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Abstract  1 

By hosting significant amounts of extra-atmospheric dissolved gases, including geogenic CO2 and 2 

CH4, volcanic lakes provide relevant ecosystem services through the key role the aquatic microbial 3 

community in mediating freshwater carbon fluxes. In view of elucidating the mechanisms governing 4 

the microbial spatial distribution and the possible implications for ecosystem functioning, we 5 

compared the hydrogeochemical features and the microbial community structure of two adjacent 6 

stratified volcanic lakes (Lake Grande - LG and Lake Piccolo - LP). Water chemistry, gases and their 7 

isotopic composition were coupled with microbial pigment profiling, cell counting, and phylogenetic 8 

analyses. LP showed transparent waters with low concentrations of chlorophyll-a and the occurrence 9 

of phycoerytrin-rich cyanobacteria. LG was relatively more eutrophic with a higher occurrence of 10 

diatoms and phycocyanine-rich cyanobacteria. Considering the higher concentrations of CO2 and CH4 11 

in bottom waters, the oligotrophic LP was likely a more efficient sink of geogenic CO2 in comparison 12 

to the adjacent eutrophic LG. The prokaryotic community was dominated by the mixothrophic hgcI 13 

clade (family Sporichthyaceae) in surface waters of LG, while in LP this taxon was dominant down 14 

to -15 m. Moreover, in LP, the bottom dark waters harbored a unique strictly anaerobic bacterial 15 

assemblage associated with methanogenic Archaea (i.e. Methanomicrobiales), resulting in a high 16 

biogenic methane concentration. Water layering and light penetration were confirmed as major 17 

factors affecting the microbial distribution patterns. The observed differences in the geochemical and 18 

trophic conditions reflected the structure of the aquatic microbial community, with direct 19 

consequences on the dynamics of dissolved greenhouse gases. 20 
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Introduction 24 

Hundreds of volcanic lakes have been recorded and ascribed as a common feature in active and 25 

quiescent volcanic systems across the globe (interactive database VOLADA, Rouwet et al. 2021). 26 

Morphologies, watershed, dominant rock types, and hydrogeological features of volcanic lakes are 27 

remarkably variable and reflect the worldwide geographical distribution of volcanic regions. In 28 

volcanic lakes, particularly those characterized by a permanent thermal and chemical stratification, 29 

external inputs of CO2-rich hydrothermal gases may affect carbon budget at different extent (Tassi et 30 

al. 2018a; Cabassi et al. 2019). Moreover, the available water quality data, while limited, clearly 31 

indicated that trophic state can range consistently, from ultraoligotrophic to highly eutrophic 32 

conditions, without any obvious major influence from the nearby volcanism (Larson, 1989). Long-33 

termed studies on eutrophication of volcanic lentic systems showed that external carbon and nutrient 34 

inputs can accelerate all major biogeochemical cycles and promote specific microbial community 35 

interactions (Adamovich et al. 2019; Wang et al. 2023). The lake trophic state is also a crucial factor 36 

regulating the biogenic CO2 and methane production (Beaulieu et al. 2019). 37 

Methane production (i.e., contributing to CO2 consumption) is a crucial factor regulating the gas 38 

development and storage at lake bottom (Schoell et al. 1988; Tassi et al. 2009; Boehrer et al. 2019; 39 

Bärenbold et al. 2020). Methane production was also reported in surface lake waters, owing to known 40 

pathways of oxic methanogenesis along with the occurrence of pelagic aggregates and micro-anoxic 41 

conditions (Fazi et al. 2021). Methane consumption (i.e., contributing to CO2 production) can 42 

concomitantly occur at either oxic (Bastviken et al. 2008; Savvichev et al. 2020) or anoxic conditions 43 

(e.g., sulfate-dependent anaerobic oxidation) (Knittel and Boetius 2009). 44 

A positive correlation between chlorophyll-a and methane levels was found in oxic lake waters and 45 

methanogenic microorganisms were recurrently detected in association with phytoplankton in 46 

oxygenated epilimnion and under saturated oxic conditions (Bizic et al. 2020; Fazi et al. 2021). As a 47 

result, given the different solubility of CO2 and CH4, biological processes can concurrently influence 48 
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water density and lake vertical stratification by controlling the concentration ratio between the two 49 

gases (Koschorreck et al. 2008; Oswald et al. 2016; Cabassi et al. 2019; Tassi et al. 2018a).  50 

Knowledge gaps currently persist on the role of volcanic lakes as sink or source of dissolved 51 

greenhouse gases and, more specifically, on the interplays between biogeochemical and microbial 52 

processes determining the fate of geogenic gas inputs. Moreover, only few studies emphasized the 53 

key role of microbially-mediated processes in modulating the natural gas dynamics in volcanic lakes 54 

(Löhr et al. 2006; Cabassi et al. 2014; Tiodjio et al. 2014, 2016; Mapelli et al. 2015; Tassi et al. 55 

2018a).  56 

By coupling the characteristics of water and dissolved gases to prokaryotic diversity in two adjacent 57 

lakes with different trophic conditions, i.e. the Monticchio lakes (hereafter named Lake Grande - LG, 58 

and Lake Piccolo - LP), the aims of this study were to (i) identify the key microbial players along the 59 

water column, and (ii) unveil the microbially-driven processes controlling the water and dissolved 60 

gas chemistry. We hypothesized that the water layering will affect the biogeochemical and microbial 61 

vertical profiles, with direct consequences on the overall carbon fluxes and dissolved greenhouse gas 62 

dynamics.  63 

 64 

Methods 65 

Sampling procedures and field measurements 66 

LG and LP are maar lakes located on the SW flank of Mt. Vulture volcano (Monticchio, Basilicata, 67 

southern Italy). Previous studies (e.g., Caracausi et al. 2013a) reported that while LP is a meromictic 68 

lake, LG is a warm monomictic lake displaying winter complete water turnover and spring new 69 

chemical stratification. In-depth and structured limnological studies were conducted in recent years 70 

(Spicciarelli and Marchetto 2019).  71 

A multidisciplinary study campaign was carried out at the Monticchio lakes on June 27-28, 2018. LG 72 

and LP, located on the SW flank of Mt. Vulture volcano (Lat. 40,930600°; Lon. 15,605119°; Altitude 73 

655m a.s.l.), are characterized by surface areas of 4.1 and 1.6 × 105 m2 and maximum depths of 35 74 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



and 38 m, respectively (Figure 1). LG has a prevalently flat bottom of  about 12 m depth, with the 75 

maximum depth reached only in a narrow area in the NW sector of the basin, whereas LP has a regular 76 

bowl shape, characterized by steep walls and a flat central area (Caracausi et al. 2009; Cabassi et al. 77 

2013). An artificial channel connects LP to LG, the latter having an outlet that discharges in the 78 

Ofanto river (Cioni et al. 2006; Schettler and Alberic 2008; Caracausi et al. 2013a).  79 

Vertical profiles of temperature, electrical conductivity, pH, dissolved oxygen, turbidity, chlorophyll-80 

a fluorescence excited on three wavelengths (at 470 nm, 530 nm, 610 nm; TRILUX sensor from 81 

Chelsea Technologies Ltd., UK) were measured at high resolution and accuracy at the deepest 82 

locations of each lake using a multiparameter probe (CTM90, Sea and Sun Technology, Germany). 83 

The vertical profiles of light intensity were measured throughout the water column at half a meter 84 

interval, using a light meter (LI-COR LI-250) with a submersible sensor for Photosynthetically Active 85 

Radiation (PAR, 400–700 nm), from a few centimeters below the water surface to the bottom. Secchi 86 

depth (m) was also measured in both lakes. Water and dissolved gas sampling was carried out at 10 87 

depths along vertical profiles (LG: 0.5, 4, 5, 6, 15, 20, 25, 30 m and bottom; LP: 0.5, 2, 5, 8, 10, 15, 88 

20, 25, 30 m and bottom), using the sampling method and equipment described in Tassi et al. (2009). 89 

One unfiltered and two filtered-acidified (0.45 μm, with ultrapure HCl and HNO3, respectively) water 90 

samples were collected in polyethylene bottles for analysis of anions (HCO3
-, Cl-, SO4

2-, PO4
3-, NO3

-91 

, Br- and F-), cations (Na+, K+, Ca2+, Mg2+ and NH4
+) and, at selected depths, Fe and Mn. Dissolved 92 

gases were sampled into one-way, pre-evacuated 250 mL glass vials equipped with a PTFE stopcock 93 

(Tassi et al. 2009) and used for the determination of the main gas and isotopic (carbon expressed as 94 

δ13C-CO2 and δ13C-CH4 values) composition. Total Organic Carbon (TOC) concentration was 95 

measured with a total organic carbon analyzer (Shimadzu, 5000A). Five analyses were performed for 96 

each sample.  97 
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Chemical and isotopic analyses of water and dissolved gas samples 99 

The chemical composition of water samples was determined by: i) ionic chromatography (analytical 100 

error <5%) for the main anions (Cl−, SO4
2−, PO4

3−, NO3
−, Br−, and F−) and cations (Na+, K+, Ca2+, 101 

Mg2+, and NH4
+) by using Metrohm 761 and Metrohm 861 chromatographs, respectively; ii) 102 

automatic titration (analytical error <5%) for HCO3
- by using a Metrohm 794 automatic titration unit 103 

with 0.01 N HCl; iii) inductively coupled plasma mass spectrometry (ICP-MS, analytical error <10%) 104 

for Fe and Mn contents by using an Agilent 7500-ce (e.g. Cabassi et al. 2019; Procesi et al. 2020. 105 

Inorganic dissolved gases (CO2, N2, O2, Ar and H2) were analyzed by gas chromatography with 106 

thermal conductivity detector (GC-TCD) by using a Shimadzu 15A equipped with a 5 m long stainless 107 

steel column packed with Porapak 80/100 mesh, whereas CH4 was analyzed by gas chromatography 108 

with flame ionization detector (GC-FID) by using a Shimadzu 14A equipped with a 10 m long 109 

stainless steel column packed with Chromosorb PAW 80/100 mesh coated with 23% SP 1700 (Vaselli 110 

et al. 2006; Tassi et al. 2018a). The analytical error for GC analysis was <5%. The δ13C-CO2 and 111 

δ13C-CH4 values in the headspace of the sampling flask were obtained by using a Picarro G2201-i 112 

analyzer, based on cavity ring-down spectroscopy (CRDS) (Venturi et al. 2021; Fazi et al. 2021). 113 

 114 

Chlorophyll-a and photosynthetic efficiency 115 

In addition to the in situ measurements, the concentration of chlorophyll-a (Chl) was also calculated 116 

using the Phyto-PAM with the right reference spectra for 3 phytoplankton algal groups (green, blue 117 

and brown) and a Chl calibration standard. In PhytoPAM, the light pulses are generated by an array 118 

of light-emitting diodes (LED) featuring 4 different colors: blue (470 nm), green (520 nm), light red 119 

(645 nm) and dark red (665 nm). Photomultiplier detectors enable extremely sensitive fluorescence 120 

detection down to a concentration of 0.1 µg Chl L-1 as it can be found in natural surface waters. 121 

Photosynthetic efficiency, specifically the effective quantum yield of photosystem II, was used as an 122 

indicator of phytoplankton physiological status. It indicates the amount of light energy that is passing 123 

through photosystem II and is used to drive photosynthesis, rather than lost as heat or fluorescence. 124 
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We used a Phyto-PAM (Pulse Amplitude Modulated) fluorometer to assess the effective quantum 125 

yield of energy conversion at the reaction center of PSII using saturation pulses. The instrument used 126 

in this research was equipped with the Optical Unit ED 101US/MP, the phyto ML (25 measuring 127 

LED in the 4 wavelengths and 12 actinic LED 655nm), and the phyto AL (37 actinic LED 655nm) 128 

(Schreiber et al. 1986). The Phyto-PAM allows the assessment of the effective quantum yield of 129 

energy conversion at the reaction center of PSII using saturation pulses. In dark adapted samples, the 130 

fluorescence measured before the saturation pulse is F0 and the maximal fluorescence measured after 131 

the pulse is Fm. The ratio of the maximum variable fluorescence (Fv= Fm-F0) to the maximum yield 132 

(Fm) provides the measurement of the maximal quantum conversion efficiency of photosystem II 133 

(PSII) and is known as the Fv/ Fm ratio (Genty et al. 1989). 134 

 135 

Epifluorescence microscopy and flow cytometry 136 

Visual inspections were conducted on all samples by epifluorescence microscopy detecting both 137 

primary autofluorescence and DAPI-staining fluorescence signals (5’, 6-diamino-2-phenylindole, 138 

final concentration, 0.1 µg mL-1). Black polycarbonate filters (Poretics, 0.2 µm pore size) were used 139 

to collect the microbial cells, which were then observed by a Zeiss Axioplan microscope equipped 140 

with an HBO 100 W lamp, a Neofluar 100 x objective 1.25 x additional magnification and filter sets 141 

for UV (G365, FT395, LP420), blue (BP450-490, FT510, LP520) and green light excitation (LP510-142 

560, FT580, LP590).  143 

For cell counting, water samples (2 mL) were fixed with filtered formaldehyde (1% final 144 

concentration) and stored at 4 °C in the dark until the analysis (i.e., completed within one week from 145 

sampling). Fixed water samples were analyzed by using three instruments with specific characteristics 146 

and sensitivities to detect the widest possible range of microbial targets by following harmonized 147 

protocols and workflows (e.g., gate design strategies): Accuri C6 (Becton Dickinson, Oxford, UK), 148 

A50-micro (Apogee Flow System, UK), FACS Canto I (BD Biosciences, USA). When using the 149 

above described protocols for the first time and on different machines, the first step was to run a 150 
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sample containing about 106 reference beads per ml (e.g., 1 μm YG Polysciences), then tuning the 151 

voltages needed for the beads to appear in the upper right corner of the output cytogram. 152 

The flow cytometer Accuri C6, equipped with a 20 mW 488 nm Solid State Blue Laser and a 14.7 153 

mW 640 nm Diode Red Laser, was used to count pigmented phytoplanktonic microorganisms: 154 

phycoerytrin (PE) and phycocyanin (PC) rich picocyanobacteria, pico- and micro-eukaryotes. The 155 

light scattering signals (forward and side light scatter, FSC and SSC, respectively), orange 156 

fluorescence (FL2 channel = 585/40 nm), and red fluorescence (FL3 channel >670 nm and FL4 157 

channel 675/25) were acquired and considered for cells identification and quantification (Callieri et 158 

al. 2016). All data were acquired at a pre-set flow rate of 35 µl min-1, in order to keep the number of 159 

total events below 1000 per second. The BD Accuri C6 software (v. 1.0.264.21) was used for data 160 

processing and a fixed template with the same gating strategy was applied to allow direct comparison 161 

between samples. 162 

The bench-top flow cytometer A50-micro, equipped with a solid-state laser set at 20 mV and tuned 163 

to an excitation wavelength of 488 nm, was used for the quantification of non-pigmented 164 

heterotrophic microorganisms (prokaryotes and nanoflagellates) and cell aggregates through staining 165 

with SYBR Green I (Life Technologies; 1:10000 dilution, 10 min at room temperature) and following 166 

protocols described elsewhere (Vergine et al. 2020). The light scattering signals (forward and side 167 

scatters), the green (530/30 nm) and red (>610 nm) fluorescence were acquired for the 168 

characterization of different cell groups targets. The intensity of green fluorescence emitted by 169 

SYBR-positive cells allowed for the discrimination among prokaryotic subgroups exhibiting two 170 

different nucleic acid contents (cells with low NA content - LNA; cells with high NA content – HNA, 171 

Amalfitano et al. 2018). The output data, plotted on a logarithmic scale over four fluorescence 172 

decades, were analyzed by the Apogee Histogram Software (v89.0). A threshold value was set on the 173 

green channel and samples were run at low flow rates to keep the number of events below 1000 events 174 

s-1.  175 
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The lab-operating system FACS Canto I equipped with a 488-nm solid state laser with a 20-mW laser 176 

output was used for the quantification of virus-like particles (VLPs) according to the consolidated 177 

protocol described by Brussaard et al. (2010). Optical enhancements and a 4-3-3 configuration of 178 

fluorescence detectors (bands 530/30, 575/25, 695/40, 780/60 nm) provide high sensitivity and 179 

resolution for events with low intensities of scatter and fluorescence signals. The BD FACSCanto™ 180 

in-house software was used for setup, quality control, and data analysis. 181 

 182 

High-throughput 16S rRNA amplicon sequencing and bioinformatics 183 

For the microbial community analysis, 5 depths were sampled at LG and LP (0.5, 5, 15, 25 m and 184 

bottom). Lake water (1 L) was collected at each depth and immediately sub-aliquots were filtered 185 

with 0.2 µm pore-size polycarbonate filters (type GTTP; diameter, 47 mm; Millipore, Eschborn, 186 

Germany) and stored at -20 °C. 187 

DNA was extracted from the filters by PowerSoil® DNA Isolation Kit (MoBio - Carlsbad, CA) 188 

according to the manufacturer’s instructions. DNA was stored at -20 °C in small aliquots. Extracted 189 

DNA was amplified in a first PCR with the primer pairs 27F (5’-AGAGTTTGATCCTGGCTCAG-190 

3’) and 534R (5’-ATTACCGCGGCTGCTGG-3’) and 340F (5’-CCCTAHGGGGYGCASCA-3) and 191 

915R (5’-GWGCYCCCCCGYCAATTC-3’) targeting the regions V1-V3 and V3-V5 of bacterial and 192 

archaeal 16S rRNA genes, respectively. All the generated raw reads were cleaned and clustered using 193 

the same pipeline for Bacteria and Archaea resulting in two OTU tables. Adaptors and primers were 194 

clipped from the sequences using cutadapt 1.9.1 (Martin 2011). The Usearch/Uparse pipeline was 195 

used for sequence assembly, quality filtration, chimera check and removal, and preparation of the 196 

database for the bacterial community composition (Edgar et al., 2011; Edgar 2013), mainly as 197 

suggested in the online tutorial with the following specifications: while merging, the max-diff 198 

parameter was set to 10, and then, sequences were filtered to a min-length of 376 and 450, for bacteria 199 

and archaea, respectively, with a max error of 0.5. The unnois3 command of UParse pipeline was 200 

used for the construction of zero radius operational taxonomic units (zOTUs; Edgar 2016). For the 201 
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taxonomic assignments of zOTUs, the utax command was used with the Silva database version 123 202 

(Quast et al. 2012) requiring a minimum similarity of 80% for the taxonomic assignment. zOTUs 203 

assigned to non-bacterial taxa, such as chloroplasts (30 zOTUs or 0.7% with 0.07% of reads) and 204 

mitochondria (1 zOTU with 0.001% of reads), were removed from the bacterial dataset, in the archaea 205 

dataset all were assigned to archaea. 206 

All data analyses were conducted in R version 4.0.2 (R Core Team 2018), using package ggplot2 207 

(Wickham 2009) for graphical outputs, and package reshape2 (Wickham 2012) for data preparation. 208 

For all statistical analyses, check of model assumptions and model fit were evaluated using package 209 

performance (Lüdecke et al. 2019). Samples were rarefied to 29,174 and 52,385 reads for bacteria 210 

and archaea, respectively, using the GUniFrac package (Chen et al. 2012). Richness was calculated 211 

as number of zOTUs per samples and plotted per basin and per depth for each lake basin. Generalized 212 

linear models assuming a Poisson distribution were made to test for the influence of sampling depth 213 

and basin (small, large lake basin) on Richness.  214 

Beta-diversity was calculated as abundance based Bray-Curtis dissimilarity in the vegan package 215 

(Oksanen et al. 2007) and plotted as dendrogram using hclust with average linkage. To evaluate how 216 

basin and depth influence the Bray-Curtis dissimilarity we did a permutational analysis of variance 217 

(PERMANOVA) in the R package vegan. Mantel statistics was then used to evaluate the correlation 218 

between distances for bacteria and archaea. Taxonomy was plotted in stacked histograms both on a 219 

family and genus level. A correspondence analysis (CA) was used to visualize the degree of 220 

correspondence between sampling sites and prokaryotic families. All sequences are deposited in 221 

NCBI SRA with Accession Nr. PRJNA704791. Scripts and data are found on github 222 

(https://github.com/EsterME/Monticchio). 223 

 224 

Results and discussion 225 

Water geochemistry 226 
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Electrical conductivity (EC) of LG slightly increased with depth, while in LP, EC was almost constant 227 

(~ 0.3 mS cm-1) down to 15 m depth to increase with a sharp gradient at 16 m depth continuously to 228 

values of 1.6 mS cm-1 at 36 m (Figure 2). The water temperature in the epilimnion of both lakes was 229 

at about 21 °C and rapidly decreased to ~6 °C through the thermocline. While LG showed slightly 230 

decreasing temperatures for greater depths, LP showed a pronounced increase of temperatures below 231 

15 m depth (to 9 °C above the lake bed), which was ascribed to a heat flow from the bottom into the 232 

lake waters (Caracausi et al. 2009). The vertical profile of the pH values at LG showed a decrease 233 

from the surface (~8.5) to 5 m depth (~7.6), followed by a less pronounced decreasing trend down to 234 

~10 m depth and a more marked decrease down to the lake bottom (from ~7.5 to 6.3). The pH value 235 

at the surface of LP was about 7.5, followed by an increase (~7.8 at 7 m depth), a marked decrease 236 

down to ~15 m depth (~7.1) and a second decrease (from ~7.1 to 6.3) down to ~18 m depth. The 237 

dissolved oxygen in both lakes lay at 100 % saturation (about 10 mg L-1) in the epilimnion. While 238 

LG showed an oxygen depletion through the thermocline and no oxygen in the deep water, LP showed 239 

a notable supersaturation in the thermocline reaching 200 % to drop to 0 for depths below 15 m. 240 

The lakes showed relatively low TDS values and a Ca2+(Na+)-HCO3
- composition (Table 1). The 241 

concentrations of Ca2+ and HCO3
- significantly increased with depth (up to 45 and 920 mg L-1, 242 

respectively, in LP), whereas those of SO4
2- showed an opposite trend, ranging from 13 to 8.7 and 243 

from 10 to 2.1 mg L-1, respectively, in LG and LP. The concentrations of the other main ionic 244 

compounds, i.e. Cl- (up to 29 and 22 mg L-1, respectively), Mg2+ (up to 12 mg L-1 in both lakes) and 245 

K+ (up to 20 and 27 mg L-1, respectively) did not show any significant vertical variation. Noteworthy, 246 

NH4
+ concentrations increased with depth of one order of magnitude in LG (from 0.54 to 4.1 mg L-1) 247 

and two orders of magnitude in LP (from 0.64 to 40 mg L-1). A similar trend was also shown by Fe 248 

and Mn, testifying the occurrence of anoxic conditions in the hypolimnion (Paternoster et al. 2016). 249 

It is worth to notice the very high concentrations of Fe (108-275 mg L-1) in deepest waters of LP, 250 

likely related to contribution of CO2-rich fluids, as testified by the gas emissions occurring along the 251 

shoreline of the lake (Martini et al. 1995). The concentrations of NO3
- in LG and LP were in a wide 252 
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range, i.e. from 0.12 to 13 and from 0.03 to 0.65 mg L-1, respectively, with no clear trend with depth. 253 

PO4
3-, Br- and F- contents were up to 0.64, 0.59 and 1.5 mg L-1, respectively.  254 

Overall, the chemical composition of Monticchio lakes, as that of volcanic lakes, is dependent on the 255 

balance between meteoric and hydrothermal fluids inputs (Tassi and Rouwet 2014). A meteoric 256 

origin, as reported in Cabassi et al. (2013), is consistent with the Ca2+–HCO3
- water composition of 257 

the two lakes (Table 1), which is typical for surface waters and shallow aquifers (Berner and Berner 258 

1987). LG showed only weak salinity stratification and temperatures falling towards greater depths. 259 

On the contrary, LP showed a sharp gradient in electrical conductivity, rising temperatures in the 260 

monimolimnion towards the lake bottom balanced for density by the increase of dissolved substances 261 

and very high gas pressures. Such an accumulation usually requires a long period of stratification in 262 

which gases can accumulate (Horn et al. 2017; Boehrer et al. 2017; Boehrer et al. 2021). 263 

 264 

Dissolved gases 265 

Despite having different physical structures and dynamics (Caracausi et al. 2013a), both lakes are 266 

characterized by a hypolimnion and host a significant amount of extra-atmospheric dissolved gases, 267 

mostly consisting of CO2 and CH4 (Chiodini et al. 1997, 2000; Cioni et al. 2006; Zimmer et al. 2016). 268 

Our results showed that LP was characterized by a significant increase of dissolved gases with depth 269 

(up to 2.59 atm, in the range of that measured by Cabassi et al. 2013), whereas the vertical trend in 270 

LG was less evident (up to 1.30 atm). In both the lakes, N2 dominates the dissolved gas composition 271 

of epilimnetic waters, whereas CO2 was the most abundant species in the hypolimnion (up to 4.87 272 

and 19.31 mmol L-1 at LG and LP, respectively), followed by CH4 (up to 1.08 and 3.33 mmol L-1, 273 

respectively). Deeper waters also showed increasing trends of H2 (up to 0.014 and 0.015 mmol L-1, 274 

respectively). Conversely, O2 was rapidly decreasing along the vertical profiles down to 0 mmol L-1 275 

below 6 and 14 m depths, respectively. The distribution along the vertical profile of Ar was not 276 

affected by substantial changes.  277 
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Hydrothermal inputs in the lakes are consistent with the highest CO2 concentrations at the maximum 278 

depths (Table 2). HCO3
-
 and pH reached respectively highest levels and lowest values at the maximum 279 

depths of the two lakes, being likely controlled by dissolved CO2 (Cabassi et al. 2013). Nevertheless, 280 

the chemical and isotopic features of Monticchio lakes cannot exhaustively be explained by a mixing 281 

process between a meteoric and a hydrothermal source. The 13C-CO2 values at LG and LP ranged 282 

from -9.4 to -5.0 and from -11.0 to 1.6 ‰ V-PDB, respectively, whereas the 13C-CH4 values were 283 

comprised between -65.0 and -42.6 ‰ vs. V-PDB and between -60.6 and -29.0 ‰ vs. V-PDB, 284 

respectively. Such values are in the same range of that measured by Cabassi et al. (2013). The δ13C-285 

CO2 values (Table 2) at the lakes bottom were significantly less negative than those related to biogenic 286 

processes (δ13C-CO2 ≤ −20‰ vs. V-PDB; Hoefs 2009) and in the range of those measured in the local 287 

fluid discharges (Caracausi et al. 2015), thus confirming the addition of extra-lacustrine carbon 288 

dioxide. The negative trends of δ13C-CO2 values from the bottom to the surface of the lakes suggest 289 

that CO2 partially originate from CH4 oxidation occurring within the lake, especially in the relatively 290 

shallow, oxygenated water layers.   291 

The high CH4 concentrations and the strongly negative δ13C-CH4 values (Table 2), significantly more 292 

negative than those of thermogenic gases (Whiticar 1999), suggest biogenic CH4 production, mostly 293 

occurring within bottom sediments and in the anaerobic deep waters (Schoell 1980, 1988). According 294 

to this hypothesis, the CH4/CO2 ratios are orders of magnitude higher than those measured in gases 295 

from bubbling pools located near the flanks of the Mt. Vulture (Caracausi et al. 2013b). Overall, our 296 

results confirmed that methane is mainly produced by microbial activity, whilst CO2 is both added to 297 

the lakes from sub-lacustrine hydrothermal vents and biogenically produced from CH4 (Caracausi et 298 

al. 2009; Paternoster et al. 2016; Smith 2019). According to these features, these lakes can be 299 

classified as bio-active volcanic lakes (Cabassi et al. 2014). Rollover events, involving deep waters 300 

and followed by fish kill phenomena, have been reported in historical times (Caracausi et al. 2009). 301 

 302 

Vertical profiles of the photoautotrophic community and chlorophyll 303 
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The chlorophyll data are a good proxy of phytoplankton biomass and give an indication of the 304 

prevalence of some algal groups in the two lakes. Our chlorophyll data from PhytoPAM show the 305 

dominance at LG surface layers of the brown algae corresponding to Dinophyceae, 306 

Bacillariophyceae, Fragillariophyceae, Mediophyceae, Chrysophyceae and to cyanobacteria at 6 m 307 

depth. LP has a lower Chl concentration with the maximum (4.54 µgL-1) at 10 m depth, prevalently 308 

produced by blue-green algae (Table 3). Similar Chl values have been reported in a previous study 309 

on both lakes by satellite observations (Mancino et al. 2009).  310 

The total organic carbon (TOC) concentrations ranged from 12 to 58 mg L-1 in LG and from 6 to 25 311 

mg L-1 in LP, while the total Chl concentrations ranged from 1.16 to 9.1 µg L-1 at LG and from 0.83 312 

to 4.4 µg L-1 at LP (Table 3). The rather high TOC concentration compared to the chlorophyll 313 

concentration, in the range of oligo and mesotrophic lakes, suggested that in both lakes the 314 

contribution of allochthonous TOC is significant in comparison to the autotrophic production of 315 

organic carbon. 316 

The Fv/Fm ratio points to the presence of an efficient population of autotrophic cells in LP from 5 to 317 

15 m depth, particularly of the cyanobacteria group. In LP, the ratio values abruptly dropped to zero 318 

down from 20 m depth and indicated the absence of photosynthetic activity in the deeper anoxic 319 

layers. In LG, there was a gradual decrease of the ratio values, indicating the possibility of 320 

photosynthetic activity even at depth with low light. 321 

The most extensive study of phytoplankton communities was carried out in 2005 and 2006, especially 322 

at LG, while sporadic investigations were carried out at LP (Spicciarelli and Marchetto 2019). On the 323 

basis of the autotrophic communities occurring in the Monticchio lakes, LG waters were considered 324 

more eutrophic, with the presence of cyanobacterial populations dominated by Microcystis 325 

aeruginosa, Woronichinia naegeliana, and Aphanocapsa delicatissima. Conversely, LP was regarded 326 

as oligotrophic, with assemblages dominated by diatoms Dinophyceae and Chlorophyceae 327 

(Spicciarelli and Marchetto 2019). In the previous studies, sampling was carried out on an annual 328 
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base and did not consider the abundant picoautotrophic fraction composed mainly of cyanobacteria, 329 

as shown in this study. 330 

The underwater irradiance (PAR) clearly indicated a difference in lake water transparency of the two 331 

lakes (Supplementary Figure 1), essentially confirming previous investigations that defined LG as 332 

eutrophic and LP as oligo-mesotrophic lakes (Spicciarelli and Marchetto 2019). The euphotic zone 333 

(i.e. the zone that extends from the surface to 1 % of the surface PAR) was 0÷3.5 m at LG and 0÷9 334 

m at LP. Probe measurements indicated that photosynthetic organisms were mainly present in the 335 

upper 4 m of the water column in LG, while in LP the fluorescence showed the strongest signal 336 

between 7 m and 12.5 m depth with a maximum at 10 m (Figure 2). This agrees with the metalimnetic 337 

oxygen maximum at depths from 5 m to 10 m (maximum at 7 m) in LP and in the upper 4 m in LG. 338 

Fluorescence signals in all three excitation channels (at 470 nm, 510 nm and 610 nm) indicated the 339 

same species composition throughout the measured profile in LP. On the contrary, in LG only the 340 

excitation on the phycocyanin (610 nm) was very high near the surface, indicating a different 341 

phytoplankton composition in the two lakes. The turbidity peak in LP at 16 m depth was not directly 342 

connected to the presence of photosynthetic organisms.     343 

The structure of the picophytoplanktonic community was very different between the two lakes. 344 

Picocyanobacteria of the genus Synechococcus, with phycoerytrin as dominant accessory pigment, 345 

were prevalent at LP with a population of larger rod type cells peaking at 15 m depth and cocci 346 

dominating in the first 5 m (Table 4). The prevalence of phycoerytrin-rich picocyanobacteria at LP 347 

also indicated the quality of the underwater light which is green-dominant (Callieri 1996; Callieri and 348 

Stockner 2002) and determines the prevalent accessory pigments in picocyanobacteria (Vörös et al. 349 

1998; Stomp et al. 2007). Conversely, in LG, where the underwater light was red due to the many 350 

particles present in suspension, the prevalent picocyanobacteria were the phycocyanin-rich types 351 

(Table 4). Similar results were observed in the volcanic lakes of Azores islands (Tassi et al. 2018b). 352 

In both LG and LP, the presence of picocyanobacteria in the deeper anoxic layers, even if in very low 353 

numbers, was observed. The survival of picocyanobacteria in such harsh conditions (depletion of 354 
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light and oxygen) has recently been observed in one of the most important meromictic basin, i.e. the 355 

Black Sea, and with the isolated Synechococcus BS56D strain the potentials for alternative 356 

metabolisms to the photosynthetic fixation was demonstrated (Callieri et al. 2019; Di Cesare et al. 357 

2020). 358 

 359 

Vertical profiles of the heterotrophic microbiome 360 

The abundance of planktonic prokaryotes, mostly represented by LNA cells, heterotrophic 361 

nanoflagellates, and virus-like particles decreased with depth in both lakes from the euphotic zone to 362 

the deeper water layers, as reported in most lentic systems (Berdjeb et al. 2011; Ram et al. 2019). At 363 

LG, values were similar throughout the water column (Prok = 5.9  1.5 × 106 cells mL-1; HNF = 4.8 364 

 2.0 × 103 cells mL-1 ; VLPs = 3.7  1.8 × 106 events mL-1), with a nearly constant 1:2 virus-to-365 

prokaryote ratio (VPR). At LP, vertical variations were found, with consistent changes in the anoxic 366 

deep waters. Prokaryotes and virus-like particles decreased consistently (Prok = 2.2  1.5 × 105 cells 367 

mL-1; HNF = 0.4  0.4 × 103 cells mL-1 ; VLPs = 0.5  0.8 × 105 events mL-1) with VPR decreasing 368 

down to 1:5. Concurrently, the occurrence of microbial aggregates increased by one order of 369 

magnitude and reached the highest measured values (5.9  3.1 × 105 events mL-1) (Table 4). VPR 370 

values were in the lower range reported for freshwater systems and consistent with those from 371 

eutrophic and turbid environments in which a higher viral loss is expected (Parikka et al. 2017). The 372 

formation of microbial aggregates has been well documented in lakes and attributed to various abiotic 373 

and biotic factors (Grossart and Simon 1998; Amalfitano et al., 2017). Besides the direct exchange 374 

of metabolites through cell-to-cell interactions, cell proximity can offer further ecological advantages 375 

against adverse chemical conditions, size-dependent predation, and viral infection (Pernthaler 2005), 376 

possibly explaining the lower VPR values found in deep waters of LP.  377 

Community profiles showed pronounced changes in taxonomic affiliation of the bacterial and 378 

archaeal communities, which were evident both on family or genus level (Figure 3 and Supplementary 379 

Figure 2). Richness in terms of numbers of zOTUs after rarefaction showed very similar patterns for 380 
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Bacteria and Archaea, namely significantly higher numbers of zOTU in LG compared to LP and a 381 

significant increase with depth in both lakes (Figure 4, Supplementary Table S1). The bacterial and 382 

archaeal community were highly correlated in terms of composition (Mantel test: r=0.9, p=0.001). 383 

Moreover, Alpha- and Beta-diversity measures indicated that the environmental conditions similarly 384 

affected the structuring of bacterial and archaeal communities in both lakes. This is not always the 385 

case, as in other habitats assembly patterns differ between the two domains (Ward et al. 2017; Wang 386 

et al. 2020; Hugoni et al. 2018). A larger fraction of variance is explained by the lake basin (Bacteria: 387 

R2=0.28, p=0.001. Archaea: R2=0.29, p=0.001. PERMANOVA). The lake with the higher trophic 388 

status (LG) harbored a microbial community with higher richness. Eutrophication may lead to 389 

changes in microbial community composition, affecting its functioning (Pizzetti et al. 2011). 390 

Recently, Kiersztyn et al. (2019) highlighted the dependence of the taxonomic composition on lake 391 

trophic state and suggested that eutrophication led to an increase in bacterial family richness and the 392 

evenness of their distribution. The prokaryotic communities were also significantly related to lake 393 

depth (Bacteria: R2=0.22, p=0.008. Archaea: R2=0.19, p=0.02. PERMANOVA), as shown in other 394 

volcanic lakes (Tassi et al. 2018a; Fazi et al. 2021).  395 

Overall, it was possible to observe that surface oxic waters (i.e., LG_0.5m, LP_0.5m, LP_5m) 396 

clustered together and showed a significantly different community composition than those found in 397 

deeper layers, with major differences clearly found in comparison to the bottom waters of LP (i.e., 398 

LP_25m, LP_37m) (Figure 5, Supplementary Figure 3). In oxic waters, a pronounced dominance of 399 

the Actinobacteria family Sporichthyaceae (mainly represented by hgcI clade) was observed, along 400 

with the higher occurrence of archaeal Methanomicrobia of the families Methanosarcinaceae and 401 

Methanosaetaceae (mainly represented by the genera Methanosarcina, Methanomethylovorans and 402 

Methanosaeta). The hgcI clade, is common and abundant in a wide range of freshwater habitats and 403 

reported to metabolize carbohydrate and N-rich organic compounds at either illuminated oxic or dark 404 

anoxic conditions (Warnecke et al. 2004; Ghylin et al. 2014; Liu et al. 2015). The retrieved archaeal 405 

genera were reported to be actively involved in methane production through the three metabolic 406 
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pathways and notably found in the oxic surface waters at high levels of primary production (Fazi et 407 

al., 2021).  408 

In deeper anoxic waters, the consistent shift in the prokaryotic community composition was related 409 

to the prompt increase of Methanoregulaceae (genus Methanoregula) in both lakes. In LP, the genus 410 

Methanoregula reached more than 75% of total archaeal reads, whereas Archaea in LG were also 411 

consistently represented by the family Methanospirillaceae (genus Methanospirillum). Notably, the 412 

archaeal members retrieved in the anoxic waters of both lakes are strictly anaerobic and 413 

hydrogenotrophic methanogens (Garcia et al., 2006).  414 

The bacterial communities in bottom waters were also remarkably different between LG and LP. In 415 

particular, the Betaproteobacteria families Burkholderiaceae and Rhodocyclaceae, along with the 416 

Actinobacteria of the family Acidimicrobiaceae, were dominant in LG. The family Burkholderiaceae 417 

were mainly represented by the genus Polynucleobacter, a largely distributed member of 418 

bacterioplankton in freshwater systems (Newton et al. 2011). Among Acidimicrobiaceae, the genus 419 

CL500-29_marine_group, is reported to be associated with cyanobacteria (Yu et al. 2019). In the 420 

deeper layers of LP (LP_25m and LP_37m), the bacterial community was dominated by members of 421 

the family Porphyromonadaceae, mainly represented by the genus Paludibacter, known as 422 

fermentative bacteria transitorily shifting from microbial biofilm to suspended biomass (Zakaria et 423 

al., 2019). The families Caldisericaceae, PHOS-HE36, Synthrophaceae, and Spirochaetaceae were 424 

also relatively abundant in LP bottom waters. Notably, members of these families were reported as 425 

particle-associated anaerobic chemoorganotrophs (Cohen et al., 2021) that could find favorable 426 

syntrophic relations within the numerous microbial aggregates retrieved in LP bottom waters. 427 

Overall, the biogeochemical vertical profiles affected the phylogenetic composition and the interplay 428 

between bacterial and archaeal communities by opening niches for specialized microbial processes.  429 

 430 

Conclusions 431 
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This study provides insights on the interplays between water chemistry, dissolved gases, carbon flux 432 

dynamics, and the aquatic microbial community along vertical profiles of the two adjacent lakes with 433 

different water mixing, stratification and trophic conditions. The differences in geochemical 434 

characteristics and light penetration shaped the microbial community, directly affecting 435 

biogeochemical processes across the water column of the two adjacent lakes. The meromictic lake 436 

was a more efficient sink of geogenic CO2 in comparison to the adjacent eutrophic monomictic lake. 437 

Our results provided further evidence on the effects of water stratification and trophic conditions on 438 

the complexity of the microbial community, with direct implications on the dynamics of dissolved 439 

greenhouse gases. The outcomes of this study could contribute to better understand the feedback 440 

loops between freshwater eutrophication and GHG emission.   441 
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Table 1. Temperature (°C), pH, chemical composition of the analyzed samples. Ion contents and TDS 472 

(total dissolved solids) are in mg L-1. Depth in meter. n.a.: not analyzed; n.d.: not detected. LG: Lake 473 

Grande; LP: Lake Piccolo. pH and temperature data were obtained from in-situ probe measurements. 474 

  475 

Sample Depth Temperature pH HCO₃⁻ F⁻ Cl⁻ Br⁻ NO₃⁻ SO₄²⁻ PO₄³⁻ Ca²⁺ Mg²⁺ Na⁺ K⁺ NH₄⁺ Fe Mn TDS

LG1 0.5 20.2 8.5 195 1.3 28 0.09 2.8 13 n.d. 29 9.1 30 19 0.54 0.005 0.002 328

LG2 4 19.4 8.2 207 1.2 25 0.07 1.6 11 n.d. 32 9.4 30 18 0.56 n.a. n.a. 337

LG3 5 15.9 7.7 210 1.2 28 0.10 1.8 12 n.d. 35 9.9 30 19 0.54 0.058 n.a. 347

LG4 6 11.4 7.6 219 1.3 28 0.09 4.1 12 n.d. 36 9.7 30 18 0.92 0.022 n.a. 359

LG5 10 7.2 7.5 217 1.3 27 0.11 4.9 11 n.d. 35 9.5 30 19 1.5 n.a. n.a. 357

LG6 15 6.0 7.2 221 1.3 29 0.11 6.2 12 n.d. 36 9.8 31 18 1.7 n.a. n.a. 364

LG7 20 5.7 6.8 246 1.1 24 0.05 0.12 9.3 0.13 37 11 31 20 2.3 n.a. n.a. 381

LG8 25 5.6 6.6 256 0.93 20 0.11 9.9 8.0 0.27 39 12 30 19 3.7 0.55 n.a. 400

LG9 30 5.6 6.4 251 1.0 23 0.11 12 8.9 0.44 38 12 30 19 3.6 n.a. n.a. 398

LG10 35 5.6 6.4 254 1.0 22 0.11 13 8.7 0.64 38 12 31 20 4.1 0.62 2.8 408

LP1 0.5 20.6 7.5 163 1.4 21 0.06 0.03 10 n.d. 21 5.8 29 19 0.64 0.011 0.004 272

LP2 2 20.6 7.6 166 1.2 18 0.05 0.08 8.6 n.d. 24 6.0 30 20 0.70 n.a. n.a. 273

LP3 5 20.1 7.7 166 1.5 21 0.06 0.20 10 n.d. 22 5.7 29 18 0.60 n.a. n.a. 275

LP4 8 9.7 7.7 163 1.2 17 0.06 0.65 8.2 n.d. 22 5.9 29 19 0.58 n.a. n.a. 266

LP5 10 7.6 7.4 167 1.2 18 0.05 0.19 8.8 n.d. 26 5.8 29 20 0.64 n.a. n.a. 275

LP6 15 6.6 7.2 177 1.5 21 0.08 0.46 9.5 n.d. 22 6.6 30 19 1.1 0.38 n.a. 288

LP7 20 7.5 6.3 488 1.3 22 0.28 0.05 2.3 n.d. 34 10 33 23 12 108 n.a. 733

LP8 25 7.9 6.2 493 1.0 21 0.23 0.09 2.7 0.09 35 10 34 24 14 123 n.a. 757

LP9 30 8.3 6.1 525 1.1 22 0.16 0.12 2.6 0.10 36 10 34 25 16 138 n.a. 810

LP10 37 9.0 6.1 920 0.97 19 0.59 0.06 2.1 0.14 45 12 36 27 40 275 2.3 1380

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 476 

Table 2. Chemical composition (in mmol L-1) of dissolved gases (CO2, N2, CH4, Ar, O2 and H2), total pressure 477 

(in atm) and 13C-CO2 
and 13C-CH4 (expressed as ‰ V-PDB) values of gas samples. Depth in meter. n.d.: 478 

not detected. LG: Lake Grande; LP: Lake Piccolo. O2 data were obtained from in-situ probe measurements 479 

(see also Fig. 2).  480 

  481 

Sample Depth CO2 N2 CH4 Ar O2 H2 pTOT δ
13

C-CO2 δ
13

C-CH4

LG1 0.5 0.21 0.61 n.d. 0.014 0.29 n.d. 1.00 -8.6 -42.6

LG2 4 0.36 0.60 n.d. 0.015 0.24 n.d. 0.97 -8.0 -65.0

LG3 5 0.61 0.63 n.d. 0.014 0.12 n.d. 0.85 -8.6 -54.7

LG4 6 0.86 0.62 0.080 0.015 0.05 n.d. 0.81 -9.4 -45.2

LG5 10 1.23 0.61 0.13 0.014 n.d. 0.002 0.77 -7.4 -50.8

LG6 15 1.31 0.64 0.28 0.015 n.d. 0.004 0.86 -7.5 -52.3

LG7 20 2.67 0.62 0.44 0.015 n.d. 0.004 0.93 -7.4 -62.8

LG8 25 3.96 0.65 0.57 0.015 n.d. 0.008 1.04 -5.0 -58.5

LG9 30 4.21 0.66 0.69 0.016 n.d. 0.012 1.11 -5.5 -62.0

LG10 35 4.87 0.66 1.08 0.016 n.d. 0.014 1.30 -5.3 -61.3

LP1 0.5 0.11 0.62 n.d. 0.015 0.29 n.d. 1.04 -11.0 -52.0

LP2 2 0.19 0.63 n.d. 0.015 0.30 n.d. 1.04 -8.0 -51.7

LP3 5 0.27 0.61 n.d. 0.014 0.31 n.d. 0.96 -7.0 -29.0

LP4 8 0.33 0.63 n.d. 0.015 0.60 n.d. 0.91 -9.4 -36.2

LP5 10 0.95 0.61 0.011 0.015 0.42 n.d. 0.83 n.d. n.d.

LP6 15 7.45 0.65 0.79 0.015 n.d. 0.004 1.21 -7.3 -52.7

LP7 20 10.23 0.64 1.54 0.015 n.d. 0.008 1.59 -2.6 -60.1

LP8 25 12.11 0.65 1.98 0.016 n.d. 0.011 1.83 -0.7 -59.8

LP9 30 13.34 0.66 2.45 0.016 n.d. 0.011 2.08 -2.4 -60.6

LP10 37 19.31 0.66 3.33 0.016 n.d. 0.015 2.59 1.6 -57.3
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Table 3. Values of the different parameters measured in the two Monticchio lakes: Lake Grande (LG) and 482 

Lake Piccolo (LP). TOC: Total Organic Carbon (mg L-1), TN: total nitrogen (mg L-1), Chl: chlorophyll-a (µg 483 

L-1) measured by Phyto-PAM as total value and value of the different algal groups, Fv/Fm: phothosynthetic 484 

efficiency (see methods). Depth in meter. 485 

486 

Sample Depth TOC TN Chl Blue Chl Brown Chl Tot Fv/Fm blue Fv/Fm brown

LG1 0.5 58.5 5.3 2.24 6.08 9.10 0.43 0.35

LG2 4 26.5 2.2 1.01 0.59 2.07 0.36 0.35

LG3 5 14.0 1.0 1.58 1.00 3.35 0.36 0.22

LG4 6 12.0 1.2 2.85 2.36 6.89 0.28 0.11

LG5 10 30.7 3.2 0.95 0.55 1.95 0.30 0.36

LG6 15 12.1 1.6 0.65 0.20 1.16 0.12 0.28

LG7 20 46.1 5.5 0.76 0.26 1.39 0.21 0.25

LG8 25 41.3 5.9 0.82 0.31 1.51 0.17 0.13

LG9 30 17.3 3.7 0.78 0.26 1.41 0.16 0.10

LG10 35 13.2 3.4 0.79 0.22 1.39 0.20 0.19

LP1 0.5 19.3 1.7 0.52 0.21 0.95 0.39 0.36

LP2 2 8.8 0.7 0.45 0.17 0.83 0.38 0.26

LP3 5 7.5 0.6 0.77 0.35 1.47 0.53 0.38

LP4 8 6.4 0.5 2.01 0.85 3.81 0.54 0.36

LP5 10 13.4 1.3 2.29 1.09 4.45 0.55 0.37

LP6 15 7.4 1.0 1.12 0.56 2.16 0.46 0.29

LP7 20 6.1 0.9 0.79 0.55 1.65 0.04 0.00

LP8 25 24.7 11.7 0.57 0.30 1.07 0.00 0.00

LP9 30 13.9 12.9 0.51 0.24 0.94 0.00 0.00

LP10 37 20.0 28.4 0.88 0.47 1.71 0.00 0.00
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Table 4. Abundance of photosynthetic pigmented and heterotrophic non-pigmented microorganisms along the water column of Lake Grande (LG) and 487 

Lake Piccolo (LP). The occurrence of phycoerytrin (PE) and phycocyanin (PC) rich picocyanobacteria, microeukaryotes (Micro-EUK), prokaryotes (Prok), 488 

aggregates, heterotrophic nanoflagellates (HNF), and virus-like particles (VLPs) is expressed as cells or events per ml. 489 

 490 
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Figure legends 492 

 493 

Figure 1. Location of the two adjacent Monticchio Lakes, Lake Grande (LG) and Lake Piccolo (LP), and a 494 

schematic representation of the water stratification at the time of sampling. Red dots represent sampling points 495 

for microbial community characterization.  496 

 497 

Figure 2. Profiles of measured temperature, electrical conductivity (at 25°C), pH and dissolved O2 saturation, 498 

fluorescence of chlorophyll-a at three excitation wavelengths and turbidity. Lake Grande (LG) thick black 499 

lines and Lake Piccolo (LP) fine blue lines; Fluorescence measurements close to lake surfaces (1 to 2 m) could 500 

not be used. 501 

 502 

Figure 3. Stacked bar chart of the relative abundances of A) bacterial and B) archael families in the samples 503 

from the sampled depths of Lake Grande (LG) and Lake Piccolo (LP). Families with less than 2,000 and 1,000 504 

reads in the whole dataset for bacteria and archaea, respectively, were grouped in “others”, zOTUs without 505 

any family assigned were grouped in “unassigned”.  506 

 507 

Figure 4. Richness as numbers of zOTUs for bacteria and archaea in Lake Piccolo (LP) compared to Lake 508 

Grande (LG) (upper panels) and changes of richness with depth. Light gray dots refer to Lake Piccolo (LP) 509 

and dark gray ones to Lake Grande (LG) 510 

 511 

Figure 5. Scatter plot calculated through the Correspondence Analysis (CA) of sampling sites and dominant 512 

prokaryotic taxa at the family level. Only families with more than 2,000 and 1,000 reads in the whole dataset, 513 

for bacteria and archaea respectively, were analyzed. The two CA axes representing most of the total inertia 514 

(i.e., with the highest eigenvalues) are shown. 515 
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Figure 2.  525 
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Figure 3.  528 
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Figure 4.  531 
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Figure 5.  533 
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Supplementary Material 755 

 756 

Table S1. Statistical output from glm testing the influence of (A, C) Lake Grande (LG) and Lake Piccolo (LP) 757 

basins and (B, D) sampling depth on richness of (A, B) Bacteria and (C, D) Archaea. 758 

Bacteria      Archaea     

A) Estimate std. Err z-value p-value  C) Estimate std. Err z-value p-value 

Intercept 6.98 0.01 510.21 <2e-16  Intercept 6.58 0.02 396.11 <2e-16 

Basin -0.15 0.02 -7.52 5.3E-14  Basin -0.71 0.03 -24.61 <2e-16 

B)          D)         

Intercept 6.78 0.02 402.57 <2e-16  Intercept 5.73 0.03 215.60 <2e-16 

Depth 0.01 0.00 9.09 <2e-16  Depth 0.03 0.00 27.94 <2e-16 

759 
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 760 

 761 

Supplementary Figure 1. Photosynthetic Active Radiation (PAR) as percentage of surface values in Lake 762 

Grande (LG) and Lake Piccolo (LP).  763 
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 764 

 765 

Supplementary Figure 2. Stacked bar chart of the relative abundances of A) bacterial and B) archael Genus 766 

in the samples from the various depths (see Table 1 for the depths in m), of Lake Grande (LG) and Lake 767 

Piccolo (LP). The group “others” includes genera with less than 1,000 and 700 reads in the whole dataset for 768 

bacteria and archaea, respectively. OTUs without any genus assigned were grouped in “unassigned”. 769 
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 771 

Supplementary Figure 3. Dedrograms of average linkage clustering of the abundance weighted Bray-Curtis 772 

dissimilarity between samples from the various depths of the Lake Piccolo and Lake Grande (LP and LG, 773 

respectively). A.:  bacterial communitites and B.: archaeal communities. 774 
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