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A B S T R A C T   

Electrical lighting favours the development of photosynthetic biofilms in caves which can induce biodeteriora
tion in the colonized substrates. The use of specific lights as a limiting factor for biofilm growth could be effective 
in their control and represents an alternative to chemical methods since they can damage the substrate. However, 
studies about lighting and the photosynthetic activity of organisms in caves are scarce. In order to select the most 
effective LED light source in reducing photosynthesis and therefore, in reducing the growth rates of microalgae 
and cyanobacteria, four biofilms in the Nerja Cave were illuminated by several light emitted diodes (LEDs) with 
different spectral compositions and the photobiological responses were measured both by empirical and theo
retical methodologies. The empirical approach was based on the photosynthetic efficiency, by measuring the in 
vivo chlorophyll a (Chl a) fluorescence and the theoretical approach was based on the photonic assimilation 
performance related to the proportion of the light quality used for photosynthesis, according to the action spectra 
for photosynthesis available in the literature. The photobiological responses showed differences between the 
empirical and theoretical approach mainly in biofilms dominated by cyanobacteria and red algae, probably 
because the available action spectra were not useful for monitoring these Nerja Cave biofilms. However, the 
expected spectral responses of photosynthesis were observed in green microalgal biofilms with maximum 
photosynthetic efficiency in red and blue light although the green light was also unexpectedly high. The high 
photosynthetic efficiency in green light could be explained by the predictable high chlorophyll content due to a 
very dark environment. The results were not conclusive enough for all the biofilm types to be able to recommend 
a specific lighting system for the photocontrol of biofilm expansion. Therefore, new action spectra for photo
synthesis of the extremophile organisms of the Nerja Cave are required. This approach, based on theoretical and 
empirical methodologies, is a useful tool to obtain information to allow the design of the most adequate lighting 
systems to reduce photosynthetic activity and favour the conservation of the caves.   

1. Introduction 

Caves are natural underground chambers which are considered as 
extreme environments. They are mainly characterized by total darkness 
or low levels of light, stable temperatures and high humidity. Some of 
these subterranean environments had been used over time for human 
activity and may be used as a tourist attraction or as a geological, 

biological or archaeological laboratory. For recreational purposes the 
most important change, which alters the initial conditions, is the 
viewing light. Visitors cause the so-called “anthropic impact” that may 
be related to hydrogeological, geomorphological, environmental, 
microbiological or faunistic changes [1]. In tourist caves, electric 
lighting encourages the development of photosynthetic microorganisms 
on the surface of speleothems and walls. These microbial communities 
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are usually organized in biofilms, complex microbial structures enclosed 
in an exopolysaccharide matrix [2,3]. Regarding their biodiversity, the 
most frequent are made up of microalgae and cyanobacteria and many 
of them produce extracellular polymeric substances (EPSs) such as 
heteropolysaccharides, proteins and DNA [4,5] which may act as a 
buffer zone and contribute to desiccation tolerance which allow them to 
develop on practically any illuminated substrate. Uncontrolled growth 
of microorganisms in the biofilm can induce deterioration of the sub
stratum, known as biodeterioration [2], which can severely damage the 
substratum and indeed the natural and cultural heritage of the cave. 
Therefore, it is vital to design preventive and corrective strategies for the 
control of the growth of these microbial communities. 

Several physical, chemical and biological cleaning methods could be 
adopted [6], but most of the treatments are ineffective or even 
dangerous for the substrate or the subterranean environment [7,8] and 
they also favour fungi, which colonises any available organic matter 
[9,10]. Light treatments such as UV-C radiation, based on LED tech
nology for biofilm control [11], have to be applied with a strict security 
approach due to the damage that could be caused to human skin and 
eyes [12,13]. Due to its high energy (200–280 nm) this technique is too 
energetic for photosynthesis and is destructive for microorganisms [14]. 
The wavelength of 260 nm coincides with the maximum absorption of 
DNA, so it is effectively altered and a biocide effect takes place. How
ever, recently it has been found that a Kr–Cl gas mixture lamp of far- 
UV-C (200–222 nm) has similar anti-microbial and germicidal proper
ties to the UV light of 254 nm but without inducing any mammalian skin 
damage [15]. This can be explained by the fact that far-UV-C does not 
penetrate the outer (non-living) layers of human skin or eyes, whereas 
the bacteria and virus have micrometer or even smaller dimensions and 
the DNA or RNA can be damaged [16,17]. Nevertheless, cave biofilms 
are made up of microorganisms adapted to the subterranean environ
ment (fungi, bacteria, cyanobacteria, microalgae, etc), amongst them 
troglobial species, which may have effective DNA repair mechanisms 
when they are subjected to UV radiation due to the need to repair the 
damage caused by other stress factors that exist in cavities [18]. In 
addition, the exopolysaccharyde sheath increases the path of light and 
may reduce the effectivennes of UV lamps. 

Therefore, more innocuous and effective methods should be inves
tigated [19] such as those based on PAR light (400–700 nm), for the 
decrease of microbial growth [20–22]. PAR light is the most important 
factor related to the growth of photosynthetic organisms [23], and 
lighting is the factor that is the easiest to control in caves. The irradi
ance, spectral quality, and photoperiod, affecting the photosynthetic 
process are basic aspects in the production or reduction of growth 
through photosynthesis [24]. 

The use of LEDs for the growth control of photosynthetic organisms 
has increased in recent years as this lighting technology allows the 
creation of compositions or narrow band spectral forms, with a smaller 
size and volume for the light emitting source and with a longer useful life 
[25–27]. In addition, LED lighting has a series of advantages compared 
to traditional lighting: high efficiency, great thermal dissipation, 
increasing its durability and a chromatic reproduction index (CRI) above 
80%, a wide range of colours from 2700 K to more than 6000 K, high 
durability and easily programming, on and off cycles, as well as spectral 
combinations that are interesting, depending on the photosynthetic 
community of a specific moment, amongst others [28]. Previous studies, 
aimed at designing a specific lighting system with a lower photosyn
thetic effectiveness, have been based on the pigment composition of the 
microorganisms and the overlapping of the emission spectra of the lights 
with the absorption spectra of a culture [29]. Amongst the results, Bruno 
et al. [30] confirmed that cyanobacteria are able to acclimatize to 
different lighting conditions by adjusting their pigment content and a 
very short shift in the light emission determines different growth re
sponses of biofilms and Albertano and Bruno [31] designed wavelengths 
less favourable for photosynthetic growth which seem to span a narrow 
band around 500 nm and above 700 nm [31]. On the other hand, Olson 

[21] confirmed that 595 nm yellow LED lamps successfully prevented 
lamp flora growth and Roldán et al. [32] results suggested that a 
monochromatic green light could prevent the growth of photosynthetic 
organisms in hypogea environments. 

As the absorption spectra of the pigments is not enough to predict 
photosynthetic efficiency, both empirical and theoretical photobiolog
ical methodologies can be used to select the most effective LED light 
source in reducing photosynthesis and therefore, in reducing the growth 
rates of microalgae and cyanobacteria. Empirical methodology is based 
on the use of a pulse amplitude modulated (PAM) fluorometry to mea
sure, in situ, the biofilm photosynthetic activity (the effective and 
maximum quantum yield of photosystem II, ΔF/Fm

′ and Fv/Fm respec
tively) [33]. In spite of the great advantages of in vivo Chl a fluorescence 
determination, the use of PAM fluorometer in cave biofilms is very 
recent [34], whereas, theoretical methodology is based on the photo
biological knowledge of algae and cyanobacteria (action spectra of 
photosynthesis) published in the literature. Action spectra for photo
synthesis have been conducted in higher plants, algae and cyanobacteria 
by using both short bandwidth interference and cut-off filters by expo
sure at above 10 different wavelengths and intensities and measuring 
oxygen evolution or carbon assimilation [35–38]. Quantum yield of 
photosynthesis is dependent on the incident wavelength as measured by 
oxygen production [38,39], carbon assimilation [40] and by in vivo 
absorption spectra and fluorescence excitation spectra [41,42]. 

In this study, the photosynthetic effectiveness of studied LEDs is 
expressed through the photonic assimilation performance (APP%) based 
on the different spectral qualities studied [43]. It involves measuring the 
relative efficiency for the generation of a response or biological effect 
depending on the incident wavelength such as, for example, the liber
ation of oxygen, photosynthetic efficiency or the rate of electronic 
transport during the photosynthetic process, amongst others [36,44]. 

The Nerja Cave is one of the most important tourist caves in Spain, 
with about 450,000 visitors annually. It is located on the coast of Malaga 
(36◦45′43”N, 3◦50′41”W, Andalusia Region, Spain) and it covers an area 
of 35,000 m2 and a volume about 300,000 m3, but only a third of the 
cave has been adapted for visits, the so-called Tourist Galleries. Due to its 
cultural and natural heritage, the cave has been declared an Asset of 
Cultural Interest in the category of Archaeological Sites and is an 
internationally recognized Heritage Site of Geological Relevance, 
respectively. Amongst the work carried out in 1960 for adapting the 
cave for tourist use, a lighting system was installed which favoured the 
development of photosynthetic biofilms in the tourist area of the cave. 

We present the case study of the Nerja Cave where three biofilms 
were lighted by four LED lamps with different spectral compositions and 
the photosynthetic activity was analysed. The aim of this study is to use 
both theoretical and empirical methodologies to measure the photo
synthetic activity according to the light spectral composition. The ob
tained information will allow the design of an adequate lighting system 
to aid the conservation of the heritage of the Nerja Cave. 

2. Material and Methods 

2.1. Study Site 

For this study, four photosynthetic biofilms located in the Tourist 
Galleries of the cave were selected (Fig. 1). All the biofilms (Ne.8, Ne.16, 
Ne.12-above and Ne.12-below) were located just a few metres apart and, 
therefore, affected by similar environmental factors [46,47]. All the 
biofilms were previously investigated from a taxonomic point of view, 
which allowed us to know about their biodiversity. Biofilms Ne.8 and 
Ne.16, dominated by cyanobacteria Chroococcidiopsis sp. and red alga 
Cyanidium sp., respectively [19], were greenish in different shades and 
powdery in appearance and were illuminated by white low-pressure 
fluorescent lamps (model Roblan ES27, 18 W with a colour tempera
ture of 4845 K and 1030 lm) (Fig. 2a). Biofilm Ne.12 was divided into 
two parts (above and below) according to its morphologically different 
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characteristics. Ne.12-above grew on a continuous dripping water sur
face and was wet, gelatinous and mainly composed of green algae whilst 
Ne.12-below was dry, powdery and composed of cyanobacteria [19]. 
Both were illuminated by white low-pressure fluorescent lamps (model 
Philips Genie 18 W with a colour temperature of 2700 K and 1100 lm) 
(Fig. 2b). Finally, it was confirmed that the selected biofilms were not 
affected by other lamps in the cave. 

2.2. Spectral Characterization of LED Lights 

RGB-type LEDs were used in this study. The optoelectronic principle 
for the illumination in this type of LED is known as electroluminescence 
and the colour of the light is determined from the semi-conductor energy 
band. These diodes have three semi-conductors per diode for each 
colour (red-R, green-G and blue-B) and by controlling these primary 
colours it is possible to obtain twelve different combinations of colours 
by regulating the electrical current that passes through the semi- 
conductors (Fig. 3). 

Nerja Cave
36º45'43"N
3º50’41"W

Entrance

Ne.16

Ne.8

Ne.12

Nerja Cave 
Touristic Galleries

N

Fig. 1. Topographic map of the Tourist Galleries of the Nerja Cave (Spain) [from 52] and location of Ne.8, Ne.12 (above and down) and Ne.16 biofilms.  
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Fig. 2. Relative emission lamp spectrum in Ne.8 and Ne.16 (A).and in Ne.12 (above and down) (B).  
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The different spectral configurations were measured with a multi
diode spectroradiometer (Sphere Optics model SMS 500, Contoocook, 
NH, USA). This instrument allowed us to quantify the energy associated 
to each wavelength (nm) in W m− 2 later converted to photonic units 
(μmol photons m− 2 s− 1) from the Planck Law [48]. The colour temper
ature (K) was calculated from the maximum wavelength (λmax) using the 
Wien Displacement Law [49]. The illuminance, expressed as Lux (lumen 
m− 2), was calculated from the phototopic constant [50] (Fig. 3). 

2.3. Theoretical Methodology- action Spectra for Photosynthesis 

In order to know the lowest possible effective LED spectral config
uration to reduce the photosynthetic capacity of the biofilms, the ex
pected effectiveness of the lightsfor photosynthesis was tested, 
according to the photosynthesis action spectra reported in the literature 
for green algae i.e., Ulva lactuca (Ul) [37], red alga Porphyra perforata, 
both green and red portion (Pp-, Pp*) [36] and the cyanobacteria 
Microcoleus sp. (M) [38] since cyanobacteria and red and green micro
algae are present in the Nerja Cave (Table 1, Fig. 4). This approach was 
used since there are no available action spectra for the photosynthesis of 

the organisms that are growing in the Nerja Cave biofilms. 
Based on this, we calculated the effective photosynthetic spectrum 

(Eef) for the photosynthetic organisms according to Álvarez et al. [43] 
being Eef = Σ (ELED x Eaction) where ELED is the absolute spectrum of the 
LED source expressed in units of energy (W m− 2) for each action spectra 
(Eaction) (Fig. 4). We also calculated the assimilation performance pho
tons (APP) expressed as a percentage by APP (%) = (Eef/ELED)*100. APP 
is the proportion of effective photosynthetic spectrum for each LED 
source related to the incident irradiance. So, the higher values of APP 
indicate a greater use of incident photons by a light source in the 
photosynthetic process. 

It is important to emphasize that, for this theoretical study, based on 
taxonomical classification, photosynthetic organisms have different 
pigmentary compositions as well as other accessory pigments which 
may complement the absorption of photons [51]. 

2.4. Empirical Methodology - In Vivo Chl a Fluorescence 

The empirical methodology was based on lighting the biofilms with 
the selected LEDs and measuring in vivo Chl a fluorescence to obtain the 
effective quantum yield (ΔF/Fm′) and the relative electron transport 
rate (rETR) of photosystem II as reported by Figueroa et al. [52]. Ac
cording to the available knowledge about Nerja Cave biofilms, the 
spectral configurations R, G, B and 10 were selected (Fig. 5). 

The biofilms were light adapted for 15 minutes for every LED spec
tral configuration before starting the in situ Chl a fluorescence mea
surements. These were carried out with a pulse amplitude modulated 
(PAM) fluorometer (Diving PAM, Walz GmbH, Germany) equipped with 
red light as the measuring light and a halogen lamp provided actinic 

R 1 4 7 10
(Y)

G 2 5 8 11

B 3 6 9 12

Lamp E (μmol m-2 s-1) Lux (Lumen m-2) λmax (nm) Colour Temp (K)

R 25.2 2009 626 4629

G 29.7 4498 520 5573

B 48.3 1271 465 6232

1 29.4 2734 627 4622

2 34.3 4576 521 5562

3 51.5 1484 465 6232

4 36.7 3861 626 4629

5 40.0 4723 521 5562

6 54.2 1701 465 6232

7 43.6 4938 626 4629

8 46.3 2484 465 6232

9 58.9 2121 465 6232

10 (Y) 51.5 6125 626 4629

11 64.1 5321 465 6232

Fig. 3. Combined light sources (1− 12) from the primary colours (R, G, B) and spectral properties at 20 cm from the source.  

Table 1 
Taxonomy and references for the action spectra available in the scientific 
literature (Pp-: Red portion. Pp*: Green portion).  

Division Specie Abbreviation Reference 

Chlorophyta Ulva lactuca Ul Lüning and Dring 1985 
Rhodophyta Porphyra perforata Pp- Haxo and Blinks 1950 
Rhodophyta Porphyra perforata* Pp* Haxo and Blinks 1950 
Cyanobacteria Microcoleus sp. M Jørgensen et al. 1987  
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light and saturation light pulses. The fiber of the PAM fluorometer was 
placed around 1–2 mm away from the biofilm length. The fiber has a 
length of 100 cm and a diameter of 5.5 mm. In each biofilm 5 areas were 
delimited along an irradiance gradient from the light source (0.5, 2, 5, 7 
and 10 μmol photons m− 2 s− 1) where in vivo Chl a fluorescence was 
measured. Irradiances (ELED) were determined with a broad band 
spherical PAR sensor US-SQS (Walz GmbH) connected to a radiometer 

(Licor 250A). For each light quality and area irradiance, six measure
ments of effective quantum yield were made. 

ΔF/Fm′ was obtained as ΔF = Fm
′ − Ft where Fm

′ is the maximum 
fluorescence yield of an illuminated sample and Ft is the instantaneous 
fluorescence of illuminated microorganism measured briefly before the 
application of a saturation pulse. Values of Fm

′ were recorded after 
applying saturating pulses using the fluorometer. Then, the rETR 
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Fig. 4. Normalized action spectra for Ulva lactuca (A), Porphyra perforata (green portion) (B), Porphyra perforata (red portion) (C) and Microcoleus sp. (D). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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through PSII (expressed as μmol electrons m− 2 s− 1) was determined 
using the incident irradiance of photosynthetic active radiation (ELED, 
expressed in μmol photons m− 2 s− 1) by rETR = ΔF/Fm′ ⋅ ELED. Finally, 
we calculated the photosynthetic efficiency as the slope (α) of the linear 
function rETR versus irradiance [53]. 

2.5. Statistical Analysis 

To determine whether there were significant differences between 
light quality (blue, green, yellow and red) and photosynthetic efficiency 
in the studied biofilms, a one-way analysis of variance (one-way 
ANOVA) was done (p < 0.05). Once the ANOVA was significant, in order 
to identify which pairs of groups were significantly different in each 
biofilm, a multiple comparisons analysis, the Student Neuman-Keuls 
(SNK) [54], was performed as post-hoc test. Software Statistica v.10 
(StatSoft) was used to verify the normality and the homoscedasticity of 
ΔF/Fm′ and rETR by Cochram test. 

3. Results 

The empirical approach was based on the photosynthetic efficiency 
value and the theoretical on the photonic assimilation performance 
(APP%) value, with both parameters being index related to the pro
portion of the light quality use for photosynthesis. The regression co
efficients obtained from the linear functions (R2) of photosynthetic 
efficiency, were higher than 0.95 in all cases. So, we carried out a 
comparison of the theoretical (based on APP) and empirical results 
(based on photosynthetic efficiency) reached in each biofilm which were 
as follows: 

For Ne.8, where the cyanobacteria Chroococcidiopsis sp. is dominant 
and according to the theoretical methodology based on the action 
spectra of cyanobacteria Microcoleus sp., red and yellow lights were the 
most effective for photosynthesis, whilst the blue light showed the 
lowest effectiveness (Table 2, Fig. 4d). However, according to the 
empirical methodology the blue light was related to the highest photo
synthetic efficiency (α = 0.55 ± 0.02) and the yellow one with the lowest 
(α = 0.41 ± 0.01) (Fig. 6). Significant differences in photosynthetic ef
ficiency were observed between the blue and yellow lights, whilst no 
significant differences were observed for the green and red lights. 

For Ne.12-above biofilm, mostly formed by green algae, the highest 
photosynthetic efficiency expected according to the action spectra for 
photosynthesis were blue or red lights and the green-yellow light was 
the least effective, i.e. the action spectra of the green algae U. lactuca, 
(Table 2, Fig. 4a). Empirical values showed the highest photosynthetic 
efficiency under a red light (α = 0.64 ± 0.01) with the green light being 
high (α = 0.63 ± 0.01) and also the blue light (α = 0.62 ± 0.01) whilst 
the yellow light showed the lowest value (α = 0.43 ± 0.01) (Fig. 6). They 
also showed statistically significant differences between photosynthetic 
efficiency for all the light qualities. 

For Ne.12-down, where the red algae and cyanobacteria dominated, 
the red and green lights showed the highest effectiveness whilst blue 
light was the least effective, according to the action spectra of the red 

alga P. perforata (red and green portion) and the cyanobacteria Micro
coleus sp. (Fig. 4b, c, d). However, according to the empirical results, the 
highest photosynthetic efficiency was related to the blue light (α = 0.60 
± 0.02) and the lowest was to the yellow light (α = 0.35 ± 0.02), similar 
to the Ne.8 empirical results (Fig. 6). No statistically significant differ
ences were observed between the red and green lights. 

Finally, for Ne.16, where the mesophilic red alga Cyanidium sp. was 
the dominant microorganism, the green and red lights showed the 
highest effectiveness for photosynthesis (Fig. 4b, c) whilst blue light was 
the least effective, according to the action spectra of P. perforata. 
However, in situ monitoring showed the highest photosynthetic effi
ciency under the green light (α = 0.65 ± 0.01) and the lowest under the 
red light (α = 0.48 ± 0.03) (Fig. 6). No statistically significant differ
ences were observed in between the blue and yellow lights. 

4. Discussion 

Previous research about photosynthetic biofilms in the Nerja Cave 
showed the abundance of the cyanobacteria Chroococcidiopsis sp. and 
the mesophilic red alga Cyanidium sp. [55,56] on the driest surfaces of 
the cave, whilst the wet areas were dominated by the green algae Des
mococcus endolithicus or Jenufa sp. and a higher diversity of cyanobac
teria with Leptolyngbya sp. and Gleocapsa atrata, amongst others [2,19]. 
In addition, the biofilms were highly adapted to low irradiance and this 
variable was only slightly influential in their growth whilst the most 
significant variables were the relative humidity and the CO2 air con
centration [52]. The pigmentary diversity and extracellular polymer 
matrix composed of heteropolysaccharides, proteins and DNA of the bio 
films also provides a high resistance to desiccation, thus allowing their 
evolution in an illuminated subterranean environment. 

In this study, we estimated photosynthetic parameters by theoretical 
and empirical methodologies (assimilation performance photons and 
photosynthetic efficiency, respectively) in different biofilms lighted 
with different LED qualities in order to know their photosynthetic 
activity. 

From a theoretical point of view, the evolution of assimilation per
formance photons and photosynthetic efficiency valuesshould be 
similar, as long as the Nerja Cave biofilms have similar action spectra to 
the species with which they were compared (see Table 2). Nevertheless, 
in our study, this did not happen and the empirical results did not 
correspond with theoretical ones for all the studied biofilms. According 
to the theoretical methodology and the taxonomy of biofilm mainly 
formed by Chroococcidiopsis sp. (Ne.8), the blue light was expected to 
reduce photosynthesis compared to the green and red light according to 
the action spectra for photosynthesis in cyanobacteria [38] whereas the 
highest photosynthesis was expected under the green and red lights due 
to the presence of phycocyanin and allophycocyanin pigments in the 
Nerja Cave Chroococcidiopsis sp. [19]. In the cyanobacteria, the 
maximum quantum yield under blue light decreases due to the inter
ference by phycobiliproteins associated to PSII [57]. However, in cya
nobacteria the highest level of Chl a is associated to PSI in which no 
phycobilisomes are attached, i.e. only 12% of cellular Chl a is associated 
to PSII and the fraction of absorbed quanta to PSII is 36% in Synecho
coccus sp. [42]. Wavelengths in the range of around 480 nm (blue) result 
in the strongest preferential excitation of PSII and therefore the strongest 
loss of both ΦCO2 or ΦPSII [58]. However, ΦPSII is also an unreliable 
measure of ΦCO2 for these blue wavelengths, due to the absorption by 
carotenoids and non-photosynthetic pigments [59]. However, at low 
intensities of the linear part of the light-response curves as was applied 
in this study, there is not limitation for the electron flow of the acceptor 
side of PSII and the relation between ΦCO2 or ΦPSII is linear [60]. The blue 
light may be absorbed by the chlorophyll associated to PSI more effi
ciently that in PSII since in PSI blue light is not shaded by phycobili
proteins located in phycobilisomes associated to PSII and thus both blue 
and far-red light, have a greater role in photosynthetic activity than that 
absorbed by PSII [42,57]. 

Table 2 
Photonic assimilation performance (APP%) for species of divisions observed 
Nerja Cave biofilms according to the action spectra of photosysnthesis and 
lighting used (see Table 1). i.e. Chlorophyta, Rhodophyta and Cyanobacteria.  

Colour Ulva 
lactuca 
(Ul) 

Porphyra 
perforata Red P. 
(Pp) 

Porphyra 
perforata Green P. 
(Pp*) 

Microcoleus 
sp. (M) 

Blue (B) 89.4 50.3 29.5 5.00 
Green 

(G) 
37.9 92.1 66.1 40.9 

Red (R) 48.1 75.3 92.7 85.0 
Yellow 

(10) 
42.3 84.6 78.6 61.3  
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The in situ measurements showed that the highest photosynthetic 
activity occurred under the blue light and the lowest under the yellow 
light, in this case, very similar to the red light and both contrary to the 
theoretical model. The similarity between the red and yellow light re
sults could be explained because the spectrum of the yellow light does 
not correspond to a single spectral band but consists of a combination of 
light in the red, green and blue bands and is more enriched in the red 
(Fig. 6). Therefore, it seems that the Nerja Cave Chroococcidiopsis sp. 
scarcely uses phycobiliproteins to capture light and it is well adapted to 
using cold light, which is the one used habitually to light the biofilm in 
the cave, by using Chl a. Other chlorophylls absorbing in red and far-red 
light, contrary to Chl a, have been found in cyanobacteria such as Chl f 
with a fluorescence emission peak at 748 nm [61] and Chl d [62]. Chl f 
was detected in a cyanobacteria growing in far-red light (750 nm) and 
the charge separation in photosystem I and II uses Chl f at 745 nm and 
Chl f (or d) at 727 nm, respectively [63]. In the Nerja Cave, Chroo
coccidiopsis sp. growing under high pressure lamps with an emission in 
far-red light may have adapted to the light source through other unex
pected pigment compositions by using Chl d or f. 

Similar results were obtained in the biofilms formed by a mixture of 
the red alga Cyanidium sp. and cyanobacteria (Ne.12-down) with the 
highest efficiency being in the blue light instead of the red, yellow or 
green lights, just as had been expected according to the theoretical 
model by using the action spectra for photosynthesis by Jørgensen et al. 
[38]. The emission spectrum of the Nerja Cave Cyanidium sp. indicated 
the presence of Chl a and phycobilins (phycocyanin and allophycocya
nin) [19], the same as Chroococcidiopsis sp., therefore, the similarity 
response between both microorganisms is understandable. Since the 
cavity is an environment with dry periods and with low nutrient avail
ability, the biofilms maybe using phycobiliproteins as a nitrogen reser
voir in the driest periods of the cavity [64]. In this way, the cave 
microorganisms would not use these accessory pigments to capture 
energy; rather they could accumulate them as reserve substances in the 
hostile environment of the cavity, thus explaining the low photosyn
thetic efficiency under the red light of Ne.8 and Ne.16. 

The lower efficiency related to the green light could be explained by 
the absence of phycoerythrin in the biofilm, which has a maximum 
absorption coincident with the green light maximum emission wave
length. However, this event was not observed in Ne.16, mainly 
composed of Cyanidium sp., with the highest efficiency in the green light. 
This fact proves that the action spectra of microorganisms has a close 

relationship with the absorption spectrum in terms of shape, but it is 
necessary to emphasize that a greater absorption by the pigment at a 
certain wavelength does not necessarily correspond with a greater 
photosynthetic action, since not only the quantity/spectral quality and 
the pigmentary composition have influence, but also the energy distri
bution in the two photosystems [45,65]. 

In situ, the biofilm composed mainly of green algae (Ne.12-above) 
showed the highest photosynthetic efficiency in the red light as expected 
in the action spectra for photosynthesis followed by the green and blue 
lights. The minimal values were reached in yellow light as was also 
expected (Fig. 6, Table 2). The high photosynthetic efficiency in red and 
blue lights was expected according to the action spectra for photosyn
thesis for green algae (Fig. 5, Table 2). However, the high photosynthetic 
efficiency in green light was an unexpected result. The action spectra 
used in this study was of a thin green macroalgae (U. lactuca), showing a 
decrease in photosynthetic efficiency in green and yellow light. How
ever, thicker thalli of other green macroalgae, as Codium fragile, also 
presented high photosynthetic efficiency in green light due to the high 
chlorophyll content and package effect [37]. As the habitual lighting of 
this biofilm was a warm light (2700 K), as in Ne.8 and Ne.16, the mi
croorganisms in Ne.12-above could have adapted and be effective in the 
red light. Therefore, the theoretical action spectra model used for green 
algae (U. lactuca) was representative for this biofilm because the highest 
photosynthetic efficiency was reached in blue and red light as expected 
according to the action spectra for photosynthesis in green algae with 
high photosynthetic efficiency in green light due to the foreseeable high 
chlorophyll content in green algal biofilms in the dark habitat of the 
Nerja Cave. 

In cyanobacteria, the most action spectra for photosynthesis have 
been determined as the quantum yield for oxygen production and car
bon uptake [38–40]. In addition, other authors have used the combi
nation of in vivo absorption spectra and fluorescence excitation spectra 
in both algae and cyanobacteria [41,42,66]. Relative excitation of Chl a 
fluorescence is very close to relative action spectra of photosystem II O2 
evolution in algae [66]. The action spectra were interpreted in relation 
to the light-harvesting pigments and their association with the two 
photosystems [42,66]. In this study we have used as photosynthetic 
indicator the effective quantum yield and rETR determined by in vivo Chl 
a fluorescence. Linear relation between effective quantum by fluores
cence (ΦPSII) and by oxygen evolution (ΦO2) or carbon uptake (ΦCO2) has 
been shown although the linear relation is lost under high light intensity 
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[53,60,67]. A lower fraction of incident light reaching the photosystems 
will directly result in a loss of effective quantum yield by CO2 uptake 
(ΦCO2) on an incident light basis [60]. However, at low light intensities 
in the linear part of the light-response curve, there are no limitations for 
the electron flow on the acceptor side of PSII [59]. Therefore, within a 
range of low-light intensities (1–50 μmol m− 2 s− 1 or even narrower 
range in the dark- as is the case for the Nerja Cave cyanobacteria and 
microalgae) effective quantum yield by fluorescence (ΦPSII) does not 
change as results of a small changes in light intensity and good relations 
to ΦCO2 or ΦO2 are observed [53,60,67]. 

The review by Kalaji et al. [59], reports that ΦPSII is an unsuitable 
parameter for dependence of ΦCO2 due the wavelength dependence 
changes in absorbed light fraction by carotenoids and non- 
photosynthetic pigments. However, at low intensities changes in the 
fraction of photons reaching the photosystems may not affect ΦPSII and 
thus, due the incident light used to illuminate the algae and cyanobac
teria biofilms in this study being very low, a good relationship between 
ΦPSII and ΦCO2 was expected. Thus, the effect of broad band light 
qualities used in this study on effective quantum yield and ETR could be 
suitable related to the photosynthetic rate and eventually related to the 
growth rate. In this study, we applied broad-band light qualities as the 
first steps of wavelength dependence for photosynthesis in the biofilms 
of the Nerja Cave and the next pending study step is to conduct action 
spectra by using narrow wavelength light sources and a higher number 
of wavelengths than the ones used in this study. 

According to the results of this study, where the expected photo
synthetic response pattern did not follow the observed pattern under 
different light sources in cyanobacteria and red algae whereas in green 
algae the expected patterns were observed, further research effort is 
needed. Thus, the development of specific action spectra should be 
considered [45,65] especially for the dominant biofilms in the Nerja 
Cave constituted by the red alga (Cyanidium sp.) and cyanobacteria 
(Chroococcidiopsis sp). Nevertheless, our results showed that the spectral 
quality of the lighting source is a major factor in the physiological 
response of biofilms, since they are limited by the light quality to which 
they have adapted and by the low nutrient environment, which can 
induce the biofilms to use phycobiliproteins as a reservoir substance or 
heterotrophic nutrition. 

5. Conclusions 

Because the development of photosynthetic biofilms causes biode
terioration processes in the substrate where they grow, we suggested 
controlling them by the design of a specific lighting system (LED) with 
less photosynthetic effectiveness according to the spectral light emission 
of lamps. In order to obtain the required information, theoretical and 
empirical approaches were developed and the results were different for 
each methodology. Therefore, our results were not conclusive enough to 
be able to recommend a specific lighting system for the Nerja Cave for 
the all the types of biofilms there may be in the cave because the action 
spectra available in the scientific literature were not useful for predict
ing the photosynthetic activity of the Nerja Cave biofilm. Thus, further 
research is needed to obtain the specific action spectra for the Nerja Cave 
biofilms, in order to rigorously predict the bio-optical responses and thus 
allow the design of the most adequate lighting system according to the 
conservation of the cave without compromising the quality and visual 
safety of the visitors. 
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