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g UNESCO Chair – Land Within Sea: Biodiversity & Sustainability in Atlantic Islands, Ponta Delgada, Portugal

A R T I C L E  I N F O

Editorial handling by: Elisa Sacchi

Keywords:
CO2 flux
CH4 flux
Microbial communities
Microbial processes
Volcanic lakes
Azores

A B S T R A C T

A study to investigate spatial and temporal variations on the diffusive CO2 and CH4 fluxes in two volcanic 
shallow lakes on Corvo Island (Azores) was made, coupling geochemical and microbial tools. Water in both lakes 
is from the Na–Cl type, depicting alkaline pH values and low EC (63–90 μS cm− 1). The total CO2 flux (calculated 
using sequential Gaussian simulation) range between 2.5 t km− 2 d− 1 and 6.5 t km− 2 d− 1, values closer to the 
mean value for lakes in the Azores with depth lower than 5 m. Values of total methane flux values are much 
lower, ranging from 31 to 38 kg km− 2 d− 1 falling in the lower range of worldwide datasets. Those emissions 
depict a seasonal effect, as total GHG emissions (CO2 plus CH4) range from 0.66 to 1.1 t CO2-eq d− 1 in warmer 
conditions, about twice the values during colder periods.

The microbial characterization also depicts seasonal variations, showing a close relation with the diffusive CO2 
and CH4 fluxes. During winter, anaerobic and sulfate-reducing bacteria are abundant, when microbial respiration 
intensifies, while in summer an enrichment in fermentative bacteria, including Clostridiaceae and Enterobacteri
aceae is observed. High CH4 production in summer results is expected from the presence of methanogenic 
archaea, instead methane oxidation is more relevant in winter, as shown by the higher abundance of meth
anotrophs, such as Methylomonadaceae and Methylococcaceae. Results show that small volcanic lakes are 
significative natural sources of C-based greenhouse gases, being CO2 and CH4 emissions enhanced by the trophic 
state of lake ecosystems.

1. Introduction

Rising carbon dioxide levels in the atmosphere have been observed 
in the last decades, resulting from emissions toward the atmosphere 
from major sources, such as combustion of fossil fuels, deforestation, 
agricultural practices, or the production of cement (Nunes, 2023). Sur
face water bodies have been also identified as important natural sources 
of C-based greenhouse gases, namely CO2 and CH4, and may therefore 
contribute to global warming. In lakes the major drivers that control 
greenhouse gases (GHG) emission are the size of the water body and 
their trophic state (Bhushana et al., 2024). Even if methane flux (ΦCH4) 
from surface water bodies are lower than those of carbon dioxide flux 

(ΦCO2), methane has global warming potential 27 times greater than 
carbon dioxide over a 100-year period (Forster et al., 2021), thus also 
contributing to the observed rise of the methane that doubled the 
pre-industrial values (Wuebles and Hayhoe, 2002) and experiences high 
increasing rates in the last years (Nisbet et al., 2019).

Despite some uncertainty, several estimations have been presented 
regarding global CO2 emission from lakes, ranging from 2.44⨯102 to 
1.4⨯103 Tg yr− 1 (Cole et al., 1994; Tranvik et al., 2009; Raymond et al., 
2013; Holgerson and Raymond, 2016; DelSontro et al., 2018).

Methane emissions from surface water bodies have received 
increasing worldwide attention in the last decades, since the early es
timates provided by Ehhalt (1974), Smith and Lewis (1992), St. Louis 
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et al. (2000) and Bastviken et al. (2004). Since this pioneering work, and 
despite the reported uncertainties, global estimates have been proposed 
for different types of surface water bodies such as lakes (e.g. Bastviken 
et al., 2011 and references therein), wetlands (Cao et al., 98; Walter 
et al., 2001; Zhu et al., 2015) and rivers (Rocher-Ros et al., 2023). 
Following wetlands, lakes represent the second-larger second aquatic 

source of CH4 to atmosphere, and total methane emissions from these 
water bodies range 8–75 Tg yr− 1 (Smith and Lewis, 1992; Bastviken 
et al., 2004, 2011; Saunois et al., 2016, 2020; Johnson et al., 2022). 
These methane emissions from lakes worldwide correspond to about 
37.9 % of the inland waters and explain about 35 % of emissions from 
global aquatic environments (Rosentreter et al., 2021).

Fig. 1. – Location of the studied lakes in the Azores archipelago (Portugal). A, location of the Azores archipelago in the North Atlantic Ocean; B, location of the Corvo 
Island (in red) in the Azores; C, the island of Corvo with the studied area outlined in red; D, Caldeirão W (left) and Caldeirão E (right) lakes in the floor of the summit 
caldera of the Caldeirão central volcano (UTM coordinates are used for plots C and D; UTM zone 25 N).
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Despite all studies made so far, further research is needed to estimate 
methane emission from lakes at diverse spatial and temporal scales, 
allowing also to a better knowledge of the several drivers that control 
fluxes across lakes surface, such as salinity (Liu et al., 2024), depth (Li 
et al., 2021), temperature (Duc et al., 2010), water level (Yuan et al., 
2021). Most of these drivers are reflected in data seasonality already 
characterized in various studies (Lesley and Lewis, 1992; Eugster et al., 
2020). Moreover, methane emissions are also influenced by the trophic 
state of the lake ecosystems, with higher emissions often associated with 
eutrophic conditions (e.g. Beaulieu et al., 2019).

The Azores archipelago consists of nine volcanic islands, located in 
the North Atlantic Ocean between latitudes 37◦N and 40◦N and longi
tudes 25◦ and 31◦W, approximately 1500 km off the coast of mainland 
Portugal, covering a total area of 2322 km2 (Fig. 1A). Corvo island is the 
smallest of the archipelago, with an area of 17.1 km2 and about 27 in
habitants per km2 (Fig. 1B). The studied lakes – the so-called Caldeirão 
West (W) and Caldeirão East (E) lakes – are in the summit caldera of the 
central volcano with the same name that dominates the geology of Corvo 
Island (Fig. 1C to D; Fig. S1 – supplementary material).

Due to the significant number of lakes in the Azores, and their 
respective importance as strategic water resources and for tourism, 
eutrophication has been a subject of study for several decades (Porteiro, 
2000; Santos et al., 2005; Ribeiro et al., 2008; Martins et al., 2008, 2012; 
Gonçalves, 2008; Pacheco et al., 2005, 2010; Cruz et al., 2015; Malcata 
et al., 2022). Moreover, numerous studies have examined changes in 
lake water chemistry in relation to volcanic activity (Martini et al., 1994; 
Cruz et al., 2006; Andrade et al., 2024). Based on research conducted 
over the past decade (Andrade et al., 2016, 2019a, 2019b, 2019c, 
2019d, 2020a, 2020b), CO2 emission from the surface of 45 lakes in the 
Azores were estimated to be approximately 171 × 103 t yr− 1, with 42 % 
of these emissions originating from volcanic activity (~72 × 103 t yr− 1; 
Andrade et al., 2021). In contrast, methane emissions from Azorean 
lakes remain largely unstudied. The only work to address this subject so 
far is by Tassi et al. (2018), who investigated the mechanisms control
ling CH4 release from five lakes on São Miguel Island.

Building on the possible contribution of GHG emissions from small 
lakes, that may be enhanced by the active volcanic setting of some water 
bodies, a study was made to test the importance of this process. More
over, water bodies in small oceanic lakes have been somehow neglected 
in emissions inventories made so far, and in archipelagos such the 
Azores a high number of similar water bodies may occur. Therefore, the 
present research aimed to characterize the diffusive ΦCO2 and ΦCH4 in 
two lakes located on Corvo, the westernmost island of the Azores ar
chipelago (Fig. 1A and B), in a spatial and temporal perspective, and 
identify the main drivers that control the emissions of these important 
GHGs, with a particular focus on eutrophication.

2. Methodology

2.1. Geological setting

Corvo Island is a small volcanic edifice with an overall N–S elonga
tion, some 6 km in length and 4 km in width. The morphology of the 
island is dominated by a central volcano (maximum altitude of 720 m a. 
s.l.), characterized by strongly asymmetric flanks and a roughly ellip
tical caldera (known as Caldeirão), with 2.3 by 1.8 km across and a 
depth of about 300 m. The western and northern slopes of the island are 
deeply eroded, forming steep coastal cliffs up to 500–700 m high. In 
contrast, the eastern and southern slopes have smoother morphologies, 
lower cliffs (up to 200 m high) and a few scoria cones. The row of large 
horseshoe-shaped scoria cones on the southern slope and the coastal 
lava delta that forms the southern tip of the island constitute the other 
main geomorphological unit of the volcanic edifice (Dias, 2001; França 
et al., 2003; Pacheco et al., 2013; Melo et al., 2018).

The volcanostratigraphy of Corvo is organised into three main units 
that reflect different phases of the geological history of the island 

(França et al., 2003): a Pre-caldera unit, that includes all products 
related to the initial volcanism of Corvo (estimated age around 1.5–1.0 
M yr), a Syn-caldera unit, that comprises pumice fall deposits, surges, 
pyroclastic flow deposits (of trachyandesitic to phonolitic composition), 
and lahars, and a post-caldera unit, that includes the most recent basaltic 
lavas (estimated age around 80–100 k yr) (França et al., 2003; Larrea 
et al., 2013). Both Caldeirão lake fills in the depressions between scoria 
and spatter cones lying on the caldera floor, which are part of the 
post-caldera stratigraphic unit. The impermeabilization of the bottom of 
the caldera may have resulted from the deposition of ash and scoria 
lapilli associated with the eruption of the cones. Although the ages of the 
cones and pyroclastic deposits are unknown, the earliest lake sediments 
that cover these volcanic deposits are dated at approximately 4.2 k yr cal 
BP (Sáez et al., 2025).

2.2. Hydrological setting

The average annual precipitation on Corvo island is estimated as 
1144.6 mm yr− 1, that despite being lower than the mean value for the 
archipelago is higher than the mean actual evapotranspiration (736 mm 
yr− 1) (DROTRH, 2001). Nevertheless, at altitude the average annual 
precipitation may reach values as high as 2400 mm yr− 1, which coupled 
with the expected mean annual temperature in these areas (~12 ◦C) 
relative to the value observed near the sea (17.5 ◦C), thus influencing 
evapotranspiration, should increase surface runoff.

The main characteristics of both Caldeirão lakes are summarized in 
Table S1 (supplementary material). Caldeirão W and Caldeirão E are two 
lakes closely located at approximately 390 m above sea level, lying on 
the caldera floor of the Caldeirão volcano, being the surface area and 
maximum depth of the former respectively equal to 0.19 km2 and 3.4 m 
(Fig. 1D). Instead, Caldeirão E Lake presents a lower surface area and 
depth, respectively equal to 0.07 km2 and 2.0 m. The respective storage 
volumes are relatively small, equal to 1.6 × 104 and 9.2 × 104 m3, 
respectively.

From the overall runoff inflow to both lakes, estimated as 2.9 × 106 

m3 yr− 1 (DROTRH, 2021), and considering the storage volume of both 
lakes, it’s possible to compute a residence time of 8.79 × 10− 2 yr for the 
lakes. The only source of uncertainty in the residence time computation 
is associated to the runoff to the lakes, as direct rainfall input is negli
gible, due to the relatively small surface area of both lakes, and spring 
discharges or artificial inflows along the lake margins do not occur. 
Moreover, groundwater seepage is unlikely to occur due to the altitude 
and the expected groundwater flow paths in the island.

Both lakes are considered to be in moderate ecological status 
following Water Framework Directive (WFD) criteria due to ongoing 
eutrophication (DROTRH, 2021). This status is associated with land use 
inside the volcanic caldera, where pastureland (10.8 %) is to be 
observed, being the nutrient load to the lake calculated as 0.64 t yr− 1 

and 0.08 t yr− 1, respectively for nitrogen and phosphorus (DROTRH, 
2021).

2.3. Water chemistry methodology

Lake water composition in the two Caldeirão lakes was assessed over 
four surveys conducted across four distinct periods: late spring (1st 
survey – May 2023), summer (2nd survey – August 2023), late autumn 
(3rd survey – November 2023) and winter (4th – January 2024). These 
surveys were planned to capture seasonal variability, despite the 
continuous mixing conditions along the water column all through the 
year. A 1L SEBA sampling bottle was used for the collection of water 
samples. The collection on Caldeirão W Lake took place at 1-m depth 
interval, totalizing 14 samples, while on Caldeirão E Lake, due to the 
lower depth, samples were collected at the surface, at the middle and at 
the bottom of the water column, totalizing 12 samples (locations PW and 
PE, respectively for Caldeirão W and Caldeirão E lakes; Fig. 1D).

Physico-chemical parameters, including pH, temperature, and 
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electrical conductivity (EC), were measured immediately after sampling 
using a portable multi-parameter meter (WTW Multi 3620 IDS), and 
alkalinity and dissolved carbon dioxide concentrations were determined 
in the field by titration following APHA-AWWA-WPCF (1985) guide
lines. Despite the uncertainties associated with the latter titrations, 
dissolved CO2 values allow us to evaluate the differences along the water 
column. The sampling and analytical procedures were fully described by 
Andrade et al. (2016).

Along the 1st survey, two additional samples were collected from 
both lakes at the surface and bottom of the water column for the 13C/12C 
stable isotopic ratio analysis. Sampling procedures for DIC δ13C samples 
followed the International Atomic Energy Agency guidelines (IAEA, 
2017). These samples were analyzed at the Stable Isotope Laboratory of 
Estación Biológica Doñana (CSIC) using a continuous-flow isotope-ratio 
mass spectrometry system (Thermo Electron), interfaced with a Flash 
HT plus elemental analyzer and a Delta V Advantage mass spectrometer. 
The maximum error interval for δ13C was ±0.15 ‰.

2.4. CO2 flux methodology

ΦCO2 measurements were performed using portable equipment, 
following the accumulation chamber method (Chiodini et al., 1998), 
with adaptations to account for the equipment floatability (Mazot and 
Bernard, 2015). This technique has been widely used (e.g. Mazot and 
Taran, 2009; Hernández et al., 2011), and the equipment and proced
ures description was comprehensively described in other studies made 
in the Azores (Andrade et al., 2016, 2019a, 2021).

ΦCO2 were taken at the surface of each lake on the same days water 
samples were collected, resulting in 176 and 189 measurements at 
Caldeirão W Lake for the 1st and 2nd surveys, respectively, and 146 and 
113 measurements at Caldeirão E Lake. The measurement network 
spanned approximately 0.18 km2 for Caldeirão W and 0,07 km2 for 
Caldeirão E, following a uniform grid as possible. Measurements were 
performed at each node in the network by deploying the chamber at the 
lake surface. Each measurement took just enough time to assure the 
increase of CO2 inside the chamber during a certain period, usually 60 s 
(but sometimes as high as 2 min), after which the boat moved quickly 
rowing to the next point, which took a few seconds. The small area of 
each lake allowed measurements to be taken in each lake in a limited 
time frame, which reduces the potential error of comparing data ob
tained at different times of the day. The GPS coordinate of each mea
surement was recorded, alongside water depth measurements obtained 
using a Garmin ECHOTM 500c bathymetric probe. Wind velocity was 
measured at a 5 min-interval all along field surveys, using a portable 
equipment (weather center by PCE instruments - reference PCE FWS 20 
N).

Two statistical methods were applied to the ΦCO2 data: the Graph
ical Statistical Approach (GSA) (e.g. Chiodini et al., 1998) and the 
sequential Gaussian simulation (sGs) (Cardellini et al., 2003). GSA is 
based on cumulative probability plots, which aid in identifying distinct 
populations within the dataset (Sinclair, 1974), while sGs involves 
multiple simulations of spatial distribution of the attribute (e.g. ΦCO2 in 
the lake) to generate final degassing maps. The sGs method enables us to 
preserve the spatial variability of the measured attributes as, contrary to 
kriging techniques, doesn’t smooth extreme values, producing re
alizations that follows the original data structure (Isaaks and Srivastava, 
1989; Deutsch and Journel, 1998). A detailed discussion on the rational 
and procedures associated with each statistical method can be found in 
Andrade et al. (2016 and references therein).

The E-type probability maps are subsequently visualized using Arc
GIS software vs. 10 (ESRI). The total diffuse ΦCO2 was estimated by 
integrating the mean values derived from the sGs over the total area of 
the lake. This methodology is commonly used in studies of CO2 emis
sions in volcanic regions worldwide (e.g. Cardellini et al., 2003; 
Hernández et al., 2011; Mazot and Bernard, 2015), and in studies con
ducted in the Azores (Viveiros et al., 2010; Andrade et al., 2016, 2021).

2.5. Methane flux methodology

2.5.1. Empirical measurement of ΦCH4
Static floating chambers (SFC) were used along multiple transects in 

Caldeirão lakes to proceed to the collection of gas samples, allowing the 
determination of the ΦCH4 from the earth surface to the atmosphere. 
This approach is an adaptation of the static gas chamber method 
commonly used for measuring gaseous diffuse fluxes from soils 
(Livingston and Hutchinson, 1995 and references therein). Samples 
were taken considering the increase of CH4 concentration over time 
within a chamber of known geometry (Cole et al., 2010). Therefore, 
samples were collected at each SFC at two different time intervals, 3 min 
after placing the chamber in the water and again after 30 min. In lakes, 
near-surface turbulence controls gas transfer velocity, being mainly 
driven by atmospheric forcing (Guseva et al., 2021). Nevertheless, field 
surveys were conducted in steady environmental conditions to avoid 
potential disturbances deriving from environmental factors, such as the 
wind speed or wind-derived surface waves, thus limiting turbulence. 
Moreover, to prevent the SFCs from drifting, the latter were tied to a 
guide rope, which connected one side of the lake to the other.

The ΦCH4 measurements were taken during the 3rd and the 4th 
surveys. Each transect consisted of six SFC placed at regular intervals 
along a straight line. At each of the Caldeirão lakes 2 transects (12 SFC 
measurements) were made in the 3rd survey and 6 transects (36 SFC), in 
the 4th. Transect locations were carefully selected to ensure represen
tativeness, guided in part by the results over the early samples collected 
along the 3rd survey which allowed to enlarge the sampling network in 
the following 4th survey. In addition to gas samples, water temperature, 
pH, dissolved O2, the depth of the water column and air temperature 
were measured at each SFC location. Wind velocity was also measured 
along 5 min-intervals, using the same equipment as for CO2 flux.

Each SFC was constructed from the lower part of a HDPE bucket, 
which was cut to create containers with a diameter of 40 cm and a height 
of 14 cm. To assure floatability an inflated inner tube from a tire was 
used, to which the container was well fitted to prevent air from entering. 
When placed in water, approximately 2–3 cm of the tire submerged, 
sealing the inner chamber from the atmosphere. At the top of the 
container a small opening was fitted with a three-way valve, which was 
used to collect samples and remained closed until sampling extraction, 
to which a syringe was connected. Samples were taken to a vial, which 
was previously filled with slightly acidified (pH ~4) deionized water to 
avoid CO2 dissolution, that was expelled as the sample was injected 
using a two-needle system.

Following sample collection, the gas analysis was conducted using 
gas chromatography at the Department of Earth Sciences, University of 
Florence (Italy). A Shimadzu 14A system equipped with a flame ioni
zation detector and a 10-m long stainless-steel column packed with 
Chromosorb PAW 80/100 mesh was used for the analysis.

ΦCH4 in each SFC was estimated using a mathematical expression 
from Tassi et al. (2013), that considers the increment of the methane 
concentration inside the chamber over time and their ratio between the 
volume and the basal area.

2.5.2. Theoretical computation of ΦCH4
Dissolved gas samples were collected at each SFC location by filling a 

30-mL glass vial beneath the lake surface, to avoid gas bubbles inside. 
He was injected into vials to allow headspace to dissolved gases equil
ibration. These samples were subsequently analyzed for the determi
nation of dissolved gases concentration (CO2, N2, Ar, CH4, O2) using gas 
chromatography at the Department of Earth Sciences, University of 
Florence (Italy), using the same equipment as for the gas samples taken 
with the SFC with a 5-m-long stainless-steel column packed with Chro
mosorb PAW 80/100 mesh and coupled to a thermal conductivity 
detector.

To estimate the diffusive ΦCH4 across the water-air interface, the 
thin boundary layer model (TBL; Liss and Slater, 1974). The required gas 
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transfer velocity was calculated from a value previously normalized to a 
Schmidt number of 600, following Crusius and Wanninnkhof (2003). 
For that purpose, wind speed data was considered, and the Schmidt 
number was calculated as function of temperature through a fourth 
order polynomial (Wanninnkhof, 2014). A full explanation of the 
calculation procedure, that includes the equations required, was pub
lished by Venturi et al. (2021). Whenever needed, correlation co
efficients between some variables were computed using data analysis 
tools from Ms Excel.

2.6. Microbial communities and DNA extraction methodologies

Sediment samples were collected during summer (2nd survey) and 
winter (4th survey) from locations PW and PE, situated at Caldeirão W 
and Caldeirão E lakes (Fig. 1D) using a gravity sediment corer that was 
driven into the bottom sediments to a depth of 20–40 cm. From each 10 
cm-internal diameter core, the top 1–2 cm was discarded, and the next 5 
cm were kept into sterile plastic bags. During transportation, bags were 
kept chilled and protected from ambient light, and after reachin labo
ratory were preserved at − 80 ◦C until analysis. DNA extraction was 
performed on 250 mg of sediment using the DNeasy PowerSoil Pro Kit 
(QIAGEN). For each homogenized core, DNA from three pooled sub
samples was quantified using the Qubit™ dsDNA HS/BR Assay Kits 
(Invitrogen).

Full-length 16S rRNA gene sequencing was conducted using the 
PacBio SMRT third-generation sequencing platform. The variable re
gions V1–V9 of the 16S rRNA gene were amplified using the universal 
primer set 27F (AGRGTTYGATYMTGGCTCAG) (Stackebrandt and 
Goodfellow, 1991) and 1492R (RGYTACCTTGTTACGACTT), with a 
specific PacBio barcode assigned to each sample. Amplicons were car
ried out using the KAPA SYBR FAST qPCR Kit, pooled into equimolar 
concentrations. The pooled amplicons were processed with the 
SMRTbell Express Template Prep Kit 2.0 (PacBio, USA) following the 
protocol. Sequencing was completed on the Sequel II PacBio system 
using the Sequel II Sequencing Kit 2.0.

Raw sequencing reads underwent quality filtering to remove low- 
quality sequences and chimeras through the MOTHUR pipeline. High- 
quality reads were grouped into operational taxonomic units (OTUs) 
and assigned taxonomically by alignment to the SILVA 138 database.

Microbial community composition was compared between Caldeirão 
W and Caldeirão E lakes and between seasonal periods using a range of 
statistical analyses. Alpha diversity was evaluated using species richness 
and Shannon diversity indices. Beta diversity was analyzed through 
principal coordinate analysis (PCoA) based on Bray-Curtis dissimilarity 
matrices. Significant differences in community compositions were 
evaluated with permutational multivariate analysis of variance (PER
MANOVA). Differential abundance testing was conducted to detect taxa 
exhibiting significant seasonal or spatial variations. All statistical ana
lyses were performed in R using the ’vegan’ and ’DESeq2’ packages.

3. Results

3.1. Water composition

Descriptive statistics for the physico-chemical parameters and major- 
ion concentrations in the samples collected from both lakes are pre
sented in Table S2 (supplementary material). Water temperatures at 
Caldeirão W Lake ranged from 12.2 ◦C to 26.6 ◦C (mean = 17.8 ±
4.7 ◦C), while at Caldeirão E temperatures varied from 12.8 ◦C to 27.5 ◦C 
(mean = 19.0 ± 5.6 ◦C). Both water bodies are in full mixing conditions 
throughout the year, being the highest temperature difference between 
the surface and the bottom equal to 2.6 ◦C (Caldeirão W) (Fig. S2–A – 
supplementary material). The highest water temperatures were 
observed during the 2nd survey, with values in the range of 26.9 ◦C to 
27.5 ◦C, and between 23.9 ◦C to 26.6 ◦C at Caldeirão E and Caldeirão W, 
respectively, and the lowest values, as high as 13.2 ◦C, were the ones 

measured during the 4th survey.
The pH values tend to be slightly lower at Caldeirão E comparing to 

Caldeirão W, ranging in the former from 6.80 to 8.20 (mean = 7.54 ±
0.46) and at the latter from 7.09 to 8.67 (mean = 7.86 ± 0.46), with 
minor variations being observed along the water column (Fig. S2–B – 
supplementary material). Dissolved CO2 is slightly higher in Caldeirão E 
Lake, being in the range between 1.5 and 2.6 mg L− 1 (mean = 2.0 ± 0.4 
mg L− 1), compared to values in Caldeirão W, that ranged between 1.4 
and 2.1 mg L− 1 (mean = 1.8 ± 0.2 mg L− 1). The major gradients along 
the water column are observed at Caldeirão E (Fig. S2–D – supplemen
tary material).

Electrical conductivity (EC) tends to be slightly higher in Caldeirão E 
Lake relative to Caldeirão W. In the former, EC ranged between 64 and 
89 μS cm− 1 (mean = 74 ± 10 μS cm− 1), while in the latter values ranged 
between 63 and 90 μS cm− 1 (mean = 77 ± 9 μS cm− 1). In both lakes the 
highest values were observed during the 1st survey, reaching values as 
high as 90 μS cm− 1 (Fig. S2–C – supplementary material).

Water types were primarily classified as Na–Cl (Fig. 2), reflecting 
that in both lakes chloride and sodium dominates the ionic content, with 
values in the range of 35.64 %–44.53 % and 26.05 %–40.36 % of the 
overall amount, respectively, reflecting the influence of sea salts depo
sition, one of the main drivers of lake water chemistry in the Azores 
(Cruz et al., 2006; Andrade et al., 2024).

The dissolved gas content at the surface of the analyzed lakes is 
largely dominated by N2, comprising between 50.7 % and 61.2 % in 
Caldeirão W and between 53.8 % and 62.1 % in Caldeirão E Lake (Fig. S3
– supplementary material; Table S3 – supplementary material).

The N2/Ar ratio varies from 38.1 to 43.6 and between 38.1 and 43.6, 
respectively at Caldeirão W and E, both values falling in the typical 
range of Air Saturated water (ASW), which range between 38 and 42. 
Carbon dioxide abundance ranges between ranges from 6.4 % to 12.3 % 
at Caldeirão W Lake, being similar at Caldeirão E, ranging from 6.4 % to 
12.5 %. Methane levels remain below 1.1 %, with a noticeable decrease 
during the 4th survey. The N2/O2 molal ratio fluctuates between 2.45 
and 4.50 during the 3rd survey, and between 2.50 and 3.10 in the 4th 
survey. At Caldeirão E, this ratio his even higher during the 3rd survey, 
being in the range of 2.60–5.30, while during the 4th survey aligns 
closely with values observed at Caldeirão W, ranging from 2.52 to 3.

3.2. ΦCO2 measurements

ΦCO2 measurements at Caldeirão W during the 1st survey range 
between 1.2 and 6.4 g m− 2 d− 1 (mean = 3.0 ± 1.0 g m− 2 d− 1; median =
2.9 g m− 2 d− 1), while during the 2nd survey the values ranged from 1.6 
to 13.3 g m− 2 d− 1 (mean = 4.5 ± 2.1 g m− 2 d− 1; median = 3.9 g m− 2 

d− 1) (Table 1). For Caldeirão E Lake, the ΦCO2 values ranged from 0.3 to 
6.3 g m− 2 d− 1 (mean = 2.1 ± 1.0 g m− 2 d− 1; median = 2.1 g m− 2 d− 1) 
and from 0.9 to 16.8 g m− 2 d− 1 (mean = 5.3 ± 3.4 g m− 2 d− 1; median =
4.3 g m− 2 d− 1), respectively (Table 1). In both cases, higher ΦCO2 values 
were consistently higher during the 2nd survey compared to the 1st 
survey (Fig. 3A–B), especially in Caldeirão E Lake.

The cumulative probability plots further highlight that in most sur
veys just one population emerges, corresponding to measurements 
below the threshold of 35 g m− 2 d− 1, that corresponds to the uppermost 
value beyond which a contribution from a deep-seated CO2 source 
contributes to gaseous emissions (Andrade et al., 2016). During the 1st 
survey at Caldeirão E Lake, two distinct populations were identified, 
although they pointed to also to a single CO2 source, with the first 
population (A) corresponding to very low ΦCO2, ranging from 0.3 to 1.5 
g m− 2 d− 1 and the second population (B) corresponding to slightly 
higher ΦCO2 (1.6–6.3 g m− 2 d− 1) (Fig. S4 – supplementary material).

Modeled variograms for ΦCO2 data indicated a spherical or an 
exponential spatial structure, with nugget values ranging from 0.3 to 0.7 
and 0.1 to 0.51 for Caldeirão W and Caldeirão E lakes (Figure S5-A to S5- 
D – supplementary material). The influence range of each measurement 
point relative to its neighboring values was between 90 and 120 m for 
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Caldeirão W (Figure S5-C and S5-D – supplementary material) and be
tween 40 and 65 m for Caldeirão E (Figure S5-A and S5-B – supple
mentary material).

The spatial distribution of ΦCO2 data shown by the mean CO2 flux 
maps, generated for each lake by 100-equiprobable sequential gaussian 
simulations (Fig. 4A–B), depicts a homogeneous distribution of values 
across both lakes surface, except for an area in the upper north section of 
Caldeirão E lake during the 2nd survey (Fig. 4B).

3.3. ΦCH4 measurements

The measured and calculated ΦCH4 values across various transects 
for both surveys are presented by means of a boxplot in Fig. S6 (sup
plementary material). The datasets are also shown in Tables S4 and S5
(supplementary material), respectively for Caldeirão E and Caldeirão W 
lakes The theoretical estimates obtained using the TBL model closely 
match the field measurements, confirming the effectiveness of the sur
vey methodology. This result is consistent with findings by Ghioldi 
(2021), who employed a similar field approach using SFC, and further 
compared field ΦCH4 with values predicted by three different models, 
concluding that the most accurate theoretical approximation was ach
ieved using the k600,CH4 expression proposed by Crusius and 

Wanninnkhof (2003).
Measured ΦCH4 at Caldeirão W Lake during the two surveys range 

from 0.034 to 0.042 g m− 2 d− 1 (mean = 0.038 ± 0.002 g m− 2 d− 1; 
median = 0.038 g m− 2 d− 1) for the 3rd survey, and from 0.017 to 0.051 
g m− 2 d− 1 (mean = 0.031 ± 0.008 g m− 2 d− 1; median = 0.029 g m− 2 

d− 1) for the 4th survey (Table 2). The interquartile range (IQR) was 
lower in the 3rd survey (0.002 g m− 2 d− 1) compared to the 4th survey 
(0.011 g m− 2 d− 1) indicating greater data variability in the latter survey. 
This variability is also shown by the spatial distribution of ΦCH4 across 
both lakes, showing some heterogeneity along the 4th survey 
(Fig. 5A–B).

For Caldeirão E, the measured ΦCH4 ranged from 0.031 to 0.039 g 
m− 2 d− 1 (mean = 0.043 ± 0.003 g m− 2 d− 1; median = 0.035 g m− 2 d− 1), 
in the 3rd survey, and from 0.008 to 0.033 g m− 2 d− 1 (mean = 0.022 ±
0.007 g m− 2 d− 1; median = 0.024 g m− 2 d− 1) in the 4th survey (Table 2). 
Like Caldeirão W, the IQR was slightly lower for the 3rd survey (0.003 g 
m− 2 d− 1) relative to the 4th survey (0.007 g m− 2 d− 1), reflecting greater 
dispersion in the latter.

3.4. Microbial communities

Overall, summer samples exhibited higher microbial richness and 
diversity, with Chao1 index values reaching 4770.63 in Caldeirão E and 
4604.93 in Caldeirão W, compared to lower values in winter (Caldeirão 
E: 3855.6; Caldeirão W: 3299.4). The Shannon diversity index showed 
similar trends, with higher values in summer (Caldeirão E: 5.87; 
Caldeirão W: 5.30) than in winter (Caldeirão E: 4.19; Caldeirão W: 
3.60), indicating a more complex and even microbial community during 
the warmer season (Table S6 – supplementary material). Rarefaction 
curve analysis confirmed that sequencing depth was sufficient to capture 
the microbial diversity within all samples, as the curves approached 
saturation (Fig. S7 – supplementary material).

Non-metric multidimensional scaling (NMDS) depicts clear clus
tering patterns, further highlighting differences between microbial 

Fig. 2. – Durov-type diagram illustrating the relative major-ion composition of the water samples from the studied lakes.

Table 1 
Descriptive statistics of ΦCO2 in the Caldeirão lakes (W and E) presented ac
cording to the measurement survey (n, number of measurements).

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)

Caldeirão 
W

1 176 1.2 6.4 3.0 ± 1.0 2.9
2 189 1.6 13.3 4.5 ± 2.1 3.9

Caldeirão 
E

1 146 0.3 6.3 2.1 ± 1.0 2.1
2 113 0.9 16.8 5.3 ± 3.4 4.3
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Fig. 3. – ΦCO2 measurements from surveys conducted in the studied lakes (A, 1st survey; B, 2nd survey).
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Fig. 4. – E-type ΦCO2 mapping for Caldeirão Lakes (A, 1st survey; B, 2nd survey).
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communities in the two lakes and across seasons. Caldeirão E and 
Caldeirão W lakes formed distinct clusters, suggesting that despite their 
geographic proximity within the same volcanic crater, their microbial 
assemblages are shaped by localized environmental factors, potentially 
linked to differences in nutrient loading, hydrodynamics, and sediment 
characteristics (Fig. 6). Additionally, summer and winter samples are 
clustered separately within each lake, reinforcing the seasonal stratifi
cation of microbial communities. Pairwise comparisons between mi
crobial communities in Summer and Winter also show significant 
dissimilarities, as indicated by pseudo-F values ranging from 1.15 to 
21.37 and p-values below 0.1 in several cases, consistent with the NMDS 
clustering.

The heatmap analysis for the relative abundance of the several 
operational taxonomic unit (OTU) shows that, besides reflecting sea
sonal shifts in microbial composition, the winter communities were 
characterized by a higher abundance of anaerobic and sulfate-reducing 
bacteria, such as Desulfobacteraceae and Desulfovibrionaceae, suggesting 
that anoxic conditions prevailed during this period (Fig. 7). In contrast, 
summer samples showed an enrichment in fermentative bacteria, 
including Clostridiaceae and Enterobacteriaceae. Differences between the 
two lakes are also shown by the greater seasonal fluctuations in mi
crobial composition in Caldeirão W compared to Caldeirão E.

4. Discussion

4.1. CO2 fluxes

The ΦCO2 values are relatively homogeneous across the surface of 
both lakes, despite local variations driven by increased biological ac
tivity or sediment-related processes (Fig. 4A–B). Values are higher 
during the 2nd survey compared to the 1st survey (Fig. 3A–B), which 
aligns with a slightly higher dissolved CO2 content observed, being the 
water temperature in the former ~6 ◦C to ~8 ◦C higher comparing to the 
latter survey. However, it is expected that water temperature enhances 
photosynthetic activity, with the associated decrease on the CO2 content 
(Engel et al., 2019; Liang et al., 2017), thus implying ΦCO2 reduction. 
This dynamic can lead to a net uptake of atmospheric CO2, particularly 
in. shallow lakes (Balmer and Downing, 2011). However, an opposite 
ΦCO2 temporal trend is observed in the Caldeirão lakes, suggesting of 
alternative processes.

As will be further discussed, the composition of microbial commu
nity suggests that microbial fermentation and anaerobic organic matter 
degradation may contribute toward CO2 release during summer. The 
slightly lower pH values observed at Caldeirão E Lake suggests that the 
decomposition of organic matter rate is higher comparing to Caldeirão 
W, thus influencing pH through the release of free CO2, as observed in 
other studies (Sun et al., 2021). As already pointed out, ΦCO2 values are 
below the deep-seated CO2 source threshold, suggesting that CO2 is 
mainly of biogenic origin. The δ13C-DIC values further suggests a pre
dominantly biogenic CO2 source, as the samples from both the surface 
and bottom of the lakes shows values between − 21.85 ‰ and − 23.42 ‰ 
(mean = − 22.54 ± − 0.70 ‰), which are more negative relative to the 
typical mantle CO2 δ13C range (− 3.5 to − 6; Cartigny et al., 2001) and to 

the atmospheric δ13C value (about − 8.3 ‰; Clark, 2015).

4.2. CH4 fluxes

Dissolved CH4 content can be highly variable both spatially and 
temporally (Hofmann, 2013) and shifts on lake dynamics over time and 
space drives where and when CH4 is produced (Ward et al., 2020), 
resulting in interannual variations on ΦCH4 from lakes that are often 
greater than the median diel variability (Smith and Lewis, 1992; Eugster 
et al., 2020).

Despite the effect of the limited number of transects in the studied 
lakes, ΦCH4 fluxes are higher in the 3rd survey (autumn) relative to the 
4th survey (winter) (Fig. S6– supplementary material), which reflets the 
effect of the seasonal variation on temperature. Higher temperatures, 
like the ones observed during the 3rd survey relative to the 4th survey, 
may enhance methane production from lake sediments (Fuchs et al., 
2016; Duc et al., 2010). Moreover, the dependence on temperature is 
shown by the expected ΦCH4 rising due to global warming, as a pro
jected rise in water temperature by 0.86 ◦C to 2.60 ◦C by the end of the 
century may increase CH4 production rates by 13 %–40 % (Jansen et al., 
2022).

Other internal drivers may also cause ΦCH4 variability in surface 
water bodies, such as lake depth, surface area, hydrological regime, 
water level variations and trophic state, as well as external drivers, such 
as climate and watershed characteristics (Bastviken et al., 2004; Duc 
et al., 2010; Sanches et al., 2019; Li et al., 2020; Li et al., 21; Yuan et al., 
2021; Zhang et al., 2021; Zhong et al., 2023). However, in the present 
study no relationship was found between the measured ΦCH4 and depth 
(r = 0.281 and r = 0.332, respectively for Caldeirão W and E lakes 
during the 4th survey; p-values <0.005). Moreover, no significative 
relationship was also observed between ΦCH4 and EC (r = 0.066 and r =
− 0.300, respectively for Caldeirão W and E lakes during the 4th survey; 
p-values <0.005), thus not reflecting any control of ΦCH4 as a function 
of water salinity as observed in other studies (Liu et al., 2024).

The composition of the microbial communities at the studied lakes 
may play a key role in CH4 cycling. As further discussed, microbial data 
suggests that during summer methanogenesis is enhanced, although no 
direct measurements of ΦCH4 are available to test this hypothesis. 
Inversely, microbial communities composition suggests that methano
trophy may occur during winter, thus contributing toward CO2 release 
through the activity of methanotrophic bacteria (Langenegger et al., 
2022), a process that is effective in reducing methane emissions from 
surface water bodies (Sawakuchi et al., 2016).

The balance between methane oxidation and formation depends on 
several environmental drivers, such as temperature (Duc et al., 2010) or 
the hydrological regime of the water body. If oxygen availability favors 
the conversion of CH4 in CO2 (Bastviken et al., 2002), shorter gas 
transport pathways are expected in shallow lakes (Li et al., 2020), thus 
reducing methane oxidation. Water table variations over time also in
fluence both MOX and methane formation in wetlands (Ward et al., 
2020), and in the Caldeirão lakes, water level data, collected by the local 
water authorities, points out to annual variations of about ±0.8 m, 
potentially affecting the CH4 dynamics.

Table 2 
Descriptive statistics of ΦCH4 in the Caldeirão Lake according to the sampling campaign (n, number of measurements).

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)

Caldeirão W 3 12 Meas 0.034 0.042 0.038 ± 0.002 0.038
Calc 0.038 0.048 0.043 ± 0.003 0.044

4 36 Meas 0.017 0.051 0.031 ± 0.008 0.029
Calc 0.019 0.045 0.028 ± 0.006 0.027

Caldeirão E 3 12 Meas 0.031 0.039 0.034 ± 0.003 0.035
Calc 0.040 0.047 0.043 ± 0.003 0.042

4 36 Meas 0.008 0.033 0.022 ± 0.007 0.024
Calc 0.009 0.031 0.021 ± 0.006 0.022
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Fig. 5. – ΦCH4 measurements from different sampling campaigns in the studied lakes (A, 3rd survey; B, 4th survey).
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The hypothesis that the conversion of CH4 in CO2 is also influencing 
both ΦCO2 and ΦCH4 is also supported by the evidence of oxygen 
depletion, as suggested by N2/O2 molal ratio data, that exceeds the ASW 
ratio (~1.9; Ghioldi, 2021), which is particularly noticeable along the 
3rd survey, and by the fact that dissolved CO2 and CH4 contents depict 
an inverse linear relationship, although weak (r = − 0.350; p-value 
<0.005), mainly during the 3rd survey. Moreover, the close linear 
relationship between CH4 content and Ar/O2 during the same survey 
suggests that relatively high methane contents are associated with ox
ygen depletion, further supporting the role of biological activity in 
regulating both ΦCO2 and ΦCH4

4.3. Microbial community and gas fluxes

4.3.1. Microbial activity and ФCO2
As shown, microbial communities in Caldeirão lakes depict signifi

cant seasonal variations (Table 3), which may control ФCO2 and ФCH4 
through distinct metabolic pathways that regulate greenhouse gas 
emissions (Table S7 – supplementary material). The observed seasonal 
changes are consistent with the observed higher CO2 fluxes in summer, 
when microbial respiration intensifies.

CO2 production in the studied lakes results mainly from microbial 
fermentation and anaerobic organic matter degradation. In winter, 
sulfate-reducing bacteria (Desulfobacteraceae and Desulfovibrionaceae) 
present high OTU counts (Caldeirão E − 210; Caldeirão W - 180), sug
gesting enhanced sulfate respiration under anoxic conditions. Metal- 
reducing bacteria, particularly Geobacteraceae (OTU: Caldeirão E −
160; Caldeirão W - 140), contribute to CO2 release through iron 
reduction. Additionally, Rhodocyclaceae, associated with denitrification, 
show higher abundance in winter, further supporting increased anaer
obic respiration.

Warmer temperatures during summer enhance microbial meta
bolism, leading to increased decomposition rates, and subsequent GHG 
emissions. In summer, fermentative bacteria become more dominant, 
particularly Clostridiaceae (OTU: Caldeirão E − 315, Caldeirão W - 290) 
and Enterobacteriaceae (OTU: Caldeirão E − 280; Caldeirão W _- 260), 
reflecting increased organic matter degradation from pasture runoff, 
which enhances microbial activity and supports greater community 
heterogeneity. These bacteria facilitate anaerobic fermentation, 

producing CO2 alongside intermediary metabolites such as acetate and 
hydrogen. Syntrophobacteraceae remain relatively stable across seasons 
(OTU: Caldeirão E − ~170; Caldeirão W - ~150), indicating a contin
uous role in syntrophic degradation processes.

4.3.2. Microbial activity and ФCH4
Microbial data suggest that CH4 production is primarily driven by 

methanogenic activity during summer, being the presence of methano
genic archaea, such as Methanobacteriaceae and Methanosarcinaceae. In 
summer, Methanobacteriaceae (OTU: Caldeirão E − 210; Caldeirão W - 
195) increase significantly, favoring hydrogenotrophic methanogenesis, 
while Methanosarcinaceae (OTU: Caldeirão E − 180; Caldeirão W - 170) 
contribute to acetoclastic methanogenesis. The activity of Smithellaceae 
and Syntrophaceae, which degrade fatty acids into acetate and hydrogen, 
is also elevated in summer, promoting CH4 production. Therefore, 
although not measured during the 2nd survey, microbial data suggests 
that CH4 release may be higher during summer.

Conversely, methane oxidation is more prominent in winter, with 
Methylomonadaceae (OTU: Caldeirão E − 250; Caldeirão W - 230) and 
Methylococcaceae (OTU: Caldeirão E − 210; Caldeirão W - 200) dis
playing higher abundances. These methanotrophs play a crucial role in 
CH4 removal, limiting emissions during colder months.

4.4. Trophic status and GHG emissions

Both Caldeirão lakes are currently eutrophic, with annual mean 
Carlson TSI-TP values in the range between 62 and 67 from 2017 to 
2022 (Malcata et al., 2022). Eutrophication may carry elevated ΦCH4 
(Beaulieu et al., 2019; Zhang et al., 2021, 2024), being shallow lakes 
more vulnerable because a limited self-cleaning capacity (Havens et al., 
2001; Li et al., 2020). Several studies have shown that methanogenesis is 
two to three times higher in eutrophic lakes relative to oligotrophic or 
mesotrophic systems (Casper, 1992; Ma et al., 2024; West et al., 2016; 
Yang et al., 2020; Zhang et al., 2021). The Chl-a content is an indicator 
of the biological productivity in a lake (DelSontro et al., 2018), and 
when increasing high ΦCH4 are to be expected, as CO2-consumption by 
phytoplankton and further decay of biomass favors CH4 release to water 
(Kumar et al., 2023; Zhang et al., 2024).

At Caldeirão W Lake Chl-a ranged between 4.15 μg L− 1 and 71.52 μg 
L− 1 from 2017 to 2022, being the higher value observed in the summer 
2020 (Malcata et al., 2022). Moreover, unpublished monitoring data 
from the Azores water authorities (Directorate Regional for Climate 
Action and the Environment) show a similar trend, with values generally 
increasing in the summer (maximum = 60.80 μg L− 1; June 2023) and 
reducing during colder periods (maximum = 9.48 μg L− 1; March 2024). 
Therefore, the 3rd survey was conducted when Chl-a was higher relative 
to the 4th survey, thus explaining the higher CH4 production.

Elevated nutrient inputs, primarily nitrogen and phosphorus from 
agricultural runoff, stimulate primary production in these lakes, leading 
to increased organic matter deposition. The organic enrichment fosters 
the proliferation of heterotrophic microbial communities that decom
pose organic substrates, resulting in heightened CO2 emissions through 
aerobic and anaerobic respiration processes. Climate change can exac
erbate nutrients input through runoff, as expected from the expected 
increase frequency of extreme weather events (Yvon-Durocher et al., 
2021).

Studies have demonstrated that eutrophication significantly am
plifies carbon emissions in freshwater systems, with urban lakes 
contributing substantially to the global carbon budget (Wang et al., 
2024). Furthermore, increased nutrient availability leads to enhanced 
microbial decomposition of organic material, intensifying CO2 emissions 
(Yang et al., 2023). Nevertheless, as already pointed out, methane 
oxidation may also contribute toward higher ΦCO2.

Fig. 6. – Non-metric multidimensional scaling (NMDS) analysis of microbial 
community composition in sediment samples from Caldeirão E (CaE) and 
Caldeirão Wt (CaW) during summer (S) and winter (W) (each point represents a 
replicate sample, and the polygons indicate grouping by season and lakes) The 
stress value in the NMDS plot is below 0.1.
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4.5. Overall GHG emissions

The total CO2 emission was estimated using the sGs method to be 
0.59 t d− 1 and 0.90 t d− 1 for the 1st and 2nd surveys at Caldeirão W 
Lake, respectively, and 0.19 t d− 1 and 0.43 t d− 1 at Caldeirão E Lake 
(Table 4). When integrating the ΦCO2 values over the lake areas, the 
fluxes per km2 were found to be higher at Caldeirão W (3.14 t km− 2 d− 1 

and 4.66 t km− 2 d− 1 for the 1st and 2nd surveys, respectively) compared 
to Caldeirão E during the 1st survey (2.38 t km− 2 d− 1). However, during 
the 2nd survey the ΦCO2 per area was higher at Caldeirão E Lake (6.52 t 
km− 2 d− 1).

The values obtained from GSA method closely align with those from 

Fig. 7. – Heatmap of OTU relative abundances across sediment samples from Caldeirão East (CaE) and Caldeirão West (CaW) during summer (S) and winter (W). The 
color gradient represents the relative abundance of OTUs, with warmer colors indicating higher abundance and cooler colors indicating lower abundance.

Table 3 
Comparison of the relative abundance (OTUs) of key microbial groups involved 
in CO2 and CH4 cycling in the sediments of Caldeirão E and Caldeirão W lakes 
during winter and summer.

Microbial Group Winter 
OTUs 
Caldeirão E

Winter 
OTUs 
Caldeirão W

Summer 
OTUs 
Caldeirão E

Summer 
OTUs 
Caldeirão W

CO2 Producers
Desulfobacteraceae 210 180 95 85
Desulfovibrionaceae 190 170 100 90
Geobacteraceae 160 140 110 100
Rhodocyclaceae 180 160 130 120
Clostridiaceae 200 185 315 290
Enterobacteriaceae 195 175 280 260
CH4 Producers
Methanobacteriaceae 120 110 210 195
Methanosarcinaceae 100 95 180 170
Smithellaceae 90 85 160 150
Syntrophaceae 95 90 175 165
Methane Oxidizers
Methylomonadaceae 250 230 130 120
Methylococcaceae 210 200 140 130

Table 4 
Overall CO2 emissions based on GSA and sGs statistical analysis.

Lake Survey Working Area 
(km2)

ΦCO2 (t 
d− 1) 
(sGs)

ΦCO2 (t 
d− 1) 
(GSA)

ΦCO2 (t 
km− 2d− 1) 
(sGs)

Caldeirão 
W

1 0.188 0.59 0.56 3.14
2 0.193 0.90 0.86 4.66

Caldeirão 
E

1 0.080 0.19 0.17 2.38
2 0.066 0.43 0.36 6.52
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the sGs approach. GSA estimates for ΦCO2 ranged from 0.56 t d− 1 (2.98 
t km− 2 d− 1) to 0.86 t d− 1 (4.46 t km− 2 d− 1) for Caldeirão W, and from 
0.17 t d− 1 (2.13 t km− 2 d− 1) to 0.36 t d− 1 (5.45 t km− 2 d− 1) for Caldeirão 
E Lake, corresponding to the 1st and 2nd surveys, respectively (Table 4). 
These values are generally lower than those found in the ΦCO2 GSA 
dataset compiled by Andrade et al. (2024), which includes 45 lake water 
bodies in the Azores, with fluxes ranging from 0.43 to 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). 
However, when considering only the subset of lakes with depth lower 
than 5 m the values estimated for Caldeirão W and Caldeirão E lakes fall 
closer to the mean (5.75 ± 3.26 t km− 2 d− 1) and median (5.0 t km− 2 d− 1; 
n = 28) of the dataset, mainly in the 2nd survey.

Using as reference the mean CH4 flux in each water body (Table 2), 
the overall diffuse CH4 emission was estimated as 7.14 kg d− 1 (37.98 kg 
km− 2 d− 1) and 5.83 kg d− 1 (31.01 kg km− 2 d− 1), respectively for 
Caldeirão W Lake during the 3rd and 4th surveys. Considering the 
spatial heterogeneity of CH4 concentrations in lakes, and the limited 
distribution of the transects made in both water bodies, these estimates 
may have some uncertainty. In both surveys the ΦCH4 values are in the 
upper range of the interval proposed by Rosentreter et al. (2021) for 
lakes with areas 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 higher that 
median value. In contrast, Caldeirão E Lake values were respectively 
equal to 2.52 kg d− 1 (34.05 kg km− 2 d− 1) and 1.63 kg d− 1 (22.03 kg 
km− 2 d− 1) during the two successive surveys, being in the lower range of 
the dataset bring forward by Rosentreter et al. (2021) for lakes with 
areas ranging from 0.01 to 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), but closer to the median 
along the 3rd survey.

Despite highly temporal and spatial variable, ebullition is often the 
main pathway for methane flux from surface water bodies (Rosentreter 
et al., 2021), and high CH4 emissions have been identified in lakes 
(Wang et al., 2021, 1021b; Sø et al., 2023). As accounted in global data 
sets, ebullition may account for 56 %–80 % of CH4 emissions from 
freshwater lakes (Bauer et al., 2024), and the low reduced water hy
drostatic pressure in shallow lakes. Like the ones from Caldeirão, favors 
bubbles release from sediments DelSontro et al. (2011). Therefore, the 
actual CH4 emissions estimated for Caldeirão lakes may be 
underestimated.

While the ΦCH4 are lower than those of ΦCO2, methane is a potent 
greenhouse gas, with a global warming potential 27 times greater than 
carbon dioxide over a 100-year period (Forster et al., 2021). Therefore, 
the total GHG emission (CO2 plus CH4) from the studied lakes was 
estimated to be equal to 1.1 t CO2-eq d− 1 and 0.66 t CO2-eq d− 1 for 
Caldeirão W and E, respectively, under warm conditions (2nd and 3rd 
surveys). During colder conditions (1st and 4th surveys), the GHG 
emissions ranged from 0.24 t CO2-eq d− 1 (Caldeirão E) and 0.59 t CO2-eq 
d− 1 (Caldeirão W), thus about half of values computed for warmer 
conditions.

Mitigating the environmental impacts on Caldeirão E and Caldeirão 
W lakes requires comprehensive management strategies aimed at 
reducing nutrient inputs. Implementing environmental-friendly agri
cultural practices to minimize runoff, restoring riparian buffer zones, 
and controlling point-source pollution are essential steps. By addressing 
the root causes of eutrophication, it is possible to modulate microbial 
activity and, consequently, GHG emissions, thereby preserving the 
ecological integrity of these freshwater systems (Schindler et al., 2016).

5. Conclusions

Carbon dioxide and methane fluxes from Caldeirão lakes range from 
2.5 t km− 2 d− 1 and 6.5 t km− 2 d− 1 and from 31 to 38 kg km− 2 d− 1, 
respectively. Values show a seasonal influence, to which also the shifts 
in the microbial communities between the winter and summer condi
tions are associated.

During winter, anaerobic and sulfate-reducing bacteria, such as 

Desulfobacteraceae and Desulfovibrionaceae, are abundant, reflecting the 
prevailing anoxic conditions in colder conditions, during which anaer
obic organic matter degradation occurs releasing carbon dioxide. In 
contrast, fermentative bacteria, such as Clostridiaceae and Enterobac
teriaceae, are enriched in warmer conditions and are known to thrive in 
environments with high organic matter availability. Microbial fermen
tation may reflect increased organic matter degradation, resulting from 
increased runoff from surrounding pastures, which is consistent with the 
higher chl-a content observed during summer on Caldeirão lakes.

Regarding methane, higher CH4 production during summer, 
although not directly measured along the present study during this 
season, is expected to result from increased methanogenic activity, 
associated to the presence of methanogenic archaea, such as Meth
anobacteriaceae and Methanosarcinaceae. Instead, methane oxidation is 
more relevant in winter, showing higher abundances of methanotrophs, 
such as Methylomonadaceae and Methylococcaceae.

As shown, the high organic matter availability observed mainly 
during summer is reflected in the microbial activity, that influences 
ΦCO2 and ΦCH4 from the lakes surface into the atmosphere. Mitigating 
the environmental impacts on Caldeirão E and Caldeirão W lakes re
quires comprehensive management strategies aimed at reducing 
nutrient inputs. Implementing environmental-friendly agricultural 
practices to minimize runoff, restoring riparian buffer zones, and con
trolling non-point pollution are essential steps. By addressing the root 
causes of eutrophication, it is possible to modulate microbial activity 
and, consequently, GHG emissions, thereby preserving the ecological 
integrity of these freshwater systems (Schindler et al., 2016).

Building on the present study, a broader investigation will be 
developed to overcome some gaps in the present study namely, to in
crease representativeness of ΦCH4 measurements by conducting specific 
surveys along summer, as well as a denser measurement network, that 
do to logistical constrains were no possible previously. Moreover, 
ebullition, although not addressed in the present study, should be fully 
characterized as this mechanism may be a major pathway for CH4 
release in swallow lakes.
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emission from Katanuma volcanic lake, Japan. Earth Planets Space 63, 1151–1156.

Hofmann, H., 2013. Spatiotemporal distribution patterns of dissolved methane in lakes: 
how accurate are the current estimations of the diffusive flux path? Geophys. Res. 
Lett. 40, 2779–2784.

Holgerson, M., Raymond, P., 2016. Large contribution to inland water CO2 and CH4 
emissions from very small ponds. Nat. Geosci. 9, 222–226.

IAEA, 2017. Sampling procedures for isotope hydrology. Water Resources Programe 8.
Isaaks, E.H., Srivastava, R.M., 1989. An Introduction to Applied Geostatistics. Oxford 

University Press, Oxford, p. 561.
Jansen, J., Woolway, R.L., Kraemer, B.M., Albergel, C., Bastviken, D., Weyhenmeyer, G. 
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