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Abstract: Lampenflora communities of bacteria, cyanobacteria, algae, mosses and lichens colonize illuminated show-caves 
as a consequence of disturbances to the caves’ ecological equilibrium. These communities have unesthetic impacts and can 
cause the biodeterioration of limestone. A 15% hydrogen peroxide solution was proposed for use as an ecological agent 
for the safe removal of these microorganisms. This study tested the effects of three different biocides (hydrogen peroxide, 
a commercial solution containing salicylic acid and a product containing chlorine dioxide as the active component), on 
the growth of green algae (Chlorella sp.), which are frequently encountered in lampenflora communities. Chlorella sp. was 
treated with the biocides under laboratory condition, and chlorophyll a (Chl a) concentrations were measured 1 h, 3 days, 
7 days and 10 days after treatment. The change in Chl a concentration was compared to the untreated control group at each 
time point. All three biocides prevented the growth of green algae and the product containing chlorine dioxide appeared to 
be the most effective growth inhibitor. Hydrogen peroxide is known to suppress lampenflora growth in caves, and further 
studies on other biocides remain necessary to identify a solution that is both ecologically safe and economically feasible.

Keywords: biofilms; biocides; Chlorella sp.; green algae; lampenflora

INTRODUCTION

Caves have served humans as temporary shelters, 
permanent shelters, sanctuaries and burial grounds 
since ancient times [1]. In the last 400 years, caves 
have also become tourist attractions due to their re-
markable geological features, beautiful structures and 
ornaments, streams or waterfalls, or prehistoric draw-
ings [1-3]. Currently, many caves are recognized as 
geoheritage sites and are protected. However, several 
of these sites have been adapted for tourists as tourism 
continues to increase [1].

The deep cave environment is primarily charac-
terized as an oligotrophic habitat, featuring stable tem-
peratures and relative humidity and limited contact 
with the exterior environment throughout the year 
[4-9]. This equilibrium can be disrupted and changed 

when additional energy is introduced to the cave from 
the outside environment [6]. Caves can be classified 
into three energetic categories [10]: high-energy caves 
in which the natural energy flux of the caves out-
weighs the energy introduced, resulting in no change 
to the cave environment; moderate-energy caves in 
which the introduced energy is similar to the natural 
energy flux of the caves and can influence the cave 
environment, quickly returning to equilibrium when 
the outside influence is withdrawn; low-energy caves 
in which the introduced energy exceeds the natural 
energy flux of the cave, significantly altering the envi-
ronment inside the cave. For example, a person with 
an average temperature of 37°C who walks through a 
cave emits as much energy as a 200 W light bulb [6]; 
therefore, a group of 50 to 60 people walking through 
a cave can raise the ambient temperature by 1 to 2°C 
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[11]. Such an influence of tourists has been observed 
in the Altamira Cave in Spain where the estimated 
effects of tourism on temperature, CO2 concentration 
and relative humidity were measured. The presence 
of tourists increased the temperature in the cave by 
2°C, increased the CO2 concentration from 400 ppm 
to 1200 ppm and decreased the relative humidity from 
90% to 75% [12]. Furthermore, the adaptations made 
in caves to accommodate tourists, including the con-
struction of pathways and platforms and the introduc-
tion of artificial light, can also alter naturally stable 
temperature and relative humidity [13,14]. The clothes 
and shoes of tourists can transport spores (which can 
also be deposited in caves by air, animals, or water), 
and hair, dry skin and dust can disrupt cave equilib-
rium and increase the amount of organic matter [6].

All these disturbances and changes can influence 
the development of a microorganism communities 
called lampenflora. These communities grow near 
artificial light as the primary factor for their devel-
opment. Lampenflora include phototrophic micro-
organisms (cyanobacteria and algae) [6,14-16], and 
mosses, lichens and even higher-order plants [14,17]. 
The most common phototrophs belong to cyanobacte-
ria, Chlorophyta, and Bacillariophyta, but others, such 
as Xanthophyta, may also be found [14]. Although 
cyanobacteria are highly adaptable to extreme envi-
ronmental conditions, they can be easily outcompeted 
by eukaryotic algae in stable environments, such as 
those found in caves [14]. Nikolić et al. [8] have re-
ported the presence of Cyanobacteria, Chlorophyta, 
Bacillariophyta and Xanthophyta in the Podpeć and 
Stopić caves. While cyanobacteria were dominant at 
cave entrances, Chlorella sp. was recorded in every 
lampenflora sample [8]. As in other biofilms, photo-
trophs in lampenflora successfully coexist with bac-
teria and fungi [3,7]. This community of microorgan-
isms can have negative esthetic impacts (turning the 
ornaments and structures of caves green, brown or 
black), and can cause the biodeterioration of rock sur-
faces. During respiratory processes, microorganisms 
release CO2, which can combine with nearby water 
to produce carbonic acid strong enough to damage 
the structures in caves [18-20]. Lampenflora may also 
contain not only bacteria that can cause respiratory 
or skin infections, but also other microorganisms 
whose effects on humans have not yet been deter-
mined [3,21].

Physical and chemical methods have been ap-
plied to remove lampenflora, and recently UV-C 
radiation was tested under experimental conditions 
[13,19,22,23]. Physical methods for lampenflora re-
moval generally involve cleaning the speleothems with 
water and a brush, which can be efficient. However, 
physical removal can also aggravate the problem by 
spreading microorganisms to the surrounding ar-
eas and causing additional damage to the substrate 
[13,24,25].

Chemicals such as the herbicides diuron, N-3, 
4-dichlorophenyl-N9-dimetil urea and atrazine 
6-Chloro-N-ethyl-N9-(1methylethyl)-1,3,5-tri-
azine-2,4-diaminehave been used to prevent lampen-
flora development; however, these methods have been 
insufficiently successful [13,26]. Although sodium 
hypochlorite (NaOCl) has been demonstrated to be 
successful against lampenflora, it can exert environ-
mental pressure by releasing chlorine gas, lowering 
the pH and eroding calcite [27,28]. A 15% solution 
of hydrogen peroxide (H2O2) is sufficient to destroy 
lampenflora without causing great harm to the envi-
ronment [26,28,29]. However, without regular H2O2 
applications, lampenflora can develop again [27].

UV-C irradiation is a suitable method for limiting 
algae proliferation because it can damage both their 
photosynthetic apparatus and DNA [30,31]. UV-C 
treatments bleach the biofilm by degrading chloro-
phyll; consequently, the area colonized by phototrophs 
decreases over time [30,32]. The relationship between 
UV-C exposure time and physiological response has 
been studied, and UV-C treatment stronger than 10 
kJ m-2 was sufficient to kill microorganisms, while low 
UV-C treatments only inhibited their respiration and 
photosynthesis [32]. Questions have been raised [31] 
as to whether UV-C irradiation damages prehistoric 
drawings, but this type of treatment has been consid-
ered to be completely safe [33].

Although several methods have been reported 
to be capable of eliminating lampenflora, none are 
ideal, and it is necessary to identify optimal solutions 
to eliminate lampenflora while protecting the cave 
environment. Because green algae are quite common 
in the lampenflora community and cause negative 
esthetic impacts and biodeterioration, this study ex-
plored the effects of different biocides on the green 
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algae that were most widespread in the cave we stud-
ied. The selected biocides were tested under labora-
tory conditions on cultures of Chlorella sp. isolated 
from lampenflora.

MATERIALS AND METHODS

Locality

Biofilm for algal cultivation was collected in Lazar’s 
Cave (also known as Zlot’s Cave), which is located in 
eastern Serbia (44˚ 01’ 44.07’’ N; 21˚ 57’ 44.54’’ E). 
The cave has formed in stratified Lower Cretaceous 
limestone [34]. Hydrologically, Lazar’s Cave contains 
three canal systems: an old dry system, a periodically 
active system and an active, flooded system [34]. One 
section of the cave to which paths and artificial light 
have been added is open to tourists from May to Octo-
ber [35]. The cave structures affected by lampenflora 
were characterized by the presence of green or dark 
green biofilms of varying thicknesses.

Sampling

A biofilm from one sampling site was chosen for cul-
tivation, and algal material was directly scraped using 
a sterile scalpel into test tubes containing solid growth 
media [36]. From the same sampling site, a small piece 
of biofilm was taken and observed using a Zeiss Axio 
Imager M1 light microscope with Axio Vision 4.8 soft-
ware. The green biofilm was examined at maximum 
magnification of ×640, and the lampenflora-dominant 
organism (representative for cultivation) was identi-
fied using standard identification keys [37,38].

Preparation of medium for algal cultivation 

Before collecting any samples for algal cultivation, 
BG11 medium was prepared [39]. The pH of 1 L of 
BG-11 medium was adjusted to a pH approximately 
7.5. The medium was then transferred to test tubes 
and Erlenmeyer flasks to which agar at a concentra-
tion of 1.3% to 1.5% was added to solidify the BG-11 
medium. After sealing the glassware with plugs made 
of cotton wool and covering them with aluminum foil, 
the medium was autoclaved for 15 min at 121°C. After 
autoclaving, the test tubes were allowed to cool in a 

slanted position that solidified the agar. The medium 
in the Erlenmeyer flasks was allowed to cool slightly 
before pouring into sterile 5.1-cm Petri dishes to so-
lidify. The test tubes containing solid BG11 medium 
were used for collection of aerophytic algae from the 
sampling site. Petri dishes with solid BG11 medium 
were used to maintain algal cultures in the laboratory 
for experimentation.

Algal cultivation and biocide treatment

Test tubes with the lampenflora-dominant organisms 
were maintained between 20°C and 22°C, a tempera-
ture range found to be optimal for algae growth [40], 
under a 12 h light:dark cycle. After the algae devel-
oped, small samples were transferred from the test 
tubes to the Petri dishes. The green algae were carefully 
smeared on the surface of the solid BG11 medium in 
the Petri dishes and left to grow evenly for 6 weeks. 
Three biocides, hydrogen peroxide, a commercial solu-
tion containing salicylic acid and a product containing 
chlorine dioxide as the active component, were applied 
in different volumes and/or concentrations, and their 
effects on the algae were observed using three rep-
licates for each treatment. The diameter of the Petri 
dishes was 5.1 cm. The left half of each dish served 
as the control, while the right half was treated with a 
biocide (Supplementary Fig. S1). Control biofilms were 
collected, their chlorophyll a (Chl a) concentration de-
termined and the solid medium from the control sides 
of the Petri dishes removed from each dish. Then, the 
other halves of the Petri dishes were treated with bio-
cides. The liquid biocides were gradually poured from 
the outside to the inside of the remaining cultured me-
dium in each Petri dish with a 100-1000 μL micropi-
pette for even application and to avoid spreading the 
biocides over the rest of the dish. The effect of biocide 
application on the algae was assessed by calculating the 
percentage reduction in Chl a concentration relative 
to the control after each treatment period.

To determine Chl a concentration, the green al-
gae was carefully scraped from each Petri dish with 
a sterile scalpel, taking care not to lift the solid me-
dium. The samples were then transferred to sterile 
glass beakers and weighed. Next, 20 mL of boiling 
100% ethanol was added. The samples were vigor-
ously homogenized in ethanol for 5 min to extract 
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chlorophyll and were then filtered. After filtration, 
the absorbance of the filtrates was measured at 665 
nm and 750 nm both before and after acidification. 
The Chl a concentration was calculated based on the 
modified formula [41]:

µg Chl a/ cm2 = (A-Aa)/Kc x R/(R-1) x (103Ve)/(Vsd)

A=A665-A750 is the absorbance of the extract before 
acidification; Aa=A665-A750 is the absorbance of extract 
after acidification; Ve is the volume of the extract (mL); 
Vs is the volume of the filtered sample (ml); Kc=82 L/
µg cm is the specific operational spectral absorption 
coefficient for chlorophyll a; d is the path length of 
the optical cell (cm); R=A/Aa is the ratio A/Aa for a 
solution of pure chlorophyll a that is transferred to 
pheophytin by acidification; 103 is the dimensional 
factor to fit Ve.

Hydrogen peroxide experiment

Algae cultures were treated with 60 µL (V1) and 120 µL 
(V2) of a 15% solution of hydrogen peroxide (H2O2), 
which has been suggested to be effective for algal elimi-
nation while remaining safe for the substratum [13]. 
The effects of 15% H2O2 were observed 1 h, 3 days, 
7 days and 10 days after application. To measure the 
effect of H2O2 after 3 and 7 days, cultures were treated 
every day until the 3rd and 7th days; to assess the effect 
after 10 days, the cultures were treated every other day 
until the 10th day. After the treatments were completed, 
the percentage change in Chl a concentration per each 
sample was calculated relative to the control.

Commercial algaecide experiment

Algae cultures were treated with 250 µL of commercial 
algaecide containing 2 mg/g salicylic acid at a con-
centration of 0.1 mL/L. The effects of this algaecide 
were observed after 1 h, 3 days, 7 days and 10 days as 
described for H2O2.

Chlorine dioxide experiment

Algae cultures were treated with 250 µL of chlorine 
dioxide solution at concentrations of 0.1, 0.05 and 
0.01 mL/L. The product containing chlorine dioxide 
consisted of two components: component A, contain-

ing sodium chlorite and additives, and component B, 
containing sodium bisulfate and additives. Compo-
nents A and B were added to 1 L of distilled water to 
produce a 0.4% chlorine dioxide solution, which was 
then diluted further to create solutions of the selected 
test concentrations. The effects of this solution were 
observed after 1 h, 3 days, 7 days and 10 days as de-
scribed for H2O2.

CLSM method

The effects of the chlorine dioxide treatment on green 
algae cultures were also examined using confocal laser 
microscopy (CLSM). Microscope observations of bio-
cide effectiveness were made after 1 h, 3 days, 7 days 
and 10 days. Random 5×5 mm sections of biofilm 
were excised and mounted on glass slides with Mowiol 
mounting medium, taking care to place the biofilms 
onto the coverslips. Confocal images were acquired 
on a Leica TCS SP5 II confocal microscope (Leica 
Microsystems, Wetzlar, Germany), using a 63×/1.4 
oil-immersion objective. Autofluorescence was per-
formed with a 543 nm HeNe laser and emission wave-
lengths of 590 to 790 nm. Images were acquired at 
1024×1024 pixels with a scanning speed of 400 Hz.

Statistical analysis

To assess whether significant differences exist among 
the applied biocides and to determine the effects of 
biocide application duration, one-way analysis of vari-
ance (ANOVA) was performed using the statistical 
package XLSTAT [42]. Principal component analysis 
(PCA) was used to illustrate the relationship between 
the applied biocides (response variables) and time 
(supplementary variables), using Canoco 5 [43].

RESULTS

The preliminary lampenflora investigation revealed 
the dominance of green coccal algae (Chlorophyta), 
and the identification keys [37,38] confirmed the pres-
ence of Chlorella sp. The genus Chlorella belongs to 
the phylum Chlorophyta. Its cells are spherical, (Sup-
plementary Fig. S2), subspherical or ellipsoid and soli-
tary or forming clusters [37]. The chloroplast is usu-
ally single, parietal, cup-, band- or trough-shaped and 
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also pyrenoid. Reproduction is asexual by autospores 
released via disruption of the wall of the mother cell 
[38]. This genus is widely distributed, being present 
in freshwater, marine water, soil and subaerial envi-
ronments [37,38]. Chlorella sp. was dominant in the 
sampled biofilm and was suitable for cultivation in 
the laboratory (Supplementary Fig. S2). 

Both volumes of H2O2 treatment affected Chlorella 
sp. growth (Fig. 1, Fig. 4). The effect appeared to be 
gradual; after 10 days, the V1 reduced the concentra-
tion of Chl a by 86.3% compared with that of the con-
trol, whereas after 7 days, Chlorella sp. was eliminated 
by the V2 treatment. Unexpectedly, V1 was more ef-
fective than V2 at eliminating green algae after 1 h. 
An expected trend was observed for V2 in which algal 
elimination increased with applications performed 
over longer periods. After 1 h, a small biocidal effect 
was observed (the Chl a concentration decreased by 
21.5%, compared to the control). After 3 days, Chl a 
was bleached and almost all algae were eliminated, 

and after 7 days there was insufficient biomass pres-
ent to determine Chl a concentration (Figs. 1 and 4).

The commercial algaecide based on salicylic acid 
(Fig. 1) had a medium effect on Chlorella sp. growth. 
After 10 days, the Chl a concentration was reduced by 
60.4%, after 7 days by 62.2%, after 3 days by 38.3%, and 
after 1 h by 29.3% compared to the control (Fig. 4).

The results of the chlorine dioxide solution treat-
ment are presented in Figs. 2 and 4. After 1 h, the 
0.1 mL/L solution reduced the Chl a concentration 
by 73.6% compared to the control. After 3 days of 
treatment, the concentration of Chl a was reduced by 
86.3%, and after 7 days, complete visual bleaching of 
Chl a was achieved. The 0.05 mL/L solution showed 
that after 1 h the Chl a concentration was reduced by 
43.3%, and after 3 days by 86.9%. All existing biofilm 

Fig. 1. Effect of treatment with biocides on Chlorella sp.: algaecide based on 
salicylic acid 250 µL (A – 1 h, B – 3 days, C – 7 days, D – 10 days); hydrogen 
peroxide 60 µL (E – 1 h, F – 3 days, G – 7 days, H – 10 days), hydrogen per-
oxide 120 µL (I – 1 h, J – 3 days, K – 7 days, L – 10 days).

Fig. 2. Effect of treatment with different concentra-
tions of chlorine dioxide on the Chlorella sp.: 0.1 mL/L 
(A – 3 days, B – 10 days); 0.05 mL/L (C – 3 days,  
D – 10 days); and 0.01 mL/L (E – 3 days, F – 7 days).
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on the solid medium was eliminated after 7 days of 
treatment. The 0.01 mL/L chlorine dioxide solution 
had no significant impact on the Chlorella sp. cul-

ture, although the strongest effect of this 
treatment was observed after 10 days. As 
shown in the CLSM images (Fig. 3), the 
0.1 mL/L and 0.01ml/L chlorine dioxide 
treatments produced different results. 
The efficacy of the higher concentration 
could be observed even after 3 days, and 
after 7 days this concentration caused a 
bleaching effect so complete that auto-
fluorescence could not be observed. The 
0.01 mL/L solution was unstable, and 
maximum treatment efficacy could not 
be determined. Additionally, the 0.01 
mL/L solution was not equally effective 
over the whole surface of the Petri dish, 
therefore the imaging results varied de-
pending to the part of the biofilm that 
was used for the CLSM observations.

According to one-way ANOVA, the 
effect of time (duration of biocide appli-
cation) was significant (P=0.034). The 
difference in effect between the applied 
biocide and time was also significant 
(P=0.005). PCA demonstrated a rela-
tionship between the applied biocides 

(shown as vectors on the ordination diagram) and 
time (squares). All biocides (Fig. 5) are oriented to-
ward the left side of the ordination diagram and were 

Fig. 3. Culture of Chlorella sp. after treatments with different con-
centrations of chlorine dioxide observed by confocal laser micros-
copy (CLSM): 0.1 mL/L (A – 1 h, B – 3 days, C – 7 days, D - 10 
days); 0.01 mL/L (E – 1 h, F – 3 days, G – 7 days, H – 10 days).

Fig. 4. Effect of biocides on Chlorella sp. culture expressed as percentages of 
inhibition of chlorophyll a concentration after 1 h (1h), 3 days (3d), 7 days (7d) 
and 10 days (10d); biocides: H2O2 – hydrogen peroxide (V1 – 60 µL, V2 – 120 
µL); A – algaecide based on salicylic acid (250 µL); CD – chlorine dioxide (0.01 
mL/L, 0.05 mL/L, 0.1 mL/L).

Fig. 5. PCA showing the relationship between applied biocides 
(vectors) and time (squares).
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predominantly positively correlated with supplemen-
tary variables representing their application over lon-
ger periods.

DISCUSSION

Biodeterioration processes are undesirable changes 
that affect cultural and natural heritage sites such as 
caves. H2O2 is a well-known oxidizing agent that is 
environmentally friendly and does not release harmful 
byproducts in reactions with organic matter [13,28]. 
During the oxidation process, oxygen atoms in H2O2 
attract electrons from the living organism, damaging 
or breaking the cell membrane [44]. Previous research 
has suggested that although H2O2 has a toxic effect on 
living organisms in the dark, its effect is magnified in 
the presence of light, which also affects its mobility 
through cell membranes and its activity against sensi-
tive organelles, such as chloroplasts [45,46]. H2O2 was 
successful in eliminating cultured lampenflora green 
algae, an effect that improved with repeated treatments 
over time. Similar results [28] indicate that a 15% so-
lution of H2O2 applied three times over 2 or 3 weeks 
was sufficient to eliminate the cyanobacteria, algae 
and mosses that compose lampenflora communities. 
This experiment found that a treatment volume of 120 
μL was more effective than 60 μL, eliminating more 
than 99% of the biomass after 7 and 10 days because 
a higher volume H2O2 allows for contact with larger 
numbers of living algal cells. According to several au-
thors [45,47], each species is sensitive to a specific dose 
of H2O2, which can be determined under laboratory 
conditions. However, microorganism communities are 
composed of different species and genera; therefore, 
a single dose could be effective for one species, but 
not for the others, and some higher doses could nega-
tively affect the environmental equilibria of caves [48]. 
Gradual treatment with a 15% solution of H2O2 has 
been suggested because it is strong enough to damage 
the cell membrane or disrupt enzyme activities without 
negatively affecting the environment [28]. Although 
treatment with a 15% solution of H2O2 eliminates 
lampenflora, its frequent use can damage carbonate 
substrates, even more than karst water [28], and it was 
suggested [26] to wash the substrate 5-30 min after 
H2O2 application. Additionally, it was shown [29] that 
a 15% H2O2 solution is insufficient to eliminate lam-
penflora (especially mature communities), but a com-

bination of chemical treatment, mechanical cleaning 
with water and light modification can be very effective. 

The commercial algaecide containing salicylic 
acid was designed to suppress the growth of green 
algae in freshwater aquariums, and this experiment 
is the first application of this product to aerophytic 
green algae originating from lampenflora. The recom-
mended concentration for the treatment in freshwater 
aquariums is 0.1 mL/L, which was applied. The active 
component of this algaecide is salicylic acid [49], a 
natural phenolic compound derived from white wil-
low (Salix alba L.), which affects growth, photosyn-
thesis and various enzymatic activities [50,51]. Inter-
estingly, salicylic acid has a positive effect on plants, 
stimulating their growth, development and sugar 
production; however, certain doses can produce an-
tibacterial and antifungal effects [51,52]. While this 
solution was somewhat effective in eliminating Chlo-
rella sp., it was less effective than the other biocides 
tested. After 10 days of treatment, the concentration 
of Chl a had decreased by 60.4% compared with the 
control, and the best results were achieved after 7 days 
of treatment. This may result from the daily applica-
tion of the biocide in 7-day treatments, whereas bio-
cides in 10-day treatments were applied every other 
day. Additionally, although the treated algae were 
cultivated on a solid medium, each application of al-
gaecide increased the quantity of liquid in the Petri 
dishes, which increased the difficulty of scraping the 
biofilm and may have affected Chl a concentrations. 
The cultured algae in almost every Petri dish were 
dissolved by the addition of algaecide and liquid was 
present, which could also have affected the values of 
Chl a obtained after 7 or 10 days of treatment. Ap-
plying a 10-4 M solution of salicylic acid can stimulate 
the growth of Chlorella strains, including increasing 
the primary production of sugars and lipids [53], 
whereas high concentrations of salicylic acid (>10 
mg/L) might have inhibitory effects [54,55]. It was 
demonstrated [55] that applying a 10 mg/L solution 
of salicylic acid increased lipid production, whereas 
a double dose had the opposite effect. In contrast to 
these studies, the algaecide had an inhibitory effect in 
our experiments, preventing algae growth even when 
only a low concentration was applied. Salicylic acid 
can induce stress, increasing the toxicity of ions in 
algal cells [56]. Thus, although the algaecide based on 
salicylic acid inhibited the growth of green algae in 
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laboratory conditions; determining whether it would 
have the same effect in caves requires further study, 
especially because its effects on different cave sub-
strates are unknown.

Chlorine dioxide at appropriate concentrations 
has been shown to have lethal effects on the green 
algae culture; chlorine dioxide damages the cell mem-
brane and chloroplasts, leading to chlorophyll bleach-
ing and the death of phototrophic organisms. It was 
suggested [57] that the effectiveness of chlorine di-
oxide is due to its adsorption by the cell wall, where 
chlorine dioxide reacts with enzymes containing 
sulfhydryl groups. In contrast, it was shown [58] that 
chlorine dioxide inhibits protein synthesis. Although 
both experiments were performed in bacterial cells, 
chlorine dioxide is likely to interact with phototrophic 
microorganisms similarly. Two of the tested concen-
trations of chlorine dioxide (0.1 mL/ L and 0.05 ml/L) 
were successful for the elimination of Chlorella sp. 
(Fig. 4), decreasing the Chl a concentration by more 
than 99% compared with the control after 7 days. The 
0.01 mL/L chlorine dioxide concentration was un-
stable and did not satisfactorily suppress green algae 
growth, although it resulted in a 37% decrease in Chl 
a concentration as compared to the control after 10 
days. The 0.1 mL/L chlorine dioxide solution was very 
efficient but perhaps too strong for application in cave 
environments as an initial treatment choice. Further 
study of the 0.05 mL/L chlorine dioxide solution in 
laboratory conditions as well as in cave environments 
is necessary. The effects of chlorine dioxide depend 
on the solution concentration, the presence of organic 
matter, pH and temperature. Depending on the chlo-
rine dioxide concentration and the length of expo-
sure, a 7-30% reduction of microorganisms can occur 
within 1 h [58]. It was found [59] that a 0.25 mg/L 
solution of chlorine dioxide inactivated a strain of E. 
coli in less than 60 s at pH 6.5. The same concentra-
tion, under the same conditions, inactivated a strain 
of E. coli in 25 s at pH 8.5 [58]. Although chlorine 
dioxide is effective against microorganisms at certain 
concentrations, temperatures and pH values, the ef-
fects of chlorine dioxide on the environment, different 
substrates and different groups of microorganisms 
remain unclear. Although chlorine dioxide has been 
demonstrated to be effective under laboratory condi-
tions, caves are sensitive systems and must be treated 
carefully to avoid unintentional damage.

Caves, as unique geological features, should be 
preserved and maintained without lampenflora. Thus, 
preventative measures against lampenflora develop-
ment need to be considered, such as reducing light 
intensity, shortening the light exposure time and re-
moving all contamination that supports lampenflora 
growth [60]: the use of LED lamps is also advised [60]. 
However, if lampenflora develops, a method for its re-
moval should be applied, and the locations from which 
it has been removed should be monitored for several 
years [60]. A safe agent for the removal of lampenflora 
should be identified. Such an agent should be safe for 
the cave environments, the organisms that live in caves, 
as well as humans, and optimally it should also prevent 
the reappearance of lampenflora long-term.

CONCLUSIONS

Three biocides, hydrogen peroxide, a commercial al-
gaecide based on salicylic acid and developed for use 
on freshwater green algae, and chlorine dioxide, were 
examined for their effects on the growth of green algae 
(Chlorella sp.) under laboratory conditions. Different 
volumes and/or concentrations of each biocide were 
tested, and the concentration of Chl a was measured 
at 1 h, 3 days, 7 days and 10 days after treatment. Both 
volumes of H2O2 controlled Chlorella sp. growth, but 
a better trend was observed with the larger volume, 
which almost fully bleached the algae after 3 days. The 
algaecide based on salicylic acid showed an intermedi-
ate effect against algae, reducing the concentration of 
Chl a by 60% after 10 days. Chlorine dioxide solutions 
were most effective against Chlorella sp. growth. The 
highest concentration of chlorine dioxide (0.1 mL/L) 
reduced the Chl a concentration by 73.6% after only 
1 h and completely bleached of Chl a after 7 days. 
The medium concentration of chlorine dioxide (0.05 
mL/L) was also effective against algal growth, howev-
er, the lowest concentration (0.01 mL/L) was unstable 
and ineffective. The obvious difference between the 
lowest and highest concentrations of chlorine dioxide 
used was further demonstrated using CLSM. While 
H2O2 has been used for the removal of lampenflora in 
caves, the other tested biocides have never been used 
in cave environments. Further studies are necessary 
to evaluate the effects of the tested biocides on cave 
limestone in laboratory conditions, after which studies 
in the cave environments should be conducted.
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