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e Extreme rainfall and a sinkhole collapse
is responsible for abrupt cave
disturbance.
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ABSTRACT

A flood event affecting Pindal Cave, a UNESCO World Heritage site, introduced a substantial amount of external
sediments and waste into the cave. This event led to the burial of preexisting sediments, altering the biogeo-
chemical characteristics of the cave ecosystem by introducing heightened levels of organic matter, nitrogen
compounds, phosphorus, and heavy metals. The sediments included particulate matter and waste from a cattle
farm located within the water catchment area of the cavity, along with diverse microorganisms, reshaping the
cave microbial community. This study addresses the ongoing influence of a cattle farm on the cave ecosystem and
aims to understand the adaptive responses of the underground microbial community to the sudden influx of
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waste allochthonous material. Here, we show that the flood event had an immediate and profound effect on the
cave microbial community, marked by a significant increase in methanogenic archaea, denitrifying bacteria, and
other microorganisms commonly associated with mammalian intestinal tracts. Furthermore, our findings reveal
that one year after the flood, microorganisms related to the flood decreased, while the increase in inorganic
forms of ammonium and nitrate suggests potential nitrification, aligning with increased abundances of corre-
sponding functional genes involved in nitrogen cycling. The results reveal that the impact of pollution was
neither recent nor isolated, and it was decisive in stopping livestock activity near the cave. The influence of the
cattle farm has persisted since its establishment over the impluvium area, and this influence endures even a year
after the flood. Our study emphasizes the dynamic interplay between natural events, anthropogenic activities,
and microbial communities, offering insights into the resilience of cave ecosystems. Understanding microbial
adaptation in response to environmental disturbances, as demonstrated in this cave ecosystem, has implications
for broader ecological studies and underscores the importance of considering temporal dynamics in conservation

efforts.

1. Introduction

Caves represent unique ecosystems where species-area relationships
take shape within niches defined by environmental conditions and
resource availability. Some researchers consider caves as “island-like”
environments with lower microbial diversity compared to the outside
world (Culver and Pipan, 2009; Wu et al., 2015; Lavoie et al., 2017; Ai
et al., 2022). Oligotrophic caves offer an important setting for studying
microbial community adaptation, where diversity is influenced by
available energy and nutrients. This adaptation process encompasses a
range of activities, from breaking down scant allochthonous organic
carbon delivered by vadose-zone groundwater to autotrophic growth
using in situ redox-active compounds (Hershey and Barton, 2018).
Seepage water acts as a primary pathway for introducing microbial
communities into subterranean environments from the outside. How-
ever, the ways microorganisms adapt to this new environment, char-
acterized by stability and limited resources, remain largely unknown.

A fundamental question that remains unanswered is how bacteria
existing within complex communities react to environmental changes,
and how the surrounding biotic community influences evolutionary
pathways as species adapt to new environmental conditions (Scheuerl
et al., 2020).

Karst terrains are exceptionally susceptible to flood from ground-
water sources due to their low storage and high diffusivity characteris-
tics (Parise et al., 2015). Episodes of intense or prolonged rains can lead
to significant increases in water levels within karstic systems (Naughton
et al., 2018) leading to abrupt introduction of new sediments, nutrients
and microorganisms from outside. Previous works have studied the in-
fluence of seepage water entry on the transformations of microbial as-
semblages in karstic aquifers and epiphreatic subsurface karst water
pools (Simon et al., 2001; Shabarova et al., 2013, 2014 among others).
Recently, Davis et al. (2020) showed how surface runoff exerts a
transformative influence on the structure and functioning of the water
cave microbiota. Their findings underlined those anthropogenic con-
taminants, along with microorganisms introduced from external sour-
ces, have the potential to initiate a change in the composition of
indigenous cave communities, which could ultimately lead to the
replacement of the autochthonous populations. Nevertheless, there are
very few instances where its effect on the prokaryotic community
inhabiting subterranean sediments has been comprehensively
investigated.

This study focuses on examining the impact of an extreme flooding
event on the prokaryotic community residing within the sediments of a
shallow cave, specifically Pindal Cave in Spain, listed as a UNESCO
World Heritage site. Since 2017, this cave has been a subject of research
to characterize the microbial populations across different substrates and
the interactions between microbes and minerals at the air-rock/
speleothem/sediment interface (Martin-Pozas et al., 2022, 2023a). In
1995, a cattle farm was situated atop one of the primary sinkholes within
the water catchment area of the cavity, which is directly located above
the vertical shaft of the cavity. Between October 19 and 23, 2019, an

extreme episode of rainfall occurred in the area, resulting in a cumula-
tive total of 209 1/m? and producing a strong accumulation of water in
the sinkhole. The substantial water accumulation eventually triggered
the collapse of the sinkhole, resulting in a rapid influx of surface runoff
combined with water and sediments from the cattle farm that tempo-
rarily flooded the cave. A week after the flood and following the natural
drainage, sediment sampling was conducted and compared with pre-
flood samples to assess the immediate impact of the flood on the sub-
surface microbial community (including Bacteria and Archaea). A year
later, a second sampling aimed to investigate the medium-term evolu-
tion and adaptation of this microbial community to the underground
environment.

This flood event presents a distinctive and invaluable opportunity to
observe firsthand how established microbial communities react to the
abrupt influx of external sediment, nutrients, and microorganisms. Here,
we hypothesize that indigenous microbial populations adapted, evolved
or potentially reacted to significant environmental disturbances caused
by sudden pollution and changes in energy sources due to cave flooding.
Furthermore, we propose that these adaptive ways can be elucidated
from changes in the composition of the prokaryotic community and their
metabolic strategies, which consequently control some biogeochemical
processes that occur in cave sediments and ultimately affect the gaseous
composition of the subterranean environment. The primary objective is
to explore short- and medium-term changes in the composition of the
prokaryotic community and how microorganisms adapt their metabolic
strategies in response to shifting energy sources over time.

2. Material and methods
2.1. Site

The Pindal Cave (NW Spain, 4°30° W, 43°23' N) is a shallow lime-
stone cave with a length of 590 m and an average width of 25 m. The
depth of the galleries in relation to the exterior surface varies between
10 and 35 m. The cave has previously been comprehensively described
in detail by Jiménez-Sanchez et al. (2006) and the most recent
description of the microclimate of the cave was provided by Martin-
Pozas et al. (2023a).

Pindal cave is part of a karst system located within a calcareous
massif (Barcaliente Formation, Carboniferous) that has been extensively
shaped by coastal morphogenetic processes, as evidenced by the pres-
ence of cliffs and multiple levels of wave cuts (Fig. 1), as documented by
Goy et al. (2023). The cave is situated beneath one of the marine terrace
levels, with an average elevation of 30-68 m above sea level (a.s.l.),
serving as the primary catchment area for runoff water from this level
and another wave-cut platform situated at +140-170 m a.s.l. This sec-
ond platform, developed on quartzitic materials with very low perme-
ability (Barrios Formation, Ordovician), contributes to the cave’s
hydrology.

The Pindal karst system exhibits significant development of karstic-
related processes, including poljes, sinkholes, and karstic infill, which
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dominate the area occupied by the cave. It is highly likely that most of
these features are interconnected with the cave itself. Notably, one of the
primary channels draining the Pimiango wave-cut platform, flows
directly into a sinkhole located to the southwest of the cave and con-
nected to it by a ponor (Fig. 1). This ponor area has been the site of an
active cattle farm since 1995. The main discharge area of this drainage
basin is situated within the doline containing the cattle farm and falls
within the hydrological limits of the cave’s impluvium. An extreme
episode of rainfall occurring between October 19 and 23, 2019, led to
the collapse of the ponor, resulting in the flood of the cave.

On the administrative side, El Pindal cave is open to the public
through limited guided visits, and it is gated and guarded. It was
designated a National Monument in 1924 and was granted the status of
Property of Cultural Interest in 1985. Since 2008, it has been a part of
the prestigious UNESCO List of World Heritage sites, specifically
recognized as the Cave of Altamira and Paleolithic Cave Art of Northern
Spain. The parietal art of Pindal Cave includes various painted and
engraved figures. The main panel, located about 250 m from the
entrance, features a prominent doe, intricate strokes, complex symbols,
and a Magdalenian group of red paintings surrounded by engraved bison
and horses. Just two of the animal figures keep apart from the rest of the
panels, both belonging to pre-Magdalenian periods: a horsehead, pain-
ted about 120 m from the entrance and a mammoth, 200 m further away
(Gonzalez-Pumariega, 2011).

2.2. Sampling strategies

Location and sample descriptions are detailed in Fig. 2 and Tables S1-
S2. To determine the sediment sample locations, cave illumination
beacons were utilized, from the entrance (1) to the end of the accessible
area (18). The study involved the analysis of sediment samples at
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different times, both before and after the flood. The water rose to over
60 cm between lighting beacons 6 and 14, remaining trapped for >24 h
(Fig. S1A). Subsequent to natural drainage, this led to the deposition of a
centimetric layer of mud sediments covering the area comprised be-
tween lighting beacons 6 and 14 (Fig. S2).

The microbiological study focused on one of the areas most affected
by the flood (beacon 9). Before the October 2019 flood (in November
2017), we analyzed of the Archaea and Bacteria composition in sediment
samples from the area 9, located about 125 m from the entrance. This
area featured cave sediments heavily colonized by moonmilk deposits (a
common microbial-induced mineralization in caves) and cave sediments
without visible moonmilk deposits. At each sampling site, two sediment
samples were collected: i) a superficial layer at 0-1.5 cm depth and a
deeper layer of sediment at 1.5-3 cm depth (Table S1). Sampling of this
area took place one week later (October 2019) and one year later
(September 2020). The sampling strategy remained similar to that used
before the flood: at each sampling site, two sediment samples were
collected: i) a superficial layer of exogenous mud at 0-1.5 cm depth and
a deeper layer of cave sediment at 1.5-3 cm depth (Table S2).

Additionally, sediment samples were collected to monitor physico-
chemical changes in the areas 9 y 17 after the flood. For this purpose, we
compared samples analyzed before the flood (March 2019) with samples
obtained one week (October 2019) and one year after the flood
(September 2020). The post-flood samples included a one fluvial sedi-
ment from an area far from the collapsed doline (beacon 17) and sedi-
ments with exogenous mud from the collapsed doline, from the area of
the microbial study (beacon 9) (Fig. 2 and Table S2).

All samples were stored in sterile containers and transported at 4 °C
to the laboratory. The samples aimed for sequencing analyses were
preserved with DNA/RNA Shield™ and stored at —80 °C until further
processing.

Sinkhole

1989-1991

Line of maximunflow “s_ Waterdivide S~ Cave projection @ Discharge area

Fig. 1. Location of the main hydrological features in the Pindal karst system. A) 3D view from the NW. The water divide defines the catchment area draining to the
sinkhole occupied by the cattle farm. The line of maximum water flow indicates the direct drainage from the catchment area to the sinkhole. B) Evolution of the cattle

farm from 1995 to 2014 and the collapsed ponor in 2019.
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Before the flood

After the flood
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Fig. 2. Cave map indicating the regions impacted by the flood event in 2019, highlighted in red. Pink and blue circle marks the research area.

2.3. DNA extraction, sequencing, and sequence data processing

Total DNA of sediment and moonmilk samples was extracted with a
Power Soil DNA Isolation Kit (MOBIO, USA) and FastDNA SPIN Kit (MP
Biomedicals, France). The universal primers 341F/805R were used to
amplify 16S rRNA (Herlemann et al., 2011). The library preparation was
conducted following the protocol detailed by Martin-Pozas et al. (2020).
Raw sequences were obtained from an Illumina MiSeq platform in two
separate runs at AllGenetics (A Coruna, Spain) and deposited in in the
Sequence Read Archive (SRA) of NCBI under the project number
PRJNA885499.

The analysis of the readings provided by the service of sequencing
was performed using bioinformatics software QIIME 2 (Bokulich et al.,
2018) and DADA2 (Callahan et al., 2016). Taxonomic assignments were
performed by querying the sequence reads against the SILVA SSU 138
reference database (Quast et al., 2013). Raw sequences were processed
using QIIME2 software (version 2019.10) following the procedures for
quality filtration, demultiplexing, denoising and assigned with the
feature-classifier plugin (Bokulich et al., 2018) the SILVA database
(release 138) for Archaea and Bacteria. Alpha diversity was calculated
using rarefaction curves and Shannon diversity index. The ASV table was
analyzed using the phyloseq library and represented as relative abun-
dances. To assess differences between sampling periods we employed
the Kruskal-Wallis test. We tested differences in microbiome beta di-
versity between samples using permutational multivariate analysis of
variance (PERMANOVA) and analysis of similarities (ANOSIM), with
999 permutations and Bray Curtis distance. Indicators taxa of different
periods were predicted using the “indicspecies” library, with 999 per-
mutations (Cdceres and Legendre, 2009). The functional MetaCyc
pathways that differ between sampling periods were inferred by
applying the PICRUSt2 tool to the 16S rDNA sequencing dataset
(Douglas et al., 2019). PICRUSt2 downstream analysis to show

statistically significant differences on the predicted functional profile
between the sampling periods were performed using the “ggpicrust2”
library (Yang et al., 2023).

2.4. Physicochemical properties of sediments

Sediments were chemically characterized following the methods
described by Martin-Pozas et al. (2022). The samples were crushed,
sieved through a 2 mm sieve, and then ground to <60 mm, before pH,
total organic carbon (TOC), organic matter (OM) and nitrogen (N) an-
alyses. Metal and trace element concentrations were determined by
digesting the samples with aqua regia and quantified using a VARIAN
ICP 720-ES (simultaneous ICP-OES with axially viewed plasma). To
assess the physicochemical properties throughout the study period, a 2-
dimensional principal component analysis (2D-PCA) scores plot was
generated, highlighting the similarities in geochemistry across the
sampling periods March 2019, October 2019, and September 2020.
Correlograms were created using the ggcorrplot package in R. Addi-
tionally, a one-way parametric ANOVA and Welch t-test analysis was
performed to identify physicochemical properties exhibiting statistically
significant differences (p-value <0.05) among the three sampling pe-
riods and two selected locations.

3. Results
3.1. Physicochemical parameters of sediments

Physicochemical data sets were examined to assess the possible
arrival of wastes from the livestock farming located in the sinkhole
above the cave. Two locations were selected for the study: Area 17,
designated as a control zone with no direct connection to the dairy, and
Area 9, suspected of being affected by the cattle farm.
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We first explored the relationships between different physicochem-
ical parameters before and after the flood (Fig. 3A). The correlations
suggest that the physicochemical relationships showed distinct patterns
between before and after the flood. Before the flood, significant positive
correlations were observed between calcium carbonate (CaCOs) and
parameters such as organic matter (OM), total organic carbon (TOC),
and ammonium (NH4"). One year after the flood, changes in pH and
other parameters disrupted some of the previously observed correla-
tions, highlighting significant decreases in the relationship between pH
and various parameters, including organic matter, total organic carbon,
total nitrogen, phosphorus, cobalt, and copper. These changes indicate a
potential long-term impact on the system. Correlations provide infor-
mation on the dynamic nature of the system, reflecting responses to
different environmental conditions and disturbances.

Physicochemical data and an initial analysis showed notable varia-
tions between two locations (Table 1 and Fig. 3C). Sediments from
location 9 showed higher concentrations of OM, total nitrogen Total N
(Total N), phosphorus (P), nitrate (NO3), NH." and metals compared to
those from location 17. However, concentrations of NO3 and NH."
showed p-values close to 0.05 in the Welch’s t-test, while for the vari-
ables Total N, OM, TOC, Ba, Cu, Fe, Ni, Pb, and Zn, the observed dif-
ferences were statistically significant between the locations.

The analysis through Principal Component Analysis (PCA), high-
lighted a similar trend in the physicochemical characteristics of the cave
sediments before the flood and one week after the flood, while some
differences were observed one year after the flood and also between
both locations (Fig. 3B). The variables that contribute the most to the
observed variability in each principal component are, in the case of
Principal Component 1, pH, CaCO3, NO3, NHs", and Pb have higher
positive loadings and tend to increase together. Variables with higher
positive loadings in Principal Component 2, such as NHs", P, Ba, Cu, Fe,
Mn, and Pb, also tend to increase together.

These findings support the hypothesis that location 9, possibly
affected by the waste from the cattle farm, shows a different composition
due to different input conditions compared to location 17. Both loca-
tions showed changes after the flood, although the magnitude of these
changes was more marked in location 9 compared to location 17. Var-
iations in organic matter, total organic carbon, metals, nitrate, and
ammonium were more pronounced at location 9. The decrease in Total
N, OM, NO3 and NHa" one week after flooding is attributed to leaching
resulting from the entry of a large amount of water. In contrast, location
9 exhibits an increase in phosphorus levels a week after the flood, while
location 17, the variation is not as marked. In both areas, the pH tends to
increase a week after flooding and remains elevated one year later. The
increases in the concentration of Total N, OM, NOzand NH4«" recorded
one year after the flood could be explained by the gradual entry of
organic matter into the system and its slow decomposition over time,
releasing more organic matter and nutrients in the form of NOzand
NH.".

3.2. Microbial diversity

We assessed alpha and beta diversity differences of Bacteria and
Archaea during three different periods: before the flood, one week after
the flood, and one year after the flood (Fig. 4). Alpha diversity was
significant higher before the flood (P < 0.05). We used PERMANOVA
and ANOSIM on Bray distances to test for dissimilarities in bacterial and
archaeal composition among the studied samples (Tables S3-S6). The
results revealed that samples clustered by sampling period explained the
majority of the observed variation in the communities. This difference
between sampling periods was further supported by PCoA, demon-
strating that microbial communities in 2019 exhibited greater dissimi-
larity compared to those in 2017 and 2020.

Science of the Total Environment 921 (2024) 171137
3.3. Bacterial community

Fig. 5A illustrates the bacterial community composition at the
phylum level. Sequencing results showed great changes in microbial
composition, after the flood. Before the flood, the most representative
phyla were Pseudomonadota, Actinomycetota, Chloroflexota, Acid-
obacteriota, Planctomycetota, Gemmatimonadota. Immediately after the
flood, a substantial increase of Bacteroidota and Bacillota was observed,
accompanied by a general decrease in the abundance of Acidobacteriota,
Nitrospirota and Methylomirabillota. However, one year after the flood,
Pseudomonadota, Acidobacteriota, Methylomirabillota, Gemmatimonadota
and Nitrospirota were the most abundant phyla while Actinomycetota,
Bacteroidota and Bacillota presented very low abundance.

Fig. 6 and Supplementary Table S7 show the composition at the
genus level. The most abundant sequences before the flood were affili-
ated to the lineage wb1-P19 within the phylum Pseudomonadota and the
genus Crossiella within the phylum Actinomycetota (Fig. 6 A). These se-
quences were especially abundant in the moonmilk sample (P91—B) and
also present in sediment samples. One week after the flood, the per-
centage of Crossiella and wb1-P19 generally decreased as a result of the
deposition of exogenous mud layers (P91—F and P93—F) (Fig. 2).
However, similar values were maintained in the deeper sample, corre-
sponding to the moonmilk deposit covered by mud (P94—F). One year
after the flood, a decrease in Crossiella and wb1-P19 was observed in the
deeper layers (P92—F and P94—F), while a slight increase was noticed
in the surface layers (P91-A and P93-A), compared to the samples from
the flood period. A remarkable event was the dramatic increase of the
family Beijerinckiaceae observed in sample P94—F immediately after
flood. However, one year after the flood, these values were reduced to
below 1 %.

Immediately after the flood, there was a notable decrease in the
percentages of other previously dominant sequences affiliated with the
phyla Acidobacteriota (Subdivision 10), Chloroflexota (UTCFX1, RGB-13-
53-9, JG30-KF-CM66, uncultured members of the family Anaerolinea-
ceae), Planctomycetota (Pirellulaceae, Pir4 lineage, Gemmataceae), Pseu-
domonadota (wb1-P19, PLTA13, IheB2-23), and Verrucomicrobiota
(Pedosphaeraceae). All of these sequences were considered as pristine
bacteria affected by the flood (Fig. 6 B). One year after the flood the
relative abundances of the family Pedosphaeraceae and the taxa wb1-
P19, PLTA13 were more similar to those found before the flood, indi-
cating a recovering of some taxa along the time.

One week after the flood, there was a significant increase in the
relative abundances of specific sequences within the phyla Actino-
mycetota (Intrasporangiaceae, Corynebacteriaceae), Bacillota (Christense-
nellaceae R-7 group, Bacillus), Chloroflexota (Longilinea), and
Pseudomonadota (Luteimonas, Paracoccus, Sphingomonas, Thauera, Xan-
thobacteraceae). These sequences corresponded to bacteria introduced
into the cave with the flood (Fig. 6 B). Particularly, the genera Thauera,
Christensenellaceae R-7, Longilinea, Fermentimonas, Paracoccus, and the
families Corynebacteriaceae, Prolixibacteraceae, were absent before the
flood but exhibited relative abundances over 1 % in the superficial
exogenous cave sediments (P91—F and P93—F) (Fig. 6 A). Furthermore,
one year later, these sequences were either absent or nearly absent,
suggesting that they were unable to find favorable environmental con-
ditions for long-term survival.

One year after the flood sequences within the phyla Methylomir-
abillota (wbl-A12), Nitrospirota (Nitrospira), and Pseudomonadota
(B1-7BS, Desulfarculaceae, 1S-44, mlel-7, NB1-j, TRA3-20) were found
(Fig. 6 B). These bacteria presented abundances over 1 % in the samples
before the flood, which decreased after the flood and increased again
one year after the flood (Fig. 6 A). The most outstanding increase cor-
responded to the genus wb1-A12 within the family Methylomirabilaceae.

Finally, the prediction tool PICRUSt2 was used to examine the
functions of prokariotic communities (Figs. S2-S4). Principal Compo-
nent Analysis (PCA) and LinDA analysis identified differentially abun-
dant bacteria and archaea between the sampling periods. PCA
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Fig. 3. Physicochemical analyses at each sampling event in two different locations: one directly affected by the doline collapse (P9) and another location far from the
area affected by the flood (P17). A) Correlogram of physicochemical features at each sampling event. Blue indicates positive correlations and red negative corre-
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indicating physicochemical features whose levels are significantly different (p-value <0.05).
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Table 1
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Results of the analyses of pH, calcium carbonate, organic matter (OM), macronutrients (N, P, K) and trace elements of the sediment samples. Highlighted data in bold.

Sampling Period Before the flood (March 2019)

One week after the flood (October 2019)

One year after the flood (September 2020)

Location 9 17 9 17 9 17
Sample P91-B P92-B P171-B P172-B P91-F P92-F P171-F P91-A P92-A P171-A
pH 7.3 7.6 7.5 7.5 7.5 7.6 7.7 8.0 8.1 8.5
CaCO3 (%) 2.3 2.1 0.2 0.2 3.2 3.5 3.5 1.9 9.5 2.3
OM (%) 9.3 9.9 5.0 2.6 6.4 8.1 2.1 8.6 7.9 1.1
TOC (%) 4.7 5.8 2.6 0.8 3.5 4.3 1.1 5.0 4.6 0.6
Total N (%) 0.3 0.4 0.2 0.1 0.3 0.3 0.1 0.3 0.3 0.04
NO3 (mg/kg) 42.8 46.8 3.1 3.5 5.1 7.2 2.9 32.7 7.5 4.9
NH." (mg/kg) 7.2 6.8 3.1 3.5 5.2 3.6 1.8 30.2 21.5 5.0
P- (mg/kg) 18.2 20.2 23.0 16.0 22.5 18.1 6.3 31.5 26.3 5.2
Ba (mg/kg) 62.6 76.5 56.4 35.4 87.8 80.6 50.0 74.4 77.0 30.9
Co (mg/kg) 3.1 4.1 5.0 2.1 7.8 4.4 4.0 3.4 3.1 1.0
Cu (mg/kg) 11.6 13.6 10.4 6.6 14.6 15.1 6.1 14.4 14.4 3.5
Fe (g/kg) 13.0 13.7 10.7 6.2 16.4 13.6 8.7 14.5 14.2 5.7
K (g/kg) 5.2 6.6 4.0 21 4.9 5.6 2.7 5.4 5.9 1.9
Mn (mg/kg) 200 201 344 159 680 279 392 259 233 237

Ni (mg/kg) 9.7 11.3 9.6 5.3 17.0 14.3 10.1 10.9 9.8 4.0
Pb (mg/kg) 34.5 34.8 26.0 14.1 25.5 36.5 15.0 29.0 27.8 8.0
Zn (mg/kg) 50.8 38.0 28.8 16.8 67.9 70.5 27.8 32.6 33.7 16.7

conducted using PICRUSt2 data, showed the highest variability before
the flood, whereas the periods one week after and one year after the
flood showed greater similarity (Fig. S2). Interestingly, some ecological
functions related to energy metabolism were significantly abundant one
week after the flood: denitrification and superpathway of C1 compounds
oxidation to CO; (Fig. S3).

3.4. Archaeal community

Fig. 5B shows the structure of the archaeal community at the phylum
level, while Fig. 7 and Supplementary Table S8 display the genus-level
composition. Thermoplasmatota dominated the community both before
and one year after the flood, with high abundances (up to 60 %).
However, one week after the flood, there was a significant increase of
Halobacterota while one year after the flood, Halobacterota sequences
nearly disappeared.

One week after the flood, exogenous mud samples (P91—F and
P93—F) showed increased relative abundances of sequences within the
phylum Halobacterota (Methanomicrobiales, Methanosaeta, Methanolobus,
Methanosarcina). Interestingly, two of these sequences, Methanosaeta
and Methanosarcina, were predicted as indicators of the flood and were
absent both before and one year after the flood, indicating their asso-
ciation with the entry of material during the flood event in Pindal Cave
(Fig. 7B). Related to these methanogenic archaea, PICRUSt2 analyses
showed that methanogenesis from Hy and CO, was significantly more
abundant one week after the flood (Fig. S3).

After the flood, other notable changes in sequence within the phylum
Crenarchaeota. The family Nitrosopumilaceae maintained similar levels
during the three periods, while the family Nitrososphaeraceae reached
proportions over 1 % after the flooding event. The phylum Thermo-
plasmatota recovered to similar levels one year later. One of the most
abundant sequences within this phylum were related to an uncultured
member of the order Methanomassiliicoccales, with lower abundances in
2017 and 2019 but reaching over 40 % one year after the flood. This
order maintained high levels in the three sampling periods, while other
uncultured members of the phylum decreased their abundance one week
the flood but exceeded 5 % in all 2020 samples one year after the flood.

4. Discussion
4.1. Flood impact and farm influence on Pindal Cave Ecosystem

Karst terrains are exceptionally susceptible to flood due to a com-
bination of low storage and high diffusivity characteristics of these

aquifers (Parise et al., 2015). Within caves, characterized by a scarcity of
exogenous nutrients and energy, microbial communities play a crucial
role in the main biogeochemical cycles, essential for maintaining equi-
librium and functionality in the subterranean ecosystem. In this context,
floods are significant events that can individually remodel cave eco-
systems, even more so if they are accompanied by anthropogenic con-
taminants, as is the case with Pindal Cave. The main objective of the
study is to understand the adaptive responses of the underground mi-
crobial community to the sudden influx of waste allochthonous material.
This research not only contributes to understanding of subterranean
microbial ecology, but also has direct implications for the conservation
of the cave environment and cultural heritage that make Pindal Cave a
unique and valuable site.

In the case of Pindal Cave, the runoff water circulates directly to-
wards the catchment area of Pindal karst system, in channels of little
distance and more or less torrential depending on the intensity of the
rainfall. Once it reaches that catchment area, it preferentially accumu-
lates in the different karstic depressions (sinkholes) and there, it joins
the fall directly over the impluvium zone, infiltrating the carbonate
massif (Fig. 2A). This infiltration is favored by the subvertical dip and
the high degree of fracturing of the Barcaliente limestone, but in general,
percolation occurs progressively due to the filtering effect exerted by the
clayey materials that cover the bottom of the sinkholes. The intense
rainfall that fell during the previous days and on the October 23rd itself,
favored an important accumulation of water in the sinkhole that finally
caused the collapse of its natural sink (Fig. 2B). This collapse can still be
seen in the external area and caused the sudden entry of a large volume
of water affected by its mixture with the slurry pool and the arrival of
sludge-sediments largely from the livestock farm.

The analytical data showed the strong influence of the cattle farm in
the composition in the area affected by the flood, particularly in terms of
organic matter, nitrogen, phosphorous and metals contents. Extensive
livestock farming has been shown to have harmful effects on the ground
water environment and human health causing pollution by nitrate,
heavy metals, antibiotics, and pathogenic microbes (Pasquarell and
Boyer, 1995; Boyer and Pasquarell, 1999; Laiz et al., 1999; Kelly et al.,
2009; Sahoo et al., 2016). Soil organic matter exhibits a strong affinity
for specific metals (such as Co, Cu, Mo, Ni, Pb, and Zn) due to the for-
mation of organometallic complexes that can readily migrate with
infiltrating water, resulting in increased metal mobility under acidic
conditions, as illustrated in Fig. 3.

The high concentrations of nitrogen compounds, metals, and organic
matter content in the site 9 both before and after the flood event (Fig. 3)
provides evidence that the impact of the livestock facility on cave
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sediments is not of recent origin. Its influence probably exerted a
gradual and prolonged influence over time, with a particularly pro-
nounced effect at site 9, where water retention during flood episodes is
prolonged. Sediments within this cave zone exhibited distinctively
elevated levels of phosphorus both before and subsequent to the 2019
flood even. The observed high levels of phosphorus a week after the
flood could be attributed to its relatively immobile nature in soils. Un-
like nitrate and ammonium, phosphate tends to form insoluble com-
pounds through precipitation and adsorption to mineral surfaces
(Lehmann and Schroth, 2002; Qin et al, 2020). The contrasting
behavior of phosphorus, nitrate, and ammonium levels suggests that
while the flood event may have caused leaching of some compounds, the
mobility and availability of phosphorus were less affected compared to
nitrogen compounds. The high levels of phosphorus in site 9 post-
flooding support that the flood event led to the entry of external
organic material from the cattle farm rich in phosphorus into the cave

system.

Based on field observations and a hydrological model, water from
livestock farming enters the cave through an upwelling point at site 13
(Fig. 2). From there, its influence gradually extends towards the north
wall and the cave exit affecting, to a greater or lesser extent a consid-
erable portion of the accumulated sediments from site 6 to the sites
14-15-16. The composition of sediments in the site 17 suggests that their
origin is different and that external recharge must occur to the NW of the
cattle farm.

4.2. Comparative study of microbial communities before and after the
flood

Our microbiological analysis reveals a substantial shift in microbial
community composition between samples collected before and one
week after the flood event (Fig. 5). The most abundant taxa before the
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flood were the genera Crossiella and wb1-P19 within the bacterial pop-
ulation, and the family Nitrosopumilaceae, uncultured Thermoplasmata,
and uncultured Nanoarchaeota within the archaeal population (Figs. 6
and 7). These results were consistent with previous microbiological
studies in Pindal Cave and other limestone and volcanic caves, where the
high abundance of Crossiella and wb1-P19 sequences was associated
with the presence of biofilms and mineral deposits induced by bacteria
(Martin-Pozas et al., 2022, 2023a, 2023b). Both genera are commonly
found in caves and have been identified as keystone members (Zhu et al.,
2019; Jurado et al., 2020). Although there is limited information
available on its metabolism, the gammaproteobacterial genus wb1-P19
(Nitrosococcaceae) has been phylogenetically clustered with sulfur or
nitrite-oxidizing autotrophic bacteria (Holmes et al., 2001; Gonzalez-
Riancho, 2021). Other abundant groups represented by the phyla
Planctomycetota, Methylomirabillota and Gemmatimonadota were
retrieved in caves together with other phyla with low abundances
(GAL15, Latescibacterota, Patescibacteria, Verrucomicrobia) (Jurado et al.,
2020; Cheng et al., 2023a).

Archaeal communities, although less studied in caves compared to
bacteria, can provide valuable information about the ecosystem. Cren-
archaeota were found to be dominant in caves (Ai et al., 2022; Martin-
Pozas et al., 2022). Although this phylum was not the most abundant in
Pindal Cave, it presented abundances over 5 % within the archaeal
community. Recently, Nitrosopumilaceae and Nitrososphaeraceae have
been identified as a dominant ammonia-oxidizing archaeon in karst
ecosystems and Thermoplasmata, were identified as important predictor
group inside the caves, which was consistent with our results (Wu et al.,
2021; Cheng et al., 2023a). These results indicate that the microbial
communities that existed before the flood were characteristic of a nat-
ural cave environment. This information establishes the baseline for
comprehending the alterations induced by the flood.

The comparative study of cave sediment microbial communities at
site 9 confirms that the flood introduced sediments mixed with slurry,
probably from the nearby livestock farm. The microbiological study
shows a great change in the composition of the microbial communities
between the samples before and one week after the flood event (Fig. 5).
The most notable change in microbial communities consisted of the
presence of the bacterial phyla Bacillota and Bacteroidota, as well as
methanogenic Archaea, which were absent in the samples prior the flood

(Fig. 5). The phylum Bacillota was barely represented by the genus Ba-
cillus in the 2017 samples. In contrast, in the 2019 samples it became one
of the most abundant phyla in flood sediments coinciding with the
presence of Christensenellaceae (gut group R-7), Proteiniclasticum (Clos-
tridiaceae family), Lachnospiraceae, and Ruminococcaceae. The Clos-
tridiaceae family, known for its pathogenic Clostridium species, and the
Ruminococcaceae family have been previously found in the intestines of
many mammals and in waste from bovine farms (Pandey et al., 2018;
Mutungwazi et al., 2022). The Christensenellaceae (gut group R-7) family
and the aforementioned groups are commonly detected as core members
of the rumen microbiota in the Global Rumen Census project (Hender-
son et al., 2015). The Bacteroidota phylum in flood sediments is repre-
sented by Fermentimonas (Bacteroidales order) and Chryseobacterium
(Flavobacteriales order), which have also been associated with waste
from bovine farms (Pandey et al., 2018).

The flood also introduced methanogenic Archaea that are typically
associated with ruminants (Henderson et al., 2015; Huang et al., 2016;
Li et al., 2019; Shaw et al., 2019). Some archaea, such as Methanosaeta,
Methanolobus, and Methanomassiliicoccales, have also been found in
freshwater sediments (Cozannet et al., 2021; Chakkiath et al., 2012;
Conrad et al., 2006). All mentioned Archaea, except one unidentified
group within the Methanomassiliicoccales order, were not present in the
sediments before the flood or in the sediments one year later (Fig. 7).
Therefore, its presence was clearly associated with the flood. Specif-
ically, the presence of Methanomicrobiales and Methanosarcina in the
flooded sediments suggests an entry of material with slurry from the
cattle farm.

Additionally, certain bacterial families and genera, including Cor-
ynebacteriaceae family and the genera Thauera and Longilinea from the
Actinomycetota, Pseudomonadota, and Chloroflexota phyla, respectively,
showed a significant presence in the flood sediment samples, indicating
a connection with the farm waste. Corynebacteriaceae family members
are found in various environments, including soil, mammal skin, bat
guano in caves and the human gut (Tauch and Sandbote, 2014; Bernard,
2012; De Leon et al., 2018). The genus Thauera, a facultative anaerobic
group of bacteria, is abundantly present in the mud sample and can
degrade aromatic compounds in diverse environments. They are crucial
denitrifiers and play an important role in nitrogen removal in waste-
water ecosystems, including dairy farm wastewater (Liu et al., 2013;
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Yokoyama et al., 2016). The order Anaerolineales, specifically Longilinea,
encompasses anaerobic bacteria isolated from methanogenic consortia
(Yamada et al., 2007). Other bacteria (Intrasporangiaceae, Luteimonas,
Paracoccus, Xanthobacteraceae, Sphingomonas) found in significant pro-
portions in the flood samples also appear to be associated with the flood
event. These bacteria are commonly found in anaerobic environments,
as well as in caves and soils (Yokoyama et al., 2016; De Mandal et al.,

2017; Rangseekaew and Pathom-Aree, 2019; Martin-Pozas et al., 2020),
so their presence could be associated with the flood, although not
necessarily with the cattle farm.

Our findings underscore the impact of the flood event on shaping the
composition and potential metabolism of the microbial communities in
the cave. The decline in pathways related to the oxidation of C1 com-
pounds aligns with the decrease in methanotrophic bacteria (TheB2-23).

10
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On the contrary, an increase in denitrification and methanogenesis
processes corresponds to increased abundances of denitrifying bacteria
such as Thauera and methanogenic archaea such as Methanomicrobiales
and Methanosarcina. Understanding the functions of microbial commu-
nities is crucial to know how microbial communities influence ecosys-
tems. (Toole et al., 2021). Although limitations in bioinformatic
prediction based on 16S-rRNA gene profiles, in comparison to shotgun
sequencing, are clear, PICRUSt2 has large representation among studies
with different sample types and provides valuable insights into potential
ecological functions within soil microbial communities. In Pindal Cave,
PICRUSt2 predictions were consistent with information available in the
literature about some groups of bacteria and archaea, offering valuable
insights into the ecological consequences of such disturbances. Overall,
these findings suggest that the flood transported microbial contaminants
from the cattle farm, modifying the endemic cave communities.

4.3. Adaptive response of prokaryotic communities in cave sediments over
the medium term

Almost all Bacteria and Archaea that appeared with relatively high
abundances during the period of flood in the exogenous sediments have
completely disappeared or are barely detectable one year later
(Figs. 6-7). Most of these microorganisms were associated with anaer-
obic conditions. Therefore, their decrease is indicative of a significant
shift in the redox state within the cave sediments explained by the
transition from flooded reducing sediment conditions to dry oxic
sediments.

Methanogens, crucial for anaerobic degradation in the global carbon
cycle, displayed limited activity in caves. Aerobic gammaproteobacte-
rial methanotrophs typically represented the methane cycle, as observed
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in Pindal Cave before the flood (Cheng et al., 2023b). Interestingly, the
flood led to the appearance of methanogens and a decrease in aerobic
oxidizing bacteria (AOB). However, this shift was not sustained, as
traditional methanogenic archaea mostly disappeared a year later.
Conversely, there has been a proliferation of uncultured members of the
Thermoplasmata class and Methanomassiliicoccales order. Although
these archaea share genetic similarities with traditional methanogens,
they comprise a metabolically diverse group capable of obtaining energy
through other pathways such as heterotrophy, sulfur and hydrogen
metabolism, denitrification, and fermentation, which could explain
their long-term survival in the cave.

In the case of methanotrophic bacteria, there is an increase in po-
tential anaerobic methane-oxidizing bacteria (DAMO), which are
nitrite-dependent. This was the case of wb1-A12, in the family Methyl-
omirabilaceae, which accommodate bacteria that couple anaerobic
methane oxidation with nitrite reduction (Ettwig et al., 2010). These
DAMO are not usually abundant as AOB in caves, but their ability to
withstand low levels of oxygen has recently been demonstrated (Li et al.,
2020). Their ability to grow under aerobic conditions, coupled with the
observed increase in inorganic nitrogen, would explain their persistence
one year after the flood.

One year after the flood, the levels of organic matter in the flooded
areas have remained stable, with similar levels of carbon and nitrogen
(Table 1). However, inorganic nitrogen forms, specifically ammonium
and nitrate, increased. The source of bioavailable nitrogen in the flooded
area of Pindal Cave appears to be related to the surface input from the
doline where the cattle farm was established. The ammonium from urea
in manure quickly volatilizes, while feces contain organic N that is more
stable and slowly released. During the flood, a potential increase in the
degradation pathways of organic compounds was observed (Table S3).
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Some of these compounds, such as creatinine or amino acids, can be
degraded by soil bacteria, such as Corynebacterium and Flavobacterium,
releasing ammonia as a byproduct (Dubos and Miller, 1937; Koyama
et al., 1990). Alternatively, bioavailable nitrogen could be produced by
diazotrophs; however, a significant increase in nitrogenase activity has
not been detected in PICRUSt2 analyses. Therefore, the increase in ni-
trates and ammonia observed a year later was the result of mineraliza-
tion activity of sediment microorganisms capable of transforming
organic N into ammonia. Subsequently, this increase in ammonia levels
elevated the abundance of nitrifying (Wang et al., 2018). The main
groups of nitrifiers were ammonia oxidizing archaea (Nitrosopumilaceae,
Candidatus Nitrosotenuis, Candidatus Nitrosarchaeum, Candidatus
Nitrososphaera, Nitrososphaeraceae), ammonia oxidizing bacteria affili-
ated to the family Nitrosomonadaceae (IS-44, MND1, mlel-7), nitrite-
oxidizing bacteria (Nitrospira) and NB1-j (De Voogd et al., 2015).

The flood episode in the cave offered a unique opportunity to
elucidate how microorganisms adapt their metabolic strategies in
response to sudden pollution and shifting energy sources over time. In
conclusion, the adaptive responses observed in prokaryotic communities
in the medium term revealed an increase in nitrifying activity while
other original cave groups previously associated with moonmilk de-
posits (Crossiella and wb1-P19) and related to the presence of ammo-
nium in caves showed a decrease in abundance (Martin-Pozas et al.,
2022; Cheng et al., 2023a). Our results suggest that the microbial
community present before the flood has not recovered one year after the
flood and that its long-term evolution requires further investigation.

5. Conclusions

The comparative study of Pindal Cave sediments before and after a
flood event revealed significant impacts on biogeochemical properties
and the prokaryotic community. The flood, triggered by extreme rainfall
and resulting from the collapse of a sinkhole located directly above the
cave, caused the deposition of exogenous sediments within the cave.
These sediments included waste from livestock situated over the sink-
hole, resulting in the burial of pre-existing cave sediments. Analytical
data highlighted the persistent influence of livestock farming on sedi-
ment composition within the cave, facilitating the input of substantial
amounts of available organic matter and organic nitrogen. Elevated
levels of available phosphorus as well as a few heavy metals were also
observed.

Despite the significant leaching of most organic compounds, the
affected area exhibited elevated levels of phosphorus one week after the
flood. This event led to a notable alteration in both the structure and
functionality of the sediment microbial community, resulting in a sig-
nificant reduction in the diversity of prokaryotes. In the short term, one
week after the flood, a significant increase in denitrifying bacteria and
bacterial groups typically found in mammalian intestinal tracts, dairy
farm manure, and previously unseen methanogenic archaea were
observed within the cave.

In the medium term, a notable increase in nitrifying bacterial pop-
ulations affiliated with the Nitrosomonadaceae family and the Nitrospira
genus was observed, probably related to the higher levels of nitrate and
ammonium observed one year after the flood. This analysis also revealed
that certain original bacterial groups, such as Crossiella, wb1-P19, and
Methylomonaceae, among others, did not show signs of recovery.

The results of this study played a decisive role in stopping cow
breeding activities in 2021 to prevent future adverse effects on the cave.
In conclusion, this study highlights the need for exhaustive environ-
mental management to preserve the integrity of karstic caves such as
Pindal Cave. The protection of this cave extends beyond its cave paint-
ings; it implies the preservation of a unique and vulnerable underground
ecosystem. The decision to stop livestock activity near the cave consti-
tuted an essential step in short-term protection. However, it is crucial to
recognize the importance of future research to understand changes
induced by human activity and to develop sustainable strategies that
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ensure the long-term integrity of this valuable cave.
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