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Abstract

Worldwide, there are at least 12 ILTER sites with an emphasis on karst, landforms arising from the combination of high rock
solubility and well-developed solutional channel porosity underground, but the study of cave ecosystems has been largely
neglected. Only two ILTER sites, both in Slovenia, are primarily caves. Caves are under-represented for several reasons, but
especially because of the overall difficulty of access and the lack of a clear research agenda for cave ecosystem studies. We review
several aspects of long-term studies in Postojna Planina Cave System (PPCS), proposing our approach as a model for ILTER
research in caves. In PPCS, analysis of short-term temperature data shows a muted daily cycle and seasonality, and analysis of
long-term temperature data shows an increase, largely the result of climate change. Changes in drip rate of epikarst aquifers above
the cave are correlated with rainfall but with lags and complications resulting from differences in longer term rainfall patterns.
Analysis of discharge rates indicates a rapid response to precipitation not only in the Pivka River at its sinking, but also at Unica
Spring, where discharge is augmented from other parts of the aquifer, including epikarst. Quantitative analysis of the obligate
epikarst-dwelling copepod community shows that, unlike most cave communities, complete sampling of the fauna is possible.
Finally, organic carbon levels in PPCS indicate likely carbon limitation in the system. These five factors (temperature, drip rate,
river discharge, epikarst copepod fauna, and organic carbon) are the appropriate variables for capturing the essential long-term
trends in cave ecosystems and their causes.
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Introduction

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s10113-018-1349-z) contains supplementary
material, which is available to authorized users.

Background

Caves are widely recognized as a common feature of the
< Tanja Pipan Earth’s landscape. Caves occur in a wide variety of geologic

pipan @zrc—sazu.si settings, including limestone, lava, quartzite, and even iron
deposits (Auler 2012; Palmer 2007; Parker et al. 2013), but
the vast majority of caves occur in soluble sedimentary rocks
in karst landscapes. The term “karst” has its origins as a par-
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underlain by limestone or dolomite, in which the topography
is chiefly formed by the dissolving of rock, and which may be
characterized by sinkholes, sinking streams, closed depres-
sions, subterranean drainage, and caves.” Russian researchers
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have used a more process-oriented definition, such as
Sokolov’s 1962 definition (in Klimchouk 2015) as “a process
of destruction and obliteration of permeable soluble rocks
mainly through their leaching by moving water”. In an essay
(Worthington et al. 2017), five definitions of karst aquifers
found in the literature are compared and discussed. They are
based upon the presence of solution channel networks, hy-
draulic conductivities > 10—6 m/s, karst landscapes, channels
with turbulent flow, and caves. By these and other definitions,
caves are part, but not necessarily a critical part, of the karst
landscape.

Karst landscapes are relatively well represented among the
International Long Term Ecological Research (ILTER) sites
including at least 12 of 1030 sites (ILTER 2018): Alta Murgin
Point (Italy); Baget (France); Cerknica Lake (Slovenia);
Fontaine de Vaucluse (France); Huanjiang (China); Jurassic
(Dorvan) karst (France); Koliaris (Greece); Larzac (France);
MEDYCYSS (France); Puding Karst Ecosystem (China);
Sumaria/White Mountains (Greece); and Zobelboden
(Austria).

The focus is on karst, not caves, especially the subterranean
drainage basin. Rouch (1977) championed the appropriate-
ness of the karst basin as the unit of analysis in his work in
the Baget basin in southern France, now an ILTER site. In
other sites, the focus of research has been on the aboveground
system, rather than the subterranean system (e.g., Gabers¢ik
2003). In the USA, karst terrains are almost completely absent
from ILTER sites. The only exceptions are the Konza Prairie
(Kansas) and the Florida Coastal Everglades, where the focus
is on the prairie and the swamp, not the underlying rock.

There are only two sites globally where the focus is on a
cave or cave system—both in Slovenia. Postojna Planina
Cave System (PPCS), the birthplace of biospeleology
(Romero 2009), has a long history of biological study, dating
back to the early nineteenth century. Skocjan caves are better
known for their spectacular hydrological features, including a
large underground channel of the Reka River. Biological re-
search in the cave has focused on the epikarst fauna (Pipan
2005). It is also a UNESCO World Heritage site.

There is no doubt that a karst basin/terrain approach to
ecosystem studies has been a fruitful one, especially Rouch’s
long-term study of Baget, with more than 20 papers
(Danielopol and Rouch 1991), and Gibert’s extensive study
of the Dorvan karst basin in the Jura Mountains (Gibert 1986,
see also Simon 2013). Caves can also be a useful unit of
analysis, as shown by Simon and his colleagues (Simon and
Benfield 2001, 2002; Simon et al. 2003, 2007, 2010).
Furthermore, Klimchouk (2015) argues, from a geological
perspective, that formation of caves (speleogenesis) is the pri-
mary process in the formation of karst. Because of the emerg-
ing ideas that initiation of cave development is at depth
(hypogene) and unconnected with surface features, surface
features of karst are not central. In his view, speleogenesis is

@ Springer

essentially a coupled mass-transfer/mass-transport process
that depends on both the aggressiveness of groundwater and
its flow.

According to the speleological definition of karst aqui-
fers (Worthington et al. 2017), the presence of caves
formed by dissolution is a diagnostic feature of karst aqui-
fers, and the presence of extensive caves with underground
streams is generally considered to characterize a well-
developed karst aquifer (Ford and Williams 2007; Kresic
2013). Although caves are only small pieces of a larger
master drainage network, important information about the
characteristics of percolation (Hartmann and Baker 2017,
Kogovsek 2010; Lange et al. 2010) and conduit flow
(Genthon et al. 2005; Kaufmann et al. 2016) can be obtain-
ed by hydrological and hydrochemical monitoring in the
caves. Comparison with precipitation and spring discharge
data improves the general understanding of flow processes
within karst aquifers (Mayaud et al. 2013; Worthington and
Soley 2017).

Most of the existing ecological work on the subsurface
of karst is at the scale of caves, even though it is recog-
nized that there are other components, particularly epikarst
(Pipan and Culver 2013; Williams 2008). There is also a
burgeoning literature on band thickness and stable isotopic
analysis of oxygen in stalagmites and other speleothems as
a proxy for paleo-climate (Fairchild and Baker 2012). In
part, stalagmites are useful climate proxies because cave
temperatures are approximately the mean annual tempera-
ture of the surface (Covington and Perne 2015).
Hydrological variability is one of many uncertainties in
paleo-climatic reconstruction with speleothems that should
be considered thoroughly (Hartmann and Baker 2017;
Lange et al. 2010).

Nevertheless, long-term ecological monitoring in caves
is uncommon, aside from speleothem analysis, which re-
quires only a single visit to a cave to obtain a sample. This
deficiency has several causes. Caves are usually difficult to
access, certainly more so than surface habitats. As Engel
(2015) points out, caves are extreme environments, not
necessarily in the sense of average conditions, but in the
possibilities of flooding and other extreme events.
Fluctuating water levels and high relative humidity make
for a challenging monitoring environment. Finally, it has
not always been apparent exactly what new information
would be gained by monitoring in caves.

In this contribution, we propose that the measurement of
five factors is both practical and appropriate for the analy-
sis of cave systems: temperature, epikarst discharge, dis-
charge rates from exiting cave water, epikarst fauna, and
organic carbon. First, we make the arguments that these are
the appropriate parameters, outline their measurement in
caves, and review results from one ILTER cave site in
Slovenia—Postojna Planina cave system.
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Ecosystem parameters

Temperature is a key parameter for environmental fluctuation
in general in caves (Badino 2010). With the advent of small,
waterproof data loggers, thousands of measurements of tem-
perature over the course of time are feasible (see Pipan et al.
2011). Temperature is controlled by the average temperature
of'the fluids that flow through the cave, both air and water, and
is equilibrated to the average temperature at the surface at the
same altitude (Badino 2010; Covington and Perne 2015).
Temperature throughout the day and year is not constant.
Shallow caves have a daily fluctuation (Pipan et al. 2011),
and even deep, isolated caves can have a yearly cycle of os-
cillation (Cigna 2002). Such oscillations are proxies for
changes in other parameters, and offer the possibility that or-
ganisms limited to caves can detect daily and annual cycles.
As an example, the persistence of circadian clocks in some but
not all cave dwellers is an active and puzzling topic of research
(see Friedrich 2013), and the presence of daily cycles in caves
makes their persistence easier to explain. Temperature records
also can document climate change over the past several de-
cades (Dominguez-Villar et al. 2015; Sebela et al. 2015), and
long-term stable isotope proxies of temperature from
speleothems provide millennial records of temperature
(Fairchild and Baker 2012).

While water enters caves through sinking streams, not all
caves have sinking streams. However, except for unusual sit-
uations, water enters all caves in soluble rock as vertically
percolating water as well. Dissolved carbon present in perco-
lating water forms the basis for biofilms and in turn is the
major carbon source for the animal community living in caves
(Simon et al. 2003, 2007). Common sites of percolating water
are ceiling drips, some of which are associated with stalactites.
Drip rates are correlated with rainfall but with considerable
local variation, such that two nearby drips may show very
different patterns of discharge (Kogovsek 2010; Kogovsek
and Urbanc 2007). Drip rate is relatively easy to measure,
using automated infrared sensors (McDonald and Drysdale
2007) and tipping rainfall gauges.

Discharge (output) from a cave, from both sinking streams
and percolating water, can typically be measured at the resur-
gence of the stream to the surface, by gauging stations, weirs,
and the like (Kresic and Stevanovic 2010). It is ecologically
important as a summary of hydrological inputs and a proxy for
flooding events.

Hydrological features and ecosystem features are linked by
the dynamics of organic carbon (Simon et al. 2007). Caves are
likely to be carbon limited (Simon and Benfield 2002;
Venarsky et al. 2014), and its measurement has proven to give
important insights into not only sources, but also utilization
and temporal variation (Simon 2013; Simon et al. 2007).
Sources of organic carbon in caves include chemoautotrophy,
percolating water, flowing water, wind and gravity, and the

active movement of animals (Culver and Pipan 2009). Of
these, percolating water and flowing water are the most im-
portant carbon sources for aquatic cave ecosystems.
Chemoautotrophy is limited to a few caves (Engel 2012),
and the others are only important in terrestrial systems. In a
recent symposium on “Carbon and Boundaries in Karst,” only
one paper was devoted to terrestrial habitats (Novak et al.
2013). Measurement of organic carbon typically requires au-
tomated measurement using the persulfate digestion method
(Rice et al. 2017).

One of the most vexing problems in monitoring caves is a
quantitative and comparable census of the cave fauna. The
macroscopic fauna, both aquatic and terrestrial, is often rare
and difficult to find, making even a complete list of species
problematic (see Zagmajster et al. 2008). Pitfall traps, both
baited and unbaited, can be used as a quantitative sample
(Schneider et al. 2011), but they differentially attract species
and may have a negative impact on species abundance. A
more unbiased and less destructive method is to sample the
aquatic fauna that exits the epikarst via ceiling drips. The
technique involves continuous filtration of drip water, with
retention of the organisms in the sampling device, and period-
ic collecting of the individuals (Pipan 2005). If five or more
drips are sampled for a year, with monthly removal of speci-
mens, nearly all species are found, according to analyses that
estimate missing species (Pipan and Culver 2007). The
epikarst fauna, especially copepods, is a major component of
species richness in many caves (Pipan and Culver 2013).
Furthermore, the geographic pattern of epikarst species rich-
ness is at least roughly concordant with patterns of other com-
ponents of the cave fauna.

Methods and materials
Study site

The Postojna Planina Cave System (PPCS) consists of two
caves and their confluence. Postojna Cave, more than 24 km
long, is hydrologically connected to Planina Cave, more than
6 km long, and the streams of the two caves merge and emerge
at Unica Spring in Planinsko polje (Fig. 1). In Planina Cave,
this spring gets additional recharge from the karst massif and
from the Rak River which sinks in the area of Rakov Skocjan.
The average flow of the Pivka River at its swallow point in
Postojna Cave is 5.26 m s ' (Sebela 2012), and the average
flow of the Rak River at its swallow point is 11.68 m s~
(ARSO 2017). During the late 1950s, the Pivka River carried
a heavy load of organic pollutants into Postojna Cave, reduc-
ing oxygen concentrations by 50% up to 1 km into the cave
(Sket and Velkovrh 1981). Major sources of organic pollut-
ants, especially from the village of Pivka, disappeared by the
1980s. Postojna Cave has a long history as a commercial cave,
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Fig. 1 Map of Postojna Planina Cave System. Temperature sampling

points (Postojna 2 and Razpotje), hydrological sampling points (Unica
and Pivka), epikarst hydrology (Kristalni rov), and epikarst fauna

and first opened to visitors in 1819, with a total of more than
37 million visitors. Currently, between 500,000 and 630,000
tourists visit the cave annually (Sebela et al. 2015). However,
the commercial portion of the cave is less than 5 km, including
a train that carries visitors into the cave. The land above the
cave is forested, with various owners, and was largely pasture
in the 1800s (Sebela 2012). Biologically, PPCS has more ob-
ligate cave dwelling terrestrial species (troglobionts) and more
obligate cave dwelling aquatic species (stygobionts) than any
other cave in the world (Culver and Pipan 2013).

PPCS has a long history of monitoring and study, both of
biological and physico-chemical parameters. Among physico-
chemical parameters, these include a 20-year-long study of
percolating water in the Kristalni Rov passage (Kogovsek
2010; Kogoviek and Sebela 2004), detailed temperature data
from the 1930s (Crestani and Anelli 1939) and 2000s (Sebela
and Turk 2011), and even earth tides since 1932 (Sebela
2012). Discharges of the Pivka River and Unica spring were
regularly measured in the past by the Environmental Agency
of the Republic Slovenia, but in the recent years, only
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Unica spring

» Postojna Planina Cave System

sampling area (Postojnska jama, Pivka jama, and Crna jama) are
shown. Organic carbon was sampled at most of the above points as well

measurements of water level at the Pivka River have been
carried out (ARSO 2017). At several points within PPCS,
detailed measurements of water level and discharges, temper-
ature, and conductivity were done in the last decade
(Kaufmann et al. 2016; Petri¢ 2011; Turk 2010). Biological
parameters include species lists (Sket 1979), as well as several
decades of monitoring of the terrestrial and aquatic fauna of
Planina Cave by the SubBio Lab of the Department of
Biology of the University of Ljubljana. The epikarst fauna
was collected since 2000 (Culver and Pipan 2013; Pipan
2005; Pipan et al. 2006).

Temperature

Air temperature was measured at two cave locations (Lepe
Jame-Postojna 2 and Razpotje) every hour with Baro-
Diver® (Schlumberger Water Services) data loggers with an
accuracy of £0.1 °C and resolution of 0.01 °C. To compare
cave air temperature with outside cave conditions, additional
air temperature measurements were made in the forest above
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Postojna Cave. The Postojna 2 monitoring site was in a nar-
row side passage about 15 m distant from the main tourist
passage, Lepe Jame (Fig. 1). The Razpotje monitoring site
was located at the intersection of the Male Jame and Stara
Jama passages (Fig. 1). The Razpotje site was selected be-
cause temperature measurements were made at the same place
from October 1933 to December 1937 (Crestani and Anelli
1939). Spectral analysis was done on the 2000’s data to detect
24-h cycles in the modern data. Spectral analysis as one of
statistical techniques was used for characterizing and analyz-
ing sequenced air temperature data. The spectral analysis aims
to identify the seasonal or daily peaks in time series using
some spectrum estimator.

Discharge of percolation water

Kogovsek (2010) did a detailed analysis of three drips in
Postojna Planina Cave System over several decades, including
drip rate and precipitation for the period from August 2005 to
July 2006. Drip rate was measured by an evaporimeter and
mechanical clock. A container with a siphon was attached to
the drip. A larger container was used to collect the water each
time it flowed from the siphon. Precipitation was measured on
the surface above the study area at edge of the Postojna mil-
itary barracks with a rain gauge fitted with an Onset™ Hobo
Event Logger RG2-M, which recorded every 0.2 mm of pre-
cipitation. The drip was located in Kristalni rov.

Discharge of springs

Discharge rates, measured since 2007 (Petri¢ 2011; Turk
2010), were computed for the sinking point and the spring
based on the stage-discharge curves. At the swallow point of
the Pivka River water, levels were measured by Logotronic
Gealog S and at the Unica spring by Onset™ Hobo Water
Level Logger. An Onset™ Hobo Event Logger RG2-M was
used for measurement of precipitation. Data were collected at
30-min intervals. The stage-discharge curve for the Pivka
River was defined based on several parallel measurements of
discharge with dilution method (Turk 2010) and for Unica it
was prepared by the Environmental Agency of the Republic of
Slovenia.

Organic carbon

Filtered water samples were collected (with three repli-
cates) from a sinking of the Pivka River, two cave streams
(the underground Pivka River and the underground Rak
River), 33 epikarst drips, and the resurgence of the cave
streams at the Unica River (Simon et al. 2007). Dissolved
organic carbon (DOC) was determined using the persulfate
digestion method on an OI Analytical Total Organic
Carbon Analyzer Model 1010.

Epikarst fauna

Epikarst drip sampling devices (Pipan 2005) continuously
sampled drips, by filtering drip water, and retaining the
organisms in the sampling device until they are removed.
These devices were deployed in 20 drips, 10 is Postojnska
jama, five in Crna jama, and five in Pivka jama (Fig. 1).
Using species accumulation curves and missing species
estimators (e.g., abundance based Chao measures), it is
possible to determine sampling completeness. In particular,
we used Mao-tau procedures for species abundance curves
and Chao’s abundance-based estimate (Colwell 2013):

Fi  FiF,

S05+
PP+ 1) 2(Fy 4 1)

where Sgps 1s the observed number of species, F; is the
number of species known from a single individual (single-
ton), and F, is the number of species known from two
individuals (doubleton). It was possible to analyze species
richness patterns at a series of scales (Pipan and Culver
2007):

1. Individual drips, with replicates consisting of bimonthly
sampling periods;

2. Individual sections of Postojna Planina Cave System,
with replicates consisting of individual drips, summed
over all months;

3. Postojna Planina Cave System, with replicates consisting
of cave sections, summed over all drips and all months.

Cave sections were Crna jama, Pivka jama, and Postojnska
jama.! Mean distance between drips was 77 m for Crna jama,
99 m for Pivka jama, and 413 m for Postojnska jama. Overall,
the distance between drips for PPCS was 1048 m (Pipan and
Culver 2007).

Results
Temperature

Air temperatures for the period 22 November 2012 to 5
January 2017 are shown for two cave locations and one
outside location (Fig. 2). Postojna 2 site showed the lowest
values in summer and highest values in winter (Sebela and
Turk 2011). Overall, temperature ranged from 10.1 to
11.1 °C, while surface temperature ranged from — 15 °C
to 35 °C. Summer air temperature was less variable than

! We use the Slovenian names for the sections of the cave, including
Postojnska jama, but use the English name for the cave system (Postojna
Planina Cave System), in order to use the name of the ILTER site.
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Fig. 2 Temperature profiles (air temperature measured every hour) for surface, Postojna 2 site, and Razpotje (see Fig. 1)

winter temperature. In winter, cave air temperature at the
Postojna 2 site showed larger daily oscillations than in
summer, probably due to stronger ventilation with ex-
change of cave air masses with surface air masses. The
reversal of seasonal temperatures at the Postojna 2 site
relative to both the surface and Razpotje suggests that there
is winter temperature exchange, not only with the surface,
but also with cave passages.

Razpotje data, from 19 March 2015 to 4 January 2017,
has a significantly different pattern than the Postojna 2 site
(Fig. 2). Highest temperatures were in mid-September
(10.6 °C) and the lowest in January to March (9.6 °C). In
winter, cold outside air penetrated deep into the cave sys-
tem and cooled the air at the Razpotje site, resulting in an
overall seasonal pattern similar to the surface, albeit with
greatly reduced amplitude. Considered together, the two
cave sites, while very close to each other (Fig. 1), have
very different daily and seasonal temperature regimes.

No spectral analysis of Razpotje data was done, but
differences in temperature pattern between the Lepe jame
passage (similar to Razpotje) and the Postojna 2 site were
obvious in spectral analysis (Fig. 3). The Postojna 2 site
had a very weak 24-h signal (Sebela and Turk 2011), which
indicated its relatively higher isolation from the rest of the
cave, as did the reversal of times of maximum and mini-
mum temperatures.

In 2016, mean annual air temperature at the Postojna 2
site was 10.63 °C, 10.19 °C at Razpotje, and 9.97 °C out-
side the cave. Historical cave air temperature data for
1933-1937 (Crestani and Anelli 1939) at Razpotje showed
a temperature range of 7.5 to 8.4 °C. This was 1.74—
2.64 °C lower than measurements taken from 2015 to
2017, with an average of 10.14 °C.
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Discharge of percolation water

The relationship between precipitation and epikarst drip
discharge is shown in Fig. 4 for a drip in the Kristalni
passage (see Fig. 1). It is clear from Fig. 4 that there is
not a simple lagged response of drip discharge to precipi-
tation. After an extensive period of little or no response to
precipitation (August 2005 to May 2006), there was a rapid
increase in drip discharge, nearly simultaneously with a
precipitation event of approximately 100 mm. The analog
of epikarst to a sponge that first fills up before there is
discharge is a useful one. Although we only show one
temporal record here, Kogovsek (2010) showed that differ-
ent drips also have different responses, presumably be-
cause of different pathways from the surface to the drip,
and different sized storage reservoirs.

Discharge of springs

The relationship between discharges of the Pivka River, which
sinks into PPCS and Unica spring at the outflow from the
same system, shows a fast response of discharge to rainfall
events for both streams, much faster than the drip response
(Fig. 4, Supplement 1). Significant differences in the flow
rates and shape of the recession part of the hydrographs indi-
cate additional recharge of Unica spring from other parts of
the karst aquifer. Overall, discharge of the Pivka River is more
variable, indicating the buffering effects of the karst system
between the insurgence (Pivka River) and resurgence (Unica
spring). Other physico-chemical parameters (water tempera-
ture and conductivity) provided more insights into the com-
plex nature of this karst aquifer (Petri¢ 2011; Petri¢ 2017).
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Organic carbon

DOC concentrations in the sinking Pivka River were ap-
proximately the same as DOC concentrations in the under-
ground rivers (Table 1). In contrast, concentrations of DOC
in epikarst were four times lower (Fig. 5). DOC at the
resurgence is intermediate, with values of 2.67 mg L2
(Table 1). The apparent anomaly of higher concentrations
of DOC in cave streams relative to their resurgence is be-
cause all measurements in the cave included water from the
eutrophic Pivka River. The larger Rak River is less

eutrophic. A schematic diagram of the standing stock of
organic carbon is shown in Fig. 5.

Epikarst fauna

Unlike many species accumulation curves for cave fauna (e.g.,
Zagmajster et al. 2010), species accumulation curves for the
epikarst fauna reached asymptotes, indicating sampling com-
pleteness (Pipan and Culver 2007). The number of species of
stygobiotic copepods found in individual drips was highly
variable (Table 1), ranging from zero to seven. Species

250
= ®
_g 200 4 Effective infiltration —e— Discharge 1
£c
£.8 150 1
o 5
g € 100
22
Dé 50 -
L
0 4 T T o oo T T
13/08/05 02/10/05 21/11/05 10/01/06 01/03/06 20/04/06 09/06/06 29/07/06
Date

Fig. 4 Daily effective infiltration and the hydrograph of a drip in Kristalni rov (see Fig. 1) for the 2005-2006 hydrological year (black dots indicate

measured discharges). Modified from Kogovsek (2010)
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Table1 Number of stygobiotic copepod species in individual drips, by
cave section

Number of Species

0 1 2 3 4 5 6 7 Section total

Crna jama 2 1 1 1 8
Pivka jama 1 3 1
Postojnskajama 6 3 1 4

richness was much less in the Postojnska jama section of the
cave (four, with a Chao estimate of total species of 4.5) than in
either Crna jama (eight, with a Chao estimate of eight) or
Pivka jama (eight, with a Chao estimate of nine). The thicker
ceilings in the Postojnska jama section provide a partial ex-
planation of the difference (Pipan 2005; Pipan and Culver
2013). At the scale of the entire cave, the estimate of species
richness of 12 is well supported, both by accumulation curves
and a Chao estimate of total richness of 12.

Some drips had a very high percentage of the total number
of species found in a cave section (one drip in Pivka jama had
87% of the species known from the entire section of the cave).
In general, about half of the species found in a cave section
were found in each drip. Postojnska jama had a number of
drips without copepods (Table 1).

Discussion
Approaches to the study of karst and cave ecosystems
Odum’s classic study of Silver Springs (Odum 1957) was a

study of a karst system. His perspective was different from the
one proposed here because it was the spring itself that was the

ecosystem, i.e., the “black box,” with inputs being the boils of
water emerging at the spring. This is the conceptual equivalent
of making Unica spring in PPCS the black box ecosystem,
with the PPCS as the input. Rouch (1970, 1977) shifted the
perspective to the subsurface basin, rather than the spring, as
the black box to be analyzed. For Rouch, inputs were sinking
streams and infiltrating water. This approach in PPCS would
focus on the recharges in the swallets and resurgence, and
organic carbon at these two sites to the exclusion of epikarst
drip hydrology and fauna.

Klimchouk (2015) provided geomorphological reasons
why caves rather than karst should be central, and there are
biological reasons as well. Caves are either the primary habitat
for or the primary sampling point for the obligate subterranean
fauna. We have shown that the epikarst fauna has many tech-
nical advantages as a focus of biological sampling (e.g., com-
plete and quantitative). It is not part of the cave fauna in a strict
sense, but it can only be sampled in caves. Epikarst drips are
the source of the fauna found in pools that are situated so high
that they never flood (Pipan et al. 2010). Epikarst drips are also
amajor source of organic carbon for caves (Simon et al. 2007).

Long-term studies in caves

Because of the presence of speleothems, which continue to
grow by the deposition of calcium carbonate, it is possible to
obtain long-term records of temperature and hence climate
change (Fairchild and Baker 2012). Depending on their geo-
graphic location, they may be useful as proxies of local or of
regional climate (Horvatinci¢ et al. 2003). These data afford
the opportunity to connect contemporary studies of the fauna
with long records of environmental conditions. Now that the
threat of extinction of cave populations due to global warming
has been recognized (Mammola et al. 2017), long-term re-
cords, both for millennia and for decades, will become
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dissolved organic carbon (DOC)
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increasingly interesting. While caves are quite stable with re-
spect to many environmental variables, most caves, including
PPCS, show daily and seasonable variation, as well as fine
scale spatial variation, as was seen in the two temperature sites
(Fig. 3). All of the analyses proposed here are designed to be
repeated over the course of a multi-year study.

Conclusion

The five variables highlighted in this study are ones that en-
capsulate the dynamics of a cave ecosystem. Organic carbon,
epikarst hydrology, and stream discharge are, together, the
inputs and outputs of the system. The epikarst fauna is a proxy
for the cave fauna, one that is relatively easy to quantitatively
measure. And finally, temperature is a proxy for environmen-
tal cyclicity and variability in general.

The results we report here are only a sample of these stud-
ies, and there are more extensive results with respect to tem-
perature (Sebela and Turk 2011), hydrology (Petri¢ 2011), and
epikarst hydrology (Kogovsek 2010), as well as other envi-
ronmental parameters (e.g., Gams 1974). Our intent was not to
review this work in detail but to point to it as an example and a
model for the long-term study of caves as ecosystems. The
study of cave ecosystems must remain profoundly interdisci-
plinary and multidisciplinary. Perhaps it is because of the ab-
sence of vegetation in caves that makes the connection be-
tween the fauna on the one hand, and geology and hydrology
on the other, so obvious and important.
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