9.342 ± 0.004

Dentinec

Dentine

64.5 ± 0.1

9.382 ± 0.006

c

0.2711 ± 0.0002 0.657 ± 0.002

9.624 ± 0.006

Dentinec

Speleothem
(flowstone)

Speleothem
(straw)

0.2332 ± 0.0001 6.138 ± 0.007

1.852 ± 0.001

Speleothem
(straw)

0.228 ± 0.002

Speleothem
(flowstone)

1.811 ± 0.001

Speleothem
(straw)

0.0355 ±
0.0009

0.2241 ± 0.0001 1.811 ± 0.002

1.194 ± 0.001

Speleothem
(straw)

2.55 ± 0.02

Speleothem
(flowstone)

12.64 ± 0.01

Dentineb

Dentineb

Dentine

Dentine
2.87 ± 0.02

3.30 ± 0.02

25.16 ± 0.01

a

13.52 ± 0.01

18.0 ± 0.1

26.04 ± 0.01

a

Dentine

7.4 ± 0.1

21.8 ± 0.1

232

26.38 ± 0.01

25.21 ± 0.01

U (ppm)

Dentinea

Dentinea

Material
232

Th)

778 ± 2

4.46 ± 0.02

1532 ± 10

1178 ± 6

552 ± 3

164 ± 1

990 ± 4

3650 ± 65

10.9 ± 0.1

323 ± 1

3220 ± 51

1463 ± 16

7368 ± 184

735 ± 8

689 ± 7

1724 ± 26

3408 ± 30

648 ± 3

1618 ± 15

535 ± 3

(230Th/

0.674 ± 0.002

0.713 ± 0.003

0.365 ± 0.002

0.341 ± 0.001

0.349 ± 0.002

0.371 ± 0.002

0.791 ± 0.002

0.0723 ± 0.0004

0.0949 ± 0.0005

0.860 ± 0.002

0.0597 ± 0.0004

0.0606 ± 0.0003

0.0721 ± 0.0004

0.0489 ± 0.0004

0.0482 ± 0.0003

0.0472 ± 0.0004

0.147 ± 0.001

0.147 ± 0.001

0.149 ± 0.001

0.153 ± 0.001

(230Th/238U)
238

U)

1.168 ± 0.001

1.198 ± 0.002

1.075 ± 0.001

1.078 ± 0.001

1.071 ± 0.002

1.075 ± 0.002

1.011 ± 0.001

0.997 ± 0.001

0.999 ± 0.001

1.012 ± 0.001

0.972 ± 0.001

0.970 ± 0.001

1.013 ± 0.001

0.982 ± 0.001

0.982 ± 0.001

0.981 ± 0.001

0.995 ± 0.001

0.995 ± 0.001

0.996 ± 0.001

0.996 ± 0.001

(234U/

91.3 ± 0.4

94 ± 1

44.9 ± 0.3

41.2 ± 0.1

42.7 ± 0.2

45.9 ± 0.3

165.37 ± 1

8.2 ± 0.1

10.9 ± 0.1

205 ± 1

6.9 ± 0.1

7.03 ± 0.04

8.1 ± 0.1

5.57 ± 0.05

5.49 ± 0.04

5.4 ± 0.1

17.5 ± 0.1

17.5 ± 0.1

17.6 ± 0.1

18.1 ± 0.1

Uncorr. Age
(ka)

91.2 ± 0.4

83 ± 5

44.9 ± 0.3

41.2 ± 0.1

42.7 ± 0.3

45.7 ± 0.3

165 ± 1

8.2 ± 0.1

10.1 ± 0.4

205 ± 1

6.9 ± 0.1

7.03 ± 0.04

8.1 ± 0.1

5.57 ± 0.05

5.49 ± 0.04

5.4 ± 0.1

17.5 ± 0.1

17.4 ± 0.1

17.6 ± 0.1

18.1 ± 0.1

Corr. Age (ka)

1.217 ± 0.001

1.29 ± 0.02

1.086 ± 0.001

1.088 ± 0.002

1.081 ± 0.002

1.086 ± 0.002

1.018 ± 0.002

0.997 ± 0.001

0.999 ± 0.001

1.021 ± 0.002

0.971 ± 0.001

0.970 ± 0.001

1.013 ± 0.001

0.981 ± 0.001

0.982 ± 0.001

0.981 ± 0.001

0.995 ± 0.001

0.994 ± 0.001

0.996 ± 0.001

0.995 ± 0.001

Corr. Initial
(234U/ 238U)

Table 2. U-Th isotopic and concentration data for teeth and speleothems for selected cave deposits from Island South East Asia. All ages reported to 2σ error. a = All samples from a single fossilised rat tooth; b = All
samples from a different single fossilised rat tooth; c = All samples from a single fossilised tapir tooth. (Note: Ratios in parentheses are activity ratios calculated from the atomic ratios, but normalized to measured
values of secular-equilibrium HU-1 standard following the method of Ludwig et al. (1992). Errors are at 2σ level. 230Th ages are calculated using Isoplot EX 3.0 (Ludwig, 2003) with decay constants l238= 1.551x10-10
yr-1 (for 238U), l234= 2.826x10-6 yr-1(for 234U) and l230 = 9.158x10-6 yr-1 (for 230Th), respectively (after Cheng et al., 2000). 2σ errors in the uncorrected (uncorr.) ages were propagated directly from the uncertainties in the
(230Th/238U) and (234U/238U). The corrected (corr.) 230Th ages were calculated using the assumed bulk earth or upper crust value equivalent to the detrital 230Th/232Th activity ratio of 0.83.)
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Fig. 7. Two false-colour volume rendered neutron computed tomography images of a Matja Kuru TD breccia
subsample, each coloured and filtered to highlight the different clasts and inclusions.

these deposits have high detrital allogenic particle
content, giving them a darkened ‘dirty’ appearance,
and indicating sediment influx during speleothem
formation. Detailed geochronological analysis of these
deposits indicate a Late Pleistocene age (Westaway et
al., 2017); younger than, but close to, ages suggested
by relative dating of teeth from the Dubois legacy
material using amino acid racemization (Drawhorn,
1994). A sinkhole at the rear of the chamber branches
into two small blind tunnels. Both tunnels are formed
in a diamicton consisting of unlithified clays and muds
with suspended isolated teeth from extant mammals
including pig, orangutan, and rhinoceros. A nearby
cave, Ngalau Unjo, also produced breccia and fossil
deposits. In the breccia deposit, an isolated cervid
tooth in an otherwise massive cemented breccia was
observed. Unlike Lida Ajer, large angular clasts were
not observed. Two isolated surface pig teeth were
recovered from a nearby chamber which appeared
mineralised and reworked, suggesting erosion from
a previously lithified deposit. Likewise, the cave
Ngalau Indah preserved only a single rhinoceros
tooth fragment in a poorly sorted breccia deposit.
Unlike Ngalau Unjo and Ngalau Lida Ajer, this breccia
consisted of an amorphous speleothem matrix with
many angular autogenic limestone clasts, and on the
basis of this is likely a product of solution brecciation
processes, with the inclusion of a tooth fragment a
serendipitous event.
Ngalau Sampit is a large cave complex, only partly
surveyed. Both vadose and phreatic zones were present
in the explored chambers. Fossils are preserved in
lithified to semi-lithified breccia with intercalated
flowstones on the northern and southern ends of a
small side tunnel abutting a much larger dissolution
chamber found by traversing three narrow passages
with a total length of approximately 30 m. The breccia
deposit consists mostly of isolated teeth including
bovid, orangutan, cervid, pig, and porcupine, in
addition to large, angular, allogenic clasts in a pitted,
speleothem matrix. Unusually for Southeast Asia, a

partial cranium of an ungulate is also preserved on
the roof of the eastern part of the chamber (Fig. 8b),
which tapers, doglegging after approximately 2.4 m,
and terminating shortly after. U-Th dating of a
capping flowstone in the western, larger (2 x 1.7 x
3 m) sub-chamber terminal of the tunnel produced
an age of ca. 91 ka. This minimum age is supported
by a date of 83 ± 5 ka for a calcite-filled vugh within
the breccia (Fig. 8e). Secondary erosion of both
deposits is evident, and extensive post-depositional
flowstone indicates considerable water movement in
the chamber following the brecciation event.
Ngalau Gupin is also a large cave complex with a
breccia deposit in a small side sub-chamber (Fig. 8).
Unlike Ngalau Sampit, Ngalau Gupin preserves no
datable flowstone; however, U-Th dating of a Tapirus
molar has produced a reliable minimum age of
~45 ka. On the basis of 230Th age and U-concentration
profiling, the tooth appears to have taken up U rapidly
following burial, and it is possible that the resulting
ages approximate the true age of the tooth (Fig. 8g).
Ngalau Gupin hosts a modern fauna including
porcupine, pig, monkey, elephant, bovids, cervids,
rhinoceroses, and viverrids recorded from initial spot
collection of isolated teeth. These occur alongside
terrestrial molluscs which are large, angular allogenic
and autogenic clasts, lightly lithified within clay-rich
matrix. It occurs as a discrete deposit on the northern
end of the side sub-chamber, however a small smear
of breccia on the southern end of this sub-chamber
indicates the breccia was likely more extensive in
the past. Surface teeth with adhering matrix and the
same preservation, collected next to the sub-chamber,
suggest secondary erosion of the breccia.
Discussion
The caves surveyed fell into several developmental
and geological types. Volcanic caves were observed on
Sangihe, Alor, and Pantar. Volcanic caves were almost
always produced as a result of subaerial mechanical
and hydrological weathering, although important
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exceptions are the lava tube caves recorded on
Alor. Limestone caves were observed on Talaud, the
Kabola peninsula of Alor, small, isolated patches on
Pantar, Timor, and Sumatra. The niches observed on
Pantar and the south coast of Timor are likely tafoni
caves, formed by subaerial chemical and mechanical
weathering. All other limestone caves represent
dissolution caves. Several, such as the large cave
complexes on the east coast of Timor-Leste (e.g., Lene
Hara, Matja Kuru), and possibly some of the smaller
caves on Talaud and the Kabola peninsula of Alor, are
likely flank-margin caves and thus, after factoring in
local uplift, would be indicative of previous sea level
highstands (e.g., Mylorie & Mylorie, 2009).
Accumulation – geological factors
The effect of geology on the preservation of
vertebrates falls into three broad categories: lithology
of the host rock, age of the host rock, and diagenetic
processes. In many of the small, isolated islands in
Wallacea, the dominant lithology is volcanic, with
smaller amounts of metamorphic and sedimentary
deposits recorded; the latter largely restricted to
coastal limestone deposits. With the exception of
volcanic lava tubes, the caves that had formed in
volcanic rocks were almost always small, shallow,
single-chambered cavities grading to overhangs that
have been used as rockshelters. Biotic autochthonous
processes are largely non-existent in such caves,
and abiotic allochthonous vertebrate depositional
events are incredibly rare. On the other hand, biotic
allochthonous processes were observed in several
instances in these caves through the actions of
raptors (particularly owls) and people. Long-term
preservation of such remains is unlikely because:
1) sediments in volcanic caves are often acidic and
not conducive to bone preservation; 2) the open and
shallow cave systems means sediments are highly
subject to extreme erosional events (evidenced by
several, largely sediment-free floors observed; e.g.,
Fig. 3); and 3) volcanic caves generally lack soluble
minerals, such as carbonates, which could cement
and preserve vertebrate remains.
Where limestone is present on these isolated islands,
it is restricted to the coast and is at most only a few
hundreds of thousands of years old. The caves formed
therein are commonly small, ramiform to spongework,
with few chambers and are formed in highly porous,
coralline limestone. The size and shapes of these caves
make them generally unattractive to roosting raptors
and because the limestone is so young and coastal,
deep and complex caves with numerous passages
and dark zones have not had a chance to form,
restricting the number of cavernicolous mammals
and the degree of speleothem formation. The latter is
because young, laterally restricted, spongework caves
with few passages afford limited time and surface area
for carbonic acid to dissolve carbonates. In turn, this
reduces the volume of supersaturated water travelling
through the cave system, as well as the potential for
exposure to cave air for carbon dioxide exchange,
and thus carbonate precipitation. Furthermore,
only deep, mature caves have passages that act as

active conduits for water flow and sedimentation,
and provide potential sources of recharge.
Thus, geological factors inhibit many of the
vertebrate accumulation processes outlined by Simms
(1994) on small, largely volcanic islands of Wallacea.
Vertebrate accumulation and preservation on such
islands are instead largely driven by stochastic
processes and dependent on unusual geological
conditions. On the other hand, the larger, older, and
geologically more complex islands such as Sumatra
and Timor host deep, network to anastomotic caves
with many phreatic and vadose passages. Most of
these were observed in massive limestones with large
areal exposures several millions of years old, and with
extensive and various speleothem deposits. Evidence
for biotic autochthonous vertebrate deposits is
restricted to bat remains; however, these were made
possible by the many dark zones present in the large
caves that bats tend to frequent. Because of the long
and complex speleogenesis evident in many Sumatran
and Timorese caves, possible abiotic allochthonous
accumulations related to transportation by fluvial
events were observed. Several breccias had abundant
large, allogenic clasts, and the inclusion of allogenic
vertebrate material in such breccia is likely though not
yet demonstrated. These examples notwithstanding,
evidence for abiotic processes controlling primary
vertebrate accumulation was rare even in the oldest
caves explored, and no pit-fall traps were recorded.
Accumulation – biotic factors
Biogeographical conditions in Southeast Asia limit
the agents of accumulations for faunal remains in
caves. The small, isolated islands of Nusa Tenggara
have low biodiversity, with vertebrate trogloxenes
represented by owls, swallows, anurans, reptiles,
bats, and rats. All these taxa can contribute faunal
remains directly when dying in a cave; however, this
rarely produces significant accumulations of skeletal
material. Snakes and lizards commonly feed on other
vertebrates in caves, although these actions rarely
leave any identifiable remains. Small rodents have
been known to carry skeletal elements into and around
caves (Lyman, 1994), but evidence for this has rarely
been observed for any of the Wallacean assemblages
we have examined. Thus, the depauperate, endemic
terrestrial faunal communities on isolated islands in
the region have produced no species likely to transport
significant numbers of faunal remains into caves. In
small and isolated islands, once geological factors are
accounted for, the only significant accumulator of
natural bone deposits in caves are owls.
Conversely, microfaunal deposits were incredibly
rare in our survey of the Sumatran caves. There, the
only natural surface bone accumulation observed
was a porcupine den. Porcupines are commonly
implicated as accumulators of faunal materials in
caves throughout Southeast Asia, with resulting
deposits throughout the region typically represented
largely if not exclusively by isolated teeth of various
taxa (Lenoble et al., 2006; Duringer et al., 2012).
Porcupines are renowned collectors of large numbers
of dry bones scavenged from areas surrounding caves
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(e.g., Brain, 1981, O’Regan et al., 2011; Bountalis
et al., 2014). They gnaw these bones to hone their
teeth, for osteophagia, or to prevent botulism,
leaving distinctive gnaw marks on bone surfaces
(Bountalis et al., 2014). The Cape porcupine Hystrix
africaeaustralis, for example, is an indiscriminate
collector, accumulating bones of species of body
mass ranging from >0.14 kg to <940 kg (O’Regan et
al., 2011). Elements collected by this species range
from isolated bovid phalanges to entire crania, and
the percentage of a gnawed bone can range from
93.6 to 54.6%, with larger bones seemingly preferred
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(O’Regan et al., 2011). Southeast Asian fossil deposits,
however, contrast markedly from other regions in
being comprised almost exclusively of teeth and tooth
crowns. Whether this pattern reflects a dearth of
bones on the landscape in Pleistocene Southeast Asia
(fewer bones on the landscape will result in more
gnawing of collected bones: Brain, 1981; Lyman,
1994), or is a result of further taphonomic processes
has not been adequately assessed. However, our
discovery of bone shafts in a modern porcupine
assemblage in Sumatra (Fig. 8f) suggests the latter
likely played a role.

Fig. 8. Sumatra. a) Lida Ajer breccia showing bovid tooth eroding out; b) Ngalau Sampit breccia,
with unknown skull eroding out from the wall; c) Ngalau Gupin breccia; d) Ngalau Agung Agung,
a large dissolution cave of high elevation, arrow indicates person for scale; e) Ngalau Sampit
dating samples: GS-4 is a capping flowstone over the breccia, GS-5 a calcite filled vugh;
f) gnawed metapodial found in an active porcupine den in Ngalau Kamang; g) tapir tooth from
Ngalau Gupin showing drill holes for U-Th dating.
International Journal of Speleology, 46 (3), 379-408. Tampa, FL (USA) September 2017
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While it’s possible that any putative microfaunal
deposits in Sumatra were later destroyed by
porcupines, Sumatra is also home to several smallto medium-sized carnivorous species that may
consume microfauna, accounting for the few remains
observed. However, it is more likely that the highly
urbanised and agriculturally concentrated regions
that we surveyed, in combination with more intensive
cave use by local villagers and unsustainable owl
harvests for the novelty pet market (e.g., Shepherd,
2006), have resulted in significantly reduced raptor
numbers in Padang, with concomitant reductions in
active raptor roosts. The number of sites producing
terrestrial microfaunal remains in surface deposits in
Sumatra (~4%) could be close to the rate expected from
natural deaths in the absence of avian predators. The
likelihood of long term preservation and subsequent
discovery of such remains is miniscule. Other than
porcupines, Sumatra also hosts several taxa that
conceivably could bring faunal remains into caves,
in particular large carnivores such as the tiger and
the now extinct Sumatran leopard. However, none
of Sumatra’s known large carnivores are known to
normally occupy caves or use them for stashing kills,
making it unlikely they have contributed significantly,
if at all, to vertebrate remains in caves. Hyenas have
not yet been reported from Sumatra’s fossil record,
however, they are commonly recovered in many sites
throughout Southeast Asia (Louys, 2014), where they
are likely to have contributed to the accumulation of
faunal remains in caves. Likewise, humans have also
had a long history of cave use in Southeast Asia.
In fact, it seems likely that very soon after humans
arrived in a given region, they made use of caves,
either periodically or as permanent home bases.
Archaeological sites, particularly on the small isolated
islands of Wallacea, represent the most reliable source
of vertebrate remains in caves. Human refuse, in the
form of burnt, cut-marked, and/or chewed skeletal
elements, provided abundant faunal remains in the
caves we explored. Moreover, commensal species
such as rats, probably drawn by the refuse, were
regularly encountered. The most common vertebrates
recovered from coastal caves and rockshelters were
marine organisms, in particular reef fishes (O’Connor
et al., 2011; Samper Carro et al., 2016). More inland,
marine organisms become obviously less common in
archaeological deposits, replaced by birds, reptiles,
and large rodents (Glover, 1986; O’Connor &
Aplin, 2007).
Preservation
Long term preservation of vertebrates is largely
dependent on rapid burial following surface deposition.
In caves, burial is facilitated by sedimentation, with
water being the dominant transportation agent of
sediment undergoing lateral movement underground
(Farrant, 2004). Like fluvial sequences, whether
sedimentation or erosion occurs is subject to the
energy of the water movement, but in caves it is also
a function of passage morphology, with boulders and
fine cohesive clays the most resistant to reworking
(Gillieson, 2004). Thus, vertebrate remains, being

essentially large clasts, are prone to movement
in caves, particularly during flooding and mass
movement events. However, steep energy gradients in
cave passages, a result of variable flood events and
the geometry of the passage (Gillieson, 2004), localises
erosional events and can result in translocation
of clasts not far from their source. Within a cave,
sediments and fossils can be deposited in a single,
fluidised, self-perpetuating sliding mass, resulting in
deeply penetrating “sliding bed” facies; a result of pipefull conditions or mass movement events (Farrant,
2004). Such facies have been recorded for the karstic
caves of New Guinea (Gillieson, 1986) and some of the
sedimentary units in Niah Caves, Borneo (Gilbertson
et al., 2013), and they are likely responsible for the
massive, poorly sorted, allogenic clast-rich diamictites
and diamictons observed in some of the Sumatran
caves we examined.
Cave entrances can experience significant rates of
sedimentation due to human activity. The introduction
of sediment from people, either from adhering mud,
vegetation, refuse, and animal matter, and/or fires
can significantly increase sedimentation rates. For
example, Farrand (2001) reported sedimentary
accumulation at a rate of as high as 250 cm per
100 years in Mesolithic deposits in Franchthi Cave,
Greece. Human activity was identified as a major
driver and contributor of sediment accumulation
at the cave entrances of both Lene Hara and Laili,
significantly impacting local slope stability and
dominating the allochthonous sedimentary input
(O’Connor et al., 2016); a process similarly observed
in Jerimalai, MK1, 2, Tron Bon Lei, Makpan, and
Fatu Aki Anik Knua. Thus, in addition to being a
major vector for the introduction of vertebrates into
caves, human activities significantly favour their
longer-term preservation potential by increasing
sedimentation rates near entrances and altering cave
entrance topographies such that subsequent erosion
is minimised.
However, longer-term preservation of vertebrates
in caves is almost entirely dependent on rapid
burial and subsequent lithification, usually with
carbonate cements. The geochemical processes
controlling carbonate precipitation and speleogenesis
in caves is relatively well understood. Water in cave
systems can become supersaturated with respect to
calcite as a result of dissolution of limestone from
weak carbonic acids produced in overlying soils.
When the supersaturated H2O-CO2-CaCO3 solution
degasses carbon dioxide, usually when exposed to
cave air, calcite is precipitated (Fairchild & Baker,
2012). Speleothems form from a variety of different
water regimes: flowing, dripping, pool, seeping, and
condensation waters, or a combination (Hill & Forti,
2004). In lacustrine settings, carbonate cementation
occurs at the sediment-water interface (Chafetz et al.,
1985). The rate of carbonate precipitation is controlled
by many factors including the chemistry of the
solution, the volume to surface-area-of-precipitation
ratio, and the hydrodynamic flow conditions,
but in general is higher in faster flowing waters
(Dreybrodt, 2004). Precipitation of carbonates from
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supersaturated solution can also result from biogenic
processes. For example, algae and bacteria have been
known to induce mineralisation of carbonates by
drawing out CO2 from solution (Shopov, 2004). While
the former will only be active in the entrance and
twilight zones of a cave, presumably bacteria could be
active throughout the cave system, and particularly
associated with decaying organic material. While
speleogenic processes are relatively well-understood,
a general lack of studies dealing with the cementation
of faunal remains into breccias in caves is surprising.
Generalisations are probably not possible due to the
idiosyncratic nature of individual breccia formation
events, but nevertheless, even isolated case studies
of the cementation process involving vertebrate
remains could not be found (possible exceptions are
the studies examining cementation of hearths, ash,
and other sediments in archaeological settings; see
Shahack-Gross et al. (2008) and Villagran et al. (2016)
for example). Thus, it is not possible to know to what
extent carbonate precipitation from bacterial action
contributes to vertebrate breccia formation, if at all.
In our surveys, we observed three notable types of
vertebrate-rich breccia. The first, represented by the
diamictic breccias of Ngalau Lida Ajer, Ngalau Sampit,
and Ngalau Gupin, were characterised by a lithified
to semi-lithified mud matrix with large, angular
allogenic clasts, and isolated vertebrate remains,
almost exclusively isolated teeth. We consider these
to have formed in mass movement events in the cave
precipitated by prolonged rainfall and earthquakes
analogous to events described by Gillieson (1986). In
this instance, we suggest lithification was probably
a result of seeping supersaturated solution through
porous muds, evidenced in at least one breccia by
the presence of vughs. Taphonomically, deposition
by mass movement events may not produce gross
transportation damage on skeletal elements if the
sediment is completely fluidised and there are a small
number of clasts relative to the amount of finergrained matrix.
The second type of breccia observed is characterised
by clay matrix with abundant clay pisoliths,
disarticulated but largely undamaged skeletal
elements, and complete terrestrial gastropod shells
(e.g., the pisolithic breccia of Matja Kuru TD). In
this instance, it is suggested that initial deposition
occurred in a low energy, ephemeral pool or basin,
allowing clay accumulation and pisoid formation.
Subsequent lithification was likely at the sedimentwater interface in a low energy environment, and as
such would have been largely coeval with deposition.
The third type of breccia is represented by the
archaeologically significant breccias of Lene Hara and
Laili, and already described in detail by O’Connor et
al. (2016). These breccias are characterised by the
inclusion of archaeological material and formation
at or near cave entrances. While algal and bacterial
precipitation of carbonate has yet to be ruled out
for cementation, given the extensive speleothem
formations associated with the Lene Hara breccia,
it is more likely that dripping water onto cave floors
cemented these deposits in situ. Such processes have
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the potential to also act on surface owl roost deposits;
however, no examples of such breccias were recorded
in our surveys. O’Connor et al. (2016) further
suggested that brecciation and speleothem deposition
in the caves they examined were intimately associated
with and may have been coupled to regional climatic
trends. Whether this hypothesis can be generalised
for the entire region and all types of breccia requires
further examination.
Contrary to initial expectations, the likelihood of
brecciation was not found to be a function of the
age of the host caves. In other words, we expected
that breccia deposits would most likely be found in
older cave systems with well-developed passages,
older host limestone, and associated with faunal
remains that were Pleistocene in age. However, as the
example of human-bearing breccia at Gua Tahirang
demonstrates, cementation of faunal remains can
occur even in very young caves, and quite rapidly
provided the right environmental conditions are met.
The Gua Tahirang example is not an isolated case of
quick cementation: human remains have also been
recorded from a breccia in Gua Andamo in Sulawesi
dated to ~1,000 cal BP (Oktaviana et al., 2016).
This suggests that the overriding limiting factor in
vertebrate-bearing breccia formation is not the age of
the cave system, but rather the presence of faunal
remains to cement.
Breccia formation in all the caves surveyed was
most likely facilitated by water movement in the cave
(as opposed to actions of microorganisms), and can
be evidenced by associated and extensive speleothem
formation in each system producing breccia.
Paradoxically, the conditions that favour thick and
rapid flowstone growth – fast-flowing water – are
also those that probably contribute most to erosion
of sediment. Other water regimes in caves can also
result in erosional events that destroy or dissolve
previously cemented deposits. The amount and nature
of the erosional event(s) will be a function of the level
of velocity of water in contact with the breccia, its
chemistry, and the original surface area occupied by
the breccia. Water-eroded breccias are evidenced, for
example, by the deposits in Gua Monyet of west Timor,
where phreatic erosional features dominate, such as
rounded surfaces and undercutting of unconsolidated
sediment (Fig. 6d). The records of Lene Hara and
Laili demonstrate that chemical erosion of breccia
is also probably common. In such instances, clasts
including fossils may erode out and subsequently
be incorporated into a lithified facies several times
without actually undergoing any lateral transfer.
Vertebrate assemblages preserved in such ways may
therefore exhibit considerable time-averaging within
a single breccia. Unravelling the depositional history
of such a breccia is not possible without an extensive
dating program and detailed petrological analyses.
Furthermore, developing a precise understanding of
the depositional history of the vertebrate material
within such deposits may be impossible where they
date to beyond the radiocarbon window, due to the
limitations of direct dating techniques available
beyond ~50 ka (i.e., U-Th, electron spin resonance (ESR)).
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Finally, where a deposit has undergone limited
lateral cementation as a result of the particular water
flow regime acting on the sediments, such as the
anthropogenic-accumulated breccias described above,
erosional events have the potential to remove the
entirety of a deposit. Complete loss of material will be
less likely for diamectite and turbidite breccias, where
the original deposit is likely to be thick and extensive,
probably filling several passages, such that localised
erosional events would only remove parts of that
deposit. The preservation of breccia within sheltered,
side chambers often observed in the Sumatran caves
likely demonstrates this phenomenon.
Implications
The preservation of vertebrate remains requires
the presence of a bone accumulating agent. That
human agency emerges as the most important factor
in the preservation of faunal material in many caves
in Island Southeast Asia has important implications
for understanding extinction dynamics of vertebrates
on small isolated islands. Given their geology,
biogeographical location, and most importantly,
records of human colonisation, the likelihood of
any pre-human records on any of these islands
is very small. Therefore, in the absence of fluvial
or lacustrine vertebrate-bearing deposits, we are
unlikely to ever know anything about colonisations,
speciation, and extinctions of island endemics prior
to human arrival for many of the islands in Wallacea,
especially if such processes played out entirely before
human colonisation. That such events occurred
is evidenced by the few records we do have of prehuman faunal communities (e.g., Timor: Louys et
al., 2016). Understanding these processes is critical
for establishing baselines of natural faunal change
through time (Steadman, 2006; Hadly & Barnosky,
2009; Willis et al., 2010; Bennington & Aronson,
2012), and for determining whether human arrival on
islands precipitated extinctions at a rate higher than
natural background levels. Furthermore, even when
such processes overlap with human colonisation, any
extinct faunal remains preserved in archaeological
deposits will be biased representations of original
faunal communities. If humans did not process the
extinct animal in question, or if such a taxon is not
in a commensal relationship with people, then the
likelihood that they will be preserved in archaeological
deposits is very small. Furthermore, because the first
snapshot we are likely to have of an island’s prehistory
is archaeological, establishing which species are
endemic and which are introduced by people might
also be highly problematic. This has implications for
the nascent field of conservation palaeobiology. This
field is predicated on using the fossil record to inform
conservation decisions. For example, information from
the fossil record can be used to establish whether or not
a species might be considered endemic to a particular
region, and thus, is important for conservation (Coffey
et al., 2011; Dietl et al., 2014). In Island Southeast
Asia this is particularly relevant to understanding the
origins and dispersals of pest rodents, many of which
have endemic ranges in the region worth preserving.

For example, the Pacific rat Rattus exulans is endemic
to Flores, but is considered a pest in many other
regions (Thomson et al., 2014). In addition to Flores, it
is found throughout the surrounding islands of Nusa
Tenggara. Whether dispersals into these islands were
natural or anthropogenic has important conservation
implications. However, without fossil records predating human arrival, driving factors surrounding its
dispersal will likely remain uncertain (e.g., Carden et
al., 2012; Giovas et al., 2012).
General formation processes of vertebrate-bearing
breccia in caves are still poorly understood and we
agree with some authors who advocate a more detailed
and nuanced examination of fossil deposits in the
region (e.g., Zeitoun et al., 2015, 2016). In part, this
limited understanding is due to the idiosyncrasies of
each cave system, the complex speleogenesis events
therein, and the limitations of analytical techniques
available to researchers. Our observations indicate
that considerable reworking of a breccia through at
least one, and possible several, cycles is possible,
resulting in time-averaged deposits that could span
several hundreds of thousands of years. While directly
dated flowstones may bracket a deposit, this bracket
could be in the order of hundreds of thousands of
years, as demonstrated by the unconsolidated natural
deposits of Matja Kuru TD, where flowstone at the
base is dated to ~200 ka and the speleothem crust
at the top is dated to ~10 ka. Furthermore, this site
demonstrates that capping flowstones may not always
provide a minimum age; for example, if the underlying
deposits have been removed, creating a false floor,
and refilled again. Direct dating of individual fossils
in a breccia may not provide any better resolution.
If attempted through U-Th dating, such an analysis
will only provide a minimum age for one specimen,
and if significantly different 230Th ages are derived for
many fossils in a deposit, then it will not be possible
to determine if a breccia is minimally time-averaged
or not. For example, two pig teeth dated using U-Th
from Breccia 5 of Lang Trang, Vietnam produced
230
Th ages from the dentine of >500 ka and ~120 ka
(Wood et al., 2016). If both are interpreted as reliable
minimum ages, it is impossible on the basis of this
data alone to determine if this deposit represents a
single breccia event >500 ka, or if multiple phases of
dissolution and cementation produced a highly timeaveraged deposit. Direct ESR dating of teeth may
resolve these issues; however, teeth with complex
U-uptake histories may not be able to ever produce
direct ages (Grün et al., 2014). In this regard, strident
calls for more direct dating of fossils (e.g., Zeitoun
et al., 2015: 414, 421; Zeitoun et al., 2016: 15, 22)
is unlikely to be the panacea that these authors
would like it to be, as direct dating in isolation
may not provide all of the information required to
understand the depositional history, time-averaging,
or habitat-averaging characteristics of a deposit,
particularly for those deposits dating to beyond the
radiocarbon threshold. Instead, geochronological
data will need to be complemented by, where
appropriate, geochemical, petrographic, mineralogical,
palynological, tomographic, and taphonomic evidence
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in order to fully elucidate the depositional histories of
assemblages (cf. Hunt et al., 2015).
Even with such analyses, it is likely that breccia
deposits in Southeast Asia, which currently constitute
the bulk of the region’s palaeontological record, may
never provide the chronological resolution yearned for
by some researchers, especially at the scale of ‘climatic
fluctuations’ or marine isotope stages (cf. Lenoble et
al., 2006; Zeitoun et al., 2015, 2016). Because of this,
it has been implied that such deposits belong in the
waste bin of palaeontology, as they add little value to
palaeoecology or biogeography. Putting aside the fact
that concentrating on a single climatic period ignores
biologically important niche flexibility in a species,
we argue that this perception of the value of an
assemblage needs to be re-evaluated, and specifically
viewed through a different temporal scale. While
questions regarding interactions between humans and
other vertebrates may require data at the precision
of major glacial periods (i.e., scales of thousands of
years), or even higher, research questions regarding
palaeobiological processes or evolution play out over
scales of many hundreds of thousands to millions
of years. For such questions, data from Southeast
Asian assemblages (breccia or otherwise), even if
time-averaged, still prove invaluable for formulating
testable hypotheses and useful discussions.
Like all deposit types, the potential of a cave to
preserve locally occurring vertebrates autochthonously
can also bias a region’s fossil record, in terms of
both species representation and perceptions of past
biogeographic distributions (Yass & George, 2010). In
Southeast Asia, such biases are likely to be acute, as
for many regions fossil records are, at present, solely or
largely represented only by cave deposits. Currently,
examination of the regional nature of this bias may be
possible using the fossil records of Java and China.
However, given the difficulties of finding non-cave
sites in densely vegetated, tropical environments such
as Southeast Asia (e.g., Morley, 2016), it is perhaps
unlikely that this bias can ever be properly evaluated
for many islands or regions in low latitudes.

CONCLUSIONS
While geological factors clearly have a strong impact
on the likelihood of preservation of vertebrates in
Southeast Asian caves, biotic processes are the
ultimate drivers in accumulation. It is these processes
that provide the faunal material that may then be
subjected to long term geological preservation. Biotic
processes in Southeast Asia are strongly dictated by
biogeographical constraints, with owls and humans
emerging as the dominant bone accumulating agent
in many of the small, isolated islands of Wallacea. In
the larger, continental regions of Southeast Asia, other
mammalian accumulators, most notably porcupines
(but probably extending to hyenas and other
trogloxene carnivores outside of Sumatra) appear
to be the dominant bone accumulators. The longterm preservation of vertebrate remains in caves is
highly dependent on geology, being almost completely
restricted to cemented deposits in limestone caves,
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but interestingly does not appear do have any relation
to the age of the cave system or the host limestone,
as evidenced by several very young breccias recorded
in the region. Multiple cementation and dissolution
events can be recorded within a single breccia without
significant lateral movement of fossils, indicating
that depositional histories for individual breccias are
potentially highly complex and may result in significant
time- or habitat-averaging of fossils. In instances
where such events extend beyond radiocarbon
dating thresholds, a comprehensive dating program
in conjunction with detailed micromorphological,
taphonomic, tomographic, and speleological analysis
will be the only means of unravelling complex breccia
formation histories.
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Abstract:

Keywords:

In the mid-20th century, an inland brackish pond from Bermuda, known as Eve’s Pond, was
filled with marine sediment from an adjacent coastal lagoon. At this time, an eyewitness
reported “…sediment billowing out of the Green Bay Cave for days…”, which is a marinedominated anchialine cave located proximal to the former location of Eve’s Pond (~200 m).
The purpose of this study was to evaluate the potential impact of this infilling event on cave
sedimentation and benthic meiofaunal communities, as proxied by the unicellular protists
foraminifera that remain preserved in the sediment record. Eight sediment cores were
collected from an underwater passage in Green Bay Cave in a transect towards the location
where Eve’s Pond was surveyed in 1901 CE. The sediment cores were analyzed for visual
and density changes (photography, X-radiography), textural variability, benthic foraminifera
fauna and diversity, and radiocarbon dating. The recovered sediment cores mostly sampled
a late Holocene carbonate mud facies that had been described during previous research
in the cave, with benthic foraminiferal assemblages post-dating the onset of seawater
circulating between the saline groundwater flooding the cave and the adjacent Harrington
Sound ~1,900 years ago. However, two cores located further into the cave (cores 13 and
17) contain a carbonate sand layer with lagoon foraminifera that is anomalous with respect
to the Holocene depositional history of the cave and is most likely related to the mid-20th
century infilling of Eve’s Pond. Examination of these two cores showed that after the infilling
event, the community of benthic foraminifera rapidly reverted to pre-impact assemblages
with foraminiferal stygophiles (e.g., Spirophthalmidium emaciatum, Sigmoilina tenuis), which
were not displaced by new colonizers introduced into the cave by the dredge spoils. We
caution that the results cannot be extrapolated to the pelagic crustacean community, but
the results suggest that this physical sedimentary disturbance only minimally impacted the
benthic foraminifera community in the cave passages that were sampled.
Bermuda, anchialine, submarine, foraminifera, karst
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INTRODUCTION
Anchialine and submarine cave environments
globally host unique ecosystems with a high
biodiversity of endemic fauna (Iliffe et al., 1983; Iliffe
et al., 1984; Hayami, 1993; Miller, 1996; Sarbu et
al., 1996), and it remains relatively unknown how
these ecosystems will be impacted by anthropogenic
activities in the 21st century. Preliminary observations
*vanhenp@tamug.edu

suggest that increasing sea surface temperatures
from climate change may negatively impact
anchialine ecosystems (Chevaldonné & Lejeusne,
2003; Parravicini et al., 2010; Moritsch et al.,
2014). Anthropogenic contaminants have also been
measured in subterranean aquifers (Iliffe et al.,
1984; Metcalfe et al., 2011), and the impact of these
contaminants on metabolic pathways in anchialine
“living fossil” species remains poorly understood
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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(Kløve et al., 2014). It has also been hypothesized
that coastal urbanization will promote habitat loss in
anchialine environments (Iliffe et al., 1984; Gibbons,
2003; Nevill et al., 2010). Additional information
on how anchialine environments have responded
to previous environmental stressors may help
illuminate how they will change during 21st century
environmental pressures (e.g., coastal urbanization,
marine climate change).
Some coastal underwater caves have significant
Holocene sediment accumulations that can preserve
records of environmental change. Indeed, not all
submerged caves have experienced sedimentation
during the Holocene (Fornós et al., 2014). This is
because underwater caves are significantly influenced
by the point source effect (van Hengstum et al.,
2015a) in which cave sedimentation is dependent on
sedimentary particles transported into the cave from
adjacent terrestrial and aquatic environments through
karst openings (e.g., Carwash Cave: van Hengstum
et al. (2010); Green Bay Cave: van Hengstum et al.
(2011), and Yax Chen Cave: Collins et al. (2015)).
However, once caves become inundated with seawater
that is well-circulated with the ocean, the potential for
autochthonous sedimentation from both biologic and
inorganic sources can improve, but sedimentation
throughout flooded caves remains dependent on
factors such as local hydrodynamics, biologic activity,
and sedimentary processes in adjacent coastal
environments (Radolović et al., 2015). Despite the
complexities of sedimentation in underwater caves,
cave sediments can preserve long-term records of
environmental change, both inside (van Hengstum et
al., 2010; Collins et al., 2015) and outside the cave
system (Kitamura et al., 2007; van Hengstum et al.,
2010, 2015).
Cave sediment can also preserve microfossils that
are useful proxies of long-term aquatic environmental
change, such as bivalves (Kitamura et al., 2007),
gastropods (Moolenbeek et al., 1989; Kase & Hayami,
1992; Kano & Kase, 2008), ostracodes (Maddocks &
Iliffe, 1986; Kornicker et al., 1998), benthic foraminifera
(Javaux & Scott, 2003; van Hengstum & Scott, 2011,
2012), and testate amoeba (van Hengstum et al.,
2009a). Given their statistically significant and diverse
populations in small sediment samples, benthic
foraminifera are particularly useful microfossils for
environmental monitoring in coastal environments
(Gooday et al., 1992; Gupta & Machain-Castillo,
1993; Murray, 2001). Benthic foraminifera are singlecelled protists, the majority of which secrete a calcium
carbonate or agglutinated shell or test that remains in
the sediment long after the organism has died (Gooday
et al., 1992; Lea et al., 2003). Benthic foraminifera
readily colonize most marine habitats, form discrete
assemblages in different coastal environments (e.g.,
reefs, lagoons, marshes), and rapidly respond to
changes in salinity, temperature, and organic matter
supply (Boltovskoy et al., 1991; Murray, 2001; Martin
et al., 2002; Waelbroeck et al., 2002; Dissard et al.,
2010). As such, subfossil benthic foraminifera in the
stratigraphic record are widely used to reconstruct
marine environmental change (Murray, 2001), and

have been recently used to reconstruct anchialine
and submarine cave environments (van Hengstum et
al., 2009b, 2010; van Hengstum & Scott, 2012).
In the mid-20th century, Eve’s Pond in Bermuda
was backfilled with marine sediment sourced from an
adjacent lagoon (i.e., Flatt’s Inlet). Recently, there have
been local-scale discussions about re-excavating the
pond to its original dimensions to return the landscape
to its original ecology. However, it remains speculative
as to (i) whether Eve’s Pond was originally connected
to Green Bay Cave through a conduit opening, (ii)
the potential impact the mid-20th century infilling
event had on the underwater cave habitats, and (iii)
the potential impacts of re-connecting the cave to
an adjacent pond. The objectives of this study are
to analyze the stratigraphy and benthic foraminifera
in sediment cores collected from submerged cave
passages adjacent to the purported location of Eve’s
Pond to understand the original connectivity between
the pond and Green Bay Cave, and to evaluate
whether the infilling event impacted the cave’s
benthic foraminifera.

STUDY SITE
The North Atlantic island of Bermuda (Fig. 1A) is
generally considered to be a Cover Collapse Island
according to the Carbonate Island Karst Model of
Mylroie and Mylroie (2007) because of its Eoceneaged basaltic core that is capped by alternating
Quaternary paleosols and carbonates (Vacher, 1988).
These Quaternary carbonates have since weathered
into a matured karst landscape, most especially in
the oldest limestone formations (Land et al., 1967;
Mylroie et al., 1995; Mylroie & Mylroie, 2007). Green
Bay Cave is a large underwater cave in Bermuda with
more than two kilometers of underwater passages.
There are currently two primary entrances into the
system: a subaerial sinkhole-based entrance (Cliff
Pool Sinkhole) and a submarine entrance at the end
of Green Bay, part of the restricted Harrington Sound.
Hydrographically, Green Bay Cave is currently flooded
by well-oxygenated saline groundwater that is tidally
circulated through the entrance in Green Bay lagoon.
A local brackish meteoric lens can be observed only
in a few locations (e.g., Cliff Pool Sinkhole, Letter
Box, and Air Dome), and can completely disappear
during prolonged drought. Green Bay Cave is also
the international type locality for several endemic
cave crustaceans to satisfy rules according to the
International Code of Zoological Nomenclature,
including Mictocaris halope (Bowman & Iliffe,
1985), Procaris chacei (Hart & Manning, 1986), and
Spelaeoecia bermudensis (Angel & Iliffe, 1987).
Previous
research
has
documented
that
environmental conditions in Green Bay Cave over the
last 8000 years have been driven by Holocene sealevel rise in the North Atlantic Ocean. Prior to the
Holocene inundation, Green Bay Cave was in the
vadose zone and air-filled when sea levels were lower
during maximum extant of global ice sheets during the
Last Glacial Maximum. However, by ~8,000 Cal yrs
BP (a minimum age, new IntCal13 calibration results
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Impact of sinkhole infilling on foraminifera in anchialine cave

Fig. 1. A) Study site on the main island of Bermuda with inset depicting
location in the North Atlantic Ocean; B) Original survey of Lieutenant
A.J. Savage depicting the location of Eve’s Pond on narrow strip of land
separating Harrington Sound and North Shore Lagoon (Savage, 1901);
C) Present day Eve’s Pond location.

described in the Methods section), concomitant sealevel and groundwater-level rise flooded the floor of
Green Bay Cave to create an aquatic cave environment,
and by ~7,600 Cal yrs BP, the water table had risen
to the elevation of the cave ceiling (van Hengstum
et al., 2011). From ~7,600 to 1,900 Cal yrs BP,
episodic sedimentation was dominated by particles
transported into the cave from the adjacent terrestrial
surface (van Hengstum et al., 2011). Subfossil
benthic foraminifera at this time indicate that Green
Bay Cave was first flooded by dysoxic (0.1-0.3 ml/1),
saline groundwater (van Hengstum & Scott, 2012),
similar to anchialine environments on the Yucatan
Peninsula in Mexico. Lastly, a cave-wide initiation of
carbonate mud deposition occurred at ~1,900 Cal
yrs BP, which is thought related to inundation of
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Flatts Inlet, and onset of modern circulation between
Harrington Sound, North Shore Lagoon, and Green
Bay Cave. Based on subfossil assemblages of benthic
foraminifera, it is likely that Green Bay Cave was
initially flooded by saline groundwater with low oxic
dissolved oxygen concentrations (1.5-3 ml/l), which
indicates that saline groundwater flooding the cave
was initially poorly circulated with seawater from
outside the cave (van Hengstum & Scott, 2012). Over
the last millennium, however, benthic foraminifera
significantly diversified as the cave benthos gradually
became more oxygenated from increased circulation
of seawater between Harrington Sound and North
Shore Lagoon/Green Bay Cave through tidal pumping
(van Hengstum & Scott, 2012).
In 1901 CE, British Lieutenant A.J. Savage surveyed
and mapped an inland pond on the north shore of
Harrington Sound that he labeled Eve’s Pond (Savage,
1901) (Fig. 1B). Later, in the mid-20th century,
Eve’s Pond was allegedly filled with marine sediment
dredged from an adjacent lagoon—purportedly Flatt’s
Inlet. Following this infilling event, eyewitnesses
reported white sediment flowing out of the marine
entrance to Green Bay Cave for days. Given the
proximity of submerged passages in Green Bay Cave
to the recorded position of Eve’s Pond on the early
topographic map of Bermuda (Savage, 1901), it is
speculated that Green Bay Cave was once connected
to an opening in Eve’s Pond. Based on a cave survey
completed in the late 1980’s CE by Mr. Robert Power,
the tunnel leading from the submarine entrance at
Green Bay to the Letter Box area would be a potential
passage that could have led to the former Eve’s Pond.
However, there is an unmapped tunnel near the base
of the Letter Box, which may also have served as a
conduit of dredge spoils from Eve’s Pond through
Green Bay Cave.
We are motivated by the following questions: (a) was
Eve’s Pond originally interconnected into the Green
Bay, (b) if so, did the infilling of Eve’s Pond leave a
sedimentary deposit in the stratigraphic record, and
(c) what was the impact of the infilling event on the
benthic foraminiferal populations? The study area
for the current research was the passage extending
from the submarine entrance at Green Bay, to a large
room that continues into an area called the Letter
Box (Fig. 2). Today, this passage is primarily located
at ~15 m below sea level, but contains two prominent
boulder breakdown piles between open water and the
Letter Box (Fig. 2). Particles at the sediment-water
interface are primarily silt-sized, but sediment texture
coarsens to sand particles towards the submarine
cave entrance at Green Bay (van Hengstum et al.,
2011).

METHODS
Sediment push cores were collected by divers using
advanced technical cave diving procedures, with divers
meeting or exceeding safety standards established
by the American Academy of Underwater Sciences.
Before coring, collapsible fiberglass avalanche rulers
were used to probe the subsurface stratigraphy for
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use of carbonate material. The bivalve Barbatia
domingensis is a short-lived and sessile mollusk
that is abundant in Bermuda’s submarine caves,
and detaches from the cave walls upon death to
become part of the sediment record (van Hengstum
& Scott, 2011). One B. domingensis was collected
from Core 13 and sent to National Ocean Sciences
Accelerator Mass Spectrometry facility at Woods
Hole Oceanographic Institution for radiocarbon
analysis (Table 1). Recent radiocarbon analysis
of marine bivalves, gastropods, ostracodes and
foraminifera collected from the sediment-water
interface Cow Cave and Walsingham Cave in
Bermuda (van Hengstum, unpublished data)
indicate that the marine reservoir collection that
was originally applied by van Hengstum et al. (2011)
is not necessarily required for biogenic carbonates
from Bermuda caves. As such, newly obtained
conventional radiocarbon dates for this study, and
those previously published from van Hengstum et al.
(2011), were all calibrated into calendar years before
present using only IntCal13 in the freeware program
Calib 7.1 (Reimer et al., 2013).
Core 13 (GB-C13) was selected for detailed benthic
foraminiferal analysis because it contained the most
expanded sedimentary record. Benthic foraminifera
Fig. 2. A) Detailed map of Green Bay Cave with locations of sediment cores
were first concentrated by wet sieving 1.25 cm3 or
1 through 12 (van Hengstum et al., 2011) and 13 through 18 (this study).
2.5 cm3 of bulk sediment samples over standard
Green arrow represents suspected now-collapsed karst window based
45-500 µm screen meshes, with the remaining
on foraminiferal evidence (van Hengstum & Scott, 2011), black arrows
coarse sediment residues split using a wet splitter
represent current entrances at Green Bay Lagoon and Cliff Pool Sinkhole,
and blue arrow represents area where some former passage connected
(Scott & Hermelin, 1993) to enable representative
into Eve’s Pond; B) Profile view of Green Bay Cave from A to B with core
census counts of ~300 individuals per sample.
locations.
Individual benthic foraminifera were wet picked
onto micropaleontologic slides and enumerated
sediment depth and texture in over 50 localities in the
into an original data matrix of 32 samples × 123
study area. The sediment probing revealed a clearly
observations, with taxonomy confirmed by scanning
defined, but spatially discontinuous, coarse grained
electron microscopy of representative individuals
sedimentary deposit in the shallow subsurface in
and
literature
comparisons
(Carman,
1933;
cave areas most proximal to the Letter Box. Further
Bermúdez, 1949; Loeblich Jr & Tappan, 1987;
coring efforts attempted to sample this discontinuous
Javaux & Scott, 2003; van Hengstum & Scott, 2011).
deposit and characterize its lateral continuity and
The final data matrix of raw relative abundance
variability. Eight sediment cores were collected in a
data was log transformed to emphasize broader
transect through the Green Bay Passage, from the
community patterns (Legendre & Legendre, 1998),
Letter Box towards the submarine cave entrance in
and then exposed to stratigraphically-constrained
Green Bay (Fig. 2).
Q-mode cluster analysis using a Euclidian distance
Textural variability in the cores was examined in
coefficient to identify biofacies downcore. As a test
incremental 1 cm sediment intervals downcore with:
of reproducibility, similar groupings appeared in the
(i) standard loss on ignition procedures (at 550°C for
dendrograms produced from Q-mode cluster analysis
4.5 hrs) to estimate bulk organic matter (Heiri et al.,
using other distance coefficients. Lastly, species
2001) and (ii) downcore particle size distributions and
richness (R) and Shannon-Wiener Diversity Index
statistics (e.g., mean, mode, and standard deviation)
(H ) were calculated using Paleontological Statistics
measured with a Malvern Mastersizer 2000S laser
(PAST). Discussion of dissolved oxygen in seawater
particle size analyzer (Sperazza et al., 2004). Sediment
follow Kaiho (1994): high oxic (>3 ml/l), low oxic
cores were dominated by carbonate particles that were
(3-1.5 ml/l), suboxic (0.3-1.5), dysoxic (0.1-0.3 ml/l),
easily disaggregated in sodium hexametaphosphate
and anoxic (<0.1 ml/l).
dispersant, so no chemical digestions were completed
prior to laser particle size determination (e.g., HCl, H2O2).
Chronological constraint for the cores was
RESULTS
established with a stratigraphic comparison to
previously analyzed sediment cores from Green Bay
Sedimentology and chronology
Cave (van Hengstum et al., 2011), and radiocarbon
The previous stratigraphic work in Green Bay
dating of an additional marine bivalve (e.g., Barbatia
Cave documented a cave-wide shift to carbonate
domingensis). No terrestrial plant macrofossils were
deposition at ~2,000 Cal yrs BP (Fig. 3). Elsewhere,
recovered in the sediment cores, necessitating the
Vollbrecht (1996) completed an extensive stratigraphic,
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Table 1. All conventional and calibrated radiocarbon dates from sediment cores in Green Bay Cave. The highest probability 2σ calibration result was placed on stratigraphic columns (Fig. 3)
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−0.1
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7,930 − 8,032 (0.951)
1,2888 − 1,3058 (1)

7,853 − 7,906 (0.111)

7,879 − 7,890 (0.049)

1,335 ± 35

1,540 ± 30

8,015 ± 60

7,880 ± 60

1,950 ± 55

7,560 ± 65

1,945 ± 55

615 ± 35

1,060 ± 95

1,2945 ± 145

7,995 ± 80
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geophysical, and paleoenvironmental analysis in
Harrington Sound, and documented how Harrington
Sound was originally an isolated and stratified marine
pond in the early to middle Holocene. Appearance of
Oculina coral in the uppermost stratigraphy from
Harrington Sound is thought to represent the onset
of modern coastal circulation between Harrington
Sound and North Shore Lagoon through Flatts Inlet.
The onset of carbonate deposition in Green Bay
Cave was interpreted by van Hengstum et al. (2011)
as likely related to the onset of oceanic circulation
between Harrington Sound and North Shore Lagoon
through Flatts Inlet.
The eight sediment cores for the present study
only sampled a carbonate facies similar to that
documented by van Hengstum et al. (2011), and
indicates that all the recovered stratigraphy for the
present study is likely less than 2,000 years old
(Fig. 3). Indeed, the radiocarbon date at the base of
core 13 in the carbonate mud is ~1,335 Cal yrs BP,
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which is consistent with our previous results (Table 1).
In general, the carbonate mud had a mean grain size
of <30 µm (medium silt) and contained approximately
12% bulk organic matter, with some spatial textural
variability occurring between the core sites. The
greatest grai nsize increase and bulk organic matter
changes were observed at depth in cores located most
proximal to the Letter Box (core 13 and 17). Core 15,
positioned more proximal to the submarine entrance
into Harrington Sound, had a minimal shift in mean
grain size, from <30 µm to approximately 80 µm (very
fine sand) and with no significant change in organic
matter (Fig. 4).
Cores 13 and 17 contained changes in sediment
texture that were distinctly different from the typical
late Holocene carbonate mud facies. In core 13, a
prominent carbonate sand layer from 17 to 22 cm
(~5 cm thick) with decreased bulk organic matter,
abruptly transitioned into a 1 cm thick layer of
coarse-grained organic matter particles (Fig. 5). The

Fig. 3. Stratigraphic columns for all sediment cores collected from Green Bay Cave, including cores 1-12 (van Hengstum et al., 2011) and cores
13-18 (this study). Note that all conventional radiocarbon ages have been calibrated with IntCal13 (Reimer et al., 2013).
International Journal of Speleology, 46 (3), 409-425. Tampa, FL (USA) September 2017
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Fig. 4. Detailed X-radiograph and photograph of the anomalous carbonate sand unit in core 13 (top) and 17 (bottom).

mean grain size increased from ~30 μm (medium silt)
below 22 cm, to ~240 μm (medium sand) from 22 to
18 cm, and then decreased to 30 μm again above
18 cm. The bulk organic matter content also abruptly
shifted from ~12 to ~4% in the carbonate sand layer
at 18 to 22 cm, subsequently increasing to ~30% from
18 to 15 cm, and then reverting back to ~12% from
15 cm to the coretop. This organic matter layer
contained coarser-grained organic matter particles
derived from plant material. Similarly, core 17 also had
a carbonate sand layer from 12 to 9 cm. Mean grain
size in core 17 increased from 30 μm below 12 cm,
to 245 μm between 9 to 12 cm, and decreased to
<30 μm from 9 cm to the coretop. In addition, bulk
organic matter content decreased from 12 to 5%
between 12 to 9 cm, before immediately returning to
12%, from 9 cm to the coretop. This carbonate sand
layer is anomalous with respect to the entire Holocene
succession known from Green Bay Cave (van Hengstum
et al., 2011) or late Holocene successions in nearby
Walsingham Cavern (van Hengstum et al., 2015b).
Benthic foraminifera
Based on a detailed diversity analysis of foraminifera
in core 13, four biofacies could be identified in
the dendrogram produced by stratigraphicallyconstrained Q-mode cluster analysis at a Euclidean
distance of 3.2 (Fig. 6). These biofacies were
characterized by similar dominant foraminifera
adapted to specific environmental conditions, which
were interpreted to represent intervals of time with
similar hydrological and environmental conditions
in the cave (Fig. 7). In stratigraphic order (oldest to
youngest) the biofacies were: (i) Low Oxic Submarine
Assemblage, (ii) Circulated Submarine Assemblage,
(iii) the Impact Assemblage, and (iv) the Recovery/
Circulated Submarine Assemblage, so named for their
consistency with previous results of van Hengstum &
Scott (2012).
The Low Oxic Submarine Assemblage, located from
100 to 80 cm in core 13 (n = 5), had the second lowest
diversity (H = 2.733) and the lowest species richness
(R = 35). The age at 93 cm in core 13 was 1,335 Cal yrs

Fig. 5. Downcore variability in bulk organic matter and mean grain
size from cores in the transect from A to B in Fig. 1B.
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BP, which was just centuries after circulation likely
initiated between Green Bay Cave and Harrington
Sound (van Hengstum et al., 2011; van Hengstum
& Scott, 2012). This assemblage is dominated by
infaunal biserial taxa like Bolivina variabilis (mean
19%), epifaunal rotaliids Rosalina spp. (mean 12.4%),
and Svratkina australiensis (mean 9.2%, Table 2).

Fig. 6. Dendrogram produced by the Q-mode cluster analysis, and
subsequent biofacies identification.
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The Circulated Submarine Assemblage, located from
80 to 22 cm in core 13 (n = 12 total samples), had a
foraminiferal population that was notably diversified
from lower positions in the core (H = 3.22, R = 49).
This assemblage was dominated by the miliolid
genera Quinqueloculina (mean 9.9%), Miliolinella spp.
(mean 9.6%), and Spirophthalmidium emaciatum
(mean 6.8%), with decreased rotaliid abundance (e.g.,
Bolivina, Rosalina, and Svratkina).
The Impact Assemblage, present in the anomalous
carbonate sand layer between 22 and 17 cm in
core 13 (n = 8), had the lowest diversity among all
assemblages (H = 2.5, R = 50). It was dominated by
Quinqueloculina spp. (mean 39.7%) and Cibicides sp.
(mean 7.9%), and the symbiont-bearing foraminifer
Peneroplis pertusus was rare, but observed (Fig. 8).
Taxa that were abundant in the carbonate mud
facies abruptly decreased, such as Sigmoilina tenuis,
Patellina corrugata, Spirophthalmidium emaciatum
(mean 1.7%), and Rosalina spp. (mean 3.34%).
The Recovery/Circulated Submarine Assemblage,
found between 17 cm and the coretop (n = 7 total
samples), was characterized by increased diversity
and species richness relative to the lower Impact
Assemblage (H = 3.22; R = 53). This assemblage was
dominated by Quinqueloculina spp. (mean 13.4%),
Rosalina spp. (mean 8.9%), and Spirophthalmidium
emaciatum (mean 9.4%), with a complete loss of
Cibicides sp. and Peneroplis spp. Additionally, many
benthic foraminiferal taxa, previously observed in the
Circulated Submarine Assemblage from 80 to 22 cm,
recovered to relative abundance levels that existed
prior to the Impact Assemblage (e.g., Cyclogyra
involvens: mean 2.9%, Sigmoilina tenuis: mean 2.9%).
The diversity and species composition of samples
comprising the Recovery/Circulated Submarine Cave
Assemblage in core 13 were consistent with benthic
foraminifera currently present at the sediment-water
interface in areas of Green Bay Cave that are wellcirculated with marine water from outside the cave
setting (van Hengstum & Scott, 2011).

Fig. 7. Detailed lithology, radiocarbon date, relative abundance of dominant benthic foraminifera, and biofacies from core 13.
International Journal of Speleology, 46 (3), 409-425. Tampa, FL (USA) September 2017

Cresswell et al.

418

Table 2. Arithmetic mean of the relative abundance of dominant taxa and textural characteristics for each biofacies. Species with a mean of
<1% relative abundance in the biofacies were marked with a dash so dominant species could be emphasized.
Low Oxic

Circulated
Submarine

~1300 Cal Yrs BP

Last millennium

29.895

30.577

232.233

32.404

8.629

9.847

9.484

10.052

Total individuals (cm3)

1,428

4,335

1,664

2,438

Shannon-Wiener Diversity Index (H)

2.733

3.224

2.507

3.224

35

49

50

53

19.0

5.2

1.5

6.2

7.1

3.2

4.9

2.5

Biofacies
Approximate Timeframe

Impact Event

Recovery/Circulated
Submarine

Mid-20th Century Mid-20th Century until present

Sediment Properties
Mean grain size (um)
Organic matter (%)
Foraminifera

Species Richness ( R )
Relative Abundance
Bolivina variabilis
Bolivina spp.
Bulimina marginata
Cibicides spp.
Cyclogyra involvens
Elphidium spp.

-

1.5

-

1.3

7.5

1.5

7.9

1.2

-

2.2

1.5

2.9

-

-

2.1

-

Globocassidulina subglobosa

6.6

6.0

-

4.4

Melonis barleeanum

6.1

5.2

-

4.6

-

9.6

1.2

5.8

8.5

3.3

5.3

1.5

Patellina corrugata

-

3.3

-

3.2

Peneroplis spp.

-

-

6.7

-

2.9

9.9

39.7

13.4

Miliolinella spp.
Nonion spp.

Quinqueloculina spp.
Rotaliella arctica

1.7

2.8

2.2

2.1

12.4

6.3

5.3

8.9

Spirillina vivipara

-

4.9

-

4.6

Sigmoilina tenuis

-

2.9

-

2.9

Spirophthalmidium emaciatum

-

6.8

2.2

9.4

9.2

4.4

-

2.7

Rosalina spp.

Svratkina australiensis
Triloculina spp.
Trochammina spp.
Sum

-

5.0

4.6

5.0

3.9

1.3

1.6

2.3

84.9

85.4

86.7

84.9

DISCUSSION
Pre-impact environmental conditions
in Green Bay Cave
Benthic foraminifera that were ecologically
successful (i.e., high relative abundance) ~1,300 years
ago at the base of the Letter Box were tolerant of lower
dissolved oxygen levels. Vollbrecht (1996) proposed
that inundation of the channel between Harrington
Sound and the North Shore Lagoon (Flatt’s Inlet) by
Holocene sea-level rise likely increased circulation
between the two water bodies. van Hengstum et al.
(2011) suggested that this event also increased the
circulation of seawater between Harrington Sound
and Green Bay Cave, and was linked to the onset of
carbonate mud deposition in Green Bay Cave. The
Low Oxic Assemblage at the base of core 13 was
dominated by members of the genus Bolivina (mean
19%), which have a biserial chamber arrangement. In
general, benthic foraminifera with a biserial chamber
arrangement are adapted to an infaunal life mode,

where dissolved oxygen concentrations below the
sediment-water interface are lower relative to typical
benthic seawater (Jorissen, 1999). Foraminifera with
a biserial chamber arrangement are also dominant in
benthic habitats with a high organic matter flux because
microbial degradation of organic matter can decrease
dissolved oxygen concentrations at the sedimentwater interface. As such, assemblages dominated by
bolivinids are typically found in benthic environments
with lower dissolved oxygen concentrations (Kaiho,
1994; Bernhard & Gupta, 1999; Jorissen, 1999). In
addition, the test of subfossil Svratkina australiensis,
which was also common in the Low Oxic Assemblage,
was characterized by an abundance of large pores
on the test surface. Increased number and size of
pores on the test of benthic foraminifera is also
considered an adaptation to low dissolved oxygen
concentrations, thought to enhance dissolved gas
exchange between the organism and seawater
(Leutenegger & Hansen, 1979; Petersen et al., 2016).
These results suggest that the benthic foraminifera
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Fig. 8. Representative benthic foraminifera recovered from Green Bay Cave, Core 13. Low oxic
biofacies (1 to 4): 1) Bolivina variabilis (Williamson, 1858); 2) Globocassidulina subglobosa (Brady,
1881); 3) Svratkina australiensis; 4) Rosalina globularis; Impact biofacies (5 to 10): 5-7) Quinqueloculina
spp.; 8) Peneroplis pertusus; 9) Cibicides lobatulus (a: dorsal; b: ventral); Circulated and Recovery
biofacies (11 to 17): 10) Spirophthalmidium emaciatum (Haynes, 1973); 11) Sigmoilina tenuis (Czjzek,
1848); 12) Triloculina oblonga (Montagu, 1803); 13) Cyclogyra involvens; 14) Spirillina vivipara
Ehrenberg (Ehrehberg, 1843); 15) Miliolinella circularis; 16) Patellina corrugata (a: dorsal; b: ventral);
17) Rotaliella arctica (a: dorsal; b: ventral) (Scott & Vilks, 1991). All scale bars represent 100 mm.

colonizing the passage below the Letter Box in Green
Bay Cave ~1,330 years ago were adapted to low-oxic
marine conditions (Fig. 9A). Elsewhere in Green Bay
Cave (i.e., Trunk Passage), van Hengstum & Scott
(2012) found similar contemporaneous assemblages
of benthic foraminifera, which indicate that the saline
groundwater flooding the cave had dissolved oxygen
levels ~1,300 years ago that were in the low oxic range
(1.5-3 ml/l).
The benthic foraminifera transition upcore into
the Circulated Submarine Assemblage, which was
dominated by taxa comparable to modern fauna in
Green Bay Cave that are relatively more impacted by
tidal exchange of seawater through the submarine
cave entrance (van Hengstum & Scott, 2011). This
change in foraminifera upcore indicate a change in
circulation of saline groundwater through the cave,
which would have altered the relative flux of either
(i) dissolved or particulate matter imported into
the cave from adjacent coastal areas, or (ii) change
the exposure of the benthic environment to water
upwelling through the carbonate bedrock (Fig. 9B).
Elsewhere, van Hengstum et al. (2015b) used tidal
and seasonal temperature changes of the saline
groundwater in Walsingham Cavern as a proxy to
document how seawater circulates through the

subsurface and into the cave from both the Sargasso
Sea and adjacent coastal lagoons in response to tidal
forcing. We speculate that similar physical circulation
mechanisms are also operant in Green Bay Cave, but
remain uncertain as to which process may have more
significantly impacted the benthic foraminifera at the
onset of the Circulation Submaine Assemblage.
Dominant taxa of the Circulated Submarine
Assemblage were all members of the miliolid group (e.g.,
Spirophthalmidium, Miliolinella, and Quinqueloculina),
which are dominant in well-oxygenated, tropical and
subtropical carbonate lagoons. The exception was
Spiropthalmidium emaciatum, which is dominant
throughout Bermuda’s flooded marine caves (i.e.,
stygophile). The Circulated Submarine Assemblage
characterized the pre-anthropogenic, natural benthic
foraminiferal community in Green Bay Cave as
circulation between seawater from Harrington Sound
and the saline groundwater stabilized over the last
millennium.
Stratigraphic evidence for the infilling
of Eve’s Pond
The abrupt change to carbonate sand in core 13
and 17 with a texture similar to carbonate sand in
modern lagoons, a decrease in stygophilic benthic
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foraminifera (e.g., Spiropthalmidium emaciatum,
Sigmoilina tenuius), and an increase in lagoon
foraminifera indicate that the anomalous carbonate
sand layer was most likely related to the infilling of
Eve’s Pond in the mid-20th century (Fig. 9C). This
infilling event introduced foreign sediment into Green
Bay Cave, forming a spatially discontinuous deposit.
Currently, carbonate sediment with a mean grain size
of 30 µm (silt) dominated all cores sampled along the
impacted cave passage and was similar in grainsize

to the modern sediment currently infilling deeper
areas in Harrington Sound. Sediment in Harrington
Sound is characterized by silt- and clay-sized
biogenic debris derived from the biogenic breakdown
of algae and the action of boring marine organisms
on rocks and other organisms (Thorstenson &
Mackenzie, 1974). It is likely that some of this finedgrained sediment was transported into Green Bay
Cave through tidal currents, which would explain
the general attenuation of sediment thickness with
increasing distance away from Green Bay. The
anomalous sand layer, however, was characterized
by a mean grain size of 230 µm (medium sand),
which is similar to the coarser-grained sediment
found in shallow lagoons and reefs surrounding
most of Bermuda (62 to 4,000 µm) (Chave, 1962;
Garrett et al., 1971). Additionally, the anomalous
sand layer was unlike any other sediments found
throughout the Holocene history in Green Bay
Cave (van Hengstum et al., 2011), thus indicating
that it is not a storm layer either. The most likely
source of the sand layer is from a shallow lagoon,
not Harrington Sound.
The dominant benthic foraminifera from the
anomalous sand layers in cores 13 and 17 are
consistent with the benthic foraminifera that are
found in Bermudian shallow lagoons. In general,
the diversity of foraminifera before and after the
sand layer was identical, with a Shannon Diversity
Index of 3.22, whereas foraminifera diversity
was lower in the anomalous sand layer (H = 2.5).
The Impact Assemblage was dominated by ~40%
Quinqueloculina spp., a taxonomic group that
does not achieve that level of dominance during
the entire Holocene history of Green Bay Cave
(van Hengstum & Scott, 2012). Outside of marine
cave environments, Quinqueloculina is a diverse
and abundant genus in tropical and subtropical
carbonate lagoons in Bermuda (Carman, 1933;
Javaux & Scott, 2003) and elsewhere (Bicchi et
al., 2002). Taphonomically, foraminifera genera
with robust tests, such as Quinqueloculina, Pyrgo,
or Archaias (a taxon with photosymbionts), have a
better preservation potential and thus preferentially
become incorporated into the sand deposits
of shallow, marine carbonate habitats (Martin
& Wright, 1988). The Impact Assemblage also
contained a taxa that is common on the reefs and
lagoons in Bermuda (e.g., Peneroplis sp.; Javaux &
Scott, 2003), as well a decrease or complete absence
of stygophiles (e.g., Spirophthalmidium emaciatum,
Sigmoilina tenuis; Javaux & Scott, 2003; van
Hengstum & Scott, 2011). As such, the lower
diversity Impact Assemblage is taphonomically
consistent with sediment that was sourced from
an adjacent carbonate lagoon.
From a perspective of sedimentary processes, it
Fig. 9. A conceptual model documenting long-term environmental change in
appears
that coarse sand deposition in the cave
the cave passage from Green Bay to the Letter Box area. A) The uninhabited
passage was influenced by the location of boulders
Bermuda landscape with more limited circulation of water between Harrington
Sound and Green Bay Cave; B) evidence for modern circulation patterns in
from ceiling collapse events (boulder breccias).
the Green Bay Cave Passage based on a minimum radiocarbon age from
There are two locations where boulders currently
core 13; C) deposition of carbonate sand during anthropogenic infilling of Eve’s
create a noticeable decrease in the depth of the
Pond in the mid-twentieth century, and D) recovery of the cave benthos
cave passage between Harrington Sound and the
following the infilling event.
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Letterbox (Figs. 2B, 9). Spatially, the anomalous sand
deposit was best preserved in the deeper bathymetry
just seaward of the Letterbox, but sediment-probing
efforts also documented this deposit mantling the
base of boulders elsewhere. During the infilling of
Eve’s Pond, it is likely that the finer grained particles
were preferentially transported out of the cave system
(i.e., silts and clays) consistent with eyewitness
reports, while coarser grained particles preferentially
accumulated near the Letter Box. In addition, core 13
sampled a 4 cm thick organic matter deposit that was
not present in core 17. This layer perhaps represents
the settling out of lower-density and coarser-grained
organic matter particles, such as partially decomposed
sea grass fragments from outside the cave, after the
infilling event. Although the velocity of tidal currents
is very low near the Letter Box, tidal currents may
still have been sufficient for transporting and
reworking lower density organic matter particles into
discontinuous deposits.
These results imply that prior to any colonial
anthropogenic disturbance, there was most likely a
cave passage connecting Eve’s Pond to Green Bay
Cave. The size, and distance to, such a conduit
from the sample locations remains unknown. Given
that Bermudian and Mexican anchialine sinkholes,
cenotes, or ponds can enable non-marine sediment
and microfossils to be transported to interconnected
anchialine caves (van Hengstum et al., 2011; van
Hengstum & Scott, 2012), the lack of non-marine
sediment and microfossils in core 13 suggest that
either (i) the original cave opening into Eve’s Pond
was not proximal to the Letter Box sampling area, (ii)
sediment production in Eve’s Pond was insufficient
to promote deposition of a discrete stratigraphic
deposit in the subsurface, or (iii) the geometry of the
cave passage prevented sediment transport to the
sampling location (Collins et al., 2015). Previously,
the recovery of abundant tests of symbiotic-bearing
benthic foraminifera at the terminus of the North
Shore Passage led van Hengstum & Scott (2011) to
speculate that the North Shore Passage once opened
into the adjunct open water lagoon (see green arrow on
Fig. 2A). The knowledge of the opening in Eve’s Pond
brings the number of known previous ‘karst windows’
into Green Bay Cave to four. There are several other
passages near the Letter Box that remain unsurveyed,
and some that divers suspect are filled to the ceiling
with poorly-consolidated coarse grained carbonate
sediment. Additional exploration and survey is needed
to map these passages that may have originally been
connected to Eve’s Pond, and document their physical
condition. It remains challenging to envisage how the
original passage from Eve’s Pond into Green Bay Cave
could be re-breached without more accurate survey
data, or causing further harm to adjacent passages
that remain pristine.
Recovery of the cave passage
Since the mid-20th century infilling event, carbonate
mud deposition has resumed and benthic foraminifera
have re-colonized the dredge spoils that are similar
to passages elsewhere that are well-circulated with
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seawater (Fig. 9D). The infilling event functioned as a
natural ‘colonization experiment’, since multiple taxa
were likely introduced into Green Bay Cave from the
dredge spoils (e.g., Cibicides), but these foreign taxa did
not become established and change the composition
of the benthic foraminiferal community. In contrast,
there was a near immediate reversion back to an
eclectic community of taxa more commonly known
from the deep-sea and marine carbonate lagoons,
and taxa that thrive in oxygenated marine caves (e.g.,
S. emaciatum and S. tenuis). Although this impact
event appears to be primarily a physical disturbance,
these results do suggest that some benthic fauna of
anchialine ecosystems may offer some resiliency to
anthropogenic activity. However, the impact of this
infilling event on the endemic pelagic crustacean
fauna in the cave remains unknown.
It is possible that the disturbed area was rapidly
recolonized by foraminiferal propagules (very young
juveniles) transported by tidal currents through
the cave. In addition to self-locomotion and passive
transport as test suspended particles, propagule
dispersal is one of many mechanisms in which
benthic foraminifera colonize new habitat (Alve &
Goldstein, 2003, 2014). While self-locomotion and
passive entrainment have been shown to be efficient
over short distances, propagules are light, easily
transported, and more prone to travel longer distances
(Alve, 1999; Alve & Goldstein, 2002).
The results further indicate that the benthic
foraminifera form unique communities in the
submarine cave environment relative to other coastal
environments. Benthic foraminiferal assemblages in
other Bermudian coastal environments are dominated
by specific species, for example, mangroves are
dominated by Helenina anderseni and Trichohyalus
aguayoi, while lagoons and reefs are dominated by
miliolids (Javaux & Scott, 2003; Carmen, 1933).
In contrast, the marine caves contain taxa that are
more commonly known from deeper marine habitats
(e.g., Globocassidulina subglobosa: ~6%, Melonis
barleeanum: ~5%, Spiropthalmidium emaciatum: ~7%;
Table 2). For example, sediment samples from the
northern margin of Little Bahama Bank show negligible
abundance of Globocassidulina subglobosa at depths
<200 m, however, as depth increases (>900 m), their
abundance increases to approximately 40% of the
total deep-water assemblage (Martin, 1988). In
addition, the abundant stygophile Spirophthalmidium
emaciatum has only been reported elsewhere from
deep-sea habitats in the Mediterranean, high latitude
North Atlantic, and southeast Indian Ocean (Corliss,
1979; Hermelin & Scott, 1985; Abu-Zied et al., 2008).
Collectively, the entire submarine cave assemblage is
a unique grouping of taxa that has been documented
previously from other well-circulated passages of Green
Bay Cave (van Hengstum & Scott, 2011). Therefore,
the benthic foraminiferal assemblage observed in the
modern carbonate mud of Green Bay Cave forms a
unique meiofaunal community that is specifically
adapted to life in an underwater cave.
Outside of Bermuda, global cave environments
face increasing pressure from coastal urbanization
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and tourism. In some cases, landowners consider
altering cave geometries by increasing karst windows
to increase tourism revenue, or infilling passages to
accommodate infrastructure projects. The results
from Green Bay Cave serve as an observational record
that sediment infilling can impact cave passages
located some distance away from the infilling site.
Conversely, addition of new karst windows will
potentially offer a new vector for sediment and
contaminants to more easily reach otherwise pristine
subterranean habits. And, our understanding of how
the sudden opening-or-closing of karst windows by
humans impacts the pelagic cave fauna remains
unknown (e.g., endemic crustaceans).

CONCLUSIONS
• Deposition in Green Bay Cave, at least over the last
~1,900 years, has been dominated by carbonate
mud. Benthic foraminiferal assemblages over this
time have responded to increased oxygenation
at the sediment-water interface. This change in
oxygenation was most likely related to increased
circulation of well-oxygenated seawater from
Harrington Sound into the relatively oxygen-poor
saline groundwater flooding the cave habitats.
• A spatially-discontinuous carbonate sand deposit
with lagoon foraminifera has recently accumulated
in some areas of Green Bay Cave (i.e., proximal
to the Letter Box area). This discrete sedimentary
deposit is anomalous with respect the Holocene
depositional history of the cave.
• Based on benthic foraminifera and sediment
texture, this anomalous carbonate sand deposit
was most likely emplaced during the infilling
of Eve’s Pond in the mid-20th century using
dredge spoils derived from Flatt’s Inlet between
Harrington Sound and the North Shore Lagoon.
The implications are that Green Bay Cave
previously had an additional cave entrance (karst
window) that is now filled in.
• After the infilling event, benthic foraminifera
reverted to an assemblage that is characteristic of
well oxygenated submarine cave environments in
Bermuda, including the prevalence of stygophiles
(e.g., Spirophthalmidium emaciatum, Sigmoilina
tenuis). This further indicates that Bermudian
marine caves host unique benthic foraminiferal
communities that differ from those found in other
marine environments (lagoons, marshes, fore reef
slope, etc.).
• Although this impact event was primarily a physical
disturbance, these results do suggest that benthic
fauna of anchialine ecosystems may offer some
resiliency to anthropogenic activity. However,
the impact of this infilling event on the endemic
pelagic crustacean fauna remains unknown.
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Abstract:

The threshold zones between the epigean and hypogean environments are generally
characterized by less harsh ecological conditions than deep subterranean habitats, and
usually support a greater abundance of organisms. Transitional habitats such as these
should be more easily colonised by alien species, especially by those possessing exaptations
suitable for subterranean life. In spite of this, few studies have been conducted to unravel
the ecological dynamics between native and alien species in the habitats situated at the
epigean/hypogean interface. A unique test case is offered by cave-dwelling Meta orb-weaver
spiders in Great Britain (Araneae: Tetragnathidae). One species, M. menardi, is a widespread
native, whilst M. bourneti is believed to be a recently introduced (1940s) species, that has
since become established in the south-eastern part of the country. Species distribution
models (SDM) were used to predict current and future habitat suitability for the two species,
generating hypotheses regarding their distribution in different global warming scenarios.
Model projections indicate that the two species respond to similar environmental variables.
Seasonal temperature variations at the surface and elevation are the main factors explaining
the distribution of both species, whereas annual precipitation, daily temperature range and
limestone distribution contributed little to the model performance. It is predicted that due to
climate change, there will be poleward shifts in the ranges of both species. However, the native
species M. menardi will primarily be able to exploit suitable areas which will appear northward
to their current distribution, and M. bourneti will colonise empty niches left available by its
congeneric. The analytical framework employed in this paper may be easily adapted to other
subterranean systems and species, stimulating future studies focusing on the distribution of
native and alien species in extreme environments.
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INTRODUCTION
As a result of human activity during historical
times, deliberate or accidental transport across
natural barriers has altered the natural dispersal
rate of many organisms including several invertebrate
species (Hulme, 2009; Blackburn et al., 2011).
Species transferred to new biogeographic areas may
ultimately establish viable populations capable of
reproducing therein and, eventually, of interacting
and competing with native species. However, not all
habitats are equally likely to be colonized by alien
species (Pyšek et al., 2010).
Although in the last few decades the presence of
certain alien species in terrestrial and marine caves
*stefanomammola@gmail.com

has been observed (e.g., Martin & Oromi, 1984; Elliot,
1992; Oromì & Martin, 1992; Taylor et al., 2003;
Howarth et al., 2007; Mazza et al., 2014; Wynne et al.,
2014; Chomphuphuang et al., 2016; Gerovasileiou et
al., 2016; Price, 2016), deep subterranean habitats
are generally regarded as significant ecological filters
for the establishment of alien species. Conversely,
threshold zones at the epigean/hypogean interface
are often characterized by less harsh ecological
conditions than deep subterranean habitats, and
should theoretically be more readily colonised by
alien species.
Settled at the blurry interface between the outer
world and the deepest subterranean sectors, epigean/
hypogean ecotones are usually the most biologically
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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diverse subterranean habitats (Prous et al., 2004,
2015; Novak et al., 2012). They are subjected to daily
and seasonal variations in microclimatic conditions,
light availability, and, most of all, trophic resources
(Culver & Pipan, 2009). As a rule of thumb, these
conditions should facilitate the establishment of
alien species possessing exaptations suitable for
subterranean life — e.g., moss- and litter-dwelling
arthropods. For instance, almost 20% of the terrestrial
invertebrates recorded in caves in Maritime Canada,
which are mostly shallow and food-rich, are believed
to be recently introduced aliens of European origins
(see Moseley, 2007, 2009a). Similarly, a number of
alien species have been reported in food-rich guano
caves in Asia (Price, 2016); for instance, the massive
presence of Periplaneta cockroaches (Blattodea) is a
serious ecological problem in tropical caves (Price &
Steiner, 1999).
Despite its importance, I am not aware of any
quantitative studies which have been conducted to
model the potential distribution and spread of alien
invertebrate species in subterranean habitats at a
regional scale — but see Flory et al. (2012) and Escobar
et al. (2014) for two examples of fungi. An interesting
test case for a similar analysis is offered by Meta
spiders in Great Britain (Araneae: Tetragnathidae).
The genus Meta is represented in Europe by Meta
bourneti Simon and M. menardi (Latreille). Both are
medium size orb-weaver spiders, well known among
subterranean biologists and cavers as ubiquitous
inhabitants of the cave twilight zone. They are
regarded as troglophiles (sensu Trajano & Carvalho,
2017), representing specialised parietal predators in
most European caves (Moseley, 2009b; Mammola &
Isaia, 2014). In Great Britain both species are present
(Spider Recording Scheme, 2017; hereinafter SRS).
M. menardi is native to the island, being distributed
across its whole latitudinal range. Conversely, in
Britain M. bourneti is restricted mostly to the southeast where it is believed to be an introduced alien
species.
The first documentation of M. bourneti in Britain
dates back to 1941, when Lieut. R. Gibson Jarvie
discovered a healthy population in a culvert near
to his home at Gedding, Mid Suffolk. He sent a
specimen to the British Natural History Museum
for identification, which later turned out to be M.
bourneti. While reporting this interesting discovery,
Browning & Thams (1944: p. 95) observed that “[Meta
bourneti] may have been imported from France with
wine, as is likely to have occurred frequently in the
case of Physocyclus simoni Berl. [later transferred
to gen. Psilochorus]”. However, it is not possible to
be certain about this introduction, without a large
scale genetic screening of island and continental
populations. Various authors consider it as the most
likely explanation for the presence of M. bourneti in
England (Gasparo & Thaler, 2000; Mammola & Isaia,
2014, 2017a). According to Gasparo & Thaler (2000),
this point of view is further supported by the fact that
in England the species occurs prevalently in artificial
underground situations, such as tunnels, culverts
and drainage inspection chambers (SRS, 2017).

In this contribution, spatial models were used to
estimate the current and future range of Meta spiders
in the British Isles. The aim of the study is to predict
the habitat’s suitability for both native and alien
species and to investigate the future re-arrangement
of their distribution ranges in light of global warming
scenarios.

MATERIAL AND METHODS
Input data
Occurrence points
Species distribution models (SDMs) were used to
model Meta range dynamics in light of climate change.
Geo-referenced occurrences of M. bourneti and M.
menardi were extracted from the UK Spider Recording
Scheme in 2015 (SRS, 2015; dots in Fig. 1 and 2).
In Great Britain, M. menardi is widely but patchily
distributed across the whole country, whereas M.
bourneti is found in southern England, with only two
records from Wales (SRS, 2015).

Most occurrence datasets of cave-dwelling
species are prone to be spatially biased. For

instance, investigated subterranean habitats are
often concentrated in certain areas, such as karst
(Christman & Culver, 2001), and there may also be
spatial variations of sampling efforts related to the

presence/absence of scientists and recreational
cavers able to investigate underground habitats.
These issues may result in autocorrelation patterns
in spatial datasets, if the occurrences of cavedwelling species are unevenly distributed in the
environmental space, containing “artificial” gaps
and areas of higher density (see e.g., clumped dots
in Fig. 2).

In order to take into account this potential issues
(Phillips et al., 2009; Syfert et al., 2013), a sampling
grid at the resolution of the environmental
predictors (30’’; see below) was generated. Rather

than using raw point-locality occurrence data of the
two species of Meta, within each cell in of the grid,
occurrence data were aggregated to avoid inflation
of the numbers of presences as an effect of spatial
sampling heterogeneity.
Environmental predictors
To represent the subterranean conditions, both
topographical — presence of carbonate rocks, elevation
data — and bioclimatic variables were employed (see
Table 1 for details). A shapefile of carbonate extent for
the study area was obtained from the World Map of
Carbonate Rock Outcrops (http://web.env.auckland.
ac.nz; version 3.0, accessed on 10 May 2017). The
map was converted into a binary raster and included
among the model predictors as a categorical covariate.
Bioclimatic variables and elevation data at a resolution
of 30’’ were downloaded from the WorldClim website
(1950–2000; Hijmans et al., 2005). Analogous data
layers at the same spatial resolution were obtained for
future conditions. Future data represent downscaled
and calibrated climate projections for the year 2070
from three different general circulate models (GCMs;
namely: CCSM4, BCC-CSM1-1, MIROC5) and two
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Fig. 1. Current potential distribution map for Meta bourneti based on present-day climatic conditions. Shaded
grey areas are modelled suitable conditions. Dots are occurrences of M. bourneti — not corrected for spatial
correlation. The M area used to calibrate the model is highlighted.

Fig. 2. Current potential distribution map for Meta menardi based on present-day climatic conditions. Shaded grey
areas are modelled suitable conditions. Dots are occurrences of M. menardi — not corrected for spatial correlation.
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Table 1. Variables used in the Species distribution models and their relevance to represent subterranean conditions. Permutation importance
(and percent contribution) of each variable in constructing the final model is reported (sensu Phillips, 2011).
Variable
Temperature Diurnal
Range (Bio02) (°C)
Temperature Annual
Range (Bio07) (°C)

Annual Precipitation
(Bio12) (mm)

Altitude (m)

Carbonate substrates
extent

Permutation
importance
(M. bourneti model)

Permutation
importance
(M. menardi model)

1.2 (0.5%)

13.8 (13.7%)

61.4 (53.7%)

45.9 (38.5%)

Infiltrating rain water is considered to be the
primary factor determining the general climatic
conditions found underground (Badino, 2010). In
addition, rain water represent an important route
for organic materials to enter hypogean ecosystems.
Therefore, Bio12 may represent a proxy for external
energy inputs (see also Bregović & Zagmajster, 2016).

3.7 (1.7%)

13.2 (7.1%)

Elevation range is considered to be one of the
simplest surrogate of topographic heterogeneity
(Zagmajster et al., 2014; Eme et al., 2015,
2017; Bregović and Zagmajster, 2016), thus
representing a proxy for habitat availability.
This variable also influence the general thermal
conditions (Badino, 2010).

32.2 (41.5%)

25.7 (31.9%)

It represent a proxy of the general availability
of subterranean habitats in carbonate
substrates (Christman & Culver, 2001,
Christman et al., 2016).

1.5 (2.6%)

1.4 (8.8%)

Relation with the subterranean conditions
Bio02 and Bio07 represent proxies of the
daily and seasonal excursion found in the vicinity
of the cave entrance (Badino, 2010) and in other
Superficial Subterranean Habitats (Pipan et
al. 2011; Mammola et al., 2016b), where
Meta spiders preferentially thrive.

representative concentration pathways (rcp), namely
a low-emission (rcp 2.6) and a high-emission (rcp
8.5) scenarios. Multiple GCMs were employed to take
into account variations and uncertainty between
mathematical simulations (Diniz-Filho et al., 2009).
Multi-collinearity among continuous covariates was
checked by means of Pearson r correlation, setting
a threshold for collinearity at r > ±0.7 (Zuur et al.,
2010). Variables highly correlated were excluded to
avoid model overfitting.
Species distribution models
SDMs for the two species were constructed with
MaxEnt (Phillips et al., 2006) in the dismo R package
(Hijmans et al., 2014). MaxEnt is a machine-learning
statistical technique which relies on the principle
of maximum entropy. It allows the user to estimate
the potential distribution of a species, by fitting
the probability distribution of maximum entropy
for presences-only points, constrained in a set of
environmental explanatory variables (Phillips et al.,
2006; Elith et al., 2011).
SDMs were calibrated within the accessible area
— M area — representing the geographic extent
hypothesized to fall within the long-term dispersal
and colonisation potential for a certain species over
its evolutionary history (Barve et al., 2011; Peterson
et al., 2011; Saupe et al., 2012). In the case of Meta
menardi, which is expected to have a long evolutionary
history on the Britain’s landscape, dating back at least
to the Last Glacial Maximum, the calibration area was
set to coincide with the island territory. On the other
hand, it has been suggested that when a species has
newly arrived on a landscape, its M can be estimated
only based on dispersal characteristics (Barve et al.,
2011). It has been shown that during the early stages
of their life cycle, Meta spiders are able to disperse

outside the cave by means of ballooning — i.e., an
air-borne passive dispersal (Smithers & Smith, 1998;
Smithers, 2005b; Mammola & Isaia, 2014). Therefore
I assumed a linear distance of 500 km to represent a
good approximation of the dispersal potential of Meta
spiders, at least over a few generations (see discussion
in Mammola & Isaia, 2017a). For M. bourneti, the
M area was thus constructed by buffering the
occurrence records by a radius of 500 km via the
circle R command (Hijmans, 2014) and combining all
circles in a final shape (Fig. 1).
MaxEnt models were fitted with default parameters.
To generate the present-day prediction, 50 bootstrap
replicates of the model were ran, and the median
output was used in the analyses. For each bootstrap
replicate a random partition of 20% of the occurrence
points was used for model validation. Model
performance was evaluated on each random partition
of occurrence points, via the Area Under the Curve
(AUC) of the Receiver Operating Characteristic (ROC)
plot (Fielding & Bell, 1997) and the true skill statistics
(TSS; Allouche et al., 2006). Given that the two species
never coexist within the same subterranean habitat
(Mammola & Isaia, 2014), for model evaluation, the
occurrence points of one species were considered true
absence of the other species, and vice versa.
A final model for each species was generated using
the same parameters and calibrated with the complete
occurrence data set for each species. In turn, the
model was transferred into each future GCMs and
the median values for each GCM combination was
calculated. The niche overlap between the two species
was calculated both in the present and each future
projection, using the similarity statistic I and the
Schoener’s D (Warren et al., 2009). Both indexes
range from 0 (niche models have no overlap) to 1
(niche models are identical).
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RESULTS
Overall, 424 occurrence records were obtained
from the UK Spider Recording Scheme — 64 unique
occurrences for Meta bourneti (Fig. 1) and 360 for M.
menardi (Fig. 2). The overall pattern of occurrences
suggested a geographically broad distribution of
Meta menardi, with more intense sampling efforts
in southern and central England. Sampling is
much more sparse in the northernmost countries.
Occurrences of M. bourneti are mostly limited to
southern-eastern England.
The predictive performance of the MaxEnt model
was high both for Meta bourneti (mean AUC ± s.d. =
0.9512 ± 0.043; mean TSS ± s.d. = 0.6734 ± 0.039)
and M. menardi (0.9237 ± 0.085; mean TSS ± s.d. =
0.6212 ± 0.058). The contribution of each variable in
constructing the final models is reported in Table 1.
All variables introduced in the models had pairwise
Pearson correlation coefficients < ±0.7. Overall,
altitude and temperature annual range (Bio07)
explained over 90% of the model of M. bourneti, and
over 80% of that of M. menardi. Altogether, the other
variables accounted for the remaining percentage
of the model. The suitable areas predicted by the
current models are coherent with the documented
distribution of the two species (see SRS, 2017).
Present-day projections identified suitable areas for
M. bourneti across southern-eastern England (Fig. 1),
whereas the most suitable areas for M. menardi were
found throughout the country, with higher probability
of occurrence in the westernmost part of Britain (Fig. 2).
Both metrics employed indicated a large overlap in the
niches of the two species (I = 0.88; D = 0.62).
For each future emission scenario, in general
projections indicated a slight northward shift in the
range of distribution — here modelled as habitat
suitability — of the two species (Fig. 3). Concerning
M. menardi, greater variations are observed at higher
emission scenarios, whereas for the low emission
scenario the habitat suitability will only slightly vary.
For M. bourneti, a northward shift is observed for both
emission scenarios. A general reduction in bioclimatic
suitability is also observed in Southern England for the
high-emission scenario. In the present distribution,
slightly lower niche overlaps in the future range of
distribution are predicted (Low emission scenario:
I = 0.77, D = 0.49; high emission scenario: I = 0.70,
D = 0.43), possibly indicating a differential expansion
of the distribution of the two species in face of future
climatic variations.

DISCUSSION
Environmental drivers of the current distribution
Whilst in recent years there have been a number
of studies documenting the ecological requirements
of Meta spiders at a local scale (Novak et al., 2010;
Mammola & Isaia, 2014; Manenti et al., 2015;
Mammola et al., 2016a; Lunghi et al., 2017), the
environmental drivers of their broad distributions are
still poorly documented. In the only attempt to model
the distribution of these species at a continental scale,

431

large scale climatic variables and the competition
between the two species were considered as the main
factors explaining their broad distribution patterns
(Mammola & Isaia, 2017a).
In this study, specific predictors representing
proxies of the ecological condition in which the Meta
cave-dwelling spiders live, were used to model their
distribution at a regional scale (Table 1). Seasonal
climatic variability in the vicinity of the surface (Bio07),
rather than daily climatic variability (Bio02), emerged
as the main driver of the general distribution of the
two species. This result is well explained if we take into
account the general preference of these spiders for the
subterranean habitats in the vicinity of the surface
(Novak et al., 2014), where the external meteorological
variability still exerts a seasonal influence on the
general microclimate. Also, this result is in direct
accordance with observations made at a local scale
— single cave systems, — pointing out an influence of
seasonal climatic variations in the spatial distribution
of the spiders within the cave (Mammola et al., 2016a;
Lunghi et al., 2017).
Topographic heterogeneity — here approximated
using elevation data (see Zagmajster et al., 2014;
Eme et al., 2015, 2017; Bregović & Zagmajster, 2016)
— rather than the presence of carbonate substrates,
emerged as the second most important factor in
constructing the distribution models (Table 1). A
strong correlation with limestone areas would indeed
only be expected in calciphilous invertebrate species
(e.g., certain species of Gastropoda), or those largely
restricted to natural caves. In this respect, it is well
documented that, aside from caves, Meta spiders are
able to thrive in a variety of dark and moist habitats,
such as sea caves, mines, cellars, culverts, drainages,
railway tunnels, hollow trees, animal burrows, boulder
fields and other rocky crevices (Smithers, 1995, 2005a,
2005b; Růžika, 1999; Harvey et al., 2002; Růžika &
Klimeš, 2005; Mammola & Isaia, 2014; Mammola et al.,
2016a; Moseley & Proctor, 2017). This high ecological
plasticity may explain why the influence of the
geological substrate, in constructing the model, is only
limited and, in parallel, why topographic heterogeneity
is important in explaining the distribution of these
spiders. In addition, elevation is likely to act as a
surrogate of mean annual temperature, as it directly

influences the general thermal conditions found
underground (Badino, 2010).

When considering the model of M. bourneti, the
contribution of the other variables was negligible.
Conversely, a slight contribution of the precipitation
regime (Bio12) and the daily temperature variations
(Bio02) were detected when considering the model
of M. menardi. This result is in accordance with the
low tolerance to drought and higher temperature
variations documented in this species (Mammola
& Isaia, 2014; Manenti et al., 2015). The fact that
the rainfall regime plays a relatively unimportant
contribution in the models may also be explained by
considering the extent of the study area: it is likely
that annual rainfall will became more significant at a
greater geographical scale, if drier climates were to be
included in the model calibration area.
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Fig. 3. Projected future habitat suitability for Meta bourneti (b,d) and M. menardi (a,c) in 2070 according to the two Representative Concentration
Pathways (rcp) considered in the work. Shaded grey areas are modelled suitable conditions.

Future distribution
Climate change is causing species in the temperate
zone of the northern hemisphere to move north
and to higher elevations (e.g., Walther et al., 2002;
Brommer, 2004; Zuckerberg et al., 2009; Chen et
al., 2011). If species distributions were to shift in the
same direction and at the same rates, there would be
no range overlaps and interactions among previously
isolated species (Warren et al., 2016). However, if
species were to move at different rates in response
to climate change, shifts in distributions may bring
closely related species to come in contact (Krosby
et al., 2015), as in the case of Meta spiders across
continental Europe (Mammola & Isaia, 2017a).
In England, the distribution of these spiders
represents a peculiar case because, as detailed in
the introduction, M. bourneti has been most likely

introduced. In continental areas where the natural
ranges of the two species overlap, it has been
demonstrated that they display complete niche
partitioning through conditional differentiation
(Mammola & Isaia, 2014). Although the SDM
projections evidence large overlaps in the niche of the
two species (cf. Fig. 1 and 2; see also niche overlaps
metrics), the occurrence in syntopy of the two species
has never been documented in England (SRS, 2017).
For instance, Milner (2013) pointed out that in the
London area the localities of M. bourneti and M.
menardi are clearly separated by the river Thames.
Model projections suggest that the distribution
of Meta spiders will be affected by climate changes,
with emergence of new suitable areas north of their
current range. It is expected that, due to dispersal
limitation in epigean habitats, most subterranean
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species will be unable to cope with climate change
by shifting their distribution (Sánchez-Fernández et
al., 2016; Mammola & Isaia, 2017b; Mammola et al.,
2017). Meta spiders represent unusual subterranean
organism in this regard: the possibility to colonise
hypogean habitats in newly suitable area is enhanced
by their high dispersal ability. As demonstrated by
laboratory experiments (Smithers & Smith, 1998) and
observation in the field (Smithers, 2005b; Chiavazzo
et al., 2015), in a specific phase of their life cycle
these spiders are able to migrate outside the cave
and spread through the air. Thanks to this airborne
dispersal, they are able to colonise subterranean sites
that are widely separated. It is clear that the potential
northward expansion in the range of the two species
will not only depend on their dispersal ability, but also
upon the availability of suitable sub-surface habitats
to colonise. However, as previously mentioned, the
high ecological plasticity of these spiders suggests
that the lack of suitable habitats will not represent an
important limiting factor for their spread.
In general, model projections indicate that the
climate of the British Isles is more suitable for M.
menardi than M. bourneti — the latter being regarded
as a Mediterranean species (Brignoli, 1971, 1972;
Gasparo & Thaler, 2000). It is thus reasonable to
expect that M. menardi will primarily exploit suitable
areas which will appear northward to their current
distribution (Fig. 3), and M. bourneti will colonise
empty niches left available by its congeneric.
It is well documented how climate changes can
enhance invasion processes, causing the spread of alien
species in novel habitats (Walther et al., 2009; Diez et
al., 2012; Bellard et al., 2013), which may results in
negative influences on native biological communities.
However, I expect M. bourneti to have a limited impact
on the distribution of its congeneric, because of the
climatic limitations previously discussed. Moreover,
M. bourneti represents the natural ecological vicariant
of M. menardi, playing a similar role in subterranean
trophic webs, thus having a limited impact on animal
communities in caves. A comparable example is
provided by the introduced troglophile rove-beetles
Quedius mesomelinus (Coleoptera: Staphylinidae)
which have become established in American caves,
but have not displaced native species (see Peck &
Thayer, 2003).
As far as spiders are concerned, it is worth noticing
that, in general, studies on alien species are rare
(Kobelt & Nentwig, 2008; Nentwig, 2015) and more
so in the case of species able to live in subterranean
habitats. In Europe, for instance, only three alien
spiders have been found in subterranean habitats,
namely Psilochorus simoni (Berland) (Araneae:
Linyphiidae) (Kostanjšek & Ramšak, 2005; Isaia et
al., 2011; Nentwig et al., 2017), Nesticella mogera
(Yaginuma) (Nentwig et al. 2017) and Eidmannella
pallida (Emerton) (Araneae: Nesticidae) (Carles Ribera,
pers. comm. 2016). Aside from caves, these species are
also typically found associated with human habitats
— e.g., greenhouses, cellars and buildings — and thus
presumably spread by man. Notably, P. simoni was
most likely introduced in Britain from France with
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the wine traffic (see Browning & Thams, 1944; Harvey
et al., 2002), presumably via the same route followed
by M. bourneti.

CONCLUDING REMARKS
This is possibly the first attempt to forecast the
current and future distribution of alien species in
subterranean ecosystems. On the one hand, most
British cave-associated species can be considered
as introduced, because subterranean habitats in
the British Isles have been actively undergoing
recolonization ever since the Pleistocene glaciations
(but see McInerney et al., 2014). On the other hand,
still little is known about the routes and processes
involved in this recolonization process. This specific
case study of one of the most recently introduced
species (Meta bourneti), highlights that transitional
habitats at the epigean/hypogean interface might
be one of the routes involved in the early stages of
colonization of subterranean habitats.
It is clear that the two species of Meta in the British
Isles represent a very specific case. Still, this study
exemplifies a methodological approach that can
be easily reproduced in other cases. More studies
similar to this one could and would be useful when
considering alien species which will have potentially
negative impacts on native biological communities.
For instance, the North American alien species
Psilochorus simoni, being currently widely distributed
in several subterranean sites across Europe (Nentwig
et al., 2017), may represent the next promising
candidate for spatial modelling and autecological
field studies.
Predicting the distribution of subterranean

species has also the potential to fill knowledge gaps,
for instance by using inferred distribution maps
to understand seemingly incomplete distribution
data. This study could point to a way to analyse
the records of other common subterranean species
in the British Isles, including, but not restricted
to, the two other widespread troglophile spiders —

Metellina merianae (Scopoli) (Tetragnathidae) and
Nesticus cellulanus (Clerck) (Nesticidae) (SRS,
2017). In general, given the unique availability of

extensive spatial datasets of species distribution for
Great Birtain, provided by the Biological Records

Centre (BRC), there is a strong potential for
developing SDMs for a number of terrestrial and
freshwater species, including subterranean ones
(see e.g., the Hypogean Crustacean Recording
Scheme; HCRS, 2017).
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Abstract:

Keywords:

Infrasonic resonance has previously been measured in terrestrial caves by other researchers,
where Helmholtz resonance has been suggested as the plausible mechanism resulting in
periodic wind reversals within cave entrances. We extend this reasoning to possible Martian
caves, where we examine the characteristics of four atypical pit craters (APCs) on Tharsis,
suggested as candidate cave entrance locations. The results show that, for several possible
cave air movement periods, we are able to infer the approximate cave volumes. The utility of
inferring cave volumes for planetary cave exploration is discussed.
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INTRODUCTION AND BACKGROUND
Caves may be broadly defined as natural airfilled cavities beneath the planetary surface that
are connected to the atmosphere. Terrestrial
caves are common on every continent and have
multiple viable formation mechanisms. On Mars,
caves have been hypothesized to exist as well (Carr
et al., 1977; Boston, 2004; Wynne et al., 2008;
Williams et al., 2010; Cushing, 2012). Martian cave
formation processes are hypothesized to include
mass-wasting (e.g., undercutting of scarps), soluble
rock dissolution, tectonism and volcanic processes
(e.g., lava tubes). The research of Cushing et al.
(2007a,b, 2012, 2015) and others indicates that
Martian caves exist in the form of lava tubes as well
as drained basaltic dikes. The presence of extensive
volcanic provinces suggests that lava tubes and
dikes may be relatively common. Fig. 1 shows the
two most noteworthy volcanic provinces: Elysium
Montes and Tharsis Montes and the approximate
locations of several pit craters identified by Cushing
et al. (2015).
Air movement within caves is one of the most
important mechanisms for moving scalars such as
temperature and water vapor throughout a cave,
given that advection and turbulent mixing timescales
are typically much shorter than diffusive timescales.
Terrestrial cave-air movement may be classified
according to both the physical cave configuration
as well as the driving forces involved. The physical
cave configuration of interest in this study is a
*kewilliams@usgs.gov

subterranean room connected to the atmosphere via
a short passageway, as shown in Fig. 2.
One terrestrial air-movement mechanism occurs
when small pressure differences between the cave
interior and the external atmosphere produce a type
of Helmholtz resonance (Cigna, 1968; Plummer, 1969;
Faimon et al., 2012). Note that such resonances are
not to be confused with passing weather systems
creating pressure gradients, a type of pressure
forcing referred to hereafter as “synoptic”. Nor are the
pressure gradients discussed here to be confused with
s1 or s2 solar tides, which are yet another mechanism
for cave winds. Rather, the Helmholtz resonance is
a natural consequence of wind moving past the
entrance of a cavity. Depending on the cave main
chamber and passageway dimensions, infrasonic
pressure oscillations occur in the range of ~0.01 Hz
to 1 Hz. The equations governing the resonance are
as follows.
The bulk modulus of any compressible substance,
in this case air, is defined as
K = −V

dP
∆P
≈ −V
dV
∆V

where in this case V is the cave volume and P is the
internal pressure. Consider a piston of air within the
passageway in Fig. 2. We can then approximate a
pressure difference as the passageway cross-sectional
area A moves along a small distance y:

K = −V

∆P
KAy
⇒ ∆P = −
∆V
V
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The force on the piston is then

A∆P = −

KA 2 y
V

Let the air density be ρ. Then the air mass within the
passageway is ALρ. A simple force balance is then

ALρ

d2 y
KA 2 y
d2 y KA
=−
⇒ 2 +
y = 0  (1)
2
dt
V
dt
VLρ

The solution of which is periodic, where the period
can be expressed as
ω=

2Π
KA   (2)
VLρ

The frequency is then
f =

usound
2Π

A
VL

Note that
usound =

K
ρ

is the speed of sound in a gas.
The above derivation may be modified to account
for air flow resistance within the passageway. The
additional turbulent drag term may be incorporated
within the equation as
2

d2 y CD  dy 
KA
+
y = 0   (3)

 +
1  dt 
dt 2
VLρ

Fig. 1. MOLA shaded relief showing the approximate
locations of A) Tharsis Montes and B) Elysium Montes. The
locations of several pit craters, as identified by Cushing et al.
(2015), are indicated by black circles in panel A.

Fig. 2. Model configuration for this study: a subterranean
chamber with a short connection to the atmosphere.
Passage length is denoted L, and passage cross-sectional
area is denoted A. Volume (V) applies to the air within the
cave chamber.

where l is a boundary layer length scale. The turbulent
drag coefficient term Cl D is typically small (~0.005)
depending on the physical setting. For example, for
atmospheric thermals, values of Cd = 5 and l = 1000 m
are typically used (Stull, 2015). For flat smooth
plates under fully turbulent flow parallel to the
plate, Cd/l = 0.005 is commonly used (e.g., Kundu &
Cohen, 2004).
Plummer (1969) analyzed three terrestrial cave
configurations in order to detect Helmholtz resonances.
His simplest cave configuration was a cavity of roughly
140,000 m3 connected to the outside via a 360 m
passageway. The power spectrum of the periodicallyreversing winds measxured in the passageway
indicated a period of ~2 minutes. Plummer also
analyzed a cave which he characterized as a double
resonator, where two cavities were connected with a
short passageway. Plummer’s research also included
a complex cave, the aptly-named “Breathing Cave”
of Burnsville, Va. He found that the complexity of
Breathing Cave created numerous resonant modes.
In all three cases, he could detect periodic wind
reversals within various cave passageways that were
not attributable to synoptic forcing.
Faimon et al. (2012) also analyzed periodic winds in
a complex cave with at least two entrances. Though
their cave was much more complex than the caves we
model in the present study, they could discern wind
reversals with periods of seconds to minutes, which
they attributed to Helmholtz-type resonances.
In the present study, we consider the simplest
cave geometry possible, corresponding to the first
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of Plummer’s three caves: a single entrance to a
single void. Consideration of more complicated cave
geometries would require additional mathematical
complexity.
Fig. 3 shows two solutions of Eq. 3 for an initial
condition of y(0) = 0 and y’(0) = 1, passageway area
A = 5 m2, length L = 10 m and cave volume V = 105 m3.
Earth atmospheric pressure of 1013.25 mb and
Mars pressure of 6.11 mb were used as well as a
temperature of 273 K. In addition, the appropriate
bulk modulus and atmospheric density for each
planet was used. For identical cave dimensions, the
cave wind oscillation periods vary slightly between
Earth and Mars, where periods are approximately
8 and 12 s., respectively. The magnitude of the cave
winds is related to the magnitude of the excitation
(surface) winds.
Note that in the governing Equations 1-3 there is
absolutely nothing specifically requiring a terrestrial
atmosphere. It suffices to have any planetary
atmosphere in which the atmosphere in the surface
layer behaves approximately like an ideal gas. There
are, of course, differences in the parameters of Eq. 1-3
depending on the planetary atmosphere in question.
The Martian atmosphere has a much lower density
than earth (Mars ~0.012 kg/m3 vs. Earth ~1.2 kg/m3)
and the bulk modulus K (Mars ~7.8x103 vs. Earth
~1.4x105). As shown above, the speed of sound
usound combines both atmospheric density and bulk
modulus. Hence Eq. 2 indicates that, for similar
cave dimensions, the resonance period scales as
the inverse of the speed of sound for the planet in
question. For Mars, where the speed of sound is
~259 m/s (for Earth, ~331 m/s) we would therefore
expect the resonance period to be longer than
the Earth case for the same cave (Fig. 3).
If passage area A, length L, atmospheric
bulk modulus and density for the atmosphere
frequency of wind reversals for a cave
entrance are known, then cave volume V may
be inferred (Fig. 4). Note that the magnitude of
both the excitation winds and the cave winds
are irrelevant to the volume calculation; only
the period is of interest.
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Fig. 3. Solutions of Eq. 3 for A) Earth and B) Mars. The period of the
Mars cave air oscillation is approx. 50% longer than the Earth period.

PHYSICAL SETTING
AND APPLICATION
The cave geometry considered in this study
is that of a subterranean room connected
to the atmosphere by a single shaft in the Fig. 4. Cave volume as a function of resonance period. For a given period, inferred
Earth cave volumes are ~1.5x Mars volumes.
ceiling. Consideration of more complicated
in this study does not depend on the speleogenetic
cave geometries, while certainly worthwhile, are
circumstances.
beyond the scope of this preliminary study. An
The Wood Valley pit crater and associated cave
example of the type of simple configuration considered
system is an example of the type of cave geometry
in this study is a horizontal lava tube with a collapsed
considered in this study, though it is more complex
ceiling, providing a single entrance to the cave, or a
than the idealized case we consider here. Wood Valley
partially drained basaltic dike with a single skylight.
pit crater is located on the southeast rift zone of
Two Mars examples are shown in Fig. 5A. Such cave
Kilauea volcano, Hawaii (Okubo & Martel, 1998). The
configurations are also not unusual on Earth. An
pit has a surface diameter of ~30 m, and a depth of
example of such an entrance is shown in Fig. 5B,
~40 m (Okubo et al., 2015). The entrance to the
taken in Hawaii. It should be noted, however, that
associated cave is located at the base of the northeast
the Helmholtz resonance phenomenon discussed
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Fig. 5. A) Example of pit craters on Mars; B.) Example of terrestrial pit
crater, in this case the Wood valley pit crater on the southeast rift zone
of Kilauea Volcano, Hawaii. Wood Valley pit crater has been confirmed
to be a skylight of a partially-drained basaltic dike (Okubo & Martel,
1998) (image credit: Gerald Favre).

wall of the pit. The cave descends to a depth of ~100 m,
where it leads to a quasi-linear and quasi-horizontal
~580 m-long passage (Favre, 2014).
Similar cave configurations are hypothesized to
exist on Mars as well. The work of Cushing et al.
(2015) and Cushing (2012) has identified numerous
locations on both Elysium and Tharsis which appear
to be collapsed lava tube ceilings. The results of such
collapse structures resemble craters (Fig. 6, inset).
Cushing et al. (2015) have measured the crater
diameters and inferred the crater depths.
Using the work of Cushing et al. (2015), we have
identified five examples of pit craters with large depth to

Fig. 6. Schematic showing suggested formation mechanism via the
collapse of lava tube ceilings (Cushing et al., 2015). In A) the debris
is transported away and in B) the debris accumulates at the base of
the skylight.

diameter (d/D) ratios. Using the measured passageway
cross-sectional areas (crater diameters) and the
inferred depths (L), we then use Eq. 2 to solve for the
cave volume V, given several candidate air movement
periods. The results are summarized in Table 1.
As shown in Table 1, the inferred cave volumes range
between 1.6 x 105 – 4.7 x 107 m3, depending on the
hypothetical periods (ω). The definition of terrestrial
caves ordinarily includes the stipulation that the voids
are large enough to accommodate humans. It should
be noted, however, that the inferred cave volumes in
Table 1 do not necessarily imply any particular cave
void geometry; a small portion of the air volume could
even be dispersed throughout fractured material, such
as the rubble on the floor. The error associated with a
10% measurement error in entrance diameter results
in a 22% error in inferred cave volume, whereas a
10% error in entrance depth results in only a 9% cave
volume error. The fact that the dependent variable is
less sensitive to the inferred depth is fortuitous given
that the cave depth is expected to be slightly more
difficult to ascertain than the entrance diameter.

DISCUSSION AND CONCLUSION
Our results show that cave volumes may be inferred
for simple cave geometries by measuring air reversal
periods. To measure cave air movement, it would
be sufficient to install anemometers within the cave
passageway. In order to obtain representative wind
velocities, it would be desirable to install more than
one anemometer within the passageway, close to the
entrance (if the anemometer is too far in the cave,
the signal might become overly damped or reduced
beyond detectable limits). Such anemometers would
need to be able to measure wind speeds of <1 m/s.
Given that the periodicity of the wind speeds is the
most important consideration, Plummer (1969)
used a small device on a tripod which measured the
persistent wind direction (rather than wind speeds).
Once the persistent wind direction reversed, the device
recorded the time of reversal. Such devices would be
relatively simple to construct and would most likely
have very modest electrical current requirements,
making them ideal for planetary missions.
The choice of precise location for the anemometer is
difficult, given that the sensor should ideally be in a
part of the cave passageway which has a constriction
(so that the faster winds provide larger wind-reversal
magnitudes), but is far away from the shearing
turbulence (caused by the external driving wind)
found at the cave entrance. As indicated in Fig. 7, the
ideal placement of the anemometer depends on the
cave geometry, but in general the anemometer should
be placed in a restricted part of the entrance, but far
enough into the cave in order to not be affected by
external wind-flow entrance effects (typically at least
several cave diameter lengths for pipe-flow). Placing
the anemometer too close to the cave entrance would
introduce too much noise (e.g., in the form of smallscale turbulence effects) from the horizontal shearing
wind at the surface. The anemometer placement
in Plummer (1969) was located in a constriction,
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Table 1. Inferred cave volumes, given four hypothetical cave air movement periods (ω). Note that a 10% variation of diameter or depth is included for
crater APC003 to determine volume estimated sensitivity. For ω = 20.0s a 10% error in the estimate of the entrance diameter results in approximately
a 22% cave volume discrepancy, and a 10% error in depth estimate results in a 9% volume discrepancy.
Crater
designation
(from Cushing
et al., 2015)

Latitude
(ºN)

Longitude
(ºE)

Diameter
(m)

Depth (m)

APC018

-13.86

236.76

60

85

APC025

4.137

250.107

60

APC003

-12.473

237.696

Cave
Cave
Cave
Volume (m3) Volume (m3) Volume (m3)
ω = 2.5 s
ω = 5.0 s
ω = 10.0 s

Cave
Volume (m3)
ω = 20.0 s

3.53 x 105

1.41 x 106

5.65 x 106

2.26 x 107

88

3.41 x 10

1.36 x 10

5.45 x 10

6

2.18 x 107

30

47

1.60 x 105

6.38 x 105

2.55 x 106

1.02 x 107

47

1.93 x 105

-

-

1.24 x 107

-

0.93 x 107

5

6

APC003

-12.473

237.696

30
+3

APC003

-12.473

237.696

30

47
+4.7

1.45 x 105

-

APC075

-5.533

241.393

160

293

7.28 x 105

2.91 x 106

1.16 x 107

4.66 x 107

APC004

-11.571

239.935

30

45

1.67 x 10

6.67 x 10

2.67 x 10

1.07 x 107

5

5

6

Fig. 7. Diagram showing optimal sensor (anemometer) placement for measuring resonances. In A) we see an
idealized case where no wind-shearing effects influence the resonance. In such a case, it would be optimal to
place the sensor near/at the entrance in order to maximize the cave volume being measured. In B) we have
a more realistic case, where wind-shearing or small-scale turbulence effects exist in the cave entrance and
therefore the sensor placement should be moved further (several diameters) into the cave.

~35 m into the cave. His placement was most likely
well beyond the range of turbulent entrance effects,
and being in a constricted area provided maximal
resonance signal.
The work of Faimon et al. (2012) and others has
shown that the wind data from cave passages can
contain a considerable amount of noise (e.g., higherfrequency signals). It may therefore be necessary to
include anemometers with faster response times
(such as ultrasonic or hot-wire anemometers). Such
anemometers may have higher power requirements,
further complicating their use for planetary missions.
Their use may have implications for the accuracy
of the measurements as well. Accuracy of the cave
volume estimations would depend on two points:
the accuracy of measurements of the wind reversal
intervals (the period) and judicious filtering in
order to increase the overall signal to noise ratio. If a
bandpass filter could be applied to a given cave wind
dataset, the window of cave wind periods would be
applied to limits between 1s to 10 minutes, reducing
the noise considerably.
Another potential complication is that the main
resonance mode of the cave will not be activated if
the flow past the cave entrance is fully turbulent. If
the wind speed is too high then the Reynolds number

based on the length scale (entrance diameter) and
external wind speeds will fall within the turbulent
regime (~ >4000). This difficulty is not as severe
as it seems, however, since wind speeds in general
are highly variable and the resulting dataset may
simply be filtered for external wind speeds less than
the required threshold. The exact threshold would
be determined for a particular cave entrance by
estimating the passageway diameter (presumably
done from orbit). Once the diameter is estimated, the
maximum winds for a low-pass filter would be found
for atmospheric viscosity ν and entrance diameter D:
u<

4000ν
  (4)
D

In general, the characterization of caves from orbit
is inherently difficult if not impossible. Imaging can
be used to locate possible cave entrances but cannot
image through overhangs and rocky overburden.
Gravitational anomalies have been detected that may
be associated with underground voids on the Moon
(K. Mitchell, pers. comm., 2016; Sood et al., 2016).
Ground Penetrating Radar is another promising
approach which has not been deployed. The use
of rovers to explore caves is necessary, but rovers
have limited range for exploration. Site selection
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for these rovers becomes mission critical and new
ways to estimate potential cave volumes become
imperative. The use of Helmholtz resonance as a proxy
for cave volume has the potential to estimate cave
volumes with a minimal set of equipment, namely a
simple anemometer located within the mouth of the
cave. Orbital imaging or low altitude airplanes or
balloons may provide the needed information to identify
potential cave entrances. Once the low-atmosphere
platforms have characterized potential skylights and
pits, then rovers (equipped with anemometers) could
provide estimation of cave volume prior to descent.
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Abstract:

Keywords:

The Jahani Salt Diapir (JSD), with an area of 54 km2, is an active diapir in the Simply
Folded Belt of the Zagros Orogeny, in the south of Iran. Most of the available studies on this
diapir are focused on tectonics. The hydrogeology, schematic model of flow direction and
hydrochemical effects of the JSD on the adjacent water resources are lacking, and thus, are
the focus of this study. The morphology of the JSD was reevaluated by fieldwork and using
available maps. The physicochemical characteristics of the springs and hydrometric stations
were also measured. The vent of the diapir is located 250 m higher than the surrounding
glaciers, and covered by small polygonal sinkholes (dolines). The glacier is covered by cap
soils, sparse trees and pastures, and contains large sinkholes, numerous shafts, several
caves, and 30 brine springs. Two main groups of caves were distinguished. Sub-horizontal
or inclined stream passages following the surface valleys and vertical shafts (with short inlet
caves) at the bottoms of nearly circular blind valleys. Salt exposure is limited to steep slopes.
The controlling variables of flow route within salt diapirs are the negligible porosity of the
salt rocks at depth more than about ten meters below the ground surface and the rapid
halite saturation along the flow route. These mechanisms prevent deep cave development
and enforce the emergence points of brine springs with low flow rates and small catchment
area throughout the JSD and above the local base of erosion. Tectonics do not affect karst
development, because the distributions of sinkholes and brine springs show no preferential
directions. The type of spring water is sodium chloride, with a TDS of 320 g/l, and saturated
with halite, gypsum, calcite and dolomite. The water balance budget of the JSD indicates that
the total recharge water is 1.46 MCM (million cubic meter)/a, emerges from 30 brine springs,
two springs from the adjacent karstic limestone, and flows into the Firoozabad River (FR)
and the adjacent alluvium aquifer. The FR cuts through the northern margin of the salt diapir,
dissolving the glacier salts at the contact with JSD, increasing the halite concentration of the
17.7 MCM/a of the FR from 100 mg/l to 12,000 mg/l. This is a permanent process because the
active glacier flows rapidly down the steep slopes into the river gorge from the nearby vent.
The possible relocation of the FR channel would enhance the FR water quality, but disrupt
the natural beauty of the diapir.
salt diapir, brine spring, sinkhole, flow model, halite dissolution, salt karst
Received 16 May 2017; Revised 2 October 2017; Accepted 4 October 2017

Citation:

Abirifard M., Raeisi E., Zarei M., Zare M., Filippi M., Bruthans J. and Talbot C.J., 2017. Jahani
Salt Diapir, Iran: hydrogeology, karst features and effect on surroundings environment.
International Journal of Speleology, 46 (3), 445-457. Tampa, FL (USA) ISSN 0392-6672
https://doi.org/10.5038/1827-806X.46.3.2133

INTRODUCTION
A salt diapir is formed by an upward movement,
from depths of more than 2.5-3 km, caused by density
differences between salt and its denser overburden
where the stiffer overlying rocks are broken (Talbot
et al., 2000). The extruded salt spreads over adjacent
formations as “salt fountains”, and gravity causes salt
*e_raeisi@yahoo.com

to flow downslope as “salt glaciers” (Kent, 1958, 1970)
or “namakiers” (Talbot & Jarvis, 1984). Numerous salt
diapirs have been reported in Iran, the Persian Gulf
coast region, the Dead Sea coast, Tunisia, Spain, the
north German Plain, Albania, (Johnson, 1997; Bosák,
et al., 1998; Talbot, 1998; Calaforra & Pulido-Bosch,
1999; Hamlin, 2006; Lucha et al., 2008; RodriguezEstrella & Pulido-Bosch, 2010), however, few are
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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exposed at the land surface. In Iran, salt diapirs
crop out in Semnan, Qom, Ghazvin, ChaharmahalBakhtiari provinces, and areas in southern Iran,
(Talbot et al., 2009). About 130 salt diapirs emerge onto
the surface in the south of Iran (Talbot & Alavi, 1996).
The Jahani Salt diapir (JSD) extrudes in the south
of Iran, 130 km southeast of Shiraz. The English
translation of the Farsi name “Jahani” means “(salt)
mountain of the Universe”, referring to the beauty of
this impressive salt mountain. This diapir is in direct
contact with alluvium and karstic aquifers and the
Firoozabad River (FR). The JSD is currently one of
the most active salt diapirs of the Zagros Range. The
Hormuz salt rises through an orifice with a diameter of
1.7 km from 4 km below sea level to 1,485 m above sea
level and 1,000 m above the adjacent plain (Talbot et
al., 2000). The glacier spreads over the marly Mishan
Formation. The JSD surface is covered by cap soil rock
(ca. 95% of the surface) and salt exposures (ca. 5%)
based on the analysis of detailed aerial images, in
combination with field mapping (Bruthans et al.,
2006). Bare rock salt occurs only on the steep slopes
of valleys and hills (slopes greater than 50°) and at the
bottom and sides of some sinkholes (dolines) where the
insoluble residue originating from the dissolved rock
salt is repeatedly washed down (Bruthans et al., 2000).
Tayebi et al. (2013) prepared a lithological map
of the JSD using Advanced Spaceborne Thermal
Emission Reflection Radiometer (ASTER) and a MultiLayer Perceptron MLP neural network model. In their
method, lithological units, including salt rock/salt
affected-area, gypsiferous soil, limestone, sandstone
and shale were distinguished. The salt-affected area
is the region of salt deposition on the soil surface by
runoff evaporation outside the JSD (Fig. 1).
The cap soil mainly originates from rock and
mineral debris released by dissolution of the salt
rock. It is mainly composed of gypsum, anhydrite,
calcite, quartz and dolomite (Bruthans et al., 2008).
Bruthans et al. (2008) classified the weathering
residuum (cap soil) thickness into very thin, thin,
medium and thick. The cap soil thickness is a critical
factor since it controls the type, frequency and size of
karst forms. Salt caves seldom originate in areas of
bare rock salt, since runoff water reaches very rapidly
saturation with respect to halite and then drains over
the surface. It is the thickness and areal extent of the
weathering residuum in the recharge area of the caves
that controls the degree of karstification and cave
development on JSD and elsewhere in Iranian salt
karst terrains (Bruthans et al., 2000). The thickness
and weight of the roof of salt with or without cap soil
directly above the cave may influence intensity of
breakdowns in shallow caves which are less stable
compared to those developed at greater depth. The two
most important geomorphological features affected
by the thickness of the cap soil playing on the JSD
are (for details see Bruthans et al., 2000, 2009): (a)
Density and character of recharge points, which has
a negative correlation with thickness of overburden.
(b) Denudation rate of salt karst. Long-term annual
denudation rates of salt exposures are estimated to
be about 120 mm a–1, while denudation rates of a thin

cap soil are less than few mm a–1 (Bruthans et al.,
2006). Salt dissolution beneath thick overburdens is
mainly concentrated into cave passages. Vegetation
grows where the overlying cap soil is thicker than
2-3 m (Bruthans et al., 2008). Continuous grass covers
cap soil thicker than 5 m. These areas are seasonally
inhabited by nomads who let their sheep graze there
despite the lack of fresh water (except temporary
pools of collected rain water), and the hazardous and
unstable landscapes. Three solar evaporation basins
have been constructed around the JSD to exploit the
salt for industrial uses.
The tectonics and morphology of the salt diapirs of
southern Iran have been investigated by Talbot (1979),
Talbot & Jarvis (1984), Talbot (1998), Bosák et al.
(1999), and Bruthans et al. (2000). While the work of
Bosák et al., (1999), covered the general morphology of
several Zagros Zone salt diapirs, it did not investigate
the Jahani Salt Diapir. The hydrogeology of several
salt diapirs of southern Iran was studied by Raeisi
et al. (1996), Sharafi et al. (2002), Zarei et al. (2011,
2012, 2013, 2014), Nekouei et al. (2016), Nekouei &
Zarei (2016), and Bruthans et al. (2017). In 2010, Zarei
& Raeisi (2010b, 2010c) described the mechanisms
of karst development and the flow directions of salt
and groundwater on the Konarsiah Salt Diapir. The
impacts of 62 salt diapirs on the adjacent karst and
alluvium aquifers were studied by Zarei & Raeisi
(2010a) and Mehdizadeh et al. (2015). Zarei (2015)
discussed the mechanisms and major factors that
control the impact of salt diapirs on surrounding
water resources.
Despite extensive studies on the geology and
morphology of the JSD, the hydrogeology of this diapir
has not previously been investigated. The objective
of this research is to characterize hydrogeology and
karst features of the JSD, namely:
(i) Sinkholes, caves and overall pattern of
karstification.
(ii) Spring water flow rate and chemistry, both on
the diapir and also flow of brine draining from
the diapir over and into surrounding formations.
(iii) Determine the water resources of the JSD, the
flow pattern of its surface and groundwater, and
its effect on adjacent aquifers and surface waters.

HYDROGEOLOGICAL SETTINGS
The JSD is located in the Simply Folded Belt Zone
of the Zagros Orogen. The details of the sedimentary
sequence and the structural characteristics of the
Zagros Zones are discussed by James & Wynd (1965)
and Falcon (1974). The formations present, in decreasing
order of age, are the Upper Precambrian to Middle
Cambrian Hormuz salt, Jurassic Surmeh limestone,
Cretaceous Khami Group (Fahiylan limestone, Gadvan
shale, Dariyan limestone), Cretaceous Kazhdumi shale,
Cretaceous Sarvak limestone, Cretaceous–Tertiary
Pabdeh–Gurpi shale and marl, Oligo–Miocene Asmari
limestone, Tertiary Gachsaran marl and evaporites,
Tertiary Mishan marl and shale, Tertiary Aghajari
sandstone and marlstone, and Quaternary Bakhtiari
conglomerate (Fig. 1 and Fig. 2). The Hormuz salt rises
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Fig. 1. Geological map, springs, locations and river stations.
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through thicknesses of 8 to 10 km of folded Phanerozoic
sediments of the Zagros Mountains (Talbot, 1979).
The Hormuz salt, with an initial thickness of 1 km
(Kent, 1979), was deposited on the rifted continental
margins of the Arabian Plate (Stocklin, 1968).
Boulder-sized inclusions of igneous, sedimentary,
and metamorphic rocks are found inside this
evaporite rock (Ahmadzade Heravi et al., 1990) broken
sandstone, marl and carbonate are thrust repetitions
of the Cambrian formations (Talbot et al., 2000).
The dextral strike-slip Mangarak Fault, with a
north-south trend, has exposed five salt diapirs,
namely the Sabuk, Murjan, Bachun, Konarsiah, and

Jahani Diapirs. The southern end of the Mangarak
Fault changes to a thrust fault just to the south-east
of the JDS, exposing Paleozoic- and Mesozoic-age
formations (Talbot & Alavi, 1996). The JSD is in direct
contact with the Surmeh, Khami Group, Kazhdumi,
Karstifid Sarvak, Pabdeh–Gurpi, Karstifid Asmari,
Gachsaran, Mishan, and Bakhtiari Formations and
with Quaternary alluvium. The groundwater of the
JSD emerges from 26 permanent brine springs and 4
temporary brine springs (Fig. 1 and Fig. 3). The total
discharge of permanent springs is 32.3 l/s (Table 1).
The Firoozabad River flows from the east to west and
it cuts through the northern outcrop of the JSD.

Fig. 2. Geological cross sections along AB (The AB cross section and legends are presented on Fig. 1) (After Talbot et al., 2000 and Edalatnia
et al., 2012).

The climate of the study area is semiarid, with a mean annual precipitation
of 350 mm. Precipitation occurs in
late fall, winter, and early spring. The
average daily temperature and Class A
Pan evapotranspiration are 24.6°C and
2,835 mm a-1, respectively.

METHODS

Fig. 3. Morphological map of the Jahani Salt Diapir.

The discharges of 30 brine springs
emerging from the JSD, plus two springs
emerging from the Sarvak Formation, and
the Narak Creek (Fig. 1 and Fig. 3) were
measured using the volumetric method
during the wet and dry seasons of 2013.
The discharge of two hydrometric stations
on the FR, upstream and downstream of the
JSD (Fig. 1), were also measured monthly
using a current meter (Valeport, model
BFM 002). The major ion concentrations,
electrical conductivity (EC), temperature (T),
and total dissolved solids (TDS) of all the
water resources were also measured. The
major anions and cations were analyzed
in the Hydrochemistry Laboratory of the
Department of Earth Sciences, Shiraz
University, Iran. Calcium and magnesium
concentrations were measured by titration.
Sodium and potassium concentrations

International Journal of Speleology, 46 (3), 445-457. Tampa, FL (USA) September 2017

Hydrogeology and karst in a salt diapir from Iran
Table 1. Slope, elevation of spring location, discharge of each brine
spring, elevation difference between the top of the steep slopes and
the location of the spring (EDSS), and the distance between the
spring location with the boundary of the JSD (DSB).
Brine
Spring

Slope
(°)

Elevation Discharge
(m)
(l/s)

EDSS
(m)

DSB
(m)

SB27

28

1,294

SB28

29

1,270

NM

60

3,600

NM

100

3,800

SB29

35

SB30

24

1,280

NM

65

3,500

1,100

NM

70

SB6

1,150

22

920

1

80

1,400

SB8

23

835

2.2

40

1,300

SB4

11

836

2

24

320

SB5

13

747

1.9

26

500

SB1

26

905

2.7

70

380

SB2

20

890

1.8

50

170

SB3

20

875

3.5

40

200

SB10

26

648

1

55

100

SB11

29

670

0.6

45

100

SB12

35

675

0.3

55

75

SB13

30

700

0.8

100

150

SB14

29

700

0.8

105

60

SB15

29

735

1

90

100

SB16

30

740

1.1

128

120

SB17

30

777

2.4

77

100

SB18

29

830

1.1

100

160

SB19

26

832

1

88

100

SB20

23

897

1.2

128

150

SB21

26

910

1.2

40

130

SB22

20

980

1.2

40

300

SB23

17

980

0.7

90

200

SB24

17

1,090

0.9

110

270

SB25

17

1,090

0.8

110

200

SB26

22

1,165

1.1

105

200
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RESULTS AND DISCUSSION
Morphology
The JSD has an area of 54 km2 and a semi-elliptical
outline on the map (Fig. 4). The maximum length and
width of the diapir are 10.4 and 6.5 km, respectively.
The minimum, average, and maximum elevations
of the JSD are about 575, 900, and 1,476 m asl
(m above sea level), respectively. The JSD divides into
northern and southern sub-catchment areas (Fig. 1);
the runoff of these sub-catchment areas joins the FR
and reaches the Azadegan Alluvium, respectively.
The most significant karst features of the JSD are:
rillenkarren, shafts, blind valleys, caves, brine springs,
and sinkholes. The morphological map shows the
sinkholes with diameters of more than 10 meters on
the glacier, as well as the brine springs, known shafts
and caves, and polygonal sinkholes with diameters
mainly less than 10 m in the vent area (Fig. 3). The
vent is the orifice from which salt rises and emerges
on the surface. A summit dome above the vent is
located near the northeast boundary, at an average
elevation of 1,410 m asl. It is 250 m higher than the
surrounding glacier (Fig. 5). The average width and
length of the vent are 1.8 and 2.6 km, respectively. The
vent is dotted by polygonal sinkholes, partly covered
by cap soil, sparse plants and/or salt exposures on
the steeper slopes of the sinkholes (Fig. 6). The most
active part of the vent, consists of 10 m blocks of
crushed salt rocks with few igneous, metamorphic
and sedimentary inclusions (Fig. 7). The vent is
connected to the surrounding glacier by slopes steeper

were determined by flame photometry. Chloride and
sulfate concentrations were measured by the Mohr
and turbidity methods, respectively. Hydrogen
carbonate was measured by titration with HCl using
methylorange as indicator. The accuracies of the ion
concentration measurements were determined by
the balance method. The total dissolved solids (TDS)
were determined by the evaporation method.
Two or more water sources with different salt
concentrations are mixed in the study area. The
unknown salt concentration (cd) was determined
using the following mass balance equation:

∑i =1ci × vi
  (1)
n
∑i=1vi
n

cd =

where ci is average salt concentration (mg/l), vi is the
volume of water (m3), and n is the number indicative
of the water resource(s). The dissolved halite mass
(DHM) in tons, transported by the water for the period
under consideration is calculated using the following
equation:
DHM = 10 -6 (V × HC)   (2)

where V is the total volume of water (m3) and HC is the
halite concentration (mg/l).

Fig. 4. Distribution map of sinkholes having diameters larger than 10 m in
the glacier area.
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Fig. 5. a) Google Earth image the vent and adjacent lower glacier area;
b) Exposed salt rocks on a steep slope between the vent and glacier.

Fig. 6. Sinkhole with residuum soil and plant coverage on the top, and
exposed salt rocks on the steep slopes.

Fig. 7. A Sinkhole on the active vent area.

than 30° and elevation differences of about 250 m.
The main reasons for such high elevation differences
may be the rapid rate of salt influx due to current
S-N shortening across the Zagros Mountains tectonic
activities. Talbot et al. (2000) precisely surveyed 43
ground markers 3 times in a 4.5-year interval and
modelled the results in terms of a salt flowing with
a viscosity near 1016 to 17 Pa s-1 rising up the diapir at
2-3 m/a and spreading downslope at 4-6 m/a high
on the summit dome slowing to <0.5 m/a about 6 km
downstream to the south of the namakier for about
55 ± 20 ka. These measurements resulted in maps of
salt displacement suggesting that Jahani is currently
the fastest extruding subaerial salt on planet Earth.
The glacier, with an area of 49.5 km2, has spread
downslope to the south and east of the vent, because
the high topography of the adjacent geological
formations prevented glacier movement in other
directions and large volumes of the JSD salt are
dissolved by the FR. Most of the glacier is covered
by cap soil except on slopes greater than 35° where
the salt rock is exposed due to the fact that covers of
cap soil slump downslope. The sinkholes are covered
by residual soil, except on the steepest slopes. The
glacier cap soil is covered by pastures and trees. Parts
of the glacier in the north of the JSD move toward the
FR and are dissolved by the river water.
The total number of sinkholes with diameters
greater than 10 m on the glacier area was 3,590 with
a total area of 5.2 km2. The percentages of sinkhole
area and sinkhole density are, 10.5% and 73 N/
km2, respectively. The largest sinkhole has a length
and area of 459 m and 84518 m2, respectively. The
sinkholes on the glacier are mainly developed by capsoil and/or soil cover collapse. The area of exposed
salt rocks is 11% of the total JSD area (Fig. 8). The
salt-affected area outside of the JSD but without any
karst features has an area of 16 km2 (Fig. 1).
Cave characteristics
Vertical longitudinal profiles suggest two groups of
caves on the JSD (located on Fig. 2 in Bruthans et al.,
2017): (i) sub-horizontal or inclined stream passages,
with some vertical steps, and (ii) vertical shafts (Fig. 9
illustrates examples of cave maps). The first group
of caves is typically situated at the end of blind and
semi-blind valleys and larger elongated sinkholes with
temporary streams collected on a thick residuum.
Nineteen sub-horizontal caves were visited and ten of
them were also mapped (Bruthans et al., 2004). Most
of the caves located inside the JSD are probably inlet
caves terminated either by impassably narrow spaces
blocked by deposited sediments or by collapsed
blocks of rock salt in large collapse halls (e.g., in the
Tchula’s Lair Cave, Filippi et al., 2010). Small parts of
some caves, usually parts of larger collapsed systems,
or located near the diapir margin, are outlet caves,
passable through or accessible via their resurgences.
These are situated around the eastern, southern and
western part of the diapir. So far, only one cave longer
than one kilometer is known (1,262 m, depth 84 m) –
the White Foam Cave (Filippi et al., 2006). This cave
is a part of a larger system (see Fig. 3 in Bruthans et
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Fig. 8. Salt rock exposure on the Jahani Salt Diapir.

al., 2004) and consists of two tributary branches that
connect downstream to a single passage. Halls with a
collapsed roof alternate with meandering segments of
cave passage. Some of the caves are richly decorated
by various halite speleothems.
Caves and cave segments located precisely on a
margin of the JSD have relatively steep slope and/or
up to 15 m high vertical steps. Both Hidden Creek Cave
(length 478 m, depth 88 m; Fig. 9) and Waterfall Cave
with a 15 m high waterfall (length 424 m, depth 79 m)
occur on the southeastern margin of the JSD and are
the most interesting examples. The flow rate in these
marginal caves is usually several liters per second or
less; however, during heavy rains it rises significantly
(Bruthans et al., 2017). Splashes and aerosol brines
precipitate fascinating halite speleothems around the
waterfalls (Filippi et al., 2011a).
Shafts and shaft-related caves are typical for short
circular valleys and collapse sinkholes, commonly
without a large water supply. An important factor for
shaft development seems to be sub-surficial corrosion
of the shaft walls by a water film, especially in the
early stages of their development. The largest and
deepest explored shaft – the Goat’s Abyss –is ca. 70 m
deep and is in the western part of the JSD (Filippi
et al., 2011b, 2013). The bottom of vertical shafts in
the JSD typically resembles a circular funnel-shaped
sinkhole. Sinkhole walls and several tens of meters
high upper portion of most shafts consist of partly
consolidated cap soil containing large blocks of salt
rock (Fig. 9). Shafts in rock salt usually have oval
horizontal crosscuts and bottle-like vertical profiles.
After a horizontal passage usually up to 150 m long,
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the caves terminate in impassable riverbed sediment
and debris.
Except for most sinkholes and the types of caves
mentioned above, the Puzzle Blind valley represents
a specific type of blind valley with a complex genesis
(Filippi et al., 2013). The branched labyrinth-type
canyon with walls up to 13 m high, but only 0.5-1.5 m
wide, is situated on a flat bottom of the terminal part
of a valley with an area of 100 x 200 m. Fine deposits
that settled there during numerous floods in the past,
when the swallow hole at the bottom of the valley
was inactive, floor this valley. Later the swallow hole
was re-activated and narrow canyons were incised
by headward erosion of sedimentary fill during heavy
rains. Recently the streams enter the swallow hole
from several directions by several canyon branches
joining together before draining into the Puzzle
Cave. This cave starts with a 15 m deep vertical step
followed by a gradually decreasing underground space
ca. 130 m long.
Caves on the JSD are in general steeper than
those on Persian Gulf coastal diapirs, e.g. Hormoz
and Namakdan (see Bruthans et al., 2010 for cave
characteristics there). Vertical steps with waterfalls
and rapid flow are common in caves on the JSD.
Caves with open outlets have typically high but
narrow meandering passages on the JSD, which has
been unseen on coastal diapirs, where low and very
wide passages prevail. Inlet caves on the JSD however
end up with low and wide passages due to fast
aggradation of trapped sediments. No effect of rapid
salt movement was observed in caves on the JSD. Cave
passages are not cut by faults nor terminated due
to moving salt. Evolution of cave passages is clearly
faster than movements due to halokinesis. Bedding
planes (foliation) control most of the caves visited on
Iranian Salt Karst. On the JSD most of the caves are
meandering passages with roof covered by salt sinters,
so original protoconduits are not accessible for study.
Brine springs
Twenty-six perennial and four temporary brine
springs emerge from the JSD, and three of them SB3,
SB17, and SB20 emerge from outlet caves (Fig. 4). The
average, minimum, and maximum discharge of the
brine springs are, respectively, 1.4, 0.2, and 2.9 l/s
during the dry season, and 1.8, 0.3, and 4 l/s during
the wet season (Table 1). The average catchment area
of these brine springs is about 1.8 km2. During the dry
season, most brine springs infiltrate into the glacier’s
cap soil in a short distance after emergence. The major
ion concentrations of the brine springs are presented
on Fig. 10. The minimum, maximum and average
TDS values are 310, 324, and 317 g/l, respectively.
The average percentage of sodium chloride is 98%. All
the brine springs are supersaturated with respect to
halite, calcite, dolomite and gypsum as determined by
PHREEQC model (Parkhurst & Appelo, 1999), because
the cap soils are composed of gypsum, anhydrite,
calcite and dolomite (Bruthans et al., 2008).
The elevation, slope and discharge of each brine
spring, and the shortest distance between them and
the boundary of the JSD (DSB) are listed in Table 1.
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Fig. 9. Examples of two different types of caves on the JSD: A) The Hidden Creek Cave as an inclined stream passage type and B)
Goat Abyss as a vertical shaft type. (Mapped by the NAMAK team members and drawn by M. Kolcava, O. Jäger, and M. Filippi).

Fig. 10. Major ion concentrations of the brine springs.
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The SB27, SB28, SB29, and SB30 temporary springs are
located on steep slopes around the vent, at elevations
ranging from 1,100 to 1,290 m asl Other than SB4 and
SB5 that drain from the gentle slopes, the remaining
springs emerge through glacial salt exposed in steep
slopes above the local base of erosion. None of the
springs emerge from the gently sloping glacier areas
because the water table is below the ground surface.
The main reason that springs emerge from steep
slopes above the local base of erosions is that salt
deeper than about 40 to 60 m is impermeable with
negligible porosities because it is actively flowing
(Frumkin, 2000; Zarei & Raeisi, 2010b). Flowing salt
is incapable of developing cave systems because the
groundwater becomes saturated with respect to halite
(Frumkin, 2000) as it drains through the fractures
in the outer broken and weathered layer or skin that
can reach thicknesses of tens of meters (Talbot et al.,
2009). The high viscosity of brine causes its threshold
aperture to be at least several centimeters before
the turbulent flow that aids salt dissolution occurs
(Frumkin, 1994). The joint apertures may be small
enough to hinder dissolution and, in effect, prevent
cave development even in the surficial broken salt. A
schematic model of groundwater flow direction and
spring locations is presented in Fig. 11. The lack of
karst development and flow at great depths in the
JSD are justified by the following reasons:
1) The differences in elevation between the top of
the steep slopes and the brine springs (EDSS)
range from 40 to 128 m (Table 1) and justifies the
idea that the springs emerge above the local base
of erosion.
2) No springs are occurring along the contact of
the JSD salt with adjacent geological formations,
and the elevation differences of springs along the
JSD boundary range from 15 to 60 m, indicating
the lack of karst development in the salt beneath
each spring.
There is no groundwater flow from the JSD toward
the karst aquifers in the Asmari, Sarvak, Khami
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Group, nor Surmeh to the south-east (Fig. 1). This
is demonstrated by the ECs of the water resources
emerging from these aquifers at great distances
from the JSD, which are less than 1200 µmho/cm
(Yari, 2017). Two springs S1 and S2 emerge from the
southwest karstic Sarvak Aquifer with total discharge
of about 15 l/s and ECs of about 40000 µmho/cm.
The source of high electrical conductivity of these two
springs is intrusion of the JSD brine into this aquifer
(Table 2, Fig. 1). Using Eq. 2, the share of the JSD
brine is about 2 l/s.
The water budget of the JSD is estimated during
hydrological year 2013-2014 by the following equation:
V = P × I × A  (3)

where V is the annual volume of precipitation
recharging the JSD, P is the annual precipitation onto
the JSD (0.300 m), A is the JSD outcrop area (54 km2),
and I is the recharge coefficient. The recharge coefficient
is estimated to be 9 %, based on hydrogeological
studies of the smaller Konarsiah Salt Diapir (Fig. 1) 10
km north of the JSD (Zarei et al., 2011). The average
annual recharge is therefore about 1.46 MCM/a. The
JSD groundwater emerges from 30 brine springs
(36 l/s), as well as from springs S1 and S2 (2 l/s). The rest
of the recharge water (0.32 MCM/a) seeps into the FR
and flows into the adjacent Azadegan Alluvial Aquifer
(Fig. 1). The runoff from the southern catchment area
of the JSD enters the adjacent Azadegan Alluvium
that consists mainly of evaporites and secondary salts
deposited on the ground surface (in the salt-affected
area). The runoff from the northern catchment area
joins the FR, especially the brines from springs SB1,
SB2 and SB3 during the wet season.
The TDS and discharges of the FR at the R1 and R2
stations (Fig. 1), before and after direct contact with
the JSD, and DHM at the R2 station are presented in
Fig. 12. The minimum, maximum and average TDS
are, respectively, 577, 923, and 762 mg/l at station
R1 and 6,200, 23,380, and 13,451 mg/l at station
R2. The increases of the average TDS and discharge

Fig. 11. Schematic model of flow direction in the Jahani Salt Diapir.
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dissolved in the FR is calculated using Eq. 1. The
average halite concentration increased from 100 mg/l
at Station R1 to 12,070 mg/l at Station R2, and the
total dissolved halite mass increased from 1,680 tons
at Station R1 to 213,150 tons at Station R2 during
the study period. About 75% of the increases in
NaCl concentration at Station R2 was due to direct
dissolution of the JSD by FR. The dissolution of the
JSD by the FR is a permanent process because of: a)
rapid ductile flow of the active glacier into the river
gorge, b) the short distance between the JSD vent
and the FR, c) markers flowed down steep slopes
towards the river cliffs at 1.4 m/month (Talbot et
al., 2000) before breaking up and collapsing in huge
rock falls that can dam the river for weeks in the
rainy season.

between the two stations are 12,690 mg/l and 37 l/s,
respectively (Table 3). The TDS at the R2 station is due
to mixing from various water sources. Most dissolution
of salt is by direct contact with the FR together with
discharges from the brine springs SB1, SB2, and SB3,
runoff from the northern catchment area, and the
Narak Creek. At low discharges, the TDS increases
(Fig. 12) because the discharge and TDS of the brine
springs are almost constant during both wet and dry
periods. However, the share of the brine springs on
the TDS is higher during the dry season. The DHM at
the R2 station decreases during the dry period due to
the reduced discharge of the FR (Fig. 12).
The volume of water joining the FR during the study
period and their average halite concentrations are
listed in Table 4. The JDS halite carried downstream

Table 2. Facies, major ion concentrations, TDS, EC, pH, temperature and discharge of the Sarvak Aquifer springs (s1 and s2) and the Narak creek
(Rs1) in the dry and wet seasons.
Sampling Sampling
Facies
time
points
Dry
Season
Wet
Season

Ca

Mg

Na

K

HCO3

SO4

Cl

TDS
(g/l)

EC
(ms/cm)

pH

T
(˚C)

Discharge
(l/s)
0.5

(meq/l)

S1

Na-Cl

29.8

23.5

659.2

4.0

4.5

45.6

635.7

32.56

43,684

7.8

32

S2

Na-Cl

32.7

21.9

586.8

3.6

4.7

48.0

645.7

36.19

45,631

7.8

31

8

RS1

Na-Cl

6.2

4.6

8.1

0.1

4.8

5.0

7.9

0.82

1,340

8.1

27

10

S1

Na-Cl

27.5

21.4

646.8

3.1

4.4

44.1

611.3

31.77

42,100

7.7

30

1

S2

Na-Cl

30.7

19.9

577.7

3.4

4.3

42.2

608.2

35.51

44,300

7.6

28

15

RS1

Na-Cl

5.0

4.4

7.0

0.1

5.0

3.3

7.3

0.76

1,200

8.2

18

40

Fig. 12. The monthly time variation of Firoozabad River: a) TDS and discharge at Stations R1 and R2; b) DHM (dissolved halite mass) at Station R2
and discharge at Stations R1 and R2.
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Table 3. Facies, major ion concentrations, TDS, EC, pH, temperature and discharge of the Firoozabad River at stations R1 and R2.
Ca

Mg

Na

K

HCO3

SO4

Cl

Sampling
time

Sampling
points

Facies

October
2013

R1

Ca-HCO3

8.5

0.3

3.1

0.1

4.9

4.5

2.3

R2

Na-Cl

14.1

8.6

261.2

1.5

4.1

22.3

268.9

November
2013

R1

Ca-SO4

7.0

1.0

2.5

0.1

4.6

4.8

2.1

R2

Na-Cl

13.1

9.1

227.1

1.1

4.2

22.6

243.2

December
2013

R1

Mg-SO4

4.0

7.2

1.7

0.1

4.4

6.0

R2

Na-Cl

7.6

11.1

172.1

1.0

4.3

11.3

January
2014

R1

Mg- HCO3

3.5

3.8

1.1

0.1

5.0

R2

Na-Cl

12.6

10.1

110.6

0.5

4.9

February
2014

R1

Ca- HCO3

5.5

2.5

1.6

0.1

4.3

R2

Na-Cl

12.6

16.1

148.8

0.7

March
2014

R1

Mg- HCO3

3.4

5.2

1.3

R2

Na-Cl

7.0

14.5

88.0

April
2014

R1

Mg- HCO3

3.5

4.8

R2

Na-Cl

15.0

20.0

May
2014

R1

Mg- SO4

4.0

R2

Na-Cl

13.3

R1

Mg- SO4

4.1

R2

Na-Cl

12.7

June
2014

TDS
(g/l)

EC
(ms/cm)

pH

T
(˚C)

Discharge
(l/s)

0.848

1,020

7.7

25

500

17.14

21,838

7.7

25

530

0.799

933

7.88

20

450

15.46

19,692

7.65

22

467

2.0

0.838

960

8.1

16

560

162.6

10.78

13,728

7.6

18

584

2.0

0.9

0.577

667

7.8

10

1,340

15.0

120.7

8.19

10,433

7.7

13

1,425

3.5

1.7

0.674

750

7.9

16

875

4.2

17.9

155.5

10.46

13,325

7.7

18

922

0.1

5.5

4.2

1.1

0.743

843

7.8

20

1,419

0.5

4.8

5.6

89.6

6.2

7,800

7.5

21

1,470

1.4

0.1

4.7

4.3

1.0

0.695

886

7.8

24

695

154.5

0.6

4.5

17.0

160.3

10.93

13,801

7.6

24

770

5.2

1.6

0.1

4.6

5.1

1.3

0.757

854

7.75

26

505

14.7

290.2

1.5

4.4

15.3

297.0

18.52

23,586

7.8

27

510

6.6

2.1

0.1

4.7

7.3

1.8

0.923

1,060

8.1

30

130

13.2

368.8

2.8

4.3

15.4

386.0

23.38

29,783

7.9

29

135

(meq/l)

Table 4. Average halite concentration and halite mass of the different water sources feeding the
Firoozabad River.
Water resources
FR (R1)

Volume of
water (m3)

Average halite
concentration (mg/l)

Halite mass
(Tons)

Percentages of
halite mass (%)

16,796,160

100

1,680

0.8

Runoff from part
of the JSD

233,280

4,000

933

0.5

Narak Creek

466,560

440

205

0.1

163,300

314,000

51,250

24

-

9,475

159,037

74.6

17,659,300

12,070

213,150

∑ = 100

3 Brine springs
(SB1, SB2, and SB3)
Direct dissolution
by the FR
FR (R2)

CONCLUSIONS
Comprehensive understanding of the many diapirs
of Hormuz salt emerging on the surface of the
Zagros Mountains requires detailed hydrogeological
studies as well as combining these results with
the many tectonic and morphological studies that
already exist.
The JSD landscape and karst development are
controlled by several parameters. These include the
rate of the JSD salt extrusion relative to dissolution
rate of that salt, the time elapsed since the salt first
surfaced, tectonic activities of the Zagros Mountains,
ground surface slope, the extremely low permeability
of salt rocks still flowing tens of meters beneath the
ground surface, the emergence of springs above the
local base of erosion, high salt concentrations (up to
320 g/l) and rapid water saturation with respect to
halite. The salt actively extruding in the vent area is
diapiric gneissose salt, destressing and expanding
without any protection by soil or vegetation. The cap
soil thickens as more and more of the extruded salt
is dissolved the longer time it is on the surface. The
high standing vent area indicates that the extrusion
rate of the salt diapir (2–3 m a-1; Talbot et al., 2000)

is significantly higher than the rates of dissolution
and erosion of the salt and its Phanerozoic country
rocks. Salt is only exposed on slopes sufficiently steep
for the soil to slide and/or be washed downslope.
Groundwater generally flows along the strike of
the many carbonates karst terrains in the Zagros
Mountains and is controlled mainly by local structure,
exposed stratigraphy and base of erosion (Ashjari &
Raeisi, 2006; Raeisi, 2008). Most of the exposed salt
bodies tower above their surroundings so that the
only water on and in them is supplied by precipitation
from above. As soon as the salt reaches the surface
(at rates that can be over 1 m a-1: Talbot et al., 2000)
it expands (dilates) by fracturing on a variety of scales
to a porous and permeable surficial brittle zone that
is a few meters thick over the crest of every salt
fountain in Iran but thickens downslope to maxima
near ~100 m. Precipitation draining through and
dissolving the outer veneer of dilated salt leaves a
residual blocky cap soil of the insoluble components
within it (mainly gypsum with a few silicates). By
the time the precipitation (now groundwater) drains
through the brittle zone it is already saturated in
NaCl. Incapable of further salt dissolution, such
brines drain over the non-dilated, impermeable, still-
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confined and still flowing salt and emerge downslope
at brine springs above the local base of erosion. The
lack of preferred directional distribution of sinkholes
and brine springs all over the JSD indicates that the
fabric of the flowing salt does not control the patterns
of salt karst.
Inherited sinkholes enlarge and are joined by new
collapse sinkholes as the cap soils thicken by further
dissolution as salt flow carries them downslope. Two
main categories of caves were recognized in the JSD:
stream passages and shaft-related caves. Stream
passages develop at the downstream ends of blind
valleys with temporary streams of NaCl-unsaturated
waters collected in basins floored by thick cap soils.
Shafts and shaft-related caves develop by subsurficial
corrosion into circular sinkholes, often with small
water input due to rapid corrosion by a film flow
(Frumkin, 1994). Most caves on the JSD salt are inlet
caves and vertical shafts supply large volumes of
surface water to subsurface spaces filled by sediment
and debris, from which the water is slowly released
to springs.
The FR has cut a deep gorge through the northern
end of the JSD. The south side of this impressive
gorge is bounded by very unstable salt cliffs over
800 m high, that probably collapse during most wet
seasons to temporary dam the entire river and lead to
dangerous floods when each dam fails. This may be a
unique phenomenon in Iran although smaller streams
sculpt parts of the margins of other salt diapirs. The
FR dissolves significant amounts of halite from the
JSD, in the order of about 215,000 ton/a, increasing
the TDS of ~23.9 million m3 a-1 of river water from
800 mg/l to 13,500 mg/l. A relocation of the FR
channel would significantly enhance the quality of
river water downstream. However, such redirection
is not recommended because it would disrupt the
considerable beauty of the natural environment
hereabouts and reduce the chance of success of any
proposal nominating the JSD and its surroundings as
a natural world heritage site.
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Giovanni Badino became interested in caves when
he was very young and still in high school (lyceum)
in Savona (Liguria, Italy). His passion for the
underground world increased tremendously when
he moved to Turin (Piemonte) to study physics at the
university there. Cave exploration and techniques were
his first interests, and they remained fundamental
throughout the rest of his life. His first paper on a cave
was printed in 1971; this was followed by another on
new materials for exploration in 1972, year when he
became interested in cave meteorology.
During his college years, he found the study of the
underground environment from the point of view of
a physicist to be fascinating, and from that time on,
“cave physics” became his preferred field of research.
Immediately after finishing his university studies,
Giovanni became Researcher in Physics, and later
Associate Professor at the University of Turin (Italy),
where he taught for the rest of his life. By the end
of the ‘70s, he had developed an excellent career in
particle physics, and he worked as part of some of
the leading international teams on neutrino physics
in top-level institutions for about 20 years, as testified
to by some 200 scientific papers.
But, at the same time, he was still a devoted explorer
and avidly pursued this activity in the most interesting
karst areas of Italy (e.g. Antro del Corchia in Tuscany,
and Piaggia Bella in the Marguareis Piedmont). These
caves served as training sites for his later exploration
of an incredible number of caves all over the world in
the following 40 years. But during his explorations, he
never forgot he was a physicist, and he looked at all
aspects of the environment from such a point of view.
His experience in cave exploration worldwide,
together with his uncommon ability to transform
complex things into easily understandable ones,
allowed Badino to become one of the best writers
of general books on caves, and he authored some
20 general books, several of which became true
bestsellers.
Another area requiring a scientist to be a good
explorer is the glaciers, and Badino also became
involved in the quantitative evaluation of the
phenomenon and processes in glacier caves. At the
same time, his initial interest in cave meteorology led
him to publish the first general book on the physics
*paolo.forti@unibo.it

of the underground climate in 1995, a book that deals
with all aspects of the cave environment.
A few years later, at the beginning of the new
millennium, he joined the XVI Italian Expedition to
Antarctica and studied the development of karst caves
in ice. Since the mean annual temperature there is
–18°C, it was difficult to accept the explanation of
the dissolution of ice in their formation, and even the
existence of caves up to 15 m in length. An accurate
investigation, however, revealed a temperature
difference between the soil and the ceiling of the
caves and, consequently, the role of the circulation of
air and the sublimation of ice in the development of
speleogenesis well below zero degrees.
Since 2005, he was one of the leaders in the
exploration of the Naica caves (Mexico), which
host giant gypsum crystals; for that exploration
he specifically designed a unique suit with an ice
cooling system to enable a whole hour of working
time [in the suffocating heat]. During a preliminary
test, he had nearly collapsed, but he immediately set
out to find the best solution to resolve the problem.
A few months later, he had also developed the most
accurate temperature data logger ever installed
inside a cave (error less than 0.003°C) to evaluate
the temperature variations inside the Cueva de los
Cristales (Naica, Mexico).
More recently, he directed his investigations to
the “breath” of caves. An underground cave system
behaves as a Helmholtz resonator, although obviously
at an extremely low frequency. With a suitable device,
it is possible to convert the inaudible “breath” of the
cave into a sound, a kind of speech of the cave itself.
This area of research may lead to the revelation of
further information on cave system characteristics.
Throughout his entire life, Badino’s capacity to work
was abnormally great, which resulted in a very large
number of documents about the most diverse caving
subjects, and this work was reported in some 500
papers, several of them being true milestones in karst
science. In order to understand why Giovanni became
such an exceptional scientist and cave explorer, it is
worth considering a statement of the English explorer
Apsley Cherry-Garrard (1886-1959): “Exploration is
the physical expression of the intellectual passion”.
This affirmation can help explain why an intellectually
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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G. Badino preparing to enter in the Cueva de los Cristales (Naica, Mexico) during the 2007 expedition
(left) to instal a temperature acquisition device (right).

passionate physicist is also an explorer. And caves are
the best environment to explore!
After a long illness, Giovanni Badino passed away
on August 8th in his home in the mountains above
Savona, still at work in his very last days. He had
presented a couple of papers at the 3rd International
Symposium of Speleology (Varenna, Italy), his last
scientific meeting, just four months before his death,
but, even later, the International Journal of Speleology

received a review and his own revised paper he had
written just a few couple of days before passing away.
At the funeral, a large number of friends from all
over Italy joined to remember him and his legacy, not
only as a renowned colleague and excellent teacher,
but also a good friend.
Many thanks for what you have given us,
dear Giovanni …
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I

Book Review
Márton Veress

Covered Karsts
2016, Springer Science + Business Media Dordrecht, 536 p., ISBN 978-94-017-7516-8
Hardcover, $139; eBook $109.
Márton Veress, a retired Professor of Physical Geography at the University of West
Hungary, claims this book is the product of forty years of fieldwork and academic
experience. Actually, his two previous books have established the framework for this
one, in which the focus is mainly on the subsurface karst. The book contains the
following 8 chapters:
1. General description of karst: The first chapter begins with analysis of karst
hydrology, superficial karst features, and caves followed by the introduction of the
karst types. The chapter discusses far too many perspectives on karst types and
superficial karst fact that may overwhelm and become tedious for the reader.
2. Study areas: In the second chapter the regions under study (Bakony Mountains,
Hungary and Atacama Desert) are introduced by using maps, table, and texts. A better
method would have been to introduce the areas under study by using descriptive
maps and tables at the end of the first chapter.
3. Methods: In the third chapter six approaches analyzing and comparing the
forms of karst zones are presented. Useful methods acquired by the author through
his fieldworks and laboratory surveys are introduced. This chapter can help many
researchers in the field of karst to get acquainted with the tools and methods of
investigation in karst regions.
4. Classification of covered karst: With regard to the wide variety of the terms and
definitions for covered karst, the author has described covered karst as follows:” …
all kinds of karst where the karst rock is covered by non-karst rock under the soil,
irrespective of the character of this rock - or where the non-karst rock governs or
entirely controls the processes in the karst area” (p. 100). The three general criteria
for distinguishing are: the characteristics of the coating, the type of the rock and
the origin of the covering deposits, and the age of the karstification. One of the top
qualities of this chapter is the geomorphologic maps, which are included to gain a
better understanding of the subject.
5. Covered karst landforms: In this chapter, a review of buried karst landforms
characteristics is presented. Underground karrens are analyzed with respect to their
various origin and rock types. Caprock and subsidence dolines are another group
of covered karst landforms explained through examples and illustrations, mostly
from the karst regions of Hungary. The author has used the term “Depressions of
Superficial Deposit (DSD)” for closed pits created in superficial covered karst deposits,
similar to Ford’s “bedrock closed depressions”.
6. Covered karst processes: At high altitudes, water and snow melt water greatly
affect the process of karstification. Swallow holes, shafts, and dolines have major
influences on sedimentation and covered karst processes.
7. Landform evolution and development: This chapter begins with analysis of
the formation of a variety of superficial, subsoil karrens and dolines. The origin of
subsidence dolines and ponors is also presented. Some topics (e.g., DSD and remnant
caves) are discussed again in this chapter from a different perspective, adding some
confusion onto why the author chose to split these presentations in two separate
chapters.
8. Evolution of covered karst surfaces: The beginning of this chapter is about the
development of karst classification. The main titles are about the transformation of
covered karst. No criterion is defined for this division. Furthermore, the explanation
for each section and region is not consistent. For instance, the most emphasis is on
temperate region karst, but the description for the karst region of Tundra and Taiga
is very limited.

II

Book Review
For a better understanding of the content, there are over 360 images that play an important role in teaching,
studying, and learning the concepts. However, repeating some of the topics in different chapters has significantly
increased the total number of pages in the book. The book’s emphasis is on geomorphology, and although covered
karst is strongly related to underground waters and caves, this topic is not discussed adequately in the book.
Nevertheless, I recommended this book to all researchers in the karst field, especially geomorphologists and
geologists. The presented topics can be useful for postgraduate and doctoral students.

Reza Khoshraftar (University of Zanjan)

