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Blue carbon ecosystems are recognized as carbon sinks and therefore for their potential for climate mitigation. While carbon stocks and burial rates have been quantified and estimated regionally and globally, there are still many knowledge gaps on carbon fluxes exchanged particularly at the interface vegetation-atmosphere. In this study we measured the atmospheric CO2 concentrations in a salt marsh located in the Patos Lagoon Estuary, southern Brazil. Eddy correlation techniques were applied to account for the CO2 exchange fluxes between the vegetation and the atmosphere. Our dataset refers to two sampling periods spanning from July up to November 2016 and from January to April 2017. By using time series analysis techniques including wavelet and cross-wavelet analysis, our results show the natural cycles of the CO2 exchanges variability and the relationship of these cycles with other environmental variables. We also present the amplitudes of the salt marsh-atmosphere CO2 fluxes’ diurnal cycle for both study periods and demonstrate that the CO2 fluxes are modulated by the passage of transient atmospheric systems and by the level variation of surrounding waters. During daytime, our site was as a CO2 sink. Fluxes were measured as -6.71 ± 5.55 μmol m-2 s-1 and -7.95 ± 6.44 μmol m-2 s-1 for the winter-spring and summer-fall periods, respectively. During nighttime, the CO2 fluxes were reversed and our site behaved as a CO2 source. Beside the seasonal changes in sunlight and air temperature, differences between the two periods were marked by the level of marsh inundation, winds and plant biomass (higher in summer). The net CO2 balance showed the predominance of the photosynthetic activity over community respiration, indicating the role of the salt marsh as a CO2 sink. When considering the yearly-averaged net fluxes integrated to the whole area of the Patos Lagoon Estuary marshes, the total CO2 sink was estimated as -87.6 Mg C yr-1. This paper is the first to measure and study the vegetation-atmosphere CO2 fluxes of a salt marsh environment of Brazil. The results will contribute to the knowledge on the global carbon budget and for marsh conservation and management plans, including climate change policies.
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Introduction

Salt marshes are among the most biologically productive ecosystems in the world, providing a range of valuable ecosystem services to coastal communities (Adam, 1993; Himes-Cornell et al., 2018). Being sources and sinks of nutrients and organic matter to estuaries, salt marshes regulate local biogeochemical cycles, immobilize pollutants and provide habitat for wildlife. Positioned at the intertidal zone at the interface between land and ocean, salt marshes reduce the energy of waves and currents, bind the sediments, provide flood defense and shoreline erosion control, therefore protecting the coast against sea level rise. With high rates of primary production, plant biomass growth and sediment vertical accretion, salt marshes are highly efficient in organic carbon sequestration and storage, together with mangrove forest and seagrass meadows (Duarte et al., 2005; McLeod et al., 2011; Macreadie et al., 2012). Compared to mangrove and seagrass ecosystems, salt marshes have the highest capacity for carbon sequestration, showing accumulation rates up to 244.7 ± 26.1 g C m-2 yr-1 (Chmura et al., 2003; Ouyang and Lee, 2014) and storing an average of 130 Mg C ha-1 (Howe et al., 2009), mostly in the soil and roots and detritus. Despite of their low areal cover relative to the ocean and other terrestrial ecosystems (0.1 – 2%), total carbon accumulation rates in global salt marsh soil are estimated at ~10.2 Tg C yr−1 (Ouyang and Lee, 2014). While the global storage capacity of coastal wetlands is lower compared to the size of terrestrial carbon sinks, the carbon sequestration capacity by salt marsh sediments per unit area is ranked highest amongst coastal wetland and forested terrestrial ecosystems. Furthermore, salt marshes can immobilize the organic carbon for centuries or millennia, whereas terrestrial forests usually only store organic carbon for decades (Macreadie et al., 2012). Therefore, salt marshes are well recognized as blue carbon ecosystems with potential to contribute to regulation of atmospheric CO2 concentrations and mitigate climate change (MacLeod et al., 2011).

Despite their importance in providing ecosystem services, salt marshes have been destroyed for centuries (Duarte et al., 2013). Between 2 and 60% of salt marshes have been lost from the temperate regions of the Earth during last 50 years, particularly due to landscape conversion for housing and farming (Lokwood and Drakeford, 2021). Once the marsh soil is disturbed, the oxidized organic matter is decomposed and large amounts of ancient buried C can be released into the atmosphere as CO2, therefore contributing to greenhouse gases (GHG) emissions (Pendleton et al., 2012; Lovelock et al., 2017). Therefore, both conservation and restoration of salt marshes can maintain carbon sinks and avoid further emissions.

Both salt marshes and mangroves are recognized by the International Panel on Climate Change (IPCC) as potential nature-based solutions for atmospheric CO2 reduction (IPCC, 2021) and therefore eligible to be included within national greenhouse gas accounting frameworks (IPCC, 2014). Additionally, efforts are emerging to use salt marsh conservation and restoration in carbon offset programs, like the “Reducing Emissions from Deforestation and Forest Degradation in Developing Countries (REDD)” initiative for tropical forests (Gibbs et al., 2007). However, the mitigation capacity of a blue carbon ecosystem is a balance between the CO2 sequestrated and emitted (Taillard et al., 2018) and those processes are affected by spatial and temporal variability in natural and anthropogenic disturbances.

While blue carbon science has advanced at unprecedent rates over the last decade, some aspects are still controversial (Lovelock and Duarte, 2019). Among the emerging questions are ones related to the net flux of CO2 and other greenhouse gases between the vegetation/soil/water system and the atmosphere (Macreadie et al., 2019). Even though those ecosystems are significant carbon reservoirs, they can be temporally net emitters of CO2 to atmosphere, depending on the natural dynamics of organic and inorganic carbon exchange. There is a lack of empirical evidence of CO2 fluxes and the processes controlling the exchanges of carbon between the vegetation/soil/water system and overlying atmosphere at the ecosystem level (e.g. Goulden et al., 2007) and how the CO2 fluxes can be influenced by tidal cycles, hydrology, weather, and climate conditions (Polsenaere et al., 2012). Furthermore, anthropogenic disturbances can shift the system from carbon source to sinks (Pendleton et al., 2012; Lovelock et al., 2017).  Thus, accurate global blue carbon budgets are limited by uncertainties in CO2 net fluxes.

Micrometeorological flux methods like the eddy covariance (EC) techniques allow the study of whole ecosystem fluxes of CO2 to estimate gross primary production, net ecosystem exchange, and ecosystem respiration (Forbrich and Giblin, 2015). The balance between CO2 released and taken up by the ecosystem is measured, without disturbing the soil or vegetation, and modeling approaches allow the partitioning into the component fluxes of primary production and respiration. Developed initially for terrestrial ecosystems, the EC technique is not yet widely applied in coastal wetland studies, where tidal and hydrological dynamics offer challenges (e.g. Barr et al., 2010; Forbrich and Giblin, 2015; Chu et al., 2021; Hawman et al., 2021; Hill et al., 2021). The knowledge gaps of CO2 fluxes are particularly large for South America, where the great majority of EC studies are concentrated in the terrestrial ecosystems, with few studies performed in coastal wetlands (e.g. Tonti et al., 2018, Freire et al., 2022) and the coastal and open ocean (Pezzi et al., 2016; Oliveira et al., 2019; Santini et al., 2020; Pezzi et al., 2021; Souza et al., 2021).

In the Southwestern Atlantic Ocean, southern South America, salt marshes dominate the intertidal estuarine habitats of the subtropical and temperate coastline covering approximately 5,000 km of coastline from 29° S to 54° S with an area of approximately 220,000 ha (Isacch et al., 2006; Martinetto et al., 2016). Extensive coastal wetlands are found surrounding the Patos Lagoon Estuary (Costa et al., 2003), a dominant feature of the southern Brazil coastal plain that is of high ecological and social relevance (Odebrecht et al., 2010; Odebrecht et al., 2017). Well preserved and highly productive salt marshes occupy about 70 km2 of the margins of Patos Lagoon Estuary (Nogueira and Costa, 2003; Costa and Marangoni, 2010). The Patos Lagoon salt marshes are strongly affected by seasonal changes of light, temperature and hydrological cycles (Costa, 1997a; Costa, 1997b; Costa e Marangoni, 2010). Preliminary results show these salt marshes store an average of 220 Mg C ha-1 (Paterson, 2016), which is in the high range of the global observations. A large area of the Patos Lagoon salt marshes has been lost and degraded since the early nineteenth century by urbanization, agriculture activities, industrial and port expansion (Costa, 1997a; Costa, 1997b; Seeliger, 2010). About 16% of the area was lost since the nineteenth century, although during past five decades those habitats has been stable (Marangoni and Costa, 2009).

The Patos Lagoon dynamics, including that of its estuarine region are dominated by low frequency perturbations (e.g. weekly, seasonal) but some of the interannual variability of the estuary and thus all ecosystem dynamics are related to climate forcing including ENSO (El Niño - Southern Oscillation). The natural funneling of the estuary toward the Atlantic Ocean makes the intensification of the outflow currents a major regulator of the circulation of the lagoon (Möller Jr. and Fernandes, 2010). The low tidal amplitudes (~0.4 m) associated with the low tidal energies in the estuary make the balance between the continental discharge and the winds the major forcing mechanism for the local circulation when analyzing dynamics at longer temporal scales (Möller et al., 2001). Therefore, the local salt marshes are microtidal, with their primary production and biomass cycles strong related to the annual and interannual flooding and dry periods (Costa, 1997a; Costa and Marangoni, 2010).

The present study aims to report the first ever EC measurements of the CO2 exchanges between the salt marsh vegetation and the atmosphere in Brazil. We assessed the daily and seasonal variability of the CO2 fluxes between the vegetation and the atmosphere to describe the balance between photosynthesis and respiration. The primary scientific hypothesis is that, although the seasonal and interannual variability in the salt marsh biomass, climate and hydrology would be predominant forcing mechanisms for the fluxes’ variability, the Patos Lagoon salt marshes are sinks of CO2 with potential to contribute to mitigation of climate change. The CO2 fluxes reported here add to the knowledge of CO2 fluxes from the southern hemisphere, which are not yet fully explored in blue carbon studies.



Material and methods

The study was carried out in Pólvora Island (32° 01’14.24’’S, 52° 06’17.35’’W), an area of well preserved salt marsh located in the Patos Lagoon Estuary, southern Brazil (Figure 1). The island holds a research station and education center (Eco-Museum), managed by the Oceanographic Museum, Federal University of Rio Grande. The Patos Lagoon Estuary is part of the Brazilian Long Term Ecological Research (BR-LTER). Salt marsh in the region has been studied since 1992, with a focus on plant abundance and distribution, primary production, plant-animal interactions, biogeochemical aspects (Costa, 1997b; Costa and Marangoni, 2010) and, more recently, carbon stocks and sequestration (Patterson, 2016). Pólvora Island is located in the meso-mixohaline region of the estuary with salinity ranging between 5-25 practical sanility units (PSU). Across the topography gradient, Spartina alterniflora Loisel dominates in the low marsh, Bolboschoenus maritimus (L.) Palla in the low-mid marsh, Spartina densiflora Brongnin in the mid-high marsh, Schoenoplectus americanus (Rchb.) Palla (also known as Scirpus americanus or S. olneyi) and Juncus roemerianus Scheele comprise the community at the highest elevations. The vegetation spatial distribution and zonation are characterized by mosaics that reflect the flooding and salinity gradients. Most of the area (93.2%) is occupied by mid-high marsh, whereas marshes in creeks and muddy, flat areas occupy 5.3% and the rest (1.5%) are low marshes (Nogueira and Costa, 2003).




Figure 1 | Location of the Patos Lagoon in southern South America and Pólvora Island in Patos Lagoon Estuary. The study site is represented by the yellow star in the consecutive maps. (left) Landsat 8 (OLI) image of Patos Lagoon of 24 May 2018 provided by NASA Earth Observatory. (right) Pólvora Island image of 13 June 2021 provided by Google Earth Pro®.



The regions climate is subtropical humid (Cfa) according to Koeppen-Geiger criteria (Reboita and Krushe, 2018), with four distinct seasons and average maximum temperature in January of 24.2°C and an average minimum temperature of 13.2°C in July. The annual precipitation is around 1360 mm distributed over all months, although the winter period presents a slightly higher precipitation (120-130 mm/month) compared to the summer (90-100 mm/month). The increased rainfall in winter is due to the more frequent penetration of atmospheric systems (cold fronts) to this region. These systems bring cold air masses and are associated with several meteorological phenomena such as frontal systems crossing the area from the Pacific Ocean, cold fronts and cyclones developed in southern Brazil or in the vicinity and atmospheric blocking, among others (Reboita et al., 2010).

The annual cycle of sunshine hours is from 10 h (winter) up to 14 h (summer). The ENSO events also influence the precipitation, with El Niño (La Niña) producing higher (lower) precipitation with respect to the climatological average at a determined period (Silva et al., 2021). For our data collection period (July 2016 up to April 2017), a moderate La Niña1 event occurred from July until December, inducing lower precipitation than the normal climatological values.


Micrometeorological measurements

In order to take the vegetation/soil-atmosphere CO2 flux data used here, a 3 m tall, micrometeorological tower was installed in January 2016 (32° 01’17.08’’S, 52° 06’10.20’’W) in Pólvora Island (Supplementary Figure 1). The installation and maintenance of the tower and sensors was a multi-institutional effort carried out between (1) the Center for Weather Forecast and Climate Studies (CPTEC) of the National Institute for Space Research (INPE); (2) the Institute of Oceanography (IO) and the Oceanographic Museum Prof. Eliézer de Carvalho Rios of the Federal University of Rio Grande (FURG); and (3) the State Center for Remote Sensing and Meteorology Research (CEPSRM) of the Federal University of Rio Grande do Sul (UFRGS). After installation, the tower was fully operational with all sensors operating from July 2016 to April 2017, apart from a week in October 2016 (due to battery failure) and from mid-November to the end of December 2016 when sensors were being serviced. Precipitation data were not collected due to a failure on the rain gauge electronics. Sensors were periodically serviced at about every 3-months period, mainly for cleaning, and no dataset was found to drift from the expected range of measurements during the time of our experiment.

Although the island’s topography is flat and very close to the water level, subjecting the terrain to periodical flooding (Costa, 1997a; Costa and Marangoni, 2010), the tower’s position in the high-mid marsh avoided water  suppressing the vegetation at the site during our study period.

Supplementary Table 1 provides a list of sensors used in the tower. Most of sensors operated in the 30 s period (1/30 Hz frequency) but the IRGASON (Campbell Scientific Corporation, Logan, Utah, USA), an integrated 3D sonic anemometer with and open path gas analyzer operated at the 10 Hz frequency necessary for the EC estimates. The IRGASON has also a thermometer and a barometer to make auxiliary measurements at the same frequency as the wind and gas concentration.

As suggested by Verbeeck et al. (2011), the chosen position for the tower installation suitable for EC measurements, lying on very flat terrain that extends about 1,500 m in the northwestern/southeastern direction by about 200 m in the northeastern/southwestern direction (Supplementary Figure 2). The tower’s location lies on an area dominated by Spartina densiflora (Supplementary Figure 3). The shortest distance between the tower’s position in Pólvora Island and Rio Grandes’s city center is 700 m. As the island is located north of the city and prevailing winds during our experiment were from the northeastern/eastern quadrants (Supplementary Figure 4) where there are no settlements, we do not expect significant urban contamination of our CO2 measurements.

In order to estimate the source area and the contribution of a specific target to the surface/atmosphere fluxes, footprint (or fetch) models are used in association with the EC measurements. In this paper, we used the 2D footprint model described by Kljun et al. (2004) and Kljun et al. (2015) and freely available by the Tovi™ s. The software uses meteorological information like windspeed and direction, surface turbulent fluxes (especially momentum and sensible heat fluxes), the atmospheric stability estimate (including the Monin-Obhukov Length), and information of the vegetation like height, displacement heights and roughness length. In our case, although these parameters vary with the seasonal cycle (Costa et al., 2003), we found that the roughness parameter variation up to a value of 1 m did not affect the calculation of the footprint area. Using the extremely high roughness parameter of 1 m, the footprint was computed as between 200-300 m (area of ~0.25 km-2) for both winter-spring and summer-fall periods (Supplementary Figure 5). As we observed spatial homogeneity of the salt marsh vegetation in all directions around the instrument tower for both study periods, we assumed that all CO2 flux measurements presented in this work were solely related to the salt marsh vegetation and represent its typical behavior.

As conventionally needed for the EC calculations, the original (3 m height) windspeed measured by the IRGASON 3D sonic anemometer was converted into its 10 m height equivalent (U10) using the Coupled Ocean-Atmosphere Response Experiment (COARE) version 3.5 bulk algorithm (Edson et al., 2013). The atmospheric pressure data collected by the IRGASON barometer were extremally noisy from March 15, 2017 onward and they were not used here. The original data collected at 3 m height were also converted into sea level pressure (SLP, 0 m height) in a similar way. Both conversions make our data easily compared in the future to most atmospheric datasets in the world.



Auxiliary environmental data: water level, precipitation and wind

In order to assess the relations between water level and the micrometeorological measurements made throughout the study period, we used water pressure (proxy to water level) data gathered by the Laboratory of Coastal and Estuarine Oceanography (LOCOSTE) of IO-FURG during the period of this study. Water pressure data were taken by a thermo-condutivimeter (CT) SeaBird SBE 37-SM moored in the estuary’s mouth about a kilometer away from the Pólvora Island in a depth between 4.5 and 5 m. The instrument provided a pressure mean (4.63 dbar) over the 2-years time period. This 2-years mean value was subtracted from the daily means to provide the water pressure anomaly (WPA) data used here.

As precipitation data was not directly collected by the rain gauge installed in the micrometeorological tower, we used data from the Brazilian National Institute of Meteorology (INMET)2 available for the period of this study. INMET maintains the automatic weather station #A802 (a.k.a. 83995) in Rio Grande city at the position 32°04’43” S; 52°10’03” W inside the Federal University of Rio Grande (FURG) at a distance of around 9 km from the site of our micrometeorological tower. The data presented many gaps making its use as a robust time series impossible. Nonetheless, we used the data to characterize the synoptic meteorological conditions of the study area.

In order to investigate the climatology of the wind field of our study area, we used hourly values (not shown) from a meteorological reanalysis database provided by the European Centre for Medium Range Weather Forecast (ECMWF) named ERA53. It uses a 4D variational assimilation scheme (Hersbach et al., 2020). Briefly, ERA5 consists of hourly atmospheric variables computed at a ~30 km grid size for more than 130 height levels in the atmosphere from the Earth’s surface up to 60 km. The wind data used here were extracted from the grid point including Rio Grande city (32°S, 52 °W) for the period from 2010-2020 at 100 m height in the atmosphere. The analysis of these data (not shown) indicated that during our study period the winds were close to the climatological means for each of the seasons.



Eddy covariance estimates of CO2 fluxes

The eddy covariance method correlates the turbulent fluxes of a determined scalar between two determined environments, for instance the interface of surface (vegetation/soil/water) and the atmosphere. The parameters are measured by sensors installed in micrometeorological towers and are used to estimate the net exchanges of CO2, water and energy between the surface and the atmosphere (Stull, 1988; Jung et al., 2011; Edson et al., 2013). The EC method measures the covariance between the turbulent fluctuations of a scalar and vertical windspeed around their mean during a determined sampling interval. For instance, here we use a sampling frequency of 10 Hz for the fast response sensors and a time interval of 30 min for the computation of the fluxes. The high frequency fluctuations correspond to measurements of the transport of energy by the small atmospheric eddies. The time interval window (e.g. 30 min) data is then computed in order to resolve and include the transport by the large-scale eddies (Kaimal and Finnigan, 1994; Miller et al., 2010).

Using the IRGASON, we measured the 3D wind velocity vector components (u, v, w) and the  density of H2O(v) and CO2 in order to calculate their mixing ratio (H2O(v)/CO2) in the atmosphere to further calculate the turbulent CO2 EC fluxes (FCO2 in μmol m−2 s−1) at the vegetation/soil-atmosphere interface as:



where, ρa is the dry air density, w is the vertical component of the wind velocity and c is the mixing ratio (e.g. H2O(v)/CO2) The means are represented by over bars and the turbulent fluctuations are represented by the primes. All data were processed using the open source software EddyPro® v.6.2.14. At this step, we configured the proper corrections for flux computation as wind rotation, planar fit, corrections for air temperature, atmospheric pressure and humidity etc (Webb et al., 1980; Miller et al., 2010; Aubinet et al., 2012). EddyPro® follows the scheme proposed by Foken et al. (2004) for the data quality-control. Necessary spectral corrections were made for both low- and high-frequency bands following the methods described by Moncrieff et al. (2004). The statistical tests used to clear spikes on the micrometeorological time series were performed according to Vickers and Mahrt (1997) using 30 min long time intervals and detrended time series derived from the original data. The methodology used here is similar to that used by Oliveira et al. (2019); Santini et al. (2020) and Pezzi et al. (2021).

Once the CO2 fluxes were computed for the two periods of this study, we used the synchronized radiation series to separate the data into daytime (from about 6 a.m. up to 18 p.m. local time) and nighttime series (from about 18 p.m. up to 6 a.m. local time), from which we calculated the basic statistics (mean and standard deviation) for both daily periods. Then we computed the net CO2 fluxes to assess the role of the salt marsh environment as a sink (negative net fluxes) or a source (positive net fluxes) of CO2 to/from the atmosphere. Using only the daily values of minimum (nighttime) and maximum (daytime) values, we also computed the maximum daily amplitude of the CO2 fluxes and statistics of the series at the monthly scale and for the two periods analyzed here (winter-spring and summer-fall).



Wavelet and cross-wavelet analysis

A wavelet transform was used to determine the temporal variability of the CO2 fluxes and to estimate the coefficients of cross-correlations (r) between these fluxes and atmospheric and water level variables. From all meteorological variables collected by the instrument tower, the following were used for the analysis: air temperature, relative humidity and windspeed. Apart from correlating the fluxes with the meteorological variables and water level anomaly, we also correlated the water level with windspeed to support the assumption that these variables are highly correlated (Möller et al., 2001). All variables were averaged to a daily temporal resolution before the analysis.

The cross-wavelet analysis and wavelet coherence were performed according to the methodology proposed by Grinsted et al. (2004). We used a cone of influence (p>0.05) to separate valid data from the red noise. Briefly, the cross-wavelet spectrum analysis emphasizes the common power of the two-time series, while the wavelet coherence emphasizes the correlations between temporal cycles imprinted on two time series, e.g, the coherence fluctuations. We thus determine the local correlation of significant oscillations observed among the CO2 EC fluxes and environmental variables. We used the software STATISTICA7.0® to perform the cross-correlations and Matlab7.0® to perform the wavelet and cross-wavelet computations.




Results


Salt marsh-atmosphere CO2 fluxes and associated environmental variables

Figures 2, 3 present the time series of CO2 fluxes at the salt marsh-atmosphere interface and the environmental variables SLP, air temperature and water level anomaly for the two sampling periods of this study (July-November 2016 and January-April 2017, respectively). Supplementary Figures 6 ,7 present the time series of windspeed, relative humidity, incoming shortwave radiation and precipitation for the different study periods.




Figure 2 | Time series of (A) CO2 fluxes at the salt marsh-atmosphere interface; (B) sea level pressure (SLP); (C) air temperature (Tair); (D) water pressure anomaly (WPA) for the period spanning from July up to November 2016. The vertical gray lines in (A) indicate the pressure troughs associated with the passage of atmospheric cold fronts in the study area.






Figure 3 | Time series of (A) CO2 fluxes at the salt marsh-atmosphere interface; (B) sea level pressure (SLP); (C) air temperature (Tair); (D) water pressure anomaly (WPA) for the period spanning from July up to November 2016. The vertical gray lines in (A) indicate the pressure troughs associated with the passage of atmospheric cold fronts in the study area.The mean values of net CO2 flux are negative and almost the same for both periods of this study (-3.23 to -3.20 μmol m-2 s-1) (Table 1). Mean value of night fluxes (a proxy of community respiration) is about 4.6 times higher in summer-fall than in winter-spring (Table 1). Daytime mean fluxes, related to the community photosynthetic activity, varied between (-6.71 to -7.95 μmol m-2 s-1) between the two periods analyzed. The mean value of nighttime fluxes, on the other hand varied between 0.67 (winter-spring) to 2.95 μmol m-2 s-1 (summer-fall). Variability in mean values of CO2 fluxes is higher during daytime when compared to the nighttime measurements, for both periods (Table 1), following the high variability in the incoming shortwave radiation, a variable dependent on the cloudiness (Supplementary Figures 6C, 7C).




Table 1 | Mean (± standard deviation) values of salt marsh-atmosphere CO2 flux during daytime, nighttime and daily cycle net balance, for both studied periods.



The CO2 fluxes show a typical diurnal cycle, for both winter-spring and summer-fall periods (Figures 2A, 3A). This daily cycle, which is related to the photosynthetic activity and the community respiration, dominates the temporal modulation of the series. It is also noticeable that, for both study periods, the amplitudes of the daytime periods’ CO2 absorption (negative fluxes - influx) are larger than that released during nighttime periods (positive fluxes - eflux), suggesting a positive net balance of photosynthetic activity over the community respiration.

The average maximum negative and positive values of the CO2 fluxes observed, respectively, during daytime and nighttime along the temporal series represent the daily amplitudes of the salt marsh-atmosphere CO2 fluxes (Table 2). The values are a proxy of the maximum photosynthetic rates (daytime negative values) and community respiration (nighttime positive values) for each month during the two studied periods. The peaks of negative (-16.38 to -16.57 μmol m-2 s-1) and positive values (4.39 to 4.92 μmol m-2 s-1) of CO2 fluxes occurred during austral summer (January-February 2017), therefore resulting in the highest amplitudes between day and night (20.77 to 21.49 μmol m-2 s-1). The amplitudes of the CO2 fluxes signal are larger during summer (January-February) than during the winter (July-August), while the fluxes’ variability is lower in summer months.


Table 2 | Mean and standard deviation for the daytime (nighttime) monthly average of maximum (minimum) values of the CO2 flux measured during both study periods.



Using Table 1 data for the net CO2 seasonal fluxes, the annual average of the CO2 taken up by the salt marsh can be estimated as -3.215 μmol CO2 m-2 s-1 or -3.215 x 10-6 mol CO2 m-2 s-1. Considering that the mass of carbon in a mol of CO2 is 12 g and applying the correct transformations of units, this results in a theoretical fixation tax of carbon close to -1217 g C m-2 yr-1. Extrapolating this value for the total extension of the Patos Lagoon salt marshes (72 km2; Nogueira and Costa, 2003) gives us an annual carbon fixation rate for the entire area covered by the Patos Lagoon marshes close to -87.6 x 109 g C yr-1 (-87.6 Mg C yr-1).

Some of the CO2 flux cycles seen in Figures 2A, 3A follow the cycles presented by the environmental variables studied here. The sea level pressure time series, for instance, show a clear temporal variability in the scale of 3-7 days (Figures 2B, 3B), in agreement with the characteristics of the passage of atmospheric synoptic systems alternating high and low pressures over time. The frequencies of occurrence of high-pressure systems were higher in the winter-spring period (Figure 2B) than in the summer-fall period (Figure 3B) making the amplitude of the pressure differences during episodes of frontal passage in summer-fall (1000 to 1023 hPa) greater than winter-spring (1000 to 1020 hPa).

The air temperature (Figures 2C, 3C), relative humidity (Supplementary Figures 6B, 7B) and the incoming shortwave radiation (Supplementary Figures 6C, 7C) are clearly modulated by the diurnal cycle. As expected for our study area, relative humidity reaches 100% more frequently during the winter-spring period than during the summer-fall. The water pressure anomalies (Figures 2D, 3D) also show a clear diurnal cycle in both study periods and generally follow the atmospheric pressure variability at the synoptic scale. The precipitation data provided by INMET (Supplementary Figures 6D, 7D) show that episodes of heavy rainfall with values of more than 20 mm h-1 are common in Rio Grande city, especially during the summer-fall period.

Windspeed at 10 m height (U10) time series present cycles that are clearly related to the variability of the atmospheric transient systems, as both variables describe the fluctuations related to the atmospheric systems’ passage in our study area (Supplementary Figures 6A, 7A). The wind, though, has a prominent diurnal component, probably related to the sea breeze. Windspeed values are often smaller than 5 m s-1 but sometimes reach more than 10 m s-1 in bursts or gusts related to low pressures occurring in winter-spring. ERA5 climatology for Rio Grande city (not shown) revealed that the windspeed presents a clear seasonal variation and it is stronger (around 8.2 m s-1) during winter than during summer (7.3 m s-1). Also, the more frequent wind direction is usually from NE-E during summer, albeit some events from NW-W also occur during winter. This is also observed in the wind data provided by the micrometeorological tower (Supplementary Figures 4, 6A, 7A).



Wavelet and cross-wavelet analysis

The results of time series analysis (wavelet and cross-wavelet) made clear the dominant period cycles of the studied variables CO2 fluxes, windspeed and water pressure anomaly (Figures 4–7). As previously observed in the original time series (Figures 2A, 3A), CO2 fluxes in the interface salt marsh-atmosphere show a marked diurnal cycle (~ 24h). Our wavelet results indicate that the diurnal cycle accounts for the highest energetic spectral content of our CO2 fluxes time series in both periods of this study (Figures 4A and 6A). The same diurnal cycle was observed in the other variables, although not very well distributed in time and not energetic (Figures 4B, C, 6B, C). The CO2 fluxes, windspeed and water pressure anomaly present significant energy periods centered at 64 to 512 hours (~3 to 21 days), which are associated with the synoptic atmospheric scales (gray lines) seen in Figures 2B, 3B.




Figure 4 | Wavelet power spectrum of CO2 fluxes (A), windspeed (B) and water pressure anomaly (C) for the period spanning from July up to November 2016. The contours are for variance units. The 5% significance level against red noise is shown as a thick contour (cone of influence). Blurred regions indicate values outside the cone of influence. The 95% significance level is shown by heavy black contours. The horizontal scale represents the Julian days in July-November 2016 period. The results of the cross-wavelet analysis for the winter-spring (Figure 5) and summer-fall periods (Figure 7) are presented as the common power (energy) spectrum of the two-time series or the wavelet coherences that emphasize the correlations between variations of two series, i.e., coherence fluctuations. The analysis indicates the local correlation (0 ≤ r ≤ 1) of significant oscillations observed between the CO2 fluxes and windspeed and water pressure anomaly. The relative phase between the variables is presented as vectors: they point toward the right (left) at the horizontal when the variables are totally in phase (out of phase).






Figure 5 | Cross-wavelet coherence of CO2 fluxes and windspeed (A) and CO2 fluxes and water pressure anomaly (B) for the period spanning from July up to November 2016. The contours are for variance units. The 5% significance level against red noise is shown as a thick contour (cone of influence). Blurred regions indicate values outside the cone of influence. The vectors indicate the relative phase between the variables. The horizontal scale represents the Julian days in July-November 2016 period.






Figure 6 | Wavelet power spectrum of CO2 fluxes (A), windspeed (B) and water pressure anomaly (C) for the period spanning from January up to April 2017. The contours are for variance units. The 5% significance level against red noise is shown as a thick contour (cone of influence). Blurred regions indicate values outside the cone of influence. The 95% significance level is shown by heavy black contours. The horizontal scale represents the Julian days in January-April 2017 period.






Figure 7 | Cross-wavelet coherence of CO2 fluxes and windspeed (A) and CO2 fluxes and water pressure anomaly (B) for the period spanning from January up to April 2017. The contours are for variance units. The 5% significance level against red noise is shown as a thick contour (cone of influence). Blurred regions indicate values outside the cone of influence. The vectors indicate the relative phase between the variables. The horizontal scale represents the Julian days in January-April 2017 period.



Figures 5 and 7 present highly coherent, cross-energy peaks are scattered between semi-diurnal or diurnal cycles (~12 to 24 h) and low-frequency ones, mostly between 64 to 512 hours (~3 to 21 days) as already seen in the individual power spectra (Figures 4 and 6). The semi-diurnal coherences are in phase, showing that the CO2 fluxes directly respond to both windspeed and water pressure anomaly. Episodes of high correlations, however, were not continuous throughout the entire time series, but rather associated to episodes of high amplitude of the variables involved.

A noticeable episode of high cross-energy between CO2 fluxes against windspeed and water pressure anomaly centered at 128 hours (~5.33 days) occurred between Julian days ~250 to ~270, corresponding to 6 to 26 September 20165 (Figure 5) coincided with a period of high water pressure anomalies (~ 10 dbar) recorded by the CT instrument located in the Patos Lagoon Estuary (Figure 2D). At the same period, windspeed was relatively low, ranging between 3-6 m s-1 (Supplementary Figure 6A). The cross-wavelet coherence of CO2 fluxes against windspeed is very high and in phase during the period of Julian days ~250 to ~270 (Figure 5A) while the coherence between CO2 fluxes and water pressure anomaly for the same period, although still high, is out of phase (Figure 5B).

The cross-wavelet results between CO2 fluxes and windspeed shows two high-coherence, in phase peaks centered at about 64h (~3 days) in periods ranging from Julian days 40-50 (9-19 February 2017) and Julian days 80-90 (21-31 March 2017 - Figure 7A). Other peak in Figure 7A occurs at the ~265 hours period (~11 days) during Julian days 20-40 (20 January to 9 February 2017). The variables were time-lagged at about 3 days (a quarter of a 11-day cycle).

The cross-wavelet coherence spectra of CO2 fluxes and water pressure anomaly (Figure 7B) shows a prominent out of phase, high-coherence peak centered at about 192h (8 days) in periods ranging from Julian days 20-80 (20 January to 21 March 2017). During this period the water level anomaly, albeit positive, was about 5 dbar lower that the subsequent period - fall (Figure 3D).




Discussion

The present study is, to our knowledge, the first to measure gas exchange in a Brazilian saltmarsh ecosystem. Our results suggest that subtropical salt marsh habitats are net sinks of carbon. Our study also described the different temporal scales dominating of the salt marsh-atmosphere CO2 flux cycles, emphasizing the control of the diurnal cycle by aspects linked to the plant’s physiology and the control of longer periods’ cycles by environmental factors.

The salt marsh-atmosphere CO2 EC fluxes measured in Pólvora Island presented a clear cycle at the diurnal scale during all seasons of our study in 2016-2017, forced by the balance between photosynthesis (negative fluxes) and community respiration (positive fluxes). The mean daytime fluxes were -6.71 ± 5.55 μmol m-2 s-1 (-7.95 ± 6.44 μmol m-2 s-1) for the winter-spring (summer-fall) season. During nighttime, the mean CO2 fluxes were 0.67 ± 2.93 μmol m-2 s-1 (2.95 ± 2.10 μmol m-2 s-1) in winter-spring (summer-fall). Although there is high variability in the data, the effectiveness of the salt marsh as a CO2 sink was attested by the computation of the net CO2 balance with a predominance of the photosynthetic activity over respiration and net flux of about 3.2 μmol m-2 s-1 throughout the period of this study.

Our results showed a clear seasonal cycle, with differences of CO2 fluxes between winter and summer (Tables 1, 2). This pattern is similar to what found by Tonti et al. (2018), for EC measurements taken in a salt marsh in Argentina (about 38° S) in 2014. These authors related the summer uptake increase of CO2 by the salt marsh vegetation to both the increase of the air temperature and the duration of the day, consequently increasing the photosynthetic activity in that season. In agreement to the range of results presented in this work (Table 2), Tonti et al. (2018) reported a -12.9 μmol m-2 s-1 uptake peak during daytime in March 2014. During daytime in winter, on the other hand, the CO2 uptake by the vegetation was lower than in summer, peaking at -4.6 μmol m-2 s-1 in August 2014. The results of both studies suggest that the seasonal cycle of air temperature, daylength (light) and plant responses are important forcing mechanisms for the vegetation-atmosphere annual CO2 flux amplitudes in Southwestern Atlantic salt marshes. The annual fixation rate of carbon in this ecosystem, estimated as -1217 g C m-2 yr-1, represents the amount of carbon fixed from the atmosphere in the plant and not necessarily sequestrated by the plant for growth and/or deposited in the sediment. Nevertheless, this fixation rate is about 5 times the mean carbon uptake of salt marshes in other locations (i.e. mean of -245 g C m-2 yr-1, Ouyang and Lee, 2014).

The existing knowledge of CO2 fluxes between the vegetation and the atmosphere in Brazil are restricted to terrestrial biomes. A recent study reported the seasonal behavior of the gross primary production (GPP) - a variable directly related to the fluxes - in four terrestrial biomes: Pantanal, Amazonia, Caatinga and Cerrado (Costa et al., 2022). Analyzing data from one particular location in each biome in distinct periods ranging from 2004 to 2016, the authors described how the seasonal cycle of meteorological variables such as the global incident radiation, air temperature and water vapor deficit, as well as precipitation were the key modulating factors of seasonality in GPP for all biomes.

Armani et al. (2020) presented a study of the EC CO2 and heat fluxes measured in a reservoir located in the Paraná River, southern Brazil, during 2013. The micrometeorological instruments were deployed in a tower installed in one of the reservoir’s islands which is flat and almost submerged, located at 25°03’25.72’’ S, 54°24’33.67’’ W. The authors reported remarkable seasonality of the CO2 fluxes: in the warm season, the CO2 fluxes were negative (CO2 uptake by the vegetation) during daytime due to photosynthesis and positive (CO2 emittance by the vegetation) at nighttime due to the respiration activity. This result agrees with our findings and supports the idea that the plant’s physiology is the major driver of the vegetation/atmosphere CO2 fluxes. During the cold season, however, Armani et al. (2020) found that both daytime and nighttime CO2 fluxes were predominantly negative, suggesting an imposition of the atmosphere’s CO2 concentration and the occurrence of stronger winds on the CO2 fluxes. The authors also reported that 90% of the CO2 flux measurements made in their study area ranged between -102.68 to 151.72 μmol m-2 s-1. In average, the CO2 flux was 12.78 μmol m-2 s-1, indicating that the reservoir was a source of CO2 to the atmosphere.

The amplitudes of the salt marsh-atmosphere CO2 fluxes’ diurnal cycle for both study periods seen in Figures 2A, 3A demonstrate that they were modulated by the passage of transient atmospheric systems, such as cold fronts, and by the level variation of the island’s surrounding waters. Beside the seasonal changes in sunlight (daylength) and air temperature, differences between the spring-summer and winter-fall periods are marked by the variation in the level of marsh inundation that is usually higher in winter-spring months than in the summer. The salt marsh inundation is locally driven by the Patos Lagoon discharge and windspeed which tend to be higher in winter.

The time series of the meteorological variables collected in our study area (Figures 2, 3 and Supplementary Figures 6, 7) attest the predominance of both the seasonal variability and the short-term, synoptic scale (3 to 7 days) events in our study area. The sea level pressure (Figures 2B, 3D) and windspeed data (Supplementary Figures 6A, 7A) clearly show the cycles related to the passage of atmospheric synoptic systems during both study periods. In addition, the diurnal cycle is also prominent in these time series and particularly visible in the air temperature series (Figures 2C, 3C). The seasonal cycle is very clear, as expected, in the air temperature series with values generally above 20°C from November 2016 onwards.

Using precipitation data of Rio Grande city in the period 1913-2016, Silva et al. (2021) describe that the monthly means of this variable are uniformly distributed along the year without distinguishable dry and wet seasons. On analyzing the period 1950-1980, however, the authors noticed that the summer-fall season was dryer, and the winter was wetter than during the whole period 1913-2016. Wetter summers, including the month of November, were predominant during the period 1980-2010. Silva et al. (2021) also report that the major modes of variability of the precipitation in Rio Grande, which can be extrapolated to the study area, are related to the seasonal cycle and to a ~5-years and a 8-years period oscillation linked to the ENSO phenomenon. The authors described that the 5-years (8-years) ENSO cycle is associated to the positive (negative) phase of the Pacific Decadal Oscillation, demonstrating that the teleconnections are important for characterizing the climate of the study area. As described before, during both periods of this study, a moderate La Niña event induced lower precipitation than the normal climatological values. This situation may have produced CO2 fluxes lower than average.

Figures 4–7 show that patterns in winds and water level had strongly influenced our CO2 fluxes. This result corroborates the findings of Möller et al. (2001). The authors studied the subtidal circulation of the Patos Lagoon Estuary analyzing time series of wind, outflow (discharge) and water level collected in situ together with numerical model outputs. They emphasize the importance of the wind forcing in the modulation of the estuary outflow, pointing out to the effects of the passage of meteorological fronts in the temporal scale of 3 to 16 days that produce an inversion of the pressure gradient between the inner and outer parts of the Patos Lagoon. Winds blowing from the southern quadrant produce a pressure gradient from the sea toward the estuary (landward) while northernly winds do the opposite (seaward). Möller et al. (2001) did not report on eventual time lag between the variables, however they pointed out to a phase lag that occurs between the inner Patos Lagoon and the adjacent coastal waters of the South Atlantic Ocean. This lag is modulated by the along-shore (along-estuary) winds and by the morphology of the estuary that acts by filtering tidal and longer period oscillations generated outside the estuary.

Forbrich and Giblin (2015) studied CO2 fluxes using the EC technique between a salt marsh vegetation in New England, USA, and the atmosphere in the months of May to October between 3 years of measurements (2012-2014). They noticed a considerable loss of CO2 transfer in the marsh-atmosphere interface during both night and day under situations of tidal inundation (spring tides at ~15-day periodicity in their case). The authors, using NDVI data estimated from satellites, report areas of low elevation marshes susceptible to suffer reductions in their CO2 fluxes during inundation events.

Although our site in the Pólvora Island is not subject to high tidal amplitudes (Möller et al., 2001) and the precipitation in the vicinity is not very distinct among all seasons when analyzed at the long-term scale (Silva et al., 2021), it is expected that wetter seasons or individual episodes would impact (diminishing) the vegetation/soil-atmosphere CO2 fluxes. As pointed out by Möller et al. (2001), a wetter estuary (marsh) in the vicinity of our study area is related to the increase in the Patos Lagoon outflow (water level) that, on the other hand, is forced by northerly winds and the increase in precipitation, especially during wintertime.

The episode of Julian days ~250 to ~270 (ordinal calendar days 6 to 26 September 2016 - Figure 5) represents a period of very high water pressure anomalies (Figure 2D) and low windspeed (Supplementary Figure 6A) resulting in a very high, in phase (out of phase) cross-wavelet coherence of CO2 fluxes against windspeed (water pressure anomaly), showing that high water levels reduce CO2 uptake in the marsh and corroborating the results from Forbrich and Giblin (2015). Other similar episodes throughout the time series shown in Figure 5B, where the CO2 fluxes are out of phase with the water pressure anomaly, confirm the findings of Forbrich and Giblin (2015) of a negative correlation between water level and salt marsh-atmosphere CO2 fluxes.

The results presented in Table 2 for the amplitudes of the diurnal CO2 fluxes also show that these amplitudes are higher during the dryer season of the summer (January-February) 2017 with respect to the winter (July-August) 2016. It is clear from Table 2 that, during the summer, higher CO2 fluxes occurred during both daytime and nighttime periods. A study using the EC technique in a tropical mangrove (Freire et al., 2022) indicated that the highest values of vegetation-atmosphere CO2 fluxes occurred during the wet season, in contradiction to our results for the Patos Lagoon salt marsh. In both ecosystems, however, the precipitation or water level seem to be major drivers for the vegetation-atmosphere CO2 flux variability.

Krauss et al. (2016) point out that, although salt marshes absorb the atmospheric CO2, these ecosystems also emit CO2 and two other greenhouse gases (CH4 and NO2). Nevertheless, the authors report that the carbon sequester in wetlands is much greater than most ecosystems and, as a consequence, these environments draw general interest as greenhouse gas sinks. Studying the Louisiana (USA) wetlands, Krauss et al. (2016) reported an uptake rate of CO2 by the marshes of -337 g C m-2 yr-1 which is about 3.6 times less than our estimate of -1217 g C m-2 yr-1 for the Patos Lagoon marshes. The authors also offered a comparison between EC measurements of greenhouse gas fluxes and estimates obtained from the more traditional technique of chambers, describing that the different spatial and temporal sampling footprints of the EC and the chambers techniques require further understating to make direct comparisons between these techniques possible.

As all techniques, the EC CO2 flux estimates also present a range of limitations. Oliveira et al. (2019), for instance, described that EC CO2 fluxes are computed using an estimate of the turbulent mixing ratio between the water vapor and the CO2 in the atmosphere that is performed before any calculations of the surface-atmosphere CO2 fluxes. These measurements, along with the original concentrations of these gases in the atmosphere need to be estimated at the same frequency as the vertical component of the wind and all instruments need to be calibrated and frequently serviced, as was the case in this work. At the same time, an accurate dry air density value is necessary in the calculations and a correct setting up of the EddyPro® routines should be applied. Hollinger and Richardson (2005), however, consider that the EC technique the best method to quantify surface to atmosphere fluxes with uncertainties in the order of only 5%.



Conclusion

This work presents the first results of vegetation/soil-atmosphere CO2 flux measurements made using the eddy covariance technique for a salt marsh environment in Brazil. The major findings demonstrate that the local marsh biome is an effective sink for the atmospheric CO2 during both periods of this study: July-November 2016 (characterizing the winter-spring seasons) and January-April 2017 (summer-fall seasons). The amplitude of the daytime (CO2 fixed) and nighttime (CO2 released) fluxes are dependent on the seasons, being higher during the summertime.

Our results also show that the CO2 fluxes in the Patos Lagoon Estuary salt marshes are primary dependent on the diurnal cycle related to the photosynthetic and community respiration processes. For longer time scales, from the atmospheric synoptic cycles to the seasonal cycle, the results demonstrate that the CO2 fluxes are correlated and phase dependent on the winds and water level cycles. Considering the whole area of the Patos Lagoon Estuary salt marshes, this work also offers the first estimate of an annual, area-integrated net CO2 flux indicating the sink of atmospheric CO2 of -87.6 Mg C yr-1 averaged over all seasons. It is important to remember that, although not clearly seen in our data, the second semester of 2016 was a La Niña period, supposing a drier condition for our study area. Our results, in this case, may be overestimated compared to others “normal” years.

The importance of salt marshes is well known, especially when taking into account their role as a source of organic matter and nutrients that support fisheries. The predicted sea level rise imposed by the global warming represents a great risk for these environments (Boorman, 1999). The lower CO2 sink of the salt marsh with higher water levels in the lagoon suggest that sea level rise could result in lower productivity. Although in Brazil the future expected sea level rise is not very well understood, its impacts add onto the negative pressures already imposed by urban expansion in the coastal regions. The past reduction of the salt marsh extent due to urban expansion in the Patos Lagoon Estuary is well documented (Costa, 1997a; Costa, 1997b; Marangoni and Costa, 2009; Seeliger, 2010) and greatly impacts this environment in southern Brazil.

Taking into account the relevance of Patos Lagoon salt marshes for the maintenance of local estuarine fisheries and coastal protection (),  the present study provided further basis for the conservation plans and climate change policies. Our work contributes to the present knowledge on the global carbon budget and for the conservation and management of Brazilian coastal wetlands.
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