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Abstract Pristine and impaired mangrove soils (from road
construction, aquaculture, and sewage) in Baja California Sur,
Mexico were investigated for methane dynamics, related soil
properties, and their impact on initial establishment of black
mangrove propagules. All soils (Salic Fluvisols and Histosols)
had neutral to alkaline pH, were saline, and had variable organic
carbon content, and redox potentials. Most pristine mangrove
soils showed low methane concentration, low methane
production rates, and no methane emission. Impaired mangrove
soil (from aquaculture) and mangrove soil affected by sewage
water showed high methane concentration, high methane
production rates, and high methane emission, thus acting as a
methane source. Elevated methane concentrations, similar to
levels detected in the impaired mangrove soil, reduce the
growth of seedlings under closed chamber conditions. Addition
of sulfate to the soil reversed the trend. These results indicate
that impaired mangrove soils in dry climatic regions produce
and emit methane and that elevated methane concentration in
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Introduction

Establishment of mangrove seedlings in arid climatic regions
after natural or man-made disasters is low. The State of Baja
California Sur, Mexico shows some examples of this
phenomenon: Patches of clear-cut mangrove forest at Laguna
Balandra (30 km north of the city of La Paz) remained almost
barren from 1990 until 1995, when it was artificially
reforested (Toledo et al. 2001). Hurricane winds and currents
blocked the inlet channel of a mangrove community on the
El Mogote barrier sand spit (1 km from the city of La Paz).
Most trees died after the 2001 event. In 2004, the inlet
channel was opened, and very slow recovering is underway
(http://www.bashanfoundation.org/conservation2.html,
accessed July 2007). A mangrove community at Enfermeria
(20 km north of the city of La Paz) was blocked by road
construction in 1995 and reopened a year later. Most of the
trees died after the construction; almost no mangrove seed-
lings have been established to this day (A. Ortega, CIBNOR,
personal communication). Explanations for this die-off were
attributed to high salinity (Patterson et al. 1993) and high
temperature (McMillan 1971). The edaphic parameters and
gasses emitted from these lagoons, as possible inhibitors,
have not been studied. At the same time, there is no
difficulty of mangrove establishment in pristine mangroves
(http://www.bashanfoundation.org/balandra/balandra.html,
accessed July 2007). Tropical and subtropical mangroves
(humid and arid regions) with naturally high productivity
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of energy (Lee 1999) cover approximately 160,000 km?
(Spalding et al. 1997), which is nearly 60—75% of the world’s
tropical and subtropical coastlines (Jennerjahn and Ittekkot
2002). Mangrove ecosystems are known to support coastal
fishery resources (Warne and Laman 2007), to protect
coastlines from erosion, and to contribute to the conservation
of coastal resources by regulating nutrient and suspended
sediment levels (Holguin et al. 2001; Spalding et al. 1997).

In general, natural wetlands are considered a natural source
of atmospheric methane (CH4) (Hiitsch 1998), contributing
115 Tg year ' (22%) to global annual methane production.
Methanogenesis is thought to be negligible for mangrove
soils, a minor contributor to methane production and
emission on a global scale (Harris et al. 1988; Alongi et al.
2000, 2001). This assumption is based on the fact that sulfate
reducing and methane producing bacteria compete for the
same substrates (H,/CO,, acetate), but the sulfate reducers
are better competitors (King 1984). Consequently, sulfate
reduction prevents methanogenesis in sulfate-rich environ-
ments, such as salt marshes and mangroves. Methanogenesis
within mangrove soils can occur if substrates are abundant,
the supply of substrates (listed above) exceeds the sulfate
supply, or large amounts of methylated amines are present
(Giani et al. 1996a). Considerable methane concentrations
and methane production rates were found in an anthro-
pogenically impacted section of a pristine mangrove ecosys-
tem in Laguna Balandra near La Paz, Baja California Sur,
Mexico (Giani et al. 1996b). A mangrove forest in Puerto
Rico subjected to secondary sewage sludge showed high
methane fluxes. The forest emitted 40 times more methane
than unimpacted pristine areas (Sotomayor et al. 1994). High
methane levels were measured in an impaired Indian
mangrove on the coast of the Bay of Bengal (Mukhopadhay
et al. 2001, 2002), and an intense methane flux was also
found in a pristine mangroves in India (Purvaja and Ramesh
2001; Mukhopadhyay et al. 2001, 2002).

This study investigated (1) methane production and related
soil properties in pristine mangroves and in mangroves that
had been impaired by different anthropogenic activities and
(2) the impact of methane generation on germinating
propagules of black mangrove growing in these soils.

Materials and methods
Sample sites

Salic Fluvisols and Histosols (FAO/ISRIC/ISSS 1998) of
pristine and impacted mangrove ecosystems in the area of
La Paz, Baja California Sur, Mexico were sampled between
January and March 1999.

The first location, the lagoon at Balandra, covering 10 ha
(Perdrin-Aviles et al. 1990), is an almost undisturbed mangrove
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(Holguin et al. 1992; Toledo et al. 1995a) 30 km north of La
Paz. The vegetation shows a typical landward zonation,
beginning at the sea with Rhizophora mangle L. (red
mangrove), followed by Laguncularia racemosa Gaertn. (white
mangrove), and then Avicennia germinans (L.) Stern (black
mangrove; Toledo et al. 2001). Further inland, the mangrove is
adjacent to salt marsh, which is dominated by three herbaceous
species: Salicornia bigelovii, Allenrolefea occidentalis, and
Monantochloe littoralis. Especially near the sea, a dense
population of grapsid crabs (Uca vocator) is common (also
see Holguin et al. 1992; Giani et al. 1996b). Sampling was
performed along two transects from sea to land (sampling sites:
Balandra 1.1-2.3). Additionally, two solitary profiles, each with
different textures, were sampled (sampling sites: Balandra 3, 4).
The latter locations were undisturbed mangrove.

The second location, currently a shrimp aquaculture
facility that started production in 1989, is located in a former
mangrove 13 km north of La Paz. The vegetation was cleared
inside the mangrove pond. The feeder channel supplying the
ponds with seawater is dominated by Avicennia germinans
and L. racemosa. Sampling took place in the feeder channel,
inside the oldest shrimp-pond, and within the outlet
(sampling sites: Shrimp 1-3). Aquaculture that is generally
believed to induce increased methane production comes
from increased substrates, like fertilizers, decomposition
products of fish and shrimp, or sewage waters.

The third location, Playa Tesoro, is a small mangrove
ecosystem located near the bay at Pichilingue, 20 km north
of La Paz. Except for very small channels, the former
mangrove is cut off from the sea by road construction,
which has changed the water regime. Cut off from the sea is
supposed to lead to increased methane production because
the starting substrates for methanogens is more favorable,
as sulfate supply from the sea is no longer available for the
sulfate reducers. The site contains some Avicennia germi-
nans but is mostly bare. Samples were obtained next to the
trees area (sampling site: Playa Tesoro).

The fourth location is a mangrove ecosystem along the
western side of La Paz, within the Ensenada de La Paz, a large
lagoon formed by the large E1 Mogote barrier sand spit. Until
1994, when a wastewater treatment facility was constructed,
this site had been impacted by municipal sewage for a long
time (A. Ortega, CIBNOR, personal communication). Sew-
age induces increased methane production similar to the
aquaculture operation. Samples were taken seaward of a patch
of Avicennia germinans that is topped with a layer of
decomposing algae (sampling site: Bay La Paz).

Sampling procedures for methane analysis and soil
characterization

At each sample site, subsites were chosen according to their
representative pedological, hydrological, and plant commu-
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nity features. Within each subsite, an area (10x30 m) was
selected at random as representative of the soil. Profiles
were excavated to water level (0—105 cm soil depth) during
low tides and described morphologically.

Triplicate soil samples were collected from each distinct
horizon and placed in new polyethylene bags. The tightly
sealed bags were immediately taken to the laboratory,
where redox potential and pH were immediately determined
by pushing the electrodes into the samples when the bags
were opened. The same day, a second, fresh soil sample
was prepared for soil saturation extraction. This sample was
centrifuged for 10 min at 3,500xg within 24 h. The extract
was used to assay sulfates, phosphates, chlorides, nitrates,
and dissolved organic carbon. The rest of the fresh soil was
air-dried or dried at 105°C in an oven, passed through a 2-
mm screen. This soil was used for measuring total carbon,
nitrogen, and carbonate. Organic carbon was calculated by
subtraction of C derived from carbonates.

Triplicate field samples (1 ml from each horizon within each
profile) for measurements of methane concentration were
immediately put into pre-weighed serum flasks containing
1.5 N NaOH and then sealed. After partitioning of the methane
gas dissolved or trapped in the interstitial waters of the soil into
the gas phase, the headspace was sampled with a gas-tight
syringe and analyzed by gas chromatography in the laboratory.
For measurements of methane production rates, triplicate
samples (1 ml) from each horizon were extruded into
vacutainers and sealed under N, atmosphere immediately after
sampling. The tubes were flushed with N,, after which a
starting time was established for the time course of methane
production. The tubes were incubated at room temperature
(25-28°C). Every 24 h, the headspace of the tubes were
sampled with a gas-tight syringe and measured by gas
chromatography. Methane accumulation in the headspace of
the tubes was determined by the change in concentration of
methane per volume of soil in the tubes. In situ methane flux
measurements were made at the same places and dates, using
a static chamber technique, which consisted of a PVC
chamber with a septum-closed serum flask at its top
(12 17" vol) and an extra ring of steel. The ring was installed
2-3 cm into the soil, filled with water, and the chamber placed
in the ring. Using a gas-tight syringe, aliquots (10 ml) of the
chamber air were withdrawn at the beginning and end (after
2-3 h) of the experiment. The samples were transferred into
vacutainers and analyzed by gas chromatography.

Growth of mangrove seedlings

Propagules of black mangroves (Avicennia germinans)
were collected from the same collection sites at the lagoon
at Balandra. Propagules were selected and treated before
planting, as described by Toledo et al. (1995b). Intact
surface mud samples were collected from Station 1 at

Balandra and from the fourth sampling areas described
above. The simple core sampler was a PVC pipe (9.5 cm
inner diameter) pressed into the soil to the depth of 5 cm.
Careful handling was practiced to keep the mud samples
from being disturbed. The mud samples (260+10 g fresh
weight) were immediately placed in small, black plastic
pots without drainage (10 cm diameter, 7 cm height). The
mud did not receive any additional treatment. After placing
the core samples in the pots, the space between the core and
the side of the pot (<5 mm) was filled with inert, fine pre-
wetted perlite to prevent moving or breaking of the core
sample. The pots were placed in large plastic containers
(45 cm diameter, 30 cm high) containing a bottom cover of
0.5-cm water to maintain high humidity and prevent drying
of the pots. The large containers were covered with
transparent plastic film to prevent exchange of methane
with the outside atmosphere. The surface that could emit
methane from all pots within one container was 708 cm?.
From each pot, three 6-mm vertical cores were taken with a
small manual core sample. These small soil cores were
discarded. Three 8-cm plastic straws (5 mm inner diame-
ter), each perforated with about 50 holes smaller than 1 mm
each, were carefully inserted into the holes to provide the
soil samples easier access to gasses from the atmosphere to
the lower parts of the soil in the pot. Three propagules were
planted in each pot at 1 cm depth (Toledo et al. 1995b),
leaving part of the propagule above the mud substrate. The
mud was covered with a 0.5-cm layer of synthetic seawater.
Propagules were allowed to germinate and to grow for
4 weeks in an uncontrolled, shaded greenhouse (average
day temperature of 32+3°C) under natural light (average,
1,100 pumole m* s™' at midday). The containers were
ventilated (opened), once a week and new doses of methane
were applied. Commercial methane was supplied from a
sealed chamber in the container at concentrations of 80 or
150 uM. The level of methane in the closed atmosphere
was measured in each container every 7 days, as described
below (before the weekly ventilation). Analysis of the
purity of the gas showed only traces of other gases. The
following treatments were carried out using pristine
(undisturbed) and impaired mangrove soils: (1) seedlings
growing in an atmosphere containing methane, (2) seed-
lings growing without methane, and (3) seedlings growing
in soil amended with irrigated water containing magnesium
sulfate (MgSO,4°7H,0, 1.5 mM dissolved in seawater) as an
inhibitor of methane. After the treatment period, plant
parameters of height and dry weight were recorded (Bashan
and de-Bashan 2005).

Analytical analyses

Standard laboratory analyses of soil properties and methane
production were made according to the following proce-
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dures: pH and redox potential according to Giani et al.
(1996b). Soil saturation extract analyses of several inor-
ganic chemicals were made according to the following
procedures: sulfate was measured spectrometrically accord-
ing to Giani et al. (1996b); chloride was measured with a
potentiometer (E-536, Methrom Potentiograph, Germany);
nitrate was measured spectrophotometrically according to
Dewes and Schmitt (1990); phosphate was measured
spectrophotometrically according to standard methods
(APHA, AWWA, WPCF, 1992); and carbon was deter-
mined with a C/N analyzer (NA 2000, Fisons Instruments,
Germany) after pulverizing the sample. Organic carbon was
calculated as the difference between total carbon and
carbonate carbon. Dissolved organic carbon was spectro-
photometrically determined by absorbance at 254 nm
according to Brandstetter et al. (1996). Methane was
determined by withdrawing a 0.5-ml sample from the
serum flasks (CH4 concentration) and vacutainers (CHy
production and flux) and direct injection into a gas
chromatograph (Hewlett Packard 5890, Series Il equipped
with a FID and a HP capillary column with internal
diameter of 0.32 mm and length of 50 m maintained at
90°C). The carrier gas was nitrogen, and the flow rate was
15 ml min~". Injector and detector temperatures were set at
250°C, retention time was 4 min. Sample peaks were
compared to commercial preparations of 10 to 100 ul 17!
methane standards. Methane concentrations, methane pro-
duction rates, and methane emissions were analyzed in
triplicate samples.

Experimental design and statistical analysis

Soil samples were taken in triplicate and each soil or
methane analysis were repeated three times from each
sample. Ten pots served as a treatment (n=110 pots, 330
seedlings) and the experiment was repeated twice. Results
were analyzed by one-way analysis of variance (ANOVA)
and then by Tukey’s post hoc analysis at P<0.05.
Computations used Statistica 6.0™ software (StatSoft,
Tulsa, OK, USA). Soil and methane data are accompanied
by standard error.

Results
Soil properties

All soils had neutral to alkaline pH values and were saline
(Table 1). At the soil surface, salt (chloride) content at
Playa Tesoro was high (113-139 g 1") from restricted tidal
exchange and high evaporation in this arid climate. Organic
carbon varied widely (0.0-184 g kg ') with concentrations
of 2.9-81.2 mg I"!. C/N ratios were often extraordinarily

@ Springer

high because nitrogen content was extremely low (<0.1 g
kg ). Playa Tesoro and most Balandra soils showed high
Eh values (Table 1), indicating unfavorable conditions for
methanogens. Lowest redox potential was found at the
Shrimp 2 site (=276 mV). Subsequent Eh measurements in
the same pond were in the same range (data not shown).

Marine conditions were evident in the high sulfate
content of the soils (Table 1), mostly similar to its
concentration in seawater (28—44 mM). Salinization was
extraordinarily high from the sulfate contents (up to
280.2 mM) at Playa Tesoro. Some sites (Balandra 3,
Shrimp 2, Bay La Paz) showed low sulfate content (6.8,
6.4, and 4.7 mM, respectively), indicating sulfate depletion
in the soil solution from intense microbial sulfate reduction.
However, sulfate concentration is not only exclusively
controlled by biological factors but also by rain and
transpiration. Thus, it has to be related to the conservative
chloride ion, expressed as a sulfate/chloride ratio (Lord and
Church 1983). Using this parameter, a tendency toward
depletion of sulfate in the soil solution was confirmed for
Bay La Paz and Shrimp 2, with ratios of 0.2 and 0.4,
respectively.

Phosphate in most soils was low, almost below detection
level (Table 1). However, Shrimp soils (2 and 3) contained
moderate levels of P (up to 11.2 mg P I"') and Bay La Paz
soils had up to 8.4 mg P 1!, indicating eutrophic
conditions.

Methane production

Most Balandra soils contained methane at <10 uM and
production rates generally <20 nmol CH, mI™' d™' (Table 2).
Distinctly higher concentrations of up to 77.7 uM and
production rates of up to 102.0 nmol CH, ml™ d' were
found within the subsoil of the lagoon site, Balandra 1.1, at
low redox potentials and with considerable organic carbon
and dissolved organic content. But methane production did
not lead to release of methane. This was also true for
emission experiments conducted at Balandra 2.2, where gas
domes covered the black mangrove pneumatophores. The
same experiment at Balandra 3 yielded detectable emission
of methane (19.2 ug m > d') along with distinct methane
production; however, the large standard deviation suggests
a weak result.

Methane production at Playa Tesoro, where road
construction essentially devastated the mangrove, was up
to 15 M, production rates of up to 38.1 nmol ml™' day ',
and no methane emission (Table 2). This is comparable to
most of the Balandra soils but not to the other sites where
the soils were affected.

Some soils at the aquaculture facility showed intensified
methane production (Table 2). Highest methane concen-
trations (13.5-79.1 uM) and production rates (157.2—
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Table 1 Properties of mangrove soils: pristine mangrove at Balandra (Balandra 1.1-4) and impaired mangrove from aquaculture wastes (Shrimp

1-3) from road construction (Playa Tesoro) and from sewage (Bay La Paz)

Site Depth (cm) Vegetation pH Eh Corg C/N* DOC Sulfate Chloride Sulfate/ Nitrate ~ Phosphate
(H,0) (mV) (gkg™) (mg1™ mM) (g1™") chloride ratio (mgl™) (mgl™")
Balandra 1.1 0-27 Rhizophora/ 7.2 331.3 1769 184 473 348  26.1 1.3 12.9 1.2
27-40 Avicennia 7.5 -92.0 1834 215 583 298 262 1.1 277 0.9
>40 7.4 —195.3 86.8 >868 81.2 312 264 1.2 11.3 1.4
Balandra 1.2%° 0-7 Salicornia 8.1 387.0 1.1 >11 25.7 61.9 338 1.8 3.9 n.n
7-21 8.2 440.0 3.8 >38 3.8 20.6 13.0 1.6 1.9 n.n
35-55 8.2 4357 0.0 nd. 32 20.7 13.1 1.6 n.n. n.n
55-85 8.1 4753 1.6 >16 3.1 27.8 14.6 1.9 2.5 n.n
>85 7.8 -114.7 0.0 nd. 4.1 47.0 228 2.1 0.9 n.n
Balandra 2.1  0-10 No Vegetation 7.3 —-100.0 3.3 >33 54 18.4 11.7 1.6 6.1 <0.35
10-50 (Rhizophora) 1.3 126.0 1147  >1147 10.1 31.5 209 1.5 7.2 <0.35
Balandra 2.2 0-40 Avicennia 8.0 4413 1.7 >17 58 30.5 19.7 1.6 3.0 n.n.
40-65 7.7 449.0 1.8 >18 5.8 373 202 1.8 0.5 <0.35
65-105 6.9 2787 427 >427 8.1 484  37.1 1.3 16.4 <0.35
>105 7.6 163.0 11.8 >118  12.0 469 223 2.1 1.0 n.n.
Balandra 2.3 0-13 Salicornia 8.2 531.0 64 >64 3.5 16.9 19.5 0.9 2.6 n.n.
13-46 8.0 5300 1.3 >13 34 18.9 13.6 1.4 0.8 n.n.
46-70 7.8 540.7 1.0 >10 4.4 23.6 17.4 1.4 29 n.n.
>70 7.7 272.7 1.9 >19  n.b. n.b. n.b. n.b. n.b. n.b.
Balandra 3 0-28 Avicennia 7.6 —201.7 234 >234 184 31.2 21.2 1.5 4.8 <0.35
>28 6.8 —220.7 83.9 >839 3.5 6.8 4.6 1.5 0.7 n.n.
Balandra 4 0-15 Avicennia 6.6 108.0 57.6 >576 614 25.0 333 0.8 1.4 n.n.
Shrimp 1 0-10 Avicennia/ 8.2 260.0 2.3 9.76 3.9 15.2 11.2 1.4 6.0 <0.35
>10 Laguncularia 8.3 —155.0 1.9 >19.4 29 16.7 11.6 1.4 4.7 <0.35
Shrimp 2° 0-5 No Vegetation 7.9 —108.3 6.2 6.8 133 59.8 15.4 39 9.6 1.0
5-20 7.9 -947 2.7 >26.8 9.4 50.8 12.8 4.0 10.6 0.8
0-5 7.6 —276.3 14.9 5.6 33.7 6.4 14.7 0.4 1.6 11.2
Shrimp 3 0-20 Avicennia 7.6 1844 7.5 1.5 8.1 48.6 12.6 3.9 11.4 1.1
>20 8.3 2940 1.9 >19.2 4.4 22.9 15.4 1.5 7.5 <0.35
Playa Tesoro  0-0,5 Avicennia 7.2 150.3 204 5.4 59.9 280.2 138.5 2.0 1.2 1.0
0,5-5 7.8 -41.0 1.8 0.5 13.5 202.0 113.1 1.8 n.n. n.n.
7-25 8.3 90.7 0.0 nd. 6.6 747 392 1.9 6.8 n.n.
>25 8.2 3583 0.0 nd. 52 913 414 22 0.3 n.n.
Bay La Paz  +3 Avicennia 7.0 -243.0 89.6 59 75.8 4.7 20.1 0.2 n.n. 8.38
0-3 7.9 -773 0.1 >0.7 4.8 22.5 11.2 2.0 21.0 <0,35

The data were based on two replicates, the standard deviations were always less than 10% of the mean.
nn Not detectable; nd not determined

*>Means N <0.1 g kg™
®Sampled 1 m beside the soil profile

377.8 nmol ml™' day ') were detected in the pond at the
Shrimp 2 site. Although methane concentrations were in the
same range as in the subsoil of Balandra 1.1, production
rates were distinctly higher. Intensive methane production
was accompanied by perceptible methane flux (911.5 ug
m * h™"). The feeder channel at Shrimp 1 and at the outlet
of Shrimp 3 had methane emission rate of 2.3 and 16.9 ug
m 2 h™!, respectively, but concentrations (<10 uM) and rate
of production was low (<10 nmol ml™" day™).

The highest methane contents (147.5 uM) were found in
the mangrove (Bay La Paz) affected by wastewater
(Table 2). Simultaneously, very high methane production
rates (up to 4,155.5 nmol ml™' day ') were measured.

Effect of application and inhibition of methane
on development of black mangrove seedlings

Over 95% of all propagules germinated when sown in
mangrove soils; however, seedlings in impaired mangrove
soils were smaller than in pristine soils. Application of high
doses of methane to pristine soil stopped development in
seedlings by 56% of the germinating propagules, and the
seedlings that continued to develop were significantly
smaller than the control plants. Application of moderate
doses of methane to both pristine and impaired soils has
smaller but significant inhibition of seedling development;
the effect was more pronounced in impaired soil. Applica-
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Table 2 Methane concentration, methane production rates, and methane emission from pristine mangrove soils at Balandra (Balandra 1.1-4) and

from impaired mangrove soils impacted by aquaculture (Shrimp 1-3), road construction (Playa Tesoro), and sewage (Bay La Paz)

Site Depth (cm) CH,4 Concentration (M) CH,4 Production Rates (nmol CHyml ! dayfl) CH4 Flux (pg CHy;m2hh
Average SEM N tl SEM N t2 SEM N  Average SEM N
Balandra 1.1 0-27 0.68 1.0 3 8.91 3.0 3 13.61 19.3 3 0.00 0.0 3
2740 36.06 21.9 3 64.06 18.3 3 0.00 0.0 3
>40 77.67 9.0 3 102.03 1.3 3 0.00 0.0 3
Balandra 1.2* 0-7 2.83 1.2 3 1.63 1.7 3 1.08 1.0 3 0.00 0.0 2
7-21 3.02 0.8 3 3.22 3.5 3 0.18 0.3 3
>85 4.38 1.2 3 1.75 2.5 3 1.18 1.7 3
Balandra 2.1  0-10 0.33 0.5 3 1.79 2.5 3 7.81 2.7 3 0.00 0.0 3
10-50 2.63 0.4 3 342 2.9 3 0.92 1.3 3
Balandra 2.2 0-40 5.71 43 3 0.60 0.8 3 0.42 0.3 3 0.00 0.0 2
40-65 5.78 0.2 2 0.61 0.9 3 0.61 0.5 3
65-105 1.27 1.8 3 0.66 0.9 3 0.60 0.4 3
>105 4.43 4.2 3 2.28 1.6 3 0.00 0.0 3
Balandra 2.3 0-13 0.00 0.0 2 0.00 0.0 3 0.32 0.5 3 0.00 0.0 2
13-46 0.00 0.0 3 0.00 0.0 3 0.70 1.0 3
46-70 1.56 2.2 3 0.76 1.1 3 0.00 0.0 3
>70 0.00 0.0 3 0.52 0.7 3 0.00 0.0 3
Balandra 3 0-28 5.93 1.6 3 19.18 9.4 3 39.04 36.8 3 19.15 19.1 2
>28 15.40 3.6 3 19.69 3.9 3 0.00 0.0 3
Balandra 4 0-15 3.25 0.0 3 14.80 7.0 3 39.56 17.9 3 0.00 n.d. 1
Shrimp 1 0-10 1.57 1.2 3 9.63 1.2 3 1.92 1.7 3 2.28 32 3
>10 1.58 22 3 7.79 5.0 3 3.60 2.9 3
Shrimp 2° 0-5 28.88 4.1 3 377.81 69.3 3 41.17 43.0 3 911.47 939.5 3
5-20 13.50 8.4 3 157.23 59.8 3 29.20 21.1 3
0-5 79.11 18.9 3 160.06 29.0 3 104.04 31.9 3
Shrimp 3 0-20 9.67 34 3 11.79 3.7 3 0.00 0.0 3 16.89 6.6 3
>20 9.13 1.5 3 9.90 2.7 3 1.62 2.3 3
Playa Tesoro  0-0,5 14.90 12.2 3 22.42 243 3 0.48 0.5 3 0.00 0.0 3
0,5-5 7.16 1.9 3 38.12 18.4 3 41.77 52.6 3
7-25 0.00 0.0 3 14.55 22 3 10.34 12.3 3
>25 0.00 0.0 3 0.64 0.9 3 2.00 2.1 3
Bay La Paz +3 147.52 47.0 3 4155.50 5478 3 2117.55 879.6 3  nd. n.d. n.d.
0-3 22.27 6.4 3 126.77 58.4 3 13.04 13.0 3

#Sampled 1 m beside the soil profile
t] Measurement 24 h after starting; ¢2 measurement 24 h after t1; SEM standard error of the mean; n.d. not determined

tion of sulfate, an inhibitor of methane production, to both
kinds of soil yielded seedlings comparable to those growing
under pristine mangrove conditions. Complementation
treatment (addition of exogenous methane to soils incapable
of producing methane) led to inhibition of plant develop-
ment. Seedlings grew slightly better under sealed atmo-
sphere conditions than controls growing in the open, but the
difference was not statistically significant (Table 3).

Discussion
Worldwide, mangroves are challenged by human activities
(Moreno-Casasola 2000; Holguin et al. 2006) and natural

disasters, especially tropical storms. Damaged mangroves
need restoration for general ecological and economic activ-
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ities, including serving as nurseries for young marine animals
and fish and timber production (Kakuma 2000; Holguin et al.
2001). In the wet tropics, this has been left to nature or to
simple reforestation techniques (Chen et al. 2000; Ida 2000).
In the arid subtropics, damaged mangroves are very slow to
recover on their own (Cintron et al. 1978; Toledo et al. 2001).
Two plausible reasons explain this difference: higher salinity
from intense evaporation under cloudless skies and lack of a
fresh water supply (Gonzalez-Acosta et al. 2006) and high
temperatures that desiccate the unsettled propagules (McMillan
1971). Although mangrove plants grow in seawater, mangrove
seedlings develop more slowly as salinity increases (Clarke
and Hannon 1970; Downton 1982; Naidoo 1987; Patterson
et al. 1993; Parida et al. 2004).

Independent of climate, natural pristine coastal wetlands,
mangroves included, are regarded as minor contributors to
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Table 3 The effect on growth of seedlings of black mangroves of exogenous and indigenous methane and a methane inhibitor in a closed

environment

Type of soil and methane treatment

Plant parameter

Height (cm)

Methane in soil grown in sealed
compartment (M)

Dry weight (g)

Pristine (control) 153+0.5d
Impaired (control) 13.5£04 b
Pristine+high methane 10.4+0.3 a*
Pristine+moderate methane 14.6+0.6 ¢
Impaired+ moderate methane 12.7+ 04 b
Pristine+sulfate 15.8+£0.5d
Impaired+sulfate 147+ 03 ¢
Pristine+sulfate+methane 14.840.4 ¢
Impaired+sulfate +methane 144404 ¢
Pristine, growing in open container (control) 14.9+0.6 cd
Impaired, growing in open container (control) 13.1+£0.4 b

3.5+03 ¢ 8+3
24+0.2 ¢ 60=+5
1.4+0.1 a* 145+8
2.7+0.2 d 75+6
1.94+0.1 b 82+5
3.6£03 ¢ Trace
3.0+£0.2 de Trace
2.8+£0.2 d 7244
2.6£0.2 d 77+5
3.1£03 ¢ 5+3
2.2+0.2 be 58+6

Numbers denoted by a different letter in each column separately differ significantly at P<0.05 by ANOVA and Tukey’s post-hoc analysis.
Pristine Soil from Laguna Balandra station # 1; Impaired soil from the Ensenada de La Paz, site 4; high methane concentration applied=150 uM;
moderate methane concentration applied = 80 uM; sulfate=MgSO4*7H,0; 1.5 mM; + standard error

# Calculated only from propagules growing into seedlings

atmospheric methane on a global scale (Bartlett et al. 1985;
Giani et al. 1996a). This view is also supported by this
study. For example, low methane flux was found in a
Chinese mangrove (Lu et al. 1999), and methane was not
detected in a Thailand mangrove forest (Alongi et al. 2001)
or in a Vietnamese mangrove plantation (Alongi et al.
2000). This can be explained because methanogenesis is
limited by the availability of appropriate substrates and low
redox potentials, <100 mV (Heyer 1990). Low redox
potentials, per se, do not automatically indicate increased
methanogenesis, as obvious in the case of topsoil at
Balandra 2.1. The limited substrate is the most important
reason for the minor contribution of marine coastal
environments to the global methane budget (Giani et al.
1996b). Sulfate reducers and methane producers compete
for the same substrates, but the former have a competition
advantage (Heyer 1990). At sulfate concentrations >1 mM
(King 1984) or >0.5 mM (Watson and Nedwell 1998),
methanogenesis is inhibited. High sulfate concentrations
and high SO4/CI ratios in Balandra soils and high sulfate
contents in soils of other mangroves (Alongi et al. 2000;
Purvaja and Ramesh 2000, 2001) indicate restricted
methanogenesis in pristine mangrove soils, in principle.
Despite these findings, reasonable methanogenesis was
reported in a pristine mangrove in India (Purvaja and
Ramesh 2000, 2001; Mukhopadhyay et al. 2001, 2002),
indicating that intact mangroves may become a methane
source. Soil turnover generated by a crab (U. vocator),
often found in subtropical mangrove soils (Giani et al.
1996b), significantly enhances soil aeration (Lee 1998),
which enhances the oxidation potential for methane.

Methane production in anaerobic, coastal soils is
generally negligible (Giani et al. 1996a) because sulfate-
reducing bacteria and methane-producing bacteria compete
for the same substrates (H,/CO,, acetate-competitive sub-
strates), but as a consequence of a stronger affinity to the
substrates, sulfate reducers are better competitors. However,
this negligible amount of methane dynamics will increase if
there is abundant competitive substrates (Holmer and
Kristensen 1994) or after sulfate-depletion (Tyler 1991).
These conditions are common in areas disturbed by human
activities. For example, organic-rich sediments from a
salmon farm, amended with fish pellets, showed high
methane production resulting from abundant competitive
substrates (Holmer and Kristensen 1994). This probably
accounts for the intense methane production in the soils at
the shrimp aquaculture facility. Production of methane was
greatest at the site affected by sewage.

Methane is not specifically a toxic substance for plants.
The most common plant that grows under constant methane
emission is rice in flooded fields (Aselmann and Crutzen
1989). Rice transports a large quantity of methane through
the plant system without any negative effect on growth in
the field (Cicerone and Shetter 1981). However, under
closed chamber conditions, similar to those tested in this
study, which is a common procedure for testing effects of
gasses on plant growth, higher concentrations of methane
significantly reduced the yield of rice plants (Yu et al.
2006). Finally, young rice seedlings are usually grown in
nurseries, where methane is not emitted from the soils.
Only later, as the young plants are transplanted to the
paddies that emit methane. Although mangrove ecosystems
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have a potential to produce and emit methane, undisturbed
tropical and arid subtropical mangrove soils usually do not
emit methane (Tyler 1991), as also confirmed in this study.
Yet, mature, arid subtropical mangrove trees survive for
years in impaired areas that produce methane (this study).
Similarly, mature, wet tropical mangroves (Purvaja and
Ramesh 2000; Verma et al. 1999; Mukhopadhyay et al.
2001) survive, and a negative effect on tree growth, if there
is any, has not been reported so far. In contrast to
transplanted rice, mangrove seedlings in arid subtropical
areas are established from floating propagules that settle on
mudflats that, if disturbed and producing methane, nega-
tively impact very early plant growth. Our results show that
more than half of the propagules did not continue
development into seedlings, and those that did develop
had slower growth. It is unknown if this inhibition of
growth is permanent or transient or what physiological
mechanism(s) are involved. A plausible explanation for the
positive effect of sulfate on growth of seedlings is that
adding sulfate reduces methane production in the soil, not
necessarily reducing methane emission to the atmosphere,
as demonstrated in this study; only traces of methane were
found in the soil amended with sulfate. Because the very
early development of propagules is in the soil, they perhaps
benefited from the reduction of methane in their microen-
vironment. On a regional comparison, black mangrove
communities in arid subtropical regions are far smaller in
height and general development than the same species
growing in wet tropical areas, such as the southern USA
and Hainan Island off southern China (Spalding et al. 1997,
Baowen L, Research Institute of Tropical Forestry, China,
personal communication).

In summary, this study showed that pristine or undis-
turbed arid subtropical mangrove soils release only minor
amounts of methane, similar to wet tropical mangroves, but
they are very close to turning into a methane source. In
many cases, human disturbances of mangrove soils,
predominantly caused by enrichment of organic matter,
may lead to increased methane production. Increased
methane production in these soils has a negative impact
on the initial development of propagules.
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