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Abstract

From a biological point of view, karst caves are important subterranean ecosystems, but remain to date relatively poor-
ly-studied. The diversity in this kind of habitat is usually low due to scarce light availability with resulting lack of primary 
productivity. In the case of show caves, the artificial illumination allows the colonization by phototrophic microorgan-
isms, which is known as lampenflora, including fungi, bacteria, cyanobacteria, chlorophytes, diatoms, mosses, etc. This 
study analyzes the diatom flora from Valporquero Cave (León, NW Spain), both epilithic on stalactites and moss-dwell-
ing. In the samples observed, typical genera from moist, humid, aerophilous habitats were recorded, but some bio-
geographically noteworthy species, including an unknown Germainiella taxon described here as a new species, were 
found. Some of these species have already been reported from caves from different places around the world, giving an 
idea of the broad distribution pattern of many diatom taxa. The occurrence of diatom taxa in this cave could contribute 
to understanding the global diversity and distribution patterns in cave-dwelling taxa.

Introduction
Caves are peculiar environments occurring throughout the world, with rather stable climatic conditions and food 

supplies, except for the entrance zones. Their biological communities include mostly microorganisms, but also worms, 
snails, arachnids, crustaceans, millipedes, insects, fishes, and salamanders (Holsinger, 1988). In these ecosystems, 
microorganisms frequently grow as components of entrance biofilms (Hoffmann 2002), where diatoms (Bacillariophyta) 
can represent around 11% of the total. Previous analysis of biofilms in other caves revealed that these communities 
were formed by phototrophic microorganisms, including coccal and filamentous cyanobacteria, green unicellular eu-
karyotic algae, diatoms, bacteria, and fungi (Urzì et al., 2010). The distance from the cave entrance is an important 
factor influencing the structure of these biofilms (Cuezva et al., 2009; Abdullin, 2011; Coombes et al., 2015).

In show caves, artificial illumination allows for colonization by phototrophic microorganisms, which frequently con-
stitute macroscopic biofilms. Cyanobacteria and Chlorophyta are the first colonizers in caves, and are able to produce 
exopolymeric substances (EPSs), which are suitable environments for colonization by other microorganisms (Alber-
tano, 1993). The assemblage constituted by these microorganisms is known as lampenflora (Dobàt, 1963), and the 
diversity of lampenflora communities has recently been reviewed (Mulec and Kosi, 2009). However, the proliferation of 
lampenflora is currently considered as the main threat for the conservation of show caves (Grobbelaar, 2000; Piano et 
al., 2015) and studies related to growth control methods have increased (Mulec et al., 2007), including physical (light 
control), chemical, and biological methods.

Aerophytic algae can survive in the environment only when the humidity is high enough (Mulec and Kosi, 2009). Di-
atoms have been found in many types of ecosystems including some in caves (Falasco et al., 2014). The most common 
genera of diatoms found in these types of environments are Navicula and Diadesmis (Falasco et al., 2014), together 
with other aerophilic taxa.

In karst regions, the formation of caves is carried out by rainwater that becomes acidic due to the interaction with 
carbon dioxide in the atmosphere and soil (Niemiller and Soares, 2015). Natural caves present exceptional characteris-
tics because of their oligotrophic conditions (Holsinger, 1988; Graening and Brown, 2003; Ortiz et al., 2014; Piano et al., 
2015), as well as the air temperature, which is influenced by air circulation in the proximity of entrances and it is usually 
stable in the deepest zones, with minimal daily and seasonal variations (Albertano, 1993). Hydrogeologically active 
caves show additional particularities that depend on the hydrogeological regime (Milanovic, 2007). In these types of 
active caves, the presence of running waters can accelerate the growth of biofilms (Mulec and Kosi, 2009). In any case, 
subterranean environments present relatively homogeneous, simplified natural conditions, and therefore, represent 
suitable habitats to study communities in relation to several factors and to predict ecological patterns on larger scales 
(Falasco et al., 2014), such as the effects of climate change.

The present study was carried out in Valporquero Cave (NW Spain), a hydrogeologically active cave, internally 
crossed by the Valporquero river (Arrese et al., 2007), which is a subterranean stream that flows through the lower level 
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of the cave. We characterize for the first time the diatom flora from this cave. During the research, a novel population of 
an unknown naviculoid taxon was found, and is described here by means of a detailed light (LM) and scanning electron 
(SEM) microscopy-based description.

Materials and Methods
Study area

The Valporquero Cave (42°54ʹ22ʺN 5°33ʹ31ʺW, 1390 m a.s.l.) is located in NW Spain (Fig. 1), and it is considered 
one of the main karstic environments of the Iberian Peninsula, composed of Carboniferous Barcaliente limestones. The 
cave has been included under numerous environmental protection statuses, such as Natura 2000 Network (LIC Hoces 
de Vegacervera) or the Argüellos Biosphere Reserve. 

The current appearance of the cave has been modeled by an underground hydrographic network consisting of 3524 
m (known to date), of which 1300 m are modified for tourists. The annual average temperature is 7 °C and the relative 
humidity is around 99% (Cueva de Valporquero, 2017). From a geological perspective, this is still a dynamic cave with 
active speleogenesis. The Valporquero Cave has been the subject of a number of speleological and geomorphological 
studies (Barea et al., 1998; Arrese et al., 2007) although the inhabiting biota, apart from the entomofauna (Salgado, 
1985; Bastazo et al., 1993; Petitpierre and Gómez-Zurita, 1998) remains unexplored to our knowledge.
Sampling

Two samples of epilithic algae growing on stalactites and two samples of moss-inhabiting algae in the surroundings 
of two artificial light lamps were collected in April 2015 and preserved in the field with 10% formaldehyde. Epilithic 
diatoms were extracted and analyzed following standard methods (EN 14407 2004). Moss-dwelling diatoms were pre-
pared following Van der Werff (1955), diatoms were cleaned by adding 37% H2O2, and the reaction was completed by 
addition of saturated KMnO4. Frustules were cleaned with distilled water three times. Permanent slides were mounted 
for light microscopy using Naphrax (refractive index of 1.74). 

Diatoms were identified under 1000X LM with an Olympus BX60 equipped with DIC optics. LM photographs were taken 
with a Canon EOS400 camera. Greater than 400 individuals (valves) were counted and identified per slide using recent 
taxonomic references (Hofmann et al., 2011 and references therein). For scanning electron microscopy (SEM), the oxi-
dized samples were filtered through polycarbonate membrane filters with a pore diameter of 1 or 3 µm, mounted on stubs, 
sputtered with gold (40 nm) with a Modular High Vacuum Coating System (BALZERS SCD 004, Liechtenstein) and stud-

ied with a JEOL JSM-
6480 LV, operated at 20 
Kv. Original and treated 
samples, together with 
LM slides and SEM 
stubs, are permanently 
stored at the Institute 
of the Environment (Di-
atom Lab, University 
of Leon, Spain, GBIF 
code 10031). Type ma-
terial is stored in the 
LEB Herbarium (Uni-
versity of León, Spain).

Results and Dis-
cussion

A total of 26 diatom 
taxa were recorded in 
the samples collected 
(Table 1). Most of the 
species identified are 
common in this type of 
habitat (Falasco et al., 
2014). The most abun-
dant species belong to 
the genera Humidophi-Figure. 1. Geographical location of Valporquero Cave in NW Spain. (QGIS 2017).
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la, Cymbopleura, and Mayamaea. With the exception of Cymbopleura rupicola, all these taxa are already recorded in 
subterranean ecosystems. 

Epilithic diatom assemblages observed in the studied samples were dominated by several Humidophila species 
such as H. paracontenta (Lange-Bertalot and Werum) Lowe et al., H. perpusilla (Grunow) Lowe et al., Humidophila 
dissimilis (Moser, Lange-Bertalot and Metzeltin) Lowe et al., together with a Diadesmis species (D. Wm. Smith), mor-
phologically and ecologically close to Humidophila. Other accompanying species such as Mayamaea, Humidophila, 
and Diadesmis, are typical genera of moist, humid, aerophilous habitats (Lowe et al., 2014). These genera exhibit the 
same ecological preferences, and for many years remained under the same genus Diadesmis, although recent molec-
ular studies split off both taxa (Andreeva et al., 2016).

The moss-dwelling diatom assemblages presented differences regarding species diversity. One of the samples was 
dominated by Mayamaea cavernicola Van de Vijver and Cox, which had been already found in small caves on Ile de la 
Possession, the main island of the Crozet Archipelago (the type locality (Van de Vijver et al., 2002), and according to 
these authors, was recorded in a lava tube cave on the Hawaiian Islands (Rushforth et al., 1984) incorrectly identified as 
Navicula seminulum var. hustedtii Patrick). In contrast, the second sample was dominated by Diadesmis gallica, which 
accounted for almost the total abundance.

Table 1. Checklist of the diatom species and distribution on moss-dwelling and stalactites from Valporquero Cave (León, 
Spain).

Diatom Species
Moss-Dwelling Stalactites
Moss1 Moss2 Stal1 Stal2

Achnanthidium F.T. Kützing      +

Achnanthidium rivulare Potapova & Ponader    +

Adlafia bryophila (Petersen) Moser Lange-Bertalot & Metzeltin   + +

Cymbopleura rupicola (Grunow) Krammer var. rupicola    +

Diadesmis gallica Wm. Smith      + + + +

Diploneis krammeri Lange-Bertalot & Reichardt   +

Diploneis oculata (Brebisson in Desmazières) Cleve    + +

Encyonopsis microcephala (Grunow) Krammer    + +

Encyonopsis minuta Krammer & Reichardt     +

Eolimna minima(Grunow) Lange-Bertalot     +

Eucocconeis laevis (Oestrup) Lange-Bertalot    +

Fallacia insociabilis (Krasske) D.G. Mann    + + +

i =Germainiella legionensis Blanco, Borrego-Ramos & Olenici + + +

Halamphora normanii (Rabenhorst) Levkov     + + + +

Humidophila contenta (Grunow) Lowe, Kociolek, Johansen, Van de Vijver, Lange-Bertalot & 
Kopalová + +

Humidophila dissimilis (Moser, Lange-Bertalot & Metzeltin) Lowe, Kociolek, Johansen, Van de 
Vijver, Lange-Bertalot & Kopalová + +

Humidophila paracontenta (Lange-Bertalot & Werum) Lowe, Kociolek, Johansen, Van de Vijver, 
Lange-Bertalot & Kopalová + +

Humidophila perpusilla (Grunow) Lowe, Kociolek, Johansen,Van de Vijver, Lange-Bertalot & 
Kopalová + + +

Mayamaea cavernicola Van de Vijver & Cox    + + +

Navicula cataracta-rheni Lange-Bertalot     +

Nitzschia solgensis Cleve-Euler     + +

Pinnularia C.G. Ehrenberg      + +

Pinnularia bartii Metzeltin & Lange-Bertalot   + +

Sellaphora sp. C. Mereschkowsky     +

Simonsenia delognei Lange-Bertalot    +

Tryblionella debilis Arnott ex O’Meara     + +
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Many Diadesmis gallica were found as teratological forms, as in previous studies in caves (Falasco et al., 2015). 
Such morphological alterations are considered common in these conditions (Falasco et al., 2015; Lund, 1945, 1946).

Most of the species found in the communities studied belong to the genus Humidophila, which is considered to 
be adapted to low light conditions (Johansen, 2010). This genus has been already reported in other karst habitats in 
China (Lowe et al., 2017), Spain (Del Rosal, 2016), Canada (Lauriol et al., 2006) Slovakia (Lukešová and Nováková, 
2008), and Slovenia (Mulec et al., 2007), and in limestone caves in Oregon, USA (identified as Navicula, (St. Clair et al., 
1981), and Russia (Abdullin, 2011). It has been also found in other aerophilous habitats from Europe (e.g., Werum and 
Lange-Bertalot 2004) and the Antarctic region (Van de Vijver et al., 2002).

Another noteworthy species found in our samples is Pinnularia bartii Metzeltin and Lange-Bertalot, (Figs. 2 a−f), 
which had been so far recorded only in the type locality (moss samples in Río de La Plata near Colonia del Sacramento, 
Uruguay (Metzeltin et al., 2005), with an additional population found in Reunion Island (Metzeltin et al., 2005).

Species Description
Germainiella legionensis (Figs. 3−5)
Synonyms: ?‘Nupela sp.’ in Zimmerman et al. (2010, fig. 47:10-11), ?‘Achnanthes microcephala’ sensu Rushforth et al. 
(1984, Fig. 21)

Description:
Frustules rectangular in girdle view, with a short pervalvar depth (Fig. 4). Valves hyaline under LM with no con-

spicuous features even under DIC optics, except for the narrow, straight axial area, centrally expanded in a small, 
roundish central area. Outline linear-lanceolate with strongly capitate apices. Valve length 9.5−10.5 µm, width 2.0−2.5 

Figure. 2 a-f. Light microscope and scanning electron microscope 
views of Pinnularia bartii from Valporquero Cave (León, Spain). 
Scale bar  10 µm.

A B C D E F
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µm, and length to width ratio 4.2−4.7. 
SEM: Valve covered by a velum which 
extends towards the mantle, so that the 
subconopeal space is only open to the 
exterior through a bilateral slit near the 
apices (Fig. 5a, arrows). Raphe filiform, 
straight, with external proximal raphe 
endings simple, not expanded, slight-
ly bent towards one side of the valve. 
Distal external raphe endings continu-
ing onto the valve mantle, forming sick-
le-shaped fissures. Striae visible only in 
broken valves, composed of a single, 
transapically expanded areola (Fig. 5b), 
ca. 45 in 10 µm.

Type: Valporquero Cave 
(42°54ʹ22ʺN 5°33ʹ31ʺW), León, Spain. 
Samples collected on 20th March 2016.

Holotype: LEB!, microscopic slide 
026. Individuals from the holotype spec-
imen are here depicted as Germain-
iella legionensis (Figs. 3−5) Blanco, 
Borrego-Ramos & Olenici

Etymology: The epithet of the 
Species refers to the region where 
Valporquero Cave is located in León, 
Spain. 

Ecology: Germainiella legionensis 
was collected in three samples of the 
Valporquero Cave, both on a stalac-
tite and on mosses, near artificial light 
sources. In general, the samples are 
characterized by a low diversity and low 
abundance, as is typical in subterranean 
habitats (Holsinger, 1988; Falasco et 
al., 2014; Trajano et al., 2016) that could 
be explained by the particular ecologi-
cal conditions and the absence of light. 
Compared to other studies (Falasco et 
al., 2014; 2015), the richness is relative-
ly low but exhibit interesting species.

Distribution: Until now found in living samples in the type locality (Valporquero Cave) in León, Spain, probably 
also in the Thurston Lava Tube in Hawaii, and in fossil samples from Bylot Island (Canadian Arctic Archipelago), see 
synonyms.

Differential diagnosis: until recently, only two species had been described within Germainiella, the generitype G. 
enigmatica (≡ Navicula enigmatica ≡ Fallacia enigmatica), presumed to be cosmopolitan (Metzeltin et al., 2005), and 
the morphologically similar G. enigmaticoides, restricted to the type locality (Colonia, Uruguay). In 2016, a third spe-
cies, G. clandestina, was discovered in an artificial freshwater channel inoculated with biofilms from the Garonne River 
(Le Cohu et al., 2016), to date not referenced elsewhere. The new taxon described here can be easily differentiated in 
LM from these regarding its outline, with clearly capitated valves exhibiting a narrow neck (and not subcapitate as in G. 
enigmaticoides), and the short pervalvar depth shown in frustules seen in girdle view (compare Fig. 4 with Metzeltin et 
al., 2005, pl 54: figs 22−27). Moreover, the stria density is the lowest recorded within the genus (ca. 45 in 10 µm and 
not greater than 50 in 10 µm, (Le Cohu et al., 2016)). The other morphological and morphometric features correspond 
to those described for G. enigmaticoides.

Germainiella legionensis may have been earlier identified as Achnanthes microcephala in the samples collected in 
the Thurston Lava Tube, Hawaii, by Rushforth et al. (1984). According to this article, this individual occurred in a com-

Figure. 3 a-h. Light microscope images of the new diatom taxa Germaniella legionensis 
sp. nov. from Valporquero Cave (NW Spain). Individuals from the holotype specimen. 
Scale bar 10 µm.

A B C D
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parable habitat (wet mucilage and bryophytes 
wall). Additionally, this species is probably 
present also in late Pliocene sediment sam-
ples from Bylot Island (Canadian Arctic Archi-
pelago), under the name Nupela cf. wellneri 
(Lange-Bertalot) Lange-Bertalot in Rumrich 
2000 (Zimmermann et al., 2010). 

Taxonomical notes: the ascription of this 
new species to the genus Germainiella can 
be evidenced regarding the presence of all its 
characteristic apomorphies (Metzeltin et al., 
2005), namely i) a large conopeum that covers 
the entire valve, including the mantle, and ii) a 
series of canal apertures externally on either 
side of the raphe (fig 5b, arrow). Additionally, 
Germainiella frustules bear girdle bands open-
ing at valve center (Liu et al., 2017), a charac-
ter not seen in our individuals. These features 
separate Germainiella taxa from the closely 
related genus Pseudofallacia (Liu et al., 2012, 
Le Cohu et al., 2016) but a number of other 
similar small naviculoid genera have been es-
tablished recently, all of them bearing a single 
transapically elongated areola per stria (which 
does not correspond to the external foramen 
of an alveolus, as in Oestrupia); all of them 
can be discriminated by paying attention to 
relatively few characteristics (Table 2). Note-
worthy, many of these groups also share their 
ecological preferences, since Chamaepinnu-
laria, Germainiella, Humidophila, Microcosta-
tus and others usually inhabit subaerial, humid 
habitats, including cave walls.

Biogeographical remarks: our observations have raised some important floristic novelties, not only for the Iberian 
phycoflora, but also with some additions to the cave-dwelling biota recorded to date worldwide (Falasco et al., 2014). 
Based on the Fenchel et al. (1997) experiment, the theory “everything is everywhere” was first proposed, stating that 
the microbial species found in a given habitat are a function only of habitat properties and not of historical factors 

Figure. 4 a-e. Light microscope images of Germaniella legionensis in girdle view. Scale bar 10 µm.

A B C D E

Figure. 5. Scanning electron mi-
croscope images of Germaniella 
legionensis sp. nov. Detail of the 
distal raphe (a) and detail of the 
single, transapically expanded ar-
eolae (b). Scale bar 1 µm.



Journal of Cave and Karst Studies, December 2018 • 187

Borrego-Ramos, Blanco, and Olenici

(Fenchel and Finlay, 2004), so that their distribution patterns are driven by many features including cell size, disper-
sion ability, and local or population richness (Fenchel et al., 1997). The absence of biogeographical barriers has been 
observed in a number of microorganisms, such as Archaea (Whitaker et al., 2003) or Foraminifera, where no genetic 
differences were found comparing Arctic and Antarctic populations (Darling et al., 2000), as expected in a non-barrier 
distribution scene. On the other hand, some recent studies have criticized the ubiquity model, e.g. in the case of dia-
toms, whose dispersal is considered limited in space (Vanormelingen et al., 2008; Vyverman et al., 2007), based on the 
evidence supporting restricted distribution in the new taxa described, as is the case of Achnanthes species in Hawaii, 
70% of which are endemic (Lowe et al., 2009). In their study analyzing a global freshwater diatom data set, Vyverman 
et al. (2007) found evidence in favor of the Theory of Island Biogeography, due to the probable endemism observed in 
diatom floras in the Southern Hemisphere. In a recent study analyzing the distribution patterns of species within a single 
genus in the Antarctic Region, Kopalová et al. (2015) found that most Humidophila taxa showed restricted biogeograph-
ical patterns. In some cases, biogeography has been used to support taxonomic identification of diatoms inhabiting 
different nearby islands (Van de Vijver et al., 2008). Accordingly, several papers have demonstrated highly-restricted 
distributions in diatom species inhabiting these islands (Van de Vijver and Beyens, 1999; Van de Vijver et al., 2002, 
2008; Van de Vijver and Cox, 2013).

In contrast, Sherwood et al. (2014) carried out a large survey of the Hawaiian Islands analyzing the non-marine 
algae in targeted areas, such as streams, cave walls, or terrestrial habitats, with molecular methods. These authors 
deepened the global distribution patterns of forty-four taxa and found only 11.4% endemic species. A similar result was 
reported by Chattova et al. (2014) in the Ile Amsterdam (TAFF), where only 17% of species were found endemic, and 
other 14% were species restricted to the sub-Antarctic. In the case of cave diatoms of the Hawaiian Islands, an increas-
ing number of endemic new species are being described (Miscoe et al., 2016); since past studies were mainly based 
on European floras a few species were newly described.

In view of our results, the occurrence of populations of certain diatom taxa such as Pinnularia bartii or Mayamaea 
cavernicola in geographically isolated, very distant regions, but in comparable habitats, may support the ubiquity mod-
el. However, the possibility that these populations (Valporquero, Canadian Arctic, and Hawaii for Germainiella legion-
ensis) are actually pseudocryptic species (Mann and Evans, 2008) cannot be discarded, although this does not seem 
likely since these populations share the same ecological preferences, despite the geographical isolation. Currently, 
new advances in molecular methods are allowing detection of pseudocryptic diversity within diatoms. In the case of 
cave-dwelling taxa, new studies are needed in order to understand their actual diversity and distribution patterns in 
these singular ecosystems.

Table 2. Key to the identification of small naviculoid diatoms generally with a single external foramen per stria.
No. Character Genus

1 Areolae covered by a fine membrane Biremis “type 1” sensu Witkowski et 
al. (2014)

 1ʹ Otherwise 2

2 Presence of microcostae along the valve face, conopea and pseudoconopea occur frequently Microcostatus

 2ʹ Otherwise 3

3 Valves covered by a conopeum 4

 3ʹ Otherwise 5

4 Conopeum restricted to the valve face Pseudofallacia

 4ʹ Conopeum extended to the valve mantle Germainiella

5 Proximal raphe ends internally slightly deflected 6

 5ʹ Proximal raphe ends internally straight 7

6 Hymenes depressed in internal valve surface, girdle bands perforated Microfissurata

 6ʹ Otherwise Chamaepinnularia

7 Externally, distal raphe ends reach the mantle Pulchella

 7ʹ Otherwise 8

8 With stigmata 9

 8ʹ Otherwise Humidophila

9 Externally, distal raphe ends T-shaped Labellicula
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