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Abstract: Considerable variability in methane production and emissions has been reported in man-
groves, explained by methane inhibition and oxidation. In this study, soil pore waters were collected
from mangrove forests located in the Gulf of California (Mexico) exposed to shrimp farm disturbance.
The §'3C of dissolved inorganic carbon (DIC) and CH, were analyzed along with the 5'3C of the soil
organic matter to assess the proportion of CO, derived from methanogenesis, its main pathway, and
the fraction of methane oxidized. We performed slurry incubation experiments to fit the isotope-mass
balance approach. Very low stoichiometric ratios of CHy/CO, were measured in pore waters, but
isotope mass balances revealed that 30-70% of the total CO, measured was produced by methanogen-
esis. Mangrove soils receiving effluent discharges shifted the main methanogenesis pathway to CO,
reduction because of an increase in refractory organic matter. Isotope—mass balances of incubations
indicated that methane was mainly oxidized by anaerobic oxidation of methane (AOM) coupled to
sulfate reduction, and the increase in recalcitrant organic matter should fuel AOM as humus serves
as a terminal electron acceptor. Since methanogenesis in mangrove soils is strongly controlled by
the oxygen supply provided by mangrove roots, conservation of the forest plays a crucial role in

mitigating greenhouse gas emissions.

Keywords: mangroves; methanogenesis; isotope-mass balance; CO,; CHy

1. Introduction

Wetlands are the primary source of non-anthropogenic methane to the atmosphere [1].
Methanogenesis is considered the dominant pathway for the decomposition of organic mat-
ter in freshwater wetlands [2], whereas sulfate-reducing bacteria outcompete methanogens
for common substrates in coastal areas and saline wetlands [3]. In coastal wetlands, tidal
seawater is thought to provide enough sulfate-to-sulfate-reducing bacteria with much
higher affinity and competition for H, and acetate than methanogens [4,5]. It would
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then explain the relatively low methane emission rates measured in many coastal wet-
lands, including mangrove swamps, compared to freshwater wetlands [3,6-8]. However,
methane fluxes comparable to those measured in freshwater wetlands have also been
measured in several mangrove wetlands worldwide [9-13], where the co-existence of
high concentrations of sulfate and methane have been detected in sediment pore waters.
Whereas high methane fluxes are explained by the use of non-competitive substrates by
methanogens [14,15], low methane fluxes are mainly explained by methanogenesis inhi-
bition and, to a lesser extent, by anaerobic methane oxidation (AOM) linked to sulfate
reduction, which might consume a significant fraction of CHy [16,17]. Unfortunately,
because methanogenesis and AOM zones overlap in the soil profile, it is impossible to spa-
tially segregate each chemical involved to assess the balance between methane production
and consumption in these coastal wetlands.

In waterlogged soils, methanogenesis produces an equimolar net amount of CO,
and CHy [18,19]. In wetland soils, it is usual to find in pore waters concentrations of
dissolved inorganic carbon DIC (DIC = XCO,) greater than those of CHy, suggesting that
other mechanisms of CO, production can be more important than methanogenesis [2,19]
or that a significant amount of CHy is oxidized. High CO,/CHj ratios have been observed
in mangrove soil pore waters, and it was thought to be mainly due to methanogenesis
inhibition [11]. However, there is no evidence that AOM was negligible in depleting the
CHy concentration because no method could detect it.

During both methanogenesis pathways (hydrogenotrophic and acetoclastic), the §'3C
of organic matter (§'3C_oy) is fractionated to form an enriched §'*C-CO,._e, and a de-
pleted §!3C-CHy [2]. The isotopic fractionation factors occurring with the formation of
513C-CO,.oMm derived from the fermentation of organic matter or other forms of respiration
are almost negligible [19]. These differences on the isotopic fractionations allows the §'3C
signatures of the different substances and compounds related to organic matter degradation
to be tracers of the metabolic processes [20]. Because of the differences in 613C signatures,
the isotopic mass balance approach has been used successfully to trace methanogenesis in
freshwater wetlands (e.g., [19]), and it may be helpful to understand how methanogenesis
and AOM processes operate in coastal wetlands.

Ecosystem productivity was early considered the primary driver of methane emissions
in wetlands [21], and several studies have shown that CH4 emissions positively correlate
with productivity variables, such as total phosphorus (IP) and chlorophyll-a [22-25], even
at global scales [26]. However, the microbial processes in mangrove soils have been cited for
having strong resilience towards disturbances [27]. Among many factors, anthropogenic
nutrient inputs, changes in the amount of freshwater inputs as well as in plant cover have
been cited to increase the methane emission in mangroves [6,10,28,29]. Shrimp farms,
which are a typical landscape in the tropical coastal area, often discharge untreated efflu-
ents containing organic refractory wastes and unassimilated inorganic fertilizers [30,31].
Although numerous studies have reported the effects of shrimp-farm effluents on water
quality, eutrophication, biodiversity, and food webs in coastal lagoons and near-shore
marine habitats (e.g., [32-34]), little attention has been paid to the impact on methane
emissions. For instance, nutrient-rich shrimp farm effluents that reach the mangroves
can stimulate organic matter decomposition [35], deplete the amount of sulfate [15], and
increase the degrees of iron pyritization (formation of iron sulfides; [36]). The combination
of factors suggest shrimp farm effluents may trigger methane production and emissions,
but it has been poorly studied.

The objective of this study was to comparatively quantify through an isotopic mass
balance the main pathway (aerobic/anaerobic) of organic matter degradation in mangrove
soils and the partition between the production/oxidation of methane from mangrove
forests located in the arid tropic of the Gulf of California (Mexico) subjected to different
degrees of shrimp farm disturbance (pristine and closeness to shrimp farm effluents)
and tidal influence (by the distance to the shoreline as influenced by salinity and sulfate
availability). To this end, we used mini piezometers to extract soil pore water and measure
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the §'3C of DIC and CHy, along with the §'3C of the soil organic matter. We also performed
sediment slurry incubation experiments to carry out isotope-mass balance calculations
on closed systems to compare results with the isotope-mass balance approach computed
using field data. Our results provide basic quantitative information on methane dynamics
and organic matter degradation in disturbed mangroves by shrimp farm activity, which
can be useful for the management of greenhouse gas emissions from coastal wetlands
under global warming.

2. Materials and Methods
2.1. Study Site

The study was conducted in semi-arid mangrove forests of the Gulf of California (Mex-
ico), subjected to different environmental disturbance (Figure 1): (a) Estero Los Mélagos
(27°10'2" N and 110°17'31" O), a degraded coastal lagoon receiving sewage discharges
from shrimp-farm effluents combined with a small fraction of urban wastewater, in three
stands located at different distances from the effluent (MEL-1, close to the effluent, and
MEL-2 and MEL-3, further from the point of discharge); (b) Estero Santo Domingo (27°8'58"
N and 110°15’48” O), in two stands, one located close to a shrimp effluent (DOM-1) and an-
other far, although close to the shrimp farms (DOM-2); and (c) Estero Los Algodones (ALG;
27°39'29" N and 110°3558" O), with mangroves surrounding an almost pristine coastal
lagoon dedicated to the artisanal fishery in four points: two close to the littoral (ALG-3
and ALG-4) and two others further away (ALG-1 and ALG-2). Because this coastal area is
microtidal [37], we ensured that all sampling points were exposed to tidal flooding during
the spring tides. At MEL and DOM sites, mangrove soils were mainly sandy or sandy-
loam, whereas ALG was mostly clay-silty soils (Table 1). Vegetation in all studied forests
comprised monospecific stands of Avicennia germinans with occasional Rhizophora mangle
patches occurring at the shoreline fringe of lagoons and scattered patches of Salicornia
virginica and Batis maritima (Sanchez-Carrillo, unpublished data; Table 1.

Mexicof

ALG-3 & 40 =
ALG-1 &2

Los Mélagos
(MEE)

l 5 km |

Figure 1. Map showing the studied Mexican mangrove wetlands in the Gulf of California and
detailed location of the sampling sites.
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Table 1. Summary of the physical and chemical soil properties, nutrient content of pore water, and mangrove forest structure stands in each sampling station during the sampling in April
2016 (averages + SD). Tidal elev. is the tidal elevation in m above mean sea level; tidal freq. is the tidal inundation frequency; distance to lagoon refers to the littoral of the water body or
tidal creek; distance to effluent is the distance to wastewater and shrimp farm effluent discharging into the lagoon (in ALG, there is no shrimp farm effluent). Eh values are ranges from 2

cm to 14 cm of soil depth.

MEL-1 MEL-2 MEL-3 DOM-1 DOM-2 ALG-1 ALG-2 ALG-3 ALG-4
Tidal elev. (mAMSL) 0.15 0.17 0.15 0.16 0.61 0.6 0.58 0.12 0.11
Tidal freq. (tides d 1) 1.5 1.5 1.5 14 43 4.1 4.1 1.2 1.2
Distance to lagoon (m) 2 2 2 2 50 55 55 2 2
Distance to effluent (m) 169 594 714 10 278 No effluent
Mangrovesoil:
Salinity (g kg™') 31.5+04 402+0.9 40.1 £ 05 304 +0.8 35.1+04 347 +£0.7 352 +0.1 347 4+0.3 353 +05
Total organic carbon (%) 2.1 £0.06 1.5+ 0.03 2.1 £0.07 2.2 £0.07 0.6 £ 0.002 24+0.1 33 +0.12 1.6 +0.27 2.1+ 0.03
Total nitrogen (%) 0.2 + 0.004 0.1 £ 0.001 0.2 £+ 0.007 0.2 £+ 0.003 0.1 £ 0.0001 0.1 + 0.002 0.2 + 0.006 0.1 £0.13 0.2 £ 0.0003
Total phosphorus (%) 0.06 £ 0.008 0.05 £+ 0.003 0.06 £+ 0.009 0.06 £ 0.012 0.01 £ 0.002 0.01 £+ 0.002 0.01 £+ 0.002 0.03 £+ 0.003 0.03 £ 0.006
§13C-Organic matter (%o) —25 4 0.04 —252 +0.01 —24.9 + 0.06 —24.5 £ 0.07 —22£0.11 —25.1 £ 0.08 —25.1+0.07 —245+0.33 —24.7 £ 0.09
Bulk density (g Cm_a) 1.57 £0.01 1.51 + 0.003 1.59 £+ 0.01 1.69 £+ 0.01 1.69 + 0.002 1.09 £ 0.002 1.09 £ 0.002 1.15 £ 0.003 1.09 £+ 0.01
Sand/Silt/Clay (%) 55/20/25 62/23/15 58/24/18 33/21/46 29/39/32 12/26/62 14/33/53 12/45/43 16/41/43
Soilpore water:
Eh redox potential (mV) —117to —-172 —119to —179  —121to —175 —121to—-169 —118to—166 —121to—165 —125t0o —168 —129to —172  —128to —177
Ammonium (mg N 171) 0.53 0.41 0.39 0.22 0.05 0.06 0.08 0.11 0.14
Nitrate (mg N L~1) <0.01 <0.01 <0.01 0.05 0.08 <0.01 <0.01 <0.01 <0.01
Total nitrogen (mg N L) 2.74 2.62 2.83 0.74 0.64 1.16 0.85 0.69 0.92
Total phosphorus (mg P L) 0.63 0.39 0.41 0.2 0.12 0.09 0.06 0.06 0.05
Sulfate (mM) 26.5 27.6 28.4 25.1 25.7 26.2 26.8 28.9 29.1
Mangroveforest stand:
Tree density (tree ha—1) 2600 3300 2900 3100 900 3800 4400
Mean tree heigth (m) 27+05 3.1+038 29+0.38 2.7+0.8 1.5+ 0.7 39+038 29+0.7

Basal area (m? ha~1) 7.4 50.8 32.8 15.6 2.5 58.5
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Until the 1940s, the region was still nearly pristine [38], but, since then, the coastal
zone has undergone rapid development, mainly based on shrimp farms built along the
coast [39]. As a result, mangroves in this area are mainly net heterotrophic and P-limited
systems [37], and they are subject to fast litter decomposition to compensate for the organic
ecosystem deficit [40].

2.2. Theoretical Considerations

As pointed out by [18], the main methanogenesis pathways produce an equimolar net
amount of CO, and CHy:
(a) acetate fermentation:

CH;COOH — CHy + CO, )

and (b) CO; reduction through the sum of two reactions:

CH,O + 2H,0 — 2CO, + Hy (2)
CO, +4H, — CH4 + 2H,0 (3)

with a net overall equation:
CH,0 — CHy + CO, 4)

Therefore, approximately equimolar amounts of CH4 and CO; are produced during
methanogenesis, and, from the organic matter (OM) starting material, an isotopic frac-
tionation is given in the §!3C-CHy and in the §'3C-CO,._pcth, according to the following
expression [13]:

(8"C.om) x (1) = (0.5) x (8'3C-CHy) + (0.5) x (8'3C-COs_metn) (5)

This approach does not discriminate between the fractionation derived from the
reduction in CO, and acetate fermentation since both methanogenic pathways produce an
equimolar net amount of CO, and CHy [18] (see also [13] for a stoichiometry discussion
of the methane production pathways). In our study, the DIC measured in the pore water
(813C-CO,-pore) represents the ZCO, of (1) respiration and fermentation of the OM (5!3C-
CO,-OM) with an isotopic signature similar to the OM, (2) the methane production (813C-
CO,-MP), enriched with respect to OM, and (3) CO; from the AOM (513C-CO,-AOM).
Thus, when the mangrove soil is continuously saturated with water, the isotope-mass
balance can be determined from Equation (1) and from:

(53C-COppore) x (1) = (5°C.om) x (F CO20mM) + (BC-COy.methn) % (F COzme)
+ (813C-COy.A0M) X (f COz.A0M) ©)

(f COz2.a0Mm) + (f CO2.0Mm) + (f COpmern) = 1 ()

where f CO,.0M, f COppeth, and £ COp-p0m are the fractions of each processes as organic
matter fermentation and respiration, methanogenesis, and AOM, respectively.
The mass balance equation determined the f COy_petn:

(f COZ-meth) = (613C-OM) - (613C'C02-p0re) - (513C'C02-AOM)/(513C'C02-meth)
- (613C—OM) - (613C'C02—pore) 8)

Furthermore, finally, combining both equations f CO,.on-aA0M-Other can be calculated:
(513C'C02-p0re) x (1) = (513C-OM) X (1 = £ COommetn) + (613C'C02-meth) X (£ CO2-meth) (9)

With the equimolar production of CHy to CO,, we would expect to find the same
amount of dissolved CH4 and CO, from methanogenesis. Subtracting the measured
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[CH4]Meas from the produced ([CHalpyod, based on [COy petn]), the concentration of CHy
that escaped from the pore water was estimated [CHylpug:

[CHalprod — [CHalMeas = [CH4]Fug (10)

AOM in coastal waters occurs linked to sulfate reduction according to:
CH, + SO4>~ — HCO;~ + HS™ + H,0O (11)

When AOM occurs, the §1°C-CH, signature should be enriched, whereas the d13C
-CO2-pore should be depleted relative to the 513C-CHy source [41]. The fractionation factor
for AOM (o-AOM) has been estimated to be 1.012-1.039 in marine habitats by in vitro
experiments [42]. In pore water field samples, the isotope mass balance could not differ-
entiate those changes on §'3C signature in CHy derived by AOM. Although in released
513C-CO,.a0M, a fractionation occurs during AOM (Equation (11); x-CH4-CO, = 1.0088
+ 0.0013; [43]), and a fraction of it is recycled and consumed again in the system during
methanogenesis, which is difficult to determine by the (313C-C02_pore mass balance. There-
fore, laboratory incubations were used to assess the fraction of CHy lost by AOM from the
CHy escaped ([CHaJpug). Because incubations represented closed systems, we assumed the
[CHyJpug = [CH4]aom, and the fraction of CHy consumed by AOM could then be calculated
(f CHa-poM)- We measured the relative proportions of CHy and CO, produced in addition
to their 8'3C isotopic composition. These results were used to test against the proportions
predicted from the isotope-mass balance approach.

2.3. Sampling Procedure

In February 2016, at each sampling station, three mini piezometers were installed in
the mangrove soils (PVC tubes of 1.25 cm in diameter and 15 cm in length, covered at
the top) separated by 2 m from each other, which were allowed to stabilize for 60 days
after several tidal cycles. In April 2016, pore water was collected at the bottom (~14 cm)
of each mini piezometers with the help of a peristaltic pump with Teflon tubing. The
redox potential (Eh) was measured with a Hach HQ40d multi-parameter sonde (ORP)
in the mini piezometers at 2 cm intervals. Pore water samples for DIC measurements
were previously filtered with Whatman grade GF/D glass microfiber prefilters (2 um) and
GF/F (0.7 um) and then injected into 30 mL evacuated vials sealed with butyl rubber septa.
Pore water samples for CH4 quantification were collected in 60 mL syringes and injected
into 120 mL evacuated vials containing 0.5 g KOH. Immediately in the laboratory, DIC
samples were acidified with 0.3 mL of 40% H3POy. All evacuated vials containing DIC and
CHy collected from minipiezometer pore waters were brought to atmospheric pressure
with He then agitated to extract the dissolved gas from the water into the headspace,
and, finally, the gas accumulated in the headspace was stored into 12 mL exetainers vials
(Labco Ltd., Lampeter, UK) and shipped to the stable isotope lab for concentration and
§13C analyses (see below). Aliquots of each pore water sample were also analyzed for
ammonium, nitrate, total nitrogen, total phosphorus, and sulfate concentrations following
standard methods [44]. All the samples were kept cold (< 4° C) and in the dark during the
field trip, until the gases were extracted and analyses performed.

Soil samples (10-15 cm depth, to match with sampled pore water depth) taken at
each sampling point were used to perform anaerobic incubations in the laboratory to
complement the observations made in the field (see above). For this purpose, slurries were
prepared using 25 mL of each soil sample saturated with distilled water (1 sediment: 2 water,
by volume), previously bubbled in Nj. Sediment slurry (75 mL) was then introduced into
120 mL opaque vials with butyl rubber septa that were again purged with N, for more
than 5 min to eliminate oxygen and to ensure anaerobic conditions. Vials were stored
at < 4° C for one week and then flushed with N, a second time to ensure the anaerobic
environment. Finally, samples were incubated by triplicate at 25° C for 7 days. At the end
of the incubations, gas from the headspace of each vial was extracted into 12 mL exetainers



Water 2021, 13, 1867

7 of 22

and then shipped to stable isotope laboratory for concentration and §'>C analyses as
described below. The slurry of each vial was dried (105 °C) to estimate the soil content on
a dry mass basis. Gas concentration data were then divided by the obtained mass in dry
weight to normalize the CO; and CHjy production and consumption per soil gram.

The gas concentration and isotopic ratio were determined by direct injection in a
ThermoScientific Delta V Plus mass spectrometer (Thermo Fisher Scientific, Waltham,
ME, USA) with a GC combustion interface ThermoScientific GasBench system (CO;) and
ThermoScientific Precon concentration unit (CHy4) in the Stable Isotope Laboratory at the
University of California-Davis (SIF-UC Davis). The gas concentrations in pore waters
were calculated from the ratio between the volume of headspace and that of water and
according to the efficiency of gas extraction (the mean extraction efficiency of CHy resulted
in 95% as measured with repeated extractions; the mean extraction efficiency of DIC was
99% as determined against standard solutions of NaCOj3). For most gases, the heavier
isotope has a higher solubility [45], and studies on CH, confirmed the same results [46].
Since gases with higher solubility reach equilibrium between phases quicker [47], the rate
of gas exchange for the heavier '*CHy isotope should be faster. However, dissolution
is driven by two gradients: the solubility of CH, in the water phase and the molecular
diffusion of CHy across the gas-liquid boundary. Molecular diffusion is faster for the lighter
12CH, isotope, potentially counterbalancing the solubility effect [48] and any unaccounted
isotopic fractionation effect.

Mangrove soils were also analyzed to determine the §'3C_oy at the Environmental
Isotope Laboratory of the University of Arizona, using a Finnigan Delta PlusXL (Thermo
Fisher Scientific, Waltham, ME, USA) coupled to a Costech EA (Costech Analytical Tech
Inc., Valencia, CA, USA). The isotopic data are described as & (%o) = (Rsample/Rsta-1) X
1000, where R represents the isotopic ratio of the heavy isotope with the lighter isotope
(13C/12C) and Ry refers to the fossil calcite of the Peedee formation belemnite.

2.4. Isotopic Fractionation during Methanogenesis and Relative Contribution of Pathways

The apparent fractionation factor for conversion of CO, to CHy was estimated after
the laboratory incubations following:

«CO,-CHy = (5CO, + 1000)/(5CH, + 1000) (12)

where 5CO, and 6CHj are the §13C signatures of the produced CO, and CHj after incu-
bations. The isotopic signature of a newly formed CHy (5'3C-CHy_pey) during methano-
genesis was estimated from the isotopic signatures at the starting time (¢t = 1 or 0 days;
8!13C-CHy.1) and after the anaerobic incubation (t = 2 or 7 days; §!*C-CHy.) employing the
mass balance equation [49]:

(813C-CHy ) = (f CHypew) X (6"3C-CHypew) + (1 - f CHypew) x (8'3C-CHyq)  (13)

where (f CHs-new) is the fraction of the newly formed CH, relative to the total at f = 2.
Finally, the relative contribution of Hy + CO,-derived CHy to total produced CH4 was
determined by the mass balance equation:

(f CHyme) = (8"3C-CHynew) - (813 C-CHy ma) /(6" C-CHy.ime - §'3C-CHy1ma) (14)

where f CHy_pc is the fraction of CH, formed from H, + CO,, and 53C-CHy_n, and §13C-
CHy-m are the isotope ratios of CHy derived from either acetate or Hy + CO; (-56%0 and
—-95%o, respectively; [49]). The isotopic fractionation was also expressed as the isotopic
enrichment factor (¢ = 1000 (x — 1)).

2.5. Mangrove Wetland Characterizations

The structure of mangrove forests was obtained using equidistant 10 m? quadrants
around the experimental sites, following the criteria proposed by [50]. The average height,
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density, and basal area of mangrove trees were assessed following [51]. Soil samples
(0-10 cm) taken at each sampling station were analyzed for total organic carbon and
nitrogen using a Perkin Elmer (Series II 2400) elemental analyzer, total phosphorus by high-
performance liquid chromatography (Agilent 1100 HPLC), salinity (electrical conductivity
converted to ppm), bulk density (paraffin clod method; [52]), and grain size (Bouyoucos
hydrometer method; [53]).

2.6. Statistical Analyses

ANOVA (using type III sum of squares for accounting for the unbalanced sampling
design) was used to compare §!'3C signatures and DIC and CHy4 concentrations among
sampling sites. Before this statistical analysis, data were log-transformed when necessary
to fulfill the requirements of parametric tests. The non-parametric Spearman rank-order
correlations were used to assess relationships between gas concentrations and nutrient
concentration in the solid and liquid fractions of mangrove soils. Moreover, Spearman
correlations were used to test the influence of soil fractions and nutrient pore waters on
the methane produced by the isotope—mass balance approach with transformed data. The
non-parametric Kruskal-Wallis ANOVA test was used to assess significant differences in
CH4 and CO; concentration changes and 513C-CO, and 5'3C-CH, changes after anaerobic
incubations in each sampling point, including results obtained from the isotope-mass
balances. All statistical analyses were performed using STATISTICA v7 (Statsoft Inc., Tulsa,
OK, USA) and IBM SPSS Statistics 27.0 (IBM Corp., Armonk, NY, USA).

3. Results
3.1. Mangrove Forest and Soil Properties

Table 1 shows a summary of the main physical and chemical soil properties of man-
grove stands at each sampling site and the structure of the mangrove forest stands. Al-
though there is high variability, the stoichiometric ratio of C/N ratio was slightly higher in
pristine mangrove sites (ALG) than in MEL and DOM sites exposed to nutrient-enriched
shrimp farm discharges. These last mangrove soils exhibited high phosphorus soil content.
The redox potential varied from —122.1 £ 4.3 mV at 2 cm of soil depth to -171.4 £ 4.9 mV
at 14 cm depth, with slight differences below 6 cm of soil depth (-169.3 £ 3.5 mV). No sig-
nificant differences were found between mangrove sites and piezometers (non-parametric
Kruskal-Wallis ANOVA test, p = 0.08). Ammonium and total phosphorus contents in soil
pore waters were strongly dictated by the distance to the shrimp farm effluent (Table 1).
Total nitrogen concentration in pore water was higher in MEL sites. Sulfate in pore waters
ranged from 25.1 to 29.1 mM, but a pattern exerted by the distance to the seawater and
the effluents was inappreciable. The §'*C_oy; of mangrove soils displayed signatures
within the same range regardless of location, only with slightly enriched values recorded
in the DOM-2 site (Table 1). Mangrove forest stands were better preserved in the ALG site,
but, in the MEL and DOM sites, there was no clear effect on the proximity to the effluent
discharges in the mangrove structural variables measured (Table 1). Tree density ranged
from 900 to 4400 tree ha~! in the marginal area of Estero Santo Domingo and the littoral
zone of Estero Los Algodones, respectively, but, any effect of effluent discharge was not
observed. The basal area of mangrove forest stands was strongly variable among sampling
sites, with elevated values in Algodones. Neither did this variable seem affected by the
proximity to the effluent discharges.

3.2. Field Pore Water CO, and CHy Concentrations and 6'3C Signatures

DIC concentration in soil pore waters ranged from 0.44 to 2.47 mM (Figure 2) and
increased significantly in pristine mangrove forest (ANOVA test p = 0.01), although dif-
ferences are based in contrasted concentrations recorded in MEL-1, MEL-2, and MEL-3
with ALG-1 and ALG-2 (Tukey HSD post hoc p < 0.05). CH4 concentration in pore waters
oscillated between 0.03 and 0.55 uM, showing a uniform pattern: high concentrations in
mangrove stands located far from the shoreline of the lagoons, regardless of whether or
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not there are shrimp farm effluents (Figure 2). CO, concentration in soil pore waters was
inversely related with phosphorus (with soil P content: Spearman rank-order correlation
r=—0.75, p = 0.02; with pore water total phosphorus: r = —0.95, p = 0.0001) and nitrogen
(pore water NHy*: r = —0.72, p = 0.3: pore water NOy: r = —0.94, p = 0.0002; pore water
total N: ¥ = —0.73, p = 0.03). Whereas the physical environment exerted a strong control on
CO; migration through the soil profile (relationship with sand (%): r = —0.84, p = 0.005;
with silt (%): r = 0.80, p = 0.01; and with clay (%): ¥ = 0.69, p = 0.04), it was not observed
with CHy4. The phosphorus content in mangrove soils as well ammonium in pore waters
revealed significant inverse relationships with CHy concentration (r = —0.70, p = 0.03 and
r=—0.67, p = 0.05, respectively). In impacted mangrove sites, CO, /CHy ratios exhibited
high values in sampling stations close to effluents (MEL-1 and DOM-1; Figure 2); in the
pristine site ALG, CO, /CHy, ratios increased towards the coast (ALG-3 and ALG-4; Figure 2).
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Figure 2. Concentration and 5'3C signatures measured in pore waters extracted from mini piezometer
in each sampling site for (a) CO,, (b) CHy, and (c¢) CO, /CHy ratios.

The 5'3C-COy.pore signatures were strongly variable among sampling sites, oscillating
between —8.7 and —14.2%. (Figure 2). The §'3C-CH, values became more enriched in
mangrove soils close to effluents (—46 %o, in MEL-1 and DOM-1) than the remaining sites
(from —65 to —72%o; Figure 2). Soil salinity and the §'3C-CHy signatures were inversely
related (Spearman rank-order correlation r = —0.94, p = 0.0002). The §!3C-CO,-pore
signatures and nitrate concentration exhibited a significant relationship (r = 0.73, p = 0.03).
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3.3. Laboratory Incubations

During anaerobic incubations, CO, concentration increased in all samples 1-0 fold
with a more even response in impacted sites (Figure 3). Changes in CO, concentrations
reached after incubations were not statistically significant (Kruskal-Wallis ANOVA test,
p = 0.06). CHy4 concentrations increased more than 100 times during laboratory incubations,
with higher values and high variability among replicates in the most pristine site ALG
samples. These final CH4 concentrations and the changes recorded in CH, concentrations
after incubations were statistically significant (p = 0.13 and p = 0.14, respectively.
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Figure 3. Changes in concentration (per gram of dry weight (dw) of soil) and 5'3 signatures
measured in mangrove soil samples after seven days of closed-system incubations under anaerobic
conditions: (a) CO, and (b) CHy.

Starting CO, /CHy ratios in pore waters were significantly lower in ALG (p = 0.0004),
although they were similar to DOM (p = 0.20). CO,/CHyj ratios decreased consistently,
mainly in ALG pristine sites: 1-91 times (p = 0.05). In MEL-3 and ALG-3 soil samples,
which apparently were more influenced by seawater, CO,/CH, ratios increased after
incubations, but differences were not significant (p > 0.1). The starting values of §'3C-
COs-pore Were significantly different between mangrove sampling sites (Figure 3). After
seven days of incubation, 513 C-COs-pore became enriched in MEL sites closed to shrimp-farm
discharges, whereas in the other DOM and ALG sites, <513C-C02_p0re was depleted, except
in the ALG-2 site (Figure 3). However, the final 613C—C02_P0re signatures reached were
not statistically different (p = 0.11). MEL samples—dictated by MEL-1 and MEL-2—also
displayed significantly lower initial §!3C -CHy-pore signatures (p = 0.03). After incubations,
on average, 613C—CH4_pore signatures were depleted (Figure 3). Therefore, after incubations,
differences in 613(:-CH4_Pore signatures were removed between sites (p = 0.19).

3.4. Isotope Mass Balances

The 5'3C-CO, mass balances calculated for field observations and laboratory incuba-
tions are shown in Table 2. In the first batch of samples, mean §'3C stable isotope signature
separation between 513C-CH, and §6'3C-COy._peth ranged from —57.03 to —84.44, with
high values in MEL (except MEL-1) and low values in DOM. In MEL-1, the mangrove
site close to shrimp farm effluent, (f-CO,_ o) Was greater than in the other MEL sites
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(0.67 vs. 0.26-0.27). The estimated (f-COy_petn) in ALG was very similar to these last sam-
pling points and 10-20% higher in DOM sites. In all sampling sites, except MEL-1, the
fraction of CO, derived from other sources (OM, AOM, and other non-fractionating) was
consistently higher. Contrarily, the laboratory incubations exhibited a large fraction of CO,
derived from methanogenesis with slight differences among sampled mangroves.

Although the isotopic mass balance from pore waters obtained in field observations
indicated that [CH4] produced in DOM and ALG mangrove soils were significantly higher
than in MEL sites (non-parametric Kruskal-Wallis ANOVA test, p = 0.017), results from
laboratory incubations did not display statistically significant differences (p = 0.09; Figure 4).
The §'3C-CO, mass balances also indicated that neither the distance to the effluents nor the
sea exerted a significant influence on [CHy4] production differences in both lab incubations
(p =0.10, p = 0.12, and p = 0.08, in MEL, DOM, and ALG, respectively; Figure 4) and
field observations (p = 0.06, p = 0.13, and p = 0.18, in MEL, DOM, and ALG, respectively;
Figure 4). Isotopic mass balances showed that almost all the [CHy],r0q escaped (field) or
was consumed by AOM (f CHyp0Mm in lab incubations), except in ALG-2 incubated soil
samples (Table 2).
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Figure 4. Estimated total CH, produced through isotopic (513C) mass balances in each mangrove
sampling site (mean £ SE). Data was obtained from 7-day closed-system laboratory incubations
using mangrove soils (incubations; uM/g dw) and from pore waters extracted from mini piezometers
during the field campaign.

Comparatively, the relative portions of CO; (f-COy_e) derived from methanogenesis
calculated through the isotopic mass balance were greater than those obtained by the
concentrations (f-COy et = [CH4]/[CO3]), both in the laboratory incubations and in
the pore water collected from the mini piezometers (Figure 5). The calculated portions
£-COy_metn did not exhibit any pattern (Figure 5). In the f-CO;_e, Obtained directly in the
pore water field samples, a bias could be appreciated, displaying an evident linear pattern,
with minor differences in the portions obtained by both approaches in the ALG sampling
sites and very uneven differences in the MEL sites (DOM occupied an intermediate position;
Figure 5).

The isotopic fractionation produced in methanogenesis (xCO,-CHy) during anaerobic
incubations was, on average, 1.027 (27 £ 11%.) and was slightly variable among sites
(Table 3). On the contrary, the results from the isotopic mass balance demonstrated that
the fractions of CHy derived from CO,; reduction (f CHy ) and acetate fermentation
(f CHy-ma) were highly different between the studied mangroves: they were more linked to
the reduction in CO; in the most-impacted mangrove site MEL, with a higher fraction the
closer to the shrimp effluent (MEL-1, MEL-2, and DOM-1; Table 3). On the other hand, a
higher fraction of methane was derived by the acetoclastic pathway in the remaining ALG
(Table 3).
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Table 2. Isotopic mass balance (5'3C) of CO, and CHy during methanogenesis in field sampling and laboratory incubations showing average (+SD) §!3C signatures and different fractions
of CO; produced as well as concentrations of [CHy]pug and [CH4]aom, the fractions of CHy, which escaped (f CHy.pyg) and were consumed by AOM (f CHy.aom)- Total methane

production in mangrove sites is also shown in CO;.¢q (CO, + CHy produced during the process).

MEL-1 MEL-2 MEL-3 DOM-1 DOM-2 ALG-1 ALG-2 ALG-3 ALG-4
Field measurements:
513C-OM (%o) —25.1+0.02 —25.1£0.03 —25+0.03 —23.3 £0.04 —23.1+0.09 —25.1+0.02 —-25.1+£0.01 —24.6 £ 0.05 —247 +£0.13
§13C-CHy (%o) —46.1 £ 2.86 —72.2+£3.00 —69.6 £7.98 —53.4+£7.56 =578 £15.1 —66.2 £1.74 —68.4 £ 1.81 —64.5+ 155 —67 £0.71
813C-CO2-pore water (%o) ~10.9 + 1.61 —123+023 —13.6 + 0.06 —7.9 4031 —9.6 +2.55 —11.7 + 251 —12.8 +0.72 —142 4047 —12+0.12
(613C-COy-meth) —4 £2.87 22 4 3.05 19.5+7.92 6.9 £7.64 11.7 £ 15.12 16 £ 1.69 18.3 £1.82 15.3 +1.48 17.6 £ 0.45
(f CO2-metn) 0.67 +0.13 0.27 4+ 0.02 0.26 £ 0.05 0.53 +£0.13 0.45 £+ 0.22 0.33 +0.05 0.28 4 0.03 0.26 £ 0.02 0.3 + 0.001
(f COp-0M+AOM-other) 0.24 +0.13 0.73 & 0.02 0.74 & 0.05 0.47 £ 0.13 0.55 & 0.22 0.67 & 0.05 0.72 4 0.03 0.74 & 0.02 0.7 & 0.001
[CH4lproq (HM) 129.9 + 18.97 60.06 &= 9.37 51.65 £ 11.15 106.88 =28.76  215.17 £135.88  116.68 + 62.62 199.03 £ 52.5 157.8 £29.11 127.76 £ 6.16
[CH4lMeas (MM) 0.04 £0.01 0.06 £ 0.02 0.16 £ 0.04 0.04 £0.01 012 £0.1 0.39 £0.24 0.23 £0.01 0.09+0 0.09 £0.01
[CHylpug (RM) 129.86 £+ 18.97 59.99 £ 9.35 5149 £11.2 106.84 £28.77  215.05 £135.95 116.29 + 62.39 198.8 £52.5 157.71 £29.11 127.66 £ 6.15
(f CHy Fug) 1 1 1 1 1 1 1 1 1
Methanog. [COy.¢q (mM)] 3.6 £0.53 1.67 == 0.26 1.43 £0.31 297 £038 597 £3.77 324 +174 552 £ 146 4.38 +£0.81 3.55+£0.17
Laboratory incubations:
513C-OM (%o) —-25.1+0.03 —25.1 £ 0.04 —25.0£0.03 —23.3 £0.06 —23 £0.08 —25.1+0.02 —-251+0 —24.6 £ 0.06 —247+0.13
§13C-CHy (%o) —77.4 £3.13 —80.4 £1.27 —72.3 £28.26 —67.8 £8.03 —61.3 £ 0.99 —66.5 £ 141 —69.2+£0.71 —64.2 £5.03 —65.1+£1.03
613C—C02_p0re water (%0) —24.5+0.14 —24.7 £ 0.03 —25.7 £ 0.64 —23.5+0.12 —23.6 £0.1 —25£0.02 —18.3 £2.59 —229+£0.51 —25.7 £ 0.12
(613C-COy-meth) 27.3 £3.18 30.2 £1.19 22.2 +£28.32 21.3£7.91 15.3 £ 0.82 16.3 = 1.37 19 £0.71 15.1 £5.16 15.7 £1.29
(f CO2-metn) 0.65 + 0.01 0.65 £ 0.001 0.66 + 0.14 0.66 £ 0.02 0.68 £ 0.001 0.68 £ 0.001 0.72 +0.02 0.69 £ 0.02 0.67 & 0.001
(f CO-rest) 0.35£0.01 0.35 £ 0.001 0.34 £0.14 0.34 £ 0.02 0.32 £ 0.001 0.32 £ 0.001 0.28 £ 0.02 0.31 £0.02 0.33 £ 0.001
[CH4lproq (HM) 37.76 = 0.44 17.56 £ 2.77 23.23 +10.69 13.39 + 6.42 541 +2.23 29.84 £+ 3.51 3.64 £3.13 43.93 +0.87 10717 £2.11
[CH4IMeas (KM) 0.21 4 0.02 0.13 & 0.03 0.03 & 0.04 0.28 & 0.12 0.05 & 0.01 1.24 +0.76 1.6 £ 031 0.15 & 0.02 216 +1.24
[CH4]aoM (MM) 37.54 £0.43 1742 £28 23.2+10.73 13.1 £ 6.55 5.36 £2.22 28.6 £2.75 2.04 £344 43.79 £ 0.85 105.01 £3.35
(f CHs-proM) 0.99 £ 0.001 0.99 £ 0.001 1 £ 0.001 0.97 £ 0.02 0.99 £ 0.001 0.96 £ 0.02 0.24 £0.74 1 £ 0.001 0.98 £ 0.01
Methanog. [COz.¢q (mM)]  1.39 £ 0.02 0.65+£0.1 0.85 £ 0.39 0.49 £0.24 0.2 £0.08 1.1+0.13 0.13 £0.12 1.61 +0.03 3.94 +0.08
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Table 3. Isotopic fractionation during methanogenesis in laboratory incubations and fractions of CHy derived from CO, reduction (f CHy.,¢) and acetate fermentation (f CHya). Values

are averages (£SD).

s13C-oM 813C'CHllt-pore 813C-CHy-new acoz-cH4 (€) (f CHg-mc) (f CHg-ma)
(%o) ) (%o) ) )

MEL-1 —25.1 4+ 0.03 —774 +3.13 —80.21 £ 3.6 1.036 (=36 +4) 0.62 = 0.09 0.38 £ 0.91
MEL-2 —25.1 +0.04 —80.4 + 1.27 —85.45 +0.15 1.039 (=39 +1) 0.76 =0 024 +1
MEL-3 —2540.03 —72.3 +28.26 —75.05 £ 3.89 1.010 (—10 £ 30) 0.49 £ 0.1 0.51 = 0.9
Mean —25.06 + 0.004 —76.68 £+ 3.96 —80.24 +£5.22 1.028 (—28 £ 20) 0.62 £0.13 0.38 £0.13
DOM-1 —23.3 £ 0.06 —67.8 = 8.03 —6941+7.78 1.029 (=29 +9) 0.34 £ 0.2 0.66 = 0.8
DOM-2 —23 +0.08 —61.3 +0.99 —63.65 +£1.34 1.022 (=22 +1) 0.2 £0.03 0.8 £0.97
Mean —23.14 + 0.007 —64.58 + 5.98 —66.52 + 5.64 1.026 (=26 +7) 0.27 £ 0.14 0.92 +0.03
ALG-1 —25.1 +£0.02 —66.5 +1.41 —66.79 £ 1.26 1.026 (—26 +2) 0.28 £ 0.03 0.72 £ 0.97
ALG-2 —2514+0 —69.2 +0.71 —69.39 £ 0.76 1.029 (=29 +1) 0.34 £ 0.02 0.66 + 0.98
ALG-3 —24.6 + 0.06 —64.2 +5.03 —69.8 £ 5.42 1.024 (—24 +6) 0.35+0.14 0.65 £+ 0.86
ALGH4 —24.7 £ 0.13 —65.1 +1.03 —65.56 +1.31 1.025 (=25+1) 0.25 £ 0.03 0.75 £ 0.97
Mean —24.86 + 0.003 —66.25 + 2.84 —67.89 +2.89 1.026 (—26 + 3) 0.3 £0.07 0.7 £0.07
Overall mean —2454 +0.8 —69.36 £ 6.56 —71.7 £ 748 1.027 (=27 £11) 0.4 £0.19 0.6 £0.19
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Figure 5. Plots showing the relationships between the fraction of CO, produced from methanogenesis
(f COy.metn) estimated by the isotope mass balances (isotopes) and by concentration measurements
(stoichiometric ratio of CH4/CO») in both the closed-system incubations (Incubations) and the pore
waters extracted in the mini piezometers during the field campaign (Field). The solid line represents
1:1 relationship.

3.5. Tidal, Forest Structure, and Water Quality Influences on Methane Production

Table 4 shows correlations between the fraction of CO, derived from methanogenesis
(f-COz-meth), the computed CHy production ([CHylproq) from the isotope-mass balances
in both field and laboratory incubations, and the measured soil and pore water variables.
f-CO,-meth was more responsive than [CHy],roq to changes in soil and water quality
variables in both batches of samples. In the field samples, the influence of water quality in
the £-COy_petn Of pore waters collected from the mini piezometers was restricted to salinity
and sulfate concentration, which tend to limit methanogenesis. Methane production, how-
ever, showed a significant inverse relationship with tot-N content. In the lab incubations,
relationships indicated a substantial limitation of methanogenesis with nutrient enrichment
(inverse relationships between f-CO,_yein and soil total phosphorus and pore water content
of organic matter, ammonium, nitrite, and total-P). In addition, the direct effect exerted
by the smallest soil grain sizes in methanogenesis revealed the importance of the water
retention time (Table 4). Finally, the studied mangrove forests’ basal area showed an inverse
statistically significant correlation with f-COy_pc, measured in field pore water samples.

Table 4. Spearman rank-order correlations (r) between the fraction of CO, derived from methanogenesis and the total CHy
production calculated from isotope—mass balances in both field and laboratory incubation samples and measured soil and
pore water variables. Marked correlations (bold) were significant at p < 0.05.

Field Incubations

(f CO2—meth) [CH4]prod (HM) (f COZ—meth) [CH4]prod (HM)
Tidal and forest drivers:
Tidal freq. (tides d 1) —0.06 0.62 —0.40 —-0.49
Basal area (m? ha~1) -0.77 0.04 —0.34 0.43
Tree density (tree ha™1) —-0.53 —0.14 —0.16 0.46
Soil fraction:
Bulk density (g/cm?) 0.31 —0.14 —0.45 —-0.37
Total organic carbon (%) 0.17 —0.10 0.27 —0.14
Total nitrogen (%) 0.22 -0.17 —-0.22 0.00
Total phosphorus (%) 0.07 -0.64 —0.80 0.23
Sand (%) 0.05 -0.56 —0.86 —0.20
Silt (%) —0.48 0.52 0.78 0.23
Clay (%) 0.23 0.33 0.69 —0.09
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Table 4. Cont.

Field Incubations
(f CO2-meth) [CH4]prod (uM) (f CO2-meth) [CH4]prod (uM)

Porewater fraction:

Salinity (mg/L) —0.67 —0.29 —0.08 —0.07
Total solids (mg/L) 0.11 —0.48 —0.60 —0.48
Total organic matter (mg/L) 0.26 —0.38 —0.67 —0.47
Total inorganic matter (mg/L) —0.33 0.22 0.48 —0.07
N-NO;~ (mg N/L) 0.26 —0.39 —0.90 0.07
N-NH4* (mg N/L) 0.01 —0.60 —0.85 0.28
N-NO3;~ (mg N/L) 0.50 0.27 0.03 —0.52
Tot-N (mg N/L) —0.13 —0.68 —0.64 0.27
Tot-P (mg P/L) 0.25 —0.46 —0.78 —0.18
SO4%~ (mM) —0.73 —0.13 0.08 0.62

4. Discussion
4.1. Validity of the Isotope-Mass Balance Approach to Estimate Methane Production in Mangroves

This study is the first to estimate methane production in mangrove wetlands using
the isotope—-mass balance approach to assess the partition CO, (DIC) production from
fractionating (methanogenesis) and non-fractionating processes. The isotopic fractionation
that occurs during methanogenesis in mangrove soils resulted very evidently (isotopic sep-
aration factor during incubations ~ —43 4 11%.), and this allows an easy distinction of the
isotopic signatures derived from non-fractional metabolic processes. The §'*C-COj isotope
mass balances demonstrated that CH4 production predominantly occurs in mangroves, as
other studies have previously shown (e.g., [13,54]). The anaerobic and organic-rich sedi-
ments found in these systems provide a suitable environment for methanogenesis, yet the
extensive supply of sulfate from seawater should favor sulfate reducers over methanogens
in the shallow sections of the mangrove soils [14]. Our isotope—mass balances indicated
that the low concentration of CH4 measured in mangrove soil pore waters was due to
CH, oxidation under anaerobic conditions (AOM) instead of methane inhibition by sulfate
reducers, which outcompete methanogens for common substrates [55].

The agreement between measured portioning of DIC and the calculated isotope-mass
balances was rather low, mainly in the laboratory incubations. Differences observed were
probably associated with the effects of AOM on the §'*C-CO, signature of the pore water,
which is challenging to differentiate by the isotope-mass balance approach but impossible
to notice in the resulting DIC concentration. In pore water samples obtained in the field, the
fraction of CO; derived from methanogenesis was calculated by the isotope-mass balance
to be 2.75 times those registered by the CO, concentration in the pore water. It would be
reflecting the proportion of methane that is lost by oxidation, which was very stable in all
studied mangrove sites. Closed-system incubations clearly showed that this CH4 should
be lost by anaerobic oxidation. The mismatch observed in these laboratory assays among
both approaches should probably be related to the addition/consumption of CO, from
other non-fractionating processes. For example, Ref.[13] found a high agreement between
both partitioning methods (concentration and isotope-mass balances) because, in their
freshwater wetlands, other non-fractionating processes, such as AOM were rather unlikely.
However, anaerobic conditions imposed during laboratory incubations demonstrated that
these other non-fractionating processes could be substantial, supposing 30-35% of CO; was
released. Other non-fractionating processes that may be present in our mangrove wetlands
include other electron acceptors such as humics, nitrate, iron, and sulfate reduction, but
they could hardly be differentiated.

4.2. Dominance of Aerobic versus Anaerobic Respiration in Mangrove Soils

According to the isotope-mass balances of pore water samples collected in the field, the
main pathway of the organic matter degradation changes significantly from one ecosystem
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to another, being highly variable within the systems most altered by aquaculture activity:
in mangrove soils close to shrimp-farm effluents methanogenesis increases (MEL-1 and
DOM-1, Table 2). On the contrary, in pristine mangroves such as ALG, methanogenesis
decreases comparatively and suppose 26-33% of the CO, produced. This pattern of
fermentation disappeared when mangrove soil samples were incubated under anaerobic
conditions, and all mangrove sites exhibited a similar dominance of methanogenesis
versus respiration (65-72%). Microbial decomposition in mangroves has been cited to be
mainly governed by external drivers, such as the prevailing tidal regime [56]. However,
results demonstrated that methanogenesis in our mangroves strongly depends on soil
environmental conditions. Since there were no differences in the organic matter content of
the soils, and the nutrients do not stimulate methane production, it seems feasible that the
reduction in methanogenesis was due to the supply of oxygen by the roots of the mangroves
in the best-preserved mangrove forests of ALG, as the statistical relationship with the basal
area of mangrove forests indicated. The importance of the oxygen supply provided by
mangrove roots in organic matter degradation has been previously suggested [54], but our
results show how it can even be very efficient in limiting methane production. This is a
relevant finding because the mangrove forest degradation or clearing has implications on
greenhouse gas emissions.

Experiments in rice fields indicated methane production increases in silty-loam
soils [57]. Our results partially support this finding, although our experiments and field
observations have not fully captured this pattern. The sandiest texture observed in man-
grove soils most influenced by shrimp-farm effluent could be explained by discharges that
usually have a high load of suspended solids (e.g., [58]), but there was no available data to
confirm this.

It is believed that anthropogenic impacts, such as increased organic and nutrient
loading, may increase methane emissions from mangroves through the induction of severe
oxygen stress and the supply of labile organic carbon [54]. Although our results obtained
by the incubations revealed a limitation of methanogenesis with nutrient enrichment,
they are likely an artifact derived from the closed-system experimentation. Isotope-mass
balances of field samples collected from mini piezometers indicated that the fraction of CO,
derived from methanogenesis was higher at sites located closer to nutrient-rich shrimp-
farm effluents, which exhibited higher concentrations of N and P on their pore waters.

Studies have highlighted the importance of freshwater inputs on methane production
and emission in mangroves (e.g., [59-61]). Our results demonstrated that methanogenesis
occurs as an active process in all the mangrove soil studied despite the absence of freshwater
inputs in this arid coastal area. A similar independence of freshwater inputs in methane
production was previously cited in other mangroves [62]. Therefore, this would indicate
that the presence of sulfate in the soils of coastal wetlands is not so critical in the production
of methane as previously thought, but both processes co-occur in different soil places and
are strongly coupled instead.

4.3. Methanogenesis Pathways and Shifts Derived by Shrimp-Farming

Isotope-mass balances indicated shifts in the two main pathways of methane produc-
tion among mangroves related to organic matter quality available in each soil mangrove.
In the most-impacted sites (MEL), methanogenesis mainly occurs from CO; reduction,
whereas in the most pristine mangrove (ALG), the acetoclastic pathway dominated. In
freshwaters, it has been suggested that complete mineralization under methanogenic
conditions generally produces 2/3 of CHy by the acetoclastic pathway and 1/3 by the
hydrogenotrophic route [63]. This fractionation agrees with our results found in ALG.
On the other hand, incomplete mineralization may preferentially produce CHy from CO,
reduction, which partially concurs with the observed in the MEL site. Furthermore, acetate
fermentation is associated with methane production from labile organic matter, whereas
the hydrogenotrophic methanogenic pathway uses more refractory organic fraction [64,65].
In this region, a common practice in aquaculture is the discharge of effluents into the
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coastal water bodies, to be captured again by pumping towards the shrimp farms in a
recirculation effect of eutrophic waters [66]. This practice adds more organic matter to
the system. However, because organic matter is highly exploited within the shrimp-farm
system, effluents are enriched in the refractory organic matter [67,68]; it is likely that this
alteration affects metabolic processes, such as the methane production pathways. The
quantitative effects of this shift in the methanogenesis pathway are not yet clear, nor is it
clear if this response is a generalized pattern in all mangrove soils receiving shrimp farm
effluents, given what was observed in the other impacted mangrove DOM. According to
the 5'*C-CO, mass balances, the increase in the refractory organic matter does not seem
to affect the amount of methane produced, and this would be a marginal factor, but the
long-term effects are unexplored in mangroves.

4.4. Alternative Non-Competitive Substrates for Methanogenesis in Mangroves

Sulfate reduction, which is accomplished by strictly anaerobic microorganisms, is rec-
ognized as the second most crucial respiratory process after aerobic respiration involved in
the decomposition of mangrove-derived soil organic matter [54]. Sulfate-reducing bacteria
outcompete methanogens for common substrates, such as acetate or Hy /CO; [69]. Conse-
quently, the methane production zone has been located deeper within the sediment below
the sulfate reduction zone [3]. However, various studies demonstrated the co-existence
of dissolved methane and sulfate in mangrove soils due to the ability of methanogenic
microorganisms to use non-competitive substrates, such as methylated compounds (e.g.,
methanol), which cannot be used by sulfate-reducing bacteria [15,70]. Although it is gen-
erally accepted that only a minor portion of the methane released from the environment
originates from methylotrophic methanogenesis [71], in mangroves exposed to shrimp-
farm effluent discharges, this pathway could be of interest, considering the effects derived
on the supply of organic matter quality. Unfortunately, the stoichiometry of the production
of methane and CO; from methanol is uneven (3:1) [72], and the isotopic-mass balance of
CO; cannot be used according to our assumptions to assess the effects.

Methylotrophic methanogens fractionate carbon isotopes very strongly during the
methanogenic conversion of methanol and have ¢ values covering a range of around —83 %o
to —72%o [72]. The isotope-mass balance estimated a domain of the hydrogenotrophic
methanogenesis pathway in MEL sites, although the isotope separations were within the
range of the methylotrophic methanogenesis pathway (MEL-2 and MEL-3; Table 3). In
mangroves in Yucatan (Mexico), the co-occurrence of methane and sulfate reduction in
shallow sediments has been explained by high methane production rates supported by
methylotrophic methanogens [15]. Nevertheless, independently of the pathway, the low
concentration of methane measured in the soil pore waters of our mangroves appeared
more related to intense methane oxidation under anaerobic conditions. Regardless, much
is still unknown about the scope of these non-competitive substrates in the metabolism of
the anaerobic zone, their immediate effects, and whether they contribute to reducing or
enhancing methane emissions from mangroves.

4.5. Sulfate Reduction Coupled to AOM in Mangroves

As cited above, §13C-CO, mass balances indicated high CH4 production in all studied
mangrove soils, which should be intensively lost to the atmosphere or oxidized given the
lower concentration measured in soil pore waters. [6] described no detectable methane
emission in similar mangrove soils located in Baja California Sur (Mexico), which should
be explained by balancing methane production and oxidation. Our observations in all man-
grove sites suggest the co-existence of methanogens with sulfate reducers in a skinny layer
of soil below 14 cm of soil depth where the pore water was collected from mini piezometers.
In terms of CHy4 consumption in coastal ecosystems, anaerobic methane-oxidizing archaea,
probably associated with sulfate-reducing bacteria, are relatively important compared with
the aerobic methylotrophs [73]. Although AOM coupled to sulfate reduction has been
well documented in other coastal wetlands (e.g., [3]), it has not been well documented



Water 2021, 13, 1867

18 of 22

in the mangrove soils. AOM coupled to sulfate reduction is a syntrophic process carried
out by three novel groups of archaea putative called anaerobic methanotrophs (ANME),
whose cells have been found to contain most of the genes typically associated with CHy4
production and which probably mediate a form of reversed methanogenesis since AOM,
like methanogenesis [74].

Moreover, methanogens have been found to mediate CHy oxidation during net
methanogenesis [75]. Therefore, during AOM coupled to sulfate reduction, ANME con-
verts CHy to a metabolite, which forms the electron donor for the sulfate-reducing bacterial
partner. Recent findings pointed out the involvement of more than one intermediate in-
terspecies electron carrier and that electron shuttling is transferred via extracellular redox
shuttles [76] or via membrane-bound redox shuttles (“nanowires”; [77]) or mediated by
humic substances [78]. While evidence of these aspects and their quantitative importance
in the oxidation of methane have been obtained, the most relevant aspect is the mech-
anism of electron transfer, explaining the co-occurrence of AOM and sulfate reduction.
Electrical currents in marine sediments couple spatially separated biogeochemical pro-
cesses, presumably through nanowires; it could be expected to also occur in mangrove
soils, explaining the coupling of ANME and sulfate reduction bacteria without existing
direct physical contact [79]. Moreover, the increase in the refractory organic matter as-
sociated with shrimp-farm effluent discharges and the multiple pieces of evidence that
electron-accepting functional groups present in humus (the recalcitrant fraction of the
natural organic matter with redox activity) fuels AOM [78,80]; the potential effect of this
shift on CH4 consuming processes need to be explored further.

5. Conclusions

Methane concentration in mangrove soil pore waters is often so low that it prevents
emissions. Quantifying both methane production and its anaerobic oxidation in man-
groves is subject to uncertainty since most involved processes are unknown. A detailed
understanding of in situ isotope signatures of methane is confronted with further com-
plications associated with the fractionation factors of each process in which methane is
involved (production and consumption), including those derived from the substrate used
by methanogens depending on the pathway and those from the electron acceptors occur-
ring during the oxidation under anaerobic conditions (sulfate, nitrate /nitrite, and humic
substances) [17,80]. The §'3C isotope approach used here through the §!3C-CO, mass
balance of the pore waters demonstrated that methane production is an active process in
mangroves, but this methane is probably oxidized anaerobically according to the potential
rates measured in closed-system incubations. Several signs indicated the occurrence of
AOM coupled to sulfate reduction, but the total role of the sulfur cycle in CHy-consuming
processes must be addressed in future studies. Results obtained from the isotopic mass
balances revealed no significant influence of shrimp-farm effluents on methane production,
except by an apparent effect on the supply of a more recalcitrant organic matter, which
forced methanogens to shift the main pathway. It should not affect the AOM either, consid-
ering various laboratory assays had shown that it is fueled when humic substances were
added. This study confirmed previous findings on the microbial processes in mangrove
soils, which exhibit strong resilience towards disturbances.
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