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Abstract

Subterranean environments host a substantial amount of biodiversity, however assessing the
distribution of species living underground is still extremely challenging. Environmental DNA
(eDNA) metabarcoding is a powerful tool to estimate biodiversity in poorly known
environments, and has excellent performance for soil organisms. Here we tested 1) whether
eDNA metabarcoding from cave soils allows to successfully detect springtails (Hexapoda:
Collembola) and insects (Hexapoda: Insecta); 2) whether eDNA mostly represents
autochthonous (cave-dwelling) organisms, or it also incorporates information from species
living in surface environments; 3) if eDNA detection probability changes across taxa with
different ecology. eDNA metabarcoding analyses detected a large number of molecular
operational taxonomic units (MOTUS) of both insects and springtails. For springtails,
detection probability was high, with a substantial proportion of hypogean species, suggesting
that eDNA provides good information on the distribution of these organisms in caves.
Conversely, for insects most of MOTUSs represented taxa living outside caves, and the
majority of eDNA reads were from MOTUs living in freshwater environments
(Ephemeroptera, Plecoptera and Trichoptera). The eDNA of freshwater insects was
particularly abundant in deep sectors of caves, far from the entrance. Furthermore, average
detection probability of insects was significantly lower than the one of springtails. This
suggests that cave soils act as "conveyer belts of biodiversity information™, possibly because
percolating water lead to the accumulation of eDNA of organisms living in nearby areas.
Cave soils hold a complex mix of autochthonous and allochthonous DNA. eDNA provides
unprecedented information on the understudied subterranean cave organisms; analyses of
detection probability and occupancy can help teasing apart local eDNA from the eDNA
representing spatially-integrated biodiversity for whole landscape.

Keywords: biodiversity, biospeleology, cave biology, DNA metabarcoding, monitoring

methodology, subterranean



1. Introduction

The subterranean domain hosts an impressive but underappreciated amount of biodiversity. It
has been estimated that there are >500,000 km?® of underground spaces and cavities just in the
United States, and that up to 50% of the animal biomass may live below the terrestrial surface
(Culver and Pipan, 2009; Fierer et al., 2009). The subterranean domain is composed by a
complex mosaic of elements. We usually refer to subterranean environments with the term
"caves", but caves are just the underground spaces that are large enough to potentially allow
human access; besides these, a very broad range of environments, such as interstitial habitats
or groundwaters, are inhabited by organisms but remain essentially inaccessible to humans
(Culver and Pipan, 2009; Romero, 2009; Ficetola et al., 2019a; Mammola, 2019; Canedoli et
al., 2022). As a consequence, the cave-dwelling organisms are among the least known
components of Earth’s biodiversity. Entering caves and exploring them is usually challenging
(MacNeil and Brcic, 2017; Mammola et al., 2021; Canedoli et al., 2022), thus most of the
subterranean domain remains unexplored, and we cannot describe, analyze or conserve the
biodiversity of the environments we never explored (Ficetola et al., 2019a). Adopting
standardized monitoring protocols for a quantitative assessments of biodiversity can be even
more challenging, given the logistical constraints associated to these environments (Culver et
al., 2012; Mammola et al., 2021). Thus we urgently need new approaches to better understand
the functioning of subterranean ecosystems and to fully exploit their potential in addressing
evolutionary and ecological questions (Mammola, 2019; Mammola et al., 2020; Mammola et

al., 2021; Canedoli et al., 2022).

Environmental DNA (eDNA) metabarcoding has been proposed as a new tool to

unveil the biology of underground fauna (Ficetola et al., 2019b; Sacco et al., 2019). eDNA



extracted from groundwater has been successfully used to study multiple organisms, including
fishes, amphibians and crayfishes, and allowed detecting target species in new, unexplored
sites (Goricki et al., 2017; Voros et al., 2017; Sacco et al., 2019; Boyd et al., 2020; West et al.,
2020; White et al., 2020). So far, eDNA studies in underground environments mostly focused
on freshwater organisms and extracted eDNA from water (\Voros et al., 2017; Sacco et al.,
2019; Boyd et al., 2020; West et al., 2020; White et al., 2020). However, eDNA can be
successfully extracted also from soils and sediments, and soil eDNA has allowed the
characterization of communities of animals living both below (e.g. earthworms, springtails,
nematodes...; Bienert et al., 2012; Zinger et al., 2019b; Rota et al., 2020; Rosero et al., 2021)
and above soil surface (e.g. mammals, birds, insects; Andersen et al., 2012; Slon et al., 2017;

Zinger et al., 2019b; Rosero et al., 2021).

Caves host an impressive number of terrestrial invertebrates, with many endemic and
poorly studied species. Soil eDNA collected from the cave floor could be a great approach to
assess these understudied organisms. However, the processes determining the transfer and
deposition of eDNA from organisms to soil and sediments can be complex. In fact, eEDNA can
be transported by multiple processes, such as the movement of free water or sediments (Haile
et al., 2007; Giguet-Covex et al., 2019). Caves are often carved by complex erosive processes,
and the occurrence of non-autochthonous eDNA can make challenging the study of present or
past communities associated to underground environments (Haile et al., 2007). Insects
(Hexapoda: Insecta) and springtails (Hexapoda: Collembola) are among the most widespread
animals on Earth, and have very broad ecological spectra. Springtails are small, wingless soil
arthropods living in almost all terrestrial habitats; they are particularly abundant in soils,
where they can attain high densities (Hopkin, 1997; Balian et al., 2007; Gibert and Culver,
2009). Springtails have a major functional role in soil, feed on fungi, dead organic matter,

algae and soil microorganisms, and affect decomposition (Maal} et al., 2015; Potapov et al.,



2016). They have a broad range of specialization to underground life and include both species
with morphological adaptations to deep underground environments (e.g. reduction/loss of
eyes and pigmentation; hereafter, hypogean species), and species associated to surface
environments with eyes and pigmentation (hereafter, epigean species) (Gibert and Deharveng,
2002; Kovag et al., 2016; Howarth and Moldovan, 2018). Springtails are one of the taxa of
Hexapoda with the highest percentage of troglobites (6.15 % of described species) and they
usually dominate terrestrial oligotrophic caves (Deharveng and Bedos, 2018). Insects are the
animals with the highest taxonomic richness on Earth, inhabit nearly all the non-marine
environments, and include species living in outdoor terrestrial environments but also cave
specialists, with many species spending a substantial part of their life cycle in freshwaters
(Balian et al., 2007; Romero, 2009). Many insects living in outdoor environments can enter
inside caves actively or passively (accidental species), constituting a key component of
underground food webs, and being important subsidies for the functioning of these
ecosystems (Schneider et al., 2011; Lunghi et al., 2014). By merging ecological information
on these taxonomic groups with data on their occurrence in cave soils we can explore the
complexity and appropriateness of cave soil eDNA to understand the biodiversity of these

environments.

Here we used a metabarcoding approach to study soil eDNA of insects and springtails
from multiple underground environments. First, we evaluated the proportion of freshwater,
outdoor and cave specialists among taxa detected through eDNA metabarcoding in cave soils.
If cave soil eEDNA mostly represents local communities, we predict that cave-dwelling species
will constitute the majority of detected taxa and / or of eDNA reads. Conversely, if cave soil
eDNA results from complex processes of transport, we expect an overrepresentation of
outdoor and / or freshwater taxa. Second, we analysed eDNA detection probability (Ficetola

et al., 2015; Furlan et al., 2016; Lahoz-Monfort et al., 2016; Guillera-Arroita et al., 2017;



Chen and Ficetola, 2019) to better understand the processes determining the occurrence of
different taxonomic and ecological groups in cave eDNA. Taxa with higher local abundance
tend to have a larger frequency of positive PCR replicates in samples where they are actually
present, compared to sporadic species (Ficetola et al., 2016; Furlan et al., 2016; Lahoz-
Monfort et al., 2016), thus we expect that taxa actually present in cave soil had a more
consistent eDNA signal (e.g. they are detected in most PCR replicates on the same sample)
and a higher detection probability compared to taxa whom eDNA only comes through
leaching (Haile et al., 2007; Chen and Ficetola, 2020). Therefore, we predict that taxa
representing allochthonous eDNA have lower detection probability, compared to taxa

representing autochthonous eDNA.

2. Methods

2.1 Sampling

Between May and July 2016, we collected soil eDNA from the soil of 16 underground
environments (natural or man-modified; hereafter, caves) in Italy (13 sites in Sardinia and
three in mainland Italy; Supplementary Table S1). Usually, none of the study caves is flooded,
even though karstic processes have carved most of them. For each site, we collected two soil
samples, following the protocol described in Guerrieri et al. (2021). We divided each
subterranean environment into two parts: the photic area (i.e. where light was present) and the
aphotic (i.e., complete darkness, where illuminance was < 0.01 lux). We established two 1-m?
plots, one six meters after the cave entrance (falling within the photic area) and one six meters
after the beginning of the aphotic area. In two cases, the photic part of the cave did not exist (a

door applied to the entrance of these sites stops the incoming light), so we established one



extra plot in the aphotic part. Furthermore, in two cases it was impossible to sample the
aphotic part of the cave because the cave floor was made by gravel (supplementary Table S1).
Within each plot, we collected four soil subsamples (depth: 0—20 cm) to form a pooled
sample. Litter and coarse organic matter were excluded. All the sampling equipment
underwent strict decontamination protocols before the collection of each sample (burned at
>1,000 °C with a portable blow torch). Pooled samples were homogenized and from each of
them we took a subsample of 15 g of soil, which was immediately inserted in hermetic, sterile
boxes with 40 g of silica gel. This approach allows the quick desiccation of soil and enables

the long-term storage of eDNA for metabarcoding analyses (Guerrieri et al., 2021).

In subterranean environments, soils are composed by a mixture of sediments produced
in loco and brought in from external environments, and can comprise both chemical and
clastic sediments (White, 2007). Inorganic clastic sediments are usually brought and
accumulated through water that flows into the subterranean space. These include old
sediments, as their accumulation starts together with the formation of the subterranean
passage, and usually ends when the water stops its subterranean flowing (Culver and Pipan,
2009). Depending on the type of connection with the external environment, the flowing or
seeping of water from the surface can keep contributing in accumulating clastic sediments in
the surrounding of the cave entrance or in specific passages (White, 2007; Popovic et al.,
2020). Clastic sediments also comprise a significant amount of organic material, which can be
locally produced (e.g. guano or dead organisms), brought by atmospheric agents and gravity,
but also by the animals that actively move between the surface and subterranean environment
(Schneider et al., 2011; Venarsky et al., 2014; Barzaghi et al., 2017; Lunghi et al., 2018).
Organic sediments are generally comprised in the most superficial soil layer, as they are
continuously produced and accumulated by the activity of cave-dwelling and cave-entering

organisms (Salgado et al., 2014).



2.2 Molecular analyses and bioinformatics treatments

Environmental eDNA from the 30 samples was extracted using the NucleoSpin Soil Mini Kit
(Macherey-Nagel) in a dedicated room for the analysis of soil eDNA, with an additional step
where soil samples were mixed for 15 min with 20 ml of phosphate buffer (Taberlet et al.,
2012). We also included four extraction controls (Zinger et al., 2019a). Springtail eDNA was
amplified using the primers Coll01, which amplify a ~130 bp fragment of the 16S
mitochondrial rDNA (Janssen et al., 2018). This marker amplifies springtails with very few
mismatches in the priming region (100% of tested taxa amplified in silico by Taberlet et al.,
2018); available data suggest it has an excellent taxonomic resolution (resolution at the genus
level: 87%;Taberlet et al., 2018). Insect eDNA was amplified using the primers Inse01, which
amplify a ~155 bp fragment of the 16S mitochondrial rDNA (Taberlet et al., 2018). These
primers are similar to the ones designed by Clarke et al. (2014); in-silico and in-vitro analyses
suggest they are able to successfully amplify >80% of insects and, if reference sequences are
available, they often enable genus-level identification of insects (Ficetola et al., 2021).
Primers included 8-nucleotide-long tags on the 5’ end, each of which had at least five
nucleotide differences with the other tags to enable discrimination of PCR replicates after
sequencing (Taberlet et al., 2018). For each marker, we performed 45 PCR cycles with an
annealing temperature of 51°C (Coll01) or 52°C (Inse01). Along with DNA extracts and
extraction controls, we also included three amplification controls (PCR mix but no DNA
extracts) and two blanks (no PCR mix, no DNA) (Zinger et al., 2019a). Amplification was
performed using 2 pl of DNA extracts in a 20-pul volume with 2 pl of primers mix (5 pM of
each primer), 10 pl of AmpliTaq Gold 360 Master Mix 2X (Applied Biosystems), and 3.2 g
of bovine serum albumin (Roche Diagnostics). All samples and controls underwent four PCR

replicates (Ficetola et al., 2015). Amplicons from the same marker were pooled together,
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purified using the MinElute PCR Purification Kit (Qiagen) and sequenced using a lllumina
HiSeq 2500 platform at Fasteris (Geneva, Switzerland; https://www.fasteris.com/dna/), as

described in Ficetola et al. (2021).

Sequence data were treated using the OBITools software (Boyer et al., 2016).
Sequences were aligned using the illuminapairedend program. Sequences with poorly aligned
paired-ends (i.e. alignments with score <40) were filtered out. Retained sequences were then
assigned to samples (ngsfilter program) and dereplicated using the obiuniqg program.
Subsequently, using the obiclean program we kept sequences that were at least twice as
abundant as other related sequences differing by one nucleotide base in the same PCR
replicate ("head sequences™), to remove PCR and sequencing errors. Retained sequences were
then clustered at a 96% (Inse01) or 85% (Coll01) similarity threshold using the sumaclust
program (https://git.metabarcoding.org/obitools/sumaclust/wikis/home) (Mercier et al., 2013);
preliminary bioinformatic analyses showed that these similarity thresholds minimize the risk
that sequences attributed to the same species are clustered in different molecular operational
taxonomic units (MOTUSs), while limiting the over-merging of sequences belonging to
distinct species (Bonin et al., 2021). The taxonomic assignation was performed on the basis of
the EMBL reference database (version 140) using the ecotag program, following the
procedure described in Guerrieri et al. (2021. We only retained MOTUs assigned to the target
classes (Collembola / Insecta). Blanks, extraction and PCR controls were used to identify
potential contaminants (Zinger et al., 2019a). On the basis of blanks, we only considered
MOTUs detected with at least five reads per PCR replicate. We discarded as possible
contaminants all MOTUs detected in more than one control with at least two replicates each,
or in one control with >2 replicates. Overall, we discarded two MOTUSs for springtails, and

two MOTUs for insects as contaminants (0.8% and 0.3% of MOTUs discarded, respectively).



2.3 Ecological information on retained MOTUS.

We used the available literature to extract ecological information on the obtained MOTUSs of
springtails and insects. Ecological information was extracted for all the MOTUs identified at
the family level or at finer taxonomic groups. For springtails, MOTUs were assigned to either
epigean (pigmented organisms, with more than four eyes) or to hypogean (unpigmented
organism, with four eyes or less, living below the soil surface) groups on the basis of
available information on taxonomy, life history and ecology (see Supplementary Material for
references). If a MOTU was identified at the genus or family level, the taxon received a score
corresponding to the proportion of hypogean species with respect to the total number of
species within that taxon on the basis of the last complete checklist of the Italian Fauna

(Minelli and Stoch, 2007).

For insects, we considered the use of two non-exclusive habitat categories: freshwater
(Y/N), and caves (Y/N). Freshwater species were defined as the taxa with aquatic larvae (e.g.
Ephemeroptera, Plecoptera, Trichoptera) or adults (e.g. Coleoptera EImidae). For insects,
information on the actual frequency of a single species in underground environments is often
lacking, partly because of the complexity of morphological identification for many of them
(e.g. Lunghi et al., 2020). Cave MOTUSs were thus defined as the taxa that are known to
regularly exploit underground environments. A few insect MOTUs (0.9%) were assigned to
unidentified families belonging to the Plecoptera and Ephemeroptera order. In the study area
all the Plecoptera and Ephemeroptera taxa have aquatic larvae and none is a cave specialist,
thus these MOTUs were assigned to the aquatic, non-cave specialist group. Taxonomy
followed the NCBI reference taxonomic database, version 140
(https://www.ncbi.nim.nih.gov/taxonomy). Information on the distribution and ecology of
insect MOTUs was obtained from available checklists and on monographs (see

Supplementary Material).
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2.4 Statistical analyses

Debate is ongoing on the relevance of the frequency of reads assigned to a taxon as estimator
of relative abundance. On the one hand, multiple factors can bias the relationship between
frequency of reads and relative abundance (e.g. differences in match with primers, differences
in eDNA shedding rate, GC content) (Fonseca, 2018; Nichols et al., 2018). Nevertheless, the
frequency of reads is often positively correlated to the relative abundance (e.g. biomass) of
species (Yoccoz et al., 2012; Pansu et al., 2015; Evans et al., 2016), and recent analyses
highlight that indexes weighting MOTUSs on the basis of their relative abundance provide
more robust estimates of actual biodiversity (Calderon-Sanou et al., 2020; Machler et al.,
2021), thus suggesting that the frequency of reads has a strong ecological meaning. As a
consequence, in our analyses, we used approaches based on both the relative abundance and

on the detection/non detection of MOTUSs.

First, we used linear mixed models (LMMs) to assess the relationships between
MOTU frequency, habitat (hypogean vs epigean) and sector of the cave. For each class
(insects and springtails) we assessed whether the frequency of MOTUs from each habitat was
different between the photic and the aphotic sector of the cave. Cave sector (photic / aphotic)
was added as a fixed factor, while cave identity was included as a random factor. MOTU
frequency was logit transformed after applying the Smithson and Verkuilen (2006)
transformation to remove fixed 0’s and 1’s. Mixed models were run using the Ime4 and
ImerTest packages in R 3.6.2; degrees of freedom were approximated following the
Satterthwaite's method, so they can be not integer (Bates et al., 2015; Kuznetsova et al.,

2017).
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Second, we used site occupancy-detection models (SODMs) to assess the detection
probability of eDNA from different taxonomic and ecological groups. SODMs model the
presence / absence (occupancy) of each MOTU in each sample, considering the possibility
that present species are missed (false absences) and also considering the possibility of false
detections. SODMs thus provide key information on the processes determining the detection /
non-detection of eDNA (Ficetola et al., 2015; Lahoz-Monfort et al., 2016; Guillera-Arroita et
al., 2017; Chen and Ficetola, 2019; Chen and Ficetola, 2020). We fitted a separate SODM for
each MOTU detected in >3 independent PCR replicates; SODMs were run in a Bayesian
framework assuming the possibility of false positives (Lahoz-Monfort et al., 2016). As prior
for the frequency of false positives, we used a uniform distribution with interval (0-Fmax). For
each MOTU, Fmax was the upper 90% CI of the binomial intervals of the frequency of that
MOTU across all the controls. With this approach, the frequency of false positives was
informed by the frequency of contaminants detected in controls. We run three MCMC chains,
15,000 iterations per chain and a burn-in of 7,500. These parameters ensured convergence for
all the species (R-hat always < 1.1). SODMs were run in jags using the R2jags package (Su
and Yajima, 2015). The outcome of SODM can provide key information on concentration /
dispersion of eDNA across samples (Furlan et al., 2016; see discussion). We thus used LMMs
to assess whether the detection probability (i.e. the probability that eDNA is detected, if
present in a sample) and the occupancy (i.e. the frequency of samples where eDNA is present)
of eDNA is different between classes (springtails vs. insects) and, within each class, among
MOTUs with different habitats. To take into account phylogenetic structure, family and order
(i.e. taxonomy) were included in LMMs as random effects; degrees of freedom were

Satterthwaite approximated.

3. Results
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After bioinformatics filtering, we obtained 2,510,000 reads for springtails and 820,000
reads for insects. Overall, we retained 156 MOTUs for springtails and 439 MOTUs for
insects. For springtails, we identified MOTUs from all four orders and from 10 different
families (Table 1); 46 MOTUs were identifiable at the family level or better. For insects, we
identified MOTUs from 11 orders and 44 different families; 263 MOTUs were identifiable at
the family level or better. Remarkably, 42% of MOTUs came from Ephemeroptera (mayflies),
Plecoptera (stoneflies) and Trichoptera (caddisflies), which have freshwater larvae and do not
include cave-dwelling species in the study area (Table 1). Cave-dwelling insects only
included cave crickets (Ortohoptera: Rhaphidophoridae), and limoniines (Diptera:
Limoniidae). Limonid crane flies were the only group whose larvae are associated with
freshwaters (aquatic or semi-aquatic), but whose adults often exploit caves (Lunghi et al.,

2020). None of the detected springtails is a freshwater specialist.

For insects, the majority of reads was from species that exploit freshwater
environments in at least one life-history stage (mean frequency + SD: 93% + 13%), while just
2.5% =+ 2.4% were from cave-dwelling species (Fig. 1a). The frequency of eDNA reads from
freshwater insects was particularly high in the aphotic sectors of caves (LMM: F128=5.36, P
=0.028; Fig. 2a), while we did not detect differences between the aphotic and the photic
sectors for cave-dwelling insects (F122=1.77, P = 0.194; Supplementary Table S2). For
springtails, about half of eDNA reads belonged to epigean taxa, and half belonged to
hypogean taxa (mean frequency of each group: 50% =+ 39%; Fig. 1b). The frequency of reads
from hypogean springtails was similar between the aphotic and the photic sectors (F1,22 =

2.60, P =0.123; Table S2).
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3.1 Occupancy analyses

We run Bayesian occupancy models for the 239 insect MOTUSs and 93 springtail
MOTUSs detected in >3 independent PCR replicates (Supplementary Tables S3-S4).
Springtails showed significantly higher detection probability compared to insects (average
detection probability: 0.67 £ 0.30 and 0.34 + 0.32 for springtails and insects, respectively;
mixed models taking into account taxonomic group: F1,11.8 = 24.1, P < 0.001; Fig. 3a).
Conversely, the average occupancy of springtails was much lower than the one of insects
(average occupancy: 0.13 £ 0.11 and 0.24 £ 0.14 for springtails and insects, respectively;

F1113=13.4, P =0.004; Fig. 3c).

Within insects, freshwater MOTUs showed lower detection probability (F1,6.9 = 9.2, P
= 0.018; Fig. 3b) and higher occupancy (F1,153 = 30.5, P < 0.001; Fig. 3d) compared to
MOTUs from non-freshwater taxa, while we did not detect differences between cave-dwelling
and surface-dwelling MOTUs for either detection probability and occupancy (F1,11 = 3.0, P =
0.109, and F1,153 = 2.8, P = 0.09; Table S2). Within springtails, both average detection
probability and occupancy were similar between epigean and hypogean taxa (F1,14.49 = 3.2, P

=0.095 and F145=2.1, P =0.209; Table S2).

4. Discussion

Our analyses revealed an unexpected pattern in eDNA representation within cave
soils. The strong differences between insects and springtails, with a better detection
probability of springtails, and the overrepresentation of semiaquatic insects, highlights the
complexity of process determining the transfer and accumulation of eDNA from organisms to

soil.
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4.1 Cave soils as "repositories of broad-scale biodiversity information™?

For insects, an unexpected proportion of reads and MOTUs come from freshwater
specialists such as mayflies and stoneflies, that normally do not live in caves (Fig. 1). This
strongly suggests that a substantial amount of insect eDNA is allochthonous, and originates
from outdoor environments (White, 2007; Salgado et al., 2014). Although none of the study
caves is regularly flooded (i.e. they are now inactive), water still percolates across these
environments. It is thus likely that eDNA of freshwater insects originated from nearby
streams and enters into the study caves through the intricate paths of water percolation that
connects the two environments (White, 2007; Popovic et al., 2020). The complex movements
of eDNA within and across environments remains a main open topic that needs to be
addressed for a correct application of this approach to biodiversity surveys. Some studies
suggested that eDNA from sediments and soils mostly has a local origin, and that it represents
communities at the sampling point or just a few meters apart (Haile et al., 2007; Alsos et al.,
2018; Zinger et al., 2019b). However, some analyses performed on surface waters observed
that eDNA can be transported over broader distances, and proposed the idea that watercourses
are "conveyer belts of biodiversity information™, as they can transfer eDNA across the
drainage (Deiner et al., 2016). For instance, in Alpine systems eDNA extracted from lake
sediments represents the organisms living in the whole lake catchment, as the erosive
processes can determine eDNA transfer from surface soils to rivers and then into the lake
(Giguet-Covex et al., 2019; Capo et al., 2021). Similarly, cave soils can contain the eDNA of
organisms living both inside the cave and in nearby areas, and their analysis provided
amazing environmental reconstructions (Slon et al., 2017; Zhang et al., 2020). We took

samples from the soil surface, therefore we do not expect that we sampled eDNA stored for
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long periods, even though more accurate stratigraphical information would be required to

confirm the recent age of our samples (White, 2007).

Our study highlights the complex linkages between cave soils and surface waters.
Strikingly, the frequency of eDNA from freshwater insects was particularly high in the
aphotic zone of caves, i.e. far from cave entrance (Fig. 2a). In these sectors, the amount of
accidental taxa incoming from the entrance of caves is limited (Lunghi et al., 2014; Lunghi et
al., 2017), thus we expect less eDNA from accidental species, and this probably leads to a
higher proportional representation of taxa for which eDNA is transported over long distances,
for instance by water. Guano produced by bats is an additional potential source of DNA of
surface insects (Salgado et al., 2014), even though none of the surveyed sites hosts a large bat
colony. Conversely, it is unlikely that the observed pattern arose because of the primers
selected, as the marker selected for the amplification of insects has limited amplification bias
for most of orders, and is well represented in online databases {Ficetola, 2021 #8631}. So far,
the hypothesis of "conveyers belts of biodiversity information™ has been mostly proposed for
surface river networks (Deiner et al., 2016). Our study highlights that interconnections across
ecosystems can be even more pervasive, as eDNA can move in multiple directions, from
terrestrial to freshwater ecosystems and vice-versa. Understanding the taphonomic processes
affecting the origin of eDNA remains an open topic of molecular ecology research (Parducci

etal., 2017; Capo et al., 2021).

4.2 Processes underlying eDNA detection in caves

The analysis of detection probability and occupancy, often performed through site
occupancy-detection models (SODMs), is increasingly important to fully exploit biodiversity

data including eDNA (Guillera-Arroita, 2017), and can help in understanding the processes

16



underlying eDNA detection (Furlan et al., 2016; Martins et al., 2021). High values of
detection probability indicate taxa that are consistently detected in most replicated analyses of
the same samples, while taxa with low detection probability are only infrequently detected in
the samples containing their eDNA. Furlan et al. (2016) proposed a framework to infer
information on the concentration of eDNA on the basis of occupancy models. Taxa with
clumped eDNA, reaching high concentration in some locations and not others, are expected to
show high detection probability and low occupancy values. Conversely, taxa whose eDNA is
randomly dispersed through the environment should show low detection probability and high

occupancy.

Our results match very well the Furlan et al. (2016) expectations. For instance,
Tomocerus sp. (epigean springtail) is a typical taxonomic unit with high detection probability
(p = 0.866) and low occupancy, as it was detected in all the four PCR replicates of the single
sample where it was found (Supplementary Table 3). Conversely, the insect MOTU identified
as Baetis sp. (Ephemeroptera; MOTU Inse01_00170 in Supplementary Table 4) was detected
in 10 soil samples but, within each of them, it was only detected in one to two PCR replicates;
as a consequence, Baetis sp. showed an extremely low detection probability (p = 0.13) and
high occupancy (y = 0.30). This indicates sporadic detection of eDNA molecules randomly
dispersed in the environment, which frequently arises when eDNA extracts only contain a few
molecules of the target taxon. Baetis is an example of widespread mayfly genus, being among
the commonest benthic insects in European streams and rivers (Balian et al., 2007;
Bauernfeind and Soldan, 2012). The sporadic detection of these mayflies across multiple
caves suggests that their eDNA can be present at very low concentration and high dispersion
in percolating water and then in the cave soil (Furlan et al., 2016; Popovic et al., 2020).
Within insects, detection probabilities are significantly higher for non-aquatic taxa (Fig. 3),

and this suggests a more local origin, for instance from epigean species living in the
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surrounding of the caves that sporadically use areas nearby the cave entrance as shelter (Fig.
2a; Lunghi et al., 2014; Lunghi et al., 2017). In the last years, it is increasingly evident that
underground environments are important not just for obligate cave dwellers, but also for a
surprising number of surface species that regularly exploit them in specific seasons and
provide a major subsidy of allochthtonous biomass and nutrients to these resource-depleted

environments (Schneider et al., 2011; Fiser et al., 2014).

The pattern was different for springtails, which showed consistently high detection
probability, with similar patterns across taxa with different ecological traits, from hypogean to
epigean forms. This suggests a clumped eDNA distribution and a much more local signal
compared to what is observed for both freshwater and ground-dwelling insects (Furlan et al.,
2016). Thus, springtail presence in eDNA could not be related only to watercourses transport
of DNA from outdoor litter, but mostly to autochthonous living organisms. Hypogean
springtails are able to live in cave environment, and, when springtails do not show
troglomorphism (Deharveng and Bedos, 2018), it is difficult to distinguish obligate cave
dwellers from soil litter species (Dallai and Malatesta, 1982). In addition many epigean
springtails colonize and exploit caves and other underground environments, where they can
maintain stable populations (Kovac et al., 2016; Rendos et al., 2016). In cave soils, the
frequency of hypogean and epigean species was similar, both in the aphotic and photic zones.
The high detection probability of both groups suggests that the local eDNA signal is strong,
and that ecological plasticity allows the two groups to colonize both outdoor litter and

underground environments.

In our analyses, we did not focus on obligate cave-dwelling springtails, because the
taxonomic resolution of our data was too coarse for unambiguous classification. Obligate
cave-dwellers are major components of cave biodiversity (Kovac et al., 2016), and show

strong spatial variation in relationships with variation of light and availability of organic
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matter (Rendos et al., 2016). Future studies could consider a functional analysis of traits of
detected MOTUs, including traits that can undergo troglomorphic changes (such as the
modification of the foot complex and elongation of appendages; Christiansen, 1965; Thibaud
and Deharveng, 1994; Kovac et al., 2016). More complete reference databases are needed for

such a detailed analysis.

5. Conclusion

The pattern of eDNA detection in cave soils was unexpectedly complex, suggesting
that cave soil eEDNA comprises multiple typologies of eDNA, including local eDNA from soil
organisms, probably representing a fine-scale ecological signal, and allochthonous eDNA
from the surrounding landscape. So far, the analysis of eDNA detection probability has
mostly been used to evaluate species presence and to estimate occupancy probability across
surveyed sites. Our study supports the idea that analyzing eDNA detection probability can
provide unexploited information on the complex processes underlying eDNA detection
(Furlan et al., 2016; Song et al., 2017; Troth et al., 2021). For instance, we suggest that taxa
with high detection probability and low occupancy most likely represent local assemblage and
could provide direct information on the understudied subterranean cave organisms, while the
ones with low detection probability and high occupancy could more often represent
allochthonous eDNA. Data on detection probability can also be combined with life history
information for a more detailed picture of ongoing processes. Further studies, comparing the

outcomes of different approaches, are required to test this hypothesis.
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Table 1

Springtails

Order Family N MOTUs % hypogean

Symphypleona Bourletiellidae 1 0
Katiannidae 1 0

Neelipleona Neelidae 18 100

Entomobryomorpha Cyphoderidae 3 100
Entomobryidae 7 16
Isotomidae 7 12
Tomoceridae 3 14
Undefined family 15

Poduromorpha Hypogastruridae 3 8
Neanuridae 1 15
Onychiuridae 2 99

Undefined order 95

Insects

cave species

freshwater

Odonata
Orthoptera
Coleoptera

Diptera

Hymenoptera

Hemiptera

Ephemeroptera

Phthiraptera
Plecoptera

Psocoptera

Trichoptera

Undefined order

Coenagrionidae
Rhaphidophoridae
Curculionidae
Staphylinidae
Elmidae
Undefined family
Sciaridae
Psychodidae
Mycetophilidae
Cecidomyiidae
Tipulidae
Limoniidae
Undefined family
Braconidae
Apidae
Reduviidae
Pseudococcidae
Naucoridae
Schizopteridae**
Baetidae
Caenidae
Ephemerellidae
Ephemeridae
Heptageniidae
Isonychiidae**
Leptophlebiidae
Oligoneuriidae
Potamanthidae
Siphlonuridae
Undefined family
Menoponidae
Capniidae
Chloroperlidae
Leuctridae
Nemouridae
Perlidae
Perlodidae
Taeniopterygidae
Undefined family
Epipsocidae
Liposcelididae
Psoquillidae**
Undefined family
Leptoceridae
Limnephilidae
Phryganeidae
Rhyacophilidae
Sericostomatidae

= - = = N N = N
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* Some species of Psychodidae live in freshwaters though most of them in polluted water,
which are absent close to the study sites.

** This family does not occur in Europe. The MOTU comes from a taxonomic group lacking
in the reference database, probably related to this family.
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Figure 1. Frequency of insect and springtail MOTUs with different ecological specialization
across 30 soil samples from the cave floor. After cave codes, A indicates samples collected
from the aphotic sector, while P indicates samples collected from the photic sector.
Limoniidae are the only cave insects with freshwater larvae, and they have only been recorded

from four samples; for easier plotting, we coded them as cave-dwelling.

Insects
0.75
0.50
0.25
0.00
v
b‘/ b&/%/@/ '\/ \/Q,/Q,/'b/‘b/ b\/b& / ’\/ /
I3 0'\0'\00 OOOOOOOO C)

H Freshwater Terrestrial ™ Cave dwelling

Springtails
1.00
0.75
0.50
- II I I
2 ¥ 2 72 v v ¥ O TSN T O 0 P T I
0,\08\06\'\6\\8{1,8{1,6\ 6 6\b‘6\b‘6@/®/0\/ \/ Qs "b/ %S/, Ob‘/C)b‘/O /O /0 /O /0 /6\ /O%/O%/OQ,/OO_,/

H Hypogeous  Epigeous

27



Figure 2. Frequency of insects and springtails with different ecological specializations across

cave sectors. Error bands are 95% confidence intervals.
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Figure 3. Differences in detection probability between the eDNA of a) springtails and insects;
b) aquatic and non-aquatic insects; and differences in occupancy between the eDNA of c)

springtails and insects; ¢) aquatic and non-aquatic insects. Error bands are 95% confidence

intervals.
differences between classes differences within insects
1.0 . " e e
a) P<0.001 2, 9c¢ 10 - b) P=0.018 . et e
. Fen e L .
z 081 o Z 08 -
o . : i
g o g :
g 06 . g 06 . Lo
a e e Y a .
c . c . . .
% 0_47::‘.:“.. % 0.47.-" ) . e
@ et . @ . .. o, o
b} AN b} RS . LIRS
O g2 | SR a 927 7. s
.. . N N
‘wy 00 - . tel TS
004 ° -~
l l l l
Insects Springtails Aquatic Non-aquatic
109 ¢ p=0004 109 4y p<o00t
08 - 08 - °
> . > :
e 06~ S 06"
© . o . .
Q' . Q_ -
3 ‘. fo.. 3 -
S 04 . - L S 04 TmaL . . .
B X N 'L o, % - ¢
,"T'i'i" o -.'"-:- g R RR T o .
R e 024 o L F ¢ e
e . -.:“ ‘. .\..'n'a_nor.nn'q . " . . as ..-..--
0.0 0.0 H . . e
l l l l
Insects Springtails Aquatic Non-aquatic

29



