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Abstract

Aquatic macrophytes usually show high productivity rate, especially in shallow environments, and
may constitute the main source of organic matter to these ecosystems. The coastal lagoons are
shallow environments that typically present a broad colonization by aquatic macrophytes. The
organic matter derived from aquatic macrophytes consists of detritus and root exudates, from live
plants. Methanogens are microorganisms that use labile organic matter (e.g. acetate) in the meta-
bolism, releasing methane (CHs) as an end product. Assessing the influence of aquatic macro-
phytes on methanogenesis is fundamental to understanding the carbon cycle in shallow environ-
ments, such as coastal lagoons. A peculiarity of coastal lagoons that may also influence the metha-
nogenesis is its proximity to the sea, providing the entrance of sulfate in the environment. The
methanogenesis can be inhibited by the sulfate reduction when there is sulfate availability sulfate.
In this context, we aimed to analyze the methane production in an aquatic macrophyte stand and
in the limnetic region of a coastal lagoon, assessing the influence of quantity and quality of organic
carbon and sulfate availability on methane production in the sediment profile. We observe that
the presence of aquatic macrophytes benefits the methanogenesis, not only by detritus accumula-
tion, but particularly by the release of root exudates from the living plants. The variation in quan-
tity and quality of organic carbon is the main factor that controls the range and shape of the me-
thane production curves. The availability of sulfate presents probably a secondary role, being im-
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portant when the organic matter is not sufficient for the occurrence of methanogenesis and sulfate
reduction simultaneously.
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1. Introduction

Methanogenesis is the primary route of anaerobic decomposition of organic matter in freshwater sediments, ac-
counting for 30% - 80% of anaerobic carbon (C) mineralization [1] [2]. In this process, the C is converted in
methane (CH,4). Methanogenic degradation of organic matter in sediments relies on a syntrophy among a com-
plex microbial community consisting of fermentative and hydrolytic bacteria, acetogens and methanogens,
which act in sequence and simultaneously [3] [4]. However, methanogenesis usually is outcompeted in envi-
ronments in which alternative electron acceptors (such as oxygen, nitrate, ferric iron (Fe**), and sulfate (S0%))
are available. Consequently, freshwater sediments are spatially structured in a vertical sequence of microbial
zones according to the availability and the disappearance of electron acceptors, and at the end, methanogenesis
predominates [5].

Coastal lagoons are unique wetland ecosystems in relation to the process of methanogenesis due to two pecu-
liar characteristics: 1) the broad development of aquatic macrophytes, promoting the accumulation of detrital
organic matter and the release of root exudates from these plants. Many studies show that CH, production is
higher in the uppermost sediment layers, which receive fresh carbon inputs from aquatic macrophytes [6] [7],
such as coastal lagoon [8] [9], indicating an interaction between aquatic macrophytes and methanogens, through
the availability of substrates derived from plants to the microorganisms; 2) the proximity to the sea, providing
the entry of seawater sulfate through sea spray or, more drastically, by natural or anthropogenic sandbar open-
ings [10]. Sulfate reduction may diminish the overall potential of CH, production in coastal lagoons, since sul-
fate reducing bacteria show higher affinity for substrates common to both types of microorganisms [11]. How-
ever, the two processes can occur simultaneously if there is sufficient availability of common substrates [12].

Another important role of coastal lagoons is related to the global warming effect, since wetlands are the main
natural source of methane to the atmosphere [13]. Methane produced in sediments along littoral regions of
coastal lagoons accounts for most of the bubble flux (ebullition), in function of high methane concentration se-
diment values, and plant mediated flux to the atmosphere (e.g., [14]-[16]). Considering that methane is 25 times
more potent as a greenhouse gas than carbon dioxide [17], understanding the factors that regulate the methane
production in the sediments of coastal lagoons has important local and global ramifications. In this study,
through an experiment in laboratory microcosms, we aimed to analyze the methane production in a stand of ag-
uatic macrophytes and in the limnetic region of a dystrophic coastal lagoon, assessing the influence of quantity
and quality of the organic carbon and of the sulfate availability on the production of methane in the sediment
profile.

2. Materials and Methods
2.1. Study Area

The Comprida lagoon is situated in the coastal area of the Macaé region, Brazil (22°30'S and 44°42'W) (Figure
1). This area is localized in the Restinga de Jurubatiba National Park, a mosaic landscape of 14,860 ha com-
posed of shrub vegetations, flooded forest patches and coastal lagoons on the Atlantic coastal plain. The regional
climate is warm and humid; temperatures range from 18.7°C to 27.4°C with lowest precipitation in winter (43.8
mm) and highest in summer (185.8 mm) [18]. The lagoon is completely separated from the ocean by sand bars
about 100 m in width.

Morphological and limnological parameters are listed in Table 1. Comprida lagoon is a small shallow envi-
ronment, with area of 0.1 Km?, and depth 1.96 m in limnetic region. In the Comprida Lagoon the water is co-
lored by humic substances, resulting in lower values of transparency and higher values of color (Table 1).
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Figure 1. Localization of Comprida Lagoon. The arrows indicate the two sampling stations.

Table 1. Morphological and limnological parameters
of Comprida Lagoon.

Variables Values
Area (Km?)! 0.1
Depth mean (m)? 1.96 +0.36
Water color (Abs 430 nm)>? 0.114 £ 0.034
Secchi depth (m)? 05+0.2
Air temperature (°C) 274146
Water temperature (°C) 25+29
pH? 52+05
Salinity? 02+0.1
Total Nitrogen (UM)? 46.13 + 16.85
Total Phosphorus (uM)? 0.52+0.31
DOC (mM)? 2.36£0.85
Oxygen dissolved (mg-L™) 6.3+2.3

!According to [19]; ?Data from January to December 2003; *Data
from August to December 2003.

Humic substances are rich in nitrogen, and can reduce values of pH.

2.2. Sampling

The Sampling was carried out in January 2004 using a core sampler as described in [20]. At each location sedi-
ment cores (n = 5) were taken at the limnetic region and aquatic macrophytes stand of E. Interstincta (Vahl)
Roem. & Schult. Immediately after sampling the cores were sent to the laboratory under refrigeration in an ice
cooler. Only the upper 10 cm were considered, and sub-fractionated into three layers (0 -2 cm, 2 -6 cmand 6 -

10 cm).
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2.3. Methane Production

In laboratory, five grams of the sediment collected was transferred to 25 ml flasks, and 5 ml of autoclaved water
from the lagoon was added. The flasks (n = 5) were closed with rubber stoppers, and the residual CH, and O,
was removed by flushing with N, for 2 min, creating an anoxic and CH, free condition. The flasks were incu-
bated statically in the dark in a constant temperature (25°C). The CH, concentration in the headspace was meas-
ured by GC analysis (VARIAN Star 3400-Varian Co., USA), with a FID detector temperature of 220°C, an in-
jector temperature of 120°C, a 1 m Poropak-Q column (60/100 mesh) at 85°C and N, as the carrier gas. The
concentrations of CH, in the vial headspace were monitored regularly during 53 days.

2.4. Methane Concentration

Sediment samples (5 g) were placed in 25 mL glass vials (n = 5), containing 5 mL of NaOH (4%) to inhibit bio-
logical activity and expel the methane from the pore water [21]. The flasks were closed with rubber stoppers and
then shaken. The CH,4 concentration in the flasks” headspace was measured as described previously earlier in the
methane production section.

2.5. Laboratory Analyzes

The interstitial water of the sediment was separated by sediment filtration with a vacuum pump. Subsequently,
the water was filtered through a 1.2 uM filter (GF/C, Whatman). Dissolved organic carbon (DOC) was deter-
mined by subtracting the inorganic carbon (IC) values from the total carbon (TC) values. IC and TC were ana-
lyzed with a carbon analyzer (TOC Analyzer 5000, Shimadzu Co., Japan). The soluble carbohydrates concentra-
tion was determined according to the phenol-sulfuric acid method by Dubois [22]. The sulfate concentration in
the sediment pore water was determined by the formation of barium sulfate [23].

2.6. Statistical Analyzes

Methane production (dependent variable) in the sediment of limnetic region and in the stand of aquatic macro-
phytes (categorical variables) per sample time (continuous variable) was compared using analysis of covariance
(ANCOVA,; significance level of 0.05). DOC, carbohydrates, SO:~ and CH, concentrations in the sediment
profiles of limnetic region and in the stand of aquatic macrophytes were compared using factorial analysis of va-
riance (ANOVA factorial; significance level of 0.05).

3. Results

Methane production was significantly higher in the macrophytes stand (Table 2, Figure 2 and Figure 3), indi-
cating a positive effect of the detritus of aquatic macrophytes in methanogenesis. In the limnetic region, methane
production increased after the 27" day, while in the macrophytes stand the process started after the first day after
the sediment incubation. In the beginning of the experiment, methane production in the macrophytes stand was
3 - 7 times higher than in the limnetic region sediment and at the end of the experiment, the methane production
became 9 - 57 times higher. Two factors that control methanogenesis were statistically different between the two
regions: 1) the significantly highest concentration of DOC and carbohydrates in the macrophytes stand as a
whole (Table 2 and Table 3); 2) the significantly highest concentration of SO?™ in the sediment of the limnet-
ic region as a whole (Table 2 and Table 3).

In the sediment profile, the two uppermost sediment layers (0 - 2 cm and 2 - 6 cm) showed significantly high-
er methane production than the 6 - 10 cm profile in the macrophytes stand (Table 4, Figure 2). DOC (Table 3)
and carbohydrates (Table 3) concentrations were significantly higher (Table 4) in the uppermost sediment pro-
files (0 - 2 cm and 2 - 6 cm) and sulfate concentrations (Table 3) were statistically nonsignificant (Table 4) be-
tween the sediment profiles of macrophytes stand. DOC concentrations in the uppermost sediment profiles were
2 to 3 times higher than the profile 6 - 10 cm and carbohydrate concentrations were 8 to 9 times higher in the
macrophytes stand. On the other hand, no significant differences between methane productions in the sediment
profiles at the limnetic region were observed (Table 4, Figure 3). In the same way, no differences were ob-
served between the DOC (Table 3 and Table 4), sulfate (Table 3 and Table 4) and carbohydrates concentra-
tions (Table 3 and Table 4) in the sediment profile in this region.
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Figure 2. Methane production in the sediment of aquatic macrophytes stand.
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Figure 3. Methane production in the sediment of the limnetic region.
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Table 2. Values of significance (p-value) of ANCOVA test, degrees of freedom (df) and values of deviance (F), between
methane production in the limnetic region and aquatic macrophytes stand. Values of significance (p-value) of factorial

ANOVA test, degrees of freedom (df) and values of deviance (F), between DOC, carbohydrates, SO and CH, concen-
trations in the limnetic region and aquatic macrophytes stand.

Statistical analysis
ANCOVA
Factorial ANOVA
Factorial ANOVA
Factorial ANOVA
Factorial ANOVA

Variable df F-ratio
CH, production 1 388.09
DOC 1 6.65
S0* 1 5.69
Carbohydrates 1 8.81
CH, concentration 1 498.88

p-value
<0.001"
<0.05"
<0.05"
<0.05"
<0.001"

“Indicates statistical differences.



A. L. dos Santos Fonseca et al.

Table 3. DOC, carhohydrates, SO~ and CH, concentrations (mean + standard deviation (SD)) in the sediment profiles of
limnetic region and aquatic macrophytes stand.

DOC Carbohydrates SO CH,4
Station Layer uM M uM M
mean = SD mean + SD mean = SD mean = SD
0-2 2467.6 £1054.5 488.7 £ 142.7 1351.3 +477.3 n.d.
Limnetic region 2-6 3764.3 £ 751.3 650.6 + 123.7 1206.5 * 220.2 02x14
6-10 3499.0 £ 1157.8 460.8 £ 111.7 1511.9 + 402.7 3.7x39
0-2 5149.7 £ 1626.3 1484.9 + 263.5 986.7 + 317.6 86.2 + 36.7
Macrophytes stand 2-6 7523.4 £1067.1 1521.2 £ 295.3 1235.2 + 298.8 293.6 £69.8
6-10 2300.9 £136.7 164.4 +35.9 7947 +59 4935+ 3315

n.d. = not detected.

Table 4. Values of significance (p-value) from Tukey HSD test applied after the ANCOVA analysis for CH, production
and after factorial ANOVA analysis for DOC, carbohydrates, SO and CH, concentrations.

Profiles (p-value)

Variable Lagoon region
0-2cmx2-6cm 0-2cmx6-10cm 2-6cmx6-10cm
Limnetic region 0.600 0.910 0.993
CH, production
Macrophytes stand 0.679 <0.001" <0.05"
Limnetic region 0.536 0.794 0.997
DOC
Macrophytes stand 0.499 <0.05" <0.05"
Limnetic region 0.584 1.000 0.444
Carbohydrates
Macrophytes stand 1.000 <0.001" <0.001"
Limnetic region 0.999 0.988 0.919
So*
Macrophytes stand 0.864 0.963 0.438
Limnetic region 0.280 <0.05" 0.304
CH,4 concentration
Macrophytes stand <0.05" <0.001" 0.876

“Indicates statistical differences.

As a result of higher production of methane, the methane concentration was significantly higher in the ma-
crophytes stand (Table 2 and Table 3), being 86 - 1615 times higher than in the limnetic region. The methane
concentration was significantly higher in the 0 - 2 cm profile than in the 6 - 10 cm profile in the limnetic region
(Table 3 and Table 4). In the macrophytes stand, the methane concentration was significantly higher in the 0 - 2
cm profile in comparison to the profiles 2 - 6 cm and 6 - 10 cm (Table 3 and Table 4).

4. Discussion

We observed a longitudinal decrease in methane production in the sediment, from the macrophytes stand to the
limnetic region and, also a vertical decrease at each site, from the uppermost superficial layer to the deeper one.
These results were attributed to the complementary effects of changes in detritus quality and in the availability
of sulfate in the sediment. The higher DOC and carbohydrates concentrations and the minor sulfate concentra-
tion favored methanogenesis in the sediment of the macrophytes stand. These factors combined act in order to

1680
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reduce competition for substrates between methanogens and sulfate-reducing bacteria in the macrophytes stand
and to promote the inhibition of methanogenesis in the limnetic region. Similarly, the decrease in DOC and car-
bohydrates concentrations in the sediment vertical profile explains the higher methane production in the upper-
most layers of the sediment. Our results highlight the benefits of microorganisms in the interaction with aquatic
macrophytes, which provide substrates for microbial metabolism and allows the co-occurrence of the processes
when there is the availability of common substrates [12] [24].

Reviews of the literature showed that most of the methane produced in the sediment of freshwater ecosystems
is derived from recently fixed carbon and methane production decreases when labile substrates are depleted
[25]-[27]. In Comprida Lagoon, [28] found that the sources of organic matter in the littoral region is autoch-
thonous (macrophytic) and, in the limnetic region is allochthonous (from the surrounding Restinga), as observed
in Cabiunas Lagoon, ecosystems localized in the Restinga de Jurubatiba National Park [29]. The autochthonous
organic matter originated from the phytoplanktonic community probably presents a secondary role, since the
biomass of phytoplankton is low in Comprida Lagoon [30]. Considering that the organic matter from the sur-
rounding Restinga is primarily recalcitrant [31], the community of aquatic macrophytes is probably the main
source of labile organic matter in Comprida Lagoon. It is important to note that the organic matter originated
from aquatic macrophytes is derived not only from the plant detritus but also from root exudates. Among the
components of root exudates are carbohydrates, which are in part rapidly converted to highly labile organic car-
bon (e.g. acetate) by microorganisms [27]. Acetate is one of the main methane precursors in freshwater envi-
ronments [32]. Some studies observed higher rates of acetate formation in the root vicinity, especially during
photosynthesis [33] [34]. The stimulus of methane production by the addition of organic carbon from roots in a
carbon-accumulating environment may seem paradoxical [34]. However, the detrital organic matter consists
mainly of supporting tissues (ca. 73% for emergent macrophytes) that are refractory to decomposition [35]. In
our study, significantly higher carbohydrate concentrations in the stand of aquatic macrophytes indicate the
supply of organic carbon to methanogens not only from the dead aquatic macrophytes, but particularly from the
interaction among methanogens and live plants through root exudates. The difference in the quantity and quality
of carbon is probably one of the factors responsible for the curve shapes of methane production in the two re-
gions, since methane began to accumulate from the beginning of the experiment in the macrophytes stand, indi-
cating that methanogens utilized easily degradable compounds. On the other hand, the sediment from the lim-
netic region showed a lag phase of 27 days before the start of methane production. This curve shape is probably
not only a result of carbon features, but also due to higher sulfate concentration in the limnetic region, which
reached values of 1200 - 1500 uM. Freshwater ecosystems usually have sulfate concentrations of 100 - 200 pM
[5] and, sulfate reducers can out-compete methanogens at freshwater sulfate concentrations of 60 - 100 uM, de-
pending on the common substrates availability [36] [37]. Therefore, the production of methane probably began
after sulfate depletion.

In the sediment profile, the decrease in quantity and quality of organic carbon may explain the decreasing
methane production with depth in the macrophytes stand, especially in the 6 - 10 cm. Possibly, the fraction is 6 -
10 cm below the root zone, receiving a smaller contribution exudates, but has no limiting conditions for the
production of methane, such as nutrient concentrations. Marinho et al. (2010) [29] found that E. interstincta
strongly contributed to nutrient enrichment of the sediment of a lagoon nearby the Comprida Lagoon. On the
other hand, the carbon probably accumulates in the fraction 6 - 10 cm from limnetic region due to nutrient limi-
tation. Furtado et al., (2002) [38] observed low concentrations of soluble reactive phosphorus in the sediment of
limnetic region in comparison to the macrophytes stand in Comprida Lagoon. Zink et al. (2004) [28] did not
detect total nitrogen in the same region. The availability of sulfate was not a factor responsible for the differenc-
es in the methane production in the sediment profile of both regions since there were no significant differences
in the sulfate concentrations between the sediment layers.

Methane concentration increased with the sediment depth, as observed in other studies [9] [39] [40]. This pat-
tern is generally observed due to oxidation and methane emissions. Up to 90% of the methane produced can be
oxidized in the first millimeters of the sediment, according to the penetration of oxygen, decreasing the methane
concentration in the superficial sediment layer [25] [41] [42]. In Comprida Lagoon, [43] observed an O, pene-
tration of 3.4 mm in the sediment, indicating the possibility of methane oxidation. The methane emission occurs
through the diffusive flux and by ebullition once the gas reaches supersaturation in the sediment and form bub-
bles [44]. High contributions of ebullition were observed in shallow environments colonized by aquatic macro-

phytes [14]-[16], such as Comprida Lagoon.
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5. Conclusion

We observe that the presence of aquatic macrophytes benefits the methanogenesis. This interaction occurs not
only by providing organic matter from dead plants, but particularly by the release of root exudates from the liv-
ing plants. The variation in quantity and quality of organic carbon is the main factor that controls the range and
shape of the methane production curves. The availability of sulfate presents probably a secondary role, being
important when the organic matter is not sufficient for the occurrence of methanogenesis and sulfate reduction
simultaneously.
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