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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Brazil’s Pantanal wetlands are key
sources of methane, especially from
soda lakes.

• Eutrophic lakes emit more methane,
driven by cyanobacterial blooms.

• Microbial communities play a crucial
role in soda lake GHG emissions.

• Research and conservation in habitats
like the Pantanal are essential to
manage GHG emissions.
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A B S T R A C T

Although anthropogenic activities are the primary drivers of increased greenhouse gas (GHG) emissions, it is
crucial to acknowledge that wetlands are a significant source of these gases. Brazil’s Pantanal, the largest tropical
inland wetland, includes numerous lacustrine systems with freshwater and soda lakes. This study focuses on soda
lakes to explore potential biogeochemical cycling and the contribution of biogenic GHG emissions from the water
column, particularly methane. Both seasonal variations and the eutrophic status of each examined lake signifi-
cantly influenced GHG emissions. Eutrophic turbid lakes (ET) showed remarkable methane emissions, likely due
to cyanobacterial blooms. The decomposition of cyanobacterial cells, along with the influx of organic carbon
through photosynthesis, accelerated the degradation of high organic matter content in the water column by the
heterotrophic community. This process released byproducts that were subsequently metabolized in the sediment
leading to methane production, more pronounced during periods of increased drought. In contrast, oligotrophic
turbid lakes (OT) avoided methane emissions due to high sulfate levels in the water, though they did emit CO2
and N2O. Clear vegetated oligotrophic turbid lakes (CVO) also emitted methane, possibly from organic matter
input during plant detritus decomposition, albeit at lower levels than ET. Over the years, a concerning trend has
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emerged in the Nhecolândia subregion of Brazil’s Pantanal, where the prevalence of lakes with cyanobacterial
blooms is increasing. This indicates the potential for these areas to become significant GHG emitters in the future.
The study highlights the critical role of microbial communities in regulating GHG emissions in soda lakes,
emphasizing their broader implications for global GHG inventories. Thus, it advocates for sustained research
efforts and conservation initiatives in this environmentally critical habitat.

1. Introduction

Greenhouse gas (GHG) concentrations in the atmosphere, including
methane (CH4), carbon dioxide (CO2), and nitrous oxide (N2O), have
risen over the past 150 years due to human activities (Dijkstra et al.,
2013). These anthropogenic emissions have triggered climate change,
resulting in increasing temperatures, changes in precipitation patterns,
and a high frequency of extreme weather events (Voigt et al., 2017).
Simultaneously, these human-induced climate changes persist as one of
the most urgent sustainability challenges confronting humanity today,
threatening the health and functionality of ecosystems (Tian et al.,
2015).

Additionally, there are concerns that climate change is threatening
the ecosystem functioning of the Pantanal biome (Coelho-Junior et al.,
2022). For example, deforestation in the Amazon rainforest alters pre-
cipitation patterns and directly impacts the hydrological dynamics of the
entire Pantanal (Marengo et al., 2021). Climate change could trigger a
chain effect on biogeochemical processes in the soda lakes in Pantanal,
culminating in not yet well-known modifications in the regulation of
GHG fluxes by the microorganisms. Therefore, investigating the effects
of drying and rewetting dynamics of these lakes, as well as unveiling
possible climate change impacts on these microbial communities in the
vast area of the Pantanal, provide indispensable information to predict
GHG trajectories under future global warming scenarios.

Although natural wetlands represent only about 5–8 % of the
terrestrial landscape, they store approximately 20 %–30 % of the soil
carbon on Earth (Mitsch et al., 2013) playing an important role in
regulating the atmospheric CO2 concentration and thus affecting the
climate (Lu et al., 2017). Notably, the majority of this carbon retention is
observed in tropical and subtropical regions (Mitsch et al., 2013).
Wetlands play a significant role in global GHG emissions, acting both as
sources and sinks. They emit large amounts of CH4 and N2O, but
sequester CO2, thus having a complex impact on the global carbon cycle
(Li et al., 2022b; Mitsch et al., 2013; Rosentreter et al., 2021).

The Pantanal biome, the world’s largest tropical wetland (153,000
km2), is a region of immense ecological value, serving as a sanctuary for
numerous wildlife species in South America (Guerreiro et al., 2019; Pott
et al., 2011). Its biodiversity comprises >2000 species of plants, 580
birds, and at least 174 species of mammals (Nunes, 2011; Pott et al.,
2011). The diverse avifauna population in Pantanal includes many en-
dangered and migratory species, due to the abundant plankton biomass
(Nunes, 2011). In the expansive Pantanal, the Nhecolândia subregion
harbors around 900 soda lakes distinguished by their elevated pH levels
(reaching up to 11), high salinity, shallow depths, and, in certain in-
stances, the occurrence of cyanobacterial blooms (Andreote et al., 2018;
Barbiero et al., 2018; Pellegrinetti et al., 2023). These soda lakes can be
broadly categorized into three primary types, with each type being
shaped by factors such as pH, salinity, and microbial composition
(Pellegrinetti et al., 2023). There is a gradient of salinity, pH, and
eutrophic conditions found in lakes classified as Eutrophic Turbid (ET),
Oligotrophic Turbid (OT), and Clear Vegetated Oligotrophic (CVO).
Nevertheless, this region confronts substantial environmental trans-
formations owing to the dual impacts of global warming and anthro-
pogenic activities. These activities include advances in agriculture,
recurrent and intense episodes of fires, as well as extreme flooding and
droughts, culminating in the complete desiccation of some lakes
(Marques et al., 2021; Pellegrinetti et al., 2023; Tomas et al., 2021).

Despite their ecological significance, there is a lack of research on

greenhouse gas (GHG) emissions in these habitats. This is a substantial
knowledge gap, as these lakes have the capacity to release large amounts
of methane and carbon dioxide, resulting in potential areas of intensive
emissions. A recent study conducted in soda lakes within the Pantanal
region has revealed significant methane emissions, reaching up to 500
mmol m− 2 d− 1 (Barbiero et al., 2018). These findings have also indicated
that OT lakes are likely sources of both CO2 and CH4, while ET lakes act
as sinks for CO2 and N2O but as sources of CH4. Although preliminary
GHG emissions in a few Pantanal soda lakes have been provided
(Barbiero et al., 2018), the knowledge of the mechanisms that regulate
these emissions is still lacking, particularly regarding the roles of
microbiota.

Microorganisms play a pivotal role in sustaining aquatic food webs.
However, the biogeochemical cycles under high pH and near-saturation
salinity environments are not yet fully comprehended. These unique
conditions foster a diverse range of microorganisms, particularly bac-
teria and archaea, including some representatives of Alphaproteobac-
teria, Gammaproteobacteria, Cyanobacteriota, and sulfur-reducing
bacteria (Sorokin et al., 2014; Zorz et al., 2019). Previous research has
highlighted key biogeochemical processes in soda lakes, including ni-
trogen fixation, denitrification, photosynthesis, and organic matter
decomposition (Antony et al., 2012; Sorokin et al., 2015; Zorz et al.,
2019). Notably, the sulfur cycle is found to be particularly prevalent and
active in these lakes (Vavourakis et al., 2019). However, saline-alkaline
conditions can disrupt certain pathways, such as nitrification and
organic matter decomposition, while simultaneously impacting micro-
bial diversity. These changes in microbial composition and diversity also
influence other processes like sulfate reduction and phosphorus avail-
ability, thus shaping the nutrient cycles and GHG emissions (Sorokin
et al., 2015; Vavourakis et al., 2019).

Considering the information regarding biogeochemical processes in
soda lakes and the role of microbial communities in these environments,
we hypothesize that the planktonic microbial communities inhabiting
the water columns of different tropical soda lake types would affect GHG
emissions differently. This differentiation could arise from variations in
microbial composition, metabolic pathways, and chemical compound
balances. To test this hypothesis, we: i) quantified the GHG fluxes and
water storage under two contrasting hydrological conditions; ii) iden-
tified the relative abundance of functional genes and the taxa associated
with these genes across different lakes and environmental conditions;
iii) associated the predicted compounds flux and carbohydrates enzymes
influencing chemical interactivity; iv) assessing the potential future
changes in GHG emission through the biogeochemical characteristics of
the soda lakes using remote sensing tools. Together, our results could
help to improve our ability to predict and understand the ecological
implications of planktonic microbial communities and their role in GHG
flux, with far-reaching implications for environmental management and
conservation.

2. Material and methods

2.1. The description of sampling sites

Three soda lakes located in the São Roque Reserve (19◦ 23′28.61″S,
56◦ 19′53.37″W) in the Nhecolândia sub-region of Mato Grosso do Sul
State, Brazil, were investigated. The geographic locations of the lakes
are described by the following coordinates: 19◦22′53.0″S, 56◦19′33.3″W
for ET lake, 19◦23′24.1″S, 56◦19′20.0″W for OT lake, and 19◦23′54.4″S,
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56◦19′50.4″W for CVO lake. A detailed table with the geographic loca-
tion of each sampling sites is described in Suppl. Table 1. The remote site
has limited access via small dirt easement roads, which requires an
approximately 8-hour journey in a four-wheel drive big truck. Nhe-
colândia is significantly influenced by annual weather patterns, with
prolonged rainy seasons and subsequent months of flooding, often hin-
dering terrestrial access. Therefore, sampling was strategically sched-
uled during months when weather conditions were conducive to
vehicular access. One representative lake from each soda lake group was
selected based on the previous classification described by Pellegrinetti
et al. (2023). ET lakes have high pH (>9.5) and salinity, with frequent
cyanobacterial blooms, particularly species such as Arthrospira platensis
or Anabaenopsis elenkinii. OT lakes feature moderate pH (8.5–9.5) and
salinity, and their water appears black due to the presence of mineral-
associated organic matter. The third type, CVO lakes, is characterized
by lower salinity and pH (8–8.5), very low particulate matter in the
water, and a notable presence of aquatic macrophytes. Sampling expe-
ditions were conducted in three distinct years (Oct 2017, Sep 2018, and
Sep 2019) to cover the different hydrological conditions in Pantanal:
extremely dry (2017), wet (2018), and dry (2019).

In the extremely dry season (Oct-2017), the water depth in the
deepest points of the lakes ranged from 20 to 56 cm, depending on the
specific lake assessed. In the wet season (Sep-2018), the water column
was higher, ranging from 86 to 130 cm. Lastly, in the dry season (Sep-
2019), we sampled an intermediary hydrogeochemical condition, with
water levels ranging from 60 to 67 cm deep. Further details about the
physical and chemical characteristics of each sampled lake are provided
in the Suppl. Table 2. In all these field expeditions, we collected surface
water samples (between 0 and 10 cm deep) in triplicate, with each
sample being separated by at least 100 m.

2.2. Water surface area, chlorophyll index, and proportions of lake types
in the Nhecolândia region

We analyzed satellite imagery to assess the temporal series of water
area and chlorophyll among studied sites. These patterns were investi-
gated using indices such as the Normalized Difference Water Index
(NDWI) and Normalized Difference Chlorophyll Index (NDCI) over the
last 20 years using the Google Earth Engine platform and Landsat Im-
agery. The NDWI was computed according to the formula: (Green - NIR)
/ (Green + NIR), where Green and NIR denote reflectance in the green
and near-infrared bands, respectively. On the other hand, the NDCI was
calculated as follows: (Red Edge - NIR) / (Red Edge + NIR), where Red
Edge and NIR represent reflectance in the red edge and near-infrared
bands, respectively. These indices were applied specifically to the
water area of soda lakes, which was previously delimited (Pereira et al.,
2020), which provided a shapefile delineating the boundaries of all lakes
within the region, each accompanied by specific pH details.

Additionally, we expanded our remote sensing examination on the
distribution and proportions of the distinct types of lakes (ET, OT, and
CVO) present in the entire Nhecolândia region. This innovative analysis
could be instrumental for future GHG emissions estimations in the
Pantanal region. The lakes were first classified into two primary cate-
gories: freshwater lakes with pH levels below 8 and soda lakes with pH
levels above 8. A secondary re-classification further differentiated the
soda lakes according to pH and patterns provided in Pellegrinetti et al.
(2023): ET lakes with pH above 9.5, OT lakes with pH between 8.5 and
9.4, and CVO lakes with pH between 8 and 8.5.

2.3. GHG emissions and measurements

Dissolved and emitted GHG data were collected for the years 2018
and 2019. Unfortunately, data collection for the year 2017 was hindered
by the extreme drought event, resulting in significantly reduced water
depths, which were only found in very small areas at the center of the
lakes. Chambers were obstructed from floating over the almost empty

lakes. For measuring GHG fluxes, we adapted the floating chambers
methodology described by Barbiero et al., 2018. Briefly, in 2018 and
2019, the gas fluxes at the air-water interface were sampled using five
polyethylene floating chambers (volume: 32 L; base area: 0.195 m2)
spaced along the lake aiming to cover its spatial variability (Suppl.
Fig. 1). During incubation, the chambers were slowly traversed from one
lake shore to another, anchored with a lightweight line to not disturb the
sediment. Chambers were carefully placed with a maximum penetration
of 2 cm into the water and were pulled by hand from the opposite bank
at a maximum rate of 5 m min − 1. Collections were conducted at similar
moments of the day across the lakes, starting the floating at 8, 11, 14,
and 17 o’clock. The gas was sampled into vials at two times: T0, at the
departure of the chambers set (ambient atmospheric air), and T30, the
accumulation of 30 min of incubation, after the passage of chambers
along the entire transect. Duplicate gas samples were collected for each
chamber using two 60 mL syringes equipped with check valves, and
sequentially transferred into 30 mL vials with gas-tight caps previously
evacuated at 0.75 kPa with a vacuum pump. Importantly, after each
sampling at T30 (i.e., 8:30, 11:30, 14:30, and 17:30 h), the chambers
were removed from the water for ventilation and cleaning in preparation
for the next crossing.

The concentration of gas in the liquid phase was estimated indirectly
using the headspace displacement technique (Hamilton et al., 1995).
This process entailed filling 140mL polypropylene syringes with 105mL
of water, leaving 35 mL of atmospheric air. Immediately, the syringes
were manually agitated for 1 min, and the headspace air was injected
into 20 mL vials, which were previously evacuated and sealed. We also
collected a local atmospheric sample free of water at each lake point.
This enabled the quantification of CH4, CO2, and N2O already present in
the air of the syringe headspace, to be later subtracted in the dissolved
calculation procedure. Both dissolved and emitted GHG concentrations
were measured using Gas Chromatography (SRIGC-110®, Torrance,
USA) with a packaged HAYESP™ column (80–100 mesh) maintained at
82 ◦C. The N2O concentration was quantified using an electron capture
detector (ECD), while CO2 and CH4 concentrations were obtained by
flame ionization detector (FID).

Specifically for emitted gas, the GHG fluxes were calculated by linear
variation in the amount of each gas in the chambers (obtained by the
Clapeyron equation) as a function of the incubation time (30 min). Af-
terward, the dissolved gas concentrations in the water were estimated
from the corrected concentrations using the Ideal Gas Law.

2.4. Metagenomic DNA extraction and sequencing

The total environmental DNA of water samples was extracted using
the PowerLyzer PowerSoil DNA isolation kit (Qiagen, Hilden, Germany)
from lyophilized water (50 mL, 0.5 g). The integrity of the extracted
DNA was assessed by agarose gel electrophoresis (1 % w/v), and the
concentration was quantified with a Qubit 2.0 fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA). To prepare the DNA libraries, the
Illumina Nextera XT DNA Library Preparation kit (Illumina, Inc., San
Diego, CA, USA) was used following the manufacturer’s recommenda-
tions. Paired-end reads of 2 × 100 bp (200 cycles) were generated by
sequencing 27 DNA samples (3 lakes × 3 samples × 3 sampling periods)
on an Illumina HiSeq 2500 platform. The obtained sequences were
deposited on the MG-RAST server and are publicly available under
projects “mgp86324”, “mgp88859” and “mgp92377” for respectively
years (2017, 2018, and 2019). Additionally, these metagenome se-
quences are archived in the NCBI BioProject database under the iden-
tifier PRJNA1111019 and in Zenodo under the link https://doi.org/10.5
281/zenodo.12609061.

2.5. Bioinformatic analyses

The raw sequences underwent adapter trimming using CutAdapt
v1.18 (Martin, 2011) and quality assessment with FastQC v0.10.1. PEAR
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software v0.9.6 (Zhang et al., 2013) was used to merge the paired-end
reads, and Seqyclean v1.3.12 (Zhbannikov et al., 2017) was employed
to filter out sequences with Phred scores lower than 20 and shorter than
50 bp. To determine the relative abundance and occurrence of metabolic
and biogeochemical functional pathways of carbon, nitrogen, sulfur,
and phosphorus, the DiTing pipeline v0.9 (Xue et al., 2021) was used.
Briefly, Diting pipeline assembled reads using Megahit v1.1.3 (Li et al.,
2016) and predicted open reading frames (ORFs) from all contigs using
Prodigal v2.6.3 (Hyatt et al., 2010). ORFs were annotated using the
KEGG orthology database through Hmmsearch from HMMER3 (http://h
mmer.org/). The genes associated with each biogeochemical function
and their respective KEGG orthology number are specified in the Diting
github repository (https://github.com/xuechunxu/DiTing/blob/maste
r/table/KO_affilated_to_biogeochemical_cycle.xlsx). The taxonomic
annotation of each interesting biogeochemical KO was performed at the
class level using the MetAnnotate pipeline 0.9.2 (Petrenko et al., 2015),
which utilized the ORFs generated by DiTing pipeline and the ‘HMM’
profile obtained for each KO using KofamKOLA database. The relative
abundance of taxonomic annotation for each KO was then obtained by
ORF mapping against metagenomic sequence, which was provided by
DiTing Pipeline as “Transcript per Million – TPM”.

The functional taxonomic profiling of each biogeochemical pathway
was processed using R base language. Contigs were processed and
analyzed using the dbCAN3 tool to identify carbohydrate-active en-
zymes (CAZymes) and ascertain their role in carbohydrate metabolism
(Zheng et al., 2023; Cantarel et al., 2009). The relative abundance of
each CAZymes detected were measured by TPM from DiTing pipeline
results. The flux balance analysis were calculated using fbatools v2.1.1
available in Kbase (Arkin et al., 2018), which is performed with RASTtk
v.1.0.73 annotation (Brettin et al., 2015) and ModelSEED to metabolic
pathway inference (Seaver et al., 2021).

2.6. Statistical and data analysis

Statistical analyses were conducted in R language to analyze the
functional and taxonomic data. Variance analysis (ANOVA) and post-
hoc Tukey tests were used to determine statistical differences across
lakes and seasons using ExpDes.pt package (Ferreira et al., 2018). A non-
metric multidimensional scaling (NMDS) based on the biogeochemical
functional genes was performed to assess the similarity between samples
using Vegan Package (Oksanen et al., 2013). Additionally, the Vegan
package was used to calculate the alpha-diversity based on annotated
functional genes between samples using the Shannon index. A random
forest model was applied to determine the environmental predictors that
better explain the biogeochemical functional composition. The ran-
domForest package (RColorBrewer and Liaw, 2018) was used to
construct a model with NMDS1 and NMDS2 from the NMDS distance
matrix of each lake against the environmental variables table. We
selected the optimal Mean Decrease Accuracy value (%incMSE = 5.5 %)
by filtering the %incMSE variable importance while analyzing the final
model’s R2 until the highest value was reached. The statistical analysis
for CAZymes and FBA data were previously evaluated with Shapiro-Wilk
normality test and Bartlett’s homogeneity test. ANOVA of aligned rank-
transformed data was used to investigate the effect of treatments on the
variables (Wobbrock et al., 2011), followed by pairwise comparisons
using Tukey’s adjustment. Ecological thresholds in taxonomic and
functional annotations varying in pH gradient were calculated using the
“Threshold Indicator Taxa Analysis (TITAN2)” for potential community-
level changes. This analysis was conducted in the “TITAN2” R package
(Baker et al., 2015).

3. Results

3.1. A general description of Pantanal’s soda lakes features

A significant difference (p = 0.001) between the functional gene

profile was observed among the lake types (Suppl. Fig. 2A), and the
effects of seasonal variations on sample clustering within each lake type
were clearly discernible (p = 0.001) (Suppl. Fig. 2B). Five variables best
explained the distribution of functional genes in lakes sampled: pH,
NH4

+, alkalinity, dissolved organic carbon (DOC), and water temperature
(r2 = 0.95), with pH being the most important factor (p = 0.001) (Suppl.
Fig. 2C). The oligotrophic turbid lakes (OT) and clear vegetated oligo-
trophic (CVO) lakes experienced more pronounced effects on function
diversity among seasons compared to eutrophic turbid (ET) lake (p <
0.001) (Suppl. Fig. 2D). The pH reflected in considerable differences
between lakes, which values were higher in ET lakes (9.95 to 10.28)
than OT (9.01 to 9.72) and CVO (8.55 to 9.05) (Suppl. Table 2). The NH4

+

and DOC also had higher concentrations in ET lake than in the OT and
CVO lakes. Moreover, some bacterial parameters associated with envi-
ronmental productivity, such as DOC, and Chl-a, were positive corre-
lated with NH4

+. The NH4
+ concentration ranged between 0.77 and 5.92

mg L− 1 for ET lake, 0.03 and 0.49 mg L− 1 for OT lake, and 0.02 and 0.47
mg L− 1 for CVO lake.

Based on satellite imagery analysis and lake classification, it was
detected a total of 12,158 lakes (Fig. 1A), out of which 896 (7.36 % of
the total) are soda lakes with a pH>8 (Fig. 1B). Among these soda lakes,
246 (27.45% of all soda lakes) exhibit a pH higher than 10, an indicative
of cyanobacterial blooms (Fig. 1C). Furthermore, our analysis revealed
an increase in lake chlorophyll-a content and a significant reduction in
water area between the years 2000 and 2022 (Fig. 1D; E). This trend was
confirmed by the NDCI with an R2 value of 0.07 (p < 2e− 16) and the
NDWI with an R2 value of 0.17 (p < 2e− 16), both of which showed
significant changes over this period. The index anomalies in time
(Fig. 1D; E) suggest the occurrence of frequent extreme events in Pan-
tanal soda lakes, including intense droughts resulting in severe water
area reduction, intense rainfall leading to over-increased water areas,
and episodes of uncommon dense chlorophyll content (probably asso-
ciated to cyanobacterial blooms).

During the wet season (2018), CH4 was lower in comparison to the
dry season (2019), with the ET and CVO lakes showing the highest
emission. CH4 emissions ranged from 8.63 to 96.28 mmol m− 2 day− 1 for
ET and 25.79 to 53.23 mmol m− 2 day− 1 for CVO (Fig. 2; Suppl. Table 3).
In comparison, OT lake had the lowest CH4 emission, which ranged
between 0.08 and 0.39 mmol m− 2 day− 1. The patterns of CO2 emissions
showed a different trend, being higher in CVO and OT lakes. Fluctua-
tions of this gas varied between 44.12 and 139.54 mmol m− 2 day− 1 for
OT and 81.96 to 119.82 mmol m− 2 day− 1 for CVO. Intriguingly, the ET
lake displayed a reduced or negative CO2 flux, which varied among
seasons. In the dry season, ET lake indicated a CO2 fixation pattern
(− 33.11 mmol m− 2 day− 1), while in the wet season a low CO2 emission
was observed (19.32 mmol m− 2 day− 1). In terms of N2O, considerably
low values were found, varying between − 12.76 and 11.17 μmol m− 2

day− 1. Moreover, no trend was observed among lakes and seasons. It
was interesting to note that some samples showed a N2O consumption,
for example, the OT and CVO in the dry season, and ET and CVO in the
wet season. Overall, when evaluating the total carbon emission by the
average equivalent CO2 fluxes (considering the Global Warming Po-
tential - GWP), we found that the major emissions occurred in ET lake,
and the emissions also were higher in general during the dry season. The
average CO2 equivalent emissions for the wet and dry season varied
from 283.69 to 2377.48 mmol m− 2 day− 1 for ET, 105.92 to 74.58 mmol
m− 2 day− 1 for OT, and 878.68 to 1486.42 mmol m− 2 day− 1 for CVO
lake.

3.2. The detected microbial genes associated with biogeochemical
functions

Genes associated with the cycling of essential nutrients, including
carbon, nitrogen, sulfur, and phosphorus, were detected in all evaluated
soda lakes (Fig. 3A). The central pathways associated with carbon and
nitrogen metabolism were present in all samples, with TCA
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(tricarboxylic acid cycle) and Glycolysis being prevalent in oligotrophic
lakes (OT and CVO), and photosynthesis and CO2 fixation being
enriched in ET lake, probably associated with the bloom of cyanobac-
teria. Methanogenesis and methanotrophy genes showed low relative
frequency in the evaluated soda lakes, but they were more representa-
tive in OT and CVO lakes. Moreover, the mcrABG genes were not found
in any sample of our evaluated period. The nitrification process, espe-
cially the ammonia oxidation step, appeared underrepresented in almost
all lakes. The CVO lake exhibited a lower relative abundance of nitrogen
cycling genes than the other lakes; however, the predominant functions
were similar with the other lakes, including dissimilatory and assimi-
latory pathways of conversion of nitrite/nitrate to ammonia and deni-
trification. It is worth noting that nitrogen fixation seems to be prevalent
in the ET lake.

Seasonality had varying impacts on the relative abundance of genes
linked to the nitrogen cycle, with ET and CVO lakes exhibiting fluctu-
ations across seasons, while the OT lake remained relatively constant. In
ET lake, nitrogen fixation genes were enriched in the extremely dry
season (2017), while genes associated with dissimilatory and assimila-
tory pathways of nitrite/nitrate to ammonia and denitrification,
particularly the conversion of nitrite to nitric oxide, were prevalent in
the wet (2018) and the intermediary (2019) season. The CVO lake
experienced an enrichment of genes related to converting ammonia to
hydroxylamine, which is the initial step of nitrification, during the wet
season (2018).

As observed for nitrogen and carbon cycles, the central pathways
associated with sulfur and phosphorus transformations were detected in
all soda lakes. Sulfide oxidation, reduction of sulfate to sulfite, and
assimilatory and dissimilatory pathways of conversion of sulfate

transformations and thiosulfate oxidation were the most prevalent
pathways associated with sulfur metabolism. The oxidative pathways of
H2S and S2O− 2

3 were concentrated in the CVO lake. Seasonality also
impacted sulfur renewing, with the enrichment of assimilatory and
dissimilatory sulfate reactions in the wet season (2018). Considering the
dimethylsulfoniopropionate (DMSP) metabolism, the DMSP demethy-
lation, which consists of the conversion of DMSP to methyl-
mercaptopropionate and methanethiol, was overrepresented in lakes
OT and CVO.

Regarding phosphorus metabolism, the CVO and OT lakes primarily
exhibited mechanisms linked to phosphorus uptake, notably trans-
porters, and the solubilization of inorganic forms of phosphorus.
Conversely, the ET lake was enriched with genes associated with the
metabolism of organic phosphorus sources, including genes associated
with alkaline phosphatases, which were pronounced during the dry
season. The presence of phosphorus regulation genes increased during
the wet seasons in all lakes. The transport of phosphorus was more
elevated in the OT and CVO lakes, with higher abundances observed
during the dry season for OT and the wet season for CVO. In the ET lake,
phosphorus transport was more pronounced during the wet period.

3.3. The microbial community taxonomy associated with biogeochemical
cycling genes

In the unique environment of tropical soda lakes, a wide array of
microorganisms plays a critical role in biogeochemical cycling, crucial
for maintaining ecological balance. The Cyanobacteriota and Pseudo-
monadota phyla play a crucial role in photosynthesis, utilizing both
oxygenic and anoxygenic pathways respectively (Fig. 3B). Genes

Fig. 1. A map portraying the delineations of all lakes within the Nhecolândia region (A), a map highlighting the specific locations of soda lakes (B), a map illustrating
soda lakes experiencing cyanobacterial blooms (C), a temporal series of the Normalized Difference Chlorophyll Index (NDCI) between 2000 and 2022 in the soda lake
region (D), and a temporal series of the Normalized Difference Water Index (NDWI) for the same period and region (E).
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associated with the carbon cycle including the Calvin-Benson-Bassham
(CBB) and the 3-Hidroxypropionate (THB) were found in some Cyano-
bacteriota members, but also to members of Cytophagia, Flavobacteriia,
Acidimicrobiia, Actinomycetia, and Nitriliruptoria, showcasing a
diverse array of organisms partaking in this process. Additionally,
fermentation pathways have been linked to microorganisms from
Pseudomonadota, Bacteroidota, and Actinomycetota, highlighting their
role in organic matter decomposition and energy release.

The nitrogen cycle emerges as a dynamic and vital process in soda
lakes, with a prominent contribution from Pseudomonadota, particu-
larly the Betaproteobacteria class. Acidimicrobiia, Actinomycetia, and
Nitriliruptoria also play significant roles in this cycle, particularly in the
reduction of nitrate to nitrite, both in dissimilatory and assimilatory
pathways. Bacteroidota and Cyanobacteriota, while less prominent, are
still integral to this cycle. Nitrogen fixation, a crucial ecological process,
is seen across various phyla including Pseudomonadota, Cyanobacter-
iota, Bacillota, and Actinomycetota. Notably, Nostocales, Synecho-
coccales, Actinomycetia, and Betaproteobacteria stand out for their
substantial contributions to this process.

Sulfur cycling, another pivotal ecological function, is influenced by a
wide range of taxa, with Pseudomonadota (especially Betaproteobac-
teria) and Actinomycetia displaying a versatile array of genes related to
this process. This indicates a broad capacity for both sulfur oxidation
and reduction, essential for sulfur balance in these environments.
Phosphorus solubilization, particularly of inorganic forms, is notably
conducted by Pseudomonadota, with Betaproteobacteria being partic-
ularly active, along with Oscillatoriales and Synechococcales, Cyto-
phagia, Acidimicrobiia, Actinomycetia, and Nitriliruptoria. Organic
phosphorus mineralization, crucial for recycling this nutrient, involves
classes such as Alphaproteobacteria, Planctomycetia, Nostocales, Cyto-
phagia, and Saprospiria.

3.4. The functional potential and taxonomic profile of the bacterial
community along the pH gradient

pH, NH4
+, alkalinity, DOC, and water temperature were detected as

prominent factors in modulating the distribution and occurrence of
microbial functionality associated with biogeochemical cycling in Pan-
tanal’s soda lakes. The highest contribution was made by pH (Suppl.
Fig. 2C), justifying the selection of this variable deep inside the micro-
bial potential functionality and taxonomy dynamic. Although all eval-
uated lakes had high pH values (controlled by carbonate and
bicarbonate concentrations), this variable differed for them, as
explained previously (Supp. Table 1).

As the pH increases, genes related to GHG emissions such as
“Fermentation to formate → CO2 + H2” and “Methanogenesis - CO2 →
CH4” decreased its relative abundance. In contrast, genes such as
“Photosystem I and II”, “Nitrogen Fixation”, “Dissimilatory Nitrate
Reduction”, “Assimilatory Nitrate Reduction”, “Denitrification”,
“Organic Phosphorus Mineralization”, “Phosphorus Solubilization”,
“Sulfhydrogenase”, “Alternative Thiosulfate Oxidation”, “Thiosulfate
Disproportionation” and “Sulfur Dioxygenase” showed increase their
relative abundance under the same conditions (Suppl. Fig. 3). Interest-
ingly, the conversion of nitric oxide to nitrous oxide (norBC) exhibits
optimal occurrence at pH 9, while the conversion of nitrous oxide to
dinitrogen exhibits optimal occurrence at pH 9.4.

3.5. Predicted metabolites and enzymes in the water column

Analyzing the predicted carbohydrate-active enzymes (CAZymes)
and flux balance analysis (FBA) dataset we could observe a robust sta-
tistical difference in both lake types and during seasons (Figs. 4A–B,
5A–B). The ordination pattern of these two groups of dataset suggests
that these lakes have a distinct metabolic profile in water column, which
can impact or reflect differences in the microbial community.

In the ET lake during both the extremely dry and wet seasons, a
significantly elevated PL (Polysaccharide Lyases) value was discerned
when compared to other CAZymes categories (Fig. 4C). Interestingly,
the dry season in the ET lake revealed an equitability among CAZymes
categories, suggesting a steady-state microbial activity under such
conditions. The OT lake during the extremely dry season displayed
elevated AA (auxiliary activities) and GT (glycosyltransferases) values.

Fig. 2. Concentration of greenhouse gases (CH4, CO2, and N2O) in the water column (as dissolved gas) and at the air-water interface (as emitted gas) in the three
studied lakes (ET, OT, and CVO) (A). The box plot includes all data points representing gas concentration over the evaluation period for each lake type.
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However, the wet season in the OT lake witnessed a decline across all
CAZymes categories. Notably, the dry season in OT lake was charac-
terized by increased PL values, again pointing to an environmental
adaptation requiring specific polysaccharide modifications. The CVO
lake during the extremely dry season stands out with pronounced values

across all CAZymes, particularly CBM (carbohydrate-binding modules).
The CVO lake showed a stabilized CAZymes profile during the wet
season, indicating a microbial community resilient to water column
changes. Furthermore, the surge in AA and CE (carbohydrate esterases)
values during the dry conditions of the CVO lake alludes to an

Fig. 3. Integrated Heatmaps of Gene Abundances in Biogeochemical Cycles of Soda Lakes. A) The heatmap delineates the relative abundances of genes involved in
the cycling of carbon, nitrogen, sulfur, DMSP, and phosphorus by year and lake type, with color intensity from dark blue to dark red signifying a range from low to
high abundance normalized by transcript per million (TPM). Average gene abundances are indicated by circle size, with asterisks denoting statistical significance. B)
Taxon-specific gene abundances for the same biogeochemical cycles are shown, with color intensity on a log scale from white to dark blue representing relative
abundance. The side bars classify genes by carbon, nitrogen, sulfur, and phosphorus functions and taxonomic class and phylum, providing a clear visualization of
distribution patterns across different microbial classes and phyla.
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environment where de-acetylation processes and other ester bond
cleavages are paramount, possibly in response to a more diverse car-
bohydrate substrate availability.

In analyzing predicted metabolites in water using flux balance
analysis, distinct patterns of compound excretion and absorption were
observed among the three different lake types, (Fig. 4D). Compounds
excreted by the whole community were indicated by negative exchange
values, whereas absorbed compounds were marked by positive ex-
change values. Regarding absorption, a consistent salinity gradient
pattern was noted across the lakes, following the order ET → OT → CVO.
Lakes with higher salinity levels exhibited increased absorption of
various compounds. Specifically, ET lake showed a notable absorption of
a diverse array of compounds throughout different seasons, including
multiple amino acids and sugars such as xylose, xanthine, trehalose,
galactose, urea, L-aspartate, L-glutamate, L-leucine, and L-lactate. In
contrast, OT lake absorbed a narrower range of compounds compared to
ET, with a noticeable decrease in absorption during the dry season. This
lake absorbed compounds like xanthine, trehalose, L-glutamate, L-
aspartate, and L-malate. Additionally, compounds such as sucrose, sor-
bitol, and L-serine were uniquely absorbed in OT lake, unlike in ET. CVO
lake, while demonstrating a more limited absorption spectrum and
lower absorption rates of xanthine, trehalose, and L-glutamate
compared to ET and OT, showed a higher uptake of D-galactonate, su-
crose, sorbitol, D-mannitol, and L-serine.

In terms of excreted compounds, certain trends were apparent. ET
lake exhibited increased excretion of formate and N-Acetyl D-glucos-
amine. Other compounds, including D-Alanine, L-Lactate (notably in ET

and W), and hypoxanthine, were also excreted, albeit at lower levels
compared to OT and CVO. OT lake demonstrated significant excretion of
these compounds in both ED and D conditions, while CVO lake showed a
pronounced excretion of D-alanine, L-lactate, and xylose.

4. Discussion

Although soda lakes in the Pantanal are less prevalent compared to
freshwater lakes, they exhibit significant diversity in their limnological
parameters and microbial communities. At least three distinct types of
soda lakes have been identified in Pantanal according to their water
chemistry and microbial composition: Eutrophic Turbid (ET), Oligo-
trophic Turbid (OT) and Clear Vegetated Oligotrophic (CVO) lakes
(Pellegrinetti et al., 2023). Previous studies have also highlighted dis-
tinctions in microbial structure and water chemistry composition among
geographically close soda lakes (Lanzén et al., 2013; Simachew et al.,
2016; Szabó et al., 2020; Zorz et al., 2019). The biogeochemical mi-
crobial gene profiles similarly adhere to this observed pattern. Nearest
soda lakes, characterized by variable chemical and physical attributes,
also manifest distinct functional profiles (Zorz et al., 2019). Specifically,
in the case of Pantanal soda lakes, the preeminent biogeochemical
functions associated with the microbial community were similar to those
observed in other soda lakes worldwide. Processes such as photosyn-
thesis, central carbon metabolism, and sulfur pathways exhibited po-
tential prevalence, as indicated in previous studies (Sorokin et al., 2015;
Zorz et al., 2019). Inversely, functions such as nitrification and nitrogen
loss through denitrification appeared to be less widespread in

Fig. 4. Comparative insights into flux balance analysis (FBA) patterns and carbohydrate-active enzyme (CAZyme) profiles across distinct soda lake water columns.
(A) Principal Coordinate Analysis (PCoA) visualization of the CAZymes dataset; (B) PCoA representation of the FBA dataset; (C) Boxplot illustrating the relative
abundance of CAZymes across different lakes and seasons; (D) Heatmap showcasing the exchange fluxes for each compound in the respective lakes.
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comparison, as noted in the works of Sorokin et al. (2014) and Zorz et al.
(2019).

Due to its eutrophicated status, the ET lake was enriched in functions
associated with this characteristic, such as carbon and nitrogen fixation,
nitrate reduction, organic phosphorus mineralization, and sulfur
oxidation, while OT lake was enriched in functions linked to mineral and
ions metabolization such as DMSP demethylation and phosphorus up-
take (transporters). However, fluctuations in the relative abundance of
functional genes are primarily attributable to seasonality. As environ-
mental conditions shift, so do the microbial composition and functions
capabilities within these ecosystems. As evidenced by the random forest
analysis, parameters such as osmotic stress (salinity and alkalinity) and
dissolved nutrients (NH4

+ and DOC), beyond pH, emerged as robust
predictors of biogeochemical profiles. Osmotic stress has been previ-
ously identified as a potent environmental factor influencing microbial
behavior in soda lakes. The heterotrophic bacteria inhabiting the ET and
OT lakes employ adaptive strategies linked to stress resistance, partic-
ularly during periods of extreme drought (Cotta et al., 2022). The
nutritional status additionally undergoes seasonal variations due to the
pronounced effect of intense evapotranspiration (Pellegrinetti et al.,
2023). In the ET lake, an augmentation of biological nitrogen fixation is
discernible during periods of extreme drought. Conversely, functions
linked to denitrification, as well as nitrate/nitrite assimilative and dis-
similative pathways, exhibit enrichment during both dry and rainy

periods. Moreover, alterations in phosphorus metabolism are evident,
with the prevalence of phosphorus transport mechanisms in the OT and
CVO lakes during drought and rainfall, respectively. In response to these
variables, the microbial communities inhabiting soda lakes reorganize
their metabolic pathways to adapt their lifestyles and ensure survival in
this highly dynamic environment. Moreover, it is noteworthy to
emphasize that the behavior and lifestyles of microbial communities
have repercussions on various environmental factors, including the gas
dynamics in the atmosphere (Banda et al., 2020; Ersoy Omeroglu et al.,
2021; Li et al., 2022a).

Greenhouse gas (GHG) fluxes exhibited notable variation across
different lake types and seasons, influenced in part by taxonomy and
biogeochemical gene composition of the microbial community. For
example, CO2 emissions in ET lake were exceptionally low, a phenom-
enon likely linked to the CO2 assimilation into biomass by cyanobacteria
and chemolithotroph bacteria. The high dissolved inorganic carbon
concentrations from sodium carbonates in alkaline soda lakes contribute
to the cyanobacteria massive biomass productivity (Burian et al., 2013;
Zorz et al., 2019) mainly bymechanisms of carbon concentration and pH
homeostasis (Kupriyanova et al., 2013; Schagerl and Burian, 2016).
Additionally, these microorganisms exhibit diverse mechanisms for
nutrient acquisition and resistance, including reductive sulfur com-
pounds, nitrogen fixation, arsenic reduction, gas vesicles and others
(Schagerl and Burian, 2016; Viana et al., 2023; Zhao et al., 2020). In the

Fig. 5. Schematic overview of GHG dynamics and microbial functions in soda lake ecosystems across hydrological seasons. This diagram presents a comparative
snapshot of the primary microbial functions, GHG balance, and CAZyme activity in lake ecosystems during wet (upper) and dry (lower) periods. Key indicators such
as dissolved organic carbon (DOC), chlorophyll-a (Chl-a), and nutrient levels (ammonium, nitrate, phosphate, and sulfate ions) are contrasted between seasons. The
arrows indicate changes in the GHG fluxes. Each symbol below correspond to specific elements and CAZymes involved in the carbon processing, linking environ-
mental conditions to microbial metabolic activities.
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anoxic or low-oxygen zones of the lakes, fermentation by microorgan-
isms, such as the conversion of formate to CO2, contributes to the overall
CO2 emissions from these lakes. Microbial taxa like Acidimicrobiia,
Actinomycetia, Nitriliruptoria, and Betaproteobacteria were assigned to
these metabolic pathways. Conversely, in the ET lake, taxa such as
Alpha- and Gammaproteobacteria, along with members of the Cyto-
phagia, Flavobacteria, and Bacteroidia, were more prominently linked
to these pathways. Regarding N2O, we observed minimal fluxes, both
positive and negative. This aligns with expectations given the low ni-
trogen concentration availability in these environments, leading to
efficient nitrogen utilization and minimal loss due to the low abundance
of genes related to nitrification and denitrification pathways. This
finding was corroborated by the results from proteomics analyses of
Cariboo Plateau soda lakes, which reported no detection of nitrification
and denitrification proteins (Zorz et al., 2019).

Substantial CH4, emissions were found in both ET and CVO lakes,
with ET lake ranging from 8.63 to 96.28 mmol m− 2 d− 1 and CVO lake
from 25.79 to 57.36 mmol m− 2 d− 1. These findings notably surpass
those from other aquatic environments, such as alpine thermokarst lakes
during ice-free periods (13.4 ± 1.5 mmol m− 2 d− 1) (Yang et al., 2023),
the Baltic Sea (2.5 mmol m− 2 d− 1) and a range of freshwater ecosystems
(between 250 nmol m− 2 d− 1 and 4.47 mmol m− 2 d− 1) (Gerardo-Nieto
et al., 2017; Günthel et al., 2019; Humborg et al., 2019). In contrast, our
study found lower dissolved methane concentrations, picking at 13.54
μmol L− 1. This contrast to the higher dissolved methane levels reported
in soda lakes in Kenya and Russia, which varied between 156 and 700
μmol L− 1 (Fazi et al., 2021; Samylina et al., 2023). Although these
studies did not directly measure methane fluxes, the elevated dissolved
values imply that global methane emissions from soda lakes could be
notably high.

Our analysis indicated that substantial methane emissions were also
not linked to archaeal methanogenesis, as indicated by the lack of
mcrABG genes in the water column. Instead, a potential correlation
between methane emissions and the presence of Cyanobacteriota
(Arthrospira platensis and Anabaenopsis elenkinii) in ET lake, and mac-
rophytes in CVO lake were found. However, it is important to consider
that we did not evaluate methanogenic genes in the sediment samples,
which could be a likely source of methane. It is postulated therefore that
biological, physical and chemical interactions in the water column are
influencing methane production in the sediment layers. In these layers,
CH4 production may be stimulated by reduced oxygen levels and
biomass decomposition in anoxic zones. An indicator of anoxic decom-
position of organic matter is the description of a high abundance of
recalcitrant organic matter (fulvic and phenolic acids) at the top of the
sediments of soda lakes in the Pantanal region (Mariot et al., 2007).
Organic matter from autotrophs, including cyanobacteria and macro-
phytes, could directly supply methanogens and fermenters with
biomass, indirectly leading to hypoxia or anoxia (Rabalais et al., 2010;
Welkie et al., 2019). This aligns with recent studies in freshwater lakes,
where eutrophication has been shown to boost primary production,
leading to increased methanogenic activity in sediments as phyto-
plankton biomass or macrophytes detritus accumulate (dos Santos
Fonseca et al., 2017; Luo et al., 2020; Sun et al., 2021; Yang et al., 2015;
Yvon-Durocher et al., 2011). Interestingly, as observed for nitrification
and denitrification, the detection of methane oxidation genes such as
mmoX and pmoA genes in the water column was low or absent in the
analyzed samples. While this pattern could be linked to environmental
factors such as high pH and salinity, the absence of such annotations
may also originate from limitations in KO-based annotations and the
lack of close representatives of microorganisms from extreme environ-
ments in sequence databases.

Predictions from metabolic modelling clarify some reactions and
fluxes in the water column from the whole community. Compounds
potentially being excreted such as formate and N-Acetyl D-Glucosamine
in ET lake which could serve as crucial substrates for CH4 production,
further support our hypothesis. These substrates excreted by microbial

community could serve as sources for methanogenesis and other me-
tabolisms in Archaea as observed in other studies (Riemann and Azam,
2002; Schink et al., 2017; Vigneron et al., 2015; Wüst et al., 2009).
Additionally, enzymes involved in the breakdown of polysaccharides
(PL) and complex carbohydrates like lignin and cellulose (AA, CBM, CE)
could support the degradation of macrophytes and recalcitrant materials
in sediments. The decomposition of pectin from leaf litter in peatlands
for example was shown to stimulate methane production rates
(Corteselli et al., 2017; Yavitt et al., 2019). Moreover, a recent study in
marine sediments suggests that Bathyarchaeota grows with lignin as an
energy source, and bicarbonate as a carbon source (Yu et al., 2018). This
degradation process, yet not well understood, likely contributes to the
formation of substrates that are conducive to methane production in
soda lakes.

In contrast we noted that some elements were shown to inhibit
methanogenesis in the water column. For example, in OT lake, CH4
levels were considerably low, and high levels of sulfate and nitrate, and
low DOC values were found. This could be attributed to the presence of
sulfate-and nitrate-reducing prokaryotes, which can compete with
methanogens for organic substrates (Paulo et al., 2015; Yi et al., 2020).
These prokaryotes use sulfate and nitrate, respectively, as electron ac-
ceptors in their metabolic processes, effectively outcompeting metha-
nogens and thus suppressing methane production. In contrast, the ET
and CVO lakes, which had lower concentrations of sulfate and nitrate,
showed higher methane emissions. The reduced competition for sub-
strates in these environments likely favors methanogenesis, as meth-
anogenic archaea become the dominant microbial group utilizing the
available organic matter for methane production.

Pantanal had passing by frequent extreme hydrological events,
intensifying periods of both drought and heavy rainfall. Notably, the
severity and frequency of these occurrences have amplified over the past
five years. These episodes, marked by substantial hydrological shifts, as
highlighted by our satellite analysis, have resulted in the desiccation of
numerous lakes and recurrent loss of vegetation due to annual wildfires.
These events primarily stem from climate shifts and extreme droughts,
resulting from reduced transport of warm, humid summer air from the
Amazon to the Pantanal (Bergier et al., 2018; Marengo et al., 2021).
Moreover, our satellite data analysis from the past two decades reveals a
marked increase in chlorophyll content, predominantly due to cyano-
bacterial blooms, which reflects a global pattern observed in both oceans
and freshwater lakes, where ecosystems are being reshaped by rising
temperatures and increased CO2 levels (Paerl and Huisman, 2008; Visser
et al., 2016). While the constraints inherent in satellite image analysis
and pH-based delineation of soda lakes, including factors like salt
composition, seasonal variations, daytime photosynthetic activity, and
model precision, are recognized, this method provides crucial insights
into the potential impacts of environmental changes and biogeochem-
ical processes. Satellite imagery enables the acquisition of comprehen-
sive data, including water depth, surface area, pigment concentration,
turbidity, temperature, chlorophyll levels, cyanobacterial bloom dy-
namics, and alterations in land cover. These parameters are critical for
elucidating both immediate and long-term effects on biogeochemical
cycles and processes.

The extreme climate conditions in Nhecolândia lakes could signifi-
cantly affect their functioning and GHG emissions. During prolonged
and severe drought periods, this scenario might lead to heightened
methane emissions and an increase in average CO2 equivalent emissions.
Elevated air temperatures, coupled with increased pCO2 levels, could
exacerbate the occurrence of cyanobacterial blooms, consequently
accelerating organic matter decomposition and methane emissions in
sediments (Bastviken et al., 2008). In contrast, extreme rainfall events in
Nhecolândia resulting in increased water level can also bring different
and indirect effects, including increase in methane emissions, by
increasing water surface area and reducing sediment oxygen. For
instance, heavy rains can load more terrestrial organic matter, input
nutrients and metals and increase CH4 and CO2 emissions (Barel et al.,
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2021; Neumann et al., 2019). These episodes underscore the pressing
need for concerted conservation efforts and proactive preservation
measures to curb the intensification of GHG emissions. Despite the
existing challenges, the importance of preserving the Pantanal, a biome
that supports numerous global ecological processes, cannot be over-
stated. Soda lakes, due to their limitless inorganic carbon from the high
concentration of dissolved carbonate and bicarbonate in water, act as
significant natural carbon storage. Therefore, the protection and con-
servation of these habitats indirectly contribute to carbon sequestration
efforts.

In conclusion, our study provides new insights into the complex
biogenic factors influencing GHG emissions from tropical soda lakes.
This underscores the significance of such ecosystems in global GHG
dynamics and highlights the urgent need to further investigate these
environments. These findings stress the importance of integrating mi-
crobial community composition and function into GHG emission models
to provide a more holistic understanding of these ecosystems and their
potential responses to future environmental changes.
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