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Abstract. Fluxes of CHBr and CHCI and their relation-  salt marsh contributions of 0.5-3.2% and 0.05-0.33%, re-
ship with potential drivers such as sunlight, temperature andspectively, of currently-estimated total global production of
soil moisture, were monitored at fortnightly to monthly in- CHszBr and CHCI, but actual global contributions likely lie
tervals for more than two years at two contrasting temper-between these values and those derived from southern Cali-
ate salt marsh sites in Scotland. Manipulation experimentgornia.

were conducted to further investigate possible links between
drivers and fluxes. Fluxes followed both seasonal and diurnal

trends with highest fluxes during summer days and lowest ]

(negative) fluxes during winter nights. Meatt {sd) an- 1 Introduction

nually and diurnally-weighted net emissions from the two

sites were found to be 38944 ngnt2h-1 for CH3Br and The methyl halides CgBr and CHCl are the most abundant
6624 266 ng nT2 h~1 for CHsCl. The fluxes from this work natural vectors of bromine and chlorine into the stratosphere
are similar to findings from this and other research groups@nd consequently play an important role in stratospheric
for salt marshes in cooler, higher latitude climates, but lower0Zone destruction. The current knowledge of their respective
than values from salt marshes in the Mediterranean climatéatural sources is incomplete leading to large uncertainties
of southern California. Statistical analysis generally did notin their global budgets. Besides the issue of quantification,
demonstrate a strong link between temperature or Sun|i(‘:]h@h:;1racterisation of possible sources is needed to assist mod-
levels and methy! halide fluxes, although it is likely that tem- €lling the impacts of future land-use and climate change on
peratures have a weak direct influence on emissions, and bothe stratosphere.

certainly have indirect influence via the annual and daily During the last decade a number of studies okBHand
cycles of the vegetation. G€I flux magnitudes from dif-  CHsCl fluxes at salt marshes have been conducted in Europe,
ferent measurement locations depended on the plant speciég/stralia, the US and China with widely differing findings
enclosed whereas such dependency was not discernible féf regard to magnitude and drivers. Whilst extrapolation of
CHaBr fluxes. In 14 out of 18 collars with vegetation @Bt flux measurements conducted in southern CaliforRiaejv

and CHCl net fluxes were significantly positively correlated. €t al, 2000 2002 Manley et al, 200§ suggested that salt
The CHCI/CH3Br net-emission mass ratio was 2.2, a mag- marshes could be responsible for 7-12% and 4-5% of global
nitude lower than mass ratios of global methyl halide budgetsCH3Br and CHCI production, respectively, extrapolation of
(~22) or emissions from tropical rainforests@0). Thisis  Mmeasurements in Tasmania®@yx et al.(2004, in Ireland by
likely due to preference for Ci#Br production by the rela- Dimmer etal(2001) and in Scotland bfprewer et al(2006
tively high bromine content in the salt marsh plant material. suggested that salt marshes were likely to account for less
Extrapolation based solely on data from this study yieldsthan 2% of global CHBr and no more than 0.03% of global
CH3Cl production (all estimates based on a global salt marsh
area of 038 x 102 m?, Woodwell et al, 1973. Recent mea-

Correspondence tdyl. R. Heal surements byRhew and Magas (2010 at northern Cali-
BY (m.heal@ed.ac.uk)

fornia salt marshes show notably smaller methyl halide net
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emissions in this more temperate climate zone than those pre
viously reported for southern Californi@Vang et al(2006
identified a Chinese salt marsh as a net sink ogCH All
groups excepiVang et al(2006 identified plants as a strong
source of methyl halides whilst sediments were identified
as weak emitters or sinks. The different groups found ei-
ther sunlight, temperature, season or different plant growth : Scotland
stages as the most likely drivers of temporal methyl halide e
flux variations, withRhew et al(2000, Manley et al(2006
and Rhew and Magas (2010 identifying plant species as
the cause of spatial flux variation. Of the other studies, only
Drewer et al(2006 attempted to identify factors underlying | ; Hollands
the spatial variation and suggested sediment bromide con
tent as a possible contributor. In general, fluxes of;BH
and CHCI were found to be positively correlated with each
other. ) . .
. . ig. 1. Map of Scotland showing the locations of the two salt marsh
In summary, data remain sparse for both the size anc!;tes_
drivers of methyl halide emissions from salt marshes. Fur-
thermore many of the above studies comprised only a limited

number of individual measurements often missing possibl&yaye action, and has accumulated appreciable amounts of
annual and/or diurnal flux variations. Thus gaps remain iNgadiment over the last few years. The landscape is charac-
both quantification and characterisation which must be filled;giseq by a gently inclining lower marsh-0.13%), inland

in order to gain a clearer picture of the current and future g \yhich ‘a small upper marsh area rises via a small step of
impact of salt marshes on atmospheric chemistry. The aim_qcm. The lower marsh contains at least three distinct to-
of this study was to extend considerably a previous monitor,,qraphical and vegetation zones starting from the sea with
ing project for CHBr fluxes at Heckie’s Hole sa_lt mar§h on 4 flat, sparsely vegetated zone mainly compristugcinel-

the east coast of ScotlanBrewer et al, 200§ by including i3 maritima, intermittent areas of hollows and hummocks

a second site at Hollands Farm salt marsh on the west coaghyered byAster tripolium and a narrow zone nearest to the
and measurement of GBl. Measurements were conducted mainland which is covered by a mix éfter tripolium Jun-

for more than 2yr at the two salt marshes, comprising morey ;s gerardj Plantago maritima Puccinellia maritimaand
than 450 |nd|V|du_aI daytime measurements in all seasons an?riglochin maritimaand which is markedly wetter than the
more than 100 diurnal measurements. other parts of the lower marsh. The upper marsh is cov-
ered by a mixture of mainly graminoid species including
Carex binerva Festuca rubra Juncus gerardi Puccinellia
maritimaandTriglochin maritima Minor species that occur
sparsely at the site akrmeria maritima Glaux maritima
) . o and Trifolium repens Sediments at Hollands Farm were
Lothian at the mouth of the River Tyne flowing into the North characterised as sandy loam with organic matter content in
Sea (Fig.1), is surrounded on three sides by (wooded) drythe range 1.8~4.4%.
land and protected from direct wave action. The site is char- . L o . .

The climate at both sites is classifiedG®in the Kdppen-

acterised by very gentle inclines0.04%) dissected by deep . limate classification. being t i i i
tidal creeks. Vegetation cover is dense and dominated b)pelger climate classincation, being temperate maritime, we
all year round with long cool summerBéel et al.2007).

Puccinellia maritimain the lower parts and aAirmeria mar-

itima-Puccinellia maritimavegetation mixture in the upper

marsh but without strong zonation. Other, minor, species

found at this salt marsh arester tripolium Glaux maritima 3 Methods

Salicornia europegSpergularia mediandSuaeda maritima

as well aPlantago maritimaandTriglochin maritimawhich 3.1 Field enclosures

often occur as dense, mono-specific stands. Sediments at

Heckie's Hole were characterised as silty loam with organicThe main body of the work at the two salt marshes was the

matter content in the range 10—22%. regular measurement of fluxes at the same sampling points
Hollands Farm salt marsh (388 N 3°29 W) is situated  throughout the whole year. At each sampling point a col-

besides the estuary of the River Nith as it flows into the Sol-lar constructed of 10-20cm high, 40 cm internal diameter

way Firth on the west coast of the British mainland (Hig.  opaque PVC pipe with a fitting flange of outer diameter

The marsh is open to the sea and subject to constant tidd&d0 cm of the same material was permanently inserted into

Edinburgh

2 Site descriptions

Heckie’s Hole salt marsh (3& N 2°35 W), located in East
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the ground. The collars were inserted flush to the ground tanent occasions from the immediate vicinity of the individual

reduce any impact of the collar rims on the enclosed space. collars, stored in air-tight bags for transport to the laboratory
At Heckie’s Hole two pairs of collars were installed in and then refrigerated until analysis.

each of the lower (collar pairs A and B) and upper salt marsh

areas (collar pairs C and D) on the 26 May 2007. All col- 3.1.1 Diurnal flux measurements

lars were situated within the eulittoral (intertidal) zone, i.e. __ . ) ) .
between the spring high tide line and the neap low tide Iine,TO investigate the behaviour of methyl halide fluxes through-

with a range of vertical elevation across all collars of only Cut the day diurnal measurement campaigns were conducted.

14 cm. All collars at this site were therefore subject to regu-F1Uxes were measured for one collar of each collar pair (nor-
lar inundation. mally choosing the stronger emitting one) every 4.8 h 5 times

At Hollands Farm in the lower marsh area a single collar @t Hollands Farm and 6 times at Heckie's Hole. Individual

was installed on a bare patch of sediment (collar E) and on&@ckground air samples (at 1.5m height) were collected for
collar pair each on the previously described flat area (colla€2ch €nclosure occasion. At Heckie's Hole the time of day
pair G), on the hummocks (collar pair F) and in the narrow of_ the first and last measurement cycle thereforg coincided.
wetter zone nearest to the mainland (collar pair H) on the 3¢Piurnal measurements were conducted three times at both
and 31 May 2007. In the upper marsh one collar pair (1) waslocations, twice during summer and once during winter.

installed at the same time, and a second collar pair (J) on th
8 May 2008. At Hollands Farm the range in vertical eleva-

tion across all collars spanneq 106 cm; all coII.ars des'ignateqi)n the 31 May 2009 a separate field experiment to study the
“lower” (collar E and collar pairs F-H) were situated in the j,a,ence of sunlight on methy! halide fluxes was carried out
_eullttoral zone with regula_r inundation, whereas colla_rs des-—4t Heckie’'s Hole. First, fluxes from each collar pair were
ignated “upper” (collar pairs 1+J) were in the supralittoral easyred in the usual way with the transparent 21.5 cm high
zone with only occasional inundation. , chamber for 10 min. Then, for one collar of each pair, the
At both salt marshes the two collars of a collar pair were yqaqurement was repeated with the chamber and the PAR
placed no more than 5m apart, representing the typical vegz g temperature sensors beneath a 95 cm 4068 cm wide
etation of a partlcular part of a salt marsh but were not_m- » 47 cm high scaffold covered with a semi-transparent green
tended as replicates. In nearly all cases collars Comameﬂetting. Finally, the scaffold was covered by a blanket and

mixtures of species, as described in TableHalfway be- 5 third enclosure undertaken in total darkness. This was re-
tween each collar pair a 50 cm depth dip well was installedseateq for all four collar pairs at the salt marsh. The aim was

to measure water table depth. Flux measurements were COR reqyce the incident sunlight whilst maintaining the tem-

ducted at fortnightly to monthly intervals between 4 June yo a4 e inside the chamber as constant as possible, so as to
2007 to 20 July 2009 at Heckie's Hole and 6 June 2007 t0yjsinguish between sunlight and air temperature as drivers
21 July 2009 at Hollands Farm. , for methyl halide fluxes. Due to problems with the analytical
To start a flux measurement a.cyllndncal, 40cm d'ameterequipment at the time only GiBr fluxes were quantified.
chamber, made of 0.5-1.0 mm thick translucent polyethylene
terephthalate (typical transmission in the photosynthetically-3.1.3 Vegetation removal experiment
active radiation (PAR) regiom=90%) and equipped with
forced air circulation and a gas sampling port, was placedOn the 16 and 18 June 2009 at Hollands Farm and Heckie’s
on top of the collar flange and clamped airtight with bulldog Hole, respectively, above-ground vegetation from all salt
clips. The chambers were 21.5 cm high (except for the 6 Juneénarsh collars was removed using scissors to determine the
2007 at Hollands Farm where 10.5cm high chambers werenass and make-up of the vegetation. In the laboratory it
also used). Typically, sampling for flux measurements tookwas sorted by species and dead plant material removed. The
place between 10:00 a.m. and 03:00 p.m. (except for diurnasorted plant material was then oven dried at@Cas de-
studies). At the end of the 10 min enclosure time a 550 mLscribed below. Methyl halide fluxes were measured imme-
air sample was extracted and stored in a 1L Tedlar bag. Twaliately before (in most cases) and after vegetation removal
samples of on-site ambient “background” air were collectedand then on two more occasions at fortnightly intervals. Be-
at 1.5 m height at the beginning and the middle of each meatween measurements the collars were covered with a black
surement day and stored similarly. landscaping textile to slow vegetation regrowth and any new
Concurrently with each enclosure, internal chamber tem-vegetation was removed before undertaking subsequent mea-
perature and PAR were recorded at 2 s intervals and a readingurements. Due to problems with the analytical equipment at
of ambient air temperature, soil temperature at 10 cm depthhe time only CHBr fluxes could be retrieved in the initial
and water table depth in the dip well was taken. The mearstages of this experiment.
internal chamber temperature during an enclosure w&ss.8
above ambient air temperature. Soil samples (0—8 cm depth)
for moisture determination were also taken on most measure-

%.1.2 Shading experiment
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Table 1. Summary of methyl halide fluxes and vegetation composition of collars at Heckie’s Hole and Hollands Farm salt marsh sites. Shown
are the mean, minimum and maximum fluxes and numbeof(daytime flux measurements, as well as the Pearson product-moment coeffi-
cient (R) between CHBr and CHCI fluxes, the latter printed in bold where statistically significanPat 0.05. Vegetation composition is
characterised by the total dry mass) (of above-ground vegetation present in each collar at the end point together with the weight % of the
two main species in each collar relative to the total vegetation composition. Species abbreviathony(aria maritima) Ast(er tripolium)

Junc(us gerardi)Car(ex binerva) Fest(uca rubra) Plan(tago maritima) Pucci(nellia maritima) Suae(da maritimaandTrig(lochin mar-

itima). The last two columns give the total bromine and chlorine content of the above-ground vegetation calculated from species-specific
halogen content and dry mass in each collar. All collars at Heckie’s Hole were situated within the eulittoral (intertidal) zone. At Hollands
Farm, all collars designated “lower” (collar E and collar pairs F—H) were situated in the eulittoral zone, whereas collars designated “upper”
(collar pairs 1 +J) were in the supralittoral zone. (Further details in the main text.)

CHgBr (ngm2h71) | CHsCl (ngm2h™1 | | vegetation composition
Collar Mean Min Max »n | Mean Min  Max n | R |m(g) #1 (%) #2 (%) Br(mg) CI(mg)
(a) Heckie’s Hole
Al 274 0 745 25| 483 499 2640 14| 0.86| 162 Plan.  (90) Pucci. (9) 69.8 12300
A2 517 0 1110 30| 1520 —201 6400 16| 0.88 69 Pucci. (98) Suae. 2) 6.0 918
B1 355 0 802 25| 1480 0 5990 14| 0.87 51 Pucci. (100) - 4.0 569
B2 337 0 717 30| 1100 —145 5180 17| 0.83 58 Pucci. (94) Suae. 4) 6.1 999
C1l 356 0 815 25| 624 -1610 2960 13| 0.61 62  Arm. (50) Pucci. (36) 14.2 1660
Cc2 529 0 1100 31| 585 —539 3540 18| 0.54 52 Pucci. 47) Arm. (38) 12.5 1390
D1 450 45 1140 25| 383 1270 1530 13| 053 | 44 Trig.  (43) Plan. (33) 134 2020
D2 682 0 1610 30| 950 —-134 3820 17| 0.78 69 Pucci. (42) Arm. (39) 14.4 1730
all 445 0 1610 221 904 -1610 6400 122| 0.61

(b) Hollands Farm

E 20 0 139 26 78 —933 1510 15| 0.16 — no vegetation —

F1 858 122 3440 30 964 344 3520 18/ 0.80 | 26  Pucci. (84) Ast. (12) 2.8 444
F2 641 89 2850 25 684 211 2700 14| 0.82 | 22  Pucci. (51) Fest. (45) 1.8 294
Gl 214 0 521 24| 521 0 2450 13| 0.73| 22  Pucci. (100) - 17 242
G2 408 0 1010 28 598 0 2870 16| 0.73| 20  Pucci. (100) - 15 222
H1 495 57 1990 27| 4950 0 42300 16 028 | 79  Pucci. (77) Plan. (13) 125 2300
H2 522 0 2170 25/ 2540 0 9930 15 0.77 | 60  Trig. (61) Plan. (17) 14.7 2180
11 147 0 515 26| 254 —2380 2220 15| 0.75| 47  Junc. (48) Pucci. (34) 4.8 822
12 197 0 753 23| 108 —-632 2300 13| 0.24| 35 Pucci. (54) Junc. (38) 2.9 475
Ji 181 0 560 121 952 1780 5940 12| 091 | 57 Car (62) Pucci. (32) 4.1 622
J2 133 0 418 14 2480 -1260 29000 14/ 0.05| 72  Trig. (48) Fest. (36) 11.2 1520
all* 347 0 3440 234 1280 —2380 4230 146/ 0.31

* except collar E, which did not contain any vegetation

3.1.4 Testing of flux linearity measured fluxes, but its effect is considered as potential un-
certainty in the subsequent tentative scale-up.
An enclosure time of 10min was chosen to ensure a large
enough accumulation/depletion of methyl halides even3.2 GC analysis
from weakly emitting/uptaking collars for subsequent GC-
analysis. To ascertain if, and by how much, inferred fluxesBriefly, 100 mL aliquots of each sample were analysed us-
differed over the enclosure duration on five occasions fluxesng an HP5890 GC-ECD with a custom-built two-stage cryo-
were measured from individual collars at increasing enclo-genic pre-concentration uniHérdacre et al.2009. The
sure durations, ranging from 2.5 to 40 min. Derived fluxes atfirst stage comprised an absorbent trap filled with Tenax
each enclosure time for a given experiment were normalisedA 60/80 (Supelco, Bellefont, PA, USA), cooled with two-
to their value at 2.5 min and pooled. Regression fitting indi- stage Peltier cells te-28°C. The second stage was a cryo-
cated that CBr and CHCl fluxes extrapolated to the ideal genic trap filled with glass beads and cooled with dry ice to
“0” min enclosure time could be on average a factor of 1.5—-78°C. Separation was carried out with a ZB624 column
times the fluxes derived after 10 min enclosure. However,(Phenomenex Inc., Torrance, CA, USA), length 30 m, i.d.
where analyte concentration was small (for shortest enclo9.32 mm, and a temperature programme of 5min &tCl0
sure times, and for small net fluxes), the larger inherent anaramp to 240 C over 5 min and hold for another 5 min. Five-
lytical uncertainty associated with the derived fluxes yieldedpoint calibrations were undertaken using dilutions into zero
a large statistical confidence interval on this extrapolationair from certified CHBr standard (508 10 ppbV in N>, Air
factor. Thus this factor is not applied in the reporting of the Products Inc., Allentown, PA, USA), and GBI standard
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(15.80+£0.47 ppmV in N, Air Liquide, Paris, France). Ac- Vegetation from each species was randomly sampled from
curacy and precision uncertainty combined was quantified apoth salt marshes (excepalicornia europeavhich was col-
+ 15% for both gases at mixing ratios around ambient. lected only at Heckie’s Hole) and the sub-samples mixed into

Net flux was derived from the difference in concentra- a single sample per species. The fresh material was washed
tion between the enclosure sample and the contemporaneouwgith de-ionised water and then dried in an oven atCQo
background air sample and expressed peper h. The un-  constant mass. Once dried, the samples were stored in air-
certainties in flux values quoted here combine the uncertaintight bags and shipped to Germany for analysis.
ties in both instrumental determination of methyl halide con- Combined total chlorine and bromine analysis was car-
centration in a gas sample and in the enclosure parameteried out on the TITAN-XRF Cheburkin and Shotyk005,
used to convert mixing ratios to fluxes. The main sources ofan energy-dispersive XRF spectrometer specifically built for
uncertainty derive from interpolation of the calibration curve. analysis of peat and plant samples. Calibration was carried
Blank and storage experiments were conducted (in light andut with certified plant materials with known halogen content
dark, and over a range of temperatures), and storage undeind analytical uncertainty was estimated to be less than 10%.
ambient conditions for a week or so was observed not to
contribute uncertainty greater than the general magnitude of
the other uncertainties present and quantified. Filled sampléd Results and discussion
bags were at slight excess pressure to ambient, so ingress of
outside air was unlikely and those that subsequently leaked.1 Methyl halide flux quantification summary
showed signs of deflation and were discarded from analysis.

Since both the background air and enclosure samples weréhe mean, minimum and maximum daytime methyl halide
stored in identical conditions such uncertainties are furtherffluxes measured for the collars at both salt marsh sites to-
mitigated by the experimental procedure of quantification bygether with data on collar vegetation are displayed in Table
difference. Both inter-collar and intra-collar C#Br fluxes at Heckie’s

Discrimination of a significant net flux depends on the hole (Table 1a) were on average larger and less variable than
ability to determine significant difference in analyte mixing fluxes recorded at Hollands Farm (Table 1b). Moreover there
ratio between an enclosure sample and background air. Theas a marked zonation of mean gBf fluxes at Hollands
LOD for determination of a net flux was thus set at twice the Farm, with fluxes at the lower marsh collars (pairs F-H) be-
uncertainty in the associated background value. The LODIng up to 4 times greater than at the upper marsh collars (pairs
values vary between individual flux measurements becaustand J). CHBr fluxes at Hollands Farm also tended to be
the uncertainty in the background measurement varies withmore extreme with flux maxima being much larger than those
the calibration curve used for that pair of sample and back-at Heckie’s Hole. No CkEBr net uptake was recorded at ei-
ground determinations. The interquartile ranges of individ-ther salt marsh site during the 26 months of measurements.
ual sample LOD values were 34-71 and 340-750 nghn?! Mean CHCI fluxes at both salt marsh sites were larger
for CH3Br and CHCI fluxes, respectively, with lower sam- than CH;Br fluxes and were negative (net uptake) on some
ple values having lower associated LOD values (because ofccasions. In contrast to GBr, mean unweighted Gl
better linear calibrations over smaller concentration ranges)fluxes recorded at Hollands Farm were up to a third larger
Where a flux measurement was below its estimated LOD thehan fluxes at Heckie’s Hole, but again were spatially more
flux was set to zero for all futher data processing. Beforevariable. Individual CHCI flux magnitudes from collars
January 2008 the ECD had not yet been converted to oxygeat Heckie’s Hole were positively correlated with the total
doping and therefore only GiBr measurements are avail- dry mass ofPuccinellia maritimapresent  =0.94, P =

able prior to then. 0.0004). For this reason mean @&l fluxes were less homo-
o _ geneous than C§Br fluxes and mean fluxes from the lower
3.3 Determination of soil and plant dry mass marsh collars dominated byuccinellia maritima(A2, Bl

i . and B2) were up to 3 times larger than fluxes from the upper
Soil and plant samples were oven dried at 10®nd 70C,  5r5h area which has a larger proportionAsieria mar-

respectively, to constant mass. For soils, gravimetric wat€fiima For the same reason Gl fluxes from collar A1 were
content was determined by weighing before and after overygnsigerably smaller than for the rest of the lower marsh

drying. as it was dominated bplantago maritima In contrast, at
Hollands Farm, mean flux magnitudes were negatively cor-
related with dry mass dPuccinellia maritima(R = —0.87,

Plant materials were analysed for both total chlorine and total”” = 0-001) but positively correlated with dry mass Aster

bromine content using a custom-built XRF instrument. ThefiPolium (R = 0.85, P =0.002), Juncus gerard{R = 0.65,

analysis of the samples was carried out at the University oft = 0-04) andPlantago maritimaR = 0.84, P = 0.003) re-

Heidelberg by Andriy K. Cheburkin. sulting in a much stronger zonation of flux magnitudes at
Hollands Farm. This finding can be partially explained by

3.4 Bromine and chlorine content of plant material

www.biogeosciences.net/7/3657/2010/ Biogeosciences, 7, 36682010
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Fig. 2. Annual and diurnal methyl halide fluxes measured from collar D2 at Heckie’s Hole salt marsh together with air temperature and PAR
intensity at time of measurement. The shaded ar€a)idemarcates the growing season. Annual fluxes are shown for all 3 calendar years
and diurnal fluxes are shown for January 2008 and August 2008. Whisk@)sr@present the standard deviation of flux values derived from
combined sampling and analytical uncertainties.

the fact that the vegetation mixture and abundance of planest or no fluxes during the non-growing season. An inter-
species differs between the two salt marsh sites. No such coesting observation was that fluxes from the different col-
relation between vegetation and flux magnitudes was foundars at Heckie’s Hole followed similar patterns to each other
for CH3Br. in a given year, i.e. had some spatially coherent response,
For 14 out of the 18 collars with vegetation across bothbut patterns differed between the three calendar years and
salt marshes there was a statistically significaht<(0.05) peaked at different times. This indicates that there is in-
positive correlation between GBr and CHCI fluxes, in  deed a common factor driving annual emissions from salt
line with previous findings byCox et al.(2004, Rhew et al.  marshes. However, at Hollands Farm, the patterns of methyl
(2000, Manley et al.(200§ andRhew and Magas(2010). halide fluxes from individual collars in the different years

Mean CHCI/CH3Br mass flux ratio was 2.2. varied more between the different collar pairs than between
the two collars of a collar pair indicating that either ground
4.2 Annual and diurnal flux variations conditions or vegetation make-up are also important in the

response of methyl halide fluxes to climatic drivers. From

In Fig. 2, annual and diurnal fluxes from an example collar, studies with stands of mono-specific flowering plants it has
D2 at Heckie's Hole, are presented together with air temperbeen suggested that peaks in methyl halide emission may be
ature and PAR values at the time of enclosure. Also showrassociated with flowering eventMénley et al, 2006 but
in Fig. 2a is the growing season as a grey shade from the bewith the mixed-species enclosures in this work such a direct
ginning of April to the end of October (days 91-304). The association was not discernible. Non-growing season day-
growing season was taken as the period between the appedime net emissions of C4Br were on average 22% of grow-
ance of the first green shoots in spring to the dying off of ing season emissions at Heckie’s Hole and 34% at Hollands
above-ground vegetation in autumn. Farm. The corresponding figures for gE are 13% and

As shown in Fig.2a CHgBr fluxes follow an annual cy- 16% at Heckie’'s Hole and Hollands Farm, respectively.
cle with highest fluxes during the growing season and low-
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Methyl halide flgxes during the _grovylng season Cons,'S'TabIe 2. F and P values for the effect of season, site and collar
tently showed a diurnal pattern with highest fluxes during on methyi halide flux magnitudes as derived by general linear mod-
daylight hours and lowest fluxes during night time (F2g). elling. Also shown are the corresponding values for the season-site
However, CHBr nighttime fluxes typically did not cease but interaction terms and the degrees of freedom (d.f.).
dropped on average to 70% of daytime fluxes at Heckie’s
Hole and 60% of daytime fluxes at Hollands Farm whilst CH3Br CHsCl
CHBaCl fluxes often dropped to zero or were negative at some

. . . . ) - . Factor d.f. F P d.f. F P
point during the night (average daytime/nighttime flux ratio
40% at Heckie's Hole and 60% at Hollands Farm). Dur- Se€ason 1 14850 <0.001 1 13.06 <0.001
ing the non-growing season GBI fluxes followed a much Site 10l 046 1 127 0262
9 n-g g sea o . Season-Site 1 132  0.251 1 049 0483
weaker diurnal cycle with a similar pattern v_vhHst (3] Collar 16 1083 <0001 16 1.82  0.029
fluxes often appeared to be random. There is currently N0 Residual 429 244

suggested reason for this differing behaviour.

4.3 Statistical analysis of potential factors impacting

_ All testing was performed to a 95% significance level, ad-
flux magnitudes

justed for multiple testing using the Bonferroni correction
(Abdi, 2007).
The GLM analyses of variations according to site, season
1. Net methyl halide fluxes were tested simultaneously forand collar revealed no significant differences in flux magni-
significant differences in flux magnitudes between thetudes between the two salt marsh sites for eitheg®&Hbr
two measurement sites, between the growing and nonCHsCl (Table 2), but significant difference in flux magni-
growing season, and between the collars within a sitetudes between season, and between collars at a site, for both

using the General Linear Model (GLM) function of the methyl halides. This indicates a greater variability in net
Minitab® software package. The raw net flux data from fluxes within a salt marsh than between the two salt marsh
the two sites were tagged according to site, collar angsites. It also affirms the appropriateness of separating the

season, where the factor “collar” was nested within theY€ar into these two different seasons. There was no signif-
factor “site”. As well as testing for significance of icant interaction between season and site, i.e. the effect of

these factors, interaction between season and site waiasonality was similar at both salt marshes.
also tested. Two data sets, one for B and one for The correlation analyses of temporal flux variations a!’ld
CH3Cl, were derived. their dependency on drivers such as temperature and light
yielded the results shown in Talide Net CHsBr and CHCI
2. Normalised methyl halide fluxes within each of the two fluxes from collars at Heckie's Hole during the growing sea-
sites for the growing season and non-growing seasorson varied significantly (positively) with ambient air, internal
were analysed for their association (through correlation)chamber and soil temperature at 10 cm depth. At Hollands
with the measured environmental factors (PAR, ambientFarm there was a weaker (but still signficant) positive cor-
air temperature, soil temperature, internal chamber temyelation between net flux variations of GBr and internal
perature, water table depth and soil water content). Fothamber temperature. However, there was no significant in-
these analyses, the following modifications were madefluence of PAR on net methyl halide fluxes from either salt
to the raw data: (a) net methyl halide fluxes from an in- marsh, during the growing season. This lack of correlation
dividual collar were normalised against the highest flux is surprising since it has been suggested that sunlight levels
of that collar for the whole of the measurement period; are important drivers for methyl halide production by plants
(b) numerical data for PAR, ambient air temperature, (Dimmer et al, 2001, Manley et al, 2006 Wang et al. 2006
soil temperature and internal chamber temperature wer®rewer et al. 200§. However, separating individual effects
left unchanged whereas data for soil water content andbf PAR and temperature is difficult because of their intrinsic
water table depth were adjusted for spatial variationstendency to correlate. Instead the findings from this study
within a salt marsh site by subtracting the lowest valuesuggest that at the study sites the main process of methyl
measured at each collar from the raw data for that col-halide production from plants could be as secondary metabo-
lar; (c) the data so derived from the individual collars lites in plants. This S-adenosyl-L-methionine (SAM) methyl
were pooled for each salt marsh site and season to allowransferase dependent reactiditigh et al, 1995 Manley,
for analysis of common factors affecting flux variations 2002 is light independent since it is not directly coupled
over time. to the primary metabolic pathway of photosynthesis. Con-
sequently a temperature dependency of the enzyme activity
€and therefore of the methyl halide production rate would be
expected.

Statistical analyses were performed in two different ways:

For both these procedures the fluxes from collar E wer
excluded since it did not contain any vegetation.
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Table 3. Pearson product-moment correlation coefficightsetween methyl halide fluxes and potential drivers during the growing and non
growing season at Heckie’s Hole (HH) and Hollands Farm (HF). Soil water content and water table depth are denoted wc and wt, respectively.
R values in bold indicate statistical significance equivaler ta 0.05 after applying the Bonferroni correctiorvat 48.

Growing Season Non-growing Season
CHs3Br CHsClI CHg3Br CHsClI

Driver HH HF HH HF HH HF HH HF
PAR 0.17 0.16 -0.20 0.06 0.59 0.63 0.72 0.49
Tair 0.53 0.14 0.52 -0.05 0.83 049 035 0.19
Tchamber 054 034 041 013 0.83 0.55 0.66 0.30
Tsoil 053 -0.16 043 -0.15 0.85 0.53 041 0.17
wc —0.04 0.01 -0.16 -0.14 0.09 0.05 0.06 0.19
wt 0.01 0.00 -0.18 0.13 0.05 -0.06 0.07 0.33

During the non-growing season net ¢Bt fluxes at the  under the blanket, whilst internal chamber temperatures
two sites varied significantly with both PAR and all three changed from 28.6C to 25.8°C and then to 22.2C, respec-
measures of temperature. Again this is surprising since théively. CHzBr fluxes during the shading experiment did not
definition of non-growing season applied here is no above-change significantly between the different treatments (1-way
ground growing plant material. It is possible that sunlight ANOVA at P < 0.05) therefore strongly suggesting that PAR
levels indirectly influenced CgBr production by the soil mi-  does not directly influence G3Br emissions from vegetation
crobial community by raising soil temperatures. ForgCH  within the ~20 min time-scale of the treatment.
fluxes there was a significant correlation between net fluxes
and PAR levels; however of the different measures of tem-4.5 Vegetation removal experiment

perature only CHCI fluxes at Heckie’s Hole showed a sig- .
nificant correlation to internal chamber temperatures. CH;sBr fluxes measured a few minutes after complete veg-

There was no significant correlation between soil wateretation removal were for all collars significantly lower than

content or water table depth and net methyl halide fluxes for"® c?rresgr)]ondmg f:juxes measured b?th d_|rectlyhbefore re-
either site and season. It therefore appears that these fafloval on the same day or most recently prior to that (t-tests

tors do not directly influence instantaneous methyl halide]fl‘“D <§;§5)' Howeler, fas” with thebdlurnal SJUd'eSI' Q‘JT' |
fluxes to a significant extent although soil moisture condi- uxes did not generally fall to zero but stayed at a low level.

tions will certainly influence the plant species prevalent in T_hese emissions then decr_eased on the following two fort-
different zones of a salt marsh. nightly measurement occasions. At Hollands FarnmzBH

In summary, net methyl halide fluxes at Heckie's Hole fluxes after vegetation removal were compared in a two-

were more strongly associated with the investigated driverstallecj ttest agan stall S€aso nal §Bi meagurements fr(.)m'
than at Hollands Farm. Temperature was found to be theCOIIar E which d'q hot contam.any vegetation, and no.5|.gn|f-
best predictor of daytime methyl halide fluxes at both sites';;"tzt (il;]ffaetrsrr:]ges_(;r; ﬂ,uxtr;ffg}tgﬁ (\)Nn?rfofaurnéji -I;leréndl-
during the growing season when most of the methyl halides st Issions/uptake ' IS repre-
are produced. During the non-growing season light levelsSentative of fluxes from sediment for the whole of Hollands
’ : . Farm.
were equally good predictors. However, the influence of .
measures of temperature and sunlight was only assessed forAS noted in Sect. 3.1.3, GY&I measurements were not

their direct effect on methyl halide fluxes and did not take available at the time of vegetation removal itself but on the
into account their indirect influences on vegetation growthtWo occasions two and four weeks after vegetation removal.

or metabolism beyond the rather crude measure of growin rf;er \;Zg?;at'c;? :aesmr?(\elzlr %&;Céglléxestha; bL%rlgsa:tma;ﬁ;]ﬁjs
and non-growing season. Despite some trends identified, th PP val W )

data do not show generally strong predictor drivers for fluxt a}lrrr; tCtHg?I urﬁ)taked "#] stomHeI f(lzollarsf W?)S t:]ecolrtded. hOne-
variation across all sites and times. alled t-tests showed that GBI fluxes for both salt marshes

were significantly lower after plant removat & 0.0001 for
Heckie's Hole andP = 0.001 for Hollands Farm) and, simi-
larly to CHsBr, CH3Cl fluxes at Hollands Farm after plant re-

PAR levels during the shading experiment decreasednoval were found to be not significantly different from fluxes

on average from~1430pumolm2s1 without shade to Irom collarE.
~450 umoln2s~1 under the netting to Oumolnis—?!

4.4 Shading experiment
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In summary there is, as expected from earhgr re_ports,-rable 4. Bromine and chlorine concentrations measured by XRF
strong evidence that both GBI and CHBr are primarily iy apove-ground plant material from Heckie's Hole and Hollands
produced by vegetation rather than by micro-organisms infgrm.

the soil. The findings from this experiment also indicate that

below-ground plant biomass, such as roots and rhizomes, is species Br(uggl) Cl(mggl) CI/Brmass ratio
either ngt involved or plays only a minor part in methyl halide Armeria maritima 255 26.0 102
production. Aster tripolium 333 63.0 189
Carex binerva 55.3 9.30 168
4.6 Total bromine and chlorine content of plant Juncus gerardi 85.5 16.2 189
material Plantago maritima 461 81.5 177
Puccinellia maritima 77.0 11.0 143
. . . . Salicornia europea 782 192 245
The total bromine and chl_onne concentratlons_measured N gpergularia media 912 87.4 9%
the above-ground vegetation collected at Heckie's Hole and syaeda maritima 681 146 214

Hollands Farm (Tablg), together with the data on vegetation  Triglochin maritima 213 n.a -

composition and mass for each collar, were used to estimate
the average halogen concentration and total halogen content
of the vegetation enclosed in each collar at both salt marsh
sites. This was done by multiplying the dry mass of each
species by the XRF-derived halogen concentration for the re-
spective species and subsequent summation for all species in
an individual collar. ForTriglochin maritimathe chlorine
concentration was estimated from the bromine concentration
and the orthogonal distance regression fit of all other avail-
able bromine and chlorine concentration pairs. Halogen con-
centrations foFestuca rubrawere taken as the mean values 2. For each salt marsh, a mean methyl halide flux value,
from the other graminoid speci€arex binervaJuncus ger- representing the entire salt marsh area, was derived for
ardi andPuccinellia maritimafor which data were available. each day; by spatially-weighted averaging of fluxes
Comparing these calculated halogen content values with the  from individual collarsi at that salt marsh. Spatial
mean methyl halide flux magnitudes from the collars did not weighting was based on the proportion of a vegetation
reveal any statistically significant correlations. This indi- zone relative to the total salt marsh area. The formula
cates that variations in halogen content/concentration typi-  was

cally found in salt marsh vegetation do not explain spatial

differences in methyl halide fluxes. Indeed, the amounts of ~ Fjsa = Z(Fij x Aj)

bromine and chlorine released from plants via methyl halide i

emissions are only a small fraction of the total halogen pool
available so conversion of halogens into methyl halides is
likely to be the limiting factor. This makes it more likely
that biological processes associated with plant species them-
selves are the determining factor in methyl halide flux mag-
nitudes as argued bylanley (2002. As shown in Tablet

the CI/Br mass ratio in the different plant species varied
between 96 to 245 whereas the mean CI/Br mass ratio in
methyl halide emissions was only 1.8 (calculated from the

1. Seasonal flux data from the 3 calendar years of mea-
surements for a given collar were merged into one hypo-
thetical year with 365 Julian days. For each day methyl
halide fluxes for every collar were derived — if not al-
ready available from measurements — by linear interpo-
lation between recorded flux data for that collar, result-
ing in 365 flux values for CgBr and CHCI for each
collar.

where F; 55 is the spatially-weighted mean methyl
halide flux for the whole salt marsh on dayand F;; is

the methyl halide flux for each individual collar derived
from interpolation of the seasonal flux datg. is either

the relative proportion of a vegetation zone represented
by a collar or, if a vegetation zone is represented:by
collars, thex-th part of the relative proportion of a veg-
etation zone of the total salt marsh area<(@; < 1,

observed CHCI/CH3Br mean net-emission mass ratio of 2 Ai=1).

2.2). There is therefore a clear preference fogBHproduc- 3. For both sites the number of hours of daylight and dark-
tion over CHCl production or, for the corollary, suppression ness for each Julian day were calculated using the for-
of CHzCl production due to competitition by the more nucle- mula

ophilic Br~ ions.
cosy = cogLHA) x co9LAT) x cogDEC)

4.7 Interpolation of study data and global upscalin . .
porat Hey g up ng + sin(LAT) x sin(DEC)

A weighted averaging of the G3€1 and CHBr fluxes, and . ) ) )

extrapolation to global scale, was undertaken as follows. It~ Where<y is the solar zenith angle at a given time and

is emphasised that this scale up utilises only the net fluxes  location, £LAT is the latitude of the measurement site,
measured in this work. £DEC is the declination of the Earth to its orbital plane

on that Julian day andLHA is a measure of the time
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within that day. By setting c@g) to 1 and solving for  for CH3Cl and scaling up by the total global salt marsh area
£LHA the length of the day as the time between sunriseestimates of 0.3& 1012m? from Woodwell et al.(1973
and sunset was derived. and 1.65< 102 m? from Costanza et a(1997) yields global
_ _ o ~ estimates of 1.0 and 4.3 Ggyk for CHzBr and 2.2 and
4. For each site the average ratio of nighttime to daytimeg g Ggyr? for CHsCl. These values would rise if taking
methyl halide fluxesrt,q) was calculated separately for g account the previously-mentioned possible non-linearity
the growing and non-growing season. of measured fluxes with enclosure time, increasing the

1
5. For each Julian day the daily flux (nghd %) was cal-  UPPer range Va'lues t0 65 ngyT] and 14'3Ggfyr Ifor
culated from the interpolated, spatially averaged hourIyCH?’_Br and CHCl, respectively. These ranges of values are
the ratio of nighttime/daytime fluxes (Fig). The to- CHsBr and CHCI budgets, respectively, given in the most

tal annual flux (ngm2yr—1) for each salt marsh was recent WMO report Clerbaux et al.2007, but again it is
calculated by summing over all days as shown below. emphasised that these scale up estimates are based solely on

the measurements presented here.

365 The mean flux results from this study are in line
Fiot = tidt X Fjsa) + (tjnt X Fjsa X rjn/d with the mean flux values reported b9immer et al.
;((’ s + (4 ! i) (2003 (320ngn2h-1 CH3Br, 380ngnT2h~1 CHsCl),

Cox et al.(2004 (190ngnT2h~1 CHsBr, 300ngnT2h-1
Here Fiot is the total annual methyl halide flux, and CH3Cl) and Drewer et al.(2006 (350 ng nr2h~1 CHsBr)
1; daytime@nds; nighttime are the number of hours between for temperate salt marshes but are up to two orders
sunrise and sunset or between sunset and sunrise, ref magnitude smaller than mean fluxes reported for
spectively, for each Julian day. Mediterranean climate salt marshes in southern Califor-
nia by Rhew et al. (2000 (4210ngnm?h~1 CHsBr,
6. For better comparability with flux measurements from 57 100ngm2h-1 CHsCl) and Manley et al. (2006
other groupsfiot was divided by 365 days per year and (7300 ngnr2h~1 CHgBr, 46 800 ngm2h~1 CHsCl, vege-
24 h per day to return to a mean hourly flux for each saltiateq areas only). On the other hand, the net fluxes reported
marsh (ng m®h™), but now weighted according to the -,y Rhew and Magas(2010 at northern Californian marshes
seasonal and daily variations in flux and the distribution are within the range observed at other higher-latitude temper-
of vegetation at that salt marsh. ate salt marshes. This work therefore confirms again the dis-
7. Standard deviation values for the final weighted meantinct flux magnitudes of methyl halides from salt marshes in
these two climates. It now seems clear that a more nuanced

hourly flux at each salt marsh were derived by multi- | ds o tak t of th diff d that
plying these values by the average relative standard de3Cai€ Up Needs 1o lake account of these difierences and tha

viations of the (unweighted) daytime fluxes at that salt salt marsh contribution to global annual emissions ogCH
marsh and CHBr will lie somewhere between those estimated here

and those estimated Hyhew et al.(2000 and used in the

8. To obtain a value for global annual salt marsh fluxes, WMO reports.
the mean of the two final weighted methyl halide fluxes The mean CHCI/CHzBr net flux mass ratio of 2.2 ob-
from Heckie’s Hole and Hollands Farm were multiplied served in this study lies between the values of 1.2, 1.6, 10
by estimates of global salt marsh area (see below). Foand 6.4 for other salt marsh net emissions reporteBiny-
the resulting global estimates no standard deviation val-mer et al.(2003), Cox et al.(2004, Rhew et al,(2000 and

ues are given since it is felt that they would imply an Manley et al.(2006), respectively, with the lower values (2.2
unrealistic level of precision. and less) being associated with the more temperate climate

salt marshes. Interestingly, the ratio 2.2 is considerably lower
The resulting spatially, seasonally and daily weightedthanthe~60 mass ratio in fluxes from vegetation in a tropical
mean € 1sd) hourly fluxes at each salt marsh were rainforest Blei et al, 2010, or the~22 mass ratio in global
335+ 45ngnT2h~1 for CHsBr and 733£280ngnt2h~1  CHsCl and CHBr budgets. The difference is most likely
for CHsCl at Heckie's Hole and 26444ngn2h-1 due to a suppression of GBI production by the more nucle-
for CH3Br and 591+253ngnt2h~1 for CHsCl at Hol- ophilic bromine/bromide when the concentration of bromine
lands Farm. The CgBr flux values at Heckie's Hole in the plant material is relatively high, as is the case for salt
are therefore in excellent agreement with the findings ofmarsh vegetation. This further supports the finding that salt
Drewer et al(2006 who measured CgBr at the same site  marshes are relatively more important for global{BiHbud-
and reported mean emissions of 350 A~ (without  gets than for global CkCl budgets, although again cooler
taking into account diurnal variation in emissions). temperate and Mediterranean salt marshes appear to behave

Taking the mean values from the two sites assomewhat differently.

300+ 44ngnt?h~1 for CHzBr and 662+ 266 ngnT2h—1
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CH,Br

CH,CI

PAR

CH,Br

CH,CI
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Fig. 3. Interpolated measured hourly methyl halide fluxes (spatially weighted according to vegetation distribution) from Heckie’s Hole and
Hollands Farm together with PAR values at time of measurement and continuously-recorded air temperatures. Shaded areas indicate growin
season. Methyl halide fluxes are shown with and without taking diurnal flux variations into account. Numbers given are the weighted mean
annual flux values calculated as described in the tByt.values are from a temperature data logger located at each salt marsh at 1.2—-1.5m
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height with 10 min logging intervals.
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5 Conclusions Costanza, R., d’Arge, R., de Groot, R., Farber, S., Grasso, M.,
Hannon, B., Limburg, K., Naeem, S., O'Neill, R., Paruelo, J.,

Positive net fluxes of CgBr and CHCI at temperate salt Raskin, R., Sutton, P., and van den Belt, M.: The value of
marshes are principally associated with the vegetation. Tem- the world’s ecosystem services and natural capital, Nature, 387,
poral flux variations are clearly linked to both seasonal and 253-260, 1997. _
diurnal cycles but no strong direct link of instantaneous flux €%, M. L., Fraser, P. J., Sturrock, G. A., Siems, S. T, and
to either temperature or sunlight levels was found although Porter, L: W.: Terrest'rlal sources ar?d sinks of halomethanes near
temperature is indirectly important through seasonality. Spa-. ©3P¢ Grim. Tasmania, Atmos. Environ., 38, 3839-3852, 2004.
. . . . Dimmer, C. H., Simmonds, P. G., Nickless, G., and Bassford, M. R.:
tial CH3Cl flux variations are associated with the abundances Bi ; i

- . . . iogenic fluxes of halomethanes from Irish peatland ecosystems,
of dlfferent plant spec[es,_ although this was not clearly dis- Atmos. Environ., 35, 321-330, 2001.
cernible for CHBr. Emissions of CHBr are greater relative  prewer, J., Heal, M. R., Heal, K. V., and Smith, K. A.: Temporal
to CHzCl from temperate salt marshes than from other ter-  and spatial variation in methyl bromide flux from a salt marsh,
restrial sources characterised. It appears that salt marshes inGeophys. Res. Lett., 33, L16808, doi:10.1029/2006GL026814,
cooler temperate climates are unlikely to be a large global 2006.
source of either methyl halide, amounting to at most a fewHardacre, C. J., Blei, E., and Heal, M. R.. Growing sea-
percent of total global annual GBr production and an or- son methyl bromide and methyl chloride fluxes at a sub-
der of magnitude less for &I, compared with the con- arctic wetland in Sweden, Geophys. Res. Lett.,, 36, L12401,

tributions of larger emissions from salt marshes in warmer, _d0i:10.1029/2009GL038277, 2009. _
Mediterranean-type climates. Manley, S. L.: Phytogenesis of halomethanes: a product of selection

or a metabolic accident?, Biogeochemistry, 60, 163—-180, 2002.
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