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A B S T R A C T

Volcanic emissions in shallow vents influence the biogeochemistry of the sedimentary compartment, creating
marked abiotic gradients. We assessed the spatial dynamics of the sediment compartment, as for the composition
and origin of organic matter and associated prokaryotic community, in a volcanic shallow CO2 vent (Vulcano
Island, Italy). Based on elemental (carbon, nitrogen content and their ratio) and isotopic composition (δ13C, δ15N
and δ34S), the contribution of vent-derived organic matter (microbial mats) to sedimentary organic matter was
high close to the vent, while the marine-derived end-members (seagrasses) contributed highly at increasing
distance. Chemoautotrophic Campylobacterota and hyperthermophilic Achaea prevailed close to the vent, whilst
phototrophic and chemoheterotrophic members dominated at increasing distance. Abiotic gradients generated
by the volcanic CO2 vent drive relevant changes in the composition, origin and nutritional quality of sedimentary
organic matter, and influence the structure and complexity of associated prokaryotic communities, with expected
relevant impact on the entire food-web.

1. Introduction

Submarine volcanic vents occur worldwide in a variety of tectonic
settings, from shallow to deep-sea (Rona and Scott, 1993; Price and
Giovannelli, 2017). Particularly, shallow vents, frequently associated
with coastal volcanism, are marked by high pCO2, low pH and Eh values
leading to acidic and reducing conditions, and often also by measurable
concentrations of trace element (Dando et al., 1999; Vizzini et al., 2013).
All these factors modify the abiotic support system of marine commu-
nities, influencing in different ways the structure, function, evolution
and biogeographic history of these ecosystems (Tarasov et al., 2005). As
naturally CO2-enriched ecosystems, shallow volcanic vents have gained
increasing attention as they may serve as analogues for future high
pCO2/low pH scenarios, acting as natural laboratories wherein to study
in situ the effects of ocean acidification on biological and ecological

features of coastal ecosystems, and to make predictions for future set-
tings (Hall-Spencer et al., 2008). Currently, ocean acidification is an
emergent global problem as a decrease by 0.3–0.4 pH units is predicted
for the end of the current century (Hoegh-Guldberg et al., 2015; Orr
et al., 2005) with severe effects on marine organisms and communities
(Mostofa et al., 2015; Ullah et al., 2018; Vizzini et al., 2017).

The Aeolian Archipelago (Tyrrhenian Sea, Italy), consisting of seven
main islands, hosts numerous shallow vents related to both active and
extinct volcanism. Submarine vents release both thermal waters (27 -
130 ◦C) and gases, consisting mostly of CO2 plus variable concentrations
of reactive (H2S, O2, CH4, CO and H2) and inert (N2, Ar and He) gases
(Italiano and Nuccio, 1991; Sieland et al., 2009; Steinbrückner, 2009).
Elemental sulphur, varying in colour from white to yellow-orange, is
often found in sediments around the vents. Due to the spatio-temporal
instability of volcanic inputs, seawater features generally undergo
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intrinsic small-scale variability (Boatta et al., 2013) with unstable gra-
dients of gases and nutrients (e.g., DIC and DIN; Capaccioni et al., 2001),
which may be exacerbated or hampered by hydrodynamic and local
meteorological conditions, overall generating environmental unpre-
dictability and biological stochasticity.

Variability of volcanic inputs and their associated gradients may
influence organic matter production, affecting the availability and
nutritional quality of primary producers (Vizzini et al., 2017; Martínez-
Crego et al., 2020). Several studies demonstrated that shift and substi-
tution in macroalgae species occur, and seagrass biomass and density
change along pH gradients, although with contrasting results (Arnold
et al., 2012; Baggini et al., 2014; Hall-Spencer et al., 2008; Porzio et al.,
2011; Vizzini et al., 2019). Origin of nutrients used by macrophytes was
related in some cases to volcanic input (Apostolaki et al., 2014; Vizzini
et al., 2010; Noè et al., 2020). Variation of organic matter typology,
abundance and quality in CO2 vents is expected to affect the upper
trophic levels, but also detritus repository compartments, such as sedi-
ment. So far, however, little attention has been focused on the origin and
dynamics of sedimentary organic matter (SOM) pool in CO2 vents,
although their features are expected to directly influence not only
biogeochemical cycles, but also potentially the entire food web through
bottom-up processes. Being a sink compartment, sediment receives
organic matter of mixed origin (e.g., micro- and macroalgae, seagrasses,
autochthonous and allochthonous detritus). Moreover, in CO2 vents, due
to different sets of nutrients (of volcanic and marine origin) on which
organic production may be based on, and to the peculiar environmental
features (volcanic input; low pH and Eh values), the presence of addi-
tional sources of organic production (e.g., photosynthetic and chemo-
synthetic microorganisms) may complex the SOM pool and
consequently the ecosystem trophic structure (De Leeuw et al., 1995;
Vizzini et al., 2017). Indeed, prokaryotes are able to tolerate both strong
physical and chemical gradients generated from the vents. Archaea and
Bacteria are the key drivers in the functioning of these ecosystems since
they are involved in the transformation of inorganic compounds
released from the vent emissions and are at the basis of the food web
(Gugliandolo and Maugeri, 2019). Due to the shallow depths, both light
and hydrothermal energy support a complex microbial community
(Tarasov, 2006), displaying the presence of oxygenic and anoxygenic
phototrophs (Giovannelli et al., 2013; Hirayama et al., 2007; Lentini

et al., 2014; Maugeri et al., 2013), chemolithotrophs (Giovannelli et al.,
2013; Gugliandolo et al., 2015), aerobic and anaerobic heterotrophs
(Gugliandolo and Maugeri, 1998; Gugliandolo et al., 2012). Despite the
success in culturing heat-loving Archaea and Bacteria from Aeolian
vents, and especially from those in the Levante Bay of Vulcano Island
(see for reviews Maugeri et al., 2010; Price and Giovannelli, 2017), most
of the microbial diversity at shallow hydrothermal systems is still known
only as gene sequences retrieved by molecular surveys (Gugliandolo and
Maugeri, 2019).

In this study, the dynamics of SOM was analysed at a small spatial
scale in a shallow area affected by volcanic emissions in relation to the
changes in the photosynthetic and chemosynthetic community compo-
sition. The specific aims were: i) to discern the origin of SOM and the
contribution of vent vs. marine end-members (respectively, the sus-
pended particulate organic matter – SPOM – and the microbial mats
from the primary vent vs the seagrasses and SPOM from the Control site);
ii) to explore the influence of the vent input on photosynthetic and
chemosynthetic communities associated with sediments, and iii) to
identify the spatial extent of the area affected by CO2 vent emissions
with implications for ocean acidification studies.

2. Materials and methods

2.1. Study area

Levante Bay is a shallow bay located in the eastern side of Vulcano
Island (Aeolian Archipelago, Italy, Tyrrhenian Sea) (Fig. 1), where
emissions of volcanic fluids and gases are easily visible at the surface.

Diffuse submarine seepages in the form of dispersed underwater
leaks occur, among which one of the most active bubbling, hereafter
called primary vent (PV), is located at 38◦25.057′N-14◦57.599′E. The
input consists mostly in CO2 (97–99% vol) andminor amounts of H2S (<
2.2 %), undetectable at a distance of about 150 m from the PV (Boatta
et al., 2013; Capaccioni et al., 2001). CO2, pH and carbonate saturation
index gradients along the northern shoreline of the bay range between
76.2 and 99.1 %, 6.40 and 8.16, 0.03 and 5.63, respectively (Boatta
et al., 2013; Vizzini et al., 2013). Details of measured seawater variables,
temperature, pH, dissolved oxygen concentration (DO) and electrical
conductivity of bottom water (Eh) are reported in Vizzini et al. (2013)

Fig. 1. Map of Levante Bay with sampling stations selected at increasing distance from the primary vent (PV). Sampling stations examined for microbial community
diversity are indicated with red circles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and confirm the pH/Eh gradient previously reported by Boatta et al.
(2013). Sediments were overall sandy with low silt (mean ± s.d. = 1.1
± 1.3 %) and organic matter content (1.3 ± 0.7 %) (Vizzini et al., 2013).
OM content showed also a slightly decreasing pattern at increasing
distance from PV (up to 150 m from PV: range 0.7 - 3.9 %, mean ± s.d.
1.7 ± 0.7 %; from 150 to 500 m from PV: 0.5 - 1.9 %, 0.8 ± 0.3 %)
(Vizzini et al., 2013). The seabed was characterized by bare sediment
around the PV and for approximately 220 m, after which macrophyte
coverage occurred with patchy distribution of the seagrass species
Cymodocea nodosa, interspersed with sparse macroalgae species, such as
Caulerpa prolifera, Cystoseira compressa and Dictyota dichotoma occurring
with low abundances (Vizzini et al., 2013, 2017).

2.2. Sample collection

Sampling was carried out in the central part of Levante Bay. Main
physico-chemical variables of surface water (temperature, dissolved
oxygen, pH and Eh) were recorded contextually to sediment collection
using a multiparameter probe (Hydrolab DS5). Sediment samples were
manually collected in duplicate by SCUBA divers, using PVC hand-cores
(Ø 4 cm), from 47 stations distributed along five submarine transects
that extend from PV up to a distance of ~500 m (Fig. 1) and a depth
range between 0.7 and 5.5 m. The first 2-cm layer of each core was
immediately sliced with a ceramic knife for subsequent analyses. Sub-
samples for organic matter analysis were collected from each core and
stored at -20 ◦C until further processing. At six stations (Fig. 1), which
were selected along an increasing pH gradient, sediment subsamples
were also collected for microbial abundance estimation and DNA
extraction; the formers were fixed with formaldehyde 2 % (v/v, final
concentration), whereas the latter were directly stored at -20 ◦C until
further processing.

PV and control site-specific sources of organic matter were collected
as end-members, given their potential contribution to the SOM pool.
Specifically, microbial mats were collected at the PV, as a volcanic vent
end-member, by scraping the top layer of the mat-covered rocks with a
ceramic knife, while macrophytes were collected as marine end-
members, from the Control site located approximately 500 m from PV,
which lacks evidence of gas venting (mean pH 8.2). Marine end-
members were the seagrasses Cymodocea nodosa and Zostera noltei,
that were collected manually by SCUBA divers and stored at –20 ◦C until
analysis. No macrophytes samples were collected from the acidified site
(PV) due to their negligible abundance, and hence contribution to the
SOM. To analyse the SPOM from PV (SPOM-L) and the Control site
(SPOM-C), seawater samples (10 l each) were collected in triplicate at
these two sites using glass bottles.

2.3. Samples processing, element and stable-isotope analysis

Water samples were filtered through pre-combusted (450 ◦C, 4 h)
Whatman GF/F filters and subsequently freeze-dried and ground into a
fine powder using a micro-mill prior to analyses, along with sediment,
microbial mats and seagrass samples. Sediment and organic matter
sources (microbial mats, seagrasses and SPOM) were analysed for
organic carbon (Corg, %), total nitrogen (NT, %) and carbon and nitrogen
stable isotopes (δ13C and δ15N, ‰). Sulphur stable isotopes (δ34S, ‰)
were analysed only in sediment samples. Samples for Corg and δ13C
analysis were treated with HCl (5 N and 2 N, respectively) to remove
carbonates. Powdered samples were weighed in silver (for Corg analysis)
and tin capsules (for NT, δ13C and δ15N analysis). Corg and NT were
analysed using an elemental analyser (ThermoElectron Flash EA 1112),
which was interfaced to an isotope ratio mass spectrometer (Thermo-
Electron Delta Plus XP) for the analysis of δ13C and δ15N. Isotope values
are given in the conventional δ notation as ‰ deviation from the stan-
dards (Vienna Pee Dee Belemnite for δ13C, atmospheric N2 for δ15N,
Vienna Canyon Diablo Troilite for δ34S) as follows: δ13C, δ15N or δ34S =
[(Rsample/Rstandard) − 1] × 1000, where R is the corresponding 13C/12C,

15N/14N or 34S/32S ratio. The analytical precision of the measurements
based on the standard deviation of replicates of internal standards (In-
ternational Atomic Energy Agency IAEA-CH-6 for δ13C, IAEA-NO-3 for
δ15N and IAEA-S1 for δ34S) was 0.1‰ for δ13C and 0.2‰ for δ15N and
δ34S. The detection limits of the elemental analyser used were respec-
tively 0.01 % for Corg and 0.005 % for NT.

2.4. Analysis of prokaryotic communities

2.4.1. Prokaryotic abundance
To detach cells from sediments, 1 g of each sample was diluted (1:10

weight/vol) in sterilized phosphate buffer solution (PBS, pH 7.4) con-
taining sodium pyrophosphate (0.1 % vol/vol). Samples were sonicated
for 10 cycles of 30 s using a Brandlin SonoPlus HD 200 (Electronic,
Berlin). Cells were finally concentrated onto black polycarbonate
membrane filters (0.2 μm pore size, 25 mm diameter, Nuclepore Cor-
poration, Pleasanton, USA). To evaluate the abundance of total pro-
karyotic cells (total counts, TC), harvested cells were stained with 4’,6-
diamidino-2-phenylindole (DAPI) fluorochrome (1 μg ml-1, final con-
centration) and counted by epifluorescence microscopy (Olympus BX-
60 M, at 1000× magnification) under ultraviolet light (HG 100 W).

Fluorescence in situ hybridization (FISH) was employed to enumerate
Bacteria and Archaea using rRNA-targeted oligonucleotide probes, ac-
cording to Pernthaler et al. (2001). Cyanine-labeled (Cy3) probes
EUB338 and ARCH915 (Thermo Hybaid, Interactiva Division, Ulm,
Germany) were used to hybridize bacterial and archaeal cells, respec-
tively. For each sample, between 50 and 200 cells were then counted
under epifluorescence, using Olympus BX60 microscope, equipped with
Cy3 filter set.

2.4.2. Prokaryotic community composition evaluated by PCR- DGGE
DNA was extracted directly from sediment samples (1 g) using the

PowerSoil DNA isolation kit (MoBio Laboratories, Carlsbad, CA, USA)
according to the manufacturer’s instructions. DNA concentrations and
purity were checked by UV–Vis spectrophotometry (NanoDrop ND-
1000Technologies, USA).

The V3 region of bacterial 16S rRNA gene was amplified with uni-
versal primer set 341f-GCclamp (5’-CCTACGGGAGGCAGCAG-3’) and
907r (5’- CCGTCAATTCMTTTRAGTTT-3’), whilst the V3 region of
Archaea 16S rRNA gene was amplified with primers ARC344f-GC (5’-
ACGGGGTGCAGGCGCGA-3’) and ARC915r (5’-GTGCTCCCCCG
CCAATTCCT-3’). Bacterial and archaeal PCR products were resolved in
polyacrylamide gels as described previously by Muyzer et al. (1996) and
Casamayor et al. (2000) using a DGGE-2001 system (CBS Scientific
Company, CA, USA). The most representative bands in DGGE gels were
excised and placed in 50 μl of TE buffer 1× (10 mM Tris-HCl containing
1 mM EDTA Na2, pH 8), incubated at 65 ◦C for 3 h to allow diffusion of
DNA out the gel blocks. Each eluate was briefly vortexed one time for
each hour, centrifuged at 10000 rpm for 5 min, and finally used as
template DNA in PCR reamplification, with primers and conditions as
described above.

Sequencing of DNA extracted from DGGE bands was performed with
primers 341f for Bacteria and ARC344f for Archaea (Macrogen Inc.,
Seoul, Korea). A nucleotide BLAST search (http://www.ncbi.nlm.nih.
gov/BLAST) was performed to obtain information on sequences from
phylogenetically closest relatives. Phylogenetic trees were constructed
using the MEGA 7 (Molecular Evolutionary Genetics Analysis) software.
The robustness of the inferred trees was evaluated by 500 bootstrap re-
samplings. Bacterial phylogeny tree was out grouped with 16S rRNA
gene sequence of Methanocaldococcus jannaschii, while that of archaeal
phylogeny was out grouped with 16S rRNA gene sequence of Cytophaga
aurantiaca.

2.5. Data analysis

Pearson’s correlation analysis was used to assess the relationship
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between the SOM variables (Corg, NT, Corg:NT, δ13C, δ15N and δ34S), and
physico-chemical data of surface water (temperature, dissolved oxygen,
pH and Eh). Maps of the spatial variability of δ13C, δ15N, δ34S and Corg:
NT in the SOM were created using QGIS 3.38. δ13C and δ15N data were
used to estimate the proportional contribution of vent and marine
organic matter sources to the SOM pool, using a Bayesian Mixing Model
run through the MixSiar package v 3.1.12 (Stock and Semmens, 2013;
Stock et al., 2018) in R v4.3.2 (R Core Team, 2018). Microbial mats and
SPOM-L were regarded as vent sources, seagrasses and SPOM-C were
regarded as marine sources. Distance from the vent was included in the
model as explanatory variable and fractionation value of each source
was set to zero as no trophic fractionation is expected to occur. In this
framework, MixSiar estimates the probability contribution of each
source to the SOM mixture. The Gelman diagnostic test was used to
determine the convergence of the model (Stock and Semmens, 2013).
The estimated mean contributions of marine and vent sources were
summed a posteriori to simplify the graphical output. In addition, linear
regression was performed using the mean contributions of marine and
vent sources as response variables vs. the interaction between distance
and the source (vent or marine).

DGGE band position and intensity were determined using a GEL-
COMPAR II software package (Applied Maths) and were manually
modified. To compare community profiles among samples, Sorensen
similarity coefficient (Ss) was applied to the banding patterns, and
cluster diagrams were obtained using PRIMER 6.1.12 (Primer-E, Ltd).
The total number of bands in each line was expressed as phylotype
richness (R). The relative intensity was used to calculate the Shannon
diversity (H’) and the evenness (E) indices, in order to describe possible
changes in the DGGE profiles.

Pearson’s correlation analysis was applied to determine the links
between prokaryotic abundances (Bacteria and Archaea), diversity
indices (R, H’ and E), and the relative abundance of the dominant bac-
terial and archaeal groups, as derived by DGGE analysis, with the
environmental variables retrieved from seawater (pH, OM%, taken from
Vizzini et al., 2013) and sediment samples (Corg and NT). Principal
Component Analyses (PCAs), based on selected properties of sediment
samples (pH, OM%, Corg% and NT%), prokaryotic cells abundance (TC)
and diversity indices (H’, E’ and R), was performed to identify groups of
stations with similar community composition and to find their re-
lationships with the environmental variables, by using PRIMER 6.1.12
(Plymouth Marine Laboratory, UK). Natural logarithm was used to
equalize variances and normalize the data prior to these analyses.

3. Results

3.1. Element and stable isotope data

3.1.1. Sedimentary organic matter (SOM)
Sedimentary organic carbon (Corg) and total nitrogen (NT) were fairly

low, ranging from 0.04 to 0.14 % (mean± s.d.: 0.08± 0.02 %) and from
0.01 to 0.02 % (0.01 ± 0.00 %), respectively. The Corg:NT displayed
spatial variations, ranging from 3.6 to 12.2 (6.7 ± 1.5) and showing
progressively higher values at increasing distance from the primary vent
(PV) (Fig. 2, 3).

δ13C, δ15N and δ34S, varying respectively from − 24.6 to − 18.0 ‰
(− 22.1 ± 1.5‰), from − 5.1 to +3.8‰ (− 1.2 ± 2.1‰) and from − 1.4
to +16.2 ‰ (4.6 ± 4.9 ‰), exhibited a wide spatial variability and a
clear enriching trend with increasing distance from PV (Fig. 2, 3).

Significant positive correlations among δ13C, δ15N and δ34S and
physico-chemical variables of surface seawater (DO, Eh and pH: p <

0.001) were recorded (Fig. 4). In addition, δ13C, δ15N and δ34S were
positively correlated each other (p < 0.001); δ13C was positively
correlated with Corg (r = 0.45, p < 0.001) and δ15N was negatively
correlated with NT (r = − 0.33, p < 0.01).

3.1.2. Organic matter sources
Organic carbon (Corg) varied widely among the organic matter

sources (from 0.6 to 35.6 %), while NT showed lower variability (from
0.1 to 1.7 %), with SPOM-C and seagrasses showing the lowest and the
highest values for both variables (Fig. 5). SPOM-L also showed the
lowest Corg:NT ratio, varying from 4.5 to 5.3, while seagrasses Corg:NT
ratios showed the highest values, ranging between 18.1 and 24.7
(Fig. 5).

Organic matter sources showed distinct δ13C and δ15N values
(Fig. 6). Specifically, δ13C of SPOM-L showed fairly constant and 13C-
depleted values, ranging from − 24.9 to − 24.6 ‰, while SPOM-C

Fig. 2. δ13C (‰), δ15N (‰), δ34S (‰) and Corg:NT ratio (mean ± s.d. of each
station) in the sedimentary organic matter (SOM) from Levante Bay. SOM data
from the primary vent are indicated with a red circle.

Fig. 3. Spatial variability of δ13C (‰), δ15N (‰), δ34S (‰) and Corg:NT in the
sedimentary organic matter (SOM) from Levante Bay. The primary vent station
is indicated with a white triangle.
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exhibited a slightly wider range and more 13C-enriched values, varying
from − 22.1 to − 20.2 ‰. δ13C was widely variable and depleted in the
microbial mats collected in PV (range from − 27.4 to − 18.9 ‰), while
more enriched in seagrasses (from − 13.0 to − 7.8‰). In contrast, δ15N
varied little within each source group. Microbial mats were the most
15N-depleted source (from − 4.9 to − 2.7‰). δ15N of seagrasses (from 0.7
to +2.1‰) was slightly more depleted than that of SPOM-L (from 1.2 to
2.2 ‰) and SPOM-C (from 3.7 to 4.9 ‰).

3.1.3. MixSiar results
MixSiar outcome revealed that the origin of organic matter in sedi-

ments was complex and the proportional contribution of each source
varied with the distance from the primary vent (Table A1). A significant
interaction was found between vent or marine source and distance from
the vent. In particular, the effect on proportional contribution of the
vent end-members decreased at increasing of the distance; on the con-
trary the effect on proportional contribution of the marine source
increased at increasing of the distance (Fig. 7).

Fig. 4. Correlation plot: the upper panel reports the colour of correlations in square (darker square indicates higher correlation in absolute value), and the lower
panel portrays the estimated coefficients. The square colour represents the direction of correlation (red = negative correlation, blue = positive correlation), stars
represent the significant level of correlation coefficients. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

Fig. 5. Corg (%), NT (%) and Corg:NT ratio (mean ± s.d.) in organic matter sources from the vent site at Levante Bay (microbial mats and SPOM-L) and the Control site
(seagrasses and SPOM-C).
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3.2. Prokaryotic communities

3.2.1. Prokaryotic abundance
Total prokaryotic cell counts (TC) obtained after DAPI staining, and

abundance of hybridized cells with probes for Bacteria (EUB338) and
Archaea (ARCH915) in sediment samples are reported in Table 1. Bac-
teria always numerically dominated over Archaea. Archaeal contribution
(ranging from 0.1 to 1.1 %) was higher at PV.

3.2.2. DGGE profiles
The number and intensity of DGGE bands provided valuable infor-

mation about variations in highly abundant operative taxonomic units,

Fig. 6. δ13C (‰) and δ15N (‰) (mean ± s.d.) of organic matter sources in Levante Bay. SOM values are showed in grey.

Fig. 7. Mean proportional contribution (± s.d.) of organic matter sources grouped as vent end-members (microbial mats and SPOM-L) and marine end-members
(seagrasses and SPOM-C) to SOM at increasing distance from the primary vent, based on MixSiar output. Linear regressions are also shown, with the associated
95 % confidence interval.

Table 1
Total prokaryotic cell counts (TC) and abundances of hybridized cells with
probes for Bacteria (EUB338) and Archaea (ARCH915) in sediment samples
collected from the Levante Bay.

Station TC (cells g-1) Bacteria (%)a Archaea (%)a

PV 4.2 × 106 2.9 × 106 (98.9) 3.2 × 104 (1.1)
9 2.3 × 107 9.9 × 106 (99.8) 1.5 × 104 (0.2)
10 3.5 × 107 9.1 × 106 (99.7) 2.9 × 104 (0.3)
12 1.3 × 107 4.9 × 106 (99.3) 3.3 × 104 (0.7)
21 7.9 × 106 2.7 × 106 (99.9) 3.7 × 103 (0.1)
32 5.2 × 106 1.5 × 106 (99.6) 6.5 × 103 (0.4)

a In brackets, the percentage of cells recovered by FISH.
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whose relative proportion is >1 % of the total microbial community
(Muyzer et al., 1993). DGGE profiles and the analysis of Bacteria and
Archaea community structure are reported in Fig. 8. The total number of
bands (or phylotype richness) identified in each profile ranged from 10
(station 21) to 15 (station 9) for Bacteria, and from 6 (station 32) to 20
(stations PV, 10 and 12) for Archaea (Fig. 8a), suggesting a greater
archaeal richness in the proximity of PV. Overall, Bacteria populations
retrieved in sediment samples appeared more similar each other (60 %
Ss) than those of Archaea (40 % Ss) (Fig. 8b). More similar bacterial
populations were collected from stations 10 and 12, while those from PV
were distantly related with those from the other stations. Archaeal
populations from stations 9 and 10 were more similar each other,
whereas those from PV and station 32 were clearly different from the
others.

3.2.3. Comparison between bacteria and archaea communities
Both Bacteria and Archaea richness (R) and H’ diversity indices, as

derived by DGGE profiles, decreased by increasing distance from PV
(Fig. 9).

The PCA for Bacteria showed that the two main components
explained 78.6 % of the total variance (Fig. 10). The first principal
component (Axis 1, explaining 62.1 % of the variance) was strongly
associated with the organic matter content (OM%), pH, cell bacterial
abundance (AB), richness (R) and diversity (H’). The second principal
component (Axis 2, explaining 16.5 % of the variance) was mainly
related to Corg%, NT%, and E’. The combination of the two main com-
ponents clearly separated stations PV and 32, whilst stations 12 and 21
remained closer and 9 and 10 clustered apart. PCA clusters appeared
quite different to those resulted from DGGE profiles, indicating that a
combination of environmental factors and sediment properties shaped
the bacterial community diversity. Moreover, the Pearson’s analysis
showed that all environmental variables (e.g., OM, Corg and NT) and
diversity indices (e.g., R and H’) were strongly negatively correlated (p
< 0.01) with pH. Strong positive correlations (p < 0.01) were observed
between Corg and NT with bacterial H’ and R. Furthermore, OM%
showed a strong positive correlation (p < 0.01) with Corg, NT and H’.

The PCA for Archaea showed that the two main components of PCA
explained 77.1 % of the total variance. The first principal component
(Axis 1, explaining 47.7 % of the variance) was associated with pH, OM
%, R and H’ index, whilst the second principal component (Axis 2, 29.3
% of the variance) was strongly related to Corg and E’ index. The two
main components clearly separated PV from the other stations, whilst
clustered stations 9 and 10, confirming the results obtained by cluster
analysis from the DGGE of Archaea. As expected, OM% and pH values
were strongly and inversely correlated (p < 0.01).

3.2.4. Phylogenetic analysis
Excised DGGE bands and the level of 16S rRNA sequence identity to

the most closely related cultivated strains of Bacteria and Archaea are
reported in Table 2.

None of bacterial bands was unique to one sample, indicating that
common phylotypes were present along the stations, even if different
arrangements in bacterial aggregation were observed. Bands 1, 3 and 5
were common to all stations, band 6 was observed in all samples except
for PV, and band 8 was common only to samples from PV and 32.
Phylogenetic trees of the recovered bacterial and archaeal phylotypes
are shown in Fig. 11.

Sequences of the dominant bacterial populations were related to the
phyla Campylobacterota (bands 1 and 7), Bacteroidota (bands 6 and 8)
and Cyanobacteriota (bands 3, 4 and 5), almost all already detected in
hydrothermal systems or in other marine environments (Fig. 11a). Only
band 2, common to stations PV and 32, was affiliated with Actino-
mycetota, genus Acidimicrobium. Band 1, related to Sulfurovum, was
observed across all samples and was the most intense at PV, whereas
band 7, related to Sulfurospirillum,was common to stations 9, 10 and 12.
Bands 6 and 8 were related to two different genera within Bacteroidota: i.
e., Maritimimonas, and Lewinella. Sequences from bands 3 and 5, affili-
ated with Cyanobacteriota and related to the genus Loriellopsis and Bra-
silonema, respectively, were common to all samples, whereas sequences
from band 4, related to the genus Anabaena were common to stations 9,
10 and 12.

Archaeal sequences were affiliated with the phyla Euryarchaeota and

Fig. 8. DGGE profiles of Bacteria and Archaea obtained from sediment samples collected at increasing distance from the primary vent (PV) (a), and dendrograms
representing Bacteria and Archaea community structure (b). Sequenced bands are indicated by numbers.
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Thermoproteota, and all phylotypes were related to Archaea retrieved
from extreme environments, most of which characterized by high tem-
peratures. Sequences from the most intense band 3, retrieved across all
stations, and band 7, characteristic of station 32, fell into the class
Thermococci and were related to the strictly anaerobic, hyperthermo-
philic genus Thermococcus. The phylotype from band 5 was related to the
genus Methanobrevibacter (class Methanobacteria), which comprises
mesophilic, strictly anaerobic, methanogens. Within the Thermoproteota,
all sequences were related to different members of the class Thermo-
protei. Phylotypes from bands 1, 4, and 6, retrieved in all stations with
the only exception of station 32, were affiliated to the hyperthermo-
philic genera Desulfurococcus, Vulcanisaeta and Stetteria, respectively.
Finally, bands 2 and 8 (common to stations 9, 10, 12 and 21) were
affiliated with the hyperthermophilic genera Thermogladius and

Pyrolobus, respectively.

4. Discussion

Pronounced spatial variations and gradients based on the distance
from a shallow CO2 vent were detected in SOM composition and origin,
and in complexity of associated communities, highlighting a clear in-
fluence of volcanic emissions on biogeochemical features of the area in
proximity of the vent.

The assessment of the contribution of the potential organic matter
sources to the sedimentary pool was allowed by the distinct elemental
and isotopic signatures of the vent (i.e., microbial mats and volcanic
vent-derived particulate organic matter) and marine (i.e., seagrasses and
marine-derived particulate organic matter) end-members. Consistently

Fig. 9. Comparison of diversity indices (H’, Shannon diversity; E’, Evenness index, and R, Richness) of Bacteria and Archaea associated with sediments at increasing
distance from the PV in Levante Bay.

Fig. 10. Principal Component Analysis (PCAs) based on environmental data and prokaryotic properties for Bacteria and Archaea retrieved in sediment from the
Levante Bay. OM%: organic matter content, Corg%: organic carbon content; NT%: total nitrogen content. AB, hybridized Bacteria; AA, hybridized Archaea; R, richness;
H’, Shannon diversity and E’, Evenness index.
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with De Leeuw et al. (1995) and Vizzini et al. (2017), microbial mats and
SPOM from the primary vent were both characterized by a depletion in
13C, which can be easily associated with the influence of volcanic vent-
derived dissolved inorganic carbon (unpublished data: DIC δ13C = –1.9
‰). Vent-derived DIC is more 13C-depleted than marine-derived DIC
(Papadimitriou et al., 2005), as it is almost exclusively composed of CO2
(Vizzini et al., 2010). Therefore, autotrophic bacteria that characterise
the bottom of the primary vent can synthesise new biomass with highly
depleted carbon isotopic values, not only due to their reliance on the
available 13C-depleted CO2 but also due to the kinetic fractionation of

carbon isotopes associated with the metabolic and biosynthetic pro-
cesses (Gong and Hollander, 1997). In addition, values of SPOM, con-
sisting of phytoplankton and fragments of microbial mats torn off from
the rocks by the turbulent venting activity, mirrored the carbon isotopic
signature of the microbial mats, resulting in much more 13C-depletion
than its marine counterpart. Microbial mats from the primary vent were
also very 15N-depleted. Although data from Levante Bay are unavailable,
volcanic vents are known to release N in various forms (Dando et al.,
1999; Maugeri et al., 2009; Tarasov et al., 2005). To our knowledge, the
isotopic composition of DIN has never been investigated but, based on

Table 2
Distribution of Bacteria and Archaea arranged by samples collected from Levante Bay, as elucidated by PCR/DGGE profiles.

Band Samples where bands are present BLASTn most related species Percentage of identity Phylogenetic affiliation Accession no.

Bacteria 1 All Sulfurovum aggregans Monchim 33 100 Campylobacterota NR_126188
2 PV and 32 Acidimicrobium ferrooxidans KME24 100 Actinomycetota MT940853
3 All Loriellopsis cavernicola LF-B5 100 Cyanobacteriota NR_117881
4 9, 10 and 12 Anabaena cylindrica FACHB1038 100 Cyanobacteriota KR813843
5 All Brasilonema angustatum HA4187-MV1 100 Cyanobacteriota NR_125582
6 9, 10, 12, 21 and 32 Maritimimonas rapanae A31 93 Bacteroidota NR_116269
7 9, 10 and 12 Sulfurospirillum multivorans DSM 12446 100 Campylobacterota NR_121740
8 PV and 32 Lewinella cohaerens ATCC 23123 100 Bacteroidota NR_115012

Archaea 1 PV, 9, 10, 12 and 21 Desulfurococcus fermentans DSM 16532 99 Thermoproteota NR_102931
2 9, 10, 12 and 21 Thermogladius shockii WB1 99 Thermoproteota NG_044969
3 All Thermococcus barossii DSM 9535 98 Euryarchaeota NR_042735
4 PV, 9, 10, 12 and 21 Vulcanisaeta souniana IC-059 99 Thermoproteota NR_028628
5 PV, 9, 10, 12 and 21 Methanobrevibacter filiformis RFM-3 98 Euryarchaeota NR_044801
6 PV, 9, 10, 12 and 21 Stetteria hydrogenophila 4ABC 98 Thermoproteota NR_044913
7 32 Thermococcus chitonophagus DSM 10152 98 Euryarchaeota NR_042737
8 9, 10, 12 and 21 Pyrolobus fumarii 1 A 97 Thermoproteota NR_102985

Fig. 11. Rooted phylogenetic trees calculated by Jukes-Cantor distance estimation algorithm showing affiliation of each DGGE-band to closest-related sequences
from either cultivated or cloned Bacteria (a) and Archaea (b). Percentages of 1000 bootstrap resampling that supported the branching orders in each analysis are
shown above or near the relevant nodes.
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the lower δ15N values of SPOM at the vent than at the control found in
this study, and confirmed by the low δ15N of macrophytes close to
volcanic CO2 vents (Apostolaki et al., 2014; Ricevuto et al., 2015; Vizzini
et al., 2017), it is supposed to be more depleted than marine DIN.

By contrast, marine-derived organic matter sources (seagrasses and
SPOM) showedmore 13C-and 15N-enriched isotopic values than volcanic
vent-derived ones, since the marine dissolved inorganic C and N pools
are more enriched than the volcanic ones (marine DIC δ13C = 0 ± 1‰,
Papadimitriou et al., 2005; marine DIN δ15N= 0 − +1,+2 − +19 and −

3.5 − +7.5 ‰ for N2, NO3- and NH4+ respectively; e.g., Altabet, 2006;
Brandes and Devol, 1997; Karl et al., 2002). δ13C and δ15N values found
here match closely those reported in the literature for other marine
coastal ecosystems (seagrasses: δ13C = − 15 to − 3 ‰, Michener and
Kaufman, 2007, δ15N= 0 to+8‰, Lepoint et al., 2004; SPOM, used here
as a proxy for phytoplankton: δ13C= − 22 to − 20‰, Meyers, 1997, δ15N
= +2 to 8 ‰, Signa et al., 2012).

The isotopic values of sediments encompassed those of both vent and
marine end-members, except for seagrasses that were more 13C-
enriched, indicating that both vent and marine end-members contribute
to the SOM pool. In more detail, SOM δ13C and δ15N displayed the most
depleted values close to the primary vent, suggesting a high contribution
of vent end-members, while they increased almost linearly with dis-
tance. This trend was more evident for δ15N than for δ13C, whose
increment was clear up to about 350 m from the primary vent. When
moving far away from the vent, the overall enrichment in heavy isotopes
suggests a decline in the contribution of volcanic vent-derived sources
and, conversely, an increase in that of marine sources (i.e., seagrasses
and SPOM-C) to SOM pool. Close to the primary vent, volcanic vent end-
members showed an overall proportional contribution of about 80 %,
with microbial mats that colonise the seabed having the role of the main
contributor. This result confirms the important direct influence of vol-
canic activity on the organic matter pool. At increasing distance from the
vent, microbial mats and SPOM-L contribution decreased, while the
proportion of seagrasses and especially SPOM-C to the SOM pool greatly
increased. At 350 m from the primary vent, the role of volcanic vent-
derived organic matter became less relevant with an overall propor-
tional contribution of about 50 %. However, volcanic vent-derived
organic matter was detected in sediments all over the bay, even at the
distance of 500 m from the primary vent, and with proportions of about
40 % up to 400 m. This result testifies a wide-scale effect of the vent on
the biogeochemistry of the area and specifically on the origin of SOM.

Sulphur isotopes, although analysed only in SOM and hence not
included in the mixing models, provide further interesting insights,
being a good indicator of the origin of organic matter (Peterson and
Howarth, 1987). Similarly to δ13C and δ15N, the spatial pattern of δ34S
along the bay showed a linear increase at increasing distance from the
primary vent, due to the decreasing influence of volcanic input. Volcanic
vent-derived organic matter is expected to be 34S-depleted, as sedi-
mentary sulphide species, easily detectable in reducing environments,
usually display low δ34S values (from − 20‰ to − 10‰; Strauss, 1997).
Here, there was no clear isotopic evidence for in situ H2S production by
microbial sulphate reduction, which would have typically shown very
34S-depleted values (Böttcher et al., 2004). This suggests that, presum-
ably, biogenic H2S generation (i.e. by sulphate reducing bacteria) is a
minor process relative to the dominant advective (abiotic) H2S flux
emitted from the CO2 primary vent. Accordingly, the seafloor around the
vent hosts an active microbial community, mainly composed by che-
molithotrophic sulphide oxidizing bacteria (Gugliandolo and Maugeri,
1993). On the other hand, at increasing distance from the primary vent,
SOM was mainly affected by marine end-members (seagrasses and
SPOM) that generally exhibit a δ34S range between +15 and + 21 ‰
(Peterson and Fry, 1987), matching the sulphur isotope composition of
sulphate in seawater (~ +21 ‰; Rees et al., 1978). Therefore, the δ34S
variability observed in Levante Bay depends on the different influence of
volcanic input along the spatial gradient.

This picture about the origin of SOM is confirmed by the spatial

pattern of SOM Corg:NT ratio. The progressive increase of the Corg:NT
ratio at increasing distance from the primary vent suggests a gradual
reduction in the contribution of more labile organic matter sources (e.g.,
microbial mats) alongside an increase in more refractory ones (e.g.,
seagrasses). The low SOM Corg:NT ratio close to the primary vent indi-
cated that sedimentary carbon derives largely from the in situ production
(i.e., microbial mats and SPOM-L) rather than through heterotrophic
carbon influx and processing. Furthermore, this labile organic matter
offers a unique habitat for autotrophic and heterotrophic microorgan-
isms, constituting a significant carbon source (Svensson et al., 2004).
Indeed, microbial mats associated with submarine volcanic vents
showed low Corg:NT ratios, consistent with previously reported values
for bacteria from Vulcano Island vents (Corg:NT = 3.8–9.4, Gugliandolo
and Maugeri, 1998) and elsewhere (Corg:NT = 2.8–14.3, Fagerbakke
et al., 1996). At more distant stations, the higher Corg:NT ratio confirms
that SOM was more influenced by more refractory organic matter
sources, such as seagrasses, which had high Corg:NT ratios. This pattern
matches the distribution of macrophytes, which were absent close to the
primary vent up to a distance of around 220 m, where they start forming
a low-density meadow, which become denser at greater distance. While
high CO2 levels are supposed to promote macrophyte production in
volcanic vents, other environmental factors, such as H2S, toxic trace
elements and low pH conditions, may cover up this positive effect
prompting, instead, poor environmental conditions unsuitable for many
macrophyte species. This result opens a question about the theory that
macrophytes and especially seagrasses may be “winners” in a high CO2
world (Russell et al., 2013) as reducing conditions of acidified seawater
mobilise trace elements (e.g., As, Cd, Cu, Fe, Hg, Mn, Zn) (Tarasov et al.,
2005), increasing their bioavailability with potential biological and
ecological consequences.

The complex features of SOM and its origin are paralleled in the
biocomplexity and structural shifts that occurred in the photosynthetic
and chemosynthetic communities. Indeed, volcanic emissions had con-
trasting effects on the benthic prokaryotic communities, which resulted
in different photosynthetic and chemosynthetic assemblages. Although
the prokaryotic abundances remained quite constant in all samples,
differences in both bacterial and archaeal composition were highlighted
by PCR/DGGE, that is considered the most reliable tool to analyse the
microbial community diversity of dominant phylotypes (≥1 % of the
total microbial community).

While the abundance of Archaea was lower than that of Bacteria, in
line with previous studies in volcanic vents of Aeolian Islands
(Gugliandolo et al., 2015; Maugeri et al., 2010), a highly diverse
archaeal community, principally composed of hyperthermophilic
members within Euryarchaeota (Thermococci) and Thermoproteota
(Thermoprotei), was detected in the proximity of the primary vent. This
finding was in line with previous observations by Antranikian et al.
(2017), who detected a high abundance of hyperthermophilic Archaea at
shallow vents of Vulcano Island. Due to their pH dependence, Thermo-
protei (Desulfurococcus, Pyrolobus, Stetteria, Thermogladius and Vulcan-
isaeta) are replaced by both Thermococci (Thermococcus) and
Methanobacteria (Methanobrevibacter), determining a marked shift in the
archaeal population composition at increasing distance from the pri-
mary vent.

Here, the bottom is featured by stones and rocks covered by whitish
microbial mats consisting almost entirely of chemolithoautotrophic
sulphur -oxidizing bacteria (Campylobacterota), whose growth is fav-
oured by H2S input from the vent and negative Eh conditions
(Gugliandolo et al., 2006; Vizzini et al., 2013). The lower δ34S observed
close to the primary vent suggests a sulphur utilisation by sulphur-
oxidizing bacteria, whereas the higher δ34S measured at increasing
distance from the primary vent may reflect a greater input of marine-
derived organic matter and/or the mixing with ambient seawater that
prevents any signal from microbial sulphide oxidation. Sequences
related to Sulfurovum dominated at PV, whereas those of Sulfurospirillum
were retrieved at stations closer to PV (e.g., 9, 10, and 12). Both genera
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are considered characteristic inhabitants in both shallow and deep-sea
hydrothermal vents, distributed in modern and ancient systems all
over the world, where they are involved in the carbon and sulphur
biogeochemical cycles (Campbell et al., 2006; Giovannelli et al., 2013;
Gugliandolo et al., 2015; Patwardhan et al., 2018; Vetriani et al., 2014).
Differently from Sulfurospirillum spp., Sulfurovum spp. require a very
narrow range of redox conditions, characterized by high sulfide con-
centration, and therefore they occur as pioneer colonizers of biofilm
communities in H2S -enriched hydrothermal vents (Inagaki et al., 2004;
Patwardhan et al., 2018). Mesophilic sulphur-oxidizing bacteria repre-
sent a specialized community in this area, involved in the chemosyn-
thetic primary production and the turnover of the reduced sulphur
compounds. The lower δ34S observed close to the primary vent suggests
a sulphur utilisation by sulphur-oxidizing bacteria (Campylobacterota),
whereas the higher δ34S measured at increasing distance from the pri-
mary vent may reflect a greater input of marine-derived organic matter
and/or the mixing with ambient seawater that prevents any signal from
microbial sulphide oxidation.

Beneath microbial mats, a variety of microhabitats allows the auto-
trophic growth in low light environments, such as photosynthesizing
Cyanobacteriota (e.g., genera Anabaena, Brasilonema, and Loriellopsis)
also involved in the nitrogen fixation. Therefore, their presence may
explain the low δ15N values recorded at PV and the closest sites, as well
as previously suggested in volcanic vents located in different
geographical areas (Mehta and Baross, 2006).

At increasing distance from PV, mesophilic chemoheterotrophic
members of Bacteroidota and Actinomycetota were dominant, that are
known to be proficient in degrading various complex biopolymers, such
as cellulose, chitin and pectin (Kirchman, 2002), derived from eukary-
otic organisms.

A spatial pattern was also recorded for macrophytes: while whitish
microbial mats feature the rocky bottom at the primary vent, at
increasing distance from the vent, the sediment becomes first sandy and
almost bare and then (at about 220 m from the primary vent) it is
colonized by a sparse seagrass meadow that becomes progressively
denser. Cymodocea nodosa is the only seagrass species and becomes
mixed with Zostera noltei at a distance of about 400 m from the vent
(Vizzini et al., 2017).

Despite Levante Bay is characterized by complex environmental
gradients, which determine biogeochemical and microbial variability,
this study substantiates the suitability of elemental content and stable
isotopes to elucidate the origin and dynamics of SOM pool at small
spatial scales and to show the spatial extent to which allochthonous
input (i.e. volcanic) spread and may affect trophodynamic processes in
the surrounding marine ecosystem. The assessment of the area influ-
enced by volcanic emissions can guide experimental designs that
investigate the effects of ocean acidification on various biological and
ecological levels, as it supports the proper selection of study sites (i.e.,
site with acidified conditions with a clear influence of the vent but
without any bias from abiotics other than pH, such as volcanic-derived
sulphur and toxic compounds, and control sites at distance from the vent
where the volcanic influence is not detectable anymore).

While the effects of sediment features on the overlying communities
are well understood, this study suggests that the role of benthic com-
munities and their shifts on the spatial dynamics of SOM(in terms of
origin, composition and quality) may also be worthy of further investi-
gation because of rebounds on biota and implications on the complex
and biunivocal interactions sediment-biota.

5. Conclusions

The peculiar abiotic features and the strong environmental spatial
gradients driven by the volcanic emission of the shallow CO2 vent at
Levante Bay (Aeolian Archipelago, Tyrrhenian Sea, Italy) represent
important drivers of the distribution and the abundance of benthic
prokaryotic communities along the bay, revealing a marked bio-
complexity at small spatial scales. Accordingly, strong gradients in the
SOM composition and origin were highlighted by the analysis of the
elemental and isotopic composition. A high influence of the volcanic
emissions was evident up to about 350 m from the primary CO2 vent,
where the contribution of volcanic vent-derived organic matter sources
to the sedimentary pool was high and exceeded the contribution of
marine sources. This trend reversed at a greater distance, with a domi-
nant contribution of marine sources. This is likely to have wide-ranging
significances, from local-scale influences on the structure of benthic
communities to larger-scale effects on the food-web structure and
biogeochemical cycles, and relevant implications of correct site-
selection for ocean acidification studies.
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Appendix A

Table A1
Mean proportional contribution (± s.d.) of organic matter sources to SOM at increasing distance from the primary vent, based on Bayesian mixing models estimates.

Distance from primary vent Microbial mats SPOM-L SPOM-C Seagrasses

0 0.70 ± 0.06 0.08 ± 0.05 0.17 ± 0.05 0.05 ± 0.02
5 0.93 ± 0.04 0.02 ± 0.02 0.03 ± 0.02 0.02 ± 0.02
25 0.90 ± 0.05 0.04 ± 0.04 0.04 ± 0.03 0.01 ± 0.01
50 0.89 ± 0.04 0.03 ± 0.03 0.05 ± 0.03 0.03 ± 0.02
75 0.82 ± 0.06 0.07 ± 0.06 0.09 ± 0.05 0.03 ± 0.02
100 0.79 ± 0.05 0.04 ± 0.04 0.08 ± 0.05 0.09 ± 0.04
150 0.54 ± 0.06 0.10 ± 0.09 0.26 ± 0.09 0.11 ± 0.05
178 0.51 ± 0.12 0.20 ± 0.17 0.26 ± 0.13 0.04 ± 0.03
200 0.54 ± 0.07 0.10 ± 0.10 0.28 ± 0.09 0.08 ± 0.05
227 0.38 ± 0.14 0.35 ± 0.24 0.23 ± 0.15 0.03 ± 0.03
250 0.45 ± 0.07 0.11 ± 0.10 0.30 ± 0.11 0.14 ± 0.07
272 0.30 ± 0.10 0.19 ± 0.18 0.46 ± 0.16 0.05 ± 0.04
300 0.38 ± 0.08 0.11 ± 0.11 0.33 ± 0.12 0.18 ± 0.08
350 0.41 ± 0.08 0.11 ± 0.10 0.32 ± 0.12 0.16 ± 0.08
396 0.27 ± 0.09 0.13 ± 0.14 0.54 ± 0.14 0.06 ± 0.05
400 0.45 ± 0.11 0.15 ± 0.15 0.34 ± 0.13 0.06 ± 0.05
450 0.34 ± 0.09 0.11 ± 0.11 0.37 ± 0.15 0.18 ± 0.10
500 0.20 ± 0.08 0.09 ± 0.09 0.56 ± 0.15 0.16 ± 0.10
511 0.13 ± 0.07 0.08 ± 0.09 0.74 ± 0.12 0.05 ± 0.05

Data availability

Data will be made available on request.
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