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Coastal wetlands are significant sources of methane in the atmosphere, but emissions

in these ecosystems are still poorly quantified, as in situ data are limited. In this

study, we present the first assessment of spatio-temporal changes in air-water CH4

fluxes in the salt marshes of the Doñana wetlands (SW Spain), one of the most

emblematic protected areas in Europe, due to its high biotic diversity and unique

importance for aquatic wildfowl. The marshes are flooded by estuarine waters from the

adjacent Guadalquivir River by tidal intrusion, which influences aquatic CH4 dynamics

by changing salinity and water chemistry which affects sedimentary methanogenesis.

During sixteen samplings, conducted between March 2016 and March 2018, surface

water CH4 concentrations were measured using static-head space equilibration gas

chromatography in seven sites representing salt marshes located in the land strip

close to the estuary. Because of meteorological conditions and tide variations, salinity

markedly changed across the salt marshes, although sites located closer to the river

mouth could be categorized as polyhaline marshes whereas upstream sites formed a

group of mesohaline marshes. The CH4 saturation range was 252–36,735% (average

5,170%) and 374–620,007% (average 31,541%) in polyhaline and mesohaline marshes,

respectively, suggesting the inhibitory effect of sulfate on methanogenesis, although a

linear trend between dissolved CH4 concentration and salinity was not observed. In

contrast, water temperature and chlorophyll a were significantly and positively correlated

with methane, indicating sedimentary methanogenesis control by temperature, and

organic matter availability boosted by primary productivity. This does not exclude the

possibility that some CH4 might also come from estuarine inputs. Air-water CH4 fluxes

ranged from 2.6 to 720 µmol m−2d−1 (average 104 µmol m−2 d−1) in the polyhaline

marshes and from 5.6 to 12,715 µmol m−2d−1 (average 637 µmol m−2 d−1) in the

mesohaline marshes, with higher emissions measured during the summer months in all

sites. Even though the strongest environmental drivers of dissolved CH4 accumulation
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seemed to be temperature and productivity, the spatio-temporal patterns observed

suggest that methane dynamics in the Doñana salt marshes are controlled by a mosaic

of processes rather than by a single environmental force.

Keywords: Doñana, methane, saltmarshes, emissions, Guadalquivir estuary

INTRODUCTION

Wetlands are the largest global source of the potent greenhouse
gas methane, with an estimated annual emission to the
atmosphere of 160–210 Tg (Kirschke et al., 2013). In fact,
the increase in atmospheric methane concentration measured
over the last decade is partially attributed to the rise in the
emissions from tropical wetlands, in response to positive rainfall
anomalies (Nisbet et al., 2016). If this type of biogenic source
continues to grow, the expected rise in atmospheric methane
concentration will be beyond the largest events recorded during
the last millennium (Nisbet et al., 2016). Therefore, because of
their relevant role in the global methane budget, wetlands, and
inland waters are likely to drive the methane climate feedback
from natural settings in the coming century (Dean et al., 2018).
Measuring methane fluxes in these environments is therefore
essential to accurately constrain the globalmethane budget and to
understand feedback to the climate system (Kirschke et al., 2013;
Dean et al., 2018).

In aquatic systems, methane is mainly generated microbially
in anoxic sediments and escapes to the overlying water column
where it can be oxidized, thereby reducing the amount of
methane that eventually reaches the atmosphere (Dean et al.,
2018 and references therein). In estuarine systems CH4 can also
be oxidized in the sediment via anaerobic methane oxidation
coupled with sulfate reduction (Barnes and Goldberg, 1976;
Borges and Abril, 2011).

Particularly in wetlands, air-water CH4 fluxes are affected by
several environmental variables, such as the water table level,
temperature, and salinity. The water table directly influences
methane release through its effect on vascular plant species
(Sun et al., 2013) and the redox potential (Yang, 2013). Low
temperature negatively affects methane emissions, as both
organic matter oxidation and plant photosynthesis decrease in
response to reduced temperature (Ding and Cai, 2007). Similarly,
high salinity reduces methane generation, as sulfate reducing
bacteria compit with methanogens for substrate (Bartlett et al.,
1987; Poffenbarger et al., 2011). Therefore, CH4 emissions are
routinely higher in freshwater wetlands and inland waters in
comparison with coastal salt marshes and mangroves (Ding and
Cai, 2007; Sun et al., 2013; Tong et al., 2013). Nevertheless,
the influence of salinity on methane production is complicated
by local conditions, and methane release in saline marshes still
persists despite the inhibitory effects of sulfate (Weston et al.,
2011). In addition, site-specific conditions are usually quite
variable in coastal wetlands, especially in temperate regions,
resulting in a large spatio-temporal heterogeneity of methane
fluxes in these ecosystems (Poffenbarger et al., 2011). Therefore,
because coastal wetland types vary in methane release and
controlling processes, they need to be considered individually

FIGURE 1 | Location of the Doñana salt marshes and sampling sites.

to yield reliable estimates of global wetland methane emissions
(Turetsky et al., 2014) and to assess the potential evolution with
the advent of environmental stressors.

As a contribution to the Frontiers Research Topic Structure,
Functioning, and Conservation of Coastal Wetlands, we report
a data set obtained in the salt marshes of the Doñana National
Park (DNP, Figure 1) during a number of samplings conducted
between March 2016 and March 2018, of biogeochemical
variables related to CH4 production pathways in aquatic systems.
Located at the mouth of the Guadalquivir River estuary (South
Western Iberian Peninsula, Figure 1), the ecosystem complex
jointly formed by the Doñana salt marshes and the estuary covers
a surface of 3,560 km2, representing the largest coastal wetland
in Southern Europe. In particular, DNP (Ramsar Site since 1982
and UNESCO World Heritage Site since 1995) is considered the
most relevant sanctuary for migratory birds in Western Europe
(Cížková et al., 2013), as it hosts more than 500,000 waterfowl
each year during winter and also includes globally threatened
water bird species.

Historically, the Doñana salt marshes were flooded by
estuarine waters. However, in April 1998, a massive toxic
spill from storage ponds at the Aznalcollar mine reached the
Guadiamar River (the major tributary of the Guadalquivir) and
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2,650 ha of land adjacent to DNP became contaminated (Taggart
et al., 2006). The release of toxic sludge led to the construction of
dykes and floodgates in order to protect the marshes against the
advance of the contaminated tailings. These prevention actions
completely isolated the marshland and impeded any connection
with their main draining fluvial basin. Therefore, over almost
two decades, hydrology in the Doñana wetlandsmostly depended
on the annual rainfall regime, small streams situated in the
northern side of the Park (e.g., La Rocina, Figure 1) and to a
lesser extent, groundwater from the Almonte-Marismas aquifer
(Olías et al., 2008). As a result, inundation cycles in themarshland
became highly variable (Díaz-Delgado et al., 2016; Huertas et al.,
2017). The scientific community and policy-makers designed
an ambitious restoration program, the so called Doñana 2005,
aimed at restoring partial connectivity between the estuary and
the marshes and since 2014, estuarine waters have inundated the
Doñana salt marshes again.

Prior to connection, biogeochemistry in aquatic systems of
the DNP was examined in relation to the patterns of the
variable hydrological cycle occurring in the region (Morris
et al., 2013; Huertas et al., 2017). Under wet cycles, prolonged
flooding resulted in a marked heterotrophy and a significant
CO2 outgassing (Morris et al., 2013) whereas during dry-
normal hydrological cycles, air-water CO2 fluxes decreased,
with permanent floodplains and ponds of the marshland even
behaving as mild sinks for atmospheric CO2 for short periods
(Huertas et al., 2017). Alternatively, aquaculture lagoons with
man-managed water supply from the estuary continuously
behaved as carbon sinks, which highlighted the importance
of water management in the Doñana, not only for wetland
conservation, but also for its role in the atmospheric CO2

exchange. Nevertheless, regardless of the hydroperiod, net
primary production of the surrounding terrestrial vegetation
largely offset aquatic CO2 effluxes and hence, considering the net
ecosystem exchange, the Doñana wetlands were categorized as a
large carbon sequestrator (Huertas et al., 2017).

In contrast, previous studies have identified the Guadalquivir
estuary as a potent CO2 source in the atmosphere (de la Paz
et al., 2007; Flecha et al., 2015). Higher CO2 emissions are
mainly associated to the net heterotrophy occurring upstream
of the estuary which is less influenced by the tidal intrusion
(salinity <5 psu) and characterized by a considerable turbidity,
which leads to a strong CO2 supersaturation (Flecha et al., 2015).
Recent work has also shown that the estuary functions as a
small CH4 emitter and as a moderate N2O source, with the
trace gas dynamics being highly dependent on the tidal-fluvial
interaction (Huertas et al., 2018).

To our knowledge, no previous assessment of methane
dynamics in the Doñana marshland has been performed, neither
during the period of isolation from the estuary, nor after restoring
connectivity. The aim of our study was therefore to provide a
general description of the current methane dynamics in the salt
marshes. Our findings can be used as a base-line to evaluate
future trends in response to changes in hydrology, related to
direct human management interventions (control of estuarine
inputs through dykes and floodgates), or those associated to
climate change (draft, sea level rise).

MATERIALS AND METHODS

Sampling Sites and Strategy
Samples were taken at seven sites (Figure 1) that represent
salt marshes inundated by the Guadalquivir estuary during
the 16 field campaigns conducted between March 2016 and
March 2018. Sites were selected to account for the salinity
gradient present in the estuary, which can range from 34 psu
in the river mouth down to near 0 psu in the upper limit of
the land strip adjacent to the riverside considered in our study
(Huertas et al., 2018). Vegetation in the marshes is characterized
by pioneer halophilous species like Sarcocornia fruticosa,
Halimione portulacoides (Chenopodiaceae), and Limoniastrum
monopetalum (Plumbaginaceae) (García-Murillo et al., 2014).
During the monitoring period, we also identified Arthrocnemum
macrostachyum, Plantago coronopus, Cotula coronopifolia,
Taraxacum spp, Centaurium pulchellum, Polypogon maritimus,
and Juncus sp., although plant biodiversity exhibited a marked
spatio-temporal variability, which is higher during spring periods
(Romagnoli, 2018).

All samplings were carried out when the estuary was under the
influence of spring and rising tides. Some studies in marshes and
other coastal wetlands, such as mangroves, have shown that there
is a strong tidal signal in CH4 and water chemistry (Call et al.,
2015). Our sampling design might therefore have affected gas
dynamics, as sample collection occurred along with the net water
flux into the system. However, those tidal conditions ensured
overflow in the mudflat and the presence of a significant water
level (a minimum water height of 0.1m) allowing sampling,
which was conducted on foot. This strategy may have also
had implications for gas distribution due to sediment dynamics
disturbance. Nonetheless, it was the only way to access the
flooded marshes in certain sites. Considering this caveat, we tried
to minimize sediment disturbance as much as possible.

The floodplain is highly variable depending on annual rainfall
(Huertas et al., 2017), and is also presently affected by the
estuarine intrusion, that in turn is controlled by the tide
amplitude. In fact, water levels were too low for sampling
during the summer months and early fall. Therefore, data are
not available for all sites during the dry season, and temporal
variability of aquatic parameters has been examined between
periods in which measurements could be performed.

Even though surface water coverage in the marshland
changes temporarily, the mudflat is a relatively shallow system.
Considering past and current records of wind speed in the area
and the average depth of the water column, the Richardson
number was calculated, which indicated that at each site,
the flooded area was a well-mixed water body (not shown).
Due to mixing conditions, methane levels measured at each
sampling station were assumed to be representative of each
inundated zone.

In all sites, conductivity, temperature and pH (National
Bureau of Standards, NBS scale) were obtained with a
Yellow Spring (YSI Incorporate) portable multiparameter probe
YS6820v2. The pH probe was calibrated before samplings
using the United States National Bureau of Standards buffer
solutions (4 and 7). Discrete surface water samples were taken
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to determine dissolved CH4 concentrations and the rest of the
aquatic biogeochemical variables considered in our study such
as chlorophyll (Chl a), dissolved oxygen (DO), total alkalinity
(TA), inorganic nutrients (NH+

4 , NO
−

2 , NO
−

3 , PO
3−
4 , and SiO4−

4 ),
dissolved organic carbon (DOC), total dissolved nitrogen (TDN),
and suspended particulate matter (TSM).

Data
Meteorology

Hourly measurements of rainfall (mm), air temperature (◦C),
humidity and wind speed at height z (uz, m s−1) were
obtained from a meteorological station located in Lebrija
(36◦ 58′ 35′′ N, 06◦ 07′ 34′′ W) which is situated 20 Kms
south east of S3 and belongs to the Junta de Andalucía
network (www.juntadeandalucia.es/agriculturaypesca/ifapa/ria/
servlet/FrontController).

Aquatic Biogeochemical Variables

Samples for CH4 measurements were collected in duplicate
120mL serum vials, poisoned with HgCl2, sealed and stored
upside down in the dark. Analysis was performed by static-
head space equilibration gas chromatography (GC) using an
Agilent 7890 GC, equipped with a Flame Ionization Detector
(FID) for CH4 (de la Paz et al., 2015). Before analysis, 20mL
of N2 headspace were added to each sample, vigorously shaken
and equilibrated for at least 12 h. The gas cromatographer
was calibrated using three different standard gas mixtures, a
certified NOAA primary standard with composition similar to
the atmosphere (1863.4 ± 0.3 ppb of CH4), and two additional
standard gas mixtures of CH4 in a N2 matrix, provided by Air
Liquide (France) with certified concentrations (3,000 and 5,000
ppb of CH4). The precision of the method estimated from the
coefficient of variation, based on replicate analysis, was 0.6%.

The response of the FID was very stable and highly lineal
for CH4 concentrations within the calibration range. Using daily
calibrations during the measurement period, a mean regression
coefficient was calculated, yielding a value of 0.9997 ± 0.0002.
For samples above the calibration range, linearity was assumed
based on a perturbation test of the calibration equation that
gave a relative error of 0.32%. In terms of concentration, the
linearity assumption resulted in errors of 0.1 and 3 nmol l−1 for
CH4 concentrations of 50 nmol and 1,000 nmol l−1, respectively,
which allowed considering that the uncertainty associated with
the measurements was not significant in the overall database.

Saturation values expressed as percentage (%) of CH4 were
computed as the ratio between the gas concentration measured
and the calculated equilibrium concentration for the gas. The
equilibrium concentration of CH4 was calculated using the
solubility expression proposed by (Wiesenburg and Guinasso,
1979) and the annual averaged atmospheric mixing ratio CH4

(×CH4atm) at the nearest station, provided by the World Data
Center for Greenhouse Gases (http://ds.data.jma.go.jp/gmd/
wdcgg). As CH4 data at the nearest station were not available for
the entire study period, a constant value of 1,866 ppb was used,
which corresponds to the last annual averaged value available
for 2015.

Chl a analysis was performed by filtering known volumes of
water through Whatman GF/F glass fiber filters, dipping in 90%
acetone overnight in the dark, and measuring by fluorometry
using a Turner Designs 10-AU Model fluorometer that was
calibrated with a pure standard from Anacystis nidulans (Sigma
Chemical Company). DO concentrations were determined by
the Winkler method through potentiometric titration using a
Metrohm 794 Titroprocessor. Saturation values of DO were
calculated according to Benson and Krause (1984) and the
Apparent Oxygen Utilization (AOU) was estimated as the
difference between the oxygen concentration at saturation and
that measured in the samples. Samples for TA determinations
were collected in borosilicate bottles (500ml) preserved with
100 µl of a HgCl2 saturated aqueous solution and stored
until their analysis in the laboratory by titration according to
Mintrop et al. (2000). Accuracy (±5 µmolkg−1) was regularly
checked by measurements of Certificate Reference Material
provided by Prof. Andrew Dickson, the Scripps Institution of
Oceanography, La Jolla, CA, USA (Batch 147). Partial pressure
of CO2 (pCO2) was calculated from TA and pHNBS applying
the CO2SYS.xls program (Lewis et al., 1998), with the Cai and
Wang (1998) and Dickson (1990) constants for carbon and
sulfate, respectively. The propagated error for pCO2 data was
±3%, using an estimated error for pH measurements of ±0.01
pH units, ±2 µmolkg−1 for TA measurements and ±0.1◦C
for temperature.

Inorganic nutrients were obtained from filtered (Whatman
GF/F glass fiber filters) and frozen (−20◦C) water samples (5mL)
that were measured in a Continuous FlowAnalyzer, following the
protocols described by (Grasshoff et al., 1983). DOC and TDN
concentrations were obtained with a Shimadzu TOC-VCPH
analyzer, by catalytic oxidation, at high temperature (720◦C) and
chemiluminescence, respectively, according to Álvarez-Salgado
and Miller (1998). TSM was obtained by the loss on ignition
method on known volumes of water filtered through pre-weighed
and pre-combusted 450◦C Whatman GF/F glass fiber filters,
which were subsequently desiccated at 60◦C for 48 h and totally
combusted at 450◦C during 5 h.

Air-Water CH4 Fluxes
The air-water CH4 flux (FCH4, µmol m−2 d−1) was computed as:

F = k(Cw− Ca) (1)

Where Cw and Ca are the dissolved gas concentration and
the equilibrium concentration in water, based on the molar
atmospheric ratio, and k (cm h−1) is the gas transfer rate as
a function of wind speed at 10m height, that was calculated
from k and normalized to a Schmidt number (Sc) of 600 (k600)
according to:

k = k600

√

600

Sc
(2)

Sc was obtained using the formulations given by Wanninkhof
(1992) interpolated at the in-situ salinity from the freshwater and
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seawater equations and k600 was calculated from U10 according
to Cole and Caraco (1998).

k600 = 2.07 + 0.215 U10
1.7 (3)

where U10 was calculated from uzmeasured at themeteorological
station according to Smith (1988).

We acknowledge that the empirical relationship chosen to
adjust k600 values may not be ideal for representing wind–
enhancement effects in the flooded marshes (shallow water
bodies with substantial variations in extent) but it was proven to
be suitable to compute air-water CO2 fluxes in relation to other
parameterizations (Morris et al., 2013). Nevertheless, to give an
indication of the uncertainty this choice introduces, air-water
CH4 fluxes were also predicted considering a 0.67 exponent for
the Schmidt number. Despite minor differences obtained at high
wind speeds (<10%), the mean flux remained unchanged when
annual values were averaged.

Statistics
The program language MATLAB was used to perform statistics
analysis. Probability distributions of variables were examined
through a Shapiro-Wilk test. Pearson’s product-moment
correlation (PPMC) was used to test for significant correlations
between variables. Significance levels were set at p < 0.05.

All data contained in this work are available for download
from Digital.CSIC, the Institutional Repository of the Spanish
National Research Council (CSIC), http://hdl.handle.net/10261/
173204, http://dx.doi.org/10.20350/digitalCSIC/8588).

RESULTS

Meteorological Conditions
Monthly averaged air temperature during the samplings ranged
between a minimum of about 8 and a maximum of 24.5◦C in
January 2017 and July 2017, respectively (Figure 2A). Rainfall
was quite variable during the study period (Figure 2B), typical of
the Mediterranean climatic region that is characterized by a rainy
season (usually extending from October to March) and a dry
season (from June to September) when rainfall is almost absent.
The inter-annual precipitation pattern in this geographical area
also fluctuates often, which affects the flooding regime in the
wetlands (Huertas et al., 2017). Particularly, between March 2016
and March 2018 which corresponds to 3 hydrological years
(starting 1 September 2015), total annual rainfall was 493mm
from September 2015 to August 2016, 539mm from September
2016 to August 2017 and 500mm from September 2017 toMarch
2018. These values are very close to themean annual precipitation
in the region, equivalent to 550mm (Serrano Martín et al.,
2008), thereby representing normal hydrological cycles. Monthly
averaged precipitations during the sampling period varied from
a minimum of 0mm, registered during the months of June and
September 2017, to maximum of about 150mm in spring of 2016
and 2018 and autumn 2016 (Figure 2B). The tidal coefficient at
themouth of the estuary during the sampling dates and defined as
the amplitude of the tide forecast, oscillated between 41 and 111,
as observed in January 2017 and November 2016, respectively

(Figure 2B). Monthly averaged horizontal wind velocity at 10m
above the surface ranged between 1.8 in January 2017 and 4.5m
s−1 in March 2018 with a median value of 2.5m s−1 (Figure 2C).

Biogeochemical Conditions
Water temperature during samplings oscillated between 11.4
and 32.3◦C (Figure 2A), with a clear seasonal pattern that
was similar at all sites (not shown for sites individually). The
range of variation of other aquatic biogeochemical variables is
summarized in Table 1.

Because of meteorology and tide variations, salinity markedly
changed across the marshes during the study period. It is worth
noting that the Guadalquivir estuary is a mesotidal system, in
which tidal influence can be noticeable up to 100 km upstream of
the river mouth. Nevertheless, high freshwater discharges from
an upstream dam during the rainy season interferes with the
tidal effect and causes drastic changes in salinity (Díez-Minguito
et al., 2013). Therefore, under heavy and prolonged rainfall
events, salinity along the estuary experiences large decreases,
although during the dry period (70% of the hydrological year)
low discharges regularly occur to compensate for evaporation
losses and the estuary is tidally dominated.

Consequently, salt marshes located closer to the river mouth
(S1:S4) generally had higher salinities compared to those located
on the land strip upstream of the estuary (S5:S7). With the
exception of a single value of 33.6 psu in March 2016, salinity
always remained below 5 psu in Site 7. Based on salinity, S1:S4
could be considered polyhaline tidal marshes whereas S5:S7
formed a group of oligo-mesohaline marshes. Clear variations
for most other variables were also observed in all sites during the
different samplings (Table 1).

According to Chl a, the salt marshes may be categorized
as meso to eutrophic systems, with the higher pigment
concentrations mostly found in the mesohaline sites (Table 1).
This was also the case for DOC and nutrients (PO3−

4 and DIN),
which appeared at higher levels in S5:S7. Possibly related to the
presence of high phytoplankton biomass, the flooded marshes
were always well-oxygenated, and hypoxia was not detected
during the samplings, with DO levels keeping values above 5mg
l−1 (Table 1). Results of the Pearson correlations performed
with the complete dataset of the variables measured (Table 2),
confirmed that the chlorophyll concentration was negatively and
significantly (p < 0.05) correlated with AOU and was therefore,
directly related to the dissolved oxygen concentration.

Besides direct precipitation, the only water source to the
Doñanamarshland is the adjacent estuary and thus, the increased
salinity in the flooded marshes reflected the effective entry of
estuarine waters through the tides. Salinity was significantly (p
< 0.05) and positively correlated with TSM, DOC and TDN,
indicating that the dissolved and suspended matter measured in
the marshes could partially have a fluvial origin.

Spatio-Temporal Variation in Dissolved CH4
Dissolved methane ranged between 5.7 and 12,290 nmol l−1 and
generally increased in the mesohaline marshes (S5:S7, Table 1).
The spatio-temporal variability of CH4 in all sites is shown in
Figure 3 where salinity has also been plotted. Methane values at
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FIGURE 2 | Time series plots of (A) air and water temperature, (B) monthly rainfall and tidal coefficient during the sampling date and (C) monthly mean wind velocity

at a height of 10m. Light and gray shading represent seasons.

site S1 were below 18 nmol l−1 during the entire sampling period,
except for a single value of 22 nmol l−1 observed in March 2018,
coinciding with a drop in salinity (∼4 psu) due to heavy monthly
precipitations and a moderate estuarine intrusion (marked by
the tidal coefficient) during the sampling date (Figure 2B). The
highest methane levels in this site were observed when salinity
exhibited values below 15 psu, as it occurred in May and
December of 2016, March 2017 and March 2018 (Figure 3).

In S2, CH4 was invariably higher than in S1 with a median
value of 278 nmol l−1 (Table 1 and Figure 3). A minimum of
around 50 nmol l−1 wasmeasured inMarch, April andDecember
2016 when salinity was above 14 psu. A second minimum of 100
nmol l−1 was observed in March 2018 despite the low salinity
present in the flooded marshes, which may be attributable to a
dilution effect caused by the high monthly rainfall (Figure 2B).
The maximum concentration of dissolved methane in this site
(617 nmol l−1) was detected in the summer of 2017 at a salinity
of 19 psu. Therefore, even though salinity was likely to affect
methane production, other processes were involved in CH4

dynamics in this particular sector of the marshes.

The range of variation of dissolved methane in S3 decreased
with respect to that in S2, oscillating between 13.1 and 319.3
nmol l−1 (Table 1) and with an average concentration of 104
nmol l−1. Apparent relationship with salinity was not evidenced
in this site, as maximum levels of methane were not associated
with decreased salinity and vice versa (Figure 3).

In S4, the average concentration of methane during the
sampling period was 65 nmol l−1, with a maximum value of
114 nmol l−1 found in December 2016 at a salinity of 4 psu
(Figure 3). A second maximum was also observed in March
2018 at a similar salinity. However, high CH4 concentrations
(∼90) were still measured under significant estuarine intrusions,
such as those occurring in June 2016 and May 2017 which
can be evidenced by the salinity rises (∼35 and ∼24 psu,
respectively, Figure 3).

In the mesohaline marshes (S5:S7) that were characterized by
salinities below 10, except inMarch 2016, methane concentration
clearly increased in relation to the polyhaline sites (Table 1 and
Figure 3). Average concentrations of CH4 were 338.5, 261.2, and
431.3 nmol l−1 in S5, S6, and S7, respectively. However, it must
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TABLE 1 | Range of variation of biogeochemical variables measured in Doñana saltmarshes during the samples conducted between March 2016 and March 2018.

Range of variation S1 S2 S3 S4 S5 S6 S7

Methane (nmol l−1) 5.7–22.4 46.3–675.6 13.1–319.3 12.7–113.5 33.5–12,290 10.9–2,500 9.5–3,069

Salinity 3.6–52.6 1.1–21.2 1.4–44 4.4–35.8 1.2–10.4 0.9–16.8 0.7–33.6

Chl a (µg l−1) 1–64 2–49 0.5–34 0.8–53 3.3–815 1–342 0.03–457

DO (mg l−1) 6–15 6–20 9–20 8–20 5–17 9–18 8.2–23.3

pCO2 (µatm) 62–1,003 85–3,526 0.4–225 4–1,700 202–4,427 1–665 41–1,405

pH (NBS) 8.03–9.6 7.7–8.9 8.6–10.5 7.8–9.7 7.9–9.0 8.3–10.8 7.73–9.52

DOC (mg l−1) 4.9–36.2 2.8–22.3 7.9–44.5 9.6–40.6 6.9–60.9 5.8–65.4 8.5–56.8

TDN (mg l−1) 0.4–3.1 0.8–3.9 0.6–3.7 1–3 0.7–4.9 0.4–4.7 0.5–5.6

DIN (µmol l−1) 3.4–46.1 29–339 6–142 5–67 55.3–277.1 7.8–99 1.8–369.4

PO3−
4 (µmol l−1) 0.03–3.1 0.2–4.5 0–0.8 0–0.4 0–9.3 0.16–17 0.2–8.3

TSM (mg l−1) 52–2013 29–338 18–443 39–706 24–1095 17–362 4–460

TABLE 2 | Pearson correlation matrix for biogeochemical variables measured in Doñana salt marshes.

CH4 Temp. Salinity Chl a TSM DOC TDN NH+

4
NO−

2
PO3−

4
NO−

3
pCO2 AOU

CH4 0.31* 0.05 0.46* 0.36* 0.50 0.39* 0.01 0.13 0.60 −0.06 0.00 −0.24*

Temp. 0.15 0.38* 0.24* 0.45 0.27* −0.14 −0.04 0.35* −0.13 −0.01 −0.35*

Salinity 0.01 0.38* 0.35* 0.37* −0.09 −0.06 −0.08 0.01 −0.19 −0.03

Chl a 0.45 0.63 0.51 0.01 0.17 0.72 −0.08 −0.02 −0.27*

TSM 0.43 0.42 −0.05 0.04 0.32* 0.06 0.02 0.13

DOC 0.69 0.02 0.04 0.57 −0.30* −0.16 −0.30*

TDN 0.40 0.48 0.51 0.39* −0.02 −0.20*

NH+

4 0.76* 0.07 0.22* 0.04 0.03

NO−

2 0.23* 0.42 0.15 0.02

PO3−
4 0.06 0.00 −0.16

NO−

3 0.36* 0.18

pCO2 0.59

The values were obtained with the complete database collected during the 16 samplings conducted between March 2016 and March 2018. Abbreviations are indicated in the text.

*Correlations significant at p < 0.05.

be noted that an exceptionally high methane level, equivalent
to nearly 12,300 nmol l−1, was found in S5 during July 2017,
which has been excluded of the average local computation. As
a general trend, methane concentration rose in these marshes
during the summer of 2017 when water temperatures reached
32◦C (Figure 2A).

Overall, the influence of temperature on dissolved CH4 was
observed in all sites, as the gas levels increased during the spring
and summer months, compared to the levels measured over the
winters (Figure 3). The temperature dependence was confirmed
by the significant (p<0.05) and positive correlation obtained
between this variable and CH4 (Table 2). When methane
concentration was plotted against temperature (Figure 4A),
the thermal effect on CH4 levels was especially obvious in
the mesohaline marshes, where sulfate inhibition is likely to
be suppressed.

In contrast, no statistical correlation between methane
and salinity was found (Table 2). Nonetheless, when the
relationship between the gas saturation levels in the salt
marshes and salinity was more closely examined, separately
considering the polyhaline (S1:S4) and mesohaline sites (S5:S7),
two different behaviors of CH4 dynamics and their relation

to this variable were distinguished (Figure 4B). Polyhaline
marshes were characterized by a CH4 saturation range of
252–36,735% (average 5,170%) and a scattered distribution
with salinity (Figure 4B). On the contrary, mesohaline marshes
exhibited a larger CH4 saturation range (374–620,007%,
average 31,541%) and a positive relationship with salinity was
noticeable (Figure 4B).

In order to better elucidate the effect of ecosystemmetabolism
on the dynamics of CH4 in the salt marshes, the relationship
between CH4 saturation and the oxygen availability was also
considered. As shown in Figure 4C, log10%CH4 vs. %O2

displayed a scattered distribution but a positive relationship,
indicating that high levels of CH4 were present in well-
oxygenated inundated marshes.

Moreover, dissolved CH4 concentration was shown to be
strong and significantly (p < 0.05) correlated with Chl a
(Table 2). The increase of methane with the phytoplankton
biomass was evident in both the polyhaline and mesotrophic
sites (Figure 5A) and in the mesohaline and eutrophic sites
(Figure 5B). The trend found between DOC and Chl a in
the salt marshes (Figures 5C,D) suggests that (Figures 5C,D)
organic matter in the water columnmay have originated partially
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FIGURE 3 | Temporal variation of concentration of dissolved CH4 (vertical bars) and salinity (black circles) at each of the sites between March 2016 and March 2018.

Note the Y axis scale for both parameters varies between sites. Gaps in the data represent periods when water levels were too low (<0.1m) for sampling and

therefore, no measurements were taken.

from phytoplankton productivity. Nonetheless, the fact that high
values of DOC (>10mg l−1) were still present under a low Chl a
concentration (<1.5 µg l−1) in the two groups of sites, indicate
the contribution of external sources to the organic matter content
in the marshes. Increases in organic and suspended matter
were accompanied by rises in dissolved CH4 (Figures 5E–H).
Significant and positive correlations with salinity were found
for both variables (Table 2) and between salinity and TDN,
supporting the hypothesis that estuarine inputs also contribute

to organic matter accumulation and suspended matter entry in
salt marshes.

The pCO2 levels in the marshes were also well-correlated
to the log of %CH4 and to %O2 (Figures 6A,B). pCO2 values
spanned three orders of magnitude, ranging between 0.5 and
4,427µatm in S3 and S5, respectively (Table 1). Extremely
low pCO2 levels, could be attributed to the high pH values
measured in the marshes (∼10). The inundated mudflat
remained undersaturated with respect to atmospheric CO2
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FIGURE 4 | Dissolved methane concentration vs. temperature (A), log10
percent dissolved methane saturation vs. salinity (B) and log10 percent

dissolved methane saturation vs. percent dissolved O2 saturation (C) in

polyhaline marshes (black symbols) and mesohaline marshes (open symbols)

of Doñana National Park.

(average concentration of ∼405.4µatm during the sampling
period estimated with the Mauna Loa trends, https://www.esrl.
noaa.gov/gmd/ccgg/trends/) half of the time. In particular, S3
always behaved as a sink for atmospheric CO2 (Table 2).

CH4 Emission Fluxes
CH4 emissions exhibited a marked variability during the
sampling period in all sites, varying from ∼3 µmol m−2 d−1

in site 1 in March 2016, to a maximum of ∼12,700 µmol

m−2 d−1 in site 5 in July 2017 (Figure 7). Overall, a tendency
of higher methane effluxes was observed during the summer
months, although emissions increased in the mesohaline marshes
(from 5.6 to 12,715 µmol m−2d−1 ,average 637 µmol m−2 d−1)
in relation to the polyhaline marshes (from 2.6 to 720 µmol
m−2d−1, average 104 µmol m−2 d−1).

DISCUSSION

Sources of CH4 in Doñana Salt Marshes
Coastal wetlands, and particularly estuarine systems are intense
sources of CH4 to the atmosphere (Borges and Abril, 2011;
Upstill-Goddard and Barnes, 2016) where emissions are
sustained by fluvial inputs and sedimentary methanogenesis,
fueled by a high organic matter deposition (Borges et al., 2017;
Rosentreter et al., 2018a).

We recently reported a data set of dissolved CH4

concentrations in the Guadalquivir estuary transect that flooded
the Doñana salt marshes from March 2016 to March 2017
(Huertas et al., 2018). For this period, that partially encompasses
the one used in this study, the CH4 concentration ranged from
14 nmol l−1 in the river mouth (average salinity during the study
>25) to 750 nmol l−1 upstream to the limit of site 5 (average
salinity ∼5). These levels of dissolved methane corresponded to
a saturation range of 520–30,800% (average 2,285%) (Huertas
et al., 2018), which is comparable to that measured in the
Doñana polyhaline marshes (S1:S4) corresponding to 252–
36,735% (average 5,170%) but much lower than that observed
in the mesohaline marshes (374–620,007%, average 31,541%).
This indicates that even though estuarine inputs of CH4 in the
salt marshes may occur by lateral transport, through riverine
overflow, a local additional source of CH4 must contribute to
the observed high CH4 values. The methane over-saturations
and concentrations measured in Doñana fall within the range
reported in temperate estuarine systems characterized by a
salinity gradient (Upstill-Goddard and Barnes, 2016; Borges
et al., 2018b) and in mangroves (Rosentreter et al., 2018b and
references therein).

The most likely additional source of CH4 to the Doñana
tidal flat would be sedimentary methanogenesis. Warm and
waterlogged soils provide ideal conditions for methanogenesis
(Roehm, 2005). Deep standing water enriched in dissolved
organic matter and covered by plant litter creates an anaerobic
environment that triggers CH4 production (Ding and Cai,
2007), with this process being favored by temperature increases.
Our data show a direct and strong relationship between the
levels of dissolved methane, organic matter content and water
temperature, as it has been observed in other brackish coastal
wetlands (Welti et al., 2017). Methanogenesis is substantially
driven by temperature (Martin and Moseman-Valtierra, 2017)
and it is therefore the most dominant environmental driver
of CH4 emissions in wetlands (Yvon-Durocher et al., 2014)
specifically in coastal salt marshes (Abdul-Aziz et al., 2018). The
overall pattern found here therefore suggests a methanogenesis
control by temperature in the sediment, which has been
described as muddy with numerous stems and roots and scarce
micro-fauna (Ruiz et al., 2004). In addition, vegetation in the
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FIGURE 5 | Dissolved methane concentration vs. Chl a (A,B), DOC (E,F), and TSM (G,H) in polyhaline marshes (black symbols) and mesohaline marshes (open

symbols) of the Doñana National Park. The relationship between Chl a and DOC in the marshes is also shown in panels (C,D). Abbreviations are indicated in the text.
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FIGURE 6 | Dissolved carbon dioxide (pCO2) vs. dissolved methane (A) and

percent dissolved O2 saturation (B) in polyhaline marshes (black symbols) and

mesohaline marshes (open symbols) of the Doñana National Park. The dash

line is the average atmospheric pCO2 during the sampling period.

marshes may have supported a methanogens population that
could contribiute to an increase of CH4 concentrations during
warmer conditions, which has been found in Spartina dominated
wetlands (Burke et al., 2002; Abdul-Aziz et al., 2018). The
organic-matter rich sediment in conjunction with the organic
inputs from the heterotrophic Guadalquivir estuary (Flecha
et al., 2015) and those generated in situ by the phytoplankton
productivity, as indicated by the association found between
Chl a and DOC, provide optimal conditions for sedimentary
methanogenesis to proceed, with temperature acting as a major
regulating driver. The higher temperatures during the late
spring and summer months possibly resulted in increased
microbial activity and greater primary productivity (Chl a
and temperature were significantly and positively correlated),
leading to high organic inputs, sediment carbon contents,
and subsequently higher substrate availability. Large suspended
matter loads that are characteristic in the turbid Guadalquivir
River (Flecha et al., 2015) would also provide higher silt
deposition and enhance methane generation, in agreement
with what has been observed in shallow coastal areas (Borges
et al., 2017). The pattern between TSM and dissolved CH4

in the salt marshes supports this hypothesis, particularly in
the mesohaline marshes where very high levels of dissolved
methane were measured at a high Chl a concentration, DOC
content and TSM.

The couplings between pCO2, CH4, DOC, and %O2 also
indicate that the dynamics of dissolved gases in the tidal flat

were driven by the oxidation of the organic matter produced
by either phytoplankton, as described elsewhere (Borges et al.,
2017; Welti et al., 2017) or from allochthonous sources (Upstill-
Goddard et al., 2017). Here, the relationship observed between
pCO2 and CH4 is quite frequent (Borges et al., 2015, 2018a;
Rosentreter et al., 2018b) and denotes a common source and
similar production dynamics, as both gases are produced through
organic matter respiration.

In the polyhaline marshes, large CH4 concentrations were
measured when DOC levels were high, but this association was
not as clear as in the mesohaline sites. This was probably due
to the general inhibitory effects of abundant sulfate electron
acceptors and reducing bacteria generally found in saline
environments (Alongi et al., 2001; vanDijk et al., 2015). In fact,
even though we did not observe a linear relationship between
salinity and CH4 levels, coinciding with the trend described
in other brackish systems (Chuang et al., 2017; Welti et al.,
2017), the lower CH4 levels in the Doñana salt marshes were
mainly associated to high salinity values, consistent with existing
literature on coastal wetlands (Bartlett et al., 1987; Poffenbarger
et al., 2011). Nevertheless, large CH4 levels can still occur in
wetlands even when sulfate reduction is relevant (Lee et al., 2008;
Alongi and Brinkman, 2011).

Similarly, distinct associations between methane and
oxygen have been reported in aquatic systems. It is certain
that methanogens are obligate anaerobes, and thus a negative
relationship %CH4 vs. %O2 would be expected, as previously
shown in other coastal wetlands (Livesley and Andrusiak,
2012), including the Guadalquivir estuary (Huertas et al., 2018).
But alternatively, positive associations have been described in
Amazon floodplain lakes (Devol et al., 1990), in freshwater lakes
(Bogard et al., 2014), African savannah rivers (Upstill-Goddard
et al., 2017) and shallow coastal zones (Borges et al., 2017). This
feature has been attributed to several causes. First, the diffusion
of CH4 produced in the underlying sediment into the aerated
water column under low levels of turbulence since the CH4

diffusion term in these conditions, exceeds combined CH4 losses
via oxidation, and water-to-air exchange (Upstill-Goddard et al.,
2017). The contribution of high macrophyte-related productivity
has also been suggested as a cause for positive relationships with
dissolved oxygen due to direct CH4 production (Stanley et al.,
2016). Additionally, methanogens have a higher sensitivity to
temperature than methanotrophs do (Dunfield et al., 1993),
which leads to higher rates of CH4 production in relation to
consumption at elevated temperatures within a certain range
of salinity values. Furthermore, methanogenesis in aerobic
conditions by methanogen archaea fixed at the surface of
phytoplankton cells has also been reported (Grossart et al.,
2011). Therefore, peaks of dissolved CH4 that correlate positively
with oxygen, phytoplankton biomass, and productivity are a
recurrent feature in aquatic ecosystems (Bogard et al., 2014 and
references therein).

Considering the shallowness of the tidal flat in the Doñana,
it is plausible to assume that benthic productivity could
have been decoupled from CH4 production (Borges et al.,
2015). Moreover, methane could also have been transported
from the creek onto the marshes during the flood tide as
it occurs in estuarine systems (Rosentreter et al., 2018b),

Frontiers in Ecology and Evolution | www.frontiersin.org 11 February 2019 | Volume 7 | Article 32

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles


Huertas et al. Methane Emissions From Doñana Marshes

FIGURE 7 | Temporal variation of the air-water CH4 fluxes in the polyhaline marshes (black bars) and mesohaline marshes (open bars) of the Doñana National Park

during the sixteen samplings conducted between March 2016 and March 2018. Note that Y axis scale varies between sites. Gaps in the data represent periods when

water levels were too low (<0.1m) for sampling and therefore, no measurements were taken.

whereas the DO signal would be related to the primary
productivity occurring in the mudflat. Unfortunately, tidal
pumping cannot be evaluated due to the lack of measurements
in the creek, but it could be an important mechanism for
CH4 import to the marshes (Rosentreter et al., 2018b). The
correlation of methane with a Chl a concentration may support
a strong benthic CH4 source, fueled by sinking phytoplankton

material (Borges et al., 2017) rather than an aerobic
CH4 production.

Therefore, according to the patterns found in our study,
temperature, and phytoplankton activity seem to be the main
drivers of CH4 formation when salinity does not exceed 17 psu
(see for instance temporal changes in methane levels in site 5 and
the overall relationship %sat CH4 vs. salinity). Above this salinity
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threshold, sulfate inhibition would constrain methane formation
in the marshes.

Nevertheless, our findings also indicate that besides
sedimentary methanogenesis, inflowing estuarine inputs
would provide an additional source of methane to the salt
marshes. Offsetting these sources, losses by microbial oxidation,
lateral advection towards the estuary and dilution by heavy
rain events, must also be incorporated as mechanisms affecting
temporal variability of methane in the system. Unfortunately, the
relative importance of all sources and sinks of dissolved methane
cannot presently be estimated.

CH4 Emissions From the Doñana Salt
Marshes
Themean air-water CH4 flux during the sampling period was 324
µmol m−2 d−1, although a high variation in the emissions was
observed (±1,394 µmol m−2 d−1). This was a consequence of
the different ranges of emissions found between the polyhaline
and mesohaline marshes, as the methane fluxes were generally
lower in the former compared to the latter, in agreement with
what has been observed in systems characterized by marked
salinity gradients (Poffenbarger et al., 2011; Welti et al., 2017).
Nevertheless, the mean flux provided here falls within the ranges
of CH4 emissions reported in European estuarine zones (Upstill-
Goddard and Barnes, 2016), in temperate fluvial catchments
(Upstill-Goddard et al., 2017) and in mid-latitude mangroves
(Rosentreter et al., 2018a). Few studies have quantified and
investigated air-water CH4 exchange and dynamics in tidal
flats (Dean et al., 2018). The fluxes measured in our study
are slightly lower than those observed in subtropical tidal
wetlands (Tong et al., 2013; Welti et al., 2017), coherent
with a temperature control on methanogenesis (Abdul-Aziz
et al., 2018). Lower emissions can therefore be expected from
temperate coastal wetlands compared to tropical and subtropical
coastal wetlands. In fact, the higher methane fluxes in the
Doñana were found during the summer months in all sites, as
increasing temperature increasesmicrobial activity. Nevertheless,
methane emissions from the Doñana salt marshes are still of
the same order of magnitude than those measured in Indian
and Australian mangroves (Linto et al., 2014; Call et al., 2015;
Rosentreter et al., 2018b).

The average air-water CH4 flux estimated here is almost 5-
fold higher than the mean value computed in the Guadalquivir
estuary transect that floods Doñana and equivalent to 66.2
µmol m−2d−1 (Huertas et al., 2018). The biogeochemistry in
the estuary is totally different than that in the marshes where
large loads of inorganic suspended particulate matter cause a
considerable turbidity that limits phytoplankton growth (Ruiz
et al., 2013). The low primary productivity in the estuarine waters
would constrain labile organic matter supply for sedimentary
methanogenesis, whereas in the shallow and lower turbulent
salt marshes organic inputs from in situ photosynthesis, or
from external sources, would fuel the process. This hypothesis
however, remains to be tested.

The Doñana salt marshes behaved as a moderate CH4 emitter
under the environmental conditions present during the sampling
period, which corresponds to a normal hydrological cycle for this
geographical area. Cycles characterized by heavy precipitations,

which are not so uncommon (Díaz-Delgado et al., 2016; Huertas
et al., 2017), are expected to affect methane dynamics and
increase the emissions due to the overall reduction in salinity
over the inundated marshes. This effect has been observed
in tropical mangrove-dominated estuaries (Rosentreter et al.,
2018b). Moreover, it is important to acknowledge that the
approach used here to computemethane fluxes, does not quantify
CH4 ebullition fluxes, whose contribution to total CH4 emissions
may be significant (Baulch et al., 2011), particularly during
low water periods. Furthermore, our sampling regime did not
account for the potential importance of lateral tidal pumping as a
source of CH4 and higher concentrations (and fluxes) during low
tide, as it has been reported in other intertidal systems (Call et al.,
2015; Maher et al., 2015). In fact, tidal differences may account
5-fold in the estimated CH4 diffusive water to air fluxes (Maher
et al., 2015). CH4 may also be transferred directly from sediments
to the atmosphere (Borges and Abril, 2011). At low tide, this can
take place through diffusion or ebullition and in vegetated tidal
flats, such as Doñana, plants may act as both active and passive
conduits of the CH4 (Foster-Martinez and Variano, 2016). All
these pathways were not determined in our study and total CH4

emissions must be seen as a lower limit.
Our study is, however, foundational because it underlines

the drivers controlling CH4 dynamics in the Doñana marshes.
These wetlands are threatened by climate change and many
local stressors associated to anthropogenic activities (Green et al.,
2017). In the Mediterranean climatic region, higher minimum
temperatures, more extreme high temperature events in summer
and less precipitation are projected to occur by the end of the 21st
century (Giorgi and Lionello, 2008). How the expected warming
will affect methane dynamics in the ecosystem complex formed
by the estuary and the marshes cannot be anticipated. Increased
temperatures can cause methane to be produced at a faster rate
but a rise in the saline intrusion associated to the projected
sea level rise may offset methane release. Sustained observations
would then be required to constrain the gas budget in this iconic
coastal wetland.
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