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Abstract. Coastal zones are important source regions for
a variety of trace gases, including halocarbons and sulfur-
bearing species. While salt marshes, macroalgae and phyto-
plankton communities have been intensively studied, little is
known about trace gas fluxes in seagrass meadows. Here we
report results of a newly developed dynamic flux chamber
system that can be deployed in intertidal areas over full tidal
cycles allowing for highly time-resolved measurements. The
fluxes of CO,, methane (CH4) and a range of volatile organic
compounds (VOCs) showed a complex dynamic mediated by
tide and light. In contrast to most previous studies, our data
indicate significantly enhanced fluxes during tidal immersion
relative to periods of air exposure. Short emission peaks oc-
curred with onset of the feeder current at the sampling site.
We suggest an overall strong effect of advective trans-
port processes to explain the elevated fluxes during tidal im-
mersion. Many emission estimates from tidally influenced
coastal areas still rely on measurements carried out during
low tide only. Hence, our results may have significant im-
plications for budgeting trace gases in coastal areas. This
dynamic flux chamber system provides intensive time series
data of community respiration (at night) and net community
production (during the day) of shallow coastal systems.

1 Introduction

Coastal zones are important sites for carbon turnover and
hotspots for a variety of volatile organic compounds (VOCs),
including halogenated compounds (Gschwend et al., 1985;
Moore et al., 1995; Baker et al., 1999; Rhew et al., 2000;

Christoph et al., 2002; Manley et al., 2006; Valtanen et al.,
2009) and sulfur-bearing compounds (Dacey et al., 1987;
Cooper et al., 19873, b; De Mello et al., 1987; Turner et al.,
1989; Leck and Rhode, 1990; Baker et al., 1992) but a mi-
nor source of hydrocarbons such as CH4 (Van der Nat and
Middelburg, 2000; Middelburg et al., 2002). While coastal
ecosystems, such as salt marshes, macroalgae and phyto-
plankton communities have been intensively studied, lit-
tle is known about trace gas fluxes from seagrass mead-
ows. Seagrass meadows are amongst the most productive
coastal ecosystems, with an average net primary production
of 817gCm~2yr-1 (Mateo et al., 2006). They cover a con-
siderable portion of global coastal zones with estimates rang-
ing from 300000 (Duarte et al., 2005) to 600 000 km? (Ma-
teo et al., 2006). Most previous studies of seagrass meadows
have focused on carbon dynamics (e.g. Migné et al., 2004;
Davoult et al., 2004; Spilmont et al., 2005; Silva et al., 2005;
Hubas et al., 2006) and were often restricted to periods of
air exposure. More recently, benthic chambers for underwa-
ter incubations have been developed (Nicholson et al., 1999;
Larned, 2003; Barron et al., 2006; Silva et al., 2008; Ferron
et al., 2009). There is some evidence that seagrass meadows
(Zostera ssp.) are capable of forming a variety of trace gases
(Urhahn, 2003; Weinberg et al., 2013). Like other higher
plants rooting in anoxic soils and sediments, seagrasses have
aerenchymatic tissue for supplying oxygen to their root sys-
tem. This aerenchymatic tissue may also provide an effective
transport pathway for trace gases from the sediment to the
atmosphere (Armstrong, 1979; Larkum et al., 1989). The im-
portance of this transport pathway has been shown for CHy
emissions from a variety of vegetation types (Laanbroek,
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2010). However, early incubation experiments have indicated
fairly low emission rates from Thalassia testudinum beds
(Oremland et al., 1975). More recently Deborde et al. (2010)
reported CHy4 fluxes from Z. noltii meadows in the Arcachon
lagoon (SW France) being below 1.6 umolm—2h~1, which
was the detection limit of the instrumentation used for the
experiment.

So far, the fluxes of trace gases in coastal environments,
mainly CH4 and CO,, have been measured in most cases us-
ing static chambers (e.g. Van der Nat and Middelburg, 2000;
Delaune et al., 1983; Bartlett et al., 1987; Migneé et al., 2002,
2004; Davoult et al., 2004; Spilmont et al., 2005; Silva et al.,
2005; Hubas et al., 2006). There are several problems arising
from chamber-based flux measurements that require a care-
ful testing of the chamber system. Problems may arise under
aerial conditions from perturbations of turbulence in the air
and in the water-filled chamber spaces, the introduction of
artificial gradients, perturbations of the thermal environment
of the chamber and the gas composition inside the chamber
(Gao et al., 1997; Meixner et al., 1997; Gao and Yates, 1998;
Zhang et al., 2002; Pape et al., 2009). In particular, depo-
sition fluxes of reactive trace gases are very sensitive to the
aerodynamic properties of the chamber (Meixner et al., 1997;
Pape et al., 2008). In contrast, the emission fluxes of most
VOC:s are insensitive against the turbulent conditions inside
the chamber. The reason is that their production is indepen-
dent of the headspace concentration (Pape et al., 2008).

Solid static chambers will most likely introduce stagnant
conditions under submersed conditions and thus reduce the
diffusive exchange and suppress advective exchange (Cook
et al., 2007). This has, for instance, been shown for oxy-
gen (Billerbeck et al., 2006; Werner et al., 2006; Kim and
Kim, 2007; Cook et al., 2007; Jansen et al., 2009), total inor-
ganic carbon (Cook et al., 2007) and dissolved organic mat-
ter (Huettel et al., 1997). Tengberg et al. (2004) compared
three different types of stirred benthic chambers and found
no significant differences between these chambers. The au-
thors concluded that benthic chambers are insensitive to the
hydrodynamic conditions as long as the water is well mixed
and the sediment is not re-suspended.

In this study we used a modified dynamic chamber al-
lowing flux measurements over full tidal cycles. The cham-
ber is continuously purged during tidal immersion, whereby
the purging introduces a turbulent flow inside the chamber.
Though artificial, this turbulent motion inside the chamber
may to some extent mimic the turbulent flow outside the
chamber. The system allows continuous CH4 and CO; flux
measurements with a time resolution of 15 min as well as the
determination of VOC fluxes by discrete sampling. Here we
provide a detailed description of the flux chamber system and
first results of a field study conducted in a seagrass meadow
of the Ria Formosa lagoon, southern Portugal. We report
tidal-cycle fluxes of CO2, CHg4, propene, chloromethane
(CHsCI), bromomethane (CH3Br), iodomethane (CHsl),
chloroform (CHCI3), bromoform (CHBr3) and carbon disul-
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fide (CSy) and discuss them in terms of the factors control-
ling trace gas dynamics in intertidal seagrass meadows.

2 Methods
2.1 Flux chamber design

Dynamic flux chambers have been widely used in trace gas
studies of terrestrial systems (Gao et al., 1997; Gao and
Yates, 1998; Kim and Lindberg, 1995; Zhang et al., 2002;
Pape et al., 2009). Details on the theory of dynamic flux
chamber measurements are given in Gao et al. (1997) and
Meixner et al. (1997). Briefly, the surface of interest is en-
closed within a chamber and air is pumped through the cham-
ber at a predefined flow rate. Net fluxes above the covered
surface are commonly calculated from the concentration dif-
ference between the outlet and inlet of the chamber.

ON % (Cout — Cin)

Fret = , 1
Net = A Vn x 1000 &)

where Fiet is the net flux [molm=2h=1], Qu is the flushing
flow rate through the chamber [m3h—1, at 1013.25 mbar and
298.15K], Cout and Cij, are the air mixing ratios of target
compounds [mole fractions] at the outlet and the inlet of the
flux chamber, respectively, A is the bottom surface area of
the flux chamber [m?], and Vy is the molar volume [m?] at
1013.25mbar and 298.15 K. Note that emission fluxes are
positive.

The chamber we used was made from a 10 L Duran glass
bottle with the bottom cut off (Fig. 1). The chamber had
a volume of 8L, a bottom surface area of 0.037m?, and a
height of 0.3m. The chamber is pressed 5cm into the sed-
iment prior to sampling, resulting in a headspace volume
of approximately 6 L. Water enters and leaves the chamber
through a U-tube at the bottom during tidal change (stain-
less steel tube 50 cm length, 4 mm i.d.). The tube was con-
nected to a valve that was closed during air exposure and
open during tidal immersion. Ambient air is pumped through
the chamber with a membrane pump (KNF-Neuberger, Ger-
many, model N86KNDC) at a flow rate between 3.0 and
3.5 L min~1. The air enters the chamber through a PFA tube
at the top of the chamber and is further distributed to two
metal frits (10 um pore size). The frits are placed 12 cm above
the sediment surface preventing visible dispersion of sur-
face sediments. The outlet of the chamber is connected to
an open split in 2.5m height viaa 1/2in. 0.d. PFA tube. The
tube is inserted 30 cm into a stainless steel tube (50 cm long,
3/4in. 0.d.) that is open at the bottom and has two sampling
ports at the top. Typically, about 0.5L min—! is directed to
the CO, / CH4 analyser and 1.5L min~! is directed to the
trace gas sampling system. The excess air, along with wa-
ter droplets and aerosols, is vented into the atmosphere via
the open split. Two Teflon® membrane filters are used to fur-
ther protect the sampling systems from water and aerosols.
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Figure 1. Scheme of the dynamic flux chamber system. During air
exposure the chamber acts as a conventional dynamic flux chamber.
During tidal immersion the enclosed water is continuously purged
with ambient air.

The U-tube at the bottom and the open split ensured pres-
sure equilibrium between the chamber and the ambient wa-
ter body. The performance of the chamber was tested under
aerial and submersed conditions in the laboratory. A detailed
description of these tests is given in the supplementary mate-
rial. The response time of the chamber is 2 min under aerial
conditions at a flushing flow rate of 3L min—1. Complete
mixing of the chamber volume is achieved within 0.4 min.
Hence, with respect to our sampling frequency, we can safely
assume complete mixing of the air inside the chamber.

The physical nature of trace gas fluxes across natural in-
terfaces is commonly described in terms of a multiresistance
model (Hicks et al., 1987). This model has been applied to
flux chambers (Gao and Yates, 1987; Zhang et al., 2002; Pape
et al., 2008):

__ CGs—Ca
" Re+Rs’

Fi 2
where Fj denotes the flux across the interface, cg is the con-
centration in the sediment, c; is the gas concentration on the
air side of the interface, R [tL~!] is the overall transfer re-
sistance of the chamber system and Rs [t L~1] is the transfer
resistance of the sediment surface layer (Rs). While R is de-
pendent on the aerodynamic properties of the chamber, R
is dependent on the sediment properties. The sensitivity of
the overall flux against the aerodynamic properties depends
on the magnitude of R; and Rs. When both share the same
magnitude, the flux across the interface depends on R; and
Rs. On the other hand, when Rs becomes large relative to
Rc, the flux is mainly governed by Rs (Zhang et al., 2002).
The chamber tests revealed an upper limit of 0.162hm~1 for
the aerodynamic transfer resistance of the chamber. The sed-
iment side transfer resistance was estimated from the diffu-
sivity of the sediment surface layer and its thickness (Gao,
1986; Zhang et al., 2002). Rs ranges from 1.54 to 15.4hm~1
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for waterlogged intertidal sediments with an air-filled pore
space from 1 to 10 %. The transfer resistance of the seagrass
leaves was derived from the CO, permeability of the cuticula
of submersed plants (MacFarlane, 1992) and the leaf area in-
dex of Z. noltii in the Ria Formosa (Pérez-Lloréns and Niell,
1993). It was estimated to range from 26.5 to 46 hm~1, thus
being 1 to 2 orders of magnitude larger than R¢. Given this, it
is reasonable to assume that, during air exposure, the gas ex-
change across the sediment surface and the seagrass leaves is
not dependent on the aerodynamic properties of the chamber.
Further, our tests suggest a minor effect of the flushing flow
rate on the atmospheric transfer resistance, making the over-
all transfer resistance insensitive to the aerodynamic proper-
ties of the chamber.

The interfacial fluxes are insensitive to the hydrodynamic
conditions in the chamber during submersion as long as the
water inside the chamber is well mixed and the sediment
is not re-suspended. Re-suspension of the sediments was
avoided during the experiments and was checked visibly. The
gas flow through the chamber introduced a water flow of the
order of 10 to 15cm s~1, providing a corresponding bound-
ary layer thickness in the range of 60 to 120 um where the
carbon uptake is mainly enzymatically limited. The visible
inferred mixing time was in 1.1 min. Under submersed condi-
tions the dissolved trace gases are equilibrated with ambient
air. The flux and thus the response time will depend on the
volatility (given by the Henry’s law constant) and the water—
air transfer resistance of the chamber system. In analogy to
the air-sea gas exchange the air-water gas exchange can be
computed as
F = ke x (cof H —cq) = W/ H —¢9), 3)

R

where k¢ is the specific gas exchange velocity [L t~1] of the
chamber. K depends on the flushing flow rate (Q) and the
chamber design (in particular the chamber geometry and the
gas bubble geometry), R; = 1/k is the corresponding trans-
fer resistance, cy is the water concentration [mol L—3], cq is
the concentration in the gas phase inside the chamber, and H
is the Henry’s law constant.

The response time of the chamber towards changes in
the pCH4 was 1.20 + 0.20 min. The response time for DIC
(dissolved inorganic carbon) depends on the carbon spe-
ciation. It ranged from 10 to 58 min for a ADIC ranging
from 188 to —203 umol kg2, reflecting the changing ratio
of dissolved CO; to DIC. Here ADIC refers to the devia-
tion of the DIC concentration from equilibrium with the in-
let air. Equilibrium conditions during the tests were a DIC
of 1960 =+ 15 umol kg1, an alkalinity of 2180 + 15 peg kg !
and a pCO; of 425 + 10 ppm at 296.5 K.

The U-tube at the bottom of the chamber inevitably leads
to an exchange of water between the chamber and the sur-
rounding water body that may affect the flux measurements.
The water exchange was not metered on-site. From the
Hagen—Poiseuille law we estimated a response time towards
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water exchange of 2.15 4 0.15h. This is substantially larger
than the respective response times for the gas exchange. For
CH4 we can safely assume that the bias due to water ex-
change is regardless of the concentration difference between
the chamber and the surrounding water less than 1 %. Due to
the much slower response time, the bias with respect to DIC
becomes larger.

We assumed a constant source or sink inside the chamber
and an incubation time of 6 h for a first estimate of the bias.
Under these conditions the recovery for a CO; sink ranges
from 69 to 75% and the recovery for a CO2 source ranges
from 78 to 83 %, with both depending on the source/sink
strength. We found these recoveries acceptable for a first ten-
tative assessment of the DIC dynamics over full tidal cycles,
as was the primary goal of our study.

2.2 Sampling site

The sampling was conducted in an intertidal seagrass
meadow of Zostera noltii (Hornemann) of Ria Formosa la-
goon, a mesotidal system located in southern Portugal. The
lagoon has a surface area of 84 km?, with about 80 % of it
being intertidal. It is separated from the open ocean by a sys-
tem of sand barrier islands. Six inlets allow exchanges of
water with the Atlantic Ocean. The tidal amplitude ranges
from 3.50 m on spring tides to 1.30 m on neap tides. In each
tidal cycle about 50 to 75% of the water in the lagoon is
renewed. Except during sporadic periods of heavy rainfall,
salinity ranges from 35.5 to 36.0 PSU throughout the year;
water temperature varies between 12 and 27 °C in winter and
summer, respectively.

Z. noltii is the most abundant seagrass species in the
Ria Formosa, covering about 45% of the intertidal area
(Guimardes et al., 2012). The species plays a major role in
the whole ecosystem metabolism of the lagoon (Santos et al.,
2004). The range of Z. noltii biomass variation at the sam-
pling site is 229-310 g DW m~2 (Cabago et al., 2008).

2.3 Sampling and measurement

The CO;, and CHy4 flux measurements were performed be-
tween 23 April and 27 April 2012. VOC fluxes were mea-
sured between 17 April and 28 April 2012. Therefore, the
time base of the VOC sampling does not fully overlap the
time base of the CO, and CH4 sampling. The sampled sea-
grass patches (Z. noltii) were free of visible epiphytes and
macroalgae. The canopy coverage was estimated to be higher
than 95 %.

CO, and CH4 were measured on-site with a Picarro 1301
cavity ring-down spectrometer. A six-port Valco valve was
used to switch between three different sampling lines. The
first sampling line was directly connected to the dynamic
flux chamber, and the two other sampling lines were used
to sample ambient air from two different heights above the
ground (2 and 4 m). The sampling lines were consecutively
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sampled for 5min and each line was connected to an addi-
tional membrane pump for continuously flushing at a flow
rate of 0.5L min—! when not sampled. The sampling order
was height 1, height 2, chamber. The mixing ratios from
the two air sampling lines were averaged to calculate the in-
let concentration of the chamber. Discrete gas samples were
taken from the second sampling port of the flux chamber
to determine the outlet concentration of the VOCs. In par-
allel, discrete samples were taken from the feeding line to
the flux chamber via a T-union to determine the inlet con-
centration of the VOCs. Details of the VOC sampling sys-
tem are given in Weinberg et al. (2015). Briefly, 30 +5L
of ambient air was drawn through a cryo-trap at a flow
rate of 1.0+ 0.2 L min—1. The samples were thermally des-
orbed from the cryo-trap (310°C) using a flow of helium
(30mL min—! for 15min) and recollected on Peltier-cooled
adsorption tubes maintained at —10°C. From the adsorp-
tion tube the samples were again desorbed into a flow of
helium and refocused on a quartz capillary (0.32mm i.d.,
60 cm length) immersed in liquid nitrogen. The analytes were
desorbed from the quartz capillary at ambient temperature
and transferred to a GC-MS system (6890N/5975B, Agilent).
VOCs were separated on a CP-PoraBOND Q column (Var-
ian, 25m, 0.25um i.d.) with helium as a carrier gas. Quan-
tification of CH3CI, CH3Br, CH3l, CHCI3, CHBr3, propene
and CS; was performed against a Scott TOC 15/17 standard
containing these compounds among others at 1 ppm each in
nitrogen. Typically two to four aliquots of 1 mL were anal-
ysed each day. The overall precision of this method is better
than £6 %.

3 Results

The high time resolution of our measurements provided de-
tailed insights into the complex dynamics of CH4 and CO3
fluxes in the intertidal of the Ria Formosa. The flux patterns
of CO, and CH4 of both Z. noltii and adjacent bare sedi-
ment patches are shown in Figs. 2 and 3, respectively. Ta-
ble 1 provides the time-averaged fluxes for different stages
of the tidal cycle. In general, much higher CO; and CH4
fluxes were observed for the seagrass-covered areas than for
the bare sediment. The fluxes of both gases showed clear di-
urnal variations with similar patterns above the seagrass and
the bare sediment. We observed a strong influence of the tidal
cycle on fluxes of both gases, with more pronounced emis-
sion fluxes generally occurring during tidal inundation. Dur-
ing daytime, CO, assimilation dominated over benthic respi-
ration, resulting in a net uptake, regardless of the tidal state.
Elevated fluxes during tidal immersion were also observed
for all non-CH4 VOC:s studied here.
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Figure 2. Diurnal variations of the CH4 and CO, fluxes above a
meadow of the seagrass Z. noltii. Light intensity is also shown. The
measurements were carried out from 25 to 28 April 2012. Yellow
bars indicate daylight periods, green bars indicate periods of air ex-
posure, and blue bars indicate periods of tidal immersion.

3.1 Methane

During air exposure at low tide, CH4 fluxes averaged
4.4umolm=2h=1 during night-time and 6.9 umolm=—2h~1
during daytime. With the flood current just arriving at
the sampling site, the fluxes dropped almost to zero for
> 15min. A sharp emission peak was observed for 15min
following this drop. Accounting for the integration time
and the response time of the chamber system, we deduce
that these events may have actually lasted for 2 to 5min.
The fluxes averaged 71pmolm~=2h~1 during these peak
events. The peaks were more pronounced during the night
(76 and 123pmolm~—2h~1) than during daytime (38 and
51umolm=2h~1). The fluxes rapidly decreased after the
peak events to values below 9 + 1 pmolm=2h=1,

During tidal immersion, the CH4 fluxes increased with
rising height of the water and showed a second maxi-
mum of 30+ 1pmolm—2h~1 at high tide. The CHy fluxes
decreased constantly with the ebb flow to values about
9+ 1 umol m~2h~1 at water levels below 10 cm. The change
from tidal immersion to air exposure was marked by slightly
elevated fluxes observed for about 15 min, followed by a drop
close to zero before the flux stabilized at the low-tide level
again.

The diurnal flux cycles observed above the sediment
(Fig. 3) were similar to those above the seagrass but with
much lower values (Table 1 and Fig. 2). The CH4 fluxes aver-
aged 0.3 pmol m—2h~1 during low tide, and 6 pmolm—2h—1
(5.2pmolm=2h~1 during daytime and 6.6 umolm—2h-1
during night-time) during tidal inundation.

www.biogeosciences.net/12/1683/2015/
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Figure 3. CH4 and COy fluxes above a bare sediment patch
recorded on 23 April 2012. The upper graph in red shows the CHy
fluxes in pmol m~2h~1 and the lower graph show the CO5 fluxes
inmmolm—2h~1. The yellow bar indicates daylight periods, green
bars indicate periods of air exposure, and blue bars indicate periods
of tidal immersion.

Table 1. Averaged CO, and CHy4 fluxes above seagrass for different
periods of the tidal cycle. The fluxes were calculated from the mea-
surements of day 2 and 3. By definition, emission fluxes are positive
and deposition fluxes are negative.

Tidal stage CO, (mmolm=2h=1)  CH,4 (umolm—2h—1)

Sediment ~ Seagrass Sediment  Seagrass
Air exposure (day) -11 -9.1 0.4 6.9
Air exposure (night) 1.0 8.4 0.2 4.4
Tidal inundation (day) -20 —16.4 6.6 14.3
Tidal inundation (night) 6.4 20.1 5.2 16.6
Peak (water just arriving) 14.8 55.0 10.8 71.0
Mean (time-averaged) 21 4.2 3.0 12.8

3.2 COy

In contrast to CHy4, the CO; flux was strongly influenced by
both the time of day and the tidal cycle. Deposition fluxes
were observed during the day, resulting from photosynthetic
carbon uptake, while positive fluxes were observed during
the night due to respiratory release of CO,. The emissions
were relatively constant during air exposure at night and av-
eraged 8.4+0.5mmolm~—2h~1. As observed for CHj, the
flux dropped to zero for about 10 min with the incoming
tide and then rapidly increased to highest CO2 emissions
of up to 62mmolm~—2h~1. Thereafter, the CO, flux de-
creased rapidly to 38+4mmolm—2 h~1 and then further
declined slowly over the period of tidal inundation. After
sunrise, roughly coinciding with high tide during our mea-
surements, the CO fluxes declined more rapidly due to the
beginning of photosynthetic CO, assimilation. CO; assim-
ilation dominated over benthic CO» respiration during the
daylight period resulting in a net uptake of CO» with aver-
age fluxes of —9.1 mmolm~2h~1 during air exposure and
—16.4mmol m~2 h~! during immersion.

At night, the average sedimentary CO; fluxes were
1.0mmol m~2 h~1 during air exposure and 6.4 mmol m—2

Biogeosciences, 12, 1683-1696, 2015
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Figure 4. Relative enhancement of selected VOC fluxes from a
tidally influenced seagrass bed. All fluxes were normalized to the
respective mean fluxes during low tide. Mean and ranges are pro-
vided in Table 2.

h—1 during tidal inundation. The CO night-time flux dur-
ing inundation decreased until high tide and increased again
with the onset of ebb flow, indicating an inverse relation to
the height of the water table. The daytime average CO> fluxes
from sediment were —1 mmolm~2h~! during low tide and
—2mmol m~2 h~! during tidal inundation.

3.3 VOCs

Relative fluxes of CS,, CH3Cl, CH3Br, CHsl, CHCIs,
CHBr3 and propene are shown in Fig. 4. Mean fluxes and
ranges are provided in Table 2. It should be noted that, for
most of the VOC flux data, the sampling time does not coin-
cide with the sampling time for the CO, and CH,4 data shown
above. As observed for CO, and CHyg, the emission rates dur-
ing tidal immersion significantly exceeded those measured
during air exposure. The average enhancement during tidal
immersion (relative to the average fluxes during air expo-
sure) ranged from 4 to 12 for CS,, CH3Br, CH3l CHCI3 and
CHBr3. A higher enhancement was observed for CH3CI. A
less pronounced enhancement ranging from 1 to 3 was ob-
served for propene. Among the analysed VOCs, only CH3ClI
fluxes increase similarly drastically to those of CHy4 with the
feeder current arriving at the sampling site. In this context
it is important to note that the sampling time for the VOCs
was 30 min followed by a break of 15 min required to change
the cryo-traps. Hence, it is possible that peak flux, lasting 3—
5min for CHy, is missed or not fully captured by our VOC
sampling protocol. For CHBr3 our data also show a small
enhancement when the water just starts receding from the
sampling site.

The temporal flux patterns show some remarkable dif-
ferences between individual VOCs during tidal immersion.
Strongly enhanced fluxes during high tide were observed for
CSa, showing a similar pattern to that observed for CH,. The
fluxes of the other monitored compounds decreased or even
turned from emission to uptake during high tide and thus
acted in a more similar manner to CO,.
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3.4 Atmospheric mixing ratios of CO, and CHy4

The atmospheric mixing ratios of CO, and CH,4 are shown in
Fig. 5. CO2 mixing ratios (both heights) ranged from 395.5
t0 429.7 ppm and averaged 400.3 ppm. The atmospheric mix-
ing ratios of CHy ranged from 1.831 to 1.895ppm (both
heights) and averaged 1.861 ppm. Lowest mixing ratios of
395.8 + 0.2 ppm for CO; and of 1.834 + 0.004 ppm for CH4
were observed between 20:00 UCT on 25 April and 04:00 on
26 April and coincided with westerly winds from the open
ocean and wind speeds above 4 ms—1. With decreasing wind
speeds and during easterly winds, when the air masses passed
over large parts of the lagoon, the atmospheric mixing ratios
of CO, and CHj4 increased.

The close coupling between the measured fluxes and the
atmospheric mixing ratios at low wind speeds becomes par-
ticularly evident at the end of the campaign. The atmospheric
mixing ratios of CH4 nicely resemble the enhanced emis-
sions during immersion over the last two tidal cycles. The
sharp methane emission peak observed when the water en-
tered the chamber becomes diffuse under ambient conditions
as bubble ebullition will occur throughout rising tide at the
water line. This coupling is somewhat indistinct on 27 April
because of rapidly changing wind conditions. Nevertheless,
elevated CH4 mixing ratios coincide with elevated fluxes dur-
ing tidal immersion. As for CHy, elevated mixing ratios of
atmospheric CO; coincide with periods of strong CO» emis-
sions during tidal immersion at night. Notably, on 26 April at
noon, the atmospheric CO, mixing ratios show a slight drop
when carbon assimilation was largest. In summary, the pat-
tern of the atmospheric mixing ratios supports the flux pat-
tern observed within the chamber.

4 Discussion
4.1 Temporal flux patterns

The most striking feature of our results is the pronounced ef-
fect of the tidal cycle on the fluxes of all trace gases, which
were significantly enhanced during immersion compared to
air exposure periods. Additionally, strong emission peaks of
CHg, among other VOCs, and particularly of CO2, occurred
during a short transition period from air exposure to immer-
sion.

We are aware of only one study reporting a positive cor-
relation of CO, and CH, fluxes with the height of the water
table from a brackish coastal lagoon in Japan (Yamamoto et
al., 2009). The authors of this study did not come up with a
conclusive explanation for this observation. They suggested
lateral transport in the sediment in combination with salin-
ity gradients affecting the source strength and/or enhanced
gas ebullition due to increased pressure from the water col-
umn. The Ria Formosa lagoon has a negligible inflow of
freshwater and a year-round salinity between 35 and 36 PSU.
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Figure 5. (a) Time series of CO, mixing ratios at the chamber outlet and in the atmosphere along with meteorological conditions (20 min
moving average). In the upper panel, the dashed blue line indicates the wind speed. (b) The same but for CH.

This makes salinity-driven lateral changes in methanogene-
sis and benthic respiration implausible. Spatial variations in
the source strength that might occur due to variations in the
benthic communities and in the supply of substrate by litter
production and root exudates are also not plausible, as the
benthic vegetation around the sampling site consisted almost
exclusively of Z. noltii and was quite homogeneous. Varia-
tions in the above-ground biomass were clearly below a fac-
tor of 2 and thus do not support a linear change in the source
strength by a factor of 6 as observed for CH4 during tidal im-
mersion. On the other hand, a negative relation between bub-
ble ebullition and water pressure has been reported in other
studies (Baird et al., 2004; Glaser et al., 2004), including the
only study we are aware of that was carried out in a tidally
influenced system (Chanton et al., 1989).

Most previous studies on trace gas fluxes in tidally influ-
enced systems have reported higher fluxes during low tide
than during high tide. These higher emissions during low
tide were attributed to reduced gas diffusion during inun-
dation (Heyer and Berger, 2000; Van der Nat and Middel-
burg, 2000) or to deep porewater circulation in tidal flats
(Barnes et al., 2006; De La Paz et al., 2008; Grunwald et
al., 2009; Deborde et al., 2010). Since the pioneering work
of Riedl et al. (1972) there has been rising evidence that
advective exchange processes at the sediment-water inter-
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face strongly affect the fluxes and concentrations of trace
constituents. Billerbeck et al. (2006) proposed two different
pathways for porewater circulation in intertidal sediments.
The first pathway, called “body circulation”, is generated by
the hydraulic gradient between seawater and porewater lev-
els in the sediment, and leads to seepage of porewater close
to the low-water line at low tide. The second pathway, called
“skin circulation”, refers to the advective exchange in sur-
face sediments and is driven by bottom-current-induced pres-
sure gradients at the sediment surface. Several studies have
shown a prominent effect of advective transport processes on
the exchange of organic matter and nutrients in tidal sand
flats (Werner et al., 2006; Billerbeck et al., 2006; Huettel et
al., 1996; Precht et al., 2004). Werner et al. (2006) found a
more intense and deeper transport of oxygen into the sedi-
ment due to advective exchange during tidal immersion than
during air exposure, when the exchange is presumably driven
by gas diffusion. This is also supported by a study of Kim
and Kim (2007), who reported total oxygen fluxes exceeding
diffusive fluxes by a factor of 2 to 3 for intertidal sediments
from Teaean bay, located in the midwestern part of the Ko-
rean peninsula. Cook et al. (2007) reported a concurrent in-
crease in total oxygen and TIC (total inorganic carbon) fluxes
at the sediment surface by a factor of up to 2.5 under turbu-
lent conditions relative to stagnant (diffusive) conditions. In
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Table 2. Mean trace gas fluxes (bold) obtained from seagrass meadows along the tidal cycle. Fluxes are given in nmolm=2 h=1. Numbers in
parentheses are the range of fluxes. Fluxes during high tide are given as single values. Further details on CH3CIl, CH3Br, CH3l and CHBr3
are given in Weinberg et al. (2015). By definition, emission fluxes are positive and deposition fluxes are negative.

Compound Low CHy4 Feeder High Ebb
tide peak current tide flow

(n=17) (n=5) (n=16) (n=2) (n=5)

CH3ClI 1.0 40.1 114 -18.1,-583 213
(—29.6-69.0) (—14.2-99.7) (—14.7-36.6) (—13.5-46.2)

CH3Br 0.4 2.7 1.8 -0.5,-16 21
(—0.8-3.9) (0.1-8.3) (0.2-3.3) (0.1-4.4)

CHsl 0.6 33 1.6 0.1,0.1 15
(—0.6-2.6) (0.1-8.0) (0.1-2.9) (0.2-3.0)

CHCl3 0.3 2.4 2.0 -0.1,-2.0 2.0
(—0.8-2.8) (0.1-6.6) (0.5-3.0) (—0.6-3.7)

CHBr3 0.4 29 2.8 0.5,-0.1 45
(—0.5-1.3) (0.2-10.6) (0.2-5.1) (—0.4-8.6)

CS, 52 216 135 420, 398 129
(—34-192) (22-544)  (—5.5-200.0) (—13.4-230)

Propene 56 167 91 33,27 182
(—26-377) (91-331) (—5.1-170) (3.4-407)

our study, the respiratory CO» fluxes during tidal immersion
exceeded the respiratory CO; flux during air exposure by a
factor of 2.4 and the methane fluxes during immersion ex-
ceeded those during air exposure by a factor of 2.9.

During measurements carried out in the back barrier area
of the island of Spiekeroog (Billerbeck et al., 2006; Jansen
et al., 2009), the highest oxygen penetration rates were ob-
served immediately after high tide. In accordance with this,
Yamamoto et al. (2009) noted a concurrent increase in the re-
dox potential of the sediment with increasing CH4 and CO3
fluxes during tidal inundation. The CH4 fluxes observed in
the Ria Formosa lagoon provide a mirror image of these oxy-
gen dynamics. Given this, we deduce an overall strong effect
of advective solute transport at the sediment—water interface
on trace gas fluxes to explain the elevated fluxes during tidal
immersion. Both the observed similarities between the flux
patterns among all trace gases and the relatively constant
CO3 / CHgy ratios observed at night-time, when photosynthe-
sis was not interfering with flux patterns, suggest physical
forcing as the major driver of trace gas fluxes rather than the
biogeochemical processes controlling their formation.

It is commonly thought that the fluxes during air exposure
are most likely driven by gas evasion across the sediment—air
and plant-air interface and are hence controlled by the trans-
fer resistance across these interfaces (Yamamoto et al., 2009,
and references therein). However, this model cannot explain
the observed drop to zero of CO, and CH4 fluxes for about
15 min when the incoming tide reached the sampling site. In
waterlogged sediments, trace gases have to be transported to
the sites of gas diffusion, such as to a water—gas interface or
to the root systems of higher plants. Werner et al. (2006) ob-
served a constant flow velocity of porewater over the entire
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period of air exposure and noted a decreasing flow veloc-
ity in the top 2cm shortly before the flood current reached
the sampling site and flow direction reversed. Although the
chamber will certainly affect the water flow in the top sedi-
ment, this may provide a clue to explain the observed drop in
the emission fluxes.

The drop in the fluxes was followed by a dramatic peak in
both CO, and CH4 emissions when floodwater reached the
chamber. Thereafter, CH4 fluxes dropped, increasing again
with tidal height. In contrast, the respiratory CO» night flux
showed a gradual decline. Similar flux peaks with incoming
floodwater have been previously reported for biogenic sul-
fur compounds (Aneja et al., 1986; Cooper et al., 19873, b)
and ammonia (Falcdo and Vale, 2003), being attributed to
increased hydrodynamic pressure. In contrast to these obser-
vations, we did not observe a pronounced peak for any of the
VOCs other than CH4. However, it is possible that the peak
events were not captured due to our discrete VOC sampling
method.

We speculate that the peaks are caused by the sudden re-
lease of the air trapped in the sediment pore space that be-
comes enriched in CHg and CO» during air exposure. The
release of trapped air from the sediment may be fostered by
the aforementioned reversal of flow direction in tidal surface
sediments reported by Werner et al. (2006). Such an emis-
sion mechanism is further supported by the fact that a simi-
lar drop in the CH,4 emission is also observed for the change
from tidal immersion to air exposure but not followed by an
emission peak, which is simply due to the lack of air bubbles
in the sediment at this stage of the tidal cycle. Furthermore,
the higher fluxes during tidal inundation may impede the en-
richment of trace gases in the surface sediment. The short and
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sharp emission peak for CH,4 suggests that the CH4 has been
accumulated close to the sediment surface or close to the
roots of the seagrass, from where it can be readily transferred
into the atmosphere. In agreement with this, our data clearly
show higher CH4 emission peaks during night-time than day-
time, when sediment oxygenation resulting from photosyn-
thesis favours CH,4 oxidation.

During night-time, the respiratory CO; flux and the CH4
flux show a fairly constant ratio during air exposure but
evolve differently during tidal immersion. In contrast to the
gradual decline of CO, after the peak at incoming tide, CHy
dropped sharply after this peak, increasing again with tidal
height. CH4 originating from deeper sediment layers has a
fairly low water solubility and thus becomes strongly en-
riched in the entrapped gas. Hence, the transition from a
bubble ebullition driven emission, as suggested for the “CHgy
peak”, to an advective transport of porewater, as suggested
for the period of tidal immersion, results in a sharp decrease
in the CH4 flux. The following increase in CH4 may reflect
the increasing penetration depth of the advective flow with
the rising water table. CO; is always close to equilibrium
with the much larger porewater DIC pool. After the transi-
tion from bubble ebullition to advective transport, the CO;
flux is driven by the exchange of enriched porewater DIC
and the observed gradual decline in the CO5 flux reflects the
dilution of the porewater with the overlying seawater.

While the seagrass incubations showed a continuous de-
cline of the CO> flux during tidal immersion, the incubations
at the non-vegetated sediment showed a partial recovery of
the CO; flux after high tide and thus an inverse correlation
with the height of the water table. As outlined before, this
difference may result from the onset of photosynthetic CO,
assimilation at the end of the tidal cycle at sunrise, which had
a more pronounced impact within the seagrass incubations.

4.2 Magnitude of CH4 fluxes

CH4 emissions of the Z. noltii community averaged
0.31mmolm=2d~%, with ~76% being released during
tidal immersion. These are about 4-fold higher than
CH4 fluxes from the non-vegetated sediment community
(0.07mmolm=2d-1, with ~93% being released during
tidal immersion). Oremland (1975) reported CH4 produc-
tion rates ranging from 0.26 to 1.80 mmolm~=2d~! from a
Thalassia testudinum bed and production rates ranging from
0.08 to 0.19 mmol m—2d—1 from a Syringopodium sp. com-
munity. In a study of Deborde et al. (2010), the methane pro-
duction rates in the surface sediments of Z. noltii sites were
generally below 0.04 mmol~2 m=2d~1 (this being the detec-
tion limit of their method). In contrast to our results, they
observed higher production rates in unvegetated sediments
ranging from < 0.04 to 0.78 mmol m2d—1. The average sed-
imentary CHg flux of 0.07 mmol m~—2d~1 in our study is at
the lower end of this range.
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Bartlett et al. (1987) and Delaune et al. (1983) reported
decreasing CHj fluxes with increasing salinity. CHy4 fluxes
decreased from 17 to 34.2 mmol m—2 d~1 at salinities around
1PSU to 0.17 to 0.85mmolm~—2d~1 at salinities above
18 PSU. Our data fell well into the range given for higher
salinities, although a direct comparison of these values with
our data is difficult due to the differences in salinity. Mid-
delburg et al. (2002) estimated the average CH4 flux from
European estuarine waters to be 0.13mmol m—2d~1, which
is about twice the fluxes of the non-vegetated sediments of
the Ria Formosa lagoon. Hence, our data suggest that, apart
from body circulation (Jansen et al., 2009; Grunwald et al.,
2009), skin circulation may substantially contribute to CHy4
fluxes in tidal flats.

A tentative upscaling using our flux data and a global sea-
grass coverage area of 300000 km? (Duarte et al., 2005) re-
veals a global CH4 flux of ~ 0.5 Tg CH4 yr—! from seagrass
meadows. With the inclusion of data from Oremland (1975)
and Deborde et al. (2010), global emissions may range from
<0.1to 2.5 TgCH4yr—1. The ocean, including the produc-
tive coastal ecosystems, is a minor source of atmospheric
CHyg, contributing about 10 % to the global sources (Wueb-
bles and Hayhoe, 2002), with emissions estimated to be in
the range of 11 to 18 Tgyr—! (Bange et al., 1994). Despite
the large uncertainty in this estimate, it is reasonable to sup-
pose seagrass meadows being a minor global source of CHy.

4.3 Magnitude of CO, fluxes

Our method may underestimate the CO; fluxes by 20 + 15 %
as outlined in the methods section. However, it is worth com-
paring the results from this study with those from previous
studies.

During our experiment, the overall net community produc-
tion (NCP) of Z. noltii was 101 mmolCm~2d~! and that
of unvegetated sediments was 50 mmolCm=2d~1, show-
ing that heterotrophic metabolism was dominant in the in-
tertidal of Ria Formosa lagoon. Santos et al. (2004) found
that the intertidal was marginally autotrophic in July 2002
with a NCP of —5.5mmolCm~2d~1 for Z. noltii and of
—21.2mmol C m~2 d~! for the unvegetated sediment.

We present here, to the best of our knowledge, the first
assessment of how the respiration of a seagrass community
varies over night along with the tidal cycle. Several previ-
ous studies used punctual measurements, either with dark
chambers or during the night, to assess the community res-
piration (Santos et al., 2004; Silva et al., 2008; Duarte et
al., 2010; Clavier et al., 2011). These punctual data were
scaled up to estimate daily respiration rates and to calcu-
late daily metabolic budgets of seagrass communities. Our
data show that this practice may seriously affect the esti-
mation of the metabolic daily budgets of seagrass commu-
nities, particularly in the intertidal. The average net CO»
emissions (community respiration, CR) of Z. noltii during
night were 10.2 (air exposure), 23.2 (tidal immersion) and
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55.0mmol m—2h~1 (peak event) (Table 1). With an average
daylight period of 12 h and an average period of tidal inun-
dation of 15.30 hd—1, the community respiration is estimated
to be 233 mmol m—2d~! during night-time.

The respiratory CO, production peaks during incoming
flood tide are immediately recycled during the day, i.e as-
similated by the seagrass community. The observed acceler-
ated decreases in the CO» flux coinciding with sunrise and
the much lower CO; peaks observed during the day at the
transition from air exposure to inundation provide evidence
of this. Over the course of the experiment, a net CO, as-
similation occurred roughly between 09:00 and 18:00 UTC,
with average net assimilation rates of 9.1 mmolm=2h~1 dur-
ing air exposure and 16.4 mmol m~2 h—1 during immersion,
summing up to a net CO; assimilation of 125 mmolm=2d—1.
The NCP of Z. noltii during air exposure estimated here com-
pares well to the previously reported rates ranging from 10
to 15mmol m—2h~1 (Silva et al., 2005), whereas NCP dur-
ing tidal immersion significantly exceeds previously reported
rates of less than 5mmolm~—2h~1 from the Ria Formosa
(Santos et al., 2004; Silva et al., 2005, 2008). These earlier
studies used static chambers, which are prone to introduce
stagnant conditions. In contrast, the bubbling in our cham-
ber introduces turbulent mixing and hence may facilitate
the transport of CO; across the water—leaf interface. Thus,
these differences can be mainly attributed to the introduc-
tion of advection in our chamber system. In accordance with
our results, Clavier et al. (2011) recently reported a higher
NCP during submersion than under aerial conditions from
a Z. noltii bed in the Banc d’Arguin (Mauritania). A benthic
chamber equipped with submersible pumps to maintain a tur-
bulent water flow during submersion was used in the study.
They found a NCP of about 3mmolm—2h~1 under aerial
conditions and about 20 mmolm~1h=1 under submerged
conditions, with the latter being derived from DIC and oxy-
gen measurements. The respective gross primary produc-
tion rates in the study of Clavier et al. (2011) were 6 and
42.7mmolm~2h~1. From our CO, flux measurements we
estimated a net community production of 9.1 mmolm—2h-1
under aerial conditions and of 16.4mmolm~2h—1 under
submerged conditions. To make a first rough estimate of
the gross community production in our study, we can sim-
ply add the observed respiration fluxes measured during
night to the net community production, resulting in an es-
timated gross community production of 17.5 mmolm—2h~1
under aerial conditions and of 36.5 mmol m~2 h—1 under sub-
merged conditions; however the peak occurring at the transi-
tion from air exposure to immersion has not been included.
The net and gross community production rates from both
studies agree quite well, in particular under submerged con-
ditions, while our production rates under aerial conditions
were about 3 times higher than those reported in Clavier
et al. (2012). When including the carbon evolution from
the sediment, we can estimate a gross primary production
of 43gCm~2d-1, which is close to the ~5gCm~2d~!
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computed from changes in the living biomass by Cabaco et
al. (2012) for established meadows of Z. noltii in the Ria For-
mosa for this time (late spring) of the year. In this context it
should be noted that the available data on the aerial versus
submerged photosynthesis of Z. noltii are not consistent, as
already outlined in Silva et al. (2005). While Leuschner and
Rees (1993) and Leuschner et al. (1998) measured compara-
ble rates of CO; assimilation in air and water, Perez-Llorens
and Niell (1994) found CO; uptake rates in air 10 to 20
times lower than in water. We currently cannot appraise the
quality and reliability of the different chamber systems as
the strength of advection in our chamber system relative to
ambient conditions is unknown. However, these differences
highlight the importance of accurately addressing the pertur-
bations of turbulent flows in benthic flux chambers.

44 VOCs

The overall focus of this section is the temporal evolution
of the VOC fluxes over a tidal cycle. A quantitative discus-
sion of the VOC data and an assessment of potential intrinsic
sources are beyond the scope of this paper. For the halocar-
bons, this will be done elsewhere (Weinberg et al., 2015).
CS,, which has a known sedimentary source (Bodenbender
et al., 1999), shows a similar temporal pattern to CH, dur-
ing high tide. Thus, we conclude that the emission of CS; is,
in analogy to CH4, mainly controlled by advective transport
across the sediment—water interface.

Halocarbon production in the marine environment is gen-
erally attributed to photoautotrophic sources (Gschwend et
al., 1985; Manley et al., 2006; Moore et al., 1995), though
there is some evidence of a sedimentary bacterial source
of iodomethane (Amachi et al., 2001). In seagrass mead-
ows, halocarbons are presumably produced by the seagrass
or the microphytobenthos. Only in the latter case can pore-
water flow across the sedimentary interface directly affect
the emission. However, the elevated halocarbon fluxes dur-
ing tidal immersion may reflect an enhanced transport across
the leaf-water interface and/or result from the enhanced net
primary production during immersion. Sediments may also
act as a sink for monohalomethanes (Miller et al., 2001;
Bill et al., 2002), and trihalomethanes are known to be de-
graded by a variety of microorganisms (Alasdair and Al-
lard, 2008). Hence, the remarkable decrease and the uptake
of the halocarbons may simply reflect sedimentary degrada-
tion processes. We further noted remarkable levels of H,S
and methanethiol in our samples during high tide. In particu-
lar, H2S is a very reactive nucleophile, readily reacting with
monohalomethanes (Barbash and Reinhard, 1989), and thus
may additionally foster their degradation. In summary, sim-
ilar to CH4 and CO,, the VOC fluxes are more pronounced
during tidal immersion than during air exposure but further
show some differences resulting from their different sources
and sinks.
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5 Conclusions

We have presented flux measurements for a variety of trace
gases in a tidally influenced seagrass bed (Z. noltii) using a
newly developed dynamic flux chamber system that can be
deployed over full tidal cycles. An unambiguous quantifi-
cation of carbon fluxes in future studies requires additional
measures such as pH or alkalinity to better constrain the
carbonate system. Further, the water exchange between the
chamber and surrounding waters should be quantified. De-
spite these caveats, our results provide new insights into the
temporal flux dynamics. In particular, the CO, and CH4 data
illustrate the need for high-time-resolution measurements to
accurately address the fluxes and dynamics of trace gases in
tidally controlled systems. We observed short emission peaks
with the flood current arriving at the sampling site for CHs.
In line with previous studies that have demonstrated the im-
portance of advective transport processes for the oxygenation
of sediments, our results show a general strong control of ad-
vective transport processes on trace gas fluxes in intertidal
systems during submersion. We are aware of only very few
earlier studies of intertidal systems indicating elevated fluxes
during tidal immersion or periods of tidal change. In con-
trast to most previous flux chamber studies, our data indicate
significant enhanced fluxes during tidal immersion relative
to periods of air exposure for all trace gases measured. Sim-
ilar results have been previously reported for oxygen, DIC
nutrients and suspended matter. Hence, our results highlight
the importance of accurately addressing the perturbations of
turbulent flows in flux chamber studies. If the observed flux
enhancements are more than just episodic events, this may
have fundamental implications for our understanding of the
carbon and trace gas cycling in coastal environments.

The Supplement related to this article is available online
at doi:10.5194/bg-12-1683-2015-supplement.
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