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Abstract Methane concentrations in the water column and emissions to the atmosphere were
determined for three tropical coastal lagoons surrounded by mangrove forests on the Yucatán Peninsula,
Mexico. Surface water dissolved methane was sampled at different seasons over a period of 2 years in areas
representing a wide range of salinities and anthropogenic impacts. The highest surface water methane
concentrations (up to 8378 nM) were measured in a polluted canal associated with Terminos Lagoon. In
Chelem Lagoon, methane concentrations were typically lower, except in the polluted harbor area (1796 nM).
In the relatively pristine Celestún Lagoon, surface water methane concentrations ranged from 41 to 2551 nM.
Methane concentrations were negatively correlated with salinity in Celestún, while in Chelem and Terminos
high methane concentrations were associated with areas of known pollution inputs, irrespective of salinity.
The diffusive methane flux from surface lagoon water to the atmosphere ranged from 0.0023 to
15 mmol CH4 m

�2 d�1. Flux chamber measurements revealed that direct methane release as ebullition was
up to 3 orders of magnitude greater thanmeasured diffusive flux. Coastal mangrove lagoons may therefore be
an important natural source of methane to the atmosphere despite their relatively high salinity. Pollution
inputs are likely to substantially enhance this flux. Additional statistically rigorous data collected globally are
needed to better consider methane fluxes from mangrove-surrounded coastal areas in response to sea level
changes and anthropogenic pollution in order to refine projections of future atmospheric methane budgets.

1. Introduction

Wetlands are the largest natural source of methane (CH4) to the atmosphere, contributing approximately
20–25% of the total emissions from all anthropogenic and natural sources [Matthews and Fung, 1987; Fung
et al., 1991; Whalen, 2005]. The majority of research on methane emissions from tropical wetlands has been
conducted in freshwater systems such as the Amazon Basin [Bartlett et al., 1988, 1990; Devol et al., 1990;
Ringeval et al., 2014], and significantly less information is available regarding methane emissions from water-
ways in coastal saline tropical wetlands and estuaries.

Mangrove ecosystems cover approximately 156,620 km2 in the tropical and subtropical regions [Food and
Agriculture Organization Forestry, 2010]. They dominate tropical coastlines worldwide, occurring along
shorelines, coastal lagoons, deltas, rivers, creeks, and estuaries. Mangrove forests and the associated water
bodies are characterized by high primary productivity, anaerobic sediments, and high soil and sediment
organic carbon content [Gonneea et al., 2004; Kristensen et al., 2008a; Robertson et al., 2013; Ezcurra et al.,
2016]. Hence, mangrove systems are important sources of organic matter to adjacent estuaries and coastal
waters and particularly to the coastal lagoons surrounding them [Dittmar and Lara, 2001; Dittmar et al.,
2006; Bouillon et al., 2007a, 2008; Bergamaschi et al., 2012, Maher et al., 2013]. In Mexico, mangrove forests
cover approximately 7738 km2 [Valderrama et al., 2014] or one third of Mexico’s coastline [Lankford, 1977;
Herrera-Silveira and Comín, 2000]; many of which are surrounded by coastal lagoons.

Data on atmospheric methane fluxes from mangrove-surrounded waterways are sparse, and very little data
have been published for these systems in the Americas. Harriss et al. [1988] measured an average flux of
0.25 mmol CH4 m�2 d�1 from tidally inundated saltwater mangroves in South Florida, while Barber et al.
[1988] found a much larger flux of 5.1 mmol CH4 m�2 d�1 from a low to moderate salinity (1 to 12)
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mangrove pond located near Florida Bay. Sotomayor et al. [1994] reportedmethane fluxes between 0.019 and
0.16 mmol CH4 m

�2 d�1 for unpolluted brackish to marine salinity mangroves in Puerto Rico and fluxes up to
5.1 mmol CH4 m

�2 d�1 for a similar mangrove area receiving discharge from a sewage treatment plant. This
handful of studies constitutes the only reported methane fluxes for water bodies surrounded by mangrove
vegetation in the Americas. The lack of information is concerning because the associated water bodies might
contribute more methane emissions to the global budgets than the mangrove forests alone. Duarte et al.
[2005] showed that the area and global contribution of unvegetated coastal sediments to the carbon budget
are larger than vegetated habitats (includingmangrove forest areas, saltmarsh, seagrass,macroalge, and coral
reefs). Moreover, unlike mangrove forests, the sediments in the associated mangrove water bodies are con-
tinuously submerged, thus enhancing the likelihood for anaerobic conditions and methanogenesis to occur.

More research has been conducted in mangrove-surrounded systems in India. These studies indicate that
mangrove-surrounded water bodies can produce methane emissions comparable to those measured in
freshwater wetlands [Purvaja and Ramesh, 2001; Purvaja et al., 2004; Verma et al., 1999, 2002; Biswas et al.,
2004, 2007; Dutta et al., 2015]. The average annual emissions in India range from 0.02 to
11 mmol CH4 m

�2 d�1 for undisturbed systems and from 7.5 to 59 mmol CH4 m
�2 d�1 for polluted areas

[Biswas et al., 2004, 2007; Purvaja and Ramesh, 2001; Verma et al., 1999, 2002; Dutta et al., 2015].

Several characteristics of mangrove-surrounded water bodies, including high organic matter content, high
microbial activity, and anaerobic conditions in sediments, may support high rates of methanogenesis even
when sulfate is plentiful in the overlying waters [Bouillon et al., 2007b; Marchand et al., 2006; Chuang et al.,
2016]. Therefore, a better estimate for the methane flux to the atmosphere from these systems is needed,
particularly in developing countries where rapid coastal development is occurring, often with limited
pollution control.

We report dissolved methane concentrations in surface water and calculate methane fluxes to the
atmosphere at three tropical coastal lagoons in the Yucatán Peninsula, Mexico, where the largest
mangrove-lagoon systems of Mexico are located [Barbier and Strand, 1998]. The fluxes are compared to
methane fluxes from the sediments to the overlying water. In addition, we assess the factors affecting varia-
tions in methane concentration and flux and compare polluted and unpolluted areas. This study provides
unique and much-needed information about methane emissions from both natural and impacted tropical
lagoon systems in the Americas. The results may be representative of other mangrove-surrounded tropical
lagoon systems or water bodies and emphasize the need for more through estimation of the global contri-
bution from such settings. A better assessment of methane emissions from mangrove-surrounded water
bodies will be useful for evaluating the past and future role of tropical lagoon and estuarine systems to
the global methane budget and predicting future inputs from these systems.

2. Study Area

Sampling was conducted in three lagoons with similar vegetation, geology, and climatological patterns,
located along the northwest (Gulf of Mexico) coast of the Yucatán Peninsula, Mexico (Figures 1a–1d).
The geology of the Yucatán Peninsula is primarily flat-lying Tertiary limestone, and the karstic nature of
the region results in very few rivers and little to no surface runoff, except at the height of the rainy season.
The typical climatological pattern for the Yucatán Peninsula consists of a dry season from March through
May during which rainfall is typically less than 50 mm, a rainy season from June through October during
which the majority of the annual rainfall (>500 mm) occurs, and the “nortes” season from November
through February, characterized by moderate rainfall (20–60 mm) and intermittent high wind speeds
greater than 80 km h�1 [Herrera-Silveira, 1994]. The average water depth in the lagoons is 120 cm for
Celestún Lagoon, 74 cm for Chelem Lagoon [Chuang et al., 2016], and 157 cm for Terminos Lagoon. A
wide range of anthropogenic impacts are represented across the three lagoons; Celestún represents
relatively natural conditions, Chelem displays moderate anthropogenic impact, and the canals in
Terminos Lagoon are highly impacted (see below).

2.1. Celestún Lagoon

Celestún Lagoon (Figure 1b and Table 1) is a relatively undisturbed lagoon located within the Ria Celestún
Biosphere Reserve. The port and town of Celestún (population approximately 6000) are located to the
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west of the lagoon, and at the time of this study there was no significant urban or industrial development
near the shores of the lagoon. The lagoon is long and narrow and generally very shallow (average depth
120 cm) except for a narrow boat channel (depth ~ 2 m) that extends approximately two thirds of the
length of the lagoon. The water in the lagoon has a relatively short residence time due to tidal exchange,
and it is well mixed and oxygenated. Brackish groundwater discharges into Celestún from large springs
located in the northern and middle parts of the lagoon, and from many small springs throughout the
lagoon [Herrera-Silveira, 1994; Young et al., 2008] resulting in a year-round salinity gradient. Long-term
nutrient monitoring in Celestún shows no evidence of eutrophication or significant pollution inputs.

Figure 1. Maps of (a) the Yucatán Peninsula with lagoon locations, (b) Celestún Lagoon, (c) Chelem Lagoon, and (d) Terminos Lagoon. Individual sampling stations
are marked, except for the canal stations in Terminos Lagoon, which are grouped for clarity.

Table 1. Comparison of Lagoon Characteristics

Celestúna Chelema Terminos

Surface area (km2) 28 13.6 1800b

Volume (m3) 33 × 106 16.3 × 106 8750 × 106c

Average depth (m) 1.2 0.74 1.57d

Salinity range 5–37 25–48 0–39e

Tidal type, range (m) Mixed diurnal, 0.5d Diurnal, 0.6f Mixed diurnal, 0.3b

aHerrera-Silveira et al. [1998].
bRivera-Monroy et al. [1998].
cEagle [2002].
dThis study.
eDay et al. [1982].
fValdes and Real [1998].
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Celestún is surrounded by approximately 22.3 km2 of well-developed mangrove forest consisting of
Avicennia germinans, Rhizophora mangle, and Laguncularia racemosa. Extensive algae and seagrass beds
are present throughout the lagoon, covering approximately 65% of the lagoon sediment [Gonneea et al.,
2004; Herrera-Silveira et al., 1998].

2.2. Chelem Lagoon

Chelem Lagoon (Figure 1c and Table 1) is located near the port city of Progreso (population 45,000) and has
been significantly impacted by urban and industrial developments [Valdes and Real, 1998; Herrera-Silveira
et al., 2000; Tapia González et al., 2008]. The hydrological characteristics of the lagoon underwent significant
change in 1969 when the construction of Yucalpeten Harbor created a large channel to the sea near the
middle of the lagoon [Valdes and Real, 1998]. Evidence of altered nutrient levels consistent with eutrophica-
tion due to human activities have been observed in Yucalpeten Harbor and the eastern section of this lagoon
[Valdes and Real, 1998; Herrera-Silveira et al., 2000; Tapia González et al., 2008], while it appears that the
western section has not experienced large anthropogenic impacts [Valdes and Real, 1998; Herrera-Silveira
et al., 2000]. Chelem has high evaporation rates and receives very little groundwater discharge, resulting in
relatively high salinities, which ranged from 24.8 in the western lagoon to 40.3 in the eastern lagoon, during
this study. The lagoon is shallow (74 cm), and the water column is mixed and well oxygenated. Vegetation in
and around Chelem Lagoon consists of a scrub mangrove forest dominated by A. germinans and R. mangle
that surrounds most of the lagoon, along with algae and seagrasses that cover less than 30% of the lagoon
sediment [Herrera-Silveira et al., 1998].

2.3. Terminos Lagoon

Terminos Lagoon (Figure 1d and Table 1), one of the largest estuary in Mexico (1800 km2), is located at the
southwestern edge of the Yucatán Peninsula. The lagoon is wide and shallow (average depth 157 cm) and
has two open connections to the Gulf of Mexico that are located on either side of the barrier island of Isla
del Carmen. The city of Ciudad del Carmen (population 130,000) is located on this barrier island, and there
are significant inputs of wastewater and other pollution to the mangrove forest and canals located near
the city [Gonneea et al., 2004]. Terminos is the only one of the three lagoons that receives river discharge,
and salinities within the lagoon area range from 0 at the river mouths to coastal seawater salinities (35 to
39) throughout most of the lagoon and the city canals. Overall, Terminos is a well-oxygenated environment
with average dissolved oxygen concentrations of>4.7 mg L�1 that did not show strong seasonal differences
or differences between fluvial subsystems within the lagoon [Medina-Gómez et al., 2015]. The shorelines of
Terminos Lagoon are covered with fringe mangrove forests dominated by R. mangle, A. germinans, and L.
racemosa that experience regular tidal inundation [Day et al., 1996]. Extensive basin mangrove forests, also
dominated by the same mangrove species, are present beyond the fringe mangrove forests on the mainland
shores of Terminos Lagoon, but rarely experience tidal inundation. Seagrass beds cover a very small portion
of the lagoon sediment [Yanez-Arancibia and Day, 1982; Day et al., 1996].

3. Sampling Methods
3.1. Sampling Strategy and Timing

In order to estimate an average atmospheric methane flux from the Yucatán lagoons as accurately and prac-
tically as possible, samples were collected at various locations within the lagoons over both short (hours) and
longer (years) time scales. Celestún was the focus of intensive sampling efforts due to its relatively undis-
turbed condition that may best represent the natural preanthropogenic methane flux from the Yucatán
tropical lagoon systems. To capture the short-term (e.g., tidal and diurnal) variability in methane concentra-
tions, we collected samples during different stages of a tidal cycle at three representative stations in
Celestún Lagoon.

Seasonal variations in methane concentrations and fluxes were addressed by conducting four sampling
trips over the course of 2 years. The sampling trips were chosen to coincide with each of the three seasons
of the Yucatán Peninsula: April 2000 (dry season), December 2000 (nortes season), October 2001 (late rainy
season), and July 2002 (early rainy season). Most of the work was conducted at Celestún Lagoon, which
has significant groundwater input and a permanent salinity gradient, and at Chelem Lagoon that has little
to no groundwater input, marine to hypersaline salinities, and localized pollution within the harbor. In
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both lagoons, samples were collected along lengthwise transects and from the sides and middle of the
lagoons. In addition, samples were collected from several springs in Celestún and from the harbor area
in Chelem. During the October 2001 sampling, samples were also collected in Terminos Lagoon in order
to examine a range of anthropogenic impacts within a single lagoon including relatively natural condi-
tions, localized moderate impacts, and areas with large amounts of direct wastewater discharge.
Specifically, samples were collected from three distinct areas within Terminos: (1) Rio Palizada, a river
entering the south part of the lagoon (salinity = 0.6 ± 0.3), (2) the main lagoon, with samples taken from
the center and sides (salinity = 20.7 ± 11.9), and (3) a polluted seawater canal running from the lagoon
mouth through Ciudad del Carmen (salinity = 23.3 ± 5.9). Various direct pollution inputs were observed
during sample collection, including street runoff, waste from outhouses located on the banks of the canals
(less than 1 m from the high tide line), and washing of boats and laundry within the canals. Samples col-
lected from Celestún Lagoon, Chelem Lagoon, and Terminos Lagoon are denoted by CEL, CH, and
TER, respectively.

3.2. Collection of Surface Water and Porewater Samples for Methane Concentration Analysis

Surface water samples were collected by direct filling of sample containers from the upper 10 cm of the water
column. Spring samples (site 8CEL) were collected using a Niskin bottle and immediately transferred into
sample containers. In April 2000, December 2000, and October 2001, samples were transported off site for
methane analysis. Duplicate (April 2000 and December 2000) or triplicate (October 2001 and July 2002)
samples were collected at all stations.

Sediment cores were collected along lengthwise transects in both lagoons during the three different seasons.
Sampling was conducted in Celestún and Chelem in April 2000 (dry season), December 2000 (nortes season),
and October 2001 (late rainy season). Additional sampling was conducted in Celestún during July 2002 (early
rainy season). Two cores were collected at most stations along the transects; one from the side of the lagoon
and one from the center, in order to investigate differences related to proximity to mangrove vegetation.
Subsamples for porewater methane concentration analysis were collected as described in Chuang
et al. [2016].

4. Analytical Methods
4.1. Methane Concentration Analyses

Methane concentrations for all samples were measured on a SRI 310 gas chromatograph equipped with a
flame ionization detector and an Alltech Haysep S 100/120 column (1.8 m × 0.3 cm × 0.2 cm). Helium was
used as the carrier gas at a flow rate of 15 mL/min, and the column and detector temperatures were
maintained at 50°C and 150°C, respectively. Peak integration was performed using Peak Simple NT software.
Methane gas standards were prepared by diluting 100% methane in helium, and five standards, bracketing
the range of sample concentrations, were measured at the beginning, middle, and end of each set of
analyses. Average standard error of repeat injections of standards throughout a sample run (between 2 to
6 h of continuous analysis) was 1.8% (n = 152). Porewater methane concentrations were measured as
described in Chuang et al. [2016].

4.1.1. Dissolved Methane Concentrations
Dissolved methane concentrations in water samples were measured using a headspace equilibration techni-
que modified from Rudd et al. [1974]. During April 2000, December 2000, and October 2001, samples were
collected in 125 mL glass serum bottles, sealed without headspace using blue butyl stoppers, and saturated
HgCl2 solution (0.3 mL) was added immediately after sample collection to halt all biological activity.
Headspace equilibration was performed in the laboratory just prior to analysis. For headspace equilibration,
40 mL of sample water was drawn into a 60 mL plastic syringe, and equilibrated with 20 mL of ambient air by
vigorous shaking for 2 min, followed by standing equilibration for 3 min. During the July 2002 trip, a gas
chromatograph was transported to the sampling site, surface water samples were collected directly into
60 mL syringes, and headspace equilibration was performed at each sampling station. The headspace gas
was then injected into either a 10 mL Mark-M tube prefilled with degassed Milli-Q water and sealed with a
black butyl stopper or a 10 mL preevacuated Exetainer. All gas samples were analyzed within 10 h of transfer
to the Mark-M tube or Exetainer.
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The dissolved methane in the surface water samples (Cw) was calculated by adding the measured head-
space methane concentration and the amount of methane remaining in the water sample after headspace
equilibration, calculated from the solubility equation of Yamamoto et al. [1976] (the atmospheric methane
contribution was accounted for but was always negligible). The average combined standard error of
sampling, transport, and analysis (determined from triplicate samples) was 9.3% (n = 60 sets of triplicate
samples), for the April 2000, December 2000, and October 2001 campaigns, and 4.8% (n = 23 sets) for
July 2002 which did not require extended sample transport because the gas chromatograph was brought
to the field site.

4.2. Methane Flux Estimates Using Floating Chambers

Floating flux chambers were deployed at four stations in Celestún, two stations in Chelem, and six stations
in Terminos during October 2001 (Table S1 in the supporting information). Each chamber consisted of a
27.6 × 27.6 × 7.0 cm clear acrylic top sealed to a 27.9 × 27.9 × 19.0 cm aluminum base (chamber
volume = 20.1 L) surrounded by closed-cell foam for floatation. The acrylic top was fitted with a sampling
port consisting of a Swagelok tubing connector, a 10 cm length of tygon tubing, and a three-way stopcock,
which allowed for headspace sampling to be conducted from a small boat. Headspace samples were
collected every 10 min for between 30 and 40 min, starting immediately after the chamber’s top was
installed. Ambient air samples were collected outside of each chamber at the time of placement to ensure
that methane concentrations within the chamber at the start of the sampling period were not different
than ambient air concentrations as a result of chamber placement in the water. Chamber headspace sam-
ples were collected using a 10 mL Glaspak syringe and were immediately transferred to butyl-stoppered
glass serum bottles by displacing a volume of de-gassed water. The de-gassed water was prepared by
sparging with helium for at least 15 min, after which time no methane was detectable in the de-
gassed water.

4.3. Environmental Parameters

Dissolved oxygen, temperature, and salinity were measured at each station using a YSI model 85 probe. Air
temperature was measured using a factory-calibrated thermistor. Minimum, maximum, and average wind
speeds at each station were measured using a handheld anemometer positioned 1 m above the lagoon
surface. Water depth and vegetation type were recorded at each station. A Vector acoustic Doppler veloci-
meter and an Ocean Sensors OS2000 CTD (conductivity, temperature, and depth) were deployed in order
to measure water depth, current velocities, temperature, and salinity during the sampling period from 13
to 17 July 2002. The instruments were deployed together in the boat channel directly in front of the Ducks
Unlimited de Mexico (DUMAC) field station near the midpoint of the lagoon approximately 420 m north of
the Celestún bridge (Figure 1).

Meteorological data such as wind speeds for Celestún were obtained from the DUMAC weather station,
which provided meteorological information in 10 min intervals. Meteorological data for Chelem and
Terminos were obtained through the NOAA Surface Data database, which provided daily averages from
the Progreso Station (near Chelem) and the Ciudad del Carmen Station (near Terminos).

5. Methane Flux Calculations
5.1. Diffusive Fluxes From the Surface Water to the Atmosphere

Diffusive methane fluxes from the lagoon water to the atmosphere were calculated from surface water dis-
solved methane concentrations using the gas-transfer model ofWanninkhof [1992] and the general stagnant
film equation [Liss and Slater, 1974]:

J ¼ kv � Cw � Ceq
� �

(1)

where J is flux of gas to the atmosphere (in mmol m�2 d�1), kv is gas transfer velocity (in m d�1), Cw is
measured concentration of dissolved methane in water (in mmol m�3), and Ceq is concentration of methane
in equilibrium with the atmosphere at in situ temperature (in mmol m�3). Ceq was calculated for each sample
from the temperature- and salinity-dependent equilibrium relationship of Wiesenburg and Guinasso [1979].
The kv was calculated using the relationship between gas transfer and wind speed developed by
Wanninkhof [1992]:
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kv ¼ 0:31�u2� Sc
660

� ��1
2

(2)

where kv has units of cm h�1, u is wind speed at 10 m height (in m s�1), and Sc is the Schmidt number for
methane calculated for in situ temperature and salinity using the experimentally determined diffusion coef-
ficients from Jähne et al. [1987]. Wind speed measurements from the sampling stations were scaled to 10 m
height using the equation from Liss and Merlivat [1986]:

uz¼10m ¼ 1:29uz¼1m (3)

where uz=10m is the wind speed at 10 m (in m s�1) and uz=1m is the wind speed at 1 m (in m s�1).

The average diffusive methane flux from the water to the atmosphere for each lagoon during a particular trip
was estimated by calculating the average methane flux for each lagoon zone (determined by using average
methane concentration, temperature, and salinity from all stations within that zone) and the relative surface
area of each zone. Celestún was divided into an inner, middle, and outer zone based on salinity distribution
and lagoon shape, and Chelem was divided into a lagoon zone and a harbor zone. Stations in Terminos were
divided into river (Rio Palizada), lagoon, and city canal groups. Since diffusive flux calculations are highly sen-
sitive to wind speed, we chose also to use the average seasonal wind speeds (from the weather station at
each lagoon) in order to better estimate the range of fluxes over longer time periods. It is important to note
that no significant differences were found between fluxes calculated using our direct measurements of wind
speed and air temperature throughout the lagoons and those recorded by the weather stations near each
lagoon (Table S1).

5.2. Total Fluxes From the Surface Water to the Atmosphere

The chambers capture the total flux to the atmosphere including both flux by diffusion and by ebullition
(bubble flux), although the diffusive flux is likely to be under estimated due to zero wind impact inside the
chambers. Initial methane concentrations within the chambers were all identical, within analytical error, to
ambient air methane concentrations.

Since flux chambers collect methane released by both diffusion and ebullition, a least squares linear regres-
sion was applied to determine which type of flux was dominant for each chamber deployment [Miller and
Oremland, 1988]. Specifically, it was expected that diffusive fluxes would show a linear increase in methane
concentration in the chamber over time while ebullition would result in sporadic pulses (large spikes) of
methane. Chambers generally showed distinct nonlinear increases in methane concentration, which in sev-
eral instances coincided with direct observation of ebullition and final headspace concentrations well above
equilibrium with the surface water. The total flux was thus determined from the difference between initial
and final headspace methane concentrations in the flux chambers.

5.3. Benthic Methane Fluxes and Methanogenesis Rates

A numerical transport-reaction model was used to simulate the measured down-core dissolved methane
concentrations in order to estimate total sediment to water column flux and methane production by micro-
bial methanogenesis [Chuang et al., 2016; see simulations for different profile types therein]. The net rate of
methane production and transport of dissolved methane in the upper 20 cm of the sediments was quantified
by applying the following equation at steady state [Berner, 1980; Boudreau, 1997]:

Φ� ∂C
∂t

¼ ∂ Φ�Ds� ∂C∂x
� �

∂x
� ∂ Φ�v�Cð Þ

∂x
þ Φ�RCH4 (4)

where x (cm) is sediment depth, t (yr) is time,Φ (dimensionless) is porosity, Ds (cm2 yr�1) is the solute-specific
diffusion coefficient in the sediment, C (mmol cm�3) is the concentration of methane in the porewater, and v
(cm yr�1) is the burial velocity of porewater. This latter term was found to make a negligible contribution to
the methane flux and is included here for consistency [Chuang et al., 2016].

RCH4 (mmol cm�3 yr�1) in equation (4) is the net methane production rate and is proportional to the differ-

ence between modeled (CCH4 ) and measured concentrations (CCH4OBS ).
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RCH4 ¼ kCH4 � CCH4OBS � CCH4ð Þ (5)

where kCH4 is the corresponding kinetic constant, 100 to 1000 year�1 [Chuang et al., 2016] (Table S2).

Methane fluxes (mmol cm�2 yr�1) at the model boundaries were calculated as follows:

FCH4 xð Þ ¼ Φ xð Þ� v xð Þ�CCH4 � Ds� dCCH4 xð Þ
dx

� �
(6)

where x = 20 cm is the bottom of the simulated core and x = 0 cm is the sediment-water interface. In this
study, positive fluxes are directed out of the sediment to the water column (most of model-derived fluxes
were positive; Table S2).

Parameterization of the equations above has been described in detail by Chuang et al. [2016] (see also
Tables S1 and S2). Equation (4) does not take into account transport of methane out of the sediment by ebul-
lition [Chuang et al., 2016]. Consequently, the net rate of methane production and the total methane flux at
the sediment-water interface will be underestimated for the sediments where methane porewaters
are supersaturated.

6. Results
6.1. Surface Water Methane Concentrations and Seasonal Variations

Surface water dissolved methane concentrations within the three lagoons during the full sampling period
ranged from 25 nM (Chelem) up to 8378 nM (Terminos) (Figure 2 and Tables S1a–S1c). The average methane
concentrations in the polluted canals connected to Terminos were the highest (3505 ± 3436 nM) of any zone
within the three lagoons. The second highest average concentrations were found in the inner zone of
Celestún during all seasons, and the lowest average concentrations were found in the main lagoon part of
Chelem and the outer zone of Celestún. Overall dissolved methane concentrations at Chelem and
Terminos Lagoons are typically less than 300 nM, but some polluted stations hadmuch higher concentrations
contributing to the high variability in the reported concentrations (Tables S1b and S1c).

In Celestún, measured methane concentrations ranged from 41 nM to 2551 nM, with the highest concentra-
tions in the inner zone of the lagoon (average salinity = 17.7) and the lowest concentrations in the outer zone
toward the lagoon mouth (seawater salinity) (Figure 2a). Average water depths at the sampling stations were
not different between the different lagoon zones, indicating that the higher methane concentrations were
not the result of depth-related dilution effects (Table S1a). The highest average air and water temperatures
in Celestún were measured during the rainy season (October 2001 and July 2002), while the highest average
wind speeds were measured during the dry season (April 2000) (Table S1a). The average water and air tem-
peratures were significantly lower during the nortes season (December 2000) than at any other sampling
time (Table S1a). No significant differences in water temperature, air temperature, or wind speed between
the lagoon zones were detected at any given season, suggesting that these parameters were not responsible
for the spatial variability in surface water methane concentrations throughout the lagoon at any given season
(Figure 2 and Table S1a). Water inputs to Celestún Lagoon are seawater and groundwater from submarine
springs, and both have lower methane concentrations than those observed in the lagoon water, indicating
an internal source of methane, most likely a sedimentary methane flux [Chuang et al., 2016].

In Chelem, surface water methane concentrations ranged from 25 nM to 1796 nM (Figure 2c). In contrast to
Celestún, surface water methane concentrations in Chelem did not show any distinct salinity-related spatial
patterns within the main lagoon. The east side of the lagoon had slightly higher average salinities than the
west side of the lagoon during all trips, but methane concentrations were similar. Two sites, one at the far
west side of Chelem (1CH) and the other within the harbor area (10CH), showed substantially elevated surface
water methane concentrations in comparison to other stations during one or more of the sampling trips. The
elevated methane concentrations at both sites appeared to be highly localized and not associated with
differences in salinity, water temperature, or water depth. No significant differences were observed in the
average methane concentrations within Chelem between the three different sampling trips. However, the
lowest average methane concentrations did coincide with higher average salinity which occurred during
the April 2000 (dry season) trip (Figures 2c–2d) probably due to mixing with seawater that had lower
methane concentrations.
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Surface water methane concentrations in Terminos show very high variability and ranged from 85 nM to
8378 nM, with the highest concentrations occurring in a polluted canal (Figure 2e). The average methane
concentrations in the lagoon and river stations were 180 ± 110 nM and 320 ± 186 nM, respectively. The
methane concentrations in the city canal samples were highly variable, ranging from 261 nM to 8378 nM,
with an average of 3505 nM. The average methane concentration in the canal samples was significantly
different from that of the river and the lagoon samples. Interestingly, the river water samples, which had very
low salinities (<1), had a similar range of surface water methane concentrations as the lagoon samples,

Figure 2. Surface water methane concentrations (a, c, e) and salinity (b, d, f) in Celestún, Chelem, and Terminos Lagoon.
Stations classified as middle zone, harbor and river for the three lagoons are in shaded grey.
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despite the higher salinities in the lagoon itself (salinity range 7 to 32). Only one excursion was made to
Terminos; hence, there are no seasonal data for this lagoon. In both Chelem and Terminos, areas with
direct pollution inputs had much higher methane concentrations than areas farther away from
pollution sources.

6.2. Surface Water Methane Concentrations and Tidal Variations

The tidal height in Celestún varied little over the first 12 h of observations and then showed a clear increase
and decrease of>40 cm over the subsequent hours. This unusual behavior is probably caused by the effect of
a mixed semidiurnal tide combined with lagoon geometry, bathymetry, and friction [Kjerfve, 1981; Tenorio-
Fernandez et al., 2016]. Tidal variations in surface water methane concentrations showed much greater
variability at the sides of the lagoon in comparison to the mid lagoon (Figure 3). Concentrations varied by
approximately 50% over the course of a tidal cycle at the shallow stations at the side of the lagoon, while
the variations in the midlagoon station were only ~15%.

6.3. Methane Fluxes at the Water-Air Interface and Flux Chamber Measurements

The diffusive methane fluxes from the lagoon water to the air, calculated per unit area at the water-air inter-
face, are presented in Figure 4 and Table S1. The fluxes ranged from 0.0023 to 15 mmol CH4 m

�2 d�1. The
highest values are up to 2 orders of magnitude higher than previously reported fluxes from other
mangrove-surrounded waters calculated by the gas-transfer model, e.g., Andaman Island (0.11 to
0.47 mmol CH4 m

�2 d�1 [Linto et al., 2014]), India (0.002 to 0.134 mmol CH4 m
�2 d�1 [Biswas et al., 2007]),

Tanzania (0.07 to 0.35 mmol CH4 m�2 d�1 [Kristensen et al., 2008b]), and Australia (0.01 to
0.63 mmol CH4 m

�2 d�1 [Call et al., 2015]). In Celestún Lagoon, as expected from the distribution of methane
concentrations in the surface waters, the highest diffusive methane fluxes were in the inner zone and the
lowest fluxes were measured in the outer zone (Figure 4a). This trend is consistent for all seasons (Tables 2
and S1a). At Chelem, higher methane fluxes were recorded at the far west side and in the pollution-impacted
harbor area (Figure 4b and Tables 2 and S1b). The highest diffusive methane flux was calculated at one of the
canal sites in Terminos where the flux was over 10 times higher than in the river and the lagoon (Figure 4b
and Table S1c).

Gas bubbles were observed regularly in the lagoons during all seasons particularly at low tide. Although the
number of chambers deployed was too small to capture the variability in ebullition of methane from the
lagoons [Keller and Stallard, 1994; Bastviken et al., 2004; Podgrajsek et al., 2014], our objective was to

Figure 3. Variations of (a) surface water methane concentrations over 24 h from 16 to 17 July 2002 at two stations near the
side of the lagoon (side stations A and B; water depth < 1 m) and one station near the center of the lagoon (midlagoon
station; water depth ~ 1.75 m). (b) Tidal height was obtained from the CTD deployed in close proximity to these three
stations.
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determine whether the total methane flux is higher than the calculated diffusive flux. Indeed, chamber fluxes
(mean = 46.5, 144, and 233mmol CH4m

�2 d�1 for Celestún, Chelem, and Terminos Lagoons, respectively) are
consistent with ebullition being between 1.5 and 760 times greater than the calculated diffusive fluxes

Figure 4. Comparison of calculated diffusive methane flux at the water-air interface, total methane flux at the sediment-
water interface, depth-integrated methane production rate, and measured chamber flux: (a) Celestún and (b) Chelem
and Terminos Lagoons during October 2001. Methane concentrations are log scale. Two chambers were used at station
1CH: chamber 1CH was deployed in deeper water (30 cm) compared to 1CHa (~10 cm). (c) Modeled total methane flux at
the sediment-water interface (equation (6)) minus the calculated flux at the water-air interface (equation (1)) in Celestún
and Chelem Lagoons during four sampling trips. Please note that in Figures 4a and 4b , sediment cores were not taken at all
stations.

Journal of Geophysical Research: Biogeosciences 10.1002/2017JG003761

CHUANG ET AL. METHANE FLUXES FROM COASTAL LAGOONS 1166



(Figure 4 and Tables S1a and S1b). Chamber fluxes did not correlate with surface water methane
concentrations or with any other measured environmental parameter, suggesting sporadic bubble release
from the sediments [see Chuang et al., 2016].

6.4. Porewater Methane Concentrations and Fluxes to the Water Column

Methane concentrations in porewater and fluxes from sediment cores collected at both Chelem and Celestún
are shown in Figures 4 and S1 and Table S1 [see also Chuang et al., 2016]. Porewater methane profiles in these
cores collectively show different trends such as a single distinct peak within the upper 5–20 cm (e.g.,
1CEL_Jul02), multiple small peaks (e.g., 8CEL_Oct01), a gradual increase of concentration with sediment
depth (e.g., 1CEL_Apr00), or no change with depth (e.g., 2CH_Dec00 and 7CH_Oct01). Large variability in
both the concentration of porewater methane and shape of the concentration profile was seen throughout
both lagoons, and the distribution of profile types was not spatially or temporally systematic. Based on
Chuang et al. [2016], the source of methane to lagoon waters is from production within the sediment and
transport to the water column mainly by diffusion and gas bubble release.

Table 2. Average Diffusive Methane Flux Across the Water Surface Calculated for Celestún, Chelem, and
Terminos Lagoonsa

Lagoon, Season, and Zone CH4 Flux (mmol CH4 m
�2 d�1) Total Area (km2) Total CH4 Flux (g CH4 yr

�1)

Celestún: April 2000 (Seasonal Wind Speed = 6.8 ± 2.4 m s�1)
Inner 3.8 9.36 2,050 × 103

Middle 2.8 7.99 1,280 × 103

Outer 0.56 9.31 300 × 103

Allb 2.3 26.66 3,630 × 103

Celestún: Dec 2000 (Seasonal Wind Speed = 5.6 ± 2.3 m s�1)
Inner 2.5 9.36 1,360 × 103

Middle 0.63 7.99 290 × 103

Outer 0.23 9.31 130 × 103

Allb 1.1 26.66 1,780 × 103

Celestún: Oct 2001 (Seasonal Wind Speed = 5.5 ± 2.2 m s�1)
Inner 4.5 9.36 2,100 × 103

Middle 1.8 7.99 640 × 103

Outer 0.75 9.31 310 × 103

Allb 2.0 26.66 3,050 × 103

Celestún: July 2002 (Seasonal Wind Speed = 5.5 ± 2.2 m s�1)
Inner 3.8 9.36 2,100 × 103

Middle 2.3 7.99 1,080 × 103

Outer 0.62 9.31 340 × 103

Allb 2.3 26.66 3,520 × 103

Chelem: Apr 2000 (Seasonal Wind Speed = 3.0 ± 0.9 m s�1)
Lagoon 0.061 13.6 48 × 103

Harbor 0.294 0.6 10 × 103

Allb 0.069 14.0 58 × 103

Chelem: Dec 2000 (Seasonal Wind Speed = 2.5 ± 1.0 m s�1)
Lagoon 0.16 13.6 110 × 103

Harbor 0.88 0.6 60 × 103

Allb 0.21 14.0 170 × 103

Chelem: Oct 2001 (Seasonal Wind Speed = 2.3 ± 0.7 m s�1)
Lagoon 0.12 13.6 100 × 103

Harbor 0.16 0.6 4.1 × 103

Allb 0.13 14.0 104 × 103

Terminos: Oct 2001 (Seasonal Wind Speed = 4.9 ± 1.2 m s�1)
Lagoon 0.38 1,800 40,100 × 103

River 0.66 ?
Canals 7.7 2 900 × 103

Allc 0.39 1,802 41,000 × 103

aWind speeds are reported as seasonal averages and standard deviation collected by weather stations at 10 m height.
bMethane flux reported as an area-weighted average for each lagoon and season.
cFluvial methane flux and area not included in calculation. The polluted sites were also not included in the averages

calculated due to their large variability.
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7. Discussion
7.1. Elevated Methane Concentrations in Surface Waters and Porewaters

Previous studies in moderate to high-salinity wetlands and water bodies (other than mangrove-surrounded
systems) typically show much lower surface water methane concentrations and atmospheric methane
emissions than in freshwater wetlands [Bartlett et al., 1985, 1987; Rejmankova and Post, 1996; Segarra et al.,
2013]. Presumably, this is in part due to high concentrations of sulfate in seawater favoring sulfate reduction
and anaerobic methane oxidation (AOM) [Barnes and Goldberg, 1976]. An inverse log linear relationship
between salinity and methane emissions has been shown for data compiled from 31 tidal marshes
[Poffenbarger et al., 2011]. However, the methane distribution and flux results from the three lagoons of
the Yucatán Peninsula strongly suggest that salinity is not the primary controlling factor (e.g., limiting) for
methane flux frommangrove-dominated ecosystems. Surface water and porewater methane concentrations
were not correlated with salinity as seen in Figure 2 and reported in Chuang et al. [2016]. Consequently, there
are poor or no clear relationships between salinity and methane fluxes. For example, r2 = 0.090 (r = 0.30;
p < 0.003) is calculated for the relationship between the diffusive methane flux at the water-air interface
and salinity (Figure 5a), r2 = 0.001 (r = 0.03; p > 0.05) for the relation between total methane flux at the
sediment-water interface and salinity (Figure 5b), and r2 = 0.003 (r = 0.05; p > 0.05) for chamber flux at the
water-air interface versus salinity (Figure 5c) [Udovičić et al., 2007]. Supersaturated porewater methane con-
centrations were observed at sites from the inner zone to the outer zone of Celestún Lagoon and did not
show any correlation with the salinity of the overlying water. Additionally, high surface water methane con-
centrations and fluxes were observed at sites with high salinities in both Chelem Lagoon (harbor site) and
Terminos Lagoon (canal sites). The high surface water methane concentrations measured in these three
lagoons appear to be controlled by the very high porewater methane concentrations in the sediments
throughout the lagoons with little relation to salinity. Methane is released from the sediments through both
diffusion and ebullition, and it appears that the rates of aerobic and anaerobic methane oxidation within the
lagoon sediments were insufficient to counter benthic methane production and significantly reduce
methane transport to the surface waters [Chuang et al., 2016]. In both Chelem and Terminos Lagoons, areas
with direct pollution inputs hadmuch higher methane concentrations than areas farther away from pollution

Figure 5. Relationship between (a) diffusive methane flux at the water-air interface and salinity, (b) total methane flux at
the sediment-water interface and salinity, and (c) chamber flux at the water-air interface and salinity. Figure 5d shows an
enlarged version of Figure 5c at low methane flux.
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sources. It is possible that sewage and other wastewater inputs supply reactive organic substrates to the sedi-
ments which can be used as electron donors by methanogens, further increasing methane production rates
and fluxes from the sediment to the water column [Holmer and Kristensen, 1994; Oremland and Polcin, 1982,
Chuang et al., 2016].

7.2. Surface Water Methane Emissions

Fluxes obtained during this study greatly expand the number of published methane fluxes from tropical
lagoon systems in the Americas, and they also represent a wide range of environmental conditions and levels
of anthropogenic impacts. The diffusive flux calculated for the canals in Terminos was higher than any of the
previously reported total methane fluxes for mangrove-surrounded systems in the Americas [Barber et al.,
1988; Sotomayor et al., 1994]. Additionally, average diffusive fluxes from Celestún, a relatively pristine system,
were generally much higher than the fluxes reported by Harriss et al. [1988] and Sotomayor et al. [1994] for
moderate- to high-salinity, nonpolluted mangrove-surrounded areas in Florida and Puerto Rico. The highest
diffusive flux measured in Celestún (15 mmol CH4 m

�2 d�1) was in the higher range of the fluxes reported for
relatively undisturbed moderate to high-salinity mangrove-surrounded systems and associated water bodies
in India (4.6 to 11 mmol CH4 m�2 d�1) [Purvaja and Ramesh, 2001; Verma et al., 1999]. Our flux chamber
measurements fell within the range of total methane flux reported for the Indian mangrove-surrounded
lagoon systems, and two of our sites, 1CHa and 2TER, showed higher total methane fluxes than any of the
reported values for any mangrove-surrounded systems. While the majority of chamber flux measurements
were lower than average bubble fluxes reported for freshwater and coastal environments, the total fluxes
measured at 1CHa and 2TER were higher than those reported for freshwater systems [Bartlett et al., 1988,
1990; Chanton et al., 1989; Hirota et al., 2007; Keller and Stallard, 1994; Miller and Oremland, 1988; Verma
et al., 2002; Ferrón et al., 2007; Deborde et al., 2010].

All of the chambers that recorded higher fluxes than the calculated diffusive fluxes showed distinct nonlinear
increases in methane concentration, which in several instances coincided with direct observation of bubbles
entering the chambers [Keller and Stallard, 1994; Miller and Oremland, 1988]. It appears that ebullition is
prevalent in these sites, and this is also supported by our observations of bubbles throughout the lagoons
particularly at low tide.

Another observation that is consistent with the prominence of ebullition is the higher diffusive methane
emissions from water to air than the total dissolved methane flux from the sediment to the water column
at many sites (Figure 4 and Tables S1 and S2). Since the only methane source to the shallow oxic water
column in these lagoons is the sediments [Chuang et al., 2016], the implication is that additional methane
is entering the water column from the sediments through bubble ebullition. Ebullition will occur when gas
bubbles form when/where porewater methane concentrations are higher than the saturation concentration
and the buoyancy of the gas bubbles exceeds the mechanical retardation of the sediment. Since gas trans-
port from the sediment to the overlying water is rapid with minimal interaction with the pore fluid
[Martens et al., 1998], AOM is insufficient to prevent methane from escaping to the bottom water [Chuang
et al., 2016]. Aerobic methane oxidation in these shallow well-oxygenated water columns is also insufficient
to prevent methane from reaching the atmosphere. Overall, the combined diffusive and ebullition fluxes
reported here suggest a considerable source of methane to the atmosphere from the sediments. The
atmospheric methane fluxes based on diffusive transport are minimum estimates. The bubble flux is likely
to be a very important and under studied component of methane flux from mangrove-surrounded lagoon
and coastal systems. Due to the sporadic nature of ebullition, additional more systematic studies are needed
to more accurately estimate the contribution of bubble flux to the total atmospheric methane flux from
mangrove-surrounded water systems. Our data set, albeit limited, indicates that the ebullition associated flux
of methane to the atmosphere at our sites and likely at similar settings in other mangrove-surrounded water
bodies could be 2 orders of magnitude higher than the diffusive flux.

7.3. Tidal Variations

The results of the tidal/diurnal cycle sampling in Celestún Lagoon show that there is considerable short-term
variability in surface water methane concentrations even at single locations. The maximum in surface water
methane concentrations at all three stations occurred in the early hours of the day, typically coinciding with
low tide (Figure 3). Much greater variability in methane concentrations was observed near the sides of the
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lagoon compared to the center, possibly due to the greater depth in the center where an artificial boat
channel has been excavated. These results also indicate that surface water methane concentrations
measured along the sides of the lagoon are more sensitive to tides than those in the center of the lagoon.
Chanton et al. [1989] found that decreases in hydrostatic pressure caused by low tide led to increases in
methane bubble flux from underlying sediments. Since tidal changes will result in a larger relative change
in water column depth along the sides of the lagoon (<1 m depth and 0.5 m tidal ranges) than in the center
of the lagoon (~1.75 m depth), methane concentrations in the water column may be more tidally influenced
along the sides. The large increase in methane concentrations in the water column during low tide indicates
that the tides affect methane release from the sediments by modulating the pressure and hence gas solubi-
lity in pore waters [Scandella et al., 2011, Middelburg et al., 1996]. Tidally mediated exchange of porewater
between sediments and surface waters has been recognized previously [Bouillon et al., 2007a, 2007b;
Dittmar and Lara, 2001; Gleeson et al., 2013; Li et al., 2009; Maher et al., 2013; Robinson et al., 2007; Santos
et al., 2012].

Applying the maximum change of tidal height in this study (Figure 3) for core 6CEL_Jul02, methane solu-
bility should decrease by about 0.05 mM at low tide [Duan et al., 1992]. This solubility change is equal to
an increase in the free gas content of 8.4 mmol m�2 over 6 h (~1/2 tidal cycle) if pore waters are oversa-
turated, calculated assuming an average porosity of 0.84 and a sediment length of 20 cm. This is compar-
able to a mean chamber flux of 46.5 mmol CH4 m

�2 d�1 in this lagoon, implying that tidal variations may
account for a significant fraction of the fluxes we calculated based on the flux chamber measurements.
Notably, these values are an order of magnitude higher than the model-derived methane flux at the
sediment-water interface (2.5 mmol CH4 m�2 d�1), which also highlights the importance of direct escape
of methane from the sediment as gas bubbles [Chuang et al., 2016]. Indeed, measured porewater methane
concentrations were oversaturated for core 6CEL_Jul02, consistent with gas formation and ebullition. This
also implies that the entire lagoon might be affected by tidally driven gas release since methane oversa-
turation in porewaters was observed throughout Celestún Lagoon, e.g., sites 2CEL, 3CEL, 6CEL, 8CEL,
11CEL, 13CEL, and 14CEL (Figure S1 in the supporting information). Ebullition is not easy to quantify accu-
rately [Lindgren et al., 2016, and references therein], and our samples were not collected using a statistically
rigorous sampling methodology, but they serve to illustrate the prevalence of ebullition and emphasize the
importance of obtaining better estimates of these fluxes from mangrove-dominated lagoons around
the world.

7.4. Mangrove-Surrounded Water Bodies Contribution to the Global Methane Budget

The data from this study and several studies from India suggest that the atmospheric methane contribution
from mangrove-surrounded water bodies is considerable and is likely to increase due to pollution inputs.
Estimating the methane contribution of mangrove-surrounded water bodies to the global methane budget
involves large uncertainties, particularly because few measurements are available for mangrove-surrounded
water bodies in comparison to other wetland types. In addition, there is not a single report that provides a
robust estimate of the ebullition fluxes from such systems due to the sporadic nature of such fluxes and
the extensive effort associated with designing and implementing statistically rigorous sampling methodol-
ogy and collecting data globally based on the established sampling protocol. Another major uncertainty rests
with the global surface area of the mangrove-surrounded water bodies. In an earlier study, the ratio of total
world mangrove forest covered area (171,000 km2) to the total mangrove-associated open-water surface area
(lagoons and estuaries) (82,535.3 km2) was estimated to be approximately 2 [Caddy and Sharp, 1986]. This
ratio falls in the range of ratios (2 to 10) given by Alongi [2009] for mangrove forest area to waterway area
in some mangrove ecosystems. However, the total coastal lagoon covered area in Mexico (15,673 km2)
[Contreras-Espinosa and Warner, 2004]) is larger than the mangrove forests covered (7738 km2) [Valderrama
et al., 2014]), giving a ratio of 0.49 (forest to lagoon). This is not unique, for example, the Andaman Islands
[Linto et al., 2014] are characterized by an even lower ratio of 0.33 (water bodies = 2700 km2, total mangrove
forests covered area = 892 km2).

Despite the large uncertainty that would be involved in extrapolating the data from our samples regionally
and let alone globally an “order of magnitude” calculation would be useful for demonstrating the potential
importance (or lack of) of these systems in the global methane budget. If we assume that the seasonally
weighted average diffusive flux from Celestún (1.9 mmol CH4 m�2 d�1) is representative of pristine
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mangrove-surroundedwater bodies in Mexico [Contreras-Espinosa andWarner, 2004]), then the total diffusive
annual lagoon water atmospheric emissions in Mexico amount to 0.17 Tg CH4 yr

�1. If these emission rates are
similar to the global average emission rates then upscaling this to the mangrove-surrounded water bodies
worldwide (69,000 km2; determined by using a ratio of 2 for the current estimated total world mangrove
surface area of 138,000 km2 [Giri et al., 2011]) implies that mangrove-surrounded water bodies could account
for up to 0.43% of the most recent global methane flux estimate from wetlands (177 to 284 Tg CH4 yr�1

[Kirschke et al., 2013]). However, all data suggest that actual fluxes from these systems are much higher
due to the prevalence of ebullition which is hard to precisely quantify. In Celestún, total methane flux
measured in each chamber was up to 100 times greater than the diffusive flux and on average 10 times
greater than the calculated diffusive flux for an individual station. A conservative calculation using the
average measured chamber flux (46.5 mmol CH4 m

�2 d�1) in Celestún Lagoon to represent the atmospheric
methane flux from mangrove-associated water bodies worldwide, mangrove waters could account for
between 7 and 11% of the total wetland flux to the atmosphere. We realize that this calculation is based
on limited data from only 3 lagoons in Mexico, but this emphasizes the potential importance of this source
and the need for further more focused studies. Specifically, results of our study and previous research
conducted in moderate- to high-salinity mangrove-surrounded systems of India [e.g., Dutta et al., 2015]
support the assertion that these systems may be important contributors to the total global methane flux
from wetlands.

Methane fluxes from polluted mangrove-surrounded lagoon areas indicate that these areas are even larger
methane sources in comparison to undisturbed systems, and with increasing development in coastal areas
with mangroves this may be even more prevalent in the future. Based on average measured surface water
concentrations and an average seasonal wind speed, the calculated average diffusive methane flux from
the polluted Terminos canal was 7.7 mmol CH4 m�2 d�1, and in India average annual emissions range
from 7.5 to 59 mmol CH4 m�2 d�1 for polluted areas [Biswas et al., 2004, 2007; Purvaja and Ramesh,
2001; Verma et al., 1999, 2002; Dutta et al., 2015]. Total fluxes (diffusion and ebullition) for the polluted
areas were 10 to 100 times higher than for the pristine areas. Hence, with many mangrove-surrounded
water bodies worldwide impacted by pollution [Ramesh et al., 2007; Purvaja and Ramesh, 2001;
Sotomayor et al., 1994; Giani et al., 1996; Kreuzwieser et al., 2003; Chen et al., 2010, 2011] our estimate based
on the fluxes from pristine settings is likely to underestimate the true importance of these system to the
global methane budget. Moreover, with increasing development along mangrove dominated coastlines
and use of these systems for aquaculture and other activities, methane fluxes from these systems are likely
to increase in the future.

Finally, it is worth noting that geological evidence and modern observations suggest that the extent of
mangrove-surrounded systems can respond rapidly to climate change, particularly to changes in sea level
[Field, 1995; Ellison and Stoddart, 1991; Krauss et al., 2014; Mckee et al., 2007; Semeniuk, 1994]. Past expansion
of mangrove-surrounded areas during interglacials may have resulted in increased methane emissions from
coastal areas and should be considered in paleo-reconstructions and future projections of atmospheric
methane budgets.

8. Summary

Methane dynamics frommangrove-surrounded tropical coastal lagoons in Yucatán, Mexico, are controlled by
multiple processes, including physical processes such as mixing with seawater or groundwater and tidal
pumping and biological processes such as sulfate reduction and methane production and oxidation. These
multiple sources and sinks result in significant temporal and spatial variations in methane concentrations
and fluxes from mangrove-surrounded lagoons. Despite high salinity and high sulfate concentrations,
methane production rates in the Yucatán mangrove sediments are high and methane accumulates in
porewaters at shallow depths due to high organic matter content in the sediment and the use of noncompe-
titive substrates by methanogenic microorganisms [Chuang et al., 2016]. This, combined with the shallow
water depth of the lagoons and tidally modulated changes in pressure, results in high methane fluxes from
the sediment to the water column and from the water column to the atmosphere. If fluxes from these sites
are representative of other mangrove associated water bodies, fluxes from these systems can potentially
account for a substantial fraction of the total global wetland flux to the atmosphere. Our results also
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indicate that pollution increases methane fluxes by 10–100 folds, and taking this into account may increase
the global contribution from these systems considerably.

Mangrove-surrounded systems throughout the world are facing rapidly increasing modification such as
destruction and pollution from development. Although mangroves only account for a small fraction of the
total wetlands and estuarine areas, the results of this study suggest that mangrove-surrounded water bodies,
particularly those with pollution inputs, can produce much higher atmospheric methane fluxes than other
types of moderate- to high-salinity coastal and estuarine areas, with fluxes similar to freshwater systems.
This is an important consideration for past and future atmospheric methane budgets.
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