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Abstract To address for the first time the carbon budget of traditional salterns, we measured the diel,
seasonal, and spatial variability of water-air CO,-eq fluxes (CH, and CO,) and the Organic Carbon (OC) stock
and burial rate in the sediment. Temperature, salinity, dissolved oxygen, pH and wind were assessed as potential
environmental drivers of the fluxes. The saltern emitted CH, to the atmosphere throughout the year, with no
significant differences among sites or seasons. On the contrary, the saltern were a sink of CO, in summer,
autumn and winter, and a source of CO, in spring. Water temperature was the main positively related predictor
variable of CH, fluxes, explaining 29% of their variance, whereas CO, fluxes were significantly negatively
related to the concentration of O, and pH in the seawater and positively related to wind, which explained 66% of
fluxes variance. The sedimentary and OC stocks and burial rates were not significantly different among the
sampled ponds and averaged 11.9 + 2.2 Mg OC ha™" and 0.011 + 0.004 Mg OC ha™" yr™", respectively. The
carbon budget of the saltern was —35.0 g CO,-eq m~2 yr~', corresponding to —1.49 Mg CO,-eq yr~' for

the total saltern area. This suggests that the-salt industry may function as a carbon sink as opposed to other
coastal industries such as fish and shrimp aquaculture. Future studies with additional measurements across a
wider range of salterns are needed to evaluate the relevance of “white carbon.”

Plain Language Summary Salterns store carbon in their sediments. At the same time, they release
carbon from the water to the atmosphere as methane and carbon dioxide, two gases that contribute to global
warming. In this study, we evaluated for the first time whether salt ponds are sinks or sources of carbon. We
assessed the daily and seasonal fluxes between air and water in a traditional saltern and the amount of carbon
that can be stored in the pond sediments. We found that the salt pond had a net capture of CO, from the
atmosphere to the water in spring, autumn and winter, and that the carbon stored in the sediments was
substantial. On an annual basis, the amount of carbon captured in both water and sediments largely exceeded the
methane emissions, rendering the whole pond area a relevant carbon sink. Our results highlight the important
role of salterns in the global carbon budget and show how they can contribute to mitigate climate change.

1. Introduction

Traditional salt production ponds are human-made basins located in the transition zone between land and sea
designed for extracting salt from seawater through the process of solar evaporation. They consist of a series of
interconnected shallow ponds through which seawater flows and evaporates by the action of wind and solar
energy to become increasingly salty, leading to the final crystallization ponds, where salt precipitates out and can
be harvested. Besides salt provision for human consumption, salterns provide relevant ecosystem services such as
the support of biodiversity (Takekawa et al., 2006) and particularly of migratory and resident birds as resting and
feeding places (Soares et al., 2018; Sripanomyom et al., 2011; Susano & Gongalves, 2020).

As the water entering the salt pond system does not return to the sea, a substantial part of the organic matter (OM)
produced within the ponds is buried in the bottom and may contribute to coastal carbon sequestration and climate
change mitigation such as the blue carbon ecosystems (Lovelock & Duarte, 2019). As salterns support high
densities of birds, their droppings fertilize the salt ponds (Ganning & Wulff, 1969) fueling primary production and
thus, the potential for OM burial. On the other hand, there is the potential for salterns to be sources of carbon to the
atmosphere as the accumulation of OM in their sediments drives microbial metabolism, releasing CO, and CH, as
end products (Keneally et al., 2024). Water to air CH, emissions have been measured in water-saturated
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sediments and unrestored former industrial salt ponds (490.5-1,607.1 pmol m~2 d™"), and in restored salt ponds
(4.4-41.4 pmol m~2d™Y), in contrast with salt marshes (—24.3 to —1.7 pmol m~2 d7Y), that were net CH, sinks
(Zhou et al., 2021). The scarce available evidence suggests that the amount of Organic Carbon (OC) stored in
active salterns can be quite high, with values only slightly lower than natural salt marshes (700 vs. 900 Mg CO,
ha™') (Diaz-Almela et al., 2019).

To elucidate whether salterns are carbon sources or sinks, it is necessary to assess the carbon budget based on the
main processes of carbon dynamics in the salt ponds. The net carbon budget is mostly determined by the balance
between (a) carbon dioxide transfer from the atmosphere to the water column, (b) the OC transfer from the water
to the sediment (carbon sequestration or burial), and (c) carbon transfer from the water column back to the at-
mosphere resulting from OM decomposition (CO, and CH,). Other carbon transfers into the salt pond system are
associated with the water income from the lagoon, particularly in the summer when evaporation is high, and from
OM detritus, rain and dust. When this balance is positive, the system functions as a carbon source; otherwise, it
acts as a carbon sink (Bianchi, 2007). The carbon storage capacity and emissions by salterns are virtually un-
known. Considering the large extent, yet to be quantified, global area of salterns, it is of utmost relevance to assess
if they are carbon sinks, similar to what was revealed for natural hypersaline tidal flats (Brown et al., 2021).

In this study, we assessed the diel and seasonal variability of the net air-water CH, and CO, fluxes of an operating
traditional salt production facility in Ria Formosa, Southern Portugal, and the key environmental drivers of these
fluxes. We also quantified the OC stocks and burial rates within the salt pond sediments. By integrating the
discrete measurements of the air-water carbon fluxes with the sediment burial rates, we roughly estimated an
annual carbon budget for the salt pond area.

2. Materials and Methods
2.1. Study Site

The study was conducted in the salt ponds of the traditional salt production company Necton (Companhia
Portuguesa de Culturas Marinhas, S.A.), located in Olhdo, Algarve, South Portugal (37.024°N, —7.869°W)
(Figures la and 1b). The Algarve region has a semi-arid Mediterranean climate, with a 30-year average (mini-
mum-maximum) annual rainfall of 598 mm (429-1,336 mm) and a mean annual air temperature of 16.2°C
(13.8-17.8°C), considering the period from 1991 to 2020 (Instituto Portugués do Mar e da Atmosfera, Data
Clima, 2026). The ponds receive seawater from the adjacent mesotidal Ria Formosa lagoon (Figure 1b).

The salt pond area includes 18 interconnected evaporation ponds, covering a total area of ca. 42,500 m”
(Figure 1c). The water first enters a decanter pond through a manually operated gate. Then, the water flows by
gravity through the evaporation ponds until the crystallizer ponds where the salt precipitates and is collected for
commercialization. While progressing through the pond system, the water salinity increases due to evaporation.
During this study, the water level inside the ponds varied between 17 and 33 cm.

2.2. CH, and CO, Flux Measurements

Fluxes of CH, and CO, were measured in July 2023 (summer), November 2023 (autumn), February 2024 (winter)
and May 2024 (spring) at the water-air interface at three sites of the evaporation salt ponds, indicated as F1, F2,
and F3 (Figure 1c). Preliminary CH, and CO, flux measurements were also made in the winter and spring of
2021, which allow a rough assessment of inter-annual variability. Fluxes were measured with a semi-spherical
opaque floating chamber (33 cm in diameter, Figure 2), deployed at the water surface at a fixed point on each
site and connected via two gas-tight ports in a closed loop to a portable CH, and CO, analyzer (LGR-ICOS™
M-GGA-918, ABB Inc. Measurement and Analytics). The analyzer measured the gas concentration in the air of
the chamber at 5-s intervals, using laser cavity ringdown spectroscopy. Precision was 1 ppb over an operating
range of 0—-100 ppm for CH,, and 0.4 ppm over a range of 0-20,000 ppm for CO,. Flux measurements lasted about
30 min to achieve a linear rate of change in gas concentration over time within the chamber and were repeated at
each site at intervals of approximately 2 hr. During the night, the time interval between flux measurements was
longer (67 hr). Flux measurements were performed until a full 24 hr period was completed, except in autumn
when the cycle was interrupted after 13 hr due to adverse weather conditions. In total, 9 to 10 incubations were
performed at each site and season over the diel cycle, except for autumn, in which 7 to 8 incubations were
performed. Fluxes were calculated following Equation 1 (Brown et al., 2021).
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crystallizers
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Figure 1. Location of the Ria Formosa lagoon in south Portugal (a), location of the salt ponds of Necton (Companhia
Portuguesa de Culturas Marinhas, S.A.) within the lagoon (b), and aerial image of the salt ponds (c), showing the sites where
the sediment cores were collected (C1, C2 and C3) and the sites where flux measurements were carried out (F1, F2 and F3).
Site F2 was chosen over site C2 for the flux measurements because it was a better representative of the salinity gradient in the
summer 2023, when the annual cycle was initiated. The evaporation ponds, indicated with a yellow dashed line, cover a total
area of 42,500 m>.

Flux rate (F) = (SXV)/(RXT X A) (€)]

where F is the flux rate (umol CH,, or CO, m~>h™"), § (ppm s™") is the slope of the linear regression between the
gas concentration (ppm) and time (s), V is the volume of the chamber and tubes (L), R is the ideal gas constant
(L atm mol~' K1), Tis the air temperature inside the chamber (K), and A is the surface area of the chamber (m?).
Individual flux rates of CH, and CO, were time-integrated, converted to pmol m~2 and integrated over 24 hr
(umol m™>d™h).

2.3. Environmental Variables

At each site, the salinity and pH of the pond water were measured at the onset of the 24 hr cycle in the early
morning, at solar noon and the next day before sunrise, except in autumn when the cycle was interrupted after
13 hr. Salinity (psu) was measured with a conductivity probe (VWR CO310) and pH was measured with a
portable pH meter (Thermo Scientific™ Orion Star™ A221). Dissolved oxygen (mg L") and water temperature
(°C) were continuously measured at each site at 1-min intervals, using small self-contained optical sensors
(miniDOT® logger, Precision Measurement Engineering; accuracy +0.01 mg O, L™" and +0.1°C; in-house
certified calibration). The air temperature inside the chamber was continuously recorded at 1-min intervals
during incubation with a HOBO® temperature logger (ONSET). Wind speed (km h™!) was recorded at 1-min
intervals with a Watchdog 2,000 series station, positioned at a height of 5 m above the water surface of the ponds.
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Figure 2. Measurement of water-air CH, and CO, fluxes: incubation chamber floating at the water surface (a), connected to
the gas analyzer (b), which is paired with an iPad containing the software that allows real-time readings of the evolution of
the gas concentrations inside the chamber (c).

2.4. Carbon Stocks

Sediment cores were taken in February 2021 at three sites (C1 to C3; Figure 1c). Cores (n = 3 per site) were
extracted at each site by manually hammering 50-cm PVC tubes (internal diameter = 4.6 cm, bottom edge
serrated) into the ground, until penetration was not further possible (penetration depth ranged from 32 to 42 cm;
Table S1 in Supporting Information S1). Sediment cores were manually extracted in a vertical position by
creating a vacuum using a stopper placed in the upper end of the tube. Immediately after extraction, the lower end
of the tube was sealed with a lid to prevent sediment loss. Sediment compaction during coring was considered
linear and was measured based on the total length of the corer, the empty space inside the cores with the sediment
sample before retrieval, and the length of the sediment core retrieved, and ranged from 9.1% to 38.9% (Table S1 in
Supporting Information S1). After extraction, the cores were sealed at both ends and transported to the laboratory
in a vertical position, where they were immediately frozen at —20°C until further analysis.

At the laboratory, the sediment cores were opened lengthwise with a circular saw and the sediment profile was
visually inspected to define the top OM-rich layer according to color and grain size (Figure S2 in Supporting
Information S1). The sediment core from one half was divided into 1-cm slices and placed into pre-weighted zip-
lock plastic bags, frozen at —20°C, oven dried (48 hr, 60°C), and weighed (dry weight, dw, £0.001). The volume
of the samples (cm®) was estimated by geometrical approximation, using the thickness of each sample and the
core diameter. Sediment dry bulk density (DBD, g dw cm™) was calculated as the dry weight divided by the
volume of each sample. Dried samples were then manually ground to fine powder with a ceramic mortar and
pestle. Fractions of 2-3 g dw from all samples (n = 263) were subjected to the loss-on-ignition procedure (LOI,
4 hr, 450°C) to estimate the OM content (OM, % dw). Organic Carbon content (OC, % dw) was determined in a
selection of samples (n = 43, 16.3% of the total; Figure S3 in Supporting Information S1) by measuring the carbon
content in the selected samples before and after LOI, using an automated elemental analyzer (Elementar, Vario
EL III, Central of Technologies and Services, CCMAR). We observed that the OM content presented very high
values (OM > 12.5% dw) in many samples from site C3, which did not correspond to high OC content values
(Figure S4 in Supporting Information S1). To verify analytical reliability, a subset of samples from site C3 was re-

ALEXANDRE ET AL.

4 of 17

85UB017 SUOLUWIOD 3A11e1D 8(cedldde 8Ly Aq peusenob afe sejoie YO ‘8sn Jo sainJ 10} Ariq1T8ul|UO 8|1 UO (SUORIPLOD-pUB-SWBI LD A8 | 1M Afe.d 1 |BuUO//Sd1Y) SUORIPUOD pUe SWe | 8L 88S " [9202/90/22] U0 A%iqi8uliuo Ae|im ‘eneb|y od spepseAln Aq 9T06009rGZ02/620T OT/I0p/Loo A im Arelqjeul|uo'sgndnBey/sdny oy papeojumod 'S ‘920z ‘T96869T2



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Biogeosciences 10.1029/2025JG009016

analyzed for OM content using the LOI method, and elemental (CHN) analyses were repeated in an independent
external laboratory; yet replicated measurements yielded consistent results. Therefore, these OM values were
excluded from the analysis due to the suspicion of contamination with salts that might have interfered with the
LOI procedure. To account for these missing values, we increased the number of samples for OC determination by
elemental analyzer in cores from site C3 over the whole core depth and used only OC values to calculate the OC
stocks in this pond (Figure S3 in Supporting Information S1). From the samples with valid OM and OC contents, a
linear relationship was obtained to estimate OC values from sites C1 and C2: OC (% dw) = —0.862 + 0.307 OM
(% dw) (Fy 59 = 46.2, p < 0.001, adjusted R? = 0.683; Figure S4 in Supporting Information S1). When the linear
regression yielded a negative value of OC, it was considered zero.

The sedimentary stock of OC per unit of area (g OC cm™2) was estimated by multiplying OC content (g OC g™
dw) by DBD (g dw cm™) for each depth interval, integrating these products over the depth of the core following
standard techniques (Howard et al., 2014), and finally expressing the results in Mg OC ha™". Since the cores
presented different penetration depths and compaction (Table S1 in Supporting Information S1), the compaction
correction factor was calculated for each core to correct sediment depth. After applying this correction, depth of
analysis for OC stocks was standardized to 30-cm, ensuring comparability among cores across sites.

2.5. Carbon Sequestration Rates

The sediment accumulation rate (mm yr~') was estimated by dividing the thickness of the OM-rich layer of each
core by the number of years elapsed since the construction or major reconfiguration of the salt pond sites,
hereafter referred to as the OM accumulation period. This approach assumes that the present OM-rich layer
formed predominantly after the onset of the salt pond activity or its major reconfiguration, as these construction
phases involved extensive sediment removal and reshaping, which likely removed or disturbed pre-existing
surface sediments and promoted remineralization of previously deposited OM. The OM accumulation period
was assessed using available aerial photographs of the site (Figure S1 in Supporting Information S1). The earliest
available image dates to 1947, when the salt ponds already existed. A major reconfiguration occurred in 1972,
during which the ponds at sites C1 and C2 were extensively modified, whereas site C3 remained largely un-
changed. Based on this historical information, we estimated an accumulation period of 49 years for C1 and C2
(since 1972), and a minimum accumulation period of 74 years for site C3 (since 1947). Therefore, these estimates
represent conservative approximations of post-construction sediment and OM accumulation.

The carbon sequestration rate (g OC m~2 yr~') was then obtained as the product of the sediment accumulation rate
(mm yr~") of each core and the weighted average of the OC density (g OC cm™) considering only the depth
corresponding to an age of 49 years (i.e., from the last major reconfiguration of the salt ponds, in 1972). The total
OC stock (Mg OC) and the annual OC sequestration rate (Mg OC yr~') for the whole salt pond area were
estimated as the product of the mean OC stock and mean OC burial rate per unit of area from the three sites and the
total area covered by the evaporation ponds.

2.6. Flux Rates

Flux rates of CH, and CO, (F, pmol m~ h™') measured along the diel cycles were integrated to obtain daily CH,
or CO, flux rates (DFR cgy, or DFR ,; pmol m~2 d™") for each site and sampling period, applying the trapezoidal
rule (Equation 2). For the diel cycle that did not extend to a full 24-hr period, the last measured flux rate was
assumed constant to complete the integration over the remaining hours of the day.

n—1 n

. (zi+1 — ti) X (Fi+1 + F:)

Daily flux rate (DFR) = +124 - ) t;|XF 2
y (DFR) ; 5 ; i| X F, ©)
where, i denotes each individual measurement taken during the sampling cycle, n represents the total number of
flux measurements within the cycle, ¢ corresponds to the time points at which the measurements were recorded
(h), and F is the flux rate of CH, or CO, measured at each time point (umol m~2 h™"), as calculated using
Equation 1.
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Table 1

Summary of the Statistical Tests and Post hoc Comparisons Performed to Detect Significant Differences in the Specified
Variables Among the Three Sites (Salt Ponds)

Variable Season Test used Post hoc comparisons
CH, Spring, Summer, Autumn, Winter Kruskal-Wallis Dunn's test
CO, Summer ANOVA Holm Sidak
CO, Autumn/Winter/Spring Kruskal-Wallis Dunn's test
Salinity Spring, Summer, Autumn, Winter ANOVA Holm Sidak
pH Spring, Summer, Autumn, Winter ANOVA Holm Sidak
0o, Summer, Autumn, Winter Kruskal-Wallis Dunn's test
0, Spring ANOVA Holm Sidak
Water temperature Spring, Summer Kruskal-Wallis N/A

Water temperature Autumn, Winter ANOVA N/A

Wind speed Summer ANOVA N/A

Wind speed Autumn, Winter, Spring Kruskal-Wallis N/A

The daily CO, and CH, flux rates were expressed as CO, equivalents (CO,-eq) and summed to calculate the total
flux rates (DFR-po, pmol CO,-eq m~2 d='). CH, fluxes were converted to CO,-eq by applying a factor of 28,
representing the 100-year global warming potential of CH, as defined by the IPCC (2021).

Seasonal flux rates of CH, and CO, (SFR -y, or SFRo,; mmol m ™2 season™ ') were calculated by multiplying the
daily flux rates of CO, or CH, by the number of days in the respective season and converting the results to mmol.
The total seasonal flux rate (SFRy,;; mmol CO,-eq m™~ season” ') was then obtained by summing the seasonal
flux rates of CH, and CO, after converting CH, fluxes into CO,-eq by applying a factor of 28 (IPCC, 2021).
Finally, the four seasonal total flux rates were summed to calculate the total annual flux rate (AFR,,,;; mmol
CO,-eq m~2 yr~ 1) for each site.

2.7. Annual Carbon Budget

A simple carbon budget model (Equation 3) was developed for the whole salt pond evaporation area to estimate
the annual net carbon flux rate (NCF; g CO,-eqm™2 yr~'). A positive value of NCF indicates that the salt pond is a
carbon sink, whereas a negative value indicates that it is a carbon source. The limitations of this simple model will
be assessed in the Discussion section.

Annual Net Carbon Flux Rate (NCF) = AFR + SR 3)

where AFR is the annual total carbon flux rate and SR is the OC sequestration rate in the sediment, both expressed
in g CO,-eq m~2 yr~'. The SR, initially expressed in g OC, was converted to CO,-equivalents by multiplying by
3.67, the mass ratio of CO, to carbon. The AFR, initially expressed in mol CO,-eq, was expressed in g CO,-eq by
multiplying its value by 44.01 g mol™", the molecular weight of CO,.

2.8. Statistical Analysis

The slopes S used in the calculation of CH, and CO, flux rates were obtained using least squares linear regression.
Table 1 summarizes the statistical tests used to detect significant differences in the flux rates of CH, and CO,, as
well as in the environmental parameters among the three salt ponds studied.

ANOVA results were reported with the F value, while Kruskal-Wallis results were reported with %%, with the
respective degrees of freedom (d.f.) and the associated p-value. Differences were considered significant at a level
of p < 0.05. Statistical analyses were performed using SigmaPlot V14.

Two multiple linear regressions at p > 0.05 (IBM SPSS Statistics 21) were performed separately to identify
predictors of CH, and CO, fluxes because of the different number of observations of the predictor variables. One
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Figure 3. Diel variation in the CH, flux rates across the three sites (F1, F2 and F3) over the four seasons. Gray shaded areas
represent the night-time period.

multiple linear regression was performed with salinity and pH, each with n = 33 observations, and another
multiple linear regression with water temperature, oxygen and wind, each with n = 110 observations.

Sedimentary OC content in the top 30-cm did not meet parametric assumptions even with data transformation, so
non-parametric Kruskal-Wallis rank sum tests were used to test for differences among sites (fixed factor, three
levels: sites C1, C2 and C3), followed by post hoc Dunn's test, with Bonferroni correction, to assess pairwise
differences among them. Differences in the upper 30-cm OC stocks and sequestration rates among sites were
tested with one-way ANOVA and Tukey post hoc tests, which control the family-wise error rate of multiple
comparisons, after testing normality (Shapiro-Wilk test) and homoscedasticity (Flinger test) of the data. A sig-
nificance level of 0.05 was considered for all tests. Statistical analyses for sedimentary carbon data were per-
formed in the R programming language (version 4.3.1; R Core Team, 2023) and RStudio software (version
2023.06.1). The data set generated in this study is available in Zenodo (de los Santos & Alexandre, 2026, https://
doi.org/10.5281/zenodo.17867948).

3. Results
3.1. CH, and CO, Fluxes

The three sites (F1 to F3) emitted CH, to the atmosphere throughout the year, with no consistent daily pattern
along sites or seasons (Figure 3). In the summer, emission rates at sites F1 and F3 were significantly higher
(H = 13.70, d.f. = 2, p < 0.001) than at site F2 (Table 2). In autumn, CH, emission rates at site F3 were
significantly higher (H = 15.16, d.f. = 2, p < 0.001) than at F1 and F2, which were similar (Table 2). In winter,
despite the peak of CH, emission in site F2 during the day (Figure 3), the mean flux was similar to sites F1 and F3,
which differ significantly (H = 14.87, d.f. =2, p < 0.001). In spring, CH, fluxes were not significantly different
among sites (H = 2.33, d.f. = 2, p = 0.321) (Figure 3, Table 2).

Similar to CH,, there was no clear daily pattern of CO, fluxes along sites or seasons (Figure 4). Most sites
absorbed CO, throughout the year except in Spring when water to air emissions were high, particularly of site F2

ALEXANDRE ET AL.

7 of 17

85UB017 SUOLUWIOD 3A11e1D 8(cedldde 8Ly Aq peusenob afe sejoie YO ‘8sn Jo sainJ 10} Ariq1T8ul|UO 8|1 UO (SUORIPLOD-pUB-SWBI LD A8 | 1M Afe.d 1 |BuUO//Sd1Y) SUORIPUOD pUe SWe | 8L 88S " [9202/90/22] U0 A%iqi8uliuo Ae|im ‘eneb|y od spepseAln Aq 9T06009rGZ02/620T OT/I0p/Loo A im Arelqjeul|uo'sgndnBey/sdny oy papeojumod 'S ‘920z ‘T96869T2


https://doi.org/10.5281/zenodo.17867948
https://doi.org/10.5281/zenodo.17867948

NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Biogeosciences

10.1029/2025JG009016

Table 2

Weighted Average (= Weighted Standard Deviation) of CH, and CO, Flux Rates (umol m™2 h™"') Over Each Sampling Cycle, Daily CH, and CO, Flux Rates (mmol

m=2d"), Daily Total Flux Rate (mmol CO,-Eq m~2 d~') and Seasonal CO,-Eq Flux Rate (mmol m=2 Season™")

Average CH, flux

Season Site (umol m~2h~")

Average CO, flux
(pmol m2h™Y)

Daily CH, flux
(mmol m~2d™")

Daily CO, flux
(mmol m~2 d™ )

Daily total CO,-eq flux
(mmol m™2 d™")

Seasonal CO,-eq flux
(mmol m~? season™")

Summer F1 5.7 £2.6 (n=10)
F2 1.6+x10n=9)
F3 33£30(n=9)
0.7+£02@nm=218)
F2 06+£02n="7)
F3 2106 (n="7)
Winter F1 0.6 0.2 (n=10)
F2 1.3+ 1.1 (n=10)
F3 1.9+ 0.6 (n=10)
Spring F1 0.9 £0.3 (n=10)
F2 1.9+ 0.9 (n=10)
F3 14 £ 1.0 (n=10)

Autumn F1

—278.3 + 2349 (n = 10)
—4238 + 1523 (n=9)
3182 % 145.6 (n = 9)
—67.8 354 (n = 8)
—299.5 + 75.6 (n = 7)
—1872£370 (n=17)
—312.9 + 97.5 (n = 10)
—336.3 £ 113.6 (n = 10)
—33.8 £ 57.6 (n = 10)
238.2 £ 84.2 (n = 10)
813.5 + 255.3 (n = 10)
192.7 + 61.1 (n = 10)

0.119
0.033
0.076
0.017
0.014
0.049
0.015
0.030
0.045
0.024
0.041
0.032

—6.650
-9.710
7.317
—1.610
—7.424
—4.610
—7.599
—7.784
—0.860
5.747
18.479
4,458

—3.322
—8.777
9.454
—1.140
—7.023
—3.249
=7.175
—6.932
0.395
6.431
19.629
5,359

—305.6
—807.5
869.8
—103.8
—639.1
—295.6
—645.7
—623.9
35.6
591.7
1,805.9
493.0

(Figure 5, Table 2). Site F3 was a significant source of CO, in the Summer, as opposed to sites F1 and F2
(F = 33.80, d.f = 2, p < 0001) which had similar negative fluxes. In autumn, the CO, uptake in site F2 was
significantly higher than site F1 (H = 13.85, d.f. = 2, p < 0.001). In winter, the CO, uptake of site F3
was significantly lower (H=19.56, d.f. =2, p < 0.001) than sites F2 and F1. In spring, the emission rate of site F2
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Figure 4. Diel variation in the CO, flux rates across the three sites (F1, F2 and F3) over the four seasons. Gray shaded areas

represent the night-time period.
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Figure 5. Seasonal flux rates (expressed in CO,-eq) originated from CH, and CO,, and total flux rate (sum of both rates)
across sites (F1, F2, and F3). Downward arrows indicate that the flux was from the atmosphere to the water (carbon sink),
while upward arrows indicate the opposite direction (carbon source).

was significantly higher (H = 19.73, d.f. = 2, p < 0.001) than sites F1 and F3. Blooms of Artemia salina were
observed at sites F2 in spring and F3 in summer, coincident with peaks in CO, emissions (Figures 4 and 5,
Table 2).

The net CO,-eq fluxes followed the pattern of the CO, fluxes, showing that the pond system was a sink of CO, in all
seasons, except in spring and site F3 in summer (Figure 5, Table 2). The highest fluxes were found at site F2 in the
summer. On average, the saltern was a source of CO,-eq in spring (963.5 mmol m~ season™"), and a sink of CO,-
eq in summer (—81.1 mmol m~2 season™}), autumn (—346.2 mmol m~2 season ') and winter (—411.3 mmol m >
season!). Preliminary flux measurements carried out in 2021 confirmed that the system was a CO,-eq sink in
winter and a source in spring, with persistent CH, emissions on both seasons (Figure S5 in Supporting
Information S1).

3.2. Environmental Drivers of CH, and CO, Fluxes

The environmental variability among sites and across seasons is presented in (Figures S6-S10 in Supporting
Information S1). Multiple linear regressions identified water temperature as the main, positively related predictor
variable of CH, fluxes (Table 3). On the other hand, CO, fluxes were significantly negatively related to the
concentration of O, and pH in the seawater and positively related to wind (Table 3). The percentage of variance of
CH, fluxes explained by environmental variables is low (<0.30%, Table 3) as opposed to CO, fluxes (0.66%,
Table 3).

3.3. Organic Carbon Profiles, Stocks, and Sequestration Rates

The variation of OC contents with depth followed a general decreasing pattern at all sites, with site C3 presenting
higher values (Figure 6). The mean OC contents at the top 30-cm sediment layer were significantly different
among sites (y* = 55, d.f. = 2, p < 0.05), with C1 (0.99 + 0.12% dw, n = 56) and C3 (2.58 + 0.19% dw, n = 771)
showing higher OC contents than C2 (0.33 £+ 0.07% dw, n = 68).

Sedimentary OC stocks presented high within-site variability within each site, especially in C2, while no sig-
nificant differences were observed among sites (Table 4), with an overall mean of 11.9 + 2.2 Mg OC ha™'. Mean
sediment accumulation rates varied 2.4-fold across sites, being significantly lower at C2 than at C1 and C3
(Table 4). Mean OC burial rates since the last major reconfiguration of the salt ponds in 1972 were similar among
sites, ranging between 6.3 and 14.6 g OC m™2 yr~! (Table 4), with a mean value of 11.1 +£4.3 gOCm™2 yr~". The
estimated total OC stock in the top 30-cm layer of the sediment for the evaporation pond area was 50.6 Mg OC,
and the annual OC burial rate was 0.472 Mg OC yr™".
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Table 3
Results of the Multiple Linear Regressions of Predictor Variables on the CH, and CO, Fluxes Using the Daily Average
Values of Each Predictor Variable and Gas Flux Obtained for the Three Sites Across the Four Seasons

CH, flux CO, flux

p p-value p p-value
Salinity —0.229 0.654 —0.099 0.739
pH —0.256 0.617 —0.906 0.005
Model R*=0.009, p = 0.880, n = 33 R*=0.663, p < 0.001, n = 33
Water temperature 0.500 <0.001 —0.080 0.774
Water oxygen 0.053 0.529 —0.364 <0.001
Wind 0.053 0.568 0.621 <0.001
Model R*>=0.293, p < 0.001, n = 110 R*>=0.413, p <0.001, n = 110

Note. Bold values are significant at p < 0.05. § = standardized regression coefficients.

3.4. Annual Carbon Budget

Net CO, uptake rates of —20.4 g CO,-eqm ™2 yr~' and -11.6 g CO,-eq m™~2 yr~' were estimated for sites F1 and
F2, and a net CO, emission rate of 48.5 g CO,-eq m 2 yr~ ! for site F3, which corresponds to an average emission
rate of CO, of 5.5 + 37.5 g CO,-eq m~> yr~! (Table 5, Figure 7). The average OC burial rate of the saltern was
11.0 + 4.3 g OC m™2 y~', which corresponds to a carbon sequestration rate by the sediments of 40.5 + 15.6 g
CO,-eq m~2 yr~" (Figure 7). This value is, on average, nearly 7-fold higher than the estimated CO, emission rate,
rendering the saltern a net sink of CO,. For the entire evaporation pond area, the estimated carbon emission rate
was 0.23 + 1.60 Mg CO,-eq yr~", while the carbon burial rate was —1.72 + 0.66 Mg CO,-eq yr™", resulting in a
net carbon budget of —1.49 + 1.27 Mg CO,-eq yr~! (Figure 6).

Assuming that the blooms of Artemia sp. do not last more than 1 month (Baxevanis et al., 2004; Browne
et al., 1988), we calculated the daily fluxes of F3 in summer and daily fluxes of F2 in spring as the average of the
other two ponds, where blooms of Artemia sp. did not occur. The fluxes estimated for F3 and F2 were —67.3 and
—14.2 g CO,-eqm™2 yr™', respectively. Recalculating for the whole evaporation pond area, the estimated carbon
uptake rate is —1.44 + 1.23 Mg CO,-eq yr~ !, which means that the net annual carbon budget of the whole pond
system lies between —1.49 and —3.16 Mg CO,-eq yr~', rendering the whole system a relevant carbon sink.

C1 C3
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©
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E PO 2N Y A I v S06
§ + S07
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4 5 012 3 45 0123 45
Organic carbon content (% dw)

Figure 6. Sediment profile of Organic Carbon (OC) content at sites C1,C2 and C3 (see Figure 1 for site location). The blue
dashed line represents the depth used to estimate the OC stock.
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Table 4

Sedimentary Organic Carbon (OC) Stocks (Top 30-cm Layer), Sediment Accumulation Rates, Estimated Based on Reconstruction Analysis, and OC Burial Rates Since
the Last Major Reconfiguration of the Evaporation Ponds in 1972

Cl1 Cc2 C3 Statistics
OC stock (Mg OC ha™) 126 + 1.9 6.3 + 4.0 169 +2.9 F,s=3.1,p > 0.05
(9.1-15.5) (1.9-14.3) (11.8-21.7)
SAR (mm yr™") 24 £02° 0.9 +02° 25+0.1° F,¢ =184, p <0.01
(2.1-2.8) (0.5-1.3) (2.4-2.6)
OC burial rate (g OC m~2 yr") 122+15 63 +2.7 146 +23 F,¢=3.4,p>0.05
(9.4-14.6) (3.3-11.9) (10.6-18.7)

Note. Values are mean + SE (n = 3), with maximum and minimum values given in parentheses. Different superscript letters indicate significant differences among sites

(Tukey HSD).

Table 5

4. Discussion

Our study showed that the traditional saltern under study was a source of CH, in all seasons, whereas it was a sink
of CO, in summer, autumn and winter, and a source in spring. By integrating the discrete measurements of the air-
water carbon fluxes with the sediment burial rates, we estimated that the annual carbon sink was between —1.49
and —3.16 Mg CO,-eq yr~', rendering the whole salt pond area a significant carbon sink.

The air-water CH, fluxes were within, but close to the lower end of the range of air-water fluxes measured in
coastal ecosystems elsewhere (Table 6). In general, the CH, emissions of saltmarshes, the natural ecosystem
replaced by salt ponds, are higher. This may be due to differences in salinity, which is negatively correlated with
CH, production in coastal wetlands (Al-Haj & Fulweiler, 2020; Poffenbarger et al., 2011). Competition for
substrates (acetate and H,) between sulfate-reducing bacteria and acetoclastic and hydrogenotrophic metha-
nogens may occur in salty environments, with sulfate reducers outcompeting methanogens given their higher
affinity for competitive substrates and limiting CH, production (Keneally et al., 2024), although sulfate reduction
and methanogenesis may co-occur in sediment with high OC loading (Holmer & Kristensen, 1994). In addition,
high salinity induces osmotic stress on microbial metabolism, therefore requiring methanogens to produce or
consume compatible solutes to balance osmotic pressure, an energetically expensive process that can result in
reduced CH, production (McGenity & Sorokin, 2019). On a global scale, CH, emissions in seagrass meadows
were within those of salt marshes, although no correlation has been found between salinity and CH, fluxes in
seagrass ecosystems (Al-Haj & Fulweiler, 2020). With respect to CO,, the saltmarshes of the nearby Bay of Cadiz
behave as sources, whereas the saltern studied in Ria Formosa is a net sink, with values within the range of those
reported for mixed-vegetation communities of vascular plants and algae in the Baltic Sea (Table 6).

CO, fluxes fluctuated without a clear pattern along the diel cycle, while CH, emission rates were about 30%
higher during the day than at night. This highlights the importance of measuring fluxes over full diel cycles, as
point measurements during daytime or night-time may provide biased estimates of the fluxes. Even though diel
variability in the fluxes of both gases has been observed in a range of ecosystems, there is a lack of consensus in
the reported results. Some studies reported maximum emissions of CH, during the night in seagrass meadows
(Bahlmann et al., 2015), salt marshes (Diefenderfer et al., 2018) and restored bogs (Dooling et al., 2018). Others
report maximum emissions during the day in mangroves and salt marshes (Yang et al., 2018), mixed-vegetation

Annual CH,, CO,, and Total (CH, + CO,) Fluxes in the Evaporation Area of the Saltern

Annual CH, flux rate

Annual CO, flux rate Annual total flux rate Annual total flux rate

Site (mmol CH, m~> yr Y (mmol CO, m~> yr ) (mmol CO,-eq m~> yr ) (g CO,-eq m~? yr )
F1 16.1 -913 —463 —20.4

F2 10.9 —569 —265 —11.6

F3 18.4 586 1,103 48.5

All 15.1 £39 —298 + 785 124 + 852 55+375

Note. The average + SD for the three sites is also shown.
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Figure 7. Annual carbon flux rates at the air-water and water-sediment interfaces, and the sum of both interfaces (whole-
system). Downward arrows indicate that the flux was from the atmosphere to the water or from water to the sediment (carbon
sink), while upward arrows indicate the opposite direction (carbon source). The “All”” arrow depicts the average of the three
sites.

ecosystems (Roth et al., 2023), seagrass meadows (Yau et al., 2023) and lakes (Sieczko et al., 2020). This
discrepancy is probably related to the different communities dominating each ecosystem. In the salt ponds, CO,
uptake rates were higher during the day as a natural result of photosynthesis. Curiously, during the night the
system continued absorbing CO,. We speculate that this may be a combination of factors. On one hand, the dark
uptake of CO, by tropical saltmarshes has been documented by Iram et al. (2021), suggesting the presence of
carbon fixation pathways independent of light in coastal systems. Chemosynthetic microbes such as acetogens
that are abundant in the anoxic sediments of wetlands and fixate CO, in the dark, may provide a relevant carbon
sink pathway (Rodriguez et al., 2025). On the other hand, there is the possibility that lower concentrations of CO,
in the water column than in the air resulting from photosynthesis during the day persisted and were not reverted
during the night period by respiration. Unfortunately, the alkalinity measurements we performed to assess the
CO, concentration in the water were not reliable, probably due to the high levels of salinity.

The CO, source to sink shifts observed in site F2 in spring, and in site F3 in summer, may be related to higher
respiration caused by the blooms of Artemia salina that were observed in those sites. The same shifts were

Table 6
Summary of the Ranges of CH, and CO, Fluxes Reported in Different Coastal Ecosystems

Flux rate (pmol m~2 d™") Ecosystem Location Source

CH, 44t0414 Salt ponds converted into wetlands California, USA Zhou et al. (2021)

CH, 34 to 150 Salt marshes Cadiz, Spain Ferrén et al. (2007)

CH, 2.6 to 720 Salt marshes Dofiana, Spain Huertas et al. (2019)

CH, —93 to 94,000 Salt marshes global scale Al-Haj and Fulweiler (2020)
CH, 1.3 to 402 Seagrasses global scale Al-Haj and Fulweiler (2020)
CH, 0.45t0 4.5 Seagrasses Baltic Sea Asplund et al. (2022)

CH, 0.12 Seagrasses Mediterranean Sea  Yau et al. (2023)

CH, 6.25 to 181.25 Mixed-vegetation communities Baltic Sea Roth et al. (2023)

CH, 14 to 119 Salterns Portugal This study

CO, —17336 to 8,861 Mixed-vegetation communities Baltic Sea Roth et al. (2023)

CO, 7,300 to 177,000 Salt marshes Cadiz, Spain Ferrén et al. (2007)

CO, —860 to 18,479 Salterns Portugal This study
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observed in sites F1 and F3 in spring (but not in sites F1 and F2 in summer), indicating that secondary production
in spring may be the underlying cause. Nevertheless, other causes may contribute to these shifts observed when
the temperature was higher and salinity doubled. A greater abundance of sulfate reducers is expected with
increased salinity (Al-Haj & Fulweiler, 2020), and consequently, a greater release of CO, due to increased mi-
crobial respiration. It is also possible that the increase in ionic strength associated with increased salinity results in
a greater carbon availability through the desorption of previously protected labile OM from soil surfaces
(Neubauer et al., 2013), with a consequent higher CO, release.

The negative correlation of CO, fluxes with pH and oxygen suggests that these fluxes were mainly controlled by
the biological metabolism of the ponds. A shift from autotrophic to heterotrophic conditions within the ponds will
reduce the oxygen concentration. On the other hand, the CO,. Released by the respiratory activity forms carbonic
acid that dissociates and releases hydrogen ions, lowering the seawater pH (Schulz et al., 2023). Wind has a
positive effect on pond CO, uptake as it increases the gas transfer velocity through the increase of surface tur-
bulence that increases the surface area and disrupts the boundary layer reducing resistance to gas diffusion
(Jéhne, 2019; Wanninkhof & Trifianes, 2017). In fact, in spring and summer, when CO, effluxes were higher,
wind speed was also 6 to 12-fold higher relative to autumn and winter, reaching maximum speeds of 15 and
25 km hr™". In a shallow-water pond in China, winds of 12 km hr™! increased CH, and CO, effluxes by 6 and
160-fold, respectively, relative to weaker wind conditions (Zhang et al., 2023). CO, fluxes were also primarily
influenced and amplified by small-scale winds (up to 18 km hr™') in a tropical coastal sea in Malaysia (Yusup
et al., 2023).

Higher CH, fluxes were associated with higher water temperature. Temperature has been recognized as an
important driver for both CH, and CO, production and flux in a variety of environments across microbial to
ecosystem scales (Yvon-Durocher et al., 2014), such as vegetated coastal systems (Al-Haj & Fulweiler, 2020;
Ferrén et al., 2007; George et al., 2020; Huertas et al., 2019) and salt pans (Thomas et al., 2014), as increasing
temperature increases microbial metabolism, including methanogenesis (Segers, 1998). This may explain the
higher fluxes of CH, observed during the day relative to night-time, when pond water temperatures were about
8-10°C lower.

There are a limited number of studies that have measured sedimentary carbon in active salterns. Some studies
measured sedimentary carbon in abandoned salt ponds or salt ponds reconverted from salt marshes and mangroves,
but our results cannot be directly compared with them because not enough information was provided. The sediment
depth used to determine the carbon content was not indicated (Ma et al., 2019; Yu et al., 2012), the stocks were
calculated using a different depth (Gulliver et al., 2020), or stocks are reported as total carbon (Castillo et al., 2017).
In our study, we reported a carbon content of 0.33%-2.58% and a density of 2.11-17.02 mg OC cm ™ for the top
30 cm among the three sites, within the same range that those reported by Gulliver et al. (2020) in saltponds, with a
mean carbon content of 1.42 + 0.09% and a carbon density of 13.7 + 1.4 mg OC cm ™ for the top 20 cm. None-
theless, the mean sedimentary carbon contents reported in both studies for abandoned salt ponds are higher than
those measured in our study (<1%). It should be noted, however, that Castillo et al. (2017) reported total carbon,
assuming that inorganic carbon in their sediment is negligible.

! is within the lower end of the 95% confidence interval

The carbon stock measured in the saltern, 12 Mg OC ha™
of those measured in the pioneer salt marsh of the adjacent Ria Formosa lagoon, re-calculated to a comparable
depth, 17.2-30.4 Mg OC ha™' (Martins et al., 2022). Larger differences were found between the sequestration
rates of the salt ponds (6.3-14.6 g m ™2 yr~ ') and the adjacent Ria Formosa saltmarsh, which ranged from 19.35 to
33.95 gm™2yr~' (Martins et al., 2022), suggesting that the replacement of salt marsh by salt ponds decreases the
potential for carbon sequestration of the original ecosystem. The carbon stock measured in our study is sub-
stantially lower than the global average of 79.2 + 38.1 Mg OC ha™"! for tidal marshes (Maxwell et al., 2023). We
expect this difference to be even larger when looking at longer timescales, because the OC profiles show a very
sharp decrease in OC content with depth. Additionally, the periodic maintenance of the salt ponds results in the
removal of the sequestered OM and its exposure to oxygen, promoting re-mineralization. This idea is supported
by Ramjattan (2022), who observed that modified salt marsh sediments tend to store less carbon overall, but with
a more pronounced difference for deeper sampling depths.

There are very few studies that allow for a direct comparison between the air-water carbon fluxes (CO, and CH,)
and the water-sediment OC fluxes in blue carbon ecosystems, so that the overall carbon budget of the ecosystem
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can be estimated. Weston et al. (2014) reported a net sink of carbon of 100-340 g CO,-eq m~2 yr~" in a mes-
ohaline saltmarsh dominated by Spartina alterniflora, in the Delaware river, New Jersey, USA, integrating CO,
and CH, exchange rates with the atmosphere, and the carbon burial in the sediment. The net annual carbon sink of
35 g CO,-eq m™2 yr~' measured in the saltern of Ria Formosa was about 10-fold lower.

At this point, it is important to acknowledge the errors associated with the CO, and CH, flux data measured in this
work that should be considered with caution in the calculation of the annual carbon budget of Ria Formosa salt
ponds. First, the night-time flux data for a period of 6-7 hr is missing in all seasons, with implications in the net
flux estimates, particularly in autumn when no flux data is available for the night period. Even though care was
taken in order to perform at least one flux incubation after sunset and before sunrise, that is in complete darkness,
in order to capture the start and end point flux values during night-time, the occurrence of peak emissions of CO,
originated from occasional bubble ebullition during the night period cannot be discarded. Such occasional CO,
peak fluxes would add to the total daily CO, flux but would hardly alter the saltern's function as a carbon sink
given its large carbon burial capacity. Second, and probably more importantly, the seasonal fluxes were calculated
based on single 24 hr measurements within each season. This low sampling frequency certainly represents a large
source of error, as evidenced by the important metabolic influence of the sporadic Arfemia sp. blooms, as we
assume no intra-seasonal variability. It does not account for short-term extreme events either, which may sub-
stantially influence CO, fluxes. It has been shown that heavy rainfall may increase CO, emissions by 200% in
shallow ponds in response to a drop in the atmospheric pressure, with little effect on CH, fluxes (Zhang
et al., 2024). On the other hand, heatwaves may stimulate microphytobenthos photosynthetic activity and increase
the uptake of CO, (Douglas et al., 2025), although it may be inhibited above 35°C (Vieira et al., 2013). The
temperature of the overlying water in the ponds during summer reached this temperature, potentially reducing the
effectiveness of carbon uptake capacity of the saltern. Ideally, flux measurements should be taken on several days
of contrasting weather throughout a season to capture rapid changes in flux dynamics driven by variable weather.

In this study, the carbon budget was calculated accounting only for the air-water CH, and CO, exchanges and the
sedimentary OC burial. It may be argued that other potentially relevant contributions should be considered,
including the import of dissolved inorganic carbon and dissolved and particulate OC from the adjacent lagoon
system. However, man-made salterns are artificial habitats where the input of water from the adjacent lagoon
ecosystem is very low, and mostly in late spring and summer to account for evaporation. Most of the OC buried in
the saltern sediments originates from within pond production and lateral export of biomass from the saltmarsh
plants that occupy the slopes that contain the ponds. This import of OM was not quantified. Further studies should
focus on revealing the potential sources of buried carbon and the relevant pathways of carbon input and output in
the saltern, either by using isotopic or biomarker analyses or eDNA.

The approach used here to estimate carbon burial rates, dividing the thickness of the OM-rich layer by the time
since the pond was constructed, assumes that the variation of the sedimentation and OM accumulation rates along
time is constant. This limits the ability to accurately determine sedimentation rates and temporal variability in
carbon accumulation, as opposed to radiometric methods. However, methods such as the excess >'°Pb from at-
mospheric input equally assume that both sedimentation rate and 2'°Pb flux are constant, which is rarely valid in
natural systems. In addition, the ponds are regularly visited by long-legged avifauna, which may induce sediment
mixing, potentially complicating the application and interpretation of >'°Pb dating method. We note that the OM-
rich layer was clearly distinguishable in the sediment profile, supporting its attribution to the operational period.
While some uncertainty is inherent to this approach, the magnitude of the associated error remains difficult to
quantify. It is unlikely that our approach alters the overall interpretation of burial as a dominant component of the
carbon budget. Future studies incorporating geochronological techniques will help to further estimate burial rates
more precisely. Lastly, the annual net carbon budget of the saltern was estimated based on the integration of
carbon flux rates and sedimentary burial rates over very different time scales, which may be an additional source
of error. Fluxes were extrapolated to annual rates based on hourly rates, whereas sedimentary carbon burial was
extrapolated to annual rates based on the carbon accumulated over a period of 49 years, because the last major
reconfiguration of the saltern. Minor sources of uncertainty in our budget may also arise from the potential linkage
between air-water CO, uptake and the subsequent accumulation of OM in the sediment, which may introduce
some degree of overlap between these flux components.
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5. Conclusions

In summary, carbon sequestration rates per unit area in the Ria Formosa saltern were lower than coastal vegetated
blue carbon systems, but as opposed to them, there was a net annual uptake of CO, that largely offsets the CH,
emissions. This and the substantial amount of carbon sequestered in the sediments render the studied Ria Formosa
saltern a relevant “White Carbon” sink of 1.49-3.16 Mg CO,-eq yr~". This suggests that the sea-salt industry may
function as a carbon sink as opposed to other coastal industries such as fish and shrimp aquaculture (Xu
et al., 2023). Future studies with additional measurements across a wider range of salterns are needed to evaluate
the relevance of “white carbon.”
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