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ABSTRACT: Tropical- and subtropical-storm surges combined with sea
level rise cause saltwater intrusions into low-lying coastal ecosystems along
the southeastern coast of the United States, gradually converting
freshwater forested wetland into saltmarsh. The transition zone between
freshwater and saltwater ecosystems becomes a degraded forested wetland,
where the combination of high levels of soil organic matter and elevated
concentrations of halide ions creates a dynamic biogeochemical
environment that may be a potential hotspot for halocarbon formation
such as chloroform, methyl chloride, and methyl bromide. This study
conducted field measurements at a transition zone in coastal South
Carolina to quantify halocarbon exchange rates and laboratory soil
incubations to determine the contributions of biotic versus abiotic
processes. The degraded forested wetland showed significant chloroform
emission rates (146 + 129 nmol m™> d™"). The degraded forested wetland
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remained a net sink for methyl chloride and a negligible source/sink for methyl bromide, unlike the saltmarsh which was a
significant source for both. The laboratory incubations strongly suggest that methyl halide consumption in soils at the field site
was biotic and that production of methyl halides and chloroform was largely abiotic and temperature-dependent, although
additional experiments are required to rule out possible biotic production involving heat-resistant microbes. The results suggest
that sea level rise and more frequent storm surges derived from global climate change, in the long term, may increase emissions
of chloroform from coastal degraded forested wetlands and of methyl halides if salt marshes expand, with potential impacts for

stratospheric ozone depletion.
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1. INTRODUCTION

In the lower stratosphere, the photolysis of halocarbons from
both anthropogenic and natural sources releases free chlorine
and bromine radicals, catalyzing stratospheric ozone depletion.
Following the Montreal Protocol in the 1980s, anthropogenic
production and use of long-lived ozone-depleting substances
(ODSs) have been regulated, and hence since 1997,
atmospheric concentrations of these halocarbons have been
declining.F3 However, noncontrolled halocarbon emissions
and emission variations associated with land use chamge,4
biomass burning,5’6 seawater warming,7’8 and sea level rise’
could offset some of the reductions achieved by regulatory
efforts, highlighting the importance of further exploration of
natural sources of ODSs.

Among the natural emitted halocarbons, methyl chloride
(CH,Cl), chloroform (CHCLy), and methyl bromide (CH,Br)
are believed to be the first and second largest natural carrier of
reactive chlorine'”'" and the largest natural carrier of reactive
bromine,'” respectively. However, the known sources presently
cannot balance the reported sinks for methyl halides,” which
suggests that either currently identified sources are under-
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estimated or significant sources are missing. There is also a
discrepancy between identified sources and sinks for CHCl;,
with sources exceeding sinks by 150—170 Gg each year.'”'* In
order to close the gap in the global budgets of methyl halides
and CHCIl;, a better mechanistic understanding of natural
halogenation reactions and their contribution to the global
budgets is needed. In particular, the contribution of abiotic and
biotic reaction pathways to the overall halocarbon formations
is still a matter of debate.”~"”

Soils are the second largest natural source for CHCIl; after
the ocean,"”'* and the second largest sink for methyl halides
after the reaction with hydroxyl radical (*"OH).” Most studies
suggest that CHCI; formation in soils is mediated by
haloperoxidases that oxidize halide ions with H,O,, but there
is also evidence of abiotic CHCl, formation in soils,”” which
involves Fenton-like reaction conditions (iron(III) and hydro-
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Figure 1. Location of the field site in Northern Inlet-Winyah Bay National Estuarine Research Reserve, South Carolina, U.S.A. The expanded
image (Google) shows Winyah Bay and the adjacent Atlantic Ocean with bathymetry. Longitude and latitude coordinates (deg) are labeled.

gen peroxide), elevated halide content, and soil organic matter
with resorcin-like dihydroxylated compounds.'® The biotic
pathway of methyl halide formation involves SAM (S-
adenosyl-methionine)-dependent methyl transferases that are
found widely in plants,'”*' = especially those in the Subclass
Dilleniidae.”*** The abiotic formation of methyl halides within
soils is believed to be related to Fenton-like reactions with
organic matter and halide ions, although different from the
mechanisms outlined for chloroform above."> The abiotic
Fenton-like halogenation reactions are also believed to be
responsible for sediment organohalogen formation."” Thus,
elevated halide content and soil organic matter content can
stimulate both the biotic and abiotic pathways of halocarbon
production.

Coastal wetlands in southeastern United States that undergo
storm-induced seawater intrusion (storm surges) and sea level
rise may potentially be hotspots of both CHCl; and methyl
halide production due to their soil biogeochemical properties.
Large areas (over 2000 km?*) of low-lying coastal tidal wetlands
in the southeastern United States, from Texas to North
Carolina, have been slowly inundated with saltwater and will
be converted from freshwater forested wetland to degraded
forested wetland and ultimately to saltmarsh.””* These
degraded forested wetlands, with large amounts of organic
matter from fallen branches and leaves and additional halogen
input from seawater intrusion, have a significantly different
biogeochemical environment in comparison to the adjacent
ecosystems. The interaction of halogens with organic-rich
sediments can result in the formation of organohalogens,m’32
thus making the degraded forested wetland potentially a
hotspot for halocarbon emissions. However, only one set (n =
4) of chloroform fluxes from this degraded ecosystem have
been reported thus far, and the fluxes were on average higher
than the bracketing freshwater wetland and saltmarsh
ecosystems, an observation that was also consistent with soil
core incubations from these same ecosystems.” However, the
fluxes were also highly variable, leading to questions about the
magnitude of annual emissions and the environmental factors
controlling these emissions. CH;Cl and CH;Br fluxes were also
measured,” but not yet reported, in the degraded forested
wetland, the freshwater wetland, and the saltmarsh ecosystems,
providing a basis of comparison for the present study.

In order to evaluate the ozone-depleting impact of the
gradual turnover from freshwater forest to saltmarsh over the
long-term, and to assess the regional or global implications of
the observed biogeochemical transition in coastal ecosystem
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soils, this study conducted both field and laboratory
incubations to quantify spatially and temporally resolved fluxes
of CHCl;, CH;Cl, and CH,Br. Certain environmental (e.g.,
temperature, insolation) and biological (e.g.,, growth cycle of
plants, litterfall) controls on fluxes show distinct seasonal
cycles, while other potential controls (e.g., flooding, soil
salinity, buried soil organic matter) may not. Hence, the
seasonality of field-based flux measurements can reveal the
relative importance of different biochemical factors and abiotic
controls. Furthermore, the production and consumption
mechanisms of halocarbons were tested in laboratory soil
incubations by manipulating temperature regimes and
conducting heat-sterilization on sampled soil cores.

2. EXPERIMENTAL SECTION

2.1. Site Description. Winyah Bay (33°32'N, 79°25'W), a
National Estuarine Research Reserve, is located in South
Carolina on the southeastern coast of the United States and
next to the Atlantic Ocean (Figure 1). The upland freshwater
forested wetland is dominated by bald cypress (Taxodium
distictum) and swamp tupelo (Nyssa sylvatica var. biflora).*>**
The coastal wetlands are subject to seawater intrusion due to
tropical storm-derived tidal surges in the short term and sea
level rise in the long term. The increasing soil salinity has
converted coastal freshwater forests to degraded forested
wetlands and will eventually convert them to salt
marshes.””*>** Forest dieback due to the increasing soil
salinity has partially opened the canopy, leaving more ground
area exposed to sunlight. The fallen leaves and branches have
led to relatively high organic matter content and surged
seawater has increased soil salinity.

The Winyah Bay region has a humid subtropical climate,
with hot summers (average temperature 32 °C) and mild
winters (average temperature 15 °C). Thunderstorms due to
hot and humid conditions, together with tropical cyclones or
hurricanes, contribute to the annual precipitation of 1427 mm
in 2016 (National Weather Service, 2017). In October 2016,
Hurricane Matthew traversed the field site and dropped
precipitation of up to about 800 mm over a three-day period,
submerging the wetland thoroughly for about 2 weeks.
Following this flooding period, water levels dropped to
subsurface levels in November, exposing the soil to ambient
air again.

2.2. In Situ Gas Collections and Measurements. Static
Chamber Description. In situ static chamber measurements
were conducted at a freshwater forested wetland (n = 4),
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degraded forested wetland (n = 4) and saltmarsh (n = 4) along
a salinity gradient (0.1, 2, and 7 %o, respectively) on 14—17
May 2012; the freshwater forested wetland and saltmarsh were
inundated, and the degraded forested wetland had saturated
soil.” Subsequently, bimonthly field flux measurements were
conducted from January to December 2016 within the
degraded forested wetlands. Three replicate sampling sites
(within 10 m of each other) were chosen for static chamber
measurements in the degraded transition zone undisturbed by
human activities. To reduce the potential disturbance to the
soils and the microenvironment, open-ended aluminum bases
(L X W X H: 52 cm X 52 cm X 15 cm) were inserted into the
soil at a depth of about 10 cm in December 2015, one month
prior to the first sampling. Fallen and decomposing leaves and
branches were enclosed in the chamber footprint.

To conduct the static chamber measurement, an opaque
aluminum chamber lid (L X W X H: 53 cm X 53 cm X 45 cm)
was placed on top of the previously situated base, which had a
2 cm deep channel filled with deionized water surrounding its
lip, to create an airtight seal between base and lid. Two electric
fans were mounted inside the chamber to mix the air during
the enclosure time period. In four out of the six outings, a
transparent chamber lid (same dimensions as the aluminum
lid) made of polycarbonate was used to explore the influence
of irradiation. To keep temperatures within the chambers
stable, the opaque chamber was covered by thermal reflective
insulation during sampling while the transparent chamber was
actively cooled by pumping water through an aluminum tube
(length 13 m, diameter 1 cm) inside the chamber. Chamber air
temperatures were recorded every minute with iButton
temperature data loggers (Embedded Data Systems, Lawren-
ceburg, KY); internal temperatures were stable within two
degrees Celsius. Blank static chamber measurements using a
mirror-polished aluminum sheet with Viton gasket as the base
were carried out previously to ensure that the chamber
material had no potential contamination in terms of
halocarbons.*

Sample Collection. Starting from the fifth minute after
chamber enclosure, air samples were taken three times at
intervals of 15 min into pre-evacuated canisters (1 L, electro-
polished stainless steel, LabCommerce, Inc., San Jose, CA) for
halocarbon analysis and GC headspace vials (10 mL, glass) for
the greenhouse gases (CO,, CH,) analysis, respectively. When
taking the air samples, a stainless steel vent tube was opened to
ambient air to maintain pressure equilibrium and avoid
drawing air from the soil pore space.

Sample Measurements. Each gas sample was measured at
least twice for halocarbons and greenhouse-gas concentrations.
For halocarbon (CHCl;, CH;Cl and CH;Br) analysis, samples
were preconcentrated with cryo-trap and then analyzed by gas
chromatography coupled with a mass spectrometer (GC/MS;
Agilent 6890N/5973, Agilent Technologies, Santa Clara,
CA).”” Calibration curves were constructed before and after
each batch of samples with a natural air standard collected at
Trinidad Head, CA, which was calibrated at the Scripps
Institution of Oceanography, University of California at San
Diego. For CO, and CH, analyses, samples were analyzed as
duplicates using a Shimadzu GC2014 greenhouse-gas analyzer
coupled with three detectors: ECD/FID/TCD. Certified
greenhouse-gas standard mixtures (Air Liquide LLC., Houston,
TX) were used for calibration of CO, and CH,. The
concentrations were reported in parts per million (ppm) for
greenhouse gases and parts per trillion (ppt) for halocarbons.
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Flux Calculation. Positive fluxes (emissions) were calcu-
lated on the basis of the slope derived from the best linear fit
between the corresponding gas concentrations and enclosure
time. When negative fluxes (uptakes) were observed, a first-
order consumption rate (k) was calculated and then
normalized to Northern Hemisphere background air concen-
trations (7.53 ppt, 542.2 ppt, 6.95 ppt for CHCl;, CH,Cl, and
CH,Br respectively as of 2012°). Fluxes were reported as the
change of the number of moles of gas per unit area and per
unit time (moles m™ d™'). Flux errors were derived from the
propagation of the 90% confidence interval of the slope and in
the number of moles of air within the chambers. The paired-t-
test (type I error rate at 5% level) was applied to detect
statistically significant differences between fluxes measured
with opaque and transparent chambers.

Soil Property Measurements. Surface soil (0—5 cm)
samples were collected using a small spade and transported
to the laboratory for further analysis. Dissolved organic carbon
(DOC) and total dissolved nitrogen (TDN) of soil extracts
were analyzed with at least two replicate extracts from each
site. The soil extract was prepared and analyzed according to
Emmerich et al®® and Ruecker et al.’’ Gravimetric soil
moisture (gp1,0/Zeoil wet wi.) Was measured by water loss after

oven-drying subsamples (50 g, fresh weight) at 105 °C
overnight (except for January and December). Soil temper-
atures (at ~3 cm depth) were recorded with iButton
temperature data loggers (Embedded Data Systems, Lawren-
ceburg, KY). Soil pH measured previously in this ecosystem
was 7.0.

2.3. Laboratory Soil Core Incubations. Soil Collection
and Incubation. Intact soil cores (n = 10, depth: 5.0 cm,
diameter: 4.5 cm) from the degraded forested wetland were
collected on July 28 and 29, 2016 using a slide hammer (AMS,
Inc., American Falls, ID) and stored at 5 °C until the start of
experiments. Soil cores inside a sheath and base (stainless steel
or aluminum) were placed in 1.9 L Mason jars for incubations.
The jar was initially sealed and 50—100 mL of headspace was
withdrawn to remove accumulated gas within the soil pores.
Then the jars were opened and flushed with ambient air for
approximately 30 s prior to sealing again with a Viton O-ring
and a stainless steel lid to start the actual incubation. A short
length of stainless steel tubing was used both as a sampling
volume and as the conduit between the jar and the
preconcentration system of the GC/MS. Approximately 15
mL of air sample was drawn from the jar headspace every 40
min for three times, starting at 1 min after sealing. The gas
fluxes were calculated on the basis of the change of the number
of moles of gas species per unit time and per unit exposed soil
core surface area (15.9 cm?), reported in units of moles m™
d™!. After the first incubation, a standard was measured.
Meanwhile, the jar was opened and flushed with ambient air.
The soil cores were then measured a second time within an
hour of the first incubation.

Temperature-Controlled Incubation. The same batch of
soil cores were incubated at different temperatures, ranging
from S to 40 °C, at steps of S °C. To simulate different
temperatures, Mason jars were situated in a temperature
controlled water/ethylene glycol bath (Model 1180S, VWR
International, West Chester, PA). At each temperature, the jars
were sealed first and then placed in the bath for at least 12 h in
order to reach an equilibrium temperature with the
surrounding liquid bath. Water loss in between runs was
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Figure 2. Bimonthly fluxes in 2016 from the degraded forested wetland (a) chloroform (CHCL;), (b) methyl chloride (CH;Cl), (c) methyl
bromide (CH;Br), (d) carbon dioxide (CO,), (e) methane (CH,), and (f) annual air/soil temperatures. Inset bar plot of fluxes in May 2012, of
() chloroform (CHCL;),” (b’) methyl chloride (CH;CI), (¢’) methyl bromide (CH;Br) from freshwater forested wetland (F), degraded forested
wetland (D), and saltmarsh (S) along a salinity gradient. “No Data” indicates the corresponding measurement was not taken. Height of the bars
represent the averaged values of measured fluxes among replicates (n = 3 for a)b,c,d and e; n = 2 for f ; n = 4 for @, b’, and ), and error bars

represent the standard deviations of measured fluxes among replicates.

assumed to be negligible. Prior to each incubation, the jar was
flushed with ambient air for 30 s, and gas fluxes were quantified
as described above.

Thermal Sterilization. To distinguish between abiotic and
biotic contributions to halocarbon emissions, aluminum-foil-
covered soil cores were thermally sterilized at 150 °C at
atmospheric pressure for 2 h to destroy the enzymes and stop
microbial activity in the soil.">* The soils were not heated to
complete dryness and deionized water was added to the soil to
account for water loss during the thermal sterilization process.
Approximately 12 h later, the sterilized soil cores were
incubated for flux measurements as described above, along
the same temperature gradient (range: S to 40 °C with steps of
S °C). Paired-t-test (type I error rate at 5% level) was applied
on flux comparisons between soil cores before and after
thermal treatments.

Arrhenjus Formula. The effect of temperature on
halocarbon production was explored by fitting measured fluxes
from the temperature-controlled incubations with the Ar-
rhenius equation. The Arrhenius formula, proposed by Svante
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Arrhenius in 1889, is usually used for the temperature

dependence of reaction rates:

(1)

k= AcB/AT

where A is the frequency factor or pre-exponential factor, T is
the soil temperature in Kelvin, k is the reaction rate constant
(here k represents trace gas fluxes in nmol m™> d™'), E, is the
activation energy for the reaction (J mol™'), and R is the
universal gas constant (8.314 ] mol™' K™'). The linear
relationship between temperature and reaction rate constant
is shown by rearranging the Arrhenius equation as follows:

E 1
In(k) = - == + In(A
&) R T ) @)
With the temperature gradient incubations of the soil cores
(range: S to 40 °C with steps of 5 °C), the logarithmic value of
chloroform fluxes was plotted against the inverse of temper-

ature (in Kelvin).
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Table 1. Temperatures and Soil Chemical Properties at the Field Sampling Sites (n = 3)“

date air temp (°C) soil temp (°C) soil moist. (H,O wt/wet wt, %) DOC (mg/L) TDN (mg/L)
01/27/2016 132 +£ 2.7 113 + 2.7 * * *
03/24/2016 20.8 + 2.6 15.0 + 0.7 257 £ 5.2 * *
05/26/2016 27.5 + 1.2 20.5 + 0.2 140 + 1.1 11.8 0.5
07/28/2016 31.8 + 2.6 258 + 4.8 7.5 +£2.8 11.6 1.1
09/26/2016 254 + 1.8 24.6 + 0.7 50.5 + 3.2 14.4 0.8
12/05/2016 13.7 £ 12 114 + 1.0 * 16.6 1.8

“Symbol (*) indicates that the corresponding measurement was not taken.

Table 2. Chloroform (CHCIl;) Fluxes from Coastal Ecosystems (Freshwater Forested Wetland, Degraded Forested Wetland
and Salt Marsh) along a Salinity Gradient in South Carolina

CHCl, flux (nmol m™* d™")

study note freshwater forested wetland degraded forested wetland salt marsh
Wang et al. (2016)° one-time measurement 719 + 33.4 209 + 183 9.7 + 3.9
this study annual mean - 146 + 129
maximum -- S11 £ 19 -
3. RESULTS 3.1.3. Methyl Bromide (CH3Br). In contrast to CHCl; which
3.1. Seasonal Variabilities of Halocarbons (CHCl,, showed only emissions and to CH;Cl which primarily showed
CH,Cl, and CH;Br) Fluxes from Degraded Forested uptake, no significant exchange rate was observed for CH;Br

Wetland. 3.7.7. Chloroform (CHCls). The degraded forested from the degraded forested wetland (Figu.re 2c). B'inllonthly
wetland was consistently a net source for CHCly over the m.easured net fluxes ﬂu.ctuated between slightly P(_)glt“_’f and
period of measurement, with an overall annual mean net flux of slightly nggatllv e values in the range of —6 nmol m™ d™" to 4
146 + 129 nmol m™> d™" and a full range of 12—511 nmol m™> nmol m™ d™ with an annual mean flux of 3.1 + 2.6 nmol
d~! (Figure 2a). These fluxes showed large temporal variability, m~2 d™". The temporal variability also did not follow soi’l or air
with the highest fluxes observed in December 2016 (427 + 95 temperature trends. In the 2012 study (Figure 2c’), the
nmol m~> d~!) and the lowest fluxes observed in January 2016 degraded forested wetland also showed negligible fluxes (0.3 +

(44 + 7 nmol m™ d™!). The three study sites also showed 0.8 nmol m™> gl_l)i whereas the saltmarsh was a source (28.6 +
10.2 nmol m™> d™') and freshwater forested wetland a modest

large spatial variability, illustrated by the standard deviations.
sink (—3.1 &+ 3.2 nmol m™2 d™').

However, spatial variability was significantly smaller than

variability over time (two-way analysis of variance at p = 0.05). 3.1.4. Methane (CH,) and Carbon Dioxide (CO,). The
Variations in the seasonal CHCl; pattern did not resemble the degraded forested wetland soil was a net source for both CO,
seasonal variations of air or soil temperature, suggesting that and CH4'2 Thle annual CO, emission rates were 267 + 157
temperature was not the major controlling factor for CHCl; mmol m™ d”" and the annual CH, emission rates were 5.3 +
emissions between the sites. Differences between the opaque 4.2 mmol m™ d™' (Figure 2d,e). The annual emission patterns
and the transparent chamber were found to be statistically not of both CO, and CH, followed the seasonal pattern in
significant (paired-t-test). Environmental parameters other ambient/soil temperatures, which suggested that the produc-
than temperature, solar radiation, and soil moisture were not tion of CO, and CH, were primarily mediated by temperature-
concurrently monitored and are excluded from the discussion. dependent microbial activity (Tables 1 and 2).
Average CHCI; fluxes from 2016 accounted for 69.9% of those 3.2. Lab Soil Incubations for Halocarbons (CHCI;,
measured in May 2012, but the range of fluxes from both CH3Cl, and CH;Br) Fluxes. 3.2.1. Soil Laboratory
studies were comparable.” Incubation Fluxes in Comparison to Field Measurements.
3.1.2. Methyl Chloride (CH;Cl). The degraded forested The laboratory soil core incubation results yielded similar
wetland was a net sink for CH,Cl (Figure 2b). Negative fluxes results to the field measurements from July, when the soil cores
were observed at nearly all sampling spots in 2016, with an were collected. Both soil incubations and field measurements
annual mean net flux of =90 + 61 nmol m™> d~" and a range of demonstrated that the degraded forested wetland soils emitted
—293—41 nmol m™> d~'. Large temporal variability was a significant amount of CHCl;. The soil cores incubated at
observed, with the largest uptake rate of CH;Cl in December room temperature (T = 21.5 °C, n = 8) revealed a mean flux of
with —204 + 86 nmol m™2 d'. In January, the soil showed 39 + 17 nmol m™2 d™}, which was lower than but of the same
negligible average CH,Cl fluxes (6 + 34 nmol m™ d™"). The magnitude as the field measurements in July (opaque and
bimonthly fluxes of CH;Cl were also highly variable over time transparent chambers averaged, 78 + 18 nmol m™> d™"). Soil
and did not follow the annual temperature pattern. No core incubations also showed the same magnitude and
statistically significant difference (paired-t-test) was observed direction of CH,ClI exchange rate (—61 + 34 nmol m™> d™")
between CH;Cl fluxes measured with the opaque chamber and and CH;Br fluxes (—2.2 + 0.8 nmol m > d™") as in the field in
the transparent chamber. In May 2012, the degraded forested July (CH,CI flux: —90 + 48 nmol m™2 d™, CH;Br flux: —2.2
wetland was a large net CH,Cl sink (—232 + 120 nmol m™ + 0.1 nmol m™ d7!, opaque and transparent chambers
d™"), in contrast to the small net uptake rates observed at the averaged).
freshwater forested wetland (—44 + 15 nmol m™* d™') and the 3.2.2. Soil Core Fluxes after Thermal Treatments. The
relatively large net emissions observed at the saltmarsh (258 + fluxes observed from the untreated room temperature soil
95 nmol m™* d™') (Figure 2b’). cores, described above, were compared with room temperature
959 DOI: 10.1021/acsearthspacechem.8b00044
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(T = 21.5 °C) flux measurements of the same soil cores
following thermal sterilization and restoration of soil moisture
levels. The thermal treatment was designed to stop enzymatic
and microbial activity during a short heating period that
limited the physical disturbance to the soil structure. Mean
CHCI, fluxes slightly increased from pretreament values of 39
+ 17 nmol m™2 d™! (n = 4, see above) to 47 + 41 nmol m™>
d™! (n = 2) post-treatment (Figure 3a). However, differences
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Figure 3. Plot of (a) chloroform (CHCL;), (b) methyl chloride
(CH4CI), and (c) methyl bromide (CH,Br) fluxes from soil cores
pre- (n = 4) and post-thermal treatment (n = 2). The incubations
were conducted at room temperature (22 °C). Values above the
dashed line at zero indicate a net source, whereas values below the
dashed line indicate a net sink. Error bars represent the standard
deviation of the replicates.

were statistically not significant (paired-t-test). In contrast,
after thermal treatment soils acted as sources of CH;Cl and
CH,;Br uniformly, whereas they acted as net sinks before heat
treatment. The methyl halide fluxes switched from pretreat-
ment net sinks (see above) to post-treatment sources of CH;Cl
(70 + 4 nmol m™2 d™") and CH,Br (2.3 + 0.4 nmol m~2 d™")
(Figure 3).

3.2.3. Temperature Gradient Incubations. CHCIl; fluxes
from both pre- and post-thermal treated soil cores increased
with incubation temperatures (Figure 4a). Arrhenius plots of
the natural log of CHCI; emission fluxes versus 1/T showed
similar slopes and correlations for the pretreated (R* = 0.96)
and post-thermal treated soil incubations (R* = 0.93, Figure
4d).
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Prethermal treated soil cores gradually switched from CH;Cl
sinks to sources as temperature increased: —180 to —240 nmol
m~2d!at 5—15 °C, =15 to —60 nmol m~% d™! at 20—25 °C,
50—130 nmol m™ d™" at 30~35 °C and 320 nmol m™ d™" at
40 °C (Figure 4b). For individual flux measurements, the
largest uptake of CH;Cl was observed at the lowest
temperature (—314 + 73 nmol m™> d™" at § °C), and the
largest emission was observed at the highest temperature (381
+ 110 nmol m™> d™" at 40 °C). However, post-thermal treated
soil cores became CH;Cl sources uniformly under all
temperatures. CH;Cl fluxes from post-thermal treated soil
cores also increased with incubation temperature and can be
represented by the Arrhenius equation (R* = 0.89, Figure 4e,
eq 2). Plotting the Arrhenius relation for methyl halides from
prethermal treated soil cores is not possible because of negative
methyl halide fluxes.

Soil core incubations revealed negligible CH;Br absorption
rates and emission rates before and after the thermal
treatments, respectively (Figure 4c), which is consistent with
the field results. Control soil cores were CH;Br sinks at any
temperature uniformly but switched to CH;Br sources after the
thermal treatment. The Arrhenius fit showed a linear trend
with a moderate R* value (R* = 0.405, Figure 4f).

4. DISCUSSION

4.1. Chloroform (CHCI;). 4.1.1. Comparison to Fluxes
from Other Ecosystems. Results suggest that the transitional
zone (degraded forested wetland) of coastal South Carolina
can be a significant source of CHCI; to the atmosphere. The
mean +1¢ annual CHCl; flux calculated from the bimonthly
measurements is 146 + 129 nmol m™ d™' from the field
chambers and 39 + 17 nmol m™ d7' from laboratory
incubations. These emission rates are slightly lower than but
comparable to the 209 + 183 nmol m™> d™' emissions
observed at this site on May 12—14, 2012.° Nevertheless, the
mean (146 nmol m™ d™') and the highest (511 nmol m™
d™") of observed net CHCl; emission rates in 2016 are larger
than or comparable to reported fluxes from other natural
significant CHCl; sources (Table 3), including tropical
rainforest,*' subtropical shrubland and saltmarsh,”** temperate
peatland,*’ temperate coniferous forest,"* temperate pasture,*’
temperate saltmarsh,** rice ﬁeld,41’46’45 boreal pine forest,*®
subarctic shrubland, wetland, bog, birch forest and coniferous
forest, and arctic tundra.'' Similar to most of these
ecosystems, CHCI; fluxes observed here show relatively high
spatial variability, despite the proximity of sampling sites and
visible homogeneity of enclosed soils. Given the experience at
other ecosystems,”? it is unlikely that these measurements
captured the full spatial variability of fluxes.

It is possible that increased availability of Cl™ associated with
storm surges contributes to the high CHCI; fluxes in the
degraded forested wetland, the spatial extent of which are
expected to increase with projected sea level rise. The May
2012 study’ also showed that CHCI; emissions in the
degraded forested wetland was greater than those in the
adjacent saltmarsh and freshwater forested wetland (Figure
2a,a’, Table 2), although the freshwater wetland was flooded at
that time. Demonstrating the enhancement of CHCI;
emissions from the salt-induced degradation of freshwater
forested wetlands will require a corresponding study in
unaltered freshwater forested wetlands. The consistently
smaller CHCl; emissions from saltmarsh sites both here as
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Figure 4. Bar plot of (a) chloroform (CHCl,), (b) methyl chloride (CH;Cl), and (c) methyl bromide (CH;Br) fluxes in laboratory soil incubations
(n = 4) at different temperatures. Arrhenius plots of production rates of (d) chloroform (CHCL;), (e) methyl chloride (CH,Cl), and (f) methyl
bromide (CH;Br) from incubated soil cores (n = 4) at different temperatures. k represents the emission rate of the corresponding halocarbons
(unit: nmol m™ d™'). Error bars represent the standard deviation of measured fluxes among replicates.

well as elsewhere**’ suggests that salt marshes are indeed

smaller sources of CHCl,.

4.1.2. Abiotic versus Biotic Mechanisms of CHCl,
Production. Both biotic and abiotic mechanisms that produce
CHCI; are known, and assessing which mode of production
dominates in the degraded forested wetland is necessary to
predict changes in future emissions. Regarding biotic
mechanisms, haloperoxidases are known to catalyze the
halogenation reaction among hydrogen peroxide, organic
matter, and halide ion (X: CI7, Br~, I") resulting in the
production of relevant intermediate compounds including
HOX or enzyme-bound intermediates, which then contribute
to the formation of haloform.”*™® Hoekstra et al.’” conducted
laboratory-based simulating reactions with humic acid,
chloride, and chloroperoxidase and also suggested that
chloroperoxidase-mediated chlorination of humic materials is
an environmentally significant process accounting for CHCl;
emissions from natural soils. Field measurements also showed
that wood-degrading areas and soils with a humic layer could
emit more CHCl, (maximum 201.0 nmol m~> d™") than areas
without humic layers.*®

However, the activity of chloroperoxidases, like most
enzymes, is inhibited at high temperatures. For example, the
activity of chloroperoxidase from the fungus Caldariomyces
fumago reaches 100% at 35 °C and drops to almost 0% after
incubation at 60 °C for 15 min.”” Another study showed that
chloroperoxidase from the same fungus retained only about
10% peroxidase activity after exposure at 50 °C for 6 h.”” Much
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higher thermostability (activity midpoint temperature of 90
°C) was observed from a different fungus chloroperoxidase (
Curvularia inaequalis), but its activity reduced to 0% at 100
°C.%" The loss of activity presumably represents the denaturing
of the enzyme. In the controlled incubations with soil cores
pre- and post-thermal treatment, no significant difference was
observed in terms of CHCI; fluxes (paired-t-test, n = 4).
Assuming that chloroperoxidase was destroyed during the
thermal treatment process (2 h at 150 °C), these results
suggest that abiotic production dominates the CHCI;
emissions at the field site. The linear Arrhenius relation with
high R* values over the whole temperature range is consistent
with a nonenzymatic process (Figure 4d), unless the dominant
chloroperoxidase has high thermostability. One caveat is that
the thermal treatment may decrease organic matter content in
soils and increase dissolved organic matter content in pore
water,”> which may change concentrations of available
reactants involved in the abiotic production of halocarbons.
The behavior of production in the degraded forested
wetland may differ from other forest soils. For example,
Danish spruce forest soil has peak CHCI; emissions in warm
and humid spring and autumn, thus suggesting that soil
microorganisms were responsible for the CHCI, production.*®
However, at our field sites, the peak CHCI; emissions were
observed in December, during the coldest period of the year
with relatively low CO, emission rates (Figure 2d). The
different phase of CO, and CHCIj; fluxes suggests that CHCl,
emissions do not correspond with the general activity of
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Table 3. Literature Summary of Chloroform (CHCL;) Emission Rates at Different Ecosystems

geographic CHCL, flux range (mean)”

zone ecosystem nmol m™ d™")
tropical rainforest soil (25)
tropical rice paddies (201)
subtropical  rice paddies 20-101
subtropical  agricultural soil (canola, 34-50

crops)

subtropical  shrubland —3-31 (6.6)
subtropical  salt marsh —1-83 (15)
subtropical ~ degraded forested wetland 12—-511 (146 + 129)
subtropical ~ degraded forested wetland” 20—-60 (39 + 17)
subtropical ~ degraded forested wetland (209 + 183)
subtropical  salt marsh (10 + 4)
subtropical freshwater forested wetland (72 + 33)
temperate rice paddies 0-300
temperate rice paddies 121885
temperate forest soil 25—435
temperate tussock grassland 9-965 (362 + 322)
temperate pasture 14—422 (241 + 221)
temperate eucalypt forest soil/litter 322-1005 (603 + 583)
temperate melaleuca forest soil/litter 32—191 (64 + 60)
temperate wetland (saltmarsh) 3-54 (15 +9)
temperate rain forest (fir, hemlock) —26—125
temperate peatland (coniferous forest) 25—4574 (3352)
temperate [eatland (bog) 2—652
temperate peatland soil (drained)” 3-3004 (258 + 288)
temperate coastal marsh 34—101 (78)
temperate inland marsh 117-262
temperate coniferous forest soil 3-402
temperate coniferous forest soil 8-538
subarctic coniferous forest soil 8-573
subarctic birch forest soil 2—-116
subarctic boreal pine forest 0—241 (20-160)
subarctic lichen-graminoid heath 3-27
subarctic bog 2-26
subarctic shrubland (birch/willow) 1-8
arctic sedge wetland 10—-105
arctic mossy tundra (293)
arctic tundra (dwarf-shrub) 3-35
arctic tundra 0—118 (36.1)
arctic tundra 1.3—258 (47.5)

location time of measurement ref
6 2°S 50°W 1987 (May) 41
~  23°09'N 113°21'E 1995 (Aug-Oct) 46
21 30°N 104°E 1985—1987 41
3 29°30'N 106°42'E 1988 (Apr) 41
41 32—-33°N 116—117°W  1997-2000 42
32 32°N 117°W 1997-2000 42
36 33°32/N 79°25'W 2016 (bimonthly) c
8 33°32'N 79°25'W 2016 (Jul) c
4 33°16'N 79°14'W 2012 (May) 9
4 33°16'N 79°14'W 2012 (May) 9
4 33°16'N 79°14'W 2012 (May) 9
12 38°06'N 121°39'W 2009 (life cycle) 47
- 40°30'N 116°24'E 1992—-1993 Oul-early Oct) 46
S6 38°S 146°W 1985 (Apr-Nov) 41
10 40°41’S 144°41'E 1999—2001 (quasi-annual) 45
10 40°41'S 144°41'E 1999-2001 (quasi—annual) 45
8 40°41'S 144°41'E 2000—2001 (quasi-annual) 45
10 40°41'S 144°41'E 2000—2001 (quasi-annual) 45
10 40°41'S 144°41'E 2000—2001 (quasi-annual) 45
12 49°52'N 125°20'W 2012 (May) 50
14 53°20'N 9°%49'W 1998 (Sep) 43
22 53°20'N 9°49'W 1998 (Sep) 43
36 38°06'N 121°39'W 2009-2010 (rnonthly) S1
26 53°19'N 9°54'W 1998 (Sep) 43
10 33°20'N 9°%49'W 1998 (Sep) 43
20 56°23'N 8°S7'E 2009 (Mar, Jun) 44
30  S6°02'N 12°04'E 2009 (Mar, Jun, Sep) 44
20  68°13'N 19°42'E 2012—2014 (spr, sum, aut) 49
20 68°13'N 18°49'E 2012—2014 (spr, sum, aut) 49
16  61°51'N 24°17'W 2005 (Apr, May, Jun) 48
10 61°11'N 45°22'W 2012—2014 (spr, sum, aut) 49
20  68°26'N 18°34'E 2012—2014 (spr, sum, aut) 49
18 61°09'N 45°21'W 2012—2014 (spr, sum, aut) 49
10 66°59'N 50°54'W 2012—2014 (spr, sum, aut) 49
2 68°N 50°W 1986 (Jul) 41
50  67°N S0°W 2012—2014 (spr, sum, aut) 49

69°N 53°W

16 68°N 149°W 2006 (Aug) 11
60 71°N 157°W 11

2005 (Jun., Aug.), 2006
(Jul.)

“Denotes soil core incubations, all the others are static chamber measurements. “When available, the standard deviation is reported. “Denotes this

study.

microorganisms or fungi, assuming that CO, is largely a
function of their respiration. Albers et al."* studied coniferous
forests soil and reached a similar conclusion that the general
microbial activity could not explain the CHCI; production
within soils.

Several abiotic CHCl; production mechanisms in soil have
been proposed. One abiotic mechanism is the decarboxylation
of trichloroacetic acid (CCL,COOH).®*”®" Trichloroacetic
acid in the soil could arise from multiple pathways, including
the oxidative biotransformation of trichloroethene (C,HCI,)
and tetrachloroethene (C,Cl,)*® and mainly anthropogenic use
of herbicide.”” The addition of trichloroacetic acid into spruce
forest soil leads to an increased release of CHCl;, suggesting
that trichloroacetic acid does contribute to the CHCI,
formation.”” However, the field site is located at remote
coastal forested area, far away from industrial pollution
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sources, and the CHCI; fluxes showed large temporal
variations, suggesting that decarboxylation alone is not likely
to explain the high CHCI; fluxes from soil.

Another possible abiotic mechanism for CHCl; production
involves the transformation of carbon tetrachloride (CCl,) in
iron(I1I)-reducing environments through mineral mediated or
sulfate-reducing reactions.”'~> The measured CCl, fluxes
were uniformly negligible (0.4 + 2.1 nmol m™> d™') and
showed no correlations to CHCIl; fluxes in this study,
suggesting that the pathway of CCl, transformation could
not account for the CHCI; production at the field sites. Huber
et al."®
Fenton-like reaction conditions (iron(III) and hydrogen
peroxide), elevated halide content, and an extended reaction
time could produce CHCI; through the degradation pathway
starting from resorcin-like dihydroxylated compounds. Breider

conducted laboratory incubations and concluded that
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Table 4. Literature Summary of Methyl Chloride (CH,Cl) Consumption Rates at Different Ecosystems

geographic CH;Cl consumption rate
zone ecosystem (nmol m™2'd™")*

tropical rainforest soil (129.5)

tropical rainforest soil (176.6)

subtropical ~ degraded forested —41-292 (90 + 61)
wetland

subtropical  degraded forested 25—131 (61 + 34)
wetland”

subtropical  shrubland (coastal) 6—250

subtropical  shrubland (chaparral) 46—430

subtropical  shrubland (desert) 4.4-133

temperate tussock grassland —87—-480 (144 = 161)

temperate  pasture 4-310 (144 + 119)

temperate eucalypt forest soil/litter —367-310 (51 + 184)

temperate melaleuca forest soil/ 37-480 (283 + 311)
litter

temperate wetland (saltmarsh) —215—10 (-85 + 90)

subarctic boreal forest soil (400 + 150)"”

arctic greenland mossy/gras 47-94

arctic coastal tundra (drained) (617 + 43)

arctic coastal tundra (moist) (483 + 77)

arctic coastal tundra (wet) (195 + 57)

arctic coastal tundra (flooded) (14 + 4)

n location time of measurement ref
8 2°S S0°W 1985 (Jul) 41
6 2°S 50°W 1987 (May) 41
36  33°16'N 79°14'W 2016 (bimonthly) c
8 33°16'N 79°14'W 2016 (Jul) ¢

10 32°52'N 117°15'W 1997 (Dec), 1998 (Mar, Jul), 2000 78

(May)
10 32°52'N 117°14'W 1998 (Apr), 2000 (May) 78
6 33°38'N 116°22'W 1998 (Jan), 2000 (Apr) 78
10 40°41'S 144°41'E 1999—2001 (quasi-annual) 45
10 40°41'S 144°41'E 1999—2001 (quasi-annual) 45
8 40°41'S 144°41'E 2000—2001 (quasi-annual) 45
10 40°41'S 144°41'E 2000-2001 (quasi-annual) 45
10 40°41'S 144°41'E 2000—2001 (quasi-annual) 45
6 60—64°N 147—150°W 2002 (Sep, Oct) 40
12 68°N S0°W 1986 (Jul) 41
9  7I°N 157°W 2005 (Jun, Aug) 37
8  71°N 157°W 2005 (Jun, Aug) 37
10 71°N 157°W 2005 (Jun, Aug) 37
12 71°N 157°W 2005 (Jun, Aug) 37

“Denotes soil core incubations, all the others are static chamber measurements. *The flux format is a range (mean or mean = standard deviation),
and it is the consumption rate (positive values represent absorption from the air, negative values represent emission from the soil). “Denotes this

study.

et al.”* also simulated CHCI; formation with pure chemicals
(phenol and propanone) in laboratory incubations. This
abiotic pathway could happen in soil with a typical pH range
of 4.5—7.5"° and could potentially explain the high CHCI,
emission features because the field site meets two of the
essential factors: high organic matter content and elevated soil
salinity.

In this study, the highest CHCI; flux was observed in
December, after the water level retreated back to subsurface
levels after Hurricane Matthew. Page et al.”® found that
reactive oxygen species, including hydroxyl radical (-OH),
intermediacy of hydrogen peroxide (H,0,), were produced
during the oxidation of humic acid in soils by exogenous O,.
Thus, one hypothesis is that the Hurricane Matthew-induced
water level rise could have produced an environment
conducive to iron reduction to Fe (II), which could then
participate in Fenton reactions once H,O, becomes available
when water levels drop. In this case, the soil redox potential
may relate to CHCI; formation. Using CH, flux as an indicator
for soil redox potential, the fact that relatively low CH, fluxes
were measured in spring and winter when high CHCI; fluxes
were observed (Figure 2a,e) suggests that CHCl; production
favorably occurs when the system is not anaerobic.

Although the CHCIl; production mechanism in the degraded
forested wetland soil cannot fully be identified in the scope of
this study, results suggest that abiotic processes dominate the
CHCl, formation at the field sites

4.1.4. Environmental Controls on CHCl; Emissions.
Temperature is well-known to control CHCI; formation rates
in soils and water. In a seasonal measurement of CHCI; from
arctic and subarctic ecosystems, highest fluxes were observed in
summer."” Indeed, fluxes from laboratory soil core incubations
showed a positive correlation with incubation temperatures
and could be adequately described by linear Arrhenius
equations (R* = 0.96, Figure 4b, eq 2). Nevertheless, as

963

shown in Figure 2a,f and Table 1, the CHCl; emission rates in
South Carolina are not correlated with annual temperature
fluctuations, suggesting that temperature is not the sole
controlling factor of soil CHCI; emissions at the field site.
On the basis of these seemingly contradictory results, we
hypothesize, that over the time scale of a year, environmental
factors other than temperature (e.g, soil redox potential,
chemical precursors advection by high/low tide cycles)
dominate the soil CHCIl; production in natural systems.
When other geochemical factors are held constant, temper-
ature appears to control the CHCl; production rate, following
the Arrhenius equation.

Hydrological extremes also affect fluxes. For example, the
lowest flux (44 + 7 nmol m™ d™') was recorded in January
when the site was flooded, suggesting that standing water can
inhibit CHCl; emissions by limiting the mass transfer between
soil pore air and the ambient air. The highest CHCI; fluxes
were observed from the moist soils in March and December
during the transition periods between the flooding and drained
conditions. The finding is consistent with the results of
fieldwork and laboratory incubations conducted with Alaska
Arctic tundra soils,"””” which demonstrated that either flooded
or drier conditions reduces CHCIl; emissions while saturated
(moderate moist) soil without standing water is a common
teature for large CHCl; emissions. This may be related to the
fluctuating soil redox potentials as discussed above.

The potential impact of sunlight on halocarbon fluxes is
supported by halocarbon emissions following the diurnal cycle
of irradiation during measurements in Irish peatlands.*’
However, in the opaque versus transparent chamber measure-
ments, there was no statistically significant difference in CHCl;
fluxes (paired-t-test). This suggests that CHCl; formation in
this ecosystem is independent of solar radiation. Results from
laboratory incubations of soil cores from Alaska arctic tundra
also suggested that formation processes are not necessarily

DOI: 10.1021/acsearthspacechem.8b00044
ACS Earth Space Chem. 2018, 2, 955—967


http://dx.doi.org/10.1021/acsearthspacechem.8b00044

ACS Earth and Space Chemistry

dependent on sunlight."" Thus, it is possible that temperature
increases in chambers (varies +15 °C on days with bright
sunshine) may account for the previously observed diurnal
cycles” instead of sunlight. However, it is noted that the
photosynthetic active radiation intensity (10—87 ymol m™
s”') under the canopy of the degraded forested wetland was
low, which may hinder the conclusion above that sunlight was
not involved in the CHCI; production.

4.2. Methyl Halides (CH;Cl and CH;Br). 4.2.1. Compar-
ison to Fluxes from Other Terrestrial Ecosystems. In contrast
to salt marshes which are significant sources of methyl
halides,””™*" results from this study indicate that the adjacent
transitional zone (degraded forested wetland) acts as a net sink
for CH,;Cl with an annual mean + 16 of —90 + 61 nmol m2
d™'. As shown in Table 4, the observed net uptake rate of
CH;CI is on the same order of magnitude but smaller than
reported fluxes from tropical rain forest soils,"" subtropical
coastal/chaparral shrublands,”® temperature passure and grass-
land,* boreal forest soils,"” and Arctic nonflooded tundra®’
and larger than fluxes from Arctic Greenland mossy soil,*!
temperate wetland,® and Arctic flooded tundra.®”

As for CH;Br fluxes in our field measurements, they
fluctuated between slightly positive and slightly negative values
in the range of —6 nmol m~2 d™! to 4 nmol m™* d7!, which
were negligible.

4.2.2. CH3Cl and CH;Br Consumption and Production
Mechanisms. The thermal treatment (150 °C for 2 h)
switched the soil cores from net sinks to sources for CH;Cl
and CH;Br. This high temperature should deactivate the
microbial and enzymatic activities;*” therefore, the switch from
sink to source suggests that the consumption of methyl halides
within the soil was biotic and the production was abiotic
predominantly. The finding is further supported by other
studies.******* Bjotic consumption exceeded abiotic produc-
tion, thus yielding net sinks, similar to other soils where gross
fluxes were measured.’”*”** An abiotic production mecha-
nism'”* for methyl halides entails the alkylation of halide ions
during the oxidation of organic matter by an electron acceptor
such as Fe(III) even in the absence of sunlight or microbial
activity. This mechanism may be linked to the CHCI,
production described above. Indeed, the correlation between
net CHCl; emissions and the abiotic production of CH,Cl
from the thermally treated soil cores is strong (R* = 0.928,
Figure 4d,e).

However, the high CH;Cl and CH;Br productions within
the saltmarsh are likely created by enzymatic processes in
saltmarsh plants, which involves SAM (S-adenosyl-methio-
nine)-dependent methyl transferases that are found widely in
plants.]7,21725

4.2.3. Environmental Controls on CH;Cl Emissions. A
dependence of methyl halide formation on solar irradiation was
proposed previously.*”®” However, there is no statistically
significant difference between the CH;Cl fluxes measured with
opaque and transparent chambers (paired-t-test), suggesting
that sunlight was not required for either degradation or abiotic
production of CH;Cl The abiotic production of methyl
halides through the oxidation of organic matter by iron(III) is
not dependent on sunlight.15 On the other hand, the
photosynthetic active radiation intensity (10—87 pmol m™>
s™') on the ground of the degraded forested wetland where
chambers were placed is low, which may mitigate the
conclusion above that sunlight was not involved in the
production or degradation of CH;Cl. Therefore, further
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experiments in more light-exposed environments (e.g.,
advanced degraded forests with more open canopies) should
be conducted to test the light effect.

The post-thermal treated soil incubations demonstrated that
the abiotic production of CH;Cl was temperature controlled,
and could be described by Arrhenius equations (Figure 4d, eq
2).

Over the course of the year, neither the highest nor the
lowest CH;Cl fluxes were observed during the flooding season
in January and the dry period in July. However, large CH;Cl
uptake rates were observed in May and December during the
middle of flooding-drainage cycles when comparably moderate
soil moisture was recorded, suggesting that the consumption of
CH;Cl is maximum at intermediate soil moisture and reduced
at both low and high ends of the range.”

4.3. Regional and Global Implications. Because of the
large variability of observed CHCl; and CH;CI fluxes, the
heterogeneity of soils and the limited scale of the flux chamber
coverage area, any extrapolations to the global scale will
introduce large uncertainties. However, a simple quantitative
extrapolation can help us to assess the significance of degraded
forested tidal wetland in terms of regional halocarbon budgets.

Assuming the annually averaged fluxes of CHCl; (146 + 129
nmol m™2 d™*) and CH,Cl (=90 + 61 nmol m™> d™!) are
representative of coastal degraded forested wetland, and using
the degraded forested wetland area of 1.7 X 10" m* (including
the coastal freshwater wetland subject to seawater inundation)
for the continental United States,®” we estimate a total annual
flux of 1.06 + 0.15 Gg CHCI; and —0.46 + 0.05 Gg CH,CL
Considering sea level rise and increasing fre(;uency of extreme
weather events due to global climate change, 9 the investigated
environments thus may become a more important source of
ozone-depleting CHCl,. If an annual flux of 270 Gg is needed
to balance the OH sink for CHCl,,”' the coastal forested
wetland within the continental United States accounts for 0.4%
of the global annual CHCI; flux, which is not that significant.
The uptake of CH;Cl within the continental United States is
also minor compared to the global scale sources and sinks.
However, the contributions of global coastal freshwater
wetland to halocarbon budgets are expected to be much
higher. Unfortunately, the global coastal forested wetland
subject to seawater intrusion area data are not currently
available.”” Over longer time scales with sea level rise, the
transitional zone is likely to shift further inland and the original
degraded forested wetland would convert to saltmarsh. Hence,
it is conceivable that the current CH;Cl sink will become a
CH,Cl source (258 nmol m™ d™! as in May 2012), and
instead of an annual uptake of 0.46 Gg CH;C], the area that is
currently degraded forested wetland could produce 1.79 Gg of
CH;Cl per year. A longer-term network of measurements
across the southeastern US will provide a more accurate
assessment of the impact of degraded forested wetlands on
ozone-depleting compound budgets at the regional or global
scale.

5. CONCLUSIONS

Results from this study suggest that when freshwater forest
becomes degraded through seawater intrusion due to storm
surges and sea level rise, it emits significant amounts of CHCI,
through abiotic pathways and absorbs CH;CI through biotic
pathways, and if these lands are overtaken by salt marshes,
methyl halide emissions, instead of consumptions, will likely
increase. Thus, global warming induced sea level rise could
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lead to a potential impact on stratospheric ozone depletion by
altering the atmospheric halocarbon budgets. However, it is
not yet proven that emissions will dramatically differ from
freshwater wetlands, owing to the large spatial and temporal
variability of observed fluxes and the limited number of
freshwater wetland measurements. Variations could be even
larger under different climate conditions (i.e., hurricane, a wet
year with more precipitation, etc.).
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