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Abstract

This study was made to quantify ΦCO2 and ΦCH4 in two crater monomictic lakes on São
Miguel Island (Azores, Portugal). The studied water bodies are both within maar craters,
with depths equal to 22 m and 33 m, at the Congro and Santiago lakes, respectively. ΦCO2

values in both lakes are lower in summer, with a mean equal to 2.9 and 1.4 g m−2 d−1,
respectively, in Congro and Santiago lakes, when the water column is stratified. ΦCH4

displayed a different seasonal trend, with higher emissions during the period when the
water column is stratified (mean value equal to 0.036 and 0.020 g m−2 d−1, respectively).
Bacterial families commonly associated with CO2 production, through heterotrophic res-
piration, fermentation, and syntrophic metabolism, were identified in both lakes, being
the most abundant taxa Clostridiaceae, Enterobacteriaceae, Holophagaceae and Methylomon-
adaceae. The microbial community composition suggests seasonal variations, reflected by
shifts in the relative abundance of specific microbial taxa. In particular, Clostridiaceae and
Enterobacteriaceae exhibited higher relative abundance during winter, consistent with an
increased contribution of fermentative microorganisms during this period. In contrast,
Methylomonadaceae, a family commonly associated with methane oxidation and subsequent
CO2 production, reached higher relative abundance during summer in both lakes, sug-
gesting enhanced methanotrophic activity during this period. Regarding CH4 production,
methanogens showed a slightly higher abundance during summer at Congro Lake, such as
Methanosarcinaceae. In Santiago Lake, Syntrophaceae and unclassified Syntrophales were more
abundant during summer, coinciding with higher CH4 emissions compared to winter. The
present research contributes to understanding volcanic gas release from lake water bodies
in active volcanic framework, helping also to constrain GHG budgets in oceanic islands.
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1. Introduction
In recent decades, surface water bodies have been recognized as significant natural

emitters of carbon-based greenhouse gases (GHG), such as CO2 and CH4, thus contributing
to global warming. Despite existing uncertainties, numerous estimates of global CO2

flux (ΦCO2; flux as the mass flow rate of a gas per a given area) from lakes have been
proposed, starting with the landmark study of 1835 lakes by [1], which suggested a rate of
5.60 × 102 Tg CO2 yr−1, thus in the lower range of the later estimates by [2–4] varying from
5.83 × 102 to 1.4 × 103 Tg CO2 yr−1. More recently, ref. [5] employed a size-productivity
weighting method to estimate global ΦCO2 from lakes to fall between 2.44 × 102 Tg CO2 yr−1

and 5.25 × 102 Tg CO2 yr−1, closer to the previous calculations by [1]. The lacustrine GHG
emission is a function of several factors, such as, amongst others, depth [6], trophic state [7],
and microbial activity, which plays a pivotal role in these emissions [8].

Methane flux (ΦCH4) from surface water bodies has attracted increased scientific atten-
tion in recent years, following pioneering work by [9–12]. Despite some uncertainty, global
estimates of CH4 flux from different water bodies, such as lakes [13] and references therein,
wetlands [14–16] and rivers [17], have been developed. Several studies suggested that after
wetlands lake water bodies represent the second-largest aquatic source of methane, with
various ΦCH4 estimates ranging from 8 to 75 Tg CH4 yr−1 [10,13,14,18–22]. A more recent
bottom-up assessment by [23], based on a dataset of 198 lakes, suggests a substantially
higher mean global flux of 150.9 ± 73 Tg CH4 yr−1, representing approximately 37.9% of
methane emissions from inland waters, and like inland wetlands (161 Tg CH4 in 2020; [19]).
Nevertheless, the median value of 55.8 Tg CH4 yr−1 from lake water bodies [23] falls clearly
in the 8 to 75 Tg CH4 yr−1 range, highlighting the significant variability and ongoing
uncertainty surrounding global lake methane flux estimates.

Recent studies have continued to emphasize the importance of lakes as significant
natural sources of greenhouse gases, while also highlighting the large uncertainties that still
exist in estimating global CO2 and CH4 emissions from inland waters [21,22]. However,
most recent investigations have focused on global methane budgets, modeling approaches,
or non-volcanic lake systems. Detailed hydrogeochemical studies integrating gas flux
measurements, water chemistry, isotopic composition, and microbial communities in
volcanic lakes remain scarce, emphasizing the need for further investigations in these
unique environments.

With a total area of 2322 km2, the Azores archipelago consists of nine volcanic islands
located in the North Atlantic Ocean between 37◦ and 40◦ N latitude and 25◦ to 31◦ W
longitude, at an approximate distance of 1500 km from Portugal mainland. The mean an-
nual precipitation (1930 mm yr−1) is much higher than the mean actual evapotranspiration
(581 mm yr−1), implying a high runoff (~3.22 × 108 m3 yr−1; [24]). Moreover, a water
volume of about 1.1 × 108 m3 is stored in the 88 surface lakes spread in the Azores, namely
at the São Miguel, Terceira, Pico, Flores, and Corvo islands [24–26], 50% of which occupy
the bottom of volcanic explosive craters and 16.7% lay down in the floor of subsidence
calderas [27]. Two other lakes are located inside lava caves in Graciosa and Terceira is-
lands [27], highlighting the diverse volcanic geomorphology along the Azores archipelago
and its influence on surface water distribution. Considering only volcanic lakes, ΦCO2

were estimated at 32 ± 5.2 Tg CO2 yr−1, 80% of which were of magmatic origin [28].
No comprehensive global assessments are available for ΦCH4 from volcanic lakes; how-
ever, CH4 is known to be only a minor component in geothermal and volcanic emissions
worldwide compared to CO2 [29].

In the Azores archipelago, recent research has advanced quantification of CO2 emissions
from volcanic lakes. Building on several studies made in the last decade [30–36], CO2 emis-
sions from the surface of a dataset made by 45 volcanic lakes in the Azores was estimated as
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~171 × 103 t CO2 yr−1, from which 42% is of volcanic origin (~72 × 103 t CO2 yr−1; [37]). In
contrast, methane emissions from lakes in the Azores remain largely unquantified. To the
date, the first study about methane dynamics is by [38], which addressed the mechanisms
that are regulating CH4 release from five lakes spread on São Miguel Island (Sete Cidades,
Santiago, Fogo, Congro, and Furnas), followed by research made with the objective of estimate
the combined ΦCH4 and ΦCO2 in Capitão and Caiado lakes, both on Pico Island [39], and
Caldeirão lake (Corvo Island; [40]).

The present study aims to quantify ΦCO2 and ΦCH4 from two maar crater lakes on São
Miguel Island (Azores archipelago), through accumulation chamber measurements made at
the surface of the water bodies, coupled by an overall hydrogeochemistry characterization,
and to identify the main drivers that controls these GHG emissions. It is expected that our
data will contribute to a more accurate quantification of GHG emissions from water bodies
in active volcanic areas, thus allowing to better constraining the GHG balances. Studies of
this type, that examine the combined emission of CO2 and CH4 from lakes situated within
active volcanic structures, are innovative in international literature, given that typically
only CO2 emissions have been characterized in such environments.

2. Study Area
2.1. Geological Setting
2.1.1. Congro Lake

Congro Lake is located in the SW quadrant of the Congro Fissural Volcanic System,
the easternmost of the two active fissural systems of São Miguel, located in the central part
of the island between Fogo and Furnas central volcanoes (Figure 1A–C). It corresponds to
a flat-topped elevated area (≥500 m a.s.l. in the central zone) extending for about 8 km
in an E–W direction, with gentle slopes towards the coastal cliffs. This fissural system is
predominately punctuated by scoria cones, but pumice cones, domes, and maars are also
present [41].

The Congro Lake maar is a volcanic structure associated with the last period of activity
of the Congro Fissural Volcanic System. Congro volcanism appears to have been most
significant between 30 kyr and 10 kyr [42] and characterized by effusive or low-explosivity
basaltic activity. Some of the lava flowed eastward, infilling the Furnas caldera. Volcanic
activity remained important between 10 kyr and 5 kyr and was largely dominated by
basaltic fissure-type eruptions, producing lava that inundated the entire area and reached
the north and south coasts. Eruptions of more evolved magma were of minor significance.
Volcanism gradually decreased up to ~5 kyr, when it almost over. The two most recent
eruptions were centered on Congro Lake area. The first was a trachytic eruption (Congro
maar eruption) which included extrusion of domes and explosive phreatomagmatic activity.
The second eruption was basaltic and formed a scoria cone north of Congro maar. The
entire volcanic field is mantled by thick pumice fall deposits from the recent eruptions of
Fogo and Furnas volcanoes [40,43].

The maar is located at the intersection of two volcano-tectonic structures, one with
NNE-SSW direction and the other with NW-SE direction, corresponding to a broad crater
with steep-sided walls and a diameter of approximately 500 m. The Congro maar erup-
tion, dated at 3800 ± 400 years BP [44], started with the extrusion of a trachytic dome,
which was partially destroyed by the explosive episode that formed the maar. The final
phase of the eruption involved the extrusion of another small dome that occupies part
of the crater. The associated deposit is lithic-rich and well-stratified, with alternating
beds of trachytic coarse-grained pumice and fine-grained ash. The explosive phreatomag-
matic event corresponds to a Volcanic Explosivity Index (VEI) of 3 (eruption volume of
0.08 km3) [43].
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Figure 1. Location of the studied lakes in São Miguel Island. (A) Azores archipelago location at about
1500 km West of Portugal mainland; (B) location of São Miguel Island (in red) in the eastern group
of islands from the Azores; (C) location of the studied lakes in São Miguel Island; (D,E) Santiago
and Congro lakes bathymetry, respectively (PS and PC, locations where samples were collected for
water chemistry and microbial community characterization). UTM coordinates are used for plots
(D,E) (UTM zone 26N).

2.1.2. Santiago Lake

Santiago Lake is one of the several lakes present in the Sete Cidades volcanic edifice,
the westernmost of the three active central volcanoes of São Miguel. It is located on the
SE sector of the caldera and occupies the crater of a deep maar with steep-sided walls,
measuring 1.1 km by 0.8 km across. The Santiago Lake maar is located at the intersection of
the regional NW–SE-oriented faults associated with the SE extension of Mosteiros Graben
and an inferred arcuate or ring fault inside the caldera.
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Sete Cidades has a broadly circular caldera with a diameter of approximately 5 km
and sub-vertical inner walls some 30 to 400 m high. The floor of the caldera is occupied
by several volcanic features, such as pumice cones, tuff rings/cones, domes, maars and
craters, with the latter being filled by perennial lakes. The outer flanks of the volcano
increase gradually in slope from the coastal cliffs up to the caldera rim. The most common
volcanic features on the flanks are scoria cones, either isolated or forming ridges, although
a few domes are also found on the western flank [45,46]. The volcanostratigraphy of Sete
Cidades is organized into two main groups that reflect important events or changes in
eruptive history [46,47]. The Inferior Group includes all products related to the subaerial
construction of the volcanic edifice (or shield-building stage), ranging from >210 kyr to
~36 kyr, and was characterized mainly by effusive or low-explosivity volcanism. The
Superior Group comprises products younger than 36 ka and represents the onset of the
caldera formation. This latter period was marked by three paroxysmal eruptions, namely at
36 ka (Risco Formation), 29 kyr (Bretanha Formation), and 16 kyr (Santa Bárbara Forma-
tion), all related to the different phases of formation of the caldera. In the last 5 ka, at least
17 trachytic explosive eruptions, predominantly hydromagmatic, occurred inside the
caldera (P1 to P17), and several basaltic eruptions (>12) occurred on the flanks of the
volcano. The products of the recent eruptions constitute the Pepom Member [45–47].

The maar of Santiago Lake is a volcanic structure associated with the most recent period
of activity of Sete Cidades Volcano. It is thought that this maar corresponds to the vent of the
P8 trachytic explosive eruption, dated at 2659 ± 55 years (226Ra/230Th maximum age; [48]).
The associated deposit is very well-stratified and composed of pumice lapilli and ash fall
layers rich in lithics, resulting from an oscillatory eruption of alternating hydromagmatic
and magmatic activity, with a Volcanic Explosivity Index (VEI) of 4 (eruption volume of
0.12 km3) [45].

2.2. Hydrological Setting

Congro and Santiago lakes are lying at an altitude of about 400 m a.s.l., and the main
characteristics of these water bodies are presented in Table S1 (Supplementary Material).
Congro Lake has a surface area of 4.4 × 10−2 km2 and a maximum depth of 22 m, as
measured during the present study. In contrast, Santiago Lake is both larger and deeper,
with a surface area of 2.5 × 10−1 km2 and a maximum depth of 33 m. Based on storage
volumes of 5.8 × 105 m3 for Congro and 5.3 × 106 m3 for Santiago, and assuming runoff
inflow as the only water input (8 × 104 m3 yr−1 for Congro and 2.17 × 105 m3 yr−1 for
Santiago; [26]), the estimated residence times are approximately 7.2 yr and 24.5 yr. As no
spring discharges or artificial outlets have been identified along the lakes margins, and
the relatively small lake surface areas limit the contribution of rainfall, the main source of
uncertainty in the residence time estimates is groundwater seepage through the lake floor.
These water bodies are currently classified as having poor ecological status according to
WFD criteria [26], mainly due to ongoing eutrophication processes.

3. Methodology
3.1. General Water Chemistry

Water chemistry in both lakes was characterized along four surveys, two of which
made in the winter period (1st survey—March 2023; 4th survey—December 2023), and the
remaining in the summer period (2nd survey—June 2023; 3rd survey—September 2023).
The somehow narrow observation window of the present study may limit conclusions on
the seasonal dynamics, both for water chemistry and for GHG emissions and microbial
community composition. Since both lakes have monomictic nature, the summer and winter
surveys allow to characterize any variations under contrasting fully mixed and stratified
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conditions. Water samples were collected at every two meters depth intervals along vertical
profiles, made in each lake at the maximum depth location (locations PS and PC, in Santiago
and Congro lakes; Figure 1D,E), using a 1 L-capacity SEBA sampling bottle. A total of
93 samples has been collected, 37 at Congro Lake (9 in all surveys except for the 2nd
survey—10 samples), and 56 at Santiago Lake (12—1st survey; 15—2nd survey; 14—3rd
survey; 15—4th survey).

Immediately following sample collection, pH, temperature, and electrical conductivity
(EC) were determined in situ using a portable multiparameter instrument (WTW Multi
3620 IDS, Xylem Analytics Germany Sales GmbH & Co. KG, Weilheim, Germany). Titra-
tions for the determination of alkalinity and dissolved carbon dioxide contents were also
made in the field following standard procedures [49], using NaOH (1/44 M) and H2SO4

(0.05 M) solutions as titrants until pH value reach a value of 8.3 and 4.45, respectively.
Despite the uncertainties associated with these titrations, dissolved CO2 values were only
used to check the respective pattern along the water column, while the alkalinity was used
for the computation of the bicarbonate content, allowing a further description of the water
types in both lakes.

Major-ion composition was determined in the hydrogeochemisty laboratory of the
Research Institute for Volcanology and Risk Assessment (University of the Azores), using
atomic absorption spectrometry equipment (GBC 906AA, GBC Scientific Equipment Pty
Ltd., Melbourne, Australia) for cations (Na+, K+, Mg2+, Ca2+), and ionic chromatography
for anions (Thermo Fisher Dionex Integrion HPIC, Thermo Fisher Scientific, Waltham, MA,
USA). In both cases, samples were filtered in the field using 0.2-µm filters (cellulose acetate)
and kept in polyethylene bottles, and for atomic absorption spectrometry they were also
acidified with suprapur nitric acid.

Two samples were also collected in each lake to proceed with the characterization of
the δ13C-DIC stable isotopic ratio, at the surface and at the bottom of the water column,
mainly to determine if a deep-seated C-source influences water chemistry. Sample collection
took place at the same location as the vertical profiles (PS and PC), during the 1st survey,
and was made according to the procedure defined by the International Atomic Energy
Agency [50]. Samples were processed in a 60 L plastic container with a stirrer, connected to
a wide mouthed plastic bottle of 1 L capacity screwed in the bottom, in which the precipitate
will settle after adding the reagents. Firstly, the pH of the sample was raised to about 11,
through the addition of 50 mL of carbonate-free concentrated NaOH, and after 5 g of iron
sulphate (Fe2O12S3·nH2O) and about 150 g of BaCl2 were also stirred into the sample. The
velocity of the precipitate formation was accelerated by adding about 40 mL of Praestol
solution to the sample. After the precipitation is fully achieved, the bottom bottle may be
removed from the apparatus to collect the precipitate. All along the process, exposure to
the atmosphere is prevented to avoid atmospheric CO2 contamination.

Stable isotope analyses were performed at the Stable Isotope Laboratory of the Estación
Biológica de Doñana (CSIC, Spain) using a continuous-flow isotope ratio mass spectrometry
(CF-IRMS) system (Thermo Electron, Bremen, Germany). The analytical setup consisted of
a Flash HT Plus elemental analyzer (Thermo Fisher Scientific, Bremen, Germany) coupled
to a Delta V Advantage (Thermo Fisher Scientific, Bremen, Germany) isotope ratio mass
spectrometer. The analytical precision was better than ±0.15‰.

3.2. Diffuse CO2 Flux

CO2 flux measurements were performed using portable equipment based on the
accumulation chamber method [51], adapted to allow fluctuation [52]. This approach has
been previously applied in studies conducted in the Azores [30,31,37]. The accumulation
chamber technique allows us to measure the rate of CO2 increase within a chamber placed
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at the surface of the lake, inside which the gas is continuously pumped to an infrared
detector and returned. The flux itself is then calculated as the increase in CO2 during a
certain period in a chamber of a known volume. Chamber measurements can provide
meaningful results, being a simple and low-cost method. Despite some concerns, some
studies have shown that chamber measurements are close to values obtained with other
approaches [53]. Moreover, this method has been shown to provide reliable measurements
under low to moderate wind conditions, with wind speeds below approximately 8 to
10 m s−1; [54], a threshold much higher that wind speed observed along the present study.

The portable system was equipped with an infrared LI-COR LI-820 CO2 detector
(LI-COR Biosciences, Lincoln, NE, USA), with a maximum range of 20,000 ppm and ca-
pable of measuring CO2 fluxes from 0 to 30,000 g m−2 d−1 [55]. CO2 flux measurements
were performed at the lake surface on the same days as water sampling. At each node
of the measurement grid, the chamber was deployed once for approximately 60–120 s,
resulting in 65 and 100 measurements in Congro Lake (surveys 1 and 2, respectively) and
173 and 140 measurements in Santiago Lake. The measurement grids covered approxi-
mately 0.05 km2 in Congro Lake and 0.27 km2 in Santiago Lake, following a near-uniform
spatial distribution. The relatively small size of the lakes allowed all measurements to be
completed within a short time period, minimizing potential uncertainties associated with
temporal variations in CO2 fluxes throughout the day. The geographic coordinates of each
measurement point were recorded, together with water depth measurements obtained
using a Garmin ECHOM™ 500c bathymetric probe (Garmin Ltd., Olathe, KS, USA). Since
near-surface turbulence and gas transfer velocities are strongly influenced by atmospheric
conditions [56], wind speed was monitored at 5 min intervals during field surveys using a
portable weather station (PCE FWS 20N, PCE Instruments, Meschede, Germany) installed
on the lake shore. Ambient air temperature was also recorded with the same instrument.

The Graphical Statistical Approach (GSA), e.g., [51], and the sequential Gaussian
simulation (sGs) [57] were applied to data, allowing a further comparison of results; both
methodologies were already applied in a previous study in the same area [31]. Graphical
statistical analysis (GSA), based on cumulative probability plots, was applied to identify
distinct data populations, background values, and anomalous thresholds [58]. The presence
of different lognormal populations may indicate contributions from separate CO2 sources,
such as biogenic and volcanic-hydrothermal inputs [30,37,51,57,59]. Besides the identifica-
tion of different lognormal populations, GSA enables the determination of their mean and
standard deviation, as well as the respective proportion [58]. A T-Sichel estimator [60] was
used to calculate population means and their 95% confidence interval.

The sGs application followed the algorithm described by [61] to characterize the spatial
distribution of CO2 fluxes and generate degassing maps. The original data was transformed
into a normal distribution using a normal score transformation [57,61], enabling the application
of the multi-Gaussian distribution required by the method. Experimental variograms were
then calculated to define the spatial structure of each dataset and used in the sGs procedure to
generate 100 realizations of the flux grid using Wingslib software (version 1.5; [61]).

Total diffuse CO2 emissions were estimated by integrating the mean flux values
obtained from the sGs simulations over the lake surface area. This approach was based on
E-type maps, which represent the expected flux at each location through the point-wise
average of all realizations [57]. This methodology was applied in studies related to CO2

spatial analysis in volcanic regions, e.g., [62] and references therein.
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3.3. Methane Flux Measurements
3.3.1. Empirical Measurements

The value of ΦCH4 were determined in both lakes using static floating chambers (SFC)
arranged several transects. Each transect comprised six SFCs spaced at regular intervals
along a straight line and attached to a cable to prevent drifting. Gas samples from the
chambers were collected at periodic intervals to measure the increase in concentration as
a function of time inside a receptacle of known geometry [63], namely three and thirty
minutes after SFC deployment at the lake surface. Wind speed was also measured at each
5 min-interval using the same equipment as for CO2 flux determinations, assuring steady
ambient conditions to prevent near-surface turbulence.

Non-steady-state chambers are commonly used for measuring ΦCH4 from the earth
surface to the atmosphere [64] and references therein. Compared to the floating accumu-
lation chamber used for CO2 measurements, that enables integration of the gas build-up
inside the chamber, being the gas pumped to an infrared detector, SFC uses a somewhat
similar buoyant container to measure gas concentration enclosed inside, but in this case
sampling is discrete, followed by analytical determination in the laboratory. Despite not
being quantified in the present study, some uncertainties on the flux measurements are
associated with these methods, resulting from the chamber design itself, such as the aspect
ratio (volume/area), and ambient conditions [65]. Nevertheless, floating chambers are
very useful, especially when conditions are logistically demanding, such as the ones of the
present study [66]. Consequently, the whole-lake methane emission estimates derived from
these measurements should be regarded as preliminary and interpreted accordingly.

The SFC consisted of HDPE bucket bottoms cut to a diameter of 40 cm and a height of
14 cm, mounted within inflated tire inner tubes that served as floating bases. The containers
were tightly fitted into the inner tubes to prevent air leakage. When deployed at the
lake surface, 2–3 cm of the inner tube remained submerged, ensuring an airtight seal and
preventing atmospheric air from entering the chamber. A three-way valve installed at the
upper section of each container enabled gas sampling while maintaining chamber integrity.
The valve remained closed except during sampling, when it was connected to a syringe.
Gas samples were subsequently transferred into 12 mL glass vials fitted with screw caps
and pierceable rubber septa using a two-needle system. Before sampling procedure, vials
were filled with slightly acidified (pH ~4) deionized water to minimize CO2 dissolution,
which is expelled during sample injection.

At Congro Lake, CH4 flux measurements took place along the 3rd and the 4th surveys,
comprising 3 (17 SFC measurements) and 6 transects (36 SFC measurements), respectively.
At Santiago, the total number of transects is equal to 2 (12 SFC measurements) and 7
(42 SFC measurements), respectively. The transects were made in locations selected to
assure representativeness, a procedure to which the results of the previous measurements
that took place in the 3rd were also instrumental. Samples were collected at each SFC along
the transect at 3 and 30 min after placement in water. Water physico-chemical parameters,
including temperature, pH, dissolved O2, water depth, as well as air temperature, were mea-
sured concurrently with gas sampling. Gas samples were analyzed by gas-chromatography
at the Department of Earth Sciences (University of Florence, Italy), using a Shimazu 14A
gas chromatograph (Shimadzu Corporation, Kyoto, Japan) equipped with a flame ion-
ization detector and a 10 m long stainless-steel column packed with Chromosorb PAW
80/100 mesh.

Using the CH4 concentrations in each vial, flux calculations followed Equation (1) [67]:

ΦCH4 =
dCH4

dt
× V

A
, (1)
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where
dCH4/dt, increment of the CH4 concentration inside the chamber;
V, volume of the SFC receptacle;
A, basal area of the SFC receptacle.

3.3.2. Diffuse Methane Flux Calculations

Water samples were collected at each SFC location in 30 mL glass vials, avoiding
air bubbles during sampling. Helium was added to create a headspace for dissolved gas
equilibration, and the gas composition was subsequently analyzed by gas chromatography
at the Department of Earth Sciences, University of Florence (Italy), using a Shimadzu 15A
instrument (Shimadzu Corporation, Kyoto, Japan) equipped with a 5 m stainless-steel
column packed with Chromosorb PAW 80/100 mesh and a thermal conductivity detector.

The CH4 diffusive flux at the water-air interface was calculated from the measured
dissolved concentration using the thin boundary layer model (TBL; [68]), that follows
Equation (2):

ϕCH4 = kCH4

(︁
CCH4,w − CCH4,eq

)︁
, (2)

where
CCH4,w, measured dissolved CH4 concentration;
CCH4,eq, calculated dissolved CH4 concentration;
kCH4 , gas transfer velocity.
The calculated gas concentration was estimated considering equilibrium with the

atmosphere, according to gas solubilities as function of temperature and salinity.
Gas transfer velocity is computed through Equation (3):

kCH4 = k600, CH4 ×
(︃

SCCH4

600

)︃x
, (3)

where:
k600, CH4 , corresponding to the kCH4 normalized to 600;
SCCH4 , Schmidt number, computed as function of temperature according to the fourth

order polynomial [69];
x, value selected as function of the roughness of the water surface, according to the

wind speed (−0.67 for wind speed lower than 3 m s−1; −0.5 if wind speed is higher than
3 m s−1).

The k600, CH4 values were calculated based on local wind speed (considered as equal
to 2 m s−1), following Equation (4) proposed by [70]:

k600,CH4 = 0.72 × U10 , (4)

where:
U10, wind speed at a height of 10 m.

3.4. Sediment Sampling and DNA Extraction

Sediment samples were collected from sites PS and PC, respectively, in the Santiago
and Congro water bodies (Figure 1D,E) using a UWITEC© gravity corer (90 mm internal
diameter; UWITEC GmbH, Mondsee, Austria) to depths of 20–40 cm. The upper 2 cm of
each core were transferred to sterile plastic bags for microbial analyses, transported to the
laboratory under cool, dark conditions, and stored at −80 ◦C until processing. Total DNA
was extracted from 250 mg of sediment using the DNeasy PowerSoil Pro Kit (QIAGEN,
Hilden, Germany). DNA extracted from three subsamples of each homogenized core was
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pooled, and their concentration was measured using the Qubit™ dsDNA HS/BR Assay
Kits (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA).

Full-length 16S rRNA gene sequencing was performed on the PacBio SMRT third-
generation platform using the universal primers 27F (AGRGTTYGATYMTGGCTCAG)
and 1492R (RGYTACCTTGTTACGACTT), each carrying a sample-specific PacBio barcode.
Amplicons were generated using the KAPA SYBR FAST qPCR Kit, (Roche Sequencing
Solutions, Pleasanton, CA, USA), pooled at equimolar concentrations, prepared with
the SMRTbell Express Template Prep Kit 2.0 (Pacific Biosciences, Menlo Park, CA, USA).
Sequencing was performed using the Sequel II Sequencing Kit 2.0 (Pacific Biosciences,
Menlo Park, CA, USA).

Raw sequencing reads were quality-filtered and screened for chimeras using the
MOTHUR pipeline. High-quality reads were clustered into operational taxonomic units
(OTUs) and taxonomically assigned against the SILVA 138 database. Alpha diversity was
assessed using species richness and Shannon diversity indices, while beta diversity was
evaluated by principal coordinates analysis (PCoA) based on Bray–Curtis dissimilarity.
Community compositional differences were statistically checked using permutational
multivariate analysis of variance (PERMANOVA), and differential abundance analysis was
performed to identify taxa showing significant spatial or seasonal variation. Statistical
analyses were made in RStudio (RStudio Team, Boston, MA, USA) running version 4.5.1
using the ‘vegan’ and ‘DESeq2’ packages.

4. Results
4.1. Lake Water Chemistry

Descriptive statistics of the physico-chemical and major-ion composition of the col-
lected samples are presented in Table S2 (Supplementary Material; Congro Lake) and
Table S3 (Supplementary Material; Santiago Lake). Water temperature is in the range
between 13.8 ◦C and 22.5 ◦C (mean = 16.7 ± 2.6 ◦C) for the entire Congro dataset, varying
between 12.9 ◦C and 21.8 ◦C (mean = 15.3 ± 2.5 ◦C) for Santiago Lake. During the 2nd and
the 3rd surveys, conducted during summer, under conditions of thermal stratification, the
difference between the surface and bottom layers reached 8.7 ◦C and 8.8 ◦C in the Congro
and Santiago lakes, respectively. Instead, during the 1st and 4th surveys, made in winter,
when conditions favor mixing, the difference does not exceed 1.0 ◦C to 1.5 ◦C (Figure 2A).

The pH ranged between 6.88 and 10.26 (mean = 7.88 ± 0.80) for the Congro dataset,
while for Santiago the pH ranged between 7.41 and 9.86 (mean = 8.23 ± 0.65). Pronounced
vertical pH gradients were observed during periods of stratification in the summer months,
during which surface pH reached values as high as 10.26 and 9.85, respectively, at the
Congro and Santiago lakes (Figure 2B).

EC is slightly higher in Santiago Lake relative to Congro Lake, with values for all
dataset ranging between 105 and 139 µS cm−1 (mean = 119 ± 7 µS cm−1) in the former,
and between 87 and 161 µS cm−1 (mean = 100 ± 17 µS cm−1) in the latter (Figure 2C).
Values are also higher at the bottom of the lakes relative to the (Figure 2C), suggesting
solute accumulation at depth during stratification periods. At the bottom there is a slight
dissolved CO2 enrichment, mainly when the water column is stratified, reaching values as
high as 7.4 mg L−1 (3rd survey on Congro Lake) and 7.6 mg L−1 (2nd survey on Santiago
Lake) in these conditions (Figure 2D).

Waters are predominantly from the Na-HCO3 type in both lakes, besides some sam-
ples from Congro Lake that are from the Na-HCO3-Cl type (Figure S1—Supplementary
Material). The water chemistry in both lakes expresses the influence of the main processes
that drive water composition, namely sea salts deposition and water–rock interaction,
which are consistent with findings from previous studies [27,71].
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Figure 2. Variation along the water column of the main physico-chemical parameters for the studied
lakes, showing the effects of stratification during summer ((A) temperature, in ◦C; (B) pH, in pH
units; (C) EC, electrical conductivity, in µS cm−1; (D) dissolved CO2, in mg L−1). Surveys 1 and 4
were made in winter of 2023 and surveys 2 and 3 during summer of 2023—shown in yellow (Congro
Lake) and green (Santiago Lake).

4.2. CO2 Diffuse Flux

ΦCO2 measurements made at Congro Lake along the 1st survey (March 2023) ranged
between 2.2 and 12.1 g m−2 d−1 (mean = 6.4 ± 2.3 g m−2 d−1; median = 6.0 g m−2 d−1), and
along the 2nd survey (June 2023) ranged between 0 and 14.6 g m−2 d−1 (mean = 2.9 ± 2.6 g
m−2 d−1; median = 2.7 g m−2 d−1) (Table 1; Figure S2A,B—Supplementary Material). For
Santiago Lake, values ranged between 2.7 and 14.4 g m−2 d−1 (mean = 7.2 ± 2.0 g m−2 d−1;
median = 7.2 g m−2 d−1) and between 0 and 5.9 g m−2 d−1 (mean = 1.4 ± 1.7 g m−2 d−1;
median = 0.6 g m−2 d−1), respectively (Table 1; Figure S2C,D—Supplementary Material). Mean
values for ΦCO2 flux in both lakes are like the ones measured in a previous work [31].

Table 1. Descriptive statistics of ΦCO2 in the studied lakes according to the sampling survey (n,
number of measurements). Surveys were made respectively during winter (1st measurement survey—
March of 2023) and summer (2nd measurement survey—June of 2023).

Lake Survey n Min. (g m−2 d−1) Max. (g m−2 d−1) Mean ± SD
(g m−2 d−1)

Median
(g m−2 d−1)

Congro 1 65 2.2 12.1 6.4 ± 2.3 6.0
2 100 0.0 14.6 2.9 ± 2.6 2.7

Santiago 1 173 2.7 14.4 7.2 ± 2.0 7.2
2 140 0.0 5.9 1.4 ± 1.7 0.6

Through the cumulative probability plots the differences between the measurement
surveys are also depicted. During the 1st survey a single lognormal population is to be seen
in both lakes, pointing out to a sole CO2 source, corresponding to low flux values, as high
as 14.4 g m−2 d−1) (Figure S3A,C—Supplementary Material). Instead, three populations are
identified during the 2nd survey, and besides population A, that corresponds to null values,
population B and C correspond to low values, in the range of 0.24 to 2.3 g m−2 d−1 and of 1.7
to 14.6 g m−2 d−1, respectively (Figure S3B,D—Supplementary Material). Measurements are
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lower than the background value of 35 g m−2 d−1, a reference threshold derived for Furnas
Volcano and above which a deep-seated CO2-source also contributes to the overall flux [30].

The δ13C-DIC values also suggest a biogenic source as the samples collected are in
the range of −7.21‰ to −28.37‰ (mean = −20.65‰ ± 7.90‰), and therefore have lighter
compositions relative to the range for mantle CO2 (−3.5 to −6‰; [72]) (Figure 3). One of
the samples collected at the bottom of Congro Lake presented a value equal to −7.21‰,
and was thus heavier than the typical δ13Corg but close to the 13C composition of today’s
atmosphere (~−8.3‰; [73]). This value is also heavier than measurements made along a
previous study, and it is suggested that some sort of atmospheric contamination took place
during sampling procedures.

 

Figure 3. Relationship between δ13C (‰) and the dissolved inorganic carbon (DIC) suggesting a
single biogenic CO2-source. Additional data include mineral waters in São Miguel Island and lakes in
the Azores archipelago from [71]. DIC concentrations (mol kg−1) were estimated by PHREEQC [74].

Modeled variograms show that data follows a spherical structure, presenting nugget
values in the range of 0.4 to 0.65 and 0.36 to 0.85, respectively for Congro and Santiago
lakes (Figure S4). The influence of each measured point relative to neighboring values
ranged between 55 and 103 m for Congro Lake (Figure S4A,B—Supplementary Material),
and from 95 to 290 m at Santiago Lake (Figure S4C,D—Supplementary Material). Through
100 equiprobable sGs simulations over the respective datasets, average CO2 flux maps were
made for the surveys on both lakes (Figure 4). The spatial distribution of values reflects
the monomictic character of the studied lakes, with higher CO2 fluxes recorded in winter,
during periods of complete water column mixing, compared to periods characterized by
stratified hydrological conditions (Figure 4A–D). During the summer stratification period,
the higher CO2 flux values are predominantly observed near the lake margins, where the
water depth is much lower (Figure 4D). This pattern suggests that physical and thermal
gradients associated with stratification, combined with topographical variations in the lake
bathymetry, significantly influences the spatial distribution of CO2 emissions, in agreement
with previous studies [30,31].
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Figure 4. Results for the sequential Gaussian simulation represented by E-type CO2 flux (g m−2 d−1)
maps for the Congro ((A) 1st measurement survey; (B) 2nd measurement survey) and Santiago lakes
((C) 1st measurement survey; (D) 2nd measurement survey). Surveys were made, respectively, during
winter (1st measurement survey—March of 2023) and summer (2nd measurement survey—June
of 2023).

4.3. CH4 Diffuse Flux

Results for both measured and calculated ΦCH4 for the several transects made in
both surveys are shown in Tables S4 and S5 (Supplementary Material). The theoretical
estimates made using the TBL model closely aligned to the measured values, suggesting
the robustness of the field survey methodology (Figure 5). A similar outcome was reported
by [67], who applied a comparable SFC-based field approach. In this latter study, field
measurements were compared with values calculated through three different methods,
and the better theoretical approximation was the one that estimates k600, CH4 following
the expression by [70]. Because ebullition was not accounted for in the present study, and
given that it is frequently the dominant pathway for methane emissions from surface water
bodies [23], the reported CH4 release estimates may represent a conservative assessment
and are likely underestimated. Therefore, the reported CH4 fluxes and consequently the
whole-lake methane emission estimates should be regarded as preliminary.

The measured methane emission along the two surveys range between 0.022 and
0.075 g m−2 d−1 (mean = 0.036 ± 0.015 g m−2 d−1; median = 0.035 g m−2 d−1), and between
0.011 and 0.029 g m−2 d−1 (mean = 0.017 ± 0.004 g m−2 d−1; median = 0.016 g m−2 d−1) at
Congro Lake, respectively (Table 2). The interquartile range (IQR) is higher for the 3rd survey
(0.016 g m−2 d−1) compared to the 4th survey (0.004 g m−2 d−1).
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Figure 5. Boxplot diagrams for the CH4 flux (g m−2 d−1) measurements ((A) 3rd survey—Congro
Lake; (B) 3rd survey—Santiago Lake; (C) 4th survey—Congro Lake; (D) 4th survey—Santiago Lake).
Surveys were made, respectively, during summer (3rd measurement survey—September of 2023)
and summer (4th measurement survey—December of 2023).

In the case of Santiago Lake, values measured along the two surveys range between
0.009 and 0.029 g m−2 d−1 (mean = 0.020 ± 0.009 g m−2 d−1; median = 0.026 g m−2 d−1), and
between 0.006 and 0.015 g m−2 d−1 (mean = 0.008 ± 0.002 g m−2 d−1; median = 0.008 g m−2

d−1), respectively. As observed also with the Congro values, the IQR in the Santiago dataset
is higher for the 3rd survey (0.016 g m−2 d−1) compared to the 4th survey (0.002 g m−2 d−1),
showing a larger dispersion of data in the former survey, reflecting increased spatial and
temporal variability under stratified conditions.

This variability aligns with previous findings suggesting that dissolved CH4 content
in lakes can fluctuate significantly over space and time [75]. The spatial distribution of
the measured CH4 flux along the Congro and Santiago lakes also reflects this dynamic
behavior. Other studies made worldwide highlighted substantial interannual variability in
methane fluxes, even larger than the median diel variability [10,76].
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Table 2. Descriptive statistics of ΦCH4 in the studied lakes according to the sampling survey (n,
number of measurements). Surveys were made, respectively, during summer (3rd measurement
survey—September of 2023) and summer (4th measurement survey—December of 2023).

Lake Survey n Type Min.
(g m−2 d−1)

Max.
(g m−2 d−1)

Mean ± SD
(g m−2 d−1)

Median
(g m−2 d−1)

Congro
3 17 Meas 0.022 0.075 0.036 ± 0.015 0.035

Calc 0.021 0.064 0.033 ± 0.012 0.032

4 36 Meas 0.011 0.029 0.017 ± 0.004 0.016
Calc 0.010 0.031 0.016 ± 0.005 0.015

Santiago
3 12 Meas 0.009 0.029 0.020 ± 0.009 0.026

Calc 0.007 0.027 0.019 ± 0.009 0.024

4 42 Meas 0.006 0.015 0.008 ± 0.002 0.008
Calc 0.006 0.013 0.008 ± 0.002 0.007

4.4. Microbial Community and Seasonal Variations

The microbial community structure characterization was based on 12 samples collected
across both lakes and seasons, and sequencing yielded 28,456 high-quality reads per sample
after quality filtering. Microbial diversity and evenness revealed clear differences between
lakes and sampling: the Alpha diversity analysis ranged from 1423 in Congro Lake, during
summer, to 3695 in Santiago, during winter. The Shannon diversity index was higher in
Santiago, reaching 6.54 in winter, while Congro exhibited lower diversity, with a minimum
of 1.89 during summer. Simpson’s index indicated greater community evenness in Santiago
during winter (0.991), compared to Congro in summer (0.571). These patterns suggest a
pronounced seasonal effect on microbial community composition, with higher diversity
and richness in winter, the significance of which will be further discussed (Table S6—
Supplementary Material). The rarefaction curves showed that the sequencing depth was
sufficient to capture microbial diversity across all samples, as the curves approached
saturation, suggesting that most of the microbial diversity present in the sediments was
detected (Figure S5—Supplementary Material).

The microbial communities in both lakes displayed distinct taxonomic compositions,
with variations which seem to be influenced by seasonal and spatial factors. Analysis of the
full-length 16S rRNA gene sequences identified Proteobacteria, Firmicutes, Bacteroidetes,
and Actinobacteria as the dominant phyla across all samples (Figure S6—Supplementary
Material). Proteobacteria predominated in both lakes, particularly in Santiago during winter,
while Firmicutes were more abundant in Congro, especially in winter, suggesting enhanced
organic matter degradation during this period.

In Santiago Lake, winter samples showed increased representation of Rhodocyclaceae
and Nitrosomonadaceae, taxa associated with nitrogen cycling. In Congro, winter commu-
nities were enriched with Clostridiaceae and Syntrophomonadaceae, known for their role in
anaerobic decomposition. Summer samples on Santiago Lake were marked by a higher
abundance of Methylomonadaceae, while on those Congro Lake exhibited an increase in
Holophagaceae and Prolixibacteraceae.

Non-Metric Multidimensional Scaling (NMDS) analysis supported these observations,
revealing distinct clustering of microbial communities between the two lakes and clear
seasonal separation within each lake (Figure S7—Supplementary Material), even though
the period studied somewhat limits more in-depth conclusions regarding seasonal be-
havior. The stratification observed suggests that both lakes undergo dynamic seasonal
shifts, potentially driven by variations in temperature, nutrient availability, and organic
matter input.

By analyzing the microbial taxa directly associated with carbon cycling, specifically
CO2 and CH4 production, it is possible to show a seasonal shift in the relative abundance
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of key bacterial groups involved in fermentation, methanogenesis, and methane oxidation,
whose relative abundance was associated with the observed seasonal patterns of ΦCO2

and ΦCH4 (Tables S7 and S8—Supplementary Material). Bacterial families associated
with CO2 production include those involved in heterotrophic respiration, fermentation,
and syntrophic metabolism, were identified in both lakes, the most abundant taxa being
Clostridiaceae and Enterobacteriaceae, the ones presenting much higher OTUs during winter,
as well as Holophagaceae, and Methylomonadaceae (Table S7—Supplementary Material). The
bacterial families involved in methane production are shown in Table S8 (Supplementary
Material), with higher abundances of Methanobacteriaceae, Syntrophaceae, Syntrophorhabdaceae,
Desulfovibrionaceae and Anaerolineaceae during summer.

5. Discussion
5.1. ΦCO2 and ΦCH4 Seasonal Patterns

As previously pointed out, ΦCO2 values are higher along the 1st survey (March 2023)
comparing to the 2nd survey (June 2023; Figure S2—Supplementary Material). This release
is consistent with the seasonal mixing behavior of monomictic lakes, where CO2 builds up
in deeper, anoxic layers during stratification and is subsequently released during turnover
events. The dissolved CO2 enrichment observed during the summer period at the bottom
of the water column, when stratification takes place, also results from this hydrological
behavior (Figure 2D). In these periods, thermal stratification limits vertical mixing, allowing
CO2 to accumulate in the hypolimnion until mixing resumes in cooler seasons.

In contrast, ΦCH4 displayed a different seasonal trend along the studied period, with
higher emissions during the 3rd survey (September 2023), despite a smaller number of
transects, comparing to the 4th survey (December 2023). The 3rd survey made in both lakes,
that comprised CH4 flux measurements, was made in summer, during which the water
column was stratified, while the second set of SFC transects was made in winter when
full mixing conditions prevail, reflecting the monomictic character of the water bodies
(Figure 6). Another study, made in a much larger but shallower lake, has also found a
similar temporal pattern, with higher CH4 emissions during summer [77]. The seasonal
variance of temperature plays also a significant role in enhancing methane production from
sediments [78]. Elevated summer temperatures appear to stimulate microbial methanogene-
sis, particularly in shallow zones where sediment–water interactions are more pronounced.
In fact, in areas with depths of less than 5 m, ΦCH4 were substantially higher during
the summer surveys compared to winter. In Congro Lake mean CH4 emissions reached
0.0588 g m−2 d−1 in summer, compared to 0.0195 g m−2 d−1 in winter. Similarly, in Santi-
ago Lake, values are also higher during summer (0.0278 g m−2 d−1) compared to winter
(0.0112 g m−2 d−1). This suggested seasonal increase aligns with previous findings demon-
strating that methane production rates are positively correlated with temperature [79], and
the effect of this driver was shown, for example, in [80].

Projected climate warming could further amplify this effect. For example, the expected
rise in water temperature in lakes estimated in average as between 0.86 and 2.60 ◦C
may imply an increase in methane production rates of about 13% to 40% by the end of the
century [81]. These projections highlight the potential for volcanic lakes, such as Congro and
Santiago, to become increasingly significant contributors to atmospheric methane emissions
under future warming scenarios. Although this study did not investigate aerobic methane
production, its potential contribution to CH4 emissions cannot be excluded. Previous
research on São Miguel Island lakes has documented methane production in oxic conditions,
particularly in the epilimnion [38]. This process is associated with microorganisms capable
of metabolizing methylated compounds, which may contribute to methane production
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within the water column [82]. The microbial CH4 production, known as the methane
paradox, has been reported in other aquatic ecosystems [83,84].

Figure 6. CH4 flux (g m−2 d−1) measurements for the several surveys made in the studied lakes
((A) 3rd survey—Congro Lake; (B) 4th survey—Congro Lake; (C) 3rd survey—Santiago Lake; (D) 4th
survey—Santiago Lake). The references on the plot are made with the number of each transect (left)
and the number of the measurement point on the transect (right). Surveys were made respectively
during summer (3rd measurement survey—September of 2023) and summer (4th measurement
survey—December of 2023).

5.2. Influence of Microbial Communities over the ΦCO2 and ΦCH4

In the studied lakes, the microbial community exhibited clear seasonal changes,
with a substantial increase in the relative abundance of some of the dominant taxa dur-
ing winter. For example, the relative abundance of Clostridiaceae increased from 0 to
262 OTUs in Congro, and from 0 to 30 OTUs in Santiago Lake (Table S7—Supplementary
Material). Similarly, Enterobacteriaceae increased from 4 to 944 OTUs, and from 4 to 35 OTUs,
respectively, indicating intensified fermentation during colder months. This seasonal mi-
crobial dynamic was associated with distinct gas flux patterns recorded in both lakes.
Higher ΦCO2 values were observed during winter, reaching 6.4 g m−2 d−1 in Congro and
7.2 g m−2 d−1 in Santiago, coinciding with the higher abundance of fermentative bacteria
taxa. Although these microorganisms are known to participate in carbon cycling under
low-oxygen conditions, the present dataset only supports an association between microbial
composition and gas fluxes and does not allow a direct causal relationship to be established
at the whole-lake scale. Nevertheless, this pattern is consistent with observations from other
eutrophic lake systems, where fermentative bacteria have been identified as important
contributors to carbon dioxide production under low-oxygen conditions [7,12].

In contrast, Methylomonadaceae, responsible for methane oxidation and subsequent
CO2 production, peaked during summer, in both lakes, but particularly in Congro, where
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abundance increased from 29 in winter to 88 in summer, suggesting active methanotrophic
activity during this period. Summer samples on Santiago Lake were marked by a slightly
higher abundance of Methylomonadaceae, while on Congro Lake also exhibited an increase
in Smithellaceae, suggesting shifts in organic matter utilization.

Methane production is suggested to be predominantly mediated by methanogenic
archaea and syntrophic bacteria, which are usually involved in the breakdown of complex
organic substrates into methanogenic precursors and syntrophic bacteria, the most relevant
taxa being Methanobacteriaceae, Syntrophaceae, Syntrophorhabdaceae, and Desulfovibrionaceae
(Table S8—Supplementary Material). At Congro Lake, methanogens showed slightly
increased abundance during summer, with Methanosarcinaceae increasing from 120 to
140 OTUs, suggesting enhanced acetate availability in warmer months. This coincided with
a marked increase in Desulfovibrionaceae, from 1 to 223 OTUs, indicating intensified sulfate-
reducing activity, a process that may compete with methanogenesis for available substrates.
At Santiago Lake, summer was characterized by an increase in Syntrophorhabdaceae from 10
to 20 OTUs, suggesting that syntrophic activity contributes to CH4 production. In contrast,
Syntrophaceae decreased from 11 OTUs, in winter, to 2 OTUs, in summer, suggesting a
seasonal shift in the composition of syntrophic consortia. These variations were observed
together with higher CH4 emissions during summer compared to winter, suggesting a
potential association between seasonal microbial community shifts and methane emissions.
However, the present results do not demonstrate that these microbial groups directly
controlled the observed whole-lake CH4 fluxes.

This higher abundance of methanogenic archaea observed during the warmer months
coincided with the higher ΦCH4 values measured in both lakes, with Congro Lake exhibit-
ing a threefold increase from 0.0195 to 0.0588 g m−2 d−1 and Santiago Lake showing an
increase from 0.0112 to 0.0278 g m−2 d−1. This seasonal pattern may be associated with
environmental conditions that are more favorable for methanogenesis, including higher
temperatures and increased organic matter decomposition under stratified conditions.
However, the present data only support an association between microbial community com-
position and methane fluxes and do not demonstrate that the abundance of methanogenic
archaea directly controlled the measured whole-lake CH4 emissions. Likewise, despite
the higher abundance of methanotrophic bacteria such as Methylomonadaceae, which are
known to oxidize methane and contribute to CO2 production, their specific influence on the
observed gas fluxes cannot be directly inferred from the current dataset. Similar seasonal
dynamics have been documented in temperate lakes, where temperature-driven stratifi-
cation and reduced methane oxidation have been associated with enhanced methane flux
during warmer months [85]. Furthermore, the NMDS results revealed distinct clustering
of microbial communities according to both lake and season, supporting the existence of
seasonal shifts in microbial community composition. While these observations are con-
sistent with the current understanding of microbial carbon cycling, the present data do
not provide sufficient evidence to establish direct causal relationships between specific
microbial taxa and whole-lake greenhouse gas emissions.

5.3. Other Drivers over ΦCO2 and ΦCH4

Despite the presence of similar microbial taxa, Congro and Santiago lakes displayed
distinct carbon cycling patterns that were driven by differences in their physico-chemical
conditions. Congro Lake, presenting a shallower depth relative to Santiago exhibited
stronger seasonal fluctuations in microbial activity, particularly regarding CH4 produc-
tion. These fluctuations were likely amplified by higher temperature sensitivity and more
frequent mixing events, which facilitated shifts in microbial community structure and
methane dynamics. In contrast, the deepest Santiago Lake showed enhanced CH4 produc-
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tion during summer, likely a result of prolonged stratification that sustained methanogenic
activity in the anoxic bottom layers. Therefore, the extended duration of stratification in
Santiago provides favorable conditions for methane accumulation in the hypolimnion,
reducing oxygen penetration and promoting sustained methanogenesis. The observed
patterns align with NMDS results that indicate clear clustering by lake and season, sup-
porting the hypothesis that both lakes exhibit stratification-driven microbial dynamics
(Figure S7—Supplementary Material), and are central to shaping seasonal variations in
carbon cycling. Similar depth-related differences have been observed in other volcanic
lakes, where shallower systems tend to experience greater microbial-driven nutrient cycling
and increased gas flux due to stronger environmental fluctuations [86].

ΦCH4 showed a strong inverse relationship with water depth during the 3rd survey
(September 2023) at Congro Lake (r = −0.966) and Santiago Lake (r = −0.868), and during
the 4th survey, made in December 2023 (respectively r = −0.636 and r = −0.659) (Figure 7).
The lower diffusive flux at the surface in the areas where the depth is higher during the 3rd
survey suggests the influence of stratification and/or more efficient surface water mixing.
These mechanisms may cause more efficient oxidation as CH4 slowly ascends by diffusion
from the bottom of the lakes, allowing a more extensive microbial oxidation along the water
column [87]. During winter, this inverse relationship is weaker, and there is lower methane
production expected due to the lower temperature, suggesting that CH4 is more able to
avoid oxidation. Other studies have also shown the influence of water depth over methane
emissions in surface water bodies [6,88].

Figure 7. Relationship between CH4 flux (g m−2 d−1) measurements and the lake water depth (m)
illustrated by a binary plot ((A) 3rd survey—Congro Lake; (B) 4th survey—Congro Lake; (C) 3rd
survey—Santiago Lake; (D) 4th survey—Santiago Lake). Surveys were made during summer (3rd
measurement survey—September of 2023) and summer (4th measurement survey—December of 2023).

Besides water depth, ΦCH4 may also be function of other intrinsic drivers, such as the
surface area, hydrologic regime, lake level variation, trophic state, and extrinsic factors, such
as the climate (temperature and precipitation) and the watershed topography [12,78,89–92].
Data from the Congro and Santiago lakes does not depict any relationship between ΦCH4

and the EC values, thus it does not suggest that water salinity controls flux as observed
in other studies [93]. Both the studied lakes are currently eutrophic, as indicated by the
Carlson TSITP index, which consistently exceeded 50 from 2017 to 2022 [94], and this
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trophic state may also enhance methane emissions, consistent with previous studies that
have linked eutrophication to increased CH4 fluxes due to higher organic matter input and
subsequent microbial activity [7,92,95].

5.4. Overall CO2 and CH4 Emissions

The overall ΦCO2 flux was estimated applying sGs method as equal to 0.18 t d−1 and
0.11 t d−1, respectively for the 1st and 2nd surveys made at Congro Lake, and to 1.88 t d−1 to
0.22 t d−1 at Santiago Lake (Table 3). Integrating the values over the area of the water bodies,
fluxes are also higher at Santiago (7.43 t km−2 d−1 and 0.95 t km−2 d−1 for the 1st and 2nd
surveys, respectively) relative to Congro Lake during the 1st survey (4.74 t km−2 d−1 and
2.75 t km−2 d−1), but instead along the 2nd survey flux per km2 is higher at Congro Lake.
This suggests that during periods of stratification, CO2 emissions are less influenced by the
total surface area of the lake and more dependent on localized degassing from shallower
regions, particularly near the lake margins. Stratification limits CO2 release by trapping gas
within the hypolimnion, reducing overall emissions despite a larger surface area available for
diffusion. In contrast, during mixing periods, CO2 accumulated in deeper layers is released
more uniformly across the lake surface (Figure 4A–D).

Table 3. Overall ΦCO2 estimated in the studied lakes through sGs and GSA methods according to
the sampling survey (the integrated flux over the area of the water bodies is estimated using values
from sGs as reference).

Lake Survey Working
Area (km2)

ΦCO2 (t d−1)
(sGs)

ΦCO2 (t d−1)
(GSA)

ΦCO2
(t km−2 d−1)

Congro 1 0.038 0.18 0.24 4.74
2 0.040 0.11 0.12 2.75

Santiago 1 0.253 1.88 1.83 7.43
2 0.231 0.22 0.32 0.95

GSA values are very similar to the ones estimated by sGs in both lakes, in the range
of 0.24 t d−1 (6.32 t km−2 d−1) and 0.12 t d−1 (3.00 t km−2 d−1) and between 1.83 t d−1

(7.35 t km−2 d−1) to 0.32 t d−1 (1.38 t km−2 d−1), respectively, for Congro and Santiago
lakes along the 1st and 2nd surveys (Table 3). These values are in the lower range relative to
the GSA ΦCO2 dataset compiled by [37], which comprises a representative collection of 45
lake water bodies in the Azores, with estimates varying between 0.43 and 508.33 t km−2 d−1

(mean = 18.05 ± 71.7 t km−2 d−1; median = 4.61 t km−2 d−1; n = 68). Nevertheless, excluding
from this dataset the two lakes that are outliers due to their very high fluxes (Furna do
Enxofre and Furnas lakes) resulting from the influence of a deep-seated CO2 source, values
estimated for Congro and Santiago lakes during full mixing conditions are close to the mean
(5.70 ± 6.04 t km−2 d−1) and median (4.51 t km−2 d−1; n = 65).

To obtain a preliminary estimate of whole-lake diffusive ΦCH4 emissions in both
lakes, the surface area of the water bodies was divided into two sections according
to depth. The areas corresponding to depths lower and higher than 5 m were calcu-
lated, and the mean ΦCH4 values measured within each depth interval were assigned to
the respective subareas. Based on this simplified depth based extrapolation, the whole-
lake diffuse ΦCH4 emissions along the 4th survey were estimated at 0.635 kg d−1 and
1.885 kg d−1, respectively for the Congro and Santiago lakes, which are much lower than the
corresponding ΦCO2 emissions under the same hydrological conditions (e.g., stratification
of the water column), corresponding to 16.71 kg km−2 d−1 and 8.16 kg km−2 d−1. Despite
the smaller number of SFC measurements, the corresponding preliminary estimates for the
3rd survey were 1.30 kg d−1 (34.21 kg km−2 d−1) and 4.38 kg d−1 (17.31 kg km−2 d−1), re-
spectively. These preliminary whole-lake estimates fall within the lower range of methane
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fluxes compiled by [23] for lakes with areas between 0.01 and 0.1 km2 (Q1 = 12.2 kg km−2

d−1; Q3 = 94.4 kg km−2 d−1; median = 40.7 kg km−2 d−1) and between 0.1 and 1 km2

(Q1 = 6.9 kg km−2 d−1; Q3 = 57.0 kg km−2 d−1; median = 20.8 kg km−2 d−1), being closer to
the median value along the 3rd survey.

Despite the low ΦCH4 relative to ΦCO2 values, the former is a GHG with a global
warming potential over a 100-year time span 27 times higher than the latter [96], amplifying
its climate impact. In this context, the total GHG emissions from the studied lakes to the
atmosphere is estimated as equal to 0.145 t CO2-eq d−1 and 0.338 t CO2-eq d−1, respectively,
for Congro and Santiago lakes in stratified conditions, and between 0.197 t CO2-eq d−1and
1.91 t CO2-eq d−1 during full mixing conditions along the water column, being governed
mostly by CO2. In terms of CO2-eq the ΦCO2 are 2 to 3 times higher than ΦCH4 when
the lakes are stratified in summer period, and 10 to 35 times higher during full mixing
conditions. This dominance is also expected even in lakes located in active volcanic systems,
as, besides being a minor component relative to CO2 in geothermal and volcanic emissions
worldwide [29], the global methane volcanic emission from volcanoes was estimated as
being lower than 1 Tg yr−1, corresponding to a mean value 3 to 4 measures of magnitude
lower than carbon dioxide [97,98].

6. Conclusions
The ΦCO2 and ΦCH4 from lakes into the atmosphere have been studied worldwide

due to the perception of these water bodies as emitters of greenhouse gases. The present
study addresses carbon dioxide and methane emissions from two maar crater lakes and
identifies seasonal associations between gas fluxes and microbial community composition.
While the observed associations are consistent with the current understanding of microbial
carbon cycling, the present data do not provide sufficient evidence to establish direct causal
relationships between specific microbial taxa and whole-lake greenhouse gas emissions.
Nevertheless, the results suggest seasonal differences in microbial community composition,
reflected by shifts in the relative abundance of specific microbial taxa, particularly during
winter. However, longer-term monitoring and additional sampling campaigns will be
required to confirm the temporal consistency of these patterns and further evaluate their
potential association with greenhouse gas emissions.

Bacterial families usually associated with CO2 production, including those involved
in heterotrophic respiration, fermentation, and syntrophic metabolism, were identified in
both lakes, the most abundant taxa being Clostridiaceae, Enterobacteriaceae, Holophagaceae,
Smithellaceae and Methylomonadaceae. During winter the most abundant taxa, like Clostridi-
aceae and Enterobacteriaceae, depict higher abundances, suggesting intensified fermentation,
reflected in the higher total ΦCO2 estimated by sGs during colder conditions at the Congro
(0.18 t d−1) and Santiago (0.22 t d−1) lakes, that corresponded to a mean value equal,
respectively, to 6.4 g m−2 d−1 and 7.2 g m−2 d−1. Nevertheless, during summer Methy-
lomonadaceae, a bacterial family responsible for methane oxidation, and subsequent CO2

production, shown a higher abundance in both lakes, but particularly in Congro.
Methanogenic archaea, particularly members of the Methanobacteriaceae and Methanosarci-

naceae, were more abundant during summer and may be associated with the observed seasonal
increase in methane emissions. At Congro Lake, Methanosarcinaceae showed a slight increase in
relative abundance during summer; whereas, at Santiago Lake, Syntrophaceae and unclassified
Syntrophales were also more abundant under warmer conditions. During this period, mean
ΦCH4 is equal to 0.036 g m−2 d−1 and 0.020 g m−2 d−1, respectively, at the Congro and
Santiago Lakes, approximately twice the values observed during the colder season. While
these observations are consistent with the known ecological role of methanogenic microorgan-
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isms, the present data indicate an association rather than a direct causal relationship between
microbial community composition and whole-lake methane emissions.

Moreover, the empirical flux data is controlled by the monomictic behavior of both
water bodies. When stratification conditions prevail, CO2 emissions are less influenced
by the total surface area of the lake and more dependent on localized degassing from
shallower regions, particularly near the lake margins. Stratification limits CO2 release by
trapping gas within the hypolimnion, reducing overall emissions despite a larger surface
area available for diffusion.

Considering CO2-eq, ΦCO2 is 2 to 3 times higher than ΦCH4 when the lakes are
stratified in summer period, and 10 to 35 times higher during full mixing conditions.
This is consistent with results obtained in studies made worldwide, and even in active
volcanic regions methane is just a minor component compared to CO2 in geothermal and
volcanic emissions.

The results of this study highlight the need for further research, to address some
remaining knowledge gaps and overcome limitations of the present study. Future work
should focus on quantifying the uncertainties associated with the floating chamber method-
ology and improving the representativeness of ΦCH4 measurements through additional
surveys during the summer period and a denser spatial sampling network, which was not
previously possible due to logistical constraints. These improvements would also allow the
preliminary whole-lake methane emission estimates presented in this study to be further
refined. Extending the monitoring period would also help to better constrain seasonal
variability. Another important aspect requiring further investigation is the determination
of the methane emissions associated with the ebullition process, which was not addressed
in the present study and represents an important source of uncertainty in the whole-lake
methane emissions estimates.

Through the integrated research of dissolved gases and water chemistry, the present
study contributes to a better understanding of volcanic gas emissions from lake water
bodies in volcanic settings. This is especially relevant in the case of methane, for which
published datasets remain considerably scarcer than those available for CO2. As both
CH4 and CO2 are greenhouse gases, these findings also provide valuable information for
improving greenhouse gas budgets and supporting future climate change studies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/environments13080439/s1, Figure S1: Relative major-ion composition
in the sampled waters of the studied lakes represented by a Piper-type diagram; Figure S2: CO2 flux
measurements (g m−2 d−1) for the several surveys made in the studied lakes (A, 1st survey—Congro
Lake; B, 2nd survey—Congro Lake; C, 1st survey—Santiago Lake; D, 2nd survey—Santiago Lake);
Figure S3: CO2 flux cumulative probability plots for the several surveys made in the studied lakes
depicting differences between the measurement surveys regarding the several lognormal populations
identified (A, 1st survey—Congro Lake; B, 2nd survey—Congro Lake; C, 1st survey—Santiago Lake;
D, 2nd survey—Santiago Lake); Figure S4: Modeled variograms for the several surveys made in the
studied lakes showing that data follows a spherical structure (A, 1st survey—Congro Lake; B, 2nd
survey—Congro Lake; C, 1st survey—Santiago Lake; D, 2nd survey—Santiago Lake). In the plot
the variogram values (γ) are represented as function of the lag distance (m); Figure S5: Rarefaction
curves of 16S rRNA Gene Sequences depicting the number of observed operational taxonomic units
(OTUs) as a function of sequencing depth for sediment samples from Congro (Cg) and Santiago (St)
lakes during summer (SL) and winter (WL). The curves approach saturation, indicating adequate
sequencing depth for microbial community analysis; Figure S6: Heatmap showing the relative
abundance of dominant bacterial taxa in sediments from Congro (Cg) and Santiago (St) lakes during
summer (SL) and winter (WL). Abundance values are color-coded, with darker colors indicating
higher relative abundance. Samples are labeled as follows: Data were clustered using hierarchical
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clustering based on Bray–Curtis dissimilarity; Figure S7: NMDS plot illustrating the microbial
community composition across seasons and lakes. SLSt (Summer Santiago), SLCg (Summer Congro),
WLSt (Winter Santiago), and WLCg (Winter Congro). The analysis was based on Bray–Curtis
dissimilarity. The stress value indicates the goodness of fit of the dimensional reduction in the
community structure (≤0.05: excellent); Table S1: Description of the studied lakes based on some
physical and geological characteristics (data from [31], except for the geological setting, from [27]);
Table S2: Descriptive statistics for the main physico-chemical parameters and the major-ion content
along the four sampling surveys made in Congro Lake; Table S3: Descriptive statistics for the main
physico-chemical parameters and the major-ion content along the four sampling surveys made in
Santiago Lake; Table S4: Calculated and measured ΦCH4 for the several transects made in both
surveys at Congro Lake; Table S5: Calculated and measured ΦCH4 for the several transects made
in both surveys at Santiago Lake; Table S6: Alpha Diversity Metrics Across Samples from Congro
and Santiago Lakes. Alpha diversity indices, including Observed OTUs, Shannon diversity, and
Simpson evenness, for sediment samples from Congro (Cg) and Santiago (St) lakes during summer (S)
and winter (W). Higher Shannon and Simpson indices in Santiago during winter indicate increased
microbial diversity and evenness compared to Congro; Table S7: Bacterial families involved in CO2

production and their seasonal abundance; Table S8: Bacterial families involved in CH4 production
and their seasonal abundance.
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