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a b s t r a c t 

The increase in CO2 concentration and temperature observed in the current context of climate change 

may cause changes in the behavior of phototrophic organisms colonising stone cultural heritage, lead- 

ing to undesirable changes in terms of biodeterioration. In this study, we examined the combined effect 

of both parameters (18 °C or 24 °C and ambient or high CO2 concentration) on the physiological state of 

organisms and on granite weathering through experiments involving a green alga ( Bracteacococcus mi- 

nor ) and a cyanobacterium ( Synechocystis sp. PCC 6803) grown in medium containing granite. The results 

revealed an increase in the green algae population relative to the cyanobacteria at lower temperature 

and a reduction in biomass and efficiency during the early stages of culture development at the higher 

temperature. In addition, although rock weathering was favoured by modification of the solution equi- 

librium through cation uptake by the organisms no significant differences in response to environmental 

conditions were detected. 

© 2025 Elsevier Masson SAS. All rights are reserved, including those for text and data mining, AI 

training, and similar technologies. 
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. Introduction 

Greenhouse gas (GHG) emissions, particularly carbon dioxide 

CO2 ), have been increasing since the Industrial Revolution and 

re the main cause of climate change and global warming. Atmo- 

pheric CO2 concentration has reached an average level of 419 ppm 

nd up to 500 ppm in urban areas, which is linearly related to 

lobal warming, with a 0.6 to 4 °C increase in global average tem- 

erature expected in the coming decades [ 1 ]. Although this infor- 

ation is widely known, many of the final implications have yet to 

e understood and studied in order to try to mitigate the effects. 

Climate change has a direct impact on cultural heritage monu- 

ents and buildings [ 2 ], making their conservation a real challenge 

ue to the difficulty of providing protection from the elements, 

hich interact with the substrate and also with surface-colonising 

rganisms. Thus, changes in climatic conditions are expected to 

irectly affect the surfaces of rocky substrates through physico- 

hemical processes but also the way in which organisms colonise 

nd degrade surfaces. In this respect, phototrophic organisms must 
∗ Corresponding author. 
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e considered as their metabolism is highly dependent on environ- 

ental conditions [ 3–5 ], as many aspects of life are mediated by 

emperature, water availability, light and/or the presence of CO2. 

Given the expected increases in CO2 concentration and temper- 

ture, it is important to understand the combined effect of increas- 

ng both parameters on the biological deterioration processes oc- 

urring on the rock. The available literature mainly deals with how 

hese changes affect organisms living on the substrate, but little is 

nown about how the changes in the organisms translate into de- 

erioration of the stone. Increased temperature has been related to 

 stimulatory effect on the growth and metabolism of the organ- 

sms [ 6–8 ]. Thus, while faster biofilm formation has been related to 

igher temperatures, the increase in biomass has been related to 

utrient availability [ 9–12 ]. That is, if nutrients are limiting, an in- 

rease in water temperature may not increase the algal growth rate 

 13 ], making it difficult to separate the effect of temperature from 

he effects of other parameters. Moreover, optimal temperatures 

or photosynthesis vary among phototrophic species [ 14 , 15 ], and 

ncreasing temperatures could therefore lead to taxonomic change 

eyond changes in biomass [ 16 , 17 ]. In addition, the interactions 

etween different groups of community-dwelling organisms may 

odulate the response of each group to warming and thus deter- 

ine the outcome of the entire biofilm community [ 18 , 19 ]. That is,
nd data mining, AI training, and similar technologies. 
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ommunity changes may be generated that cannot be predicted by 

tudying individual species. Considering the effects of temperature 

n patterns of colonisation on rocky cultural heritage, Cutler et al. 

 20 ] observed that for four sandstone heritage structures located in 

elfast (Northern Ireland, UK), greening was more pronounced in 

older areas than in warmer areas, with the pattern mainly being 

elated to the evaporation of humidity. Ramirez et al. [ 21 ] corrob- 

rated that biofilm biodiversity on stone buildings was higher in 

older areas. 

In relation to the effect of changing CO2 conditions, previous 

tudies have demonstrated functional changes in biotic commu- 

ities associated with increased atmospheric CO2 concentrations 

uch as increased productivity or changes in the quality of photo- 

ynthetic active tissue, which in turn affect community dynamics. 

hus, Korner [ 22 ] and Schimel [ 23 ] hypothesised that exposure to

igher environmental CO2 levels may have a “fertilising effect” on 

hotosynthesising organisms and thus enhance photosynthetic per- 

ormance. Subsequent research on higher plants [ 24 , 25 ], Chlorella 

pecies [ 26 ] and phytoplankton communities [ 27 ] supported this 

ypothesis. However, this is not a generalised trend, as other stud- 

es involving marine microalgal cultures of Nannochloropsis gadi- 

ana and Nannochloropsis maculate [ 28 ], cyanobacteria Anabaena 

p. PCC 7120 [ 29 ] and Gloeotrichia natans [ 30 ] and various lichen

pecies [ 31 ] have shown that there are no differences in the 

rowth of species at high and normal CO2 concentrations. Few 

tudies have quantified the effect of increased atmospheric CO2 

oncentrations on biofilm development, and some authors consider 

hat the communities colonising the heritage are more likely to 

e limited by humidity, water availability and/or nutrients than by 

O2 [ 5 , 32 ]. However, an increase in the productivity of microor- 

anisms (in particular cyanobacteria and green algae) colonising 

ultural heritage monuments has been reported to be expected as 

tmospheric CO2 increases [ 33 ]. 

. Research aim 

As far as we know, most of the existing knowledge on the re- 

ponse of microalgae and cyanobacteria to climate change comes 

rom studies on phytoplankton dynamics. However, there are no 

tudies related to the deterioration of stone heritage by pho- 

otrophic organisms exposed to different temperatures and CO2 

oncentrations. Thus, it is expected that changes in both parame- 

ers can lead to changes in metabolic and physiological state affect- 

ng the resilience of both algae and cyanobacteria and its weather- 

ng activity. Therefore, to test this hypothesis, a mixed culture of 

he alga Bracteacoccus minor and the cyanobacterium Synechocystis 

p. PCC6803 in contact with fragmented granite rock and exposed 

o an increase in temperature and CO2 concentration was analysed 

n terms of organism development, culture composition, pigment 

roduction, physiological state and biodeterioration rate. 

. Materials and methods 

In order to study the effect of the increase in CO2 and tempera- 

ure on the physiological and deteriogenic activity of the organisms 

hat commonly inhabit granite monuments, an experiment was de- 

igned in which samples of fragmented granite rock suspended in 

 liquid medium with and without organisms (a green alga and 

 cyanobacterium) were exposed to combinations of two differ- 

nt temperatures (18 and 24 °C) and carbon dioxide (CO2 ) concen- 

rations (non-polluted city CO2 concentration, 416.87 ppm or high 

O2 concentration) for 90 days. In addition, since research on cli- 

ate change requires long periods of time to observe the effects, 

he experiment was carried out in a liquid medium, which accel- 

rates the deterioration processes, and the temperature increase 

hosen was 6 °C, tripling what is expected for the climate change 
186
cenario under consideration. The effects were monitored by cell 

ounts, chlorophyll fluorescence, colour variation and quantifica- 

ion of chlorophyll degradation, dissolved oxygen, and solubilized 

lements. 

.1. Culture and substrate preparation 

The culture used was a 1:1 mixture (biomass) of two monospe- 

ific cultures, one of Synechocystis sp. PCC6803 (Cyanobacteria) and 

ne of Bracteacoccus minor (Chlorophyta): because of the smaller 

ell volume of cyanobacteria, this is equivalent to a culture com- 

osed of 92% cyanobacteria cells and 8% microalgae cells. The cul- 

ure was maintained in BG11 liquid culture medium [ 34 ] with aer- 

tion. These species were selected for their ease of cultivation, the 

ossibility to count cells (non-filamentous) and also for their pres- 

nce in the granitic material [ 35 , 36 ]. 

A commercial granite, Silvestre (two mica adamellitic granite 

ith equigranular-panallotriomorphic texture and medium grain), 

as selected for the study. It is mainly composed of quartz (34%) 

lbite (21%), microcline (15%), muscovite (18%), biotite (11%) and 

aolinite (1%). With the aim of increasing the surface of the rock 

xposed to the environment and microorganisms, the granite ma- 

erial was crushed to produce fragments of size between 0 and 5 

three fractions: 2 to 5 mm, 0.5 to 2 mm and < 0.5 mm in diame-

er). 

.2. Experimental set-up 

A total of 24 test tubes were each filled with 18 g of fragmented 

ranite (6 g of each size fraction were obtained by physical siev- 

ng; 5–2 mm, 2–0,5 mm and < 0,5 mm) and sterilised at 121 °C for

5 min. After sterilizing, 5 mL of BG11 culture medium and 50 mL 

f distilled water were added to half of the tubes (non-inoculated), 

nd 5 mL of mixed culture ( Synechocystis sp . PCC6803 and Bractea- 

occus minor, including BG11 medium) and 50 mL of distilled wa- 

er were added to the other half (inoculated). Aeration was sup- 

lied via a circuit from outside the laboratory building, by means 

f an aeration pump. Carbon dioxide was provided directly in the 

ubes by connecting them to a gas bottle. The tubes were held in 

 climatic chamber for 90 days with 1900 lux illumination and a 

2:12 h light/dark photoperiod. 

Both temperatures (18 or 24 °C) and CO2 concentrations (en- 

ironmental CO2 concentration -416.87 ppm- or high CO2 con- 

entration) were applied to inoculated samples and also to non- 

noculated samples, which served as controls. Thus, a total of 24 

ample tubes were analysed, with 3 replicates for each condition, 

esulting in 3 inoculated and 3 non-inoculated replicates at 18 °C 

nd environmental CO2 concentration; 3 inoculated and 3 non- 

noculated replicates at 24 °C and environmental CO2 concentra- 

ion; 3 inoculated and 3 non-inoculated replicates at 18 °C and high 

O2 concentration; 3 inoculated and 3 non-inoculated replicates at 

4 °C and high CO2 concentration. 

For CO2 supply, half of the tubes received a higher CO2 concen- 

ration (environmental CO2 concentration plus 1.37 L/day of extra 

O2 ), by connecting the aeration system to a CO2 gas cylinder and 

upplying a daily pulse of gas once a day. The other half of the 

ubes were only connected to the outside of the building for expo- 

ure to environmental CO2 levels. 

.3. Monitoring biofilm formation and deteriogenic activity 

.3.1. Quantification of Synechocystis sp. PCC 6803 and 

racteacoccus minor cell numbers 

The numbers of green algae and cyanobacteria cells were quan- 

ified at the beginning, middle (day 45) and end (day 90) of the ex- 
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eriment. Cell numbers were counted using a 0.1 mm deep count- 

ng chamber or haematocytometer with a Neubauer step scale [ 37 ]. 

.3.2. Chlorophyll fluorescence 

Chlorophyll fluorescence analysis indirectly assesses the photo- 

ynthetic efficiency of organisms by measuring their fluorescence 

mission. The signal was measured in the samples and determined 

t 470, 645 and 665 nm by pulse-amplitude modulated (PAM) flu- 

rometry, in a Phyto-PAM system (Heinz Walz GmbH, Effeltrich, 

ermany) equipped with a Phyto-EDF fibre optics emitter-detector 

nit. A total of nine readings were taken by immersing the mea- 

urement sensor in each sample tube. Samples were kept in the 

ark for 20 min before recording data. Minimal fluorescence in the 

ark-adapted state (F0 ), maximal fluorescence in the dark-adapted 

tate (FM 

) and maximum quantum efficiency of PSII photochem- 

stry (YMAX; FM 

-F0 )/FM 

) parameters were obtained [ 38 ]. 

In addition, in order to study the variation in the relative micro- 

ial abundance, the F0 470nm/F0 645 nm ratio was calculated as the 

ignal at 470 nm, related to chlorophyll b (algae), and the signal at 

45 nm, related to allophycocyanin (cyanobacteria). 

.3.3. Colour variation 

Colour quantification has been shown to be a reliable, non- 

estructive method for quantifying the development of pho- 

otrophic organisms on solid substrates [ 39 ]. Aliquots (1.5 mL) of 

he culture were taken from each culture each 15 days and filtered 

nder vacuum through 0.45 μm nitrocellulose filters leaving the 

rganisms deposited on the filter. Five colour measurements were 

ade on each filter using a portable spectrophotometer Konica Mi- 

olta CM-700D (Konica Minolta, Osaka, Japan) with CM-S100 w 

oftware (Spectra Magic TM NX) and under the following condi- 

ions: D65 illuminant, 2nd observer and SAV type objective area 

ith a diameter of 3 mm. 

The data obtained were represented in CIELAB color space [ 40 ], 

here each colour is defined by three Cartesian or linear coordi- 

ates L∗ a∗ b∗, where L∗ is a measure of lightness, varying from 100 

bsolute white to 0 absolute black, a∗ is a measure of chromatic 

ariations on the red-green axis (positive red, negative green) and 

∗ is a measure of chromatic variations on the yellow-blue axis 

positive yellow, negative blue). 

.3.4. Quantification of phaeophytinization quotient 

The phaeophytinization quotient (PQ) reflects the degradation 

f chlorophyll to phaeopigments as a consequence of environmen- 

al stress. It was calculated by extracting phytopigments every 15 

ays with dimethyl sulfoxide (DMSO). Aliquots (1.5 mL) of the cul- 

ure were removed from each tube and filtered under vacuum 

ith 0.45 μm nitrocellulose filters, and the filters were then re- 

uspended in 1.5 mL DMSO for 1 hour at 65 °C with agitation 

 41 , 42 ]. At the end of the DMSO digestion, the samples were cen-

rifuged for 10 min at 70 0 0 g (Centric 150 Tehtnica), and the su-

ernatant obtained was measured at different wavelengths using 

 UV–visible spectrophotometer (Varian Cary 100). The phaeophy- 

inization quotient (PQ) was calculated by the ratio of absorbances 

f the extracts at 435 and 415 nm [ 43 ]. 

.3.5. Quantification of dissolved oxygen 

Dissolved oxygen is an important indicator and limiting factor 

n photosynthetic efficiency and thus CO2 fixation [ 44 ]. In order 

o determine the concentration of dissolved oxygen in the sam- 

les exposed to the different temperature and CO2 combinations, 

.5 mL aliquots of the culture were taken from each sample tube 

nd measurements were carried out with an oximeter El2 mi- 

rosensor 10 μm (Unisense, Aarhus, Denmark) every 15 days from 

he beginning of the experiment. 
187
.3.6. Quantification of dissolved elements by flame atomic 

bsorption-emission spectroscopy 

In order to determine the effects of the conditions tested on 

he ability of the organisms to solubilize and/or take up elements 

rom the substrate, in this case granite, the dissolved Na+ , K+ and 

a2 + and Mg2 + in each tested condition were quantified at the end 

f the experiment by atomic emission spectroscopy or atomic ab- 

orption spectroscopy. Aliquots (20 mL), previously vacuum-filtered 

hrough 0.45 μm nitrocellulose filters, were removed from each 

est tube and analysed by a flame atomic absorption-emission 

pectrometer SpectrAA 220 FS (Mulgrave, Victoria, Australia) Var- 

an model with fast sequential module (FS-FAAS) and equipped 

ith a conventional pneumatic nebuliser and spray chamber sys- 

em. The flame composition was acetylene (2.0 L ·min−1 ) and air 

13.5 L ·min−1 ). The suction flow rate of the nebuliser was main- 

ained between 5.5 and 6.0 ml ·min−1 . 

.4. Statistical analysis 

Data were subjected to a two-way ANOVA and a post hoc Tukey 

SD test, considering the measured parameters as dependent vari- 

bles and temperature and CO2 concentration as fixed factors. Sta- 

istical analyses were carried out using SPSS Statistics v23.0 soft- 

are (IBM, New York, U.S.). 

. Results 

.1. Quantification of cell number and variation in proportion of 

ynechocystis sp PCC 6803 and Bracteacoccus minor cells 

Fig. 1 shows (a) the total cell number and (b) percentages of 

yanobacterium and green algae in the inoculated samples on days 

, 45 and 90 of the experiment. All temperature and carbon diox- 

de (CO2 ) conditions resulted in an increase in total cell content 

ver time, and the increase was accentuated towards day 45 of the 

xperiment, followed by a decrease towards day 90, although the 

umber of cells was higher at the end of the experiment than at 

he beginning of the experiment. 

However, the proportion of green algae and cyanobacterial cells 

n the samples varied widely throughout the experiment. In gen- 

ral, the proportion of green algae increased, and the proportion of 

yanobacteria decreased over time. On day 45, differences were ob- 

erved in cultures held at the different temperatures: samples held 

t 18 °C showed an increase in the percentage of algae relative to 

yanobacteria whereas there was no such increase in samples held 

t 24 °C. On the final day of the experiment, the differences in cul- 

ures exposed to different temperatures were maintained, but the 

ercentage of green algae increased in all cases. Differences were 

lso observed between CO2 exposure conditions, with samples ex- 

osed for 90 days to high levels of CO2 showing a lower proportion 

f algae cells than samples exposed to environmental CO2 levels. 

.2. Chlorophyll fluorescence 

The variation in minimum fluorescence (F0 ; culture growth in- 

icator, more organisms, more amount of minimum fluorescence 

e-emitted [ 45 ]) over time for the different combinations of tem- 

erature and CO2 concentration is presented in Fig. 2 a and Table 1 

Supplementary material). An increase in the F0 over time was ob- 

erved for the cultures subjected to all temperature and CO2 com- 

inations. However, there was also a large difference between F0 

alues of cultures subjected to different temperatures. On day 45, 

he interaction between the factors CO2 concentration and tem- 

erature was significant, i.e. the effect of the temperature factor 

n the dependent variable F0 depends on the levels adopted by 

he CO concentration factor (Table 2, Supplementary material). 
2 
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Fig. 1. a) Total cell number and b) percentages of cyanobacterium and green algae in the mixed culture at day 0, 45 and 90 of the experiment. Green algae: green; 

cyanobacteria: blue. 

Fig. 2. Minimal fluorescence (F0 ), maximum quantum efficiency of PSII photochemistry (YMAX ) and F0 470 nm / F0 645 nm ratio of cultures subjected to different tem per- 

atures (18 °C and 24 °C; blue and orange, respectively) and CO2 levels (environmental and high; light and dark, respectively) over the 90 days of the experiment. Different 

letters correspond to significant differences ( p < 0.05) between the samples in relation to the different conditions. 

188
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n Samples held at 24 °C, the minimum fluorescence values were 

ower in those exposed to higher CO2 levels than those of the sam- 

les exposed to environmental CO2 conditions. By contrast, at 18 °C 

he cultures exposed to high levels of CO2 exhibited higher F0 val- 

es than those exposed to environmental levels. Under high CO2 

evels, differences in F0 values between both assayed temperatures 

ere significantly larger than under environmental CO2 conditions. 

n the other hand, from day 45 onwards there was a change in 

he trends and F0 values tended to become more similar. At the 

nd of the experiment, day 90, the differences in the F0 parameter 

or each combination of temperature and CO2 concentration were 

ot significant (Table 2, Supplementary material). 

The maximum quantum yield (YMAX ) indicates the efficiency of 

hotosynthetic activity [ 46 ] ( Fig. 2 b, Table 1 in Supplementary ma-

erial). In this experiment, differences were found in this parame- 

er for the different temperatures and CO2 levels. At day 45, sig- 

ificant differences were observed in YMAX between the two tem- 

eratures studied: photosynthetic efficiency of cultures maintained 

t 18 °C was significantly higher than that of the samples main- 

ained at 24 °C. For both temperatures, the efficiency of the cultures 

xposed to high CO2 levels was higher than that of the samples 

xposed to environmental CO2 concentrations, however it was not 

tatistically significant. At the end of the experiment, the interac- 

ion between the factors CO2 concentration and temperature was 

ignificant, showing that those samples exposed to low CO2 con- 

entrations showed no difference in response to temperature, how- 

ver, when the CO2 concentration was high, those samples kept at 

4 °C had a significantly higher YMAX value than those kept at 18 °C. 

The F0 470 nm / F0 645 nm ratio (indicator of dominance 

f green algae (high values) or cyanobacteria (low values) [ 4 ] is 

hown in Fig. 2 c and Table 1 (Supplementary material). At day 

5, cultures held at 18 °C showed a significantly higher ratio than 

hose held at 24 °C (Table 2 in Supplementary material). From day 

5 onwards, the ratio calculated for all cultures tended to con- 

erge, reaching higher values, in general, than those at the begin- 

ing of the experiment. At the end of the experiment, day 90, no 

ignificant differences were found for this variable in response to 

hanges in CO2 concentration and temperature (Table 2 in Supple- 

entary material). 

.3. Quantification of colour change 

Colour is an indicator of the level of development, senescence 

nd physiological state of microbial cultures [ 47 , 48 ]. In general, 

hroughout the experiment, all cultures became lighter, redder and 

ellower ( Fig. 3 ; Table 1 in Supplementary material). 

The L∗ parameter ( Fig. 3 a) varied significantly in the cultures 

ith opposing trends depending on the temperature and the 

oncentration of CO2 applied: cultures held at 24 °C and higher 

O2 concentration become lighter, while those held at 18 °C and 

nvironmental CO2 concentration, become darker. From day 45 

nwards, the trends in the samples held at both temperatures 

hanged and by day 90 the differences between the different treat- 

ents were reduced, maintaining significant differences depending 

n the applied temperature (Table 2 in Supplementary material). 

he parameter a∗ ( Fig. 3 b) showed a shift towards a redder colour 

n all cultures. Within this general pattern of redness, however, a 

ignificant effect of the interaction was observed between temper- 

ture and CO2 concentration factors. In general terms, lower tem- 

erature produced greater redness, however, an increase in CO2 

oncentration resulted in a reduction in redness at 18 °C, but an 

ncrease at 24 °C, regarding the values obtained under environmen- 

al CO2 concentration. At the end of the experiment, samples held 

t 18 °C were significantly redder than those held at 24 °C (Table 2 

n Supplementary material). The b∗ parameter showed a trend to- 

ards yellowing in all cultures. Once again, a change occurred on 
189
ay 45, with change in trend so that the increase in b∗ was re- 

ersed thereafter, with significant differences at day 45 between 

he values obtained at different temperatures (Table 2 in Supple- 

entary material), with samples held at 18 °C becoming yellower. 

 statistically significant colour variation associated with the ef- 

ect of the interaction between the parameter temperature and CO2 

oncentration was observed at the end of the experiment. 

.4. Quantification of phaeophytinization quotient 

The phaeophytinization quotient (PQ) ( Fig. 4 ; Table 1 in Sup- 

lementary material), which provides information on Chl a degra- 

ation (high values indicate low levels of chlorophyll a degrada- 

ion), decreased in all samples over time, indicating an increase in 

hlorophyll a degradation. At day 45, significant differences were 

bserved between the two temperatures studied: samples kept at 

8 °C showed higher PQ values than samples kept at 24 °C, indicat- 

ng greater degradation of the cultures held at 24 °C. At the end 

f the experiment, although the differences between the differ- 

nt treatments were reduced, the statistical analysis showed dif- 

erences resulting from the interaction of the two factors, temper- 

ture, and CO2 concentration (Table 2 in Supplementary material). 

.5. Dissolved oxygen 

The concentration of dissolved oxygen is an indicator of pho- 

osynthetic activity. Fig. 5 and Table 1 (Supplementary material) 

how the variation in the dissolved oxygen concentration relative 

o the beginning of the experiment ( � dissolved O2 ). The concen- 

ration of dissolved oxygen decreased over time in all samples re- 

ardless temperature and CO2 exposure until day 75, increasing 

lightly towards the end of the experiment. However, in samples 

eld at 18 °C the amount of dissolved oxygen increased in the first 

ays of the experiment. No significant differences were found in 

he concentration of dissolved oxygen in response to changes in 

emperature and CO2 concentration (Table 2 in Supplementary ma- 

erial). 

.6. Dissolved element content 

The dissolved Ca2 + , Mg2 + , Na+ and K+ contents are indicative 

f the weathering of the granite and at the same time, by com- 

arison, of the incorporation of these elements in living organisms 

 49 ]. In Fig. 6 , the bars represent the ratio between the final and

nitial concentrations of the Ca2 + , Mg2 + , Na+ and K+ . For all tested 

onditions, the ratios were lower than 1 for the inoculated samples 

nd higher than 1 for the non-inoculated samples. Ratios above 1 

ndicate higher concentrations of the dissolved element at the end 

han at the beginning of the experiment, while values below 1 in- 

icate higher concentrations of the dissolved element at the be- 

inning than at the end of the experiment. Thus, elements were 

eleased throughout the experiment but were used by organisms 

n the inoculated samples. 

The concentration of elements was the same for the inoculated 

ultures subjected to the different conditions; however, there were 

ome differences in the case of non-inoculated samples. For non- 

noculated samples held at 24 °C there was an increase in the re- 

ease of Mg2 + in the samples exposed to high CO2 levels. For the 

ther elements there were some variations, but on a smaller scale. 

owever, the same comparison in samples held at 18 °C showed a 

ifferent pattern, with an increase in the release of all of the el- 

ments, especially of Mg2 + , under environmental CO2 conditions. 

hus, differences in the release of this element between tempera- 

ures were modulated by the CO levels. 
2 
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Fig. 3. L∗ , b∗ and a∗ parameters of cultures subjected to different temperatures (18 °C and 24 °C; blue and orange, respectively) and CO2 levels (environmental and high; light 

and dark, respectively) over the 90 days of the experiment. Different letters correspond to significant differences ( p < 0.05) between the samples in relation to the different 

conditions. 

Fig. 4. PQ ratio of cultures subjected to different tem peratures (18 °C and 24 °C; blue and orange, respectively) and CO2 levels (environmental and high; light and dark, 

respectively) over the 90 days of the experiment. High values indicate low levels of chlorophyll a degradation. 

190
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Fig. 5. Variation in the dissolved O2 concentration of cultures subjected to different tem peratures (18 °C and 24 °C; blue and orange, respectively) and CO2 levels (environ- 

mental and high; light and dark, respectively) over the 90 days of the experiment. Different letters correspond to significant differences ( p < 0.05) between the samples in 

relation to the different conditions. 

Fig. 6. Ratio between final and initial Ca2 + , Mg2 + , Na+ and K+ concentrations in cultures subjected to different temperatures (24 °C and 18 °C; left and right, respectively) and 

CO2 levels (environmental -AIR- and high -CO2 -) at the end of the experiment. Since the initial concentration is the same, higher bars indicate higher final concentrations. 

Values below 1 (dotted line) indicate a higher initial concentration than the final concentrations. 
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. Discussion 

Results above show that variations in temperature and carbon 

ioxide (CO2 ) concentration have an effect on the micro-organisms 

hat commonly inhabit the cultural heritage, leading to a reduc- 

ion in the proportion of green algae with increasing tempera- 

ure, which caused a reduction in the total biomass of the culture 

hroughout the experiment and a slight increase in its photosyn- 

hetic efficiency with increasing CO2 . Towards the end of the ex- 

eriment, the differences tended to homogenise, so an increase in 

he duration of the experiment could provide information at suc- 

essive stages. It was also found that the presence of organisms 

eads to a consumption or elimination of cations from the medium, 

.e. it favours the deterioration of the granite as there is greater bi- 

logical activity. 

Analysis of the changes in cultures subjected to different tem- 

eratures (18 or 24 °C) and CO2 levels (environmental or elevated) 

howed that both parameters, both individually and together, af- 

ected the biofilm ecology, with an increase in the population of 

reen algae relative to cyanobacteria at lower temperature (18 °C) 

nd high CO2 concentration. However, it is important to differenti- 

te which effects are caused by the environmental parameters ap- 

lied and which effects are part of natural changes in the com- 

unity. Thus, before considering the effect of environmental pa- 

ameters, it is worth mentioning that cyanobacteria usually repli- 

ate faster than green algae, possibly due to their prokaryotic na- 

ure and smaller size [ 50 , 51 ]. In the mixed culture used in this
191
tudy, composed by a cyanobacterium, Synechocystis sp. PCC6803, 

nd a green alga, Bracteacoccus minor , the former, which was ini- 

ially more abundant, underwent a sudden initial growth burst 

bloom), with cells reaching maximum numbers on day 45, fol- 

owed by massive cell death. However, although the green alga did 

ot undergo an initial bloom or massive death, the abundance in- 

reased gradually throughout the experiment. The total number of 

ells in cultures increased until day 45 but was greatly reduced at 

he end of the experiment, indicating death of the organisms. The 

eduction in total cell number, combined with the increase in the 

umber of algal cells in the culture relative to that at the begin- 

ing of the experiment, shows that it was mainly the cyanobacteria 

hat were negatively affected. The massive death of cyanobacteria 

nd not of the algae in the mixture culture assayed may be due to 

rogrammed cell death, which occurs in cyanobacteria as a mech- 

nism to regulate the population dynamic after bloom episodes 

 52–54 ]. This bloom dynamic was also corroborated by the deple- 

ion of O2 ( Fig. 5 ) observed in all cultures, and probably related 

ith the process of decomposition [ 55 ]. In this study, the bloom 

ynamics and O2 depletion were stronger at the higher tempera- 

ure. However, this bloom occurs in a liquid medium, but could be 

ifferent when the same community grows as a biofilm on a rock. 

The reduction in total cell number contrasts with the increase 

n the F0 parameter between the beginning and the end of the ex- 

eriment. As F0 is an indicator of biomass [ 56 ], a reduction in F0 

ould be expected to occur as consequence of the reduction in cell 

umber, but this was not observed. Thus, although the total num- 
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er of cells decreased, the number of green algae increased and 

ontributed more to the total biomass because of the larger size of 

he green algae (4 times larger diameter than cyanobacteria in this 

tudy) [ 45 ]. Also, some recent studies have shown that some envi- 

onmental conditions and patterns could change this relationship, 

ith an increase in biomass followed by a decrease of chlorophyll 

 content [ 57 ]. 

In relation to the response of the assayed organisms to the en- 

ironmental conditions, two phases were identified: the period be- 

ore and after 45 days. At the beginning of the experiment, the 

rganisms were in the growth phase, and throughout the exper- 

ment they followed the usual phases of development and aging 

f a culture: (1) a lag phase with few initial cells, (2) an expo- 

ential growth phase in which cells produce more viable cells, (3) 

 phase of declining growth rate in which cessation of the expo- 

ential growth occurs (4) a stationary phase where cell death and 

rowth are in balance, and finally, (5) a death phase in which the 

opulation declines [ 58 , 59 ]. Thus, the susceptibility of the organ- 

sms to environmental factors differed in the different phases. 

Throughout the first 45 days, the cultures underwent explosive 

rowth and the differences caused by variation in temperature and 

O2 levels were clearly observed. From then onwards, there was 

 change in the development and photosynthetic efficiency of or- 

anisms, mainly driven by temperature, and to a lesser extent by 

O2 concentration and the interaction of both temperature and 

O2 . In this period, an increase in the percentage of green algae 

ersus cyanobacteria was observed in cultures held at 18 °C, with 

he opposite occurring in cultures held at 24 °C ( Fig. 1 b and 3 c).

he shift in the algae-cyanobacteria balance in response to envi- 

onmental factors has previously been reported. This is consistent 

ith the findings of [ 60 ] regarding microorganisms colonising cul- 

ural heritage, where green algae predominated over cyanobacte- 

ia on colder areas of granite walls. Likewise, Gaylarde and Gay- 

arde [ 61 ] noted a greater presence of green algae in temperate and

old climates, and a wider distribution of cyanobacteria in trop- 

cal areas. In relation to the application of CO2 , although an in- 

rease in the competitiveness of cyanobacteria relative to green al- 

ae could be expected under high CO2 concentrations [ 62 ], almost 

o changes were observed in relation to the effect of CO2 on indi- 

idual species. 

Throughout the first 45 days, the highest temperature produced 

 decrease in the photosynthetic efficiency ( Fig 2 b). A decrease in 

he efficiency of the organisms in biofilms caused by the increase 

n temperature was previously reported by Villanueva et al. [ 12 ], 

ut it could also be due to the previously mentioned higher per- 

entage of cyanobacteria at 24 °C, as at optimum state cyanobac- 

eria are less efficient than green algae [ 63 ]. In terms of biomass,

here was an increase in all cultures, with greater amounts reached 

n those cultures held at lower temperatures ( Fig. 2 a, Fig. 3 a).

n addition, PQ was higher in cultures maintained at 18 °C than 

n those maintained at 24 °C ( Fig. 4 ), meaning that chlorophyll 

 degradation was lower at lower temperatures. The decrease in 

iomass with increasing temperature contrasts with the growth- 

nhancing effect reported by many other authors [ 64 ]. 

In terms of growth and photosynthetic efficiency, supply of CO2 

hroughout the first 45 days of the experiment did not give rise to 

ignificant differences, although the performance appeared to im- 

rove slightly when additional CO2 was provided. Thus, the results 

uggest a slight increase in CO2 -enhanced biomass at low temper- 

ture ( Fig. 2 a) and a slight increase in CO2 -enhanced photosyn- 

hetic efficiency in biofilms exposed to both temperatures ( Fig. 2 b). 

ome previous studies reported that increased CO2 levels had no 

ffect on the maximum quantum efficiency of PSII of phytoplank- 

on communities [ 65–68 ]; however, other studies on marine and 

reshwater cyanobacteria related to an increase in biomass produc- 

ivity, growth rates and carbon fixation with elevated CO2 expo- 
192
ure [ 69 , 70 ]. In the case of colonization of cultural heritage, Viles

nd Cutler [ 71 ] hypothesised that exposure to high CO2 levels may 

nhance photosynthesis and favour the growth of photosynthesis- 

ng organisms. This hypothesis was tested by Prieto et al. [ 5 ] and

ázquez- Nion et al. [ 72 ] in studies carried out on biofilms devel-

ped on granite rocks where high carbon concentrations favoured 

iofilm growth and increased photosynthetic pigments, although 

he effect seemed to be limited by water availability. 

From day 45 onwards, when the culture was in the population 

ecline phase, all parameters measured in cultures, regardless of 

he conditions applied, lead to the same point, and the differences 

aused by environmental factor in the previous phase (0–45 days) 

isappeared. Thus, although growth slowed towards the end of the 

xperiment ( Fig. 2 a, Fig. 3 a) and a massive cyanobacterial die-off

ccurred ( Fig. 1 a), the photosynthetic efficiency returned to initial 

alues ( Fig. 2 b). 

Furthermore, there was a constant change throughout the ex- 

eriment toward a reddish colour in all samples (increase in pa- 

ameter a∗), with those held at 18 °C being redder ( Fig. 3 b). This

eems to contradict the increase in biomass, as an increase in the 

reen component (decrease in a∗ parameter) would be expected 

s phototrophic biomass increased. However, stress conditions also 

ffect a∗ so that this parameter could increase despite the increase 

n biomass. Thus, for the species studied here, colour changes due 

o different stress conditions such as nitrogen depletion in Syne- 

hocystis [ 73 ] or cell ageing in Bracteacoccus minor [ 74 ] have previ-

usly been observed. 

Comparison of dissolved elements in the inoculated and non- 

noculated tubes allowed us to examine the effects of the presence 

f organisms on the weathering of substrates. When granite comes 

nto contact with water, the most mobile cations are expected to 

e released. Of these, K+ , Na+ , Ca2 + and Mg2 + are essential in bio- 

ogical processes and play an important role in saline-alkaline tol- 

rance in phototrophic organisms [ 75 ]. Thus, in the present study, 

he concentrations of these cations in the inoculated test tubes 

hould be related to the biological activity. At the end of the ex- 

eriment, the concentration of dissolved elements was lower in all 

noculated samples than the non-inoculated test tubes, i.e. for each 

f the studied conditions, cations were released from the rock, but 

hey ceased to be in dissolution in the presence of the organisms. 

his may be because they are consumed by organisms as a source 

f nutrients; they may be attached to or sequestered by organisms; 

r organisms may produce substances that favour their chelation 

nd precipitation. In either case, the elements are no longer in so- 

ution. This could be considered a type of biogeochemical assim- 

lative degradation [ 76 ]. In addition, multivalent inorganic cations 

ubtracted from the medium could interact with the EPS matrix, 

dhering to it and providing better mechanical properties [ 77 , 78 ]. 

Elements such as Mg2 + or Na+ , which were released in greatest 

mounts in non-inoculated samples, were present at lower concen- 

rations in inoculated samples, i.e. both release and uptake were 

reater. In this respect, in granite rocks, Mg2 + is mainly released 

rom biotite, which is particularly susceptible to weathering [ 79 ]. 

he rapid release of Mg2+ from granite, together with its key par- 

icipation as part of the chlorophyll molecule and photosynthetic 

rocess [ 80 ] make this one of the cations most commonly assimi- 

ated by phototrophic organisms. 

The obtained results may point to a role of the organisms in 

he biogeochemical system equilibrium. As long as at the end of 

he experiment the organisms extracted cations from the solution, 

 further release of these labile cations from the minerals into the 

edium could be expected to maintain the equilibrium of the bio- 

eochemical system. However, further experiments focused on that 

quilibrium should be designed. Therefore, changes observed in the 

uantity of dissolved elements seems to be consequence of the oc- 

urrence of organisms. Beyond that, environmental changes tested 
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id not produce significant changes in the removal of elements 

rom the medium. However, considering that for the first 45 days 

f the experiment there were differences in biomass and photo- 

ynthetic efficiency, it would be interesting to extend the study in 

ime to analyse the effect of these differences in the biogeochemi- 

al system equilibrium in a long-term period. 

. Conclusions 

The development and physiological state of the phototrophic or- 

anisms under study were modulated by temperature to a greater 

xtent than by CO2 . While increasing temperature was associated 

ith lower biomass and photosynthetic efficiency of the organ- 

sms, increasing CO2 concentration seemed to favour photosyn- 

hetic efficiency. The increase in temperature also led to a change 

n culture composition, favouring proliferation of cyanobacteria 

ver green algae. 

Thus, in terms of heritage conservation, the combination of 

oth parameters (CO2 concentration and temperature), which are 

xpected to increase in the near future, will probably lead to an 

ncrease in colonization by cyanobacteria versus green algae, but a 

ecrease in cover. 

In addition, it was observed that in the presence of organisms 

here are fewer cations in solution, indicating an effect of the or- 

anisms on the biogeochemical system by modifying the chemical 

quilibrium, which could lead to an increased dissolution of ele- 

ents from the substrate. To analyse the extent of this effect on 

he deterioration of the granite, new longer-term experiments need 

o be designed in which the dissolved elements will be monitored 

t different times. 

unding 

This study was partly financed through project ED431C 2022/09 

 Xunta de Galicia ). E. Fuentes was financially supported by 

 Postdoctoral Fellowship -Contract ED481B-2023-083 ( Xunta de 

alicia ). D. Perez-Velón was financially supported by project 

6_IN606D_2021_2608973 ( Xunta de Galicia ). 

ata availability 

All raw data can be provided by the corresponding authors 

pon request. 

eclaration of Competing Interest 

The authors declare the following financial interests/personal 

elationships which may be considered as potential competing in- 

erests: Beatriz Prieto reports financial support was provided by 

uropean Regional Development Fund, Agencia Estatal de Investi- 

ación and Xunta de Galicia. Elsa Fuentes reports financial support 

as provided by Xunta de Galicia. Diana Perez-Velon reports finan- 

ial support was provided by Axencia Galega de Innovación (Xunta 

e Galicia). 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi:10.1016/j.culher.2025.03.003 . 

eferences 

[1] Intergovernmental Panel on Climate Change. https://doi.org/10.1017/ 
cbo9781107415416 . 

[2] UNESCO (2007) Case studies of Climate change and world heritage. 
193
[3] J.F. Bornman, P.W. Barnes, T.M. Robson, S.A. Robinson, M.A.K. Jansen, C.L. Bal- 
lare, S.D. Flint, Linkages between stratospheric ozone, UV radiation and climate 

change and their implications for terrestrial ecosystems, Photochem. Photobiol. 
Sci. 18 (2019) 681–716, doi: 10.1039/c8pp90061b . 

[4] E. Fuentes, B. Prieto, Recovery capacity of subaerial biofilms grown on granite 
buildings subjected to simulated drought in a climate change context, Microb. 

Ecol. 82 (2021) 761–769, doi: 10.10 07/s0 0248- 021- 01692- 00 . 
[5] B. Prieto, D. Vázquez-Nion, E. Fuentes, A.G. Durán-Román, Response of sub- 

aerial biofilms growing on stone-built cultural heritage to changing water 

regime and CO2 conditions, Int. Biodeterior. Biodegrad. 148 (2020) 104882, 
doi: 10.1016/j.ibiod.2019.104882 . 

[6] R.J. Stevenson, M.L. Bothwell, R.L. Lowe, J.H. Thorp, Algal Ecology: Freshwater 
Benthic Ecosystem, Academic press, 1996 . 

[7] J.H. Brown, J.F. Gillooly, A.P. Allen, V.M. Savage, G.B. West, Toward a metabolic 
theory of ecology, Ecology 85 (2004) 1771–1789, doi: 10.1890/03-9000 . 

[8] D.A. Ratkowsky, J. Olley, T.A. McMeekin, A. Ball, Relationship between tem- 

perature and growth rate of bacterial cultures, J. Bacteriol. 149 (1982) 1–5, 
doi: 10.1128/JB.149.1.1-5.1982 . 

[9] J. Beardall, J.A. Raven, The potential effects of global climate change on mi- 
croalgal photosynthesis, growth and ecology, Phycologia 43 (2004) 26–40, 

doi: 10.2216/i0031- 8884- 43- 1- 26.1 . 
[10] O. Necchi, Photosynthetic responses to temperature in tropical lotic macroal- 

gae, Phycol. Res. 52 (2004) 140–148, doi: 10.1111/J.1440-183.2004.00334.X . 

[11] P.A . Staehr, K.A .J. Sand-Jensen, Seasonal changes in temperature and nutrient 
control of photosynthesis, respiration and growth of natural phytoplankton 

communities, Freshw. Biol. 51 (2006) 249–262, doi: 10.1111/J.1365-2427.2005. 
01490.X . 

[12] V.D. Villanueva, J. Font, T. Schwartz, A.M. Romaní, Biofilm formation at warm- 
ing temperature: acceleration of microbial colonization and microbial interac- 

tive effects, Biofouling 27 (2010) 59–71, doi: 10.1080/08927014.2010.538841 . 

[13] J.A. Raven, R.J. Geider, Temperature and algal growth, N. Phytol. 110 (1988) 
441–461, doi: 10.1111/J.1469-8137.1988.TB00282.X . 

[14] D.M. DeNicola, Periphyton responses to temperature at different ecologi- 
cal levels, Algal Ecol. Freshw. Benthic Ecosyst. (1996) 149–181, doi: 10.1016/ 

B978- 012668450- 6/50035- 7 . 
[15] H. Norf, H. Arndt, M. Weitere, Impact of local temperature increase on the 

early development of biofilm-associated ciliate communities, Oecologia 151 

(2007) 341–350, doi: 10.1007/S00442- 006- 0545- 6/FIGURES/4 . 
[16] X. Arino, A. Gómez-Bolea, Effects of climatic change on microorganisms col- 

onizing cultural heritage stone materials, Clim. Change Cult. Heritage (2010) 
193–198 . 

[17] T.R. Hodkinson, M.B. Jones, S. Waldren, J.A. Parnell, Climate Change, Ecol- 
ogy and Systematics, 78, Cambridge University Press, 2011, doi: 10.1017/ 

CBO9780511974540 . 

[18] S.K. Hansen, P.B. Rainey, J.A.J. Haagensen, S. Molin, Evolution of species in- 
teractions in a biofilm community, Nat 445 (2007) 533–536, doi: 10.1038/ 

nature05514 . 
[19] D.A. Vasseur, K.S. McCann, A mechanistic approach for modeling temperature- 

dependent consumer-resource dynamics, Am. Nat. 166 (2005) 184–198, doi: 10. 
1086/431285 . 

20] N.A . Cutler, H.A . Viles, S. Ahmad, S. McCabe, B.J. Smith, Algal “greening” and 
the conservation of stone heritage structures, Sci. Total Environ. 442 (2013) 

152–164, doi: 10.1016/j.scitotenv.2012.10.050 . 

[21] M. Ramirez, M. Hernandez-Marine, E. Novelo, M. Roldan, Cyanobacteria- 
containing biofilms from a Mayan monument in Palenque, Mexico. Biofouling. 

26 (2010) 399–409, doi: 10.1080/08927011003660404 . 
22] C. Körner, Biosphere responses to CO2 enrichment, Ecol. Appl. 10 (20 0 0) 1590–

1619, doi: 10.2307/2641226 . 
23] D.S. Schimel, Terrestrial ecosystems and the carbon cycle, Glob. Chang. Biol. 1 

(1995) 77–91, doi: 10.1111/j.1365-2486.1995.tb0 0 0 08.x . 

24] E.H. DeLucia, J.G. Hamilton, S.L. Naidu, R.B. Thomas, J.A. Andrews, A. Finzi, 
M. Lavine, R. Matamala, J.E. Mohan, G.R. Hendrey, W.H. Schlesinge, Net primary 

production of a forest ecosystem with experimental CO2 enrichment, Science 
284 (1999) 1177–1179, doi: 10.1126/science.284.5417.1177 . 

25] J.G. Hamilton, E.H. DeLucia, K. George, S.L. Naidu, A.C. Finzi, W.H. Schlesinger, 
Forest carbon balance under elevated CO2 , Oecologia 131 (2002) 250–260, 

doi: 10.10 07/s0 0442-0 02-0884-x . 

26] S.P. Singh, P. Singh, Effect of temperature and light on the growth of algae 
species: a review, Renew. Sustain. Energy Rev. 50 (2015) 431–4 4 4, doi: 10.1016/ 

J.RSER.2015.05.024 . 
27] W. Li, X. Xu, M. Fujibayashi, Q. Niu, N. Tanaka, O. Nishimura, Response of mi-

croalgae to elevated CO2 and temperature: impact of climate change on fresh- 
water ecosystems, Environ. Sci. Pollut. Res. 23 (2016) 19847–19860, doi: 10. 

1007/s11356- 016- 7180- 5 . 

28] E. Huertas, O. Montero, L.M. Lubián, Effects of dissolved inorganic carbon 
availability on growth, nutrient uptake and chlorophyll fluorescence of two 

species of marine microalgae, Aquac. Eng. 22 (20 0 0) 181–197, doi: 10.1016/ 
S0144-8609(99)0 0 038-2 . 

29] E. Morales, M. Rodríguez, D. García, C. Loreto, E. Marco, Crecimeinto, produc- 
ción de pigmentos y exopolisacáridos de la cianobacteria anabaena sp. PCC 

7120 en función del pH y CO2, Interciencia 27 (2002) 373–378 . 

30] N.M. Querijero-Palacpac, M.R. Martinez, S. Boussiba, Mass cultivation of the 
nitrogen-fixing cyanobacterium gloeotrichia natans, indigenous to rice-fields, J. 

Appl. Phycol. 2 (1990) 319–325, doi: 10.1007/BF02180921 . 
[31] K. Palmqvist, Tansley Review No. 117 carbon economy in lichens, New Phytol 

148 (20 0 0) 11–36, doi: 10.1046/J.1469-8137.20 0 0.0 0732.X . 

https://doi.org/10.13039/501100010801
https://doi.org/10.13039/100011040
https://doi.org/10.13039/501100010801
https://doi.org/10.13039/501100010801
https://doi.org/10.1016/j.culher.2025.03.003
https://doi.org/10.1017/cbo9781107415416
https://doi.org/10.1039/c8pp90061b
https://doi.org/10.1007/s00248-021-01692-00
https://doi.org/10.1016/j.ibiod.2019.104882
http://refhub.elsevier.com/S1296-2074(25)00046-9/sbref0006
https://doi.org/10.1890/03-9000
https://doi.org/10.1128/JB.149.1.1-5.1982
https://doi.org/10.2216/i0031-8884-43-1-26.1
https://doi.org/10.1111/J.1440-183.2004.00334.X
https://doi.org/10.1111/J.1365-2427.2005.01490.X
https://doi.org/10.1080/08927014.2010.538841
https://doi.org/10.1111/J.1469-8137.1988.TB00282.X
https://doi.org/10.1016/B978-012668450-6/50035-7
https://doi.org/10.1007/S00442-006-0545-6/FIGURES/4
http://refhub.elsevier.com/S1296-2074(25)00046-9/sbref0016
https://doi.org/10.1017/CBO9780511974540
https://doi.org/10.1038/nature05514
https://doi.org/10.1086/431285
https://doi.org/10.1016/j.scitotenv.2012.10.050
https://doi.org/10.1080/08927011003660404
https://doi.org/10.2307/2641226
https://doi.org/10.1111/j.1365-2486.1995.tb00008.x
https://doi.org/10.1126/science.284.5417.1177
https://doi.org/10.1007/s00442-002-0884-x
https://doi.org/10.1016/J.RSER.2015.05.024
https://doi.org/10.1007/s11356-016-7180-5
https://doi.org/10.1016/S0144-8609(99)00038-2
http://refhub.elsevier.com/S1296-2074(25)00046-9/sbref0029
https://doi.org/10.1007/BF02180921
https://doi.org/10.1046/J.1469-8137.2000.00732.X


E. Fuentes, D. Pérez-Velón and B. Prieto Journal of Cultural Heritage 73 (2025) 185–194

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
[

[

[

[  

[

[

[

 

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

32] L. Balaguer, E. Manrique, A. De Los Rios, C. Ascaso, K. Palmqvist, M. Ford- 
ham, J.D. Barnes, Long-term responses of the green-algal lichen Parmelia ca- 

perata to natural CO2 enrichment, Oecologia 119 (1999) 166–174, doi: 10.1007/ 
S0 04420 050773 . 

33] A. Gómez-Bolea, E. Llop, X. Ariño, C. Saiz-Jimenez, A. Bonazza, P. Messina, 
C. Sabbioni, Mapping the impact of climate change on biomass accumu- 

lation on stone, J. Cult. Herit. 13 (2012) 254–258, doi: 10.1016/j.culher.2011. 
10.003 . 

34] R. Rippka, J. Deruelles, J.B. Waterbury, Generic assignments, strain histories 

and properties of pure cultures of cyanobacteria, Microbiol 111 (1979) 1–61, 
doi: 10.1099/00221287-111-1-1 . 

35] M.F. Macedo, A.Z. Miller, A. Dionísio, C. Saiz-Jimenez, Biodiversity of cyanobac- 
teria and green algae on monuments in the Mediterranean Basin: an overview, 

Microbiology 155 (11) (2009) 3476–3490, doi: 10.1099/mic.0.032508-0 . 
36] D.Y. Vlasov, E.G. Panova, M.S. Zelenskaya, O.A . Rodina, A .D. Vlasov, 

K.V. Sazanova, Changes of granite rapakivi under the biofouling influence, Geo- 

chemistry, IntechOpen, 2020, doi: 10.5772/intechopen.92324 . 
37] B.O. Arredondo-Vega, D. Voltolina, in: Manual de Métodos y Herramientas 

Analíticas en la Evaluación de la Biomasa Microalgal, Centro de Investigaciones 
Biológicas del Noroeste, Baja California Sur, 2007, p. 97 . 

38] B.A. Logan, Chlorophyll a fluorescence: a signature of photosynthesis, J. Torrey 
Bot. Soc. 132 (2005) 650, doi: 10.3159/1095-5674(2005)132[650a:br]2.0.co;2 . 

39] B. Prieto, T. Rivas, B. Silva, Rapid quantification of phototrophic microorganisms 

and their physiological state through their colour, Biofouling 18 (2002) 237–
245, doi: 10.1080/08927010290014908 . 

40] CIE Publication 15-2Colorimetry, CIE Central Bureau, Vienna, 1986 . 
[41] R.A. Bell, M.R. Sommerfeld, Algal biomass and primary production within 

a temperate zone sandstone, Am. J. Bot. 74 (1987) 294–297, doi: 10.1002/J. 
1537-2197.1987.TB08608.X . 

42] W.T. Shoaf, B.W. Lium, Improved extraction of chlorophyll a and b from algae 

using dimethyl sulfoxide, Limnol. Oceanogr. 21 (1976) 926–928, doi: 10.4319/ 
LO.1976.21.6.0926 . 

43] R. Ronen, M. Galun, Pigment extraction from lichens with dimethyl sulfox- 
ide (DMSO) and estimation of chlorophyll degradation, Environ. Exp. Bot. 24 

(1984) 239–245, doi: 10.1016/0 098-8472(84)90 0 04-2 . 
44] O. Björkman, The effect of oxygen concentration on photosynthesis in 

higher plants, Physiol. Plant. 19 (1966) 618–633, doi: 10.1111/J.1399-3054.1966. 

TB07046.X . 
45] A. Eggert, N. Häubner, S. Klausch, U. Karsten, R. Schumann, Quantification of 

algal biofilms colonising building materials: chlorophyll α measured by PAM- 
fluorometry as a biomass parameter, Biofouling 22 (2006) 79–90, doi: 10.1080/ 

08927010600579090 . 
46] B. Genty, J.M. Briantais, N.R. Baker, The relationship between the quantum 

yield of photosynthetic electron transport and quenching of chlorophyll flu- 

orescence, Biochim. Biophys. Acta - Gen. Subj. 990 (1989) 87–92, doi: 10.1016/ 
S0304-4165(89)80016-9 . 

[47] B. Prieto, B. Silva, O. Lantes, Biofilm quantification on stone surfaces: com- 
parison of various methods, Sci. Total Environ. 333 (2004) 1–7, doi: 10.1016/J. 

SCITOTENV.20 04.05.0 03 . 
48] B. Prieto, B. Silva, Estimation of the potential bioreceptivity of granitic rocks 

from their intrinsic properties, Int. Biodeterior. Biodegrad. 56 (2005) 206–215, 
doi: 10.1016/j.ibiod.20 05.08.0 01 . 

49] B. Silva, T. Rivas, B. Prieto, Effects of lichens on the geochemical weathering of 

granitic rocks, Chemosphere 39 (1999) 379–388, doi: 10.1016/S0045-6535(99) 
00116-2 . 

50] C.P. Kempes, S. Dutkiewicz, M.J. Follows, Growth, metabolic partitioning, and 
the size of microorganisms, Proc. Natl. Acad. Sci 109 (2012) 495–500, doi: 10. 

1073/pnas.1115585109 . 
[51] Law R., Cuesta J.A., Delius G.W. (2017) Plankton: the paradox and the power 

law arXiv:1705.05327 [q-bio.PE] 

52] T.G. Aldsworth, R.L. Sharman, C.E.R. Dodd, Bacterial suicide through stress, Cell. 
Mol. Life Sci. C. 56 (1999) 378–383, doi: 10.10 07/S0 0 0180 050439 . 

53] K.D. Bidle, P.G. Falkowski, Cell death in planktonic, photosynthetic microorgan- 
isms, Nat. Rev. Microbiol. 2 (2004) 643–655, doi: 10.1038/nrmicro956 . 

54] D.J. Franklin, C.P.D. Brussaard, J.A. Berges, What is the role and nature of pro- 
grammed cell death in phytoplankton ecology? Eur. J. Phycol. 41 (2006) 1–14, 

doi: 10.1080/09670260500505433 . 

55] P.R. Gorham, Toxic waterblooms of blue-green algae, Can. Vet. J. 1 (1960) 235 . 
56] C. Barranguet, M. Jonker, J. Sinke, W. Admiraal, Effects of acute copper con- 

tamination on photosynthesis and biomass of periphyton determined with 
pulse amplitude modulated fluorescence, SIL Proceedings 27 (20 0 0) 3195–

3198, doi: 10.1080/03680770.1998.11898268 . 
57] S. Alvarez-Fernandez, R. Riegman, Chlorophyll in North Sea coastal and off- 

shore waters does not reflect long term trends of phytoplankton biomass, J. 

Sea Res. 91 (2014) 35–44, doi: 10.1016/J.SEARES.2014.04.005 . 
194
58] G.E. Fogg, B. Thake, Algal Cultures and Phytoplankton Ecology, Univ of Wiscon- 
sin Press, 1987 . 

59] C.P. Spencer, Studies on the culture of a marine diatom, J. Mar. Biol. Assoc. U.
K. 33 (1954) 265–290 . 

60] E. Fuentes, R. Carballeira, B. Prieto, Role of exposure on the microbial consor- 
tiums on historical rural granite buildings, Appl. Sci. 11 (2021) 3786, doi: 10. 

3390/APP11093786 . 
61] C.C. Gaylarde, P.M. Gaylarde, A comparative study of the major microbial 

biomass of biofilms on exteriors of buildings in Europe and Latin America, Int. 

Biodeterior. Biodegrad. 55 (2005) 131–139, doi: 10.1016/j.ibiod.2004.10.001 . 
62] X. Ji, J.M. Verspagen, M. Stomp, J. Huisman, Competition between cyanobac- 

teria and green algae at low versus elevated CO2 : who will win, and why? J.
Exp. Bot. 68 (2017) 3815–3828, doi: 10.1093/jxb/erx027 . 

63] Y. Hodoki, K. Ohbayashi, Y. Kobayashi, N. Okuda, S.I. Nakano, Temporal varia- 
tion in cyanobacteria species composition and photosynthetic activity in ex- 

perimentally induced blooms, J. Plankton Res. 33 (2011) 1410–1416, doi: 10. 

1093/plankt/fbr040 . 
64] K.F. Edwards, M.K. Thomas, C.A. Klausmeier, E. Litchman, Phytoplankton 

growth and the interaction of light and temperature: a synthesis at the species 
and community level, Limnol. Oceanogr. 61 (2016) 1232–1244, doi: 10.1002/lno. 

10282 . 
65] T. Coad, A. McMinn, D. Nomura, A. Martin, Effect of elevated CO2 concentration 

on microalgal communities in Antarctic pack ice, Deep Sea Res. Part II Top. 

Stud. Oceanogr. 131 (2016) 160–169, doi: 10.1016/J.DSR2.2016.01.005 . 
66] H. Endo, T. Yoshimura, T. Kataoka, K. Suzuki, Effects of CO2 and iron availabil- 

ity on phytoplankton and eubacterial community compositions in the north- 
west subarctic Pacific, J. Exp. Mar. Bio. Ecol. 439 (2013) 160–175, doi: 10.1016/J. 

JEMBE.2012.11.003 . 
67] C.J.M. Hoppe, C.S. Hassler, C.D. Payne, P.D. Tortell, B.R. Rost, S. Trimborn, Iron 

limitation modulates Ocean acidification effects on Southern Ocean phyto- 

plankton communities, PLoS One 8 (2013) e79890, doi: 10.1371/JOURNAL.PONE. 
0079890 . 

68] K. Sugie, H. Endo, K. Suzuki, J. Nishioka, H. Kiyosawa, T. Yoshimura, Synergis- 
tic effects of p CO2 and iron availability on nutrient consumption ratio of the 

Bering Sea phytoplankton community, Biogeosciences 10 (2013) 6309–6321, 
doi: 10.5194/BG-10-6309-2013 . 

69] G. Dineshbabu, V.S. Uma, T. Mathimani, D. Prabaharan, L. Uma, Elevated CO2 

impact on growth and lipid of marine cyanobacterium phormidium valderi- 
anum BDU 20041– towards microalgal carbon sequestration, Biocatal. Agric. 

Biotechnol. 25 (2020) 101606, doi: 10.1016/j.bcab.2020.101606 . 
70] C. Velu, S. Cirés, D.L. Brinkman, K. Heimann, Effect of CO2 and metal-rich waste 

water on bioproduct potential of the diazotrophic freshwater cyanobacterium, 
Tolypothrix sp. Heliyon 5 (2019) e01549, doi: 10.1016/j.heliyon.2019.e01549 . 

[71] H.A . Viles, N.A . Cutler, Global environmental change and the biology of 

heritage structures, Glob. Chang. Biol. 18 (2012) 2406–2418, doi: 10.1111/j. 
1365-2486.2012.02713.x . 

72] D. Vázquez-Nion, E. Fuentes, B. Prieto, Effect of inor ganic carbon concentration 
on the development of subaerial phototrophic biofilms on granite, Coatings 10 

(2020) 1–12, doi: 10.3390/coatings10111049 . 
73] K.M. Wegener, A.K. Singh, J.M. Jacobs, T. Elvitigala, E.A. Welsh, N. Keren, 

H.B. Pakrasin, Global proteomics reveal an atypical strategy for carbon/nitrogen 
assimilation by a cyanobacterium under diverse environmental perturbations, 

Mol. Cell. Proteom. 9 (2010) 2678–2689, doi: 10.1074/mcp.M110.0 0 0109 . 

[74] J. Czerwik-Marcinkowska, T. Mrozinska, Epilithic algae from caves of the 
Krakowsko-Czestochowska Upland [Southern Poland], Acta Soc. Bot. Polon. 78 

(2009) 301–309, doi: 10.5586/asbp.2009.040 . 
75] M. Ashraf, Some important physiological selection criteria for salt tolerance in 

plants, Flora - Morphol. Distrib. Funct. Ecol. Plants 199 (2004) 361–376, doi: 10. 
1078/0367- 2530- 00165 . 

[76] P. Nowicka-Krawczyk, M. Komar, B. Gutarowska, Towards understanding the 

link between the deterioration of building materials and the nature of aero- 
phytic green algae, Sci. Total Environ. 802 (2022) 149856, doi: 10.1016/J. 

SCITOTENV.2021.149856 . 
77] H.C. Flemming, J. Wingender, The biofilm matrix, Nat. Rev. Microbiol. 8 (2010) 

623–633, doi: 10.1038/nrmicro2415 . 
78] V. Körstgens, H.C. Flemming, J. Wingender, W. Borchard, Influence of calcium 

ions on the mechanical properties of a model biofilm of mucoid Pseudomonas 

aeruginosa, Water Sci. Technol. 43 (2001) 49–57, doi: 10.2166/WST.2001.0338 . 
79] B. Prieto, Biodeterioro de rocas graníticas: contribución de los líquenes al de- 

terioro del patrimonio monumental construido, Dissertation, Universidad de 
Santiago de Compostela, 1997 . 

80] D.C. Lin, P.S. Nobel, Control of photosynthesis by Mg2 + , Arch. Biochem. Biophys. 
145 (1971) 622–632, doi: 10.1016/S0 0 03-9861(71)80 022-X . 

https://doi.org/10.1007/S004420050773
https://doi.org/10.1016/j.culher.2011.10.003
https://doi.org/10.1099/00221287-111-1-1
https://doi.org/10.1099/mic.0.032508-0
https://doi.org/10.5772/intechopen.92324
http://refhub.elsevier.com/S1296-2074(25)00046-9/sbref0037
https://doi.org/10.3159/1095-5674(2005)132[650a:br]2.0.co;2
https://doi.org/10.1080/08927010290014908
http://refhub.elsevier.com/S1296-2074(25)00046-9/sbref0040
https://doi.org/10.1002/J.1537-2197.1987.TB08608.X
https://doi.org/10.4319/LO.1976.21.6.0926
https://doi.org/10.1016/0098-8472(84)90004-2
https://doi.org/10.1111/J.1399-3054.1966.TB07046.X
https://doi.org/10.1080/08927010600579090
https://doi.org/10.1016/S0304-4165(89)80016-9
https://doi.org/10.1016/J.SCITOTENV.2004.05.003
https://doi.org/10.1016/j.ibiod.2005.08.001
https://doi.org/10.1016/S0045-6535(99)00116-2
https://doi.org/10.1073/pnas.1115585109
https://doi.org/10.1007/S000180050439
https://doi.org/10.1038/nrmicro956
https://doi.org/10.1080/09670260500505433
http://refhub.elsevier.com/S1296-2074(25)00046-9/sbref0055
https://doi.org/10.1080/03680770.1998.11898268
https://doi.org/10.1016/J.SEARES.2014.04.005
http://refhub.elsevier.com/S1296-2074(25)00046-9/sbref0058
http://refhub.elsevier.com/S1296-2074(25)00046-9/sbref0059
https://doi.org/10.3390/APP11093786
https://doi.org/10.1016/j.ibiod.2004.10.001
https://doi.org/10.1093/jxb/erx027
https://doi.org/10.1093/plankt/fbr040
https://doi.org/10.1002/lno.10282
https://doi.org/10.1016/J.DSR2.2016.01.005
https://doi.org/10.1016/J.JEMBE.2012.11.003
https://doi.org/10.1371/JOURNAL.PONE.0079890
https://doi.org/10.5194/BG-10-6309-2013
https://doi.org/10.1016/j.bcab.2020.101606
https://doi.org/10.1016/j.heliyon.2019.e01549
https://doi.org/10.1111/j.1365-2486.2012.02713.x
https://doi.org/10.3390/coatings10111049
https://doi.org/10.1074/mcp.M110.000109
https://doi.org/10.5586/asbp.2009.040
https://doi.org/10.1078/0367-2530-00165
https://doi.org/10.1016/J.SCITOTENV.2021.149856
https://doi.org/10.1038/nrmicro2415
https://doi.org/10.2166/WST.2001.0338
http://refhub.elsevier.com/S1296-2074(25)00046-9/sbref0079
https://doi.org/10.1016/S0003-9861(71)80022-X

	Effects of combined increase in temperature and CO2 concentration on the weathering activity of phototrophic organisms inhabiting granitic rocks and its implications in terms of cultural heritage conservation
	1 Introduction
	2 Research aim
	3 Materials and methods
	3.1 Culture and substrate preparation
	3.2 Experimental set-up
	3.3 Monitoring biofilm formation and deteriogenic activity
	3.3.1 Quantification of Synechocystis sp. PCC 6803 and Bracteacoccus minor cell numbers
	3.3.2 Chlorophyll fluorescence
	3.3.3 Colour variation
	3.3.4 Quantification of phaeophytinization quotient
	3.3.5 Quantification of dissolved oxygen
	3.3.6 Quantification of dissolved elements by flame atomic absorption-emission spectroscopy

	3.4 Statistical analysis

	4 Results
	4.1 Quantification of cell number and variation in proportion of Synechocystis sp PCC 6803 and Bracteacoccus minor cells
	4.2 Chlorophyll fluorescence
	4.3 Quantification of colour change
	4.4 Quantification of phaeophytinization quotient
	4.5 Dissolved oxygen
	4.6 Dissolved element content

	5 Discussion
	6 Conclusions
	Funding
	Data availability
	Declaration of Competing Interest
	Supplementary materials
	References


