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Abstract

Abstract

Volatile halogenated organic compounds (VHOCs) constitute a large group of environmental gases
that can influence atmospheric chemistry, and have natural and anthropogenic sources. Biological
VHOC formation is poorly investigated. In this work the role of plant-plant communication and
their influence on VHOC formation was studied. It could be demonstrated that oligoguluronates
trigger the formation of VHOC. Plant-plant communication orchestrates the formation of VHOCs:
“forewarned” algae react less intensely after perception of an oligoguluronates signal. This might

be beneficial for the algae in terms of cost efficiency.

Marine biogenic production of VHOC contributes significantly to the global halogen cycle, and a
better knowledge of sources and fluxes of VHOCs is crucial. In this work VHOC distribution was
studied in the Iberian upwelling system, and in a mega-tidal influenced and nutrient-enriched
estuary on the South-western coast of the English Channel. Both areas are characterized by high
primary production and are suspected to be “hot spots” of VHOC formation. Measurements off
Portugal showed that halocarbons distribution is related to sea surface temperature and
advection processes. Bromocarbon concentrations are affected by tides and had the highest
concentrations near the coast. Coastal macroalgae beds are most likely the main source of
brominated VHOCs in the upwelling while open-ocean concentrations could be related to
phytoplankton production. Evidences were found that iodinated compounds have mainly a
bacterial offshore origin. Chlorocarbons have non-biological sources. The postulated high
concentrations of biogenic VHOCs were not found. Hence we reject the idea that upwelling
regions might be hot spots for VHOC formation due to diatom activity. Annual halocarbon
measurements in the English Channel displayed a marked seasonality. Brominated and iodinated
compounds showed summer maxima and winter minima, and exhibited elevated concentrations
in surface waters during low tide compared to high tide. Chlorinated compounds showed winter
maxima and summer minima. Distinct concentration gradients of bromo- and chlorocarbons
revealed the occurrence of highly localized sources for both groups. Bromocarbons sources were
linked to macroalgae beds, whereas chlorocarbons have mostly airborne sources with higher
inputs via the river side. lodocarbons have unknown unlocalized sources in the Bay of Morlaix.
Flux calculations revealed that tidal-influenced and macroalgae-dominated ecosystems
significantly contribute to global halogen emissions, especially via bromoform and

dibromomethane emissions.
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1 Introduction

Volatile Halogenated Organic Compounds (VHOCs) are trace gases that can influence atmospheric
chemistry. VHOCs are climatically active and potentially a major source of reactive halogens.
These gases may contribute to 20-35% of stratospheric bromine; essentially by the short-lived
polyhalogenated compounds CH,Br, and CHBr; (Pfeilsticker et al. 2000). Bromine may contribute
up to 30 % of ozone depletion in the troposphere and lower stratosphere (Salawitch et al. 2005;
Yang et al. 2005). World oceans, via the marine-atmosphere boundary layer have been suggested
to be the largest source of natural produced VHOCs to the atmosphere. With the introduction of
highly sensitive techniques to detect such traces in the environment (Lovelock 1974), it became
clear that, beside anthropogenic sources, Nature produces those gases in significant quantities
and qualities. In contrast to anthropogenic halocarbons, VHOC with natural sources are
characterized as short-lived compounds with life-times in the range of minutes (e.g.
diiodomethane) to about a one year (chloromethane) (Law and Sturges 2006). The transport of
these gases to the lower stratosphere results from large-scale ascent in the tropics and rapid deep
convection. Thus, the role of VHOCs for stratospheric ozone depletion depends on various factors:
(1) the ozone depleting potential of the gas itself (life-time, halogen, and breakdown products),
(2) source strength, (3) location of the source (distance to deep convection) and (4) seasonal

aspects.

In the last two decades the magnitude of oceanic formation and emissions of certain halocarbons
has been estimated in several studies (e.g. Class and Ballschmiter 1988; Lobert et al. 1997; King et
al. 2002; Quack et al. 2004; Quack et al. 2007b; Carpenter et al. 2009). Generally, halocarbon
concentrations are higher in the coastal regions than in the open ocean. Brominated and
iodinated compounds mainly have biological sources in coastal regions. Biological sources are
related to macroalgae (e.g. Manley and Dastoor 1987; Laturnus 2001; Palmer et al. 2005),
phytoplankton (e.g. Sturges et al. 1992; Tokarczyk and Moore 1994; Moore et al. 1996b) or
bacteria (e.g. Amachi et al. 2001; Smythe-Wright et al. 2006; Hughes et al. 2008). Furthermore
abiotic processes are an additionally source for marine VHOCs. Photochemical production in
surface waters (Richter and Wallace 2004) and anthropogenic discharge (Quack and Wallace
2003) are most important among these processes. Anthropogenic discharge is the strongest

source for the long-lived chlorinated halocarbons.
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Macroalgae are claimed as the most effective producer for various iodo- and bromocarbon and
might contribute up to 70% of global bromoform emissions (Carpenter and Liss 2000). Seaweed
incubation experiments have demonstrated that macroalgae produce various halocarbons, and
that formation is highly species-dependent (Nightingale et al. 1995; Carpenter et al. 2000). Since
macroalgae distribution is restricted to coastal regions, halocarbons have strongly localized
sources. Compared to macroalgae production, phytoplankton produces relatively less VHOCs.
However, global phytoplanktonic emissions can become significant considering the large size of
the open oceans. Beside eukaryotic phytoplankton (mainly diatoms), marine cyanobacteria (e.g.
Prochlorococcus) might play an important role in the understanding of global halogen budget

(Smythe-Wright et al. 2006).

Several studies attempted to estimate global fluxes for a few VHOC and aimed to assess the role
of those gases in the global halogen cycle (e.g. Moore and Groszko 1999; Quack and Wallace
2003). However global flux estimates require the knowledge of formation processes and source
strength preferably for a large number of geographical regions and ecosystems. Another
considerable uncertainty of those flux calculations arise from the high temporal variability of
VHOC formation. Indeed, field campaigns are usually limited in temporal resolution.
Consequently, measurements in unstudied areas and studies with a high temporal resolution are

essential for better halocarbon budget calculations.

The biological formation of halocarbons and the underlying purpose for the involved species still
remain unclear. For few species it has been proposed that vanadium-dependent haloperoxidases
(VHPOs) are the crucial enzymes for the formation of polyhalogenated compounds (Leblanc et al.
2006). Triggered by H,0,, vHPOs are able to oxidize halides (bromide and iodide primarily) leading
to the halogenations of organic substrates. The key to understanding the global halogen cycle can

clearly be found in a better understanding of the biological background of the VHOC formation.

1.1 Thesis Goals

This thesis aims at improving the knowledge of sources and fates of volatile halogenated organic
compounds in highly productive marine areas. The primary objective was to establish techniques

for the determination of trace gases at the Station Biologique Roscoff.
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The second objective was to study the distribution of organohalides in two different oceanic
provinces: a phytoplankton-dominated upwelling region and a macroalgae-influenced coastal
region. Upwelling systems are characterized by high primary production, predominantly by
diatoms. Moore et al. (1996b) claimed a high potential of those unicellular heterokonts for the
formation of VHOCs. However only few studies (Quack et al. 2007a; Quack et al. 2007b) aimed at
estimating the source strength of upwelling systems. This work improved our knowledge of VHOC
distribution in upwelling areas. During summer 2007 coastal waters off Portugal were studied in

order to investigate the origin of halocarbons.

The littoral zones (and especially macroalgae beds) are “hot spots” for VHOC formation. Due to
oxidative stress, tides have an influence on VHOC formation in macroalgae beds (e.g. Pedersen et
al. 1996). However no high resolution study is made in tidal influenced and nutrient-enriched
estuaries. In this work the annual distribution and sea-air fluxes of VHOC along a salinity and
nutrient gradient was investigated in the Bay of Morlaix; an estuary with a high nutrient input and

a mega-tidal regime at the South-western end of the English Channel.

An additional objective was to study aspects of VHOC formation conditions in the marine model
organism Laminaria digitata. This work focused on the role of plant-plant communication and

their influence on VHOC formation.
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2 VHOC: State of the art

Volatile halogenated organic compounds (VHOCs) are naturally emitted or man made gases with
high impact on atmospheric chemistry. In this work the focus was on 13 different haloalkanes
with generally short life times (range of minutes to days). The range of studied short lifed
compounds are enlarged by the anthropogenic gases methyl chloroform and tetrachloromethane
which have atmospheric lifetimes of several years. Figure 1 shows the structural formula of the

VHOCs studied in this work.

lodoethane Chloroform Methyl Chloroform Tertrachloro- Trichloroethylene
methane
Dibromomethane Bromodichloro- Chloroiodo- Perchlorethene Dibromochloro-
methane methane methane
Bromoiodo- Bromoform Diiodomethane
methane

Do

Figure 1. Structural formula of studied VHOCs.
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2.1 Chemical properties
VHOCs are chlorinated, brominated, iodinated and fluorinated hydrocarbons with up to four C-
atoms as well as chlorinated benzene. The characteristics of the halogen substitudes (F, Cl, Br, I)

and their carbon-halogen bond energies, determine the physicochemical properties of the VHOCs.

With increasing molecular weight, carbon-halogen bond energies decrease: the carbon-fluorine
bond is very strong and show a high polarity. lodineated compounds show lowest carbon-halogen
bond energies and porarities. The electron-withdrawing effect and the physical size of the
halogen substituent influence chemical reactivity of the VHOC. Under standard conditions VHOCs
are gaseous or liquid and are generally poorly soluble in water and show increased lipophilicity.
The biological consequence of this hydrophogy/lipophilicity is an increased accumulation in
cellular lipids. Hence biological degradation might be reduced since it becomes less accessible for
hydrophilic enzymes. A final characteristic of halogens is their potential to alter toxicity of the
organohalogen. VHOC are known to have a high toxic, carcinogen, mutagen and teratogenic
potential and to causes allergies. It is assumed that biologicaly produced organohalogens have
functions as antibiotics or for protections against feeding pressure or completion. Table 1 gives an

overview to chemical properties of those chemicals.
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Table 1. Chemical properties of VHOCs studied in this work.
Abbreviation, name, CAS-number, molecular weight [g - mol-1], melting and boiling point [°C], density [g - ml-1],

solubility in water [g - I-1] and vapour pressure [hPa, 20°C].

at
abbr. Name CAS formula M MP BP p °C sol pc
IE lodoeth
odoethane, 75-03-6 CHsCH,l 156.0 -110.9 724 195 ® 4 150
Ethyl iodide
CF Chloroform, - Methyl o, ¢ CHCl, 1194 -63.5 612 148 2 82 213
trichloride
MC Methyl Chloroform, 25
71-55-6 . - . .
111 Trichloroethane CH,CCl; 133.4 -33 74 1.32 1.3 133
TCM  Tetrachloromethane, . ccl, 153.8 -22.92 7672 159 ® 0.8 119.4
Carbon tetrachloride
TCE Trichloroethylene, 20
79-01-6 . - . . .
11.2-Trichloroethene CHCl; 1314 -73 87  1.46 1.1 871
DBM Dibromomethane, 20
74-95-3 . -J2. . . .
Methyl dibromide CH,Br, 1734 -52.7 96.95 2.50 11.7 60
BDCM Bromodichloromethane, .., , - cygrc), 1638 57 90 198 * 45 67
Dichlorobromomethane
Cim Chloroiodomethane, 20
593-71-5 . . .
Chloromethyl iodide CH,Cl 176.4 108.5 2.42
PCE  Perchl h
¢ erchloroethene, 127-184  CClL,=CCl, 165.8 -19  121.1 1.62 2 0.15 19
Tetrachloroethene
DBCM Dibromochloromethane, ,\ \0, g 2083 -22 1195 245 ® 525 20
Chlorodibromomethane
BIM  Bromoiodomethane, 557686  CH,Brl  220.8 1 1395 293 2 2.7 1467
Bromomethyl iodide
BF Bromoform, 20
Moty tribromide 75-25-2 CHBr, 2527 8 149.1 2.89 1 66
DIM  Diiodomethane, 75-11-6 CH2I, 2678 6 181 332 ® 14 113

Methyl diiodide

Compounds are sorted following their retention time in the GC-ECD. Generally retention times are

correlated to the boiling point of a compound.

2.2 Sources

About 3800 different organohalogens are known having natural sources (Gribble 2003). Natural
sources include biological production by bacteria, fungi, lichen, terrestrial plants, and algae or
even by insects and higher animals. In addition volcanoes, forest fires or geothermal processes
widen the sources with natural origin. Man made organohalogens have either no natural

equivalent or extent the natural sources. VHOCs are used in the chemical industry, in the
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agriculture, are by-products of water treatment and are formed during combustion of organic

waste.

2.2.1 Biological sources

Biosynthesis of VHOC forms a great number of different compounds and occurs within various
organisms. Brominated and chlorinated organohalides outnumber the biological formated
iodinated compounds. Even though fluorine is the most abundant halogen in the earth crust, only
few biologically produced fluorinated organohalides are known (Key et al. 1997; O'Hagan and

Harper 1999).

Methyl transferase (Wuosmaa and Hager 1990; Moore et al. 1996b; Manley 2002) and
haloperoxidase (Theiler et al. 1978) are the two known enzyme groups catalyzing biosynthesis of
haloalkanes. The enzymatic methylation of halides generates monohalogenated compounds (e.g.
iodomethane). Organisms containing haloperoxidases are able to synthesis polyhalogenated

compounds (e.g. bromoform or dibromomethane).

Methyltransferase
Monohalomethanes can be formed by enzymatic halogenations of methyl groups. This reaction
was described in fungi (Wuosmaa and Hager 1990; Saxena et al. 1998), bacteria (Coulter et al.
1999), terrestrial plants (Attieh et al. 1995; Ni and Hager 1999) and marine algae (Itoh et al. 1997).
Methyltransferase in marine algae can used different substrate as methyl donor, such as S-
adenosyl-L-methionine  (SAM), methionine methyl sulfonium chloride or dimethyl
sulfoniopropionate (DMSP). Nonspecific methyltransferases from haptophytes (Pavlova gyrans)
had been described as capable for the methylation of either bromide or iodide ions. Hence

phytoplankton can be discussed as an oceanic source for bromomethane and iodomethane.

Haloperoxidase
Haloperoxidases are able to oxidize halogen anions. Those enzymes are accounted by a great
variety of organisms. Asplund et al. (1993) found chloroperoxidases in soil extracts. Moore et al.
(1996b) and Wever et al. (1991) detected bromoperoxidases and iodoperoxidases in macro- and
microalgae. Hoekstra et al. (1998) described the presence of chloroperoxidase at the natural

formation of chloroform by fungi.
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While iodoperoxidase is highly specific to iodide, bromoperoxidase is able to use bromide and
iodide. Chloroperoxidases are further unspecific and oxidize chloride bromide and iodide (Moore

et al. 1996b; Urhahn and Ballschmiter 1998).

During the enzymatic reaction haloperoxidase form under the presence of halides and hydrogen

peroxide, electrophilic halogen species (EHS):

(1)

Cl,Brorlions

EHS electrophilic halogen species (XO- or R2NX)

In a second step EHS substitute the H-atom of a carbonyl activated methyl group. Finally this
substituted methyl group is split of the originally organic molecule. Urhahn and Ballschmiter
(1998) proposed methyl sulfur compounds like methionine or dimethyl sulfoxide (DMSO) as a

reagens for sulfo-haloform reaction:

PI +3X0" ﬁ +OH’ (|3|

R—S—CH; ——> R—S—CX; —» R—S—0 + CHX;
I -30H I I
o] ¢]

Why organisms produce VHOCs?
In the evaluation of the biological function of halocarbon formation, large uncertainties still
remain. Manley (2002) claimed halomethane formation as a metabolic ‘accident’. According to
this hypothesis, halomethanes are by-products of halogenation by haloperoxidase, which was
found in great variety of organisms in different phyla. The main function of haloperoxidase is to
protect the cell of harmful reactive oxygen species (ROS) such as hydrogen peroxide (H,0,), ozone
(O3) or hydroxyl radical (-OH). Reactive oxygen species may cause damage to vitally important cell

molecules, essentially enzymes or genetic molecules. Halogenation reactions by haloperoxidases
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are suggested to scavenge H,0, during oxidative stress (Pedersen et al. 1996). Consequently,
VHOCs formed by marine algae are secondary waste products in order to lower intracellular ROS

levels.

Macroalgae produce hydrogen peroxide as a defence reaction to grazing or as antifouling. In the
process, intracellular hydrogen peroxide concentrations overshoot the normal cellular tolerance
against those ROS (Theiler et al. 1978; Palmer et al. 2005). Kipper et al. (1998) described a H,0,
removal mechanism in Laminariales involving the accumulation of iodine. Laminariales are able to
establish an intracellular iodine concentration gradient, which are more than 30 000 times higher
compared to seawater. The iodine uptake is triggered by H,0, and enhanced by adding
haloperoxidase. The authors presume extracellular haloperoxidases catalyse the oxidation of
iodine in the presence of H,0,.During this reaction, hypohalous acids (HOl and HOBr) are
produced. Subsequently, hypohalous acids react with methyl groups and form polyhalomethanes

such as dibromomethane or bromoform (Wever et al. 1991).

KlUpper et al. (2008) challenged in a later publication the idea of Manley and Pedersen. They
proposed instead the hypothesis of a defence function, considering the high microbial toxicity of
halocarbons. VHOCs may play a role as grazing detergent for macroalgae (Gschwend et al. 1985;

Wever et al. 1991; Itoh et al. 1997).

Palmer et al. (2005) supported the hypothesis that halocarbon producing algae control the
formation of condensation nuclei for coastal cloud formation. Therewith kelp would be able to
reduce oxidative stress from sunlight high levels. Pedersen et al. (1996) reported such stress
conditions: concentrations of halocarbons were elevated in inter-tidal macroalgae beds during

low tide. The authors attribute those findings with dry stress for the macroalgae.

Considered as a whole, it appears that VHOC are produced as response to various biotic and

abiotic stresses (Potin et al. 2002; Laturnus et al. 2004; Leblanc et al. 2006).

2.2.2 Natural, nonbiological formation of VHOCs

Abiotic natural formation of halocarbons occurs in the environment without the presence of
enzymes. In those processes biotic material can be involved. During the degradation of plant
material for instance, methyl halides (mostly CH;Cl, CH;Br and CH;l) are produces abiotically

(Hamilton et al. 2003; Wishkerman et al. 2008).
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Nucleophilic substitution
Although nucleophilic substitution do not reveal primary sources of VHOCs, it is crucial for some
compounds like chloromethane (Moore 2003). From a Pacific Ocean data set it has been deduced
that about 15% of global chloromethane flux arise from nucleophilic substitution (Moore and

Groszko 1999).

This reaction is a sink for bromomethane and iodomethane in seawater and at the same time a

source for chloromethane (Zafiriou 1975). Beside substitution with Cl, hydrolysis is an alternative.

()

X Brorl

Y Cl,Brorl

Results from Singh et al. (1983a) however do not support this idea. The authors found
correlations between bromomethane and chloromethane but no correlations between

iodomethane and chloromethane.

A photochemically induced substitution was suggested as a pathway for nucleophilic substitution
(Class and Ballschmiter 1987; Class and Ballschmiter 1988). Diiodomethane and dibromomethane

can be transformed in mixed halogenated compounds:

3)

Halocarbons can be produced by oxidation processes during degradation in organic rich waters or
sediments (Keppler et al. 2000; Keppler et al. 2003). For the formation of monohalogenated
compounds an abiotic reaction mechanism was assumed which is induced by the oxidation of

organic matter by iron(lll).
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Another formation pathway for methy halides was proposed by White (1982): dimethyl sulfonium
propionate (DMSP) dissolve in seawater and react with halide ions. DMSP is an osmolyte
detected in prymnesiophytes, dinoflagellates and chrysophytes. However in a kinetic study (Hu
and Moore 1996) was shown that these reactions are too slow to have significant influence on

oceanic methyl halide productions.

Photochemical formation of iodomethane
Aside biological formation of iodomethane by macro- and microalgae and marine bacteria,
photochemical formation is an important pathway for this very short lived VHOC (Richter and
Wallace 2004). These authors showed, based on production experiments in the tropical Atlantic
that 50% of the average air-to-sea flux of iodomethane is caused by photochemical formation.
Recently, Wang et al. (2009) measured spatial and seasonal variation of iodomethane in the NW
Atlantic and could not demonstrate the dominance of photochemical formation over other
pathways. These two studies demonstrate that the photochemical formation of VHOCs depends
on high light intensities. In a light-dependent production pathway, ultraviolet radiation drives the
formation of CHs-radicals and iodine atoms in seawater. The following reaction was then

suggested by Moore and Zafiriou (1994):

(4)

Geogenic sources
Volcanoes and other geothermal processes are known to emit a great variety of halogenated
organic compounds (Gribble 1996; 1998; Jordan et al. 2000). The latter authors found about 100
chlorinated, 25 brominated, five fluoride and four iodinated compounds in fumaroles and lava gas
samples from four different volcanoes (Etna, Iwojima, Kuju, Satsuma, Vulcano). Gribble (2003)
(see reference therein) reported rocks and minerals containing small amounts of haloalkanes.
When rocks are crushed during natural erosion or mining operation these haloalkanes are

released to the atmosphere and may contribute significantly to global halogen emissions.
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2.2.3 Anthropogenic sources

In the last century halogenated compounds were widely used in the chemical industry and the
global production is constantly increasing. World chlorine production and consumption for
instance was estimated to 48 million tons in 1996 and is increasing about 3.4% annually (Stringer
and Johnston 2001). Halogenated compounds like 1,2-dichloroethane and chloroethene are pre-
cursors for the production of polymers such as polyvinyl chloride (PVC). Other industrial
application for halogenated compounds (such as chloromethane, chloroethanes, chlorobenzene
or chlorofluorocarbons) includes the usage as flame retardants, biocides, solvents, degreaser and

dielectric fluids.

Biocides and solvents
Due to their chemical properties VHOCs are potentially toxic to life. Many pesticides or fungicides
are halogenated compounds. Bromomethane for instance was used as fungicide (Clerbaux and
Cunnold 2006) mostly in underdeveloped countries. Due to it high ozone depleting potential the

use in agriculture is globally prohibited since 2005.

Manly chlorinated solvents are highly necessary for industrial applications. Chloroform and
tetrachloromethane are degreasing agents and therefore have been used in dry-cleaning of

clothes.

Water treatment and bleaching
Chlorine is used in industry for various purposes such as bleaching agent for pulp and paper
production, the treatment of waste and drinking water or antifouling agent of seawater for
cooling water in power plants. Since the beginning of the 20" century, drinking water is treated
with hypochloride (CIO"). About 6% of global chlorine production is used for this assignment and
lead to a remarkable reduction of water-borne diseases (Stringer and Johnston 2001). However
chlorination of drinking water is responsible for the formation of various polyhalogenated
hydrocarbons and thereby it is an important source of anthropogenic VHOCs. Hypochloride is an
effective oxidizing agent and capable to breakdown complex organic compounds such as

peptides, humic and fulvic acids.

If hypochlorine is released in the marine environment — due to the presence of bromine — ClO" is

converted to BrO™ and finally form brominated halomethanes. Helz and Hsu (1978) found elevated
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concentrations of bromoform, chloroform, bromodichloromethane and dibromochloromethane
in the Balck Water estuary ( Maryland, USA) and assumed it was due to the discharge of a
wastewater treatment plant upstream. Indeed, oxidative water treatment is usually the most
important antropogenic source for VHOCs (Rook 1977; Fogelqvist and Krysell 1991; Krysell and
Nightingale 1994; Quack and Suess 1999).

Biomass burning
Combustion of biomass like savanna fires in southern Africa can be related to methyl halide (e.g.
CH3Cl, CH3Br and CH;l) emissions (Andreae et al. 1996). Burning of biomass itself is a natural
process mostly induced by spontaneous fire lightning. However today’s biomass burning is about
90 % man made and therefore the dominant factor (Koppmann et al. 2005). Organohalogens are
emitted to the atmosphere during combustion of organic material (e.g. fire clearance or
incineration of municipal waste). Gribble (1999) calculated that 30% stratospheric bromine
budget can be traced back to biomass burning. Those emissions of bromomethane are in the

same range than marine emissions.

The formation of organohalogens is restricted by the availability of halogens in the plant tissues
and the quality of the burning process. Hamilton et al. (2003) described the abiotic formation of
chloromethane in the presence of chlorine, in which the plant component pectin acts as a methyl
donor. It was observed that emissions were dramatically increased at high temperature. It can
be assumed that similar processes are causal for the release of CH3;Br and CHsl. Also, the
formation of polyhalogenated compounds can be the result of incomplete burning (Lobert et al.

1999).

2.3 Lifetimes in the Troposphere
Halogenated compounds are chemically converted in the atmosphere by photochemical products
(hydroxyl radicals, ozone and nitrogen oxides) or by uv-radiation. The final products are reactive

halogen species (Chameides and Davis 1980):
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(5)

Among this group of reactive halogen gases, one can distinguish hydrogen halides (HI, HBr, HCl,

HF), halogen nitrates (e.g. BrONO, or CIONO,), halogen monoxides (e.g. ClO, BrO) and atomic

halogens (e.g. Br atoms).

The lifetimes of halogenated gases is determined by their chemical conversation.

29



VHOC: State of the art

Table 2 shows lifetimes, burdens and sources for VHOCs. It must be pointed out that lifetime are
correlated to latitudes: for iodomethane for instance average lifetimes are reported in the range
between 4-8 days (Zafiriou 1974; Yvon-Lewis and Butler 2002). Due to lower uv-radiation at

higher latitudes the lifetimes can increase up to two weeks (Blake et al. 1999).

While naturally produced VHOCs are typically short lived with lifetimes in the order of months,
some VHOCs with anthropogenic origin are photochemically stable with lifetimes of several years.
Some iodinated compounds have remarkably short lifetimes, for example diiodomethane has a
lifetime of several minutes. This is mainly due to the fact that photolytic degradation is the main
factor responsible for decomposition of iodocarbons. For instance, photolysis of iodomethane is
about 100 times faster than degradation by hydroxyl species. As a consequence to short lifetimes,

iodinated compounds have low effects on stratospheric ozone depletion.
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Table 2. VHOCs in the atmosphere.
Published atmospheric lifetimes, burdens and sources (Mossinger et al. 1998; Clerbaux and Cunnold 2006; Law and

Sturges 2006).

Estimated
Lifetimes Burden Source Estimated Source
[d] [Ggl [Ggyr]
Bromomethane 255 N(A)
Chloromethane 365 N(A)
lodomethane 7 1.7-4.8 (1) N (A) 180 (I) open ocean
66 (1) anthropogenic
lodoethane 4 0.5 (1) N
Chloroform 150 66-210 (Cl) AN 588 (Cl) total
320 (Cl) seawater
196 (Cl) soil
Methyl Chloroform 1825 A
Tetrachloromethane 9500 A
Trichloroethylene 4.6 A
Dibromomethane 0.6 18-22 N
Bromodichloromethane 78 1.3-1.5 N(A) 17 (Cl) open ocean
19 (Br) open ocean
Chloroiodomethane 0.1 N 95 (1) open ocean
27 (Cl) open ocean
Perchloroethene 99 17-160 A 313 (Cl) industry
16 (Cl) ocean
2 (Cl) fossil fuel
Dibromochloromethane 69 0.8-2.3 (Br)  N(A) 5 (Cl) open ocean
0.2-0.5 (Cl) 23 (Br) open ocean
Bromoiodomethane 45 minutes N
Bromoform 26 11-18 (Br) N(A) 800 (Br) total
28 (Br) industry
Diiodomethane 5 minutes

Lifetimes determine the ozone depleting potential of VHOCs. Chloromethane and bromomethane
are long lived compounds and contribute significantly to stratospheric reactive halogen species
(Clerbaux and Cunnold 2006). Both are natural produced halocarbons with longer photochemical
lifetimes (8 month to one year) than the average large-scale transport time (about 6 month)
through the troposphere (Law and Sturges 2006). Chloromethane shows 20 times higher

atmospheric concentrations that bromomethane (Adams et al. 1998). However bromomethane
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has about 50 times more effective ozone depleting potential than chloromethane (Butler 1995).

Hence the ozone depleting potential of both gases is in the same range.

Decomposition of chlorinated and brominated compounds by photolysis is slow. Hydroxylation
dominates the formation of those reactive halogens (Mossinger et al. 1998). Hence the longer
lived chlorinated and brominated compounds are able to reach the stratosphere and therefore

have a high ozone depleting potential.

2.4 VHOC contribution to reactive stratospheric halogens

The ozone destruction potential of chlorofluorocarbons (CFCs) was firstly described by Molina and
Rowland (1974). About 10 years later their severe warning became reality with the discovery of a
substantial ozone hole over Antarctica (Farman et al. 1985). Since then the focus was enlarged to
other halones like haloalkanes. Those compounds are a large source for reactive halogen species

which are causal for ozone depleting (see Figure 2).

Bromine source gases Chlorine source gases
total: 21.2 ppt total: 3390 ppt

o others
2
&
<
o
5 Halone 1211
£ —
<

Bromomethane_A
= [CFC-11 |
s
TU' Methyl chloroform
z

Figure 2. Primary Sources of chlorine and bromine for the stratosphere (Fahey 2006).
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The mixing ratio of chlorinated compounds is about 150 times higher than those of brominated
compounds. However, both halocarbon groups have a comparable ozone depleting potential. The
reason for that is the high efficiency of brominated compounds in ozone degradation. Both
groups have different origins: brominated compounds have strong natural sources whereas

chlorinated compounds are largely manmade.

Due to short life times, atmospheric concentrations of iodinated compounds decrease with
increasing altitude (Davis et al. 1996; Blake et al. 1999). Hence the impact on stratospheric ozone
depleting seems to be limited. However during deep convection events — a strong vertical mixing,
which are common in the tropics — iodinated compounds might reach the lower stratosphere

(Solomon et al. 1994).

The chemical reactions of ozone depleting are shown in Figure 3. In the stratosphere the ozone
cycle is driven by sunlight: uv-radiation breaks apart oxygen-oxygen bounds in molecular oxygen
and ozone. The first reaction is ending in ozone formation while the latter destruct ozone.

However reactive halogens shift this equilibrium towards a forced formation of oxygen molecules.

02 X 03
X0+0 haloge.n X0 +03 Ozone
. catalytic . N
reaction reaction  depleating
cycle
o X0 0

X0+0 — > X+0y

X+03 > X0 +0y

net: 0+03 —» 20,

Figure 3. Ozone destruction cycle 1.
X Ehalogen. Adapted from Fahey 2006. This cycle is of significance for stratospheric ozone depleting at intense uv-

radiation (middle to lower latitudes).
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As Figure 3 clearly demonstrates halogens have a catalytic function. One chlorine atoms for
instance, are able to destruct 10° ozone molecules. Since those reactions depend on high uv-
radiation levels, it is assumed that those processes are restricted to middle and lower latitudes.

In higher latitudes (Polar Regions), uv-radiation is less intense. Moreover halogen monoxide
concentrations are elevated compared to lower latitudes. Hence two other cycles are proposed
for those regions. In the first cycle halogen monoxides of the same kind react with each other. The
remaining product is deconstructed by visible light (A = 380-780nm):

(6)

In another cycle two halogen monoxides with different halogen substitutes react with each other:

or (7)

Other ozone depleting processes are related to the presence of halogen nitrates (XONO,) and
hydrogen halides (HX). Both groups do not react directly with ozone but can be transformed to

reactive compounds. Therefore they are claimed as reservoir gases for reactive compounds.
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2.5 Air-Sea Exchange

The air-sea interface is the crucial barrier for the transport of gases between the atmosphere and
the oceans. For instance, halocarbons produced in the marine environment influence
atmospheric concentrations of those gases, whereas some sites in the ocean are known sinks for
VHOC. Hence air-sea flux calculations are essential for budgeting halogens globally. The chemical
properties of those gases determine the potential transfer rates between ocean and
atmosphere. VHOCs are slightly water soluble gases and have a low hydrolysation potential. The
exchange between air and sea is determined by diffusion processes at the air-sea-interface.
Different models were developed to describe this transport. Whitman (1923) proposed a two-film
theory, which was taken by Liss and Slater (1974) and modified for environmental purpose. This
model is physically unrealistic but enable to simplify and to explain transfer processes that may
occur between both interfaces (Nightingale 2003). Following this model atmosphere and water
are separated by two thin laminar layers: a gas film as the lowest atmospheric layer and a liquid
film as topmost water layer. Figure 4 shows exchange processes in both directions: saturated
oceans and low atmospheric concentration resulting in a net flow toward the atmosphere.
Alternatively, high atmospheric concentrations together with low water concentrations resulting

in a reverse flow towards the ocean.
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Figure 4. Model for air-sea-fluxes, adapted from Liss and Slater (1974).
Ordinate: Depth and altitude respectively. Abscissa: gas concentration. Black line: net flow to the atmosphere. Green
line: net flow to the ocean. c, and c,, are concentrations in water and air. c,; and c,; are concentrations in air-sea-

interface.

A flux passing those thin laminar films is the result of a concentration gradient between
atmosphere (c,; or c,, respectively) and water (c,: or c,, respectively). The laminar films act as
two coupled resistances. Whereas water as well as atmosphere are claimed to be well mixed with
a rapid internal exchange by Eddy diffusion, the two laminar films feature a distinct concentration
gradient with a relatively slow internal exchange by molecular diffusion. Consequently it can be
assumed that the transfer resistance is negligibly low in the water and atmosphere. In contrast
the transfer resistance is high in the two laminar films and determines the total transfer velocity
k. However, since VHOC are hydrophobic molecules with high Henry’s Law constant values
(Mackay et al. 1979), transfer resistance in the gas film can be neglected. Therefore Liss and
Merlivat (1986) claimed water transfer velocity (ky) can be equalized with the total transfer

velocity (k). The transfer velocity is determined by different variables of velocity like wind and
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friction velocity as well as variables describing the sea surface like wave types or surface films

(Frew et al. 2002; Tsai and Liu 2003). Summarizing the above, the flux (F) is expressed as:

(8)

F flux [nmol m-2 d-1]
kw transfer velocity [md1]

Ca concentration in water [p mol dm-3]

cw concentration in air [p mol dm-3]

Ha Henry’s law constant [dimensionless]
AC concentration anomaly [p mol dm-3]

2.5.1 Henry's law constants

Henry’s law constants (or coefficients) express the air-water equilibrium partition coefficient of a
gas in a dilute aqueous solution (Staudinger and Roberts 2001). Only at the air-sea-interface,
water and atmospheric VHOC concentrations are at equilibrium and related by Henry’'s law

constant Hg:

(9)

water concentration in the interface [p mol dm3]

air concentration in the interface [p mol dm3]

One can find different forms of Henry’s law constant in the literature. In this work all collected
values are expressed as dimensionless air-to-liquid concentration ratio Hy. When necessary values

were converted using the following formula:

(10)

H Henry constant [Pa-m?® -mol! or atm-m?-mol!]

R gas constant [8.314 Pa-m? - mol-1-K1]

37



VHOC: State of the art

or
[8.205 - 10-5 atm - m® - mol! - K-1]

T seawater temperature [K]

The dependence of Hy (H respectivly) upon temperature and salinity were described by different
authors. Hunter-Smith et al. (1983) described a linear relationship between the logarithm of Hy
and the reciprocal of temperature. The authors determined air-sea fluxes for chloroform,

iodomethane, tetrachloromethane and methyl chloroform and proposed the following equation:
- (11)

unknown Hq

known Hd
T1 seawater temperature for unknown Hq [K]
T2 temperature for known Ha [K]

A similar relationship was proposed by Singh et al. (1983b). Like for the formula of Hunter-Smith

et al. (1983) salinity was not considered in the formula:
(12)
unknown Hd
known Hgq at 25°C and 0 PSU

T seawter temperature for unknown Hq [°C]

In oceanic environments salinity has a minor effect on Hy (Moore et al. 1995). However in
estuaries which are characterized by a clear salinity gradient this factor needs to be considered.
Hence in this work the following causal relations reported by Mackay and Shiu (1981), Moore et

al. (1995) and Dewulf et al. (1995) were used:
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a,b,c

experimental variables

seawater temperature

salinity

[PSU]

(13)

Table 3 gives values for the variables a, b and c. Values from Dewulf et al. (1995) were taken

directly from the literature. Sander (1999) showed that Hg-values

for iodomethane and

iodoethane are identical. Therefore, we used the experimental variables a, b and c of

iodomethane for the calculations of iodoethane (values form Moore et al. 1995). Moore et al.

(1995) claim that salinity has only a minor effect on Hgy, and therefore did not give any values for

the variable c. Here we calculated those variables using the solver of Excel (method of minimizing

the deviance). In the literature no values for bromoiodomethane are available. Therefore we

estimated some Hg- values regarding to known values of compounds with similar chemical

properties (vapour pressure and boiling point) and calculated the variables a, b and c.

Table 3. Experimental variables a, b and c to calculate the temperature and salinity dependent Hy.

a b c Reference
IE -4338 13.05 0.0086 Sander 1999
CF -4142 12.01 0.0059 Dewulf et al. 1995
MC -3834 12.35 0.0090 Dewulf et al. 1995
TCM -4073 13.72 0.0081 Dewulf et al. 1995
TCE -3648 11.12 0.0081 Dewulf et al. 1995
DBM -4418 11.43 0.0086 Moore et al. 1995
BDCM -4678 12.76 0.0086 Moore et al. 1995
CIM -4305 11.10 0.0086 Moore et al. 1995
PCE -4528 14.66 0.0108 Dewulf et al. 1995
DBCM -4914 13.34 0.0086 Moore et al. 1995
BIM -4944 13.14 0.0094 estimated
BF -4973 12.86 0.0094 Moore et al. 1995
DIM -5006 12.47 0.0094 Moore et al. 1995
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Table 4 shows literature values for the Henry’s law constants we used for flux calculations.

Generally, these values are smaller in cold and less salty waters.

High Hq values increase the

volatility/solubility-ratio. In parallel the transfer from water to the gas phase is elevated with high

Hq values. Values for iodoethane were estimated according to Sander (1999).

Table 4. Published values for Henry’s Law constant Hy (dimensionsless).

Values measured in aqueous solution with marine PSU.

0/2°C 10°C 18.2/20 °C Reference

IM 0.076 + 2.6% 0.136 + 2.6% 0.225 + 2.5% Mooreetal. 1995
IE 0.076 0.136 0.225 Sander 1999

CF 0.056 + 2.4% 0.091 + 2.6% 0.145 + 1.2% Mooreetal. 1995
MC 0.280 + 9.6% 0.410 + 2.8% 0.650 + 7.8% Dewulfetal. 1995
TCM 0.430 + 5.8% 0.680 + 12.1% 1.010 + 2.5% Dewulfetal. 1995
TCE 0.130 + 3.5% 0.210 + 4.2% 0.320 + 0.8% Dewulfetal. 1995
DBM 0.011 + 0.9% 0.021 + 0.8% 0.034 + 0.6% Mooreetal. 1995
BDCM  0.025 + 1.0% 0.045 + 1.2% 0.079 + 2.8% Mooreetal. 1995
CiMm 0.012 + 1.4% 0.022 + 0.4% 0.036 + 0.9% Mooreetal. 1995
PCE 0.240 + 6.1% 0.380 + 2.8% 0.640 + 6.8% Dewulfetal. 1995
DBCM 0.012 + 1.0% 0.024 + 1.0% 0.042 + 0.7% Mooreetal. 1995
BIM 0.009 0.018 0.032 estimated

BF 0.006 + 1.1% 0.012 + 0.7% 0.022 + 0.9% Mooreetal. 1995
DIM 0.004 + 2.0% 0.007 + 1.1% 0.013 + 1.4% Mooreetal. 1995

2.5.2 Transfer velocity

In the literature several approaches are known to estimate the transfer velocity (Smethie et al.

1985; Liss and Merlivat 1986; Wanninkhof 1992; Wanninkhof and McGillis 1999). As mentioned

above the transfer velocity depends on different environmental variables like wind speed and

friction velocity, wave types, occurrence of surface films or bubble formation.

However wind

speed is described as the major factor and is easy to integrate in a model. Models explain

measured transfer velocities of a model gas depending on wind speed. Consequently it is

necessary to correct this calculated transfer velocity:
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(14)

transfer velocity for a model [cm - h1]

cv correction value. depending on windspeed

Below we will explain and compare different approaches to estimate kywmn-values. Then we will

describe calculations to adapt kwn,-values to ky. using the so called Schmidt number.

Linear approaches for kw estimations
Smethie et al. (1985) proposed a simple linear model to describe the relationship of wind velocity

and transfer velocity. They assumed no flux at low wind speed (below 3 m - s™):
for u<3 (15)

for u>3

u wind velocity [m e st at 10m above seasurface]

This equation was deduced from transfer velocities of CO, at 20°C. Since the model of Smethie et

al. (1985) is very simplified the use of this equation is uttermost limited in the literature.

Liss and Merlivat (1986) combined a field data set of Wanninkhof et al. (1985) with wind tunnel
experiments. They proposed three linear equations for the kwn-calculations, depending on sea

surface conditions:

for u<3.6 (16)
for 3.6<u<13

for u>13

41



VHOC: State of the art

smooth | rought |

breaking
70 7 surface surface waves
i regime | regime | (bubbles)
- 60 regime
= |
£ 50 -
5 |
%' 40 4 less solubles gases o
S | (e.9.VHOCs) 2
g 30 -
“E 20 -
e
* 10 -
0 L] L] L] 1
0 | s 10 | 1s 20

| wind velocity [m s] |

Figure 5. Transfer velocity of CO, (blue) and VHOCs (green) using the approach of (Liss and Merlivat 1986).

Nonlinear approaches for kw estimations
Wanninkhof (1992) introduced an empirical nonlinear relationship between wind and transfer

velocity of CO,. For steady winds the following equations was proposed:

a7

The author suggested an additional formula with modifications accounting wind conditions by
longer term observations. If the average wind velocity of a sampling site is known the following

model fit better flux estimation:
(18)

average wind velocity [m e st at 10m above seasurface]

Since wind speed is subjected to permanently changing conditions formula (18) might give more
reliable results. Moore et al. (1996a) compared both calculations and showed that measured wind

speeds at the time of sampling do not necessarily reflects the wind conditions at the sampling
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side over a longer period. This period however, should be taken into account when calculating a

flux from the water column towards the atmosphere at a given sampling site.

Nightingale et al. (2000a) and Frost and Upstill-Goddard (2002) proposed a quadratic relationships
with resulting kwm values, which are centred between Liss and Merlivat (1986) and Wanninkhof

(1992). The approximation of Nightingale for the gas transfer coefficient is computed:

(19)

Wanninkhof and McGillis (1999) introduced a nonlinear approach and suggested a cubic

relationship between flux and wind speed:

(20)

McGillis et al. (2001) modified this computation and submitted the following formula, which fitted

best to measured data:

e

Comparison of the different approaches to calculate kw
To demonstrate the implications of different approaches modelling ky, values, we plotted CO,
curves of four different authors in Figure 6. At low wind speeds (<3 m s™'] the model of McGillis et
al. (2001, denoted as M01) gives highest values, whereas Liss & Merlivat (1986, denoted as LM86)
and Wanninkhof & McGillis (1999, denoted as WM99) show lowest values. The model of
Wanninkhof (1992, denoted as W92) gives medium values. At low wind speed 3 ms’<u>8ms’
'] highest values are calculated with W92. Other models give lower values (factor about 1.75]. At
moderate wind conditions (8 m s™< u > 14 m s™) W92 still modulate highest values whereas LM86
deviate strongly from all other models and gives lowest values. Both cubic models (WM99 and

MGO1) return median values. At strong wind conditions (u > 14 m s™] the linear model differ
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towards low values compared to the W92 whereas the cubic models differ towards high values

compared to the W92.
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Figure 6. Different parameterizations for transfer velocity calculation for CO,.

The variances between the different models are remarkable on a global scale. Moore et al.
(1996a) compared different approaches for oceanic chloromethane emissions and found
variances in the range of Tg. At high wind speeds for instance, cubic models might overestimate
kw values whereas the linear models could underestimate ky. At moderate wind speeds, the W92

model might might overestimate ky, values. In paragraph 5.4 different models are discussed.

Model correction with Schmidt numbers and wind speed
As mentioned before calculated kym-values are valid only for a model gas at a certain
temperature and salinity. Transfer velocity estimations are usually based on CO, at 20°C. In order
to describe the model gas the so called Schmidt number is utilized. The Schmidt number is

expressed as the ratio of kinematic viscosity of seawater to the molecular diffusivity of a
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compound in the same medium. The kinematic viscosity is defined as dynamic viscosity divided

by the density. The Schmidt number depends mainly on temperature but only marginal on salinity.

(22)

Sc Schmidt number
\Y kinematic viscosity
Dv molecular diffusivity

The models of Smethie et al. (1985) and Liss and Merlivat (1986) based on Schmidt numbers of Sc
= 600; the value for CO, at 20°C in distilled water. In the nonlinear models however

approximations were made for marine environments with higher Schmidt numbers (Sc = 660).

The causality between kyw, kwm and Sc are expressed in the following equation and depends on

wind conditions:

(23)

N - for most conditions

- for very low wind speed

Schmidt number for the model gas 600 for linear approaches

660 for nonlinear approaches

In different wind speed conditions Schmidt number conversations differ in their exponent. In the
literature an exponent of -0.5 are suggested for the most common conditions. However at calm
weather this exponent needs to made allowance for lower transfer velocity. Hence an exponent
of -0.67 is suggest for wind speeds lower than 3.6 m - s™* (Holmen and Liss 1984; Clark et al. 1995;
Crusius and Wanninkhof 2003).
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Below we present three approximations to calculate Schmidt numbers for the ky-correction.

An approach described by KuB (1994) and Quack (1994) deviated Schmidt numbers for VHOCs
from those of CO,. The authors relied on a calculation from Jahne (1980) who described the

dependence of Sc (for CO,) on temperature:

S (24)

Schmidt number at temperature T [dimensionsless]

T absolute temperature, seawater [K]

In a following step, these authors used a ratio described by Atkins (1986). This ratio explains the

interrelation of the Schmidt number with the molecular weight of two compounds:

— (25)
Schmidt number. CO2z at temperature T
Schmidt number. VHOC at temperature T
molecular mass. CO2 [44.01 g mol-1]
molecular mass. VHOC [g mol-1]
From equation (24) and (25) the following final equation was deduced:
(26)

A second approach to obtain Sc-values for VHOCs was based on measurements of diffusivity of

bromomethane in seawater at different temperatures (DeBruyn and Saltzman 1997a). With these
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measurements the authors yields an equation for a given halocarbon in a temperature range

between 5 and 30°C:

for temperature range 5-30°C (27)

temperature [°C]

With one known Schmidt number other Sc-values can be calculated for different VHOCs using an

equation initially proposed by Wilke and Chang (1955):

for temperature range 5-30°C (28)

molecular volume of compound A [cm3 mol-1]

molecular volume of compound B [cm3 mol-1]

Schmidt number of compound A

Schmidt number of compound B

The molecular volume of a compound can be estimated with the additive method of Le Bas (Reid

et al. 1987). Table 5 shows the calculated V,-values.

Equation (27) and (28) leads to:

(29)
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A third approach was introduced by Khalil and Rasmussen (1998). Theses authors describe the

dependence of Sc on temperature and molecular mass:
(30)
M Molecular mass [g- mol™]

T temperature [°C]

In Table 5 values are given for the three different Sc-calculation. Depending on the compound Sc-
values differ up to a factor of 1.7 between the calculations. Low Sc values calculated after Wilke

and Chang (1955) results in higher transfer velocity values.

Table 5. Molecular volume [cm3 mol'l] and Schmidt numbers for VHOCs at 15°C.

VA Sc Sc Sc
DeBruyn and

molecular Khalil and Saltzman (1997),

volume after Rasmussen Wilke and Chang Atkins  (1986),

Le Bas (1998) (1955) Jahne (1980)
lodomethane 62.9 1587.02 1014.34 1440.27
lodoethane 85.1 1663.61 1216.04 1509.78
Chloroform 92.3 1455.45 1276.77 1320.86
Methyl chloroform 114.5 1538.54 1453.03 1396.27
Tetrachloromethane 113.2 1652.10 1443.11 1499.33
Trichloroethylene 107.1 1526.89 1395.94 1385.70
Dibromomethane 76.2 1754.00 1138.06 1591.81
Bromodichloromethane  94.7 1705.01 1296.59 1547.35
Chloroiodomethane 83.8 1769.11 1204.86 1605.52
Perchloroethene 128 1715.23 1553.52 1556.63
Dibromochloromethane  97.1 1922.45 1316.20 1744.68
Bromoiodomethane 86.2 1979.50 1225.45 1796.46
Bromoform 99.5 2117.67 1335.63 1921.85
Diiodomethane 96.2 2180.06 1308.87 1978.47
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Figure 7 shows the dependence of the three different approximations for Sc-calculation for

bromoform on temperature.
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Figure 7. Comparison of three approximations for Sc calculations.

Here values for bromoform are given as a function of temperature.

In this work we use the equations of Wilke and Chang (1955) and DeBruyn and Saltzman (1997a).
This calculation gives higher flux values but we assume that the basic principle (derivation of

another halogcarbon) might reflect best the real Schmidt number for VHOCs.

2.5.3 Notes on calculations of air mixing ratios

Although part-per-notation is not a Sl-unit (international system of units), parts per trillion (ppt) is
commonly used in atmospheric chemistry. Another drawback of the part-per-notation is
disaccords due to the different meanings in short and long scales for numbers: for most languages
in continental Europe billion has the value of 10" and trillion of 10*. English language-speaking
countries however using short scale notation with billion = 10° and trillion of 10" Consequently

ppt for instance stands for 1 - 1072,

49



VHOC: State of the art

Though part-per-notation do have some strong advantages to express air concentrations: in
contrast to the metric units (e.g. ng - m>), ppt is not influenced by temperature, pressure or
molecular weight. This has a crucial benefit, since gas mole fractions of different atmospheric

layers are directly comparable.

Beside ppt, pptv (part per trillion by volume) are present in the literature too as a unit for gas
mole fraction. However both units are identical for the purposes in atmospheric chemistry. Since
mole and volume fraction are identical for ideal gases (and practically identical for most gases)
pptv can be calculated under standard temperature and pressure (STP = 1013.25 mbar and 273.15

K) using the following equation:

(31)

Vi standard molar volume of ideal gas at STP [22.413996 L/mol]
Migas mass of the VHOC [pel

M molecular weight of the VHOC [g- mol™]

\Y; Volume of the sample at STP [dm™]

Calculations for air concentrations must consider real temperature and pressure. The sample

volume at STP can be calculated using following equation:

(32)

Vs Sample volume [dm”]
T absolute temperature [K]
p pressure [mbar]
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3 Methods and Development of the Analytical System

3.1 Working with Trace Elements

VHOCs occur as trace elements in the atmospheric and marine environment. Common
concentrations rage at pmol - L™-level for water samples and pptv for air samples. To illustrate
this concentration range, Wikipedia gives the following figure: Parts per trillion “is equivalent
to one drop of water diluted into 20, two-meter-deep Olympic-size swimming pools (50,000
m®)”. Hence working with trace elements requires very careful handling to avoid pollution of
the sample or the analytical cycle. Desorption of pollutants and adsorption of analytes
from/towards materials must be considered as a challenging problem. Materials and cleaning
procedures should be adapted with regards to their interfering potential. Borosilicate
glassware and stainless steel are preferable to plastic material. In order to maintain high

analytical precision, the analytical cycle must be absolutely gastight towards the atmosphere.

The low environmental concentrations pose a challenge for the detection: usually air- and
water concentrations are below the detection limit; including the most sensitive methods.
Direct injection of water samples onto the capillary column was tried (Grob and Habich 1983)
but emerged as unsuitable for halocarbon measurements. For detection, the analytes needed
to be preconcentrated: in a first step, the analytes are separate from the medium. Then, in a
second step the concentrated analytes are chromatographically separated and finally

measured by a specific detector.

The following paragraphs give a review on different techniques necessary for halocarbon
measurements. For a better understanding, theory is explained succinctly for techniques and

apparatus. Finally the implemented methods are described.

3.2 Sampling Devices
Air and water samples can be stored in special sample vessels or syringes. It should be noted

that the risk of contamination or the loss of analytes is highest between sampling and injection
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in the analytical cycle. Sample contact with ambient air must be avoided at all time. The
material of the sample device should not interfere with the analytes. Different techniques are
described for rapid shipboard measurements for water samples, including glass ampoules
(Bulsiewicz et al. 1998; Pruvost et al. 1999; Vollmer and Weiss 2002), PVC bottles and syringes
(Bullister and Wisegarver 2008) or glass vials (Martinez et al. 2002a). Samples should be stored
in dark to avoid photolytic degradation. Low temperatures reduce biological and chemical
reactions. For longtime storage samples can be frozen in stainless steel containers (Zoccolillo
and Rellori 1994), treated with mercury chloride (Gschwend et al. 1980) or hydrochloric acid
(Dewulf and VanLangenhove 1995). However latter mentioned sample treatments must be
critically examined. Mercury chloride is highly toxic and will stop biological (bacterial) activities

in the samples thus chemical reactions are not influenced.

For a review on different water sampling techniques, see Dewulf and VanLangenhove (1997).
For air collection, several types of containers can be used, including metal canisters, gas-tight
syringes or glass vessels. Ras et al. (2009) give and detailed review about different sampling

techniques for air samples.

3.3 Extraction

3.3.1 Solid-Liquid extraction

Halocarbons in seawater can be extracted and preconcentrated using a solid sorbent. Duinker
(1993) described such a technique for the detection of PCBs (polychlorinated biphenyls) in
seawater: several hundreds of litres of filtered seawater flow through a trap filled with a
sorbent (XAD-2). In a second step an organic solvent (acetonitrile-water mixture) is used to
wash the analytes from the trap. After distillation of the acetonitrile-water mixture, the
distillate is purified by HPLC. Then the remaining PCB-extract (1 ml) is analysed by GC-ECD after

a final distillation.

Solid phase microectraction (SPME) is another common used preconcentration technique
(Page and Lacroix 1993; James and Stack 1997; Popp and Paschke 1997; Grote et al. 1999). The

analytes are traped on the microextractor, which contains fine fibers of chemically modified
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fused-silica. Finally, this microextractor is indroduced directly in the injector of the GC. SPME

can be adopted for gaseous samples as well.

3.3.2 Liquid-Liquid extraction

Halocarbons can be extracted from a liquid medium by a liquid solvent (e.g. pentane).
Originally introduced by Eklund et al. (1978) this technique was frequently used until the
nineties of the last century (e.g. by Abrahamsson and Klick 1990). Even though the extraction
procedure is simple, the method has some crucial technical drawbacks: the separation of the
two phases can be interfered in organic rich water by the formation of emulsions.
Furthermore it is often necessary to insert high volumes of solvent for high extraction

efficiency. This however disagrees with the aimed preconcentration of the analytes.

3.3.3 Gaseous-Liquid extraction

In this method an inert gas (nitrogen, helium, argon) is used to separate analytes from a liquid
medium. The technique was described by Swinnerton et al. (1962) for the first time. Since
then, this technique became the main technique used for the determination of halocarbons.

The gaseous-liquid extraction is differentiated into two groups:

In the static headspace extraction a water sample is given into a gas tight container. An
adequate headspace is left and replaced by an inert gas. The container is shaken until
equilibrium between the water phase and the headspace is reached. This equilibrium depends
on the temperature, the partial pressure and the salinity and is describes by the Henry’s Law
(see 2.5.1). The Henry’s Law constant determine the precision of the method: low gas-to-liquid
concentration ratios causes low gas phase concentrations and therefore accuracy can be
limited. Larger headspace volume might solve this problem (King et al. 2000). Static headspace
techniques had been developed for incubation experiments (Itoh et al. 1997; Manley and de la
Cuesta 1997; Amachi et al. 2001) and for environmental samples (Drewer et al. 2008;

Jakubowska et al. 2009).

Dynamic headspace extraction, or purge-and trap (PAT), is the most commonly used technique
to extract halocarbons from water. This method is characterised by low detections limits

caused by high effective preconcentration of the analytes. PAT is subdivided in three steps:
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firstly, an inert gas (e.g. helium) stripes the analytes from a sample. Then, water vapour is
removed from the gas flow downstream. Finally, the analytes are focused in a trap on a
sorbent bed or in a cold trap. Several factors influence the extraction efficiency: high
extractions rates can be achieved by high gas flow and purging temperature, fine bubble sizes
(determined by pore size and salinity) and by a purge gas with a low water solubility (e.g.
helium). Moreover compounds with lower water solubility show (c.f. 2.1) higher extraction
rates from the sample. Table 6 gives a comprehensive overview of PAT-techniques used by

different authors for halocarbon measurements as well as the one used during this thesis.

Table 6. Comparative study of literature about different PAT- and desiccation techniques

Reference Volume Purge gas Flow Time Temperature Desiccation
[ml] [ml-min] [min] [°C]

Lepine and 5 Helium 40 8 RT dry purging

Archambault (1992)

Krysell and 18.8 N (H 55 20 RT nafion

Nightingale (1994) doped)

Laturnus 1995 50 Helium 80 30 RT potassium carbonat
(2°C)

Ekdahl and 27.8 Nitrogen 50 4 70 condenser,

Abrahamsson, 1997 Mg(ClO,),

Pruvost et al. 1999 30 Nitrogen 90 20 RT condenser,
Mg(ClO,),

Miermanns et al. 25 Helium 10 50 condenser (-15°C)

2000

Quack et al. 2004 88 Helium 40 20 up to 80°C nafion

This work, 2007 30 Nitrogen 90 20 RT condenser,
Mg(ClO,),

This work, 2008 10 Helium 90 20 RT condenser,
Mg(ClO,),

A distinction is drawn between on-line and off-line methods. The term on-line denotes a direct
linking between the purge-and-trap, the injection and the gas chromatographic separation and
detection. On-line methods are characterized by low external contamination. On the other

hand, off-line means a spatial and temporal separation between extraction and detection. Off-
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line methods lend itself for field work: samples can be taken and prepared (extracted) in the

field. Moreover extracts can be stored much longer than raw samples.

The two following paragraphs — gas desiccation and trapping — are restricted to headspace

extraction.

3.4 Purge gas desiccation

Stripping the analytes from the aqueous phase has a negative side effect: significant amounts
of water vapour are purged together with the analytes. This water can decrease the trapping
potential of the adsorbent, plug cold traps, interfere the separation process or lower the
detector sensivity. Moreover when the moisture is condensing inside fine tubes, some
portions of the analytes might be trapped in these water drops. Analyzing air samples causes

less problems with water vapour, since the amount of water is considerably lower.

In the literature several techniques are described to remove water vapour from the gas flow,
downstream the purge chamber. Condensers (Zlatkis et al. 1973; Werkhoff and Bretschneider
1987; Pankow 1991; Tessier et al. 2002), micro sieve traps or desiccants are used to remove
high portions of water vapour. Latter technique covers the use of different chemicals such as
potassium carbonate (Schall and Heumann 1993; Laturnus 1995; Giese et al. 1999); sodium
carbonate, magnesium perchlorate (Novak et al. 1973; Simmonds 1984; Doskey 1991; Murphy
et al. 2000; Tokarczyk and Saltzman 2001) or silica gel (Klamm and Scheil 1989). Alternately
nafion drying membranes are described as effective and simple devices for the removal of
water vapour (Tanzer and Heumann 1992; Janicki et al. 1993; DeBruyn and Saltzman 1997b;

Richter and Wallace 2004).

Different methods can be combined, thus resulting in a better gas drying (Ekdahl and
Abrahamsson 1997; Groszko 1999; Pruvost et al. 1999). These authors used condenser
followed by magnesium perchlorate traps. Christof et al.(2002) connected a condenser, a

nafion dryer and a magnesium perchlorate in series.
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Each water removal procedure was reported as suitable for the determination of volatile
halocarbon. In the present work, a Graham condenser was used together with a magnesium

perchlorate trap downstream.

3.5 Preconcentration of the analytes and injection

After the extraction and desiccation process, analytes are preconcentrated in special traps.
Two trap configurations can be distinguished: 1.) on cryotrapping, analytes freeze out at very
low temperatures. Cold traps — open narrow bore stainless steel tubes (Pruvost et al. 1999;
Carpenter et al. 2000) or glass tubes, filled with glass beads or glass wool (Camel and Caude
1995; Laturnus et al. 2000) — are cooled with liquid nitrogen or dry ice (Bulsiewicz et al. 1998).
For desorption, traps are heated rapidly in order to achieve a simultaneous injection of all

analytes onto the column.

2.) on sorbent trapping, analytes are focused on a compound sorbent bed, composed of one or
more (Sanchez and Sacks 2003) specific sorbents. Benefits of this technique are the high
trapping temperature and the lipophilic character of sorbent. Some of those traps work at
ambient temperature and do not require desiccation of the gas flow. Sorbents are either
carbon or polymer based materials. Carboneous sorbents are: Carbopack/Carbosieve (Dewulf
et al. 1996), Carbotrap (Urhahn and Ballschmiter 2000), Carboxen (O'Doherty et al. 1993) and
microcharcol filters (Atlas and Schauffler 1991). Polymerious sorbents are: Tenax TA (Li et al.
1999), Tenax GR (Quack and Suess 1999), Porapak N (Wallace et al. 1994) or Poraplot Q (Quack
et al. 2004). For sorbent trapping, thermo desorption requires high temperatures for complete

unload of the analytes. A comparative literature study is shown in Table 7.
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Table 7. Comparative study of literature about different ad- and desorption techniques.

Trap Focussing Desorption Reference
stainless steel cooling mixture -10 heat gun un- Laturnus 1993
capillary tube (ice-salt) stated
Tenax TA liquide nitrogen -196  boiling water 80 Laturnus 1993
Tenax GR liquide nitrogen -120  electric 200-250 Kuss 1994
resistance
stainless steel liquide nitrogen -150  boiling water 100 Krysell, M. and P. D.
capillary tube Nightingale , 1994
different adsorbents  unspecified 5-10  unspecified 140 Ekdahl and
Abrahamsson, 1997
stainless steel cooling mixture: -94 boiling water 100 Pruvost et al. 1999
capillary tube aceton/liquid
nitrogen
fused silica capillary liquide nitrogen -120  electric 200 Miermanns et al.
tube resistance 2000
Tenax TA dryice -40 electric 220 Christof et al. 2002
resistance
Tenax TA ambient temperature <38°C electric 250 Janicki et al. 2002
resistance
Poraplot Q (80-100 liquide nitrogen -70 electric 170 Quack et al. 2004
mesh) resistance
stainless steel dryice -78 boiling water 100 This work, 2007
capillary tube
Glass Beads (80-100 liquid nitrogen -120  boiling water 100 This work, 2008
mesh)

3.6 Separation and Detection

The separation of halocarbons is carried out by gas chromatography and different capillary
columns. Helium and nitrogen can be used as carrier gas (mobile phase). A great variety of
capillary columns (stationary phase) are applied for separation: lengths (24-105m), inner
diameter (mega bore and narrow bore) and the choice of film material influence the analytical
performance. Additionally, temperature and flow programming are used to obtain optimal

separation in a minimum of time.

Flame ionisation detectors (FIDs), electron capture detector (ECDs) and mass spectroscopy
(MS) can be exert for determination of halocarbons. FIDs are used to determine organic
compounds and are suitable for gas chromatography (Bianchi et al. 1991). However they are
about three orders of magnitude less sensitive compared to ECD and unspecific for a great

variety of organic substances. Thus, peaks of nonhalogenated organic compounds may
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interfere with those ones of halocarbons. Since MS detectors has reached similar or even
better sensitivities compared to ECD, this detector are gaining popularity nowadays (Wevill
and Carpenter 2004; Jakubowska et al. 2009; Ras et al. 2009). When working in the singe ion

mode, the detection is compound specific and inert to interfering compounds.

The ECD — a device invented by Lovelock (1958) — enable to detect electronegative compounds
(such as VHOCs) in a carrier gas. Figure 8 shows a general scheme of an ECD. A beta emitter
(radioactive ®*Ni) ionize the make-up gas; usually nitrogen. As a result of this ionization, a
stable cloud of free electrons are established in the detector cell. After applying a potential
between anode and cathode, the free electrons move to the anode and generate a standing
current. When electronegative compounds are flushed into the detector cell, the compounds
react with the electron cloud by capturing free electrons and reduce the current between the
collector anode and the cathode. However this primordial setup is limited in the linear

detector response.

Gas outlet
Anode

/ (collector)

Increased pulse rate Detector electronics pulse
in the presense of to maintain the
electronegative compounds standing current
— 63Ni foil >
+

—»G:li
I+ Make-Up gas

Carrier gas
with analzte

Figure 8. Scheme of an Electron Capture Detector (ECD)
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Hence, more recent ECDs work with pulse modulation: a defined standing current value is
generated by periodically pulsing of a potential. If the current drops below the defined
standing current value, the number of pulses are modified until the defined current values is
maintained. When the electron density is decreased by electronegative compounds, the pulse
rate is increased until reaching the standing current. Its advantage is that the number of free
electrons remains constant. Hence adequate numbers of electrons are given even at high
analyte concentrations. Thus the linear detector response is enlarged. Finally the pulse rate is
detected and converted to an output signal. This output signal is directly proportional to the
concentration of the analyte (fmol - s*) and the analyte. The detector response increases in the
order F < Cl < Br < | and with the numbers of halogens in a compound by a factor 10. Figure 9

illustrates the detector response on the amount of substance.

\

detector overload

detector signal

detection limit

linear response

<
-t

Ll

electrophile compound [pmol]

Figure 9. Linear range of an ECD.

3.7 Limit of Detection

The absolute detection limit is defined as the lowest verifiable quantity of a substance, while
the relative detection limit (or method detection limit) is expressed as lowest detectable

concentration of an analyte (Omenetto et al. 1996). For ECD, the limit of detection (LOD) is
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usually estimated as signal-to-noise ratio of 3:1 (three times the standard deviation of a
significant number of blanks). The detection limit is depending on the detector response of a
compound and the bleeding of the capillary column (constant loss of coating phase of the
inner column). High column bleeding results an elevated background noise. Low detector
response increases the detection limit. Figure 10 demonstrates the sensitivity of the ECD used
in the present work to twelve different VHOC. Signal intensities of VHOC were determined by
measuring standards with the same number of substance (100 pmol). Finally, the relative
detector response was expressed as the ratio to the compound with the highest response

(tetrachloromethane).

100% -
80% -
60% -
40% -
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Figure 10. ECD response, relative to the compound of the highest response (tetrachloromethane).

While tetrachloromethane, chloroiodomethane and perchloroethene showed highest
responses, bromoiodomethane, bromoform and diiodomethane was found to have lowest

sensitivities.
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In Table 8, published applications of various extraction and detection techniques are compared
with regards to detections limits. Abrahamsson and Klick (1990) used liquid-liquid extraction
combined with ECD. Static headspace extraction and ECD detection were used by Gotz et al.
(1998) and Kuivinnen and Johansson (1999). Purge-and-trap combined with mass
spectrometry is another common applied technique (Ekdahl and Abrahamsson 1997;
Miermans et al. 2000; Christof 2002). Most usually used is the combination of purge-and-trap
extraction together with ECD (Krysell and Nightingale 1994; Kuf 1994; Ekdahl and
Abrahamsson 1997; Pruvost et al. 1999; Cocquempot 2004).

Table 8. Comparison of absolute detection limits [pmol - L'l] in the literature.

Abrahamsson Kuivinen and Gotz 1998a Miermans Christof 2002 Ekdahl and

and Klick 1990  Johnsson et al. 2000 Abrahamson
1999 1997
liquid-liquid ECD headspace Headspace- PAT-MS PAT-MS PAT-MS
ECD ECD
CH5CH, 4.49 1,00
CHCl3 16.75 837.66 167.53 16.75 0.78 0,10
CH5CCl; 1.50 749.63 37.48 44.98 0.84 0,80
CCl, 0.33 650.11 32.51 13.00 0.59 0,50
CHCI=Ccl, 3.04 761.11 76.11 38.06 0.76 0,50
CH,Br, 231 1.50 1,00
CHBrCl, 1.22 610.39 12.21 1.12 0,90
CH,ClI 0.17 1,00
CCl,=CCl, 0.42 603.14 60.31 18.09 0.60 0,30
CHBr,Cl 0.96 480.12 9.60 0.78 0,70
CH,Brl
CHBr3 0.79 791.36 11.87 0.83 2,00
CH,l, 1.49 2,00
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continued

Ekdahl and Kuf} 1994 Krysell  and Pruvost 1999 This work

Abrahamson Nightingale

1997 1994

PAT-ECD PAT-ECD PAT-ECD PAT-ECD PAT-ECD
CH5CH, | 0.002 0.03 0.1
CHCl; 0.0006 1.68 0.59 0.58
CH5CCl; 0.001 0.30 0.52 0.1
CCl, 0.0003 0.07 0.02 0.05
CHCI=CCl, 0.002 0.0001 0.61 0.23 0.1
CH,Br, 0.002 0.002 0.12 0.06 0.09
CHBrCl, 0.001 0.001 0.06 0.03 0.11
CH,ClI 0.001 0.11 0.03
CCl,=CCl, 0.0002 0.000 0.06 0.04 0.06
CHBr,Cl 0.002 0.037 0.10 0.05 0.07
CH,Brl 0.45 0.15
CHBr3 0.03 0.285 0.67 0.43
CH,l, 0.002 0.34 0.09

Usually detections limits are given as method detection limit (as a concentration). However it
must be considered that high sample volumes result in a lower detection limit. It is clearly
visible that liquid-liquid and static headspace extraction show the lowest performance.
Formerly, GC-MS shows about three orders of magnitude higher detection limits compared to
GC-ECD (Ekdahl and Abrahamsson 1997). Highest performance was achieved by purge-and-
trap and ECD. The technique used by Ekdahl and Abrahamsson (1997) and KuR (1994) showed
lowest detection limits for VHOCs. In recent time GC-MS methods reached the level of GC-ECD
(Li et al. 2001; Bravo-Linares and Mudge 2009).

3.8 Implemented GC-ECD-System

As stated above, high performance of the analytic system is required for the determination of
halocarbons. For the method development, we benefited of previous technical development
by Cocquempot (2004) for his former work. The following considerations were made for the

method development:
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- User-friendly handling and maintaining, achieving by simplifying the design
- High analytical precision
- Avoiding of potentially contaminants

- Filed work ready

3.8.1 Sampling device

In a preliminary study we tested a sampling device introduced by (Pruvost et al. 1999;
Cocquempot 2004). However we found important drawbacks in the handling and
performance, the main disadvantage being the low gas tightness. Our new device is based on
the work of Bulsiewicz et al. (1998). We changed the direction of in- and outlet, modified the

diameter of the retainer for the glass ampoule (8 mm) and mounted quick connectors

(Swagelok).
flow-opener Niskin-adapter
(female)

with particle filter

N

(male) \
‘.‘\
\
= 4
sample device (30 ml)
-es Wm0
1cm 5cm

Figure 11. Sampling device (water), Niskin-adapter and flow-opener

The new device is absolutely gastight for several days and sufficient gastight for several weeks.
Samples are easy to connect to the Niskin bottle and to the analytical system. The precise

volume was determined gravimetrically, after filling the sampling device with de-ionised water.
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Sample for air measurements were taken in 250 ml glass bulbs (Figure 12). Both ends were
closed with Swagelok quick connectors. Air samples were taken using a 500 ml syringe and a
special adapter. The sample device was flushed with ambient air (at least five times their own
volume) before closing. Then, the sample devices were mounted at the analytical circle as

specified for the water samples. A protection cover was mounted around the glass bulb.

syringe with adapter

sampling device
(with protector)

R N .
— ¢ 4 \'5'_—‘“' sampling device

- (uncoverd)

?
l

flow-opener

Figure 12. Sampling device (air), glass bulb and syringe.

3.8.2 Purge-and-Trap

In a preliminary study we tested different materials for applicability. Glass tubes with OD 6mm
appeared highly fragile. Higher wall thickness and higher OD (8mm) solved this problem.
Saltwater carrying tubes were connected to Swagelok ball-valves, while Valco rotor-valves

were used for gas lines.

Figure 13 shows the analytical cycle: the purge gas enters the analytical system at valve V1
(VALCO, 2C6UWE). The following check valve prohibits contamination caused by back flush.
Then, the purge gas flow passes V2 (SS-43YTFS2) and V3 (SS-41GXHLS2). Samples are attached

with quick connections to the analytical circle. The sample is pushed towards the purge
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chamber, passing a particle filter (SS-2TF-LE), V4, V2 and the glass frit (pore size 4) of the purge

chamber.
Vi1
Helium\l
(purge)
()
Nitrogen
sample water l
trap
A Helium |
) (cleaning)
g V4 ‘
V3
@{ check
] filter valve
chamber
va [dBL
I V2 trap column

seawater outlet

Figure 13. Schematic picture of the analytical system.

When the entire sample is injected in the purge chamber, V2 is turned and the sample device
can be removed from the system. Then, the purge gas extracts the analytes from the water. A
Graham condenser and a magnesium perchlorate trap remove the water vapour from the gas

stream. The Graham condenser is hold at about 1°C. The perchlorate trap consist of a glass
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tube, the desiccant, and glass wool used as stopper. A simple glass tube (8mm OD) emerged as
the ideal configuration: glass bulbs with small OD are difficult to load with desiccants. The
analytes were focused in a cryotrap. For the MOUTON campaign (see chapter 4), no liquid
nitrogen was available for cryotrapping. Therefore, dry ice was given in a Dewar vessel,
together with the trap (empty stainless steel tube). For the work in Brittany (see chapter 5),
the trap (glass tube filled with glass beads) was cooled with liquid nitrogen. After 20 min (80
min for air) of purging, valve V5 (VALCO, A4C8WE) was turned and the trap was heated in hot
water. Now nitrogen flushes the analytes from the trap in the column. The water is released
from the purge chamber, passing V2 and V4. The sample inlet can be cleaned using the valves
V3 and V4: a pump is connected to V3 and evacuate remaining water drops and air. Then V3
and V4 are turned at the simultaneously and helium flushes in the circle. This procedure is

repeated several times.

The analytes are injected by thermodesorption from the trap (3 min) onto the column. The gas
chromatograph used was a Chrompack CP 9000, with an ECD. The oven was temperature
programmed for the time of separation. For 10 minutes, the oven was kept isothermally at
70°C. Then, the temperature was ramped at 10°C - min™ for 8 minutes. For the final 10

minutes, the oven was held isothermally at 150°C.

3.8.3 Retention times and identification of the compounds

VHOCs are identified by comparison of the retention times of a sample with standards of
particular compounds. The separation quality of a compound and its retention times can be
modified by adjusting the oven temperature and the carrier gas flow; different capillary
columns were not available. Halocarbons elute regarding to their boiling point. Therefore,
compounds with similar boiling points are difficult to separate. Figure 14 shows a
chromatogram of a standard mixture. The analytes eluted in the following order: [1]
iodoethane, [2] chloroform, [3] methyl chloroform, [4] tetrachloromethane, [5]
trichloroethylene, [6] dibromomethane, [7] bromodichloromethane, [8] chloroiodomethane,
[9] perchloroethene, [10] dibromochloromethane, [11] bromoiodomethane, [12] bromoform

and [13] diiodomethane.
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Figure 14. Chromatogram of a standard mixture.

3.8.4 Standards

Calibration of halocarbon measurements is a highly discussed matter in the halocarbon
community (see SOLAS Halocarbon Intercalibration Workshop, London 2008). Generally,
calibration can be carried out with gas standards (Happell and Wallace 1997) or with liquid

standards (Abrahamsson et al. 2004).

Pruvost (2001) and Cocquempot (2004) described a technique for the preparation of liquid
standards, which we used at the beginning of this study, too: A mixture of standards (EPA 624,
Supleco, 100 pg - ml™) was diluted 1000 times with methanol (Suprasolv, Merck) using a
microsyringe. Though, several halocarbons of interest (iodoethane, dibromomethane,

chloroiodomethane, bromoiodomethane and diiodomethane) were missing in this mixture.
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Thus pure compounds were volumetrically diluted in several steps and added to the diluted

standard mixture.

However, we found several drawbacks for this technique: the EPA standard contains a broad
range of halocarbons. It is likely that very volatile compounds (such as chloroform) show
higher lost rate over time, compared to less volatile compounds (such as bromoform).

Moreover some compounds had to be diluted in four steps that cause a high systematic error.

We used methanol standards (Carlo Erba), obtaining a concentration of 1000 pg - ml™. Those
standards were prepared gravimetrically and transferred in special vial. These vials have
narrow bored openings for minimizing lost of headspace. The working standard mixture was
prepared in one dilution step for each compound. Standards were injected in special injection
devices, which are closed with a PTFE/silicon septum and a screw cap. Those injection devices
were filed with volatile free filtered seawater and finally treated as normal samples. Thus, this

approach does not require the determination of recovery rates.

68



Methods and Development of the Analytical System

3.8.5 Summary of the PAT-GC-ECD parameters

Table 9 summarize all parameters for sampling, the PAT and the GC used during this thesis.

Table 9. General overview of measurement conditions.

Purge-and-Trap
Purge chamber

Purge gas

Purge Flow

Desiccation

Cryotrapping

GC-ECD
Chromatography System
Software

capillary column

Flow
Detector
Detector temperature

Make up and detector cell purge gas

Make up Flow / Purge Flow (detector cell)
Sample

Device

Water

Air

Storage

Custom made (Pyrex, frit porosity class 4)
Nitrogen (MOUTON campaign)

Helium (bay of Morlaix campaign)

90 ml - min™ at ambient temperature

20 min for water samples

80 min for air samples

Graham condenser (1°C) and magnesium perchlorate trap

Empty stainless steel tube ; 100 cm, 1/16 inch OD 3 0.03 inch ID; -79°C

(MOUTON campaign)

Glass beads, DMCS, 80-100 mesh (Bay of Morlaix campaign)

Chrompack CP 9000

Maestro 2.4

Fused silica megabore DB-624 column (75 m x 0.53 mm ID, 3 mm film

thickness, J & W Scientific, Rancho Cordova, CA, USA)

6 ml- min® (nitrogen)

63Ni electron capture detector (ECD), model 902A

300°C

Ultrapure nitrogen; 99.995%, filtered successively on molecular sieves
(13X, 4 A), an activated carbon cartridge and a metallic oxygen trap

(Alltech, Arlkington Heights, IL, USA)

35ml-min?/ 15 ml- min*

Custom made; borosilicate glass (OD: 8-20 mm); stainless steel tube 1/8

inch OD; Swagelok quick connectors
30 ml (MOUTON campaign)

10 ml (Bay of Morlaix campaign)
250 ml

dark at 4°C, measured within 12 h maximum
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3.9 Protocols for maintaining the system

Glassware
All glassware was cleaned in several steps: glassware was treated with diluted sulphuric acid
and ultrasonic bath. After it was rinsed with deionised water and cleaned with ethanol. Finally
all glassware was heated to 220°C for several hours and covered in aluminium foil. Polluted

glass frits were treated with high concentrated sulphuric acid (back flush) with reapplications.

Stainless steel tubs
New tubs (1/8” and 1/16”) were heated to 220°C for several hours and flushed with ultrapure

nitrogen. Aged tubes were replaced frequently.

Sampling devices
Sampling ampoules were rinsed several times with deionised water. Glass parts were cleaned
additionally in an ultrasonic bath. Demounted ampoules were heated at 200°C (maximum for
the Swagelok quick-connectors) for several hours. Gas cylinders were checked for water

vapour, filled with nitrogen and hold at overpressure.

PAT System
At the end of a campaign, the entire system was rinsed with deionised water by injection via
sampling ampoules. Then the system was closed downstream and hold at overpressure.

Particulate filters were cleaned with deionised water (back flush) and heated at 200°C.

Possible contaminations were identified with test-blanks (running analyses without a sample).
Suspicious parts were successively replaced each followed by a test-blank followed.
Alternatively, parts of the analytical cycle were separated. Then, the remaining cycle was

tested for purity.

Gas
Ultrapure nitrogen (99.995%, Air Liquide, France) was filtered successively on molecular sieves

(13X, 4 A), followed by an activated carbon cartridge and a metallic oxygen trap (Alltech, USA).
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Detector

Because of the age of the entire GC, the ECD required intense maintenance. In case of
elevating detector senility, a standard cleaning protocol was conducted. This involved mainly
heating at 400°C and an elevated gas flow. Alternatively the collector was cleaned
mechanically by superfine sandpaper and methanol. This cleaning procedure was performed

considering safety precautions for radioactive materials (beta emitter).
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4 Distribution of Volatile Halogenated Organic Compounds in the

Iberian Peninsula Upwelling System

4.1 Introduction

Upwelling systems are characterized by high primary production, predominantly by diatoms. In
laboratory experiments it could be shown that some diatoms synthesise bromoperoxidase and
iodoperoxidase, two key enzymes for the formations of halocarbons. It was demonstrated that
cultures of marine diatoms produce various brominated and iodinated compounds (Moore et al.
1996b). Hence it can be assumed that upwelling regions are potentially hot spots for halocarbon

formation.

Halocarbon distribution in upwelling systems has been poorly studied. Recently, Carpenter et al.
(2009) and Quack et al. (2007a; 2007b) observed elevated dibromomethane and bromoform
concentrations in the Mauritanian upwelling. Both studies hypothesised that biological sources
like diatom abundance or macro algae beds were the major source for brominated halocarbons.

However, underlying factors for VHOC distribution patterns remain poorly understood.

Upwelling systems are well suited to investigate the formation of halocarbons by different
phytoplankton groups, especially due to the absence of macroalgae. However, advection and
convection of water masses into the upwelling may eliminate possible relations between VHOC
concentrations and phytoplankton biomass: (1) convection elevates cold, nutrient rich waters and
may reduce VHOC concentration in surface waters, (2) advection transports VHOC-rich coastal
waters towards the upwelling (Carpenter and Liss 2000), (3) advection from the upwelling to the
open ocean influences VHOC levels and (4) floating macro algae may cause increased VHOC levels

far from the coast line (Moore and Tokarczyk 1993).

In this work, halocarbon distributions were investigated in the Iberian Peninsula Upwelling System
during a campaign along the coast off Portugal, which took place in summer 2007 (August 11" to
September 14™) within the framework of the Modélisation océanique d’un théétre d’opérations

navales (MOUTON) program on the French research vessel Pourquoi pas.
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Here we present spatial, vertical and temporal distribution of VHOCs in the lberian upwelling
system in summer 2007. Environmental variables are analysed for their possible influence on the

VHOC distribution. Different potential sources four different VHOC groups are identified.

4.2 Method

4.2.1 Study Area
The study area extended from 39.1 to 42.8°N and 8.9 to 11.1°W. In this area we sampled 69

stations along three different transects and four additional 30-hours stations (see Figure 15).
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Figure 15. Mouton campaign 2007 in the Iberian Peninsula Upwelling System.

Tracks and 30-hours stations were grouped by sea surface temperature. Dots represent position of a CTD-station.
Lines reflect tracks of the cruise (solid line: north to south track within the upwelling; dotted black line: west to east
track followed 40°N degree of latitude from the open ocean toward the upwelling; dashed red line: track followed a
filament, way there; dashed blue line: filament track, way back. Framed squares: 30-hours stations ST 1 and ST 2

within the upwelling; ST 3 in the open ocean; ST 4 in intermediate water masses.
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The lberian Peninsula Upwelling System is the northern extent of the Canary Upwelling. It ranges
from about 36°N to about 46°N and from the Iberian coast to roughly 24°W (Perez et al. 2001).
During summer north/northwesterly tradewinds generate a southward flow, which results in an
offshore Ekman transport. This Ekman transport is responsible for the upwelling of cold and
nutrient enriched waters from 100-300 m depth to the surface along the coastline (Smyth et al.
2001). Upwelling events are usually strongest in the north of the Iberian Peninsula Upwelling
system (off Cap Finisterre) and are often related to westward flowing advections. These so called
filaments are bands of cold and less salty waters which can reach as far as 100 km westward

(Coelho et al. 2002).

Samples were taken using a 12-bottle CTD rosette (10-L-Niskin bottles). At each station, up to five
samples were collected at different levels of the water column: surface, upper thermocline,
maximum of chlorophyll, lower thermocline and bottom depth. Samples were taken to determine
VHOC concentrations, pigment composition and nutrient levels. Physical variables and

meteorological data were recorded simultaneously.

Various sea surface temperature (SST) satellite images revealed that the strength of upwelling off
the Iberian Peninsula shows intense fluctuation on multiday dimensions. The main sampling took
place between August 14™ and 25" with high wind velocity and a resulting strong upwelling.
Sampling in a filament and 30h stations took place during calm weather conditions between

September 4™ and 9™ with moderate upwelling.

4.2.2 Physical variables and pigment analysis

Physical variables were recorded simultaneously by the CTD rosette and meteorological sensors of
the vessel. Oxygen values were calibrated by independent sampling and Winkler titration.
Pigments were analysed using a HPLC technique described by Wright et al. (1991). A HPLC system
was used from THERMO spectrasystem equipped with a C18 (CLI) inverse column. One litre of
sample was filtered at -200mbar onto a 25 mm GF/F filter. Filters were stored at -196°C in liquid
nitrogen. Extraction of pigments was conducted with cold methanol (-20°C) for 12 hours.
Detection limits range between 0.002 pg/mL for Chl b, Chl c2 and Alloxantin and 0,013 pg/mL for
beta-Caroten. Pigments identification and quantification was done by comparing retention times
and peaks areas and adsorption spectra obtained using certified standard solutions from DHI

Group, Denmark.
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Samples for nutrient analysis were taken in 125 ml polyethylene bottles, pre-treated with
hydrochloric acid and deionised water, and finally rinsed with the sea water to analyse. These
bottles have been kept at -20°C in darkness until the analysis were carried out. For nutrient
analysis a semi-automated system was used (TECHNICON, autoanalyser 1l). The following

nutrients were determined:

- Silicic acid (Si(OH),): following the protocol of Fanning and Pilson (1973).

- Nitrate (NO3) and nitrite (NO,): as described by Bendschneider and Robinson (1952) and
Wood et al. (1967). Firstly, nitrite concentrations were determined. Then, nitrate was
reduced to nitrite and finally the nitrite concentration was measured. The difference
between both gives the nitrates concentration.

- Phosphate( PO,*): as defined by Murphy and Riley (1962).

4.2.3 Analysis of volatiles

VHOCs were analysed using a purge-and-trap technique and GC-ECD (Chrompack CP 9000)
modified after Pruvost et al. (1999). The purge-and-trap-loop was altered and Valco valves were
replaced by highly saltwater resistant Swagelok models. Sampling devices were modified
according to Bulsiewicz et al. (1998). These new sampling devices (30 ml) were highly gastight;
leak tests showed tightness for over a week. In contrast to Bulsiewicz, sampling devices were
directly connected to the Niskin bottle and to the purge-and-trap-loop respectively via Swagelok
miniature quick connectors. The connector between Niskin-bottle and sampling device comprises
a filter element with 15 um pore size, to remove larger particles. Samples were stored in the dark

at 4°C and finally analyzed within four hours after sampling.

Volatiles were extracted by purging with ultra-pure nitrogen for 20 min at a flow of 90 ml min™.
Purging took place at ambient temperature in a purge chamber, which contained a glass frit
(Pyrex 4). The gas flow was dried downstream using a condenser (held at 2 °C) and a magnesium

perchlorate trap.

Volatiles were concentrated in a stainless steel capillary tube (150 cm) at -78°C and subsequently
injected into a gas chromatographic column by thermodesorption (100°C, backflush). Separation
of the compounds was performed using a capillary column (fused silica megabore DB-624, 75 m,

0.53 mm id, 3 mm film thickness, J & W Scientific, flow: 6 ml min™ ultra pure nitrogen) and a
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temperature program (10 min at 70°C, rising for 8 min to 150°C and stable for 7 min at 150°C).

Quantification of volatiles was performed by external liquid standards (EPA 624 mix standards,

AccuStandard; iodoethane,

dibromomethane,

chloroiodomethane,

diiodomethane,

bromoiodomethane Carlo Erba). Liquid standards were diluted in seawater and treated like a

normal sample.

Table 10 shows the studied VHOC and gives the detection limits for each of them.

Table 10. Volatile Halogenated Organic Compounds determined in the Iberian Peninsula Upwelling System.

VHOC Abbr. Molecular formula LoD [pmol L]
Idoethane IE CH5CH,l 0.1
Chloroform CF CHCl, 0.58
Methyl chloroform MC CH5CCls 0.1
Tetrachloromethane TCM  CCl, 0.05
Trichloroethylene TCE C,HCl; 0.1
Dibromomethane DBM CH,Br, 0.09
Bromodichloromethane BDCM CHBrCl, 0.11
Chloroiodomethane CIM  CH)ClI 0.03
Perchloroethene PCE CCl,=CCl, 0.06
Dibromochloromethane DBCM CHBr,Cl 0.07
Bromoiodometahane BIM CH,Brl 0.15
Bromoform BF CHBry 0.43
Diiodomethane DIM  CHal, 0.09

* LoD: Limit of Detection.

4.2.4 Data analysis

Multivariate methods such as principal component analysis (PCA) or cluster analysis are useful

statistical tools to simplify complex data set by reducing the number of potential correlations

between variables (Mudge 2007, see there detailed information about statistical methods). In

order to determine physical, chemical and biological variables, which could explain the

distribution of VHOC we attempt to visualize possible groupings in our dataset. In a first step, a

cluster analysis was performed in order to estimate a possible clustering within the dataset.

Various variables were treated with a K-means-cluster analysis, including time of the day, water
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temperature, sea surface temperature (SST), salinity, density, bottom depth, sampling depth and

Chlorophyll a concentration.

In a second step, a PCA was carried out in order to evaluate similarities between variables of our
data set. Here, we computed a PCA for a data set of normalized VHOC values. As a result of the
PCA, similarities between the sampling stations formed distinct clusters. Hence we estimated the
factor, which might be causal for this clustering. For that, we combined results from the cluster

analysis with the PCA. It appeared that SST was the crucial factor.

Consequently in a third step variable correlation matrices were performed for each SST-cluster.
Data were analyzed performing one-way and factorial ANOVA with subsequent post-hoc Tukey’s
honestly significant difference method for unequal sample size. For the comparison of only two

data sets, paired t-tests were performed.

Pearson correlation cross tables were calculated in order to determine the extent to which two
variables show linear proportionality to each other. For all statistical tests and techniques

Statistica (Release 8.0) and Primer E (Release 5) were used.

Detailed information about multivariate exploratory techniques (such as PCA or cluster analysis)
are given by Legendre (1998), whereas Sokal and Rohlf (1995) gives a comprehensive introduction

about univariate analysis (such as ANOVA or Pearson correlations).

4.3 Results

4.3.1 Upwelling during the campaign and sampling strategy
Sampling strategy (for results see Figure 15) was defined by evaluating satellite images (Figure
16). Both Chl-a concentration- and SST-images indicated a proceeding upwelling and

phytoplankton bloom along the coast of Portugal.
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Figure 16. Satellite image of sea surface temperature (SST) and Chl-a concentration on August 19" 2007.
Source: Data from the MODIS satellite (NASA); plot computed by V. Rossi, CNRS/LEGOS, Toulouse, France. A: Blue
reflects low SST (13°C), red high values (23°C). White is cloud cover. B: Red reflects high Chl-a concentration, blue

reflects low Chl-a concentration. White is cloud cover.

The north-to-south track followed a 100 m bottom depth isoline and was located within the
upwelling. This track was chosen in order to investigate VHOC concentrations within the
maximum of phytoplankton density. The west-to-east track followed 40°N degree of latitude
from the open ocean toward the upwelling. This track was chosen to investigate differences
between coastal influenced upwelled waters and nutrient depleted open ocean waters. A distinct
offshore filament was sampled heading westwards at 40.4°N. This track was completed by
sampling outside the filament heading eastwards. Additionally, samples were taken at four 30 h
stations (ST 1 — 4). Station 1 (40°N, 9.1°W) and 2 (41°N, 9°W) were located within the upwelling.
Station 3 (41°N, 10.5°W) was a reference point in the open ocean. Station 4 (40.3°N, 9.2°W) was

located just outside the upwelling.
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Satellite images indicated that sea surface temperature decreased in the first two weeks of the
campaign compared to the previous weeks, indicating that upwelling took place before the start
of the campaign. A satellite sea-surface temperature image taken on August 19™ showed clear
upwelling conditions occurring in the studied area (Figure 16, A). Distinctive upwelling took place
along the Iberian Peninsula from Cap Finisterre to 37°N with highest convection about 41°N. A
clear temperature gradient is visible from the open ocean (around 21°C) towards the coast (less
than 15°C). Filaments were visible at 37.5°N, 40°N and 41.5°N. These cold water bands extend
from the Iberian coast up to 12°W and are characterised by temperatures significantly lower than
the surrounding water masses. Satellite images of Chl-a concentrations indicated a phytoplankton
bloom along the Iberian Peninsula (see Figure 16, B). Concentrations were highest near the
coastline (more than 3.5 pg/L) and low in the open ocean (two orders of magnitude lower).
Coupled to upwelling and advection, a meandering structure of the phytoplankton density is
clearly visible all along the coast. During the last week of the campaign, upwelling conditions were
still evident although wind velocity decreased (less than 10 m/s) and sea surface temperatures

increased by several degrees along the coast.

4.3.2 Spatial distribution of selected VHOCs
Sea surface concentrations for selected VHOC measured during the MOUTON campaign are

presented in Figure 17.
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Figure 17. Seasurface values of selected VHOCs.
Dibromochloromethane (CHBr,Cl), dibromomethane (CH,Br;), bromoform (CHBr;), chloroform (CHCI;),
chloroiodomethane (CH,Cll) and diiodomethane (CH,l,) in pmol L™. Colour scales with different concentration range.

Stations with values out of scale are labelled.

Generally, concentrations of brominated compounds were high along the coast and low in the
filament and in the open ocean. The highest values were found between 41°N and 42°N and
around 39.5°N (185.1 pmol L™ for bromoform, 60.4 pmol L™ for dibromomethane and 17.5 pmol L’

! for dibromochloromethane).
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Concentrations of iodinated compounds were about the same range than dibromochloromethane
(surface mean of 2.7 pmol L™ for chloroiodomethane and 1.5 pmol L for diiodomethane). The
highest surface concentrations of chloroiodomethane were recorded in the open ocean far from
the coastline (up to 6.8 pmol L™). Other sampling sites with elevated chloroiodomethane values
were located in the upwelling at 42°N and at the northernmost station (4.5 pmol L).
Diiodomethane levels were elevated in open ocean waters (up to 4.2 pmol L") and at two stations
near the coast. Chloroform levels were the highest among the chlorinated compounds (surface
mean of 16.9 pmol L?). Values were elevated in the upwelling between 40.5 and 42° N (up to 23.9
pmol L") and south of 40°N. The highest chloroform concentration was recorded at the junction
between upwelling and intermediate water masses at 40°N (32.5 pmol L!). Concentrations were

low in the open ocean and in the filament structure.

4.3.3 SST as grouping variable
In order to evaluate VHOC distribution patterns we performed cluster analyses and a principal
component analysis (PCA). The result of the PCA was used to visualize relationships among

studied VHOCs and their sampling sites (Figure 18).
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Figure 18. Principal Component Analysis (PCA) of all normalized VHOC data.

Similarities among VHOC are plotted as vectors, while similarities between the sampling sites are plotted as dots.
Samples are grouped by SST-clusters. For abbreviations of VHOC see Table 10. Correlations to the principal
component PC1 (x-axis) explain 32 % of the data and correlations to the principal component PC2 (y-axis) explain

about 17% of all data.
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Diiodomethane, chloroiodomethane and tetrachloromethane are best explained by PC2 and show
high similarities among themselves. Dibromomethane, bromoform, dibromochloromethane,
bromodichloromethane and perchloroethene formed a second cluster, which is related to PC1. A
third cluster is composed of iodoethane, bromoiodomethane, 1,1,2-trichlorethene, methyl
chloroform and chloroform. This group however is not well explained by the PCA model. Because
of the marginal vector length of perchloroethene and tetrachloromethane, correlations to PC1

and PC2 are low.

Figure 18 illustrates clear similarities between various samples sites. Here we found that sample
sites form three clusters. In order to demonstrate the underlying feature of this data spreading,
we overlaid the plot with results of a cluster analysis. From the studied physical variables sea
surface temperature (SST) was determined as a factor that could best explain the distribution
pattern of the sampling sites. Other variables (e.g. salinity or chlorophyll a) did not reflect the
clustering of the sampling sites. SST values form three clusters and reflected different water
masses: The upwelling water mass reflect stations with a SST-mean of 14.5 °C (see also Figure
15). These stations were located were close to the coast of the Iberian Peninsula. The
Intermediate water mass attributed stations with a SST-mean of 16.4°C. Those stations were
located either close to the coast line (aged upwelled waters) or in the filament (cold waters mixed
with open ocean waters). The Open ocean water mass featured a SST-mean of 19.7°C. All stations

were located in the far off Iberian coast.

4.3.4 Relationship Between the Compounds

Similarities between VHOCs were shown in the PCA model (see Figure 18). In order to evaluate
correlations in-between gases, we calculated Pearson correlations matrices. In Figure 19 we
present those correlations of three representative halocarbons to all other VHOCs. Brominated
compounds are well correlated among each other in all water masses. Highest correlations were
found between dibromomethane and bromoform in intermediate water masses. Clear
correlations between iodinated compounds were remarkable between chloroiodomethane and
diiodomethane in the open ocean and less articulated in intermediate water masses. In the
upwelling however, no significant correlations were found among iodinated compounds.
Correlations between chlorinated compounds were weak. The highest correlations were visible

between methyl chloroform and chloroform in the upwelling.
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Figure 19. Correlations of selected VHOCs with all VHOCs.
Results of cross-tabulation tables of Pearson r correlation coefficients for all VHOCs. Significant level p<0.05. The
correlation cross table was calculated for all samples. Data are clustered in three different water masses: Upwelling

(blue), intermediate water (green) and open ocean (red). Remarkable correlations are indicated in yellow.

4.3.5 Vertical distribution of VHOCs compared to environmental parameters
Based on the three water mass types (as defined above), we studied the vertical distribution of

VHOCs and environmental parameters in each water mass. Figure 20 shows the distribution of
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representative halocarbons and synoptic data. Sampling depth was a highly significant factor for
most variables. More detailed information is given in Table 11, Table 12 and Table 13. There,
VHOCs and environmental variables are grouped by different water mass and depth (mean values

of all samples from surface to thermocline and samples below the thermocline).
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Figure 20 Depth profiles for three defined water masses.

Mean values of chlorophyll a [pg - L'1], AOU [pumol L-1], N*[umol - L'l], density [o] and selected VHOC [pmol - L’l] in
the three defined water masses at five depth. Row 1: Upwelling waters. Row 2: Intermediate waters. Row 3: Open
ocean waters. Values expressed as mean of samples of surface, upper thermocline, maximum of chlorophyll, lower
thermocline and bottom. Red lines use primary x-axis (above, red). Blue lines refer to secondary x-axis (below, blue).

Note: CIM concentration at open ocean province had different scale from the other provinces.
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In the upwelling, o-values showed a deep mixing without a clear pycnocline (Figure 20, row 1).
Maxima of Chl-a were observed in the first 20 m (1.5ug L-1) and reached very low values in the
deeper layer below 40 m. The apparent oxygen utilisation (AOU) was negatively correlated to Chl-
a: values were low near the surface and in the Chl-a maximum whereras AOU-values increased
with depth. N* (a linear combination of nitrate and phosphate; see (Gruber and Sarmiento 1997))
is a benchmark for the marine nitrogen cycle. Low N*-values reflect a nitrate loss whereas high
values indicate nitrogen fixation. In the upwelling, N* showed the same pattern as AOU: the
lowest values were found in surface waters and in the Chl-a maximum. Bromocarbons showed no
clear peak in the water column. While dibromomethane did not vary significantly with depth,
bromoform concentrations were significantly lower in the deeper layer compared to the upper
layer (factor 2.4, p= 0.001). Variations of chloroiodomethane, diiodomethane and chloroform did

not vary significantly with depth in the upwelling.

In the intermediate water mass (Figure 20, row2), the water column was weakly stratified
(pycnocline at about 20 m). However, a clear Chl-a maximum was recorded at 20-m depth and
corresponded to a minimum N*-value. AOU values were significantly elevated below the
pycnocline. For all gases, maximum values were measured just above the Chl a maximum. Values
of brominated compounds were up to 6.7 times higher here compared to the deeper layer values.
lodinated compounds and chloroform showed maxima just above and below the Chl-a maximum.

However variations of diiodomethane and chloroform did not vary significantly with depth.

In the open ocean (Figure 20, row3), the water column was clearly stratified. The pycnocline (66
m) corresponded with the Chl-a maximum. N*-values were in average 1.5 times higher in the
upper layers of the open ocean compared to the upper layer in the identified intermediate water
mass, indicating a lower loss of nitrogen in the open ocean. At the Chl-a maximum however, N*
values were significantly lower, in average 1.5 times than in all other water layers. Brominated
compounds showed no clear maxima throughout the water column. Concentrations were low
compared to coastal waters (about 3 times lower for the surface concentrations). However,
bromocarbon concentrations were significantly higher at the Chl-a maximum. lodinated
compounds showed maximum values at the Chl-a peak. Values were 2-5 times higher there

compared to all other depth, and 2.7 — 3.2 times higher compared with the coastal waters.
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Chloroform showed a maximum concentration below the pycnocline (2 times higher compared to

surface waters).

Table 11. Mean values of 13 VHOC in pmol/L and DBM/BF- ratio in the Iberian Upwelling.

Data (n (a1 =239) grouped by sampling depth (Cluster 1: surface to maximum of chlorophyll, n=152; Cluster 2: below

maximum of chlorophyll, n=87) and SST (group SST1: Upwelling, T < 15.3 ; group SST2: Intermediate, 15.4 > T < 18°C;

group SST3: Open Ocean, T>18.1°C).

Surface to Thermocline

Entire Data Upwelling Intermediate Open Ocean
CH3CH,l 1.12 1.14 1.33 0.73
CHCl3 17.81 19.24 16.14 18.54
CH5CCly 4.92 4.57 5.48 4.46
CCly 5.86 3.66 6.12 8.81
C,HCl, 8.59 8.67 8.8 8.11
CH,Br, 9.18 9.42 11.48 4.77
CHBrCl, 2.44 3.45 2.51 0.76
CH,ClI 2.97 2.04 2.15 5.84
CCl,=CCl, 1.73 2.27 1.6 1.13
CHBr,Cl 2.79 3.22 3.27 1.32
CHyBrl 1.67 2.08 1.37 1.55
CHBr3 22.19 21.68 31.09 7.36
CHsl, 2.21 1.62 141 4.52
CH,Br/CHBr3 0.41 0.43 0.37 0.65

Below Thermocline

Entire Data Upwelling Intermediate Open Ocean
0.88 131 0.65 0.56
18.36 21.9 13.9 20.96
5.18 5.42 5.18 4.73
3.4 2.34 3.27 5.72
7.39 8.1 7.64 5.5
6.89 8.59 6.61 4.18
2.28 2.98 2.34 0.8
1.94 1.73 2.22 1.76
1.88 2.39 1.65 1.4
2.04 2.77 1.83 1.07
1.72 2.06 1.82 0.84
9.26 11.93 9.54 3.48
1.71 191 1.53 1.72
0.74 0.72 0.69 1.2

Table 12. Physical and chemical variables in the Iberian Upwelling region.

For data grouping see Table 11.

Surface to Thermocline

Below Thermocline

Entire Data Upwelling  Intermediate Open Ocean Entire Data Upwelling  Intermediate Open Ocean
SST [°C] 16.38 14.46 16.37 19.66 16.38 14.46 16.37 19.66
Salinity [PSU] 35.74 35.68 35.69 35.92 35.76 35.76 35.77 35.76
Temp [°C] 15.56 14.16 15.71 17.48 13.04 12.93 13.2 12.89
Oxygen [mL/L] 245.37 224.2 264.66 239.58 198.92 183.39 198.91 230.0
AOU [pumol L'l] 4.71 3291 -15.43 1.18 63.99 80.14 63.16 33.73
Turbidity [NTU] 0.37 0.65 0.35 -0.01 0.12 0.16 0.14 -0.03
Nitrate [ pmol/L] 3.14 7.35 1.59 0.37 10.48 125 10.05 8.08
Silicate [ umol/L] 1.76 3.13 1.06 1.27 4.71 5.82 4.53 3.25
Phosphate [ umol/L] 0.3 0.62 0.19 0.08 0.72 0.86 0.69 0.53
N* [ umol/L] 1.14 0.19 1.34 2.07 1.89 1.57 1.85 2.52
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Table 13. Mean values of marker pigments in the Iberian Upwelling region.

For data grouping see Table 11.

Surface to Thermocline Below Thermocline
Entire Data Upwelling Intermediate  Open Ocean Entire Data Upwelling Intermediate  Open Ocean
chla 1466.93 1774.72 1584.17 577.78 457.66 550.0 426.88 no data
chlb 115.21 101.82 122.25 111.39 33.94 30.13 35.21 no data
chlc2 172.1 233.48 178.96 52.61 42.09 72.25 32.04 no data
chlc3 100.14 90.95 112.52 71.11 38.19 43.63 36.38 no data
fuco 708.24 907.86 797.26 86.17 251.38 329.13 225.46 no data
but 35.15 18.8 35.71 58.67 9.56 8.63 9.88 no data
perid 83.48 87.71 96.76 30.44 28.63 29.38 28.38 no data
hex 114.37 64.1 117.06 183.17 27.5 11.63 32.79 no data
diadino 96.82 102.12 113.93 28.67 30.5 34.13 29.29 no data
allo 20.01 21.7 22.92 7.17 6.38 12.88 4.21 no data
lut 11.24 12.68 13.73 0.28 5.69 1.88 6.96 no data
zea 44.33 32.9 40.55 75.33 7.81 7.75 7.83 no data
caro 40.93 52.34 42.78 16.72 10.88 6.38 12.38 no data

4.3.6 Temporal and tide factors in the upper layers
Diurnal and tidal variations of VHOC concentrations were investigated by calculating ANOVAs of
all samples taken in the upper layers (sea surface to thermocline). Again, the data set was divided

into the three different water masses.

In order to investigate the factor time, samples were sorted by the sampling time and divided in
four groups: night, day, and intermediates. All samples taken in between 2h after sunset and 2h
before sunrise were defined as “night samples”. All samples taken in between 2h after sunrise
and 2h before sunset were defined as “day samples”. Intermediate times were defines as morning
or evening samples. Results of the ANOVAs indicate that the factor time has significant effects
(Figure 21) on bromocarbons. In the upwelling, values were significantly higher after sunset
(factor 1.5 to 1.8; p-values between 0.002 and 0.055) and stayed rather low during the rest of the
day. Intermediate waters showed higher concentrations between dusk and night, compared to
the period between dawn and daytime (factor 1.8 to 2.1). Diurnal variations of bromocarbons in
the open ocean were less clear. Variances for dibromomethane and dibromochloromethane are
small (factor 1.1 and 1.2) and statistically not significant. Bromoform however showed a
significantly elevated concentration during night-time (factor 2, p = 0,05). Time of the day showed

no significant influence on iodocarbons and chloroform (data not shown).
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Figure 21. Influence of time of the day to bromocarbons.
Mean values of four different times of the day (night, day, and intermediates) for samples from the surface to the

thermocline. Night and day were defined as two hours before sunrise and sunset, respectively.

In order to investigate the factor tide, samples were sorted by the sampling time and divided in
four groups: high tide, low tide, incoming mid tide and outgoing mid tide. Sampling times were
compared with tide tables, provides by SHOM (Service hydrographique et océanographique de la
marine) for different places along the Iberian coast. Figure 22 illustrates clear effects of tide on
VHOC levels within the upwelling. Upwelling values of brominated compounds were significantly
elevated when water flowed back from the coast to the open ocean. In intermediate water
masses the effect is still noticeable but statistically less significant. Similarly to brominated
compounds chloroform and iodinated compounds showed elevated concentrations in the
upwelling during the outgoing tide. In intermediate water masses however, values of
chloroiodomethane and diiodomethane were significantly elevated at incoming tide. Generally, in

intermediate water masses, effects are noticeable and are not significant in the open ocean.
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Figure 22. Influence of tide to selected VHOCs in the upper layers.

Blue lines: in the upwelling. Green lines: intermediate waters. Red line: open ocean. Mean- and p-values are plotted

against four tidal steps (low tide, incoming mid tide, high tide, outgoing mid tide).

expressed as (x). Significant levels are expressed in parentheses (p-values).
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4.4 Discussion

This is the first study of volatile halogenated organic compounds in the Iberian Upwelling, and
presents a comprehensive number of brominated, iodinated and chlorinated volatiles in an
upwelling system. Our data show that multivariate effects are causal for the distributions of
VHOCs. Here we present evidence for different VHOCs sources, which are each causal for the
production of a certain group of VHOCs. This study demonstrates for the first time the effect of

tide on VHOCs distribution.

4.4.1 Comparison to other studies

Although a wide range of marine regions were investigated for VHOC levels, only a few studies
focused on upwelling regions: Class and Ballschmiter (1988) measured bromocarbons and
tetrachloromethane near the West African coast (25°N 16°W). The Mauritanian Upwelling was
investigated by Quack et al. (2007b) between 17.0 and 20.5 °N in April/March 2005 and by
Carpenter et al. (2009) between 16 and 35°N in May/June 2007. Both studies were focused on

bromoform and dibromomethane and found similar mean values (see Table 14).

Our values however, were about a factor 2 higher than data reported for the Mauritanian

Upwelling, and were rather similar to coastal water values reported for the African Upwelling.

The only study which studied various VHOC along the Iberian Peninsula, were restricted to the
shoreline and did not measured in the upwelling(Martinez et al. 2002b). These authors focused on
monitoring different anthropogenically produced VHOCs and reported results as class distribution
and maximum values. Consequently these results give a broad representation for nonnatural

coastal inputs of chlorinated volatiles but are less comparable to our results.
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Table 14. Comparison of VHOC concentrations in different regions.

Mean values in pmol - L-1.

African Mauritanian African North east English Irish Sea Antarctic Portugal
Coastal Upwelling Coastal Atlantic Channel waters coast
Upwelling Upwelling
25°N 17-20.5°N 16-35°N 53-59°N 50°N 53°N 70-72°S
16°W 16-19°W 14-24°W 7-13°W 4°W 4°W 9-11°W
(03/1985) (04-05/2005) g:ss/_zom) E)O76/_2006) (2002-2004)  (2004-2005)  (12/2003) (1999-2000)
Class and Bravo-
Ballschmiter Quack et al. Archer et al. Linares and Carpenter et Martinez et
1988 2007 Carpenter et al. 2009 2007 Mudge 2009 al. 2007 al. 2002
CH3CH,l 15 fos ¢
CHCl3 141.77 & 167.53 X
CH3CCls 0.92 8 12.22
CCly 6.5 2 3.4 € 117 *
C;HClg 2.64 & 98.94 x
CH2Br; 5.77 49 ° 34 1.1 € 5.45 &
5.8 * 3 1.9 f
14 15.6 €
CHBrCl, 6.1 : 5.06 ¢
CH.ClI 10.8 f 091 ¢ 07 ¢
CCl,=CCl, 13.13 € 78.41 *
CHBr,Cl 9.6 @ 17.3 &
CH.Brl 1.2 f 0.8 e
CHBr3 23.74 * 107 * 115 3.4 € 214.23 ¢ 56.7 €
9 * 144 6.7 f
3.5 68.3 &
CHaly 2.5 f a7 ¢ 4.2 ¢

* 3 depth 0-12m; ° depth 14-50m; © upwelling; ¢ Canaries; © open ocean; ' shelf and far coast; & coastal; * coastal and

river, not specified, maximum values.

Based on various oceanic data, production of VHOCs has highly localized sources. Saturations are

highest in littoral zones, mainly in macro-algae beds. Furthermore, seawater concentrations vary

greatly with seasons (Archer et al. 2007) and hence comparisons of different studies might be

challenging. Contrary to the assumptions of a strong phytoplankton production in upwelling

regions, we report values intermediate between coastal and open ocean values.

4.4.2 On the different origin of VHOCs

Results from the principal component analysis (see Figure 18) showed similarities between three

sample sites and between VHOCs. It was shown that sample sites cluster in three groups:
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upwelling, intermediate water masses, and open ocean. Moreover we showed high similarities
between VHOCs indicating similar sources for three different groups: (1) bromocarbons, (2) two
iodocarbons (chloroiodomethane and diiodomethane) and (3) the remaining VHOCs (mostly

chlorocarbons).

Similarities between VHOCs (Figure 18) and correlations among them (Figure 19) indicated
common sources for brominated compounds. Highest correlations between brominated
compounds (seeFigure 19, row 1) were recorded in samples with the highest concentrations
(intermediate water masses). In intermediate water masses correlations to other gases were not
significant or negligibly low. Hence for this region it can be assumed that bromoform,
dibromomethane and dibromochloromethane do have the same origin. Contrary to intermediate
water masses, correlations between brominated compounds were less pronounced in the open
ocean and the upwelling. Thus an additional and more compound-specific source (and/or sink)

can be assumed for both water masses.

Dibromomethane/bromoform ratios were calculated by several authors (Carpenter and Liss 2000;
Quack et al. 2007b; Carpenter et al. 2009; Jones et al. 2009). Dibromomethane/bromoform slopes
were found to be lower in coastal regions and are caused by different sources: macroalgae-
produced bromocarbons cause a lower slope whereas slopes are higher in phytoplankton-

dominated regions. Our results supported these findings (Table 11).

lodocarbons (Figure 19, row 2) show clear correlations among each other: the highest correlation
was observed between chloroiodomethane and diiodomethane in open ocean waters, a region
where the highest concentrations were measured for both gases. Hence both halocarbons do
have the same origin and this origin is located in the open ocean. In a recent study it was shown
that both compounds can be formed in the presence of dissolved iodine, dissolved organic matter

and ozone (Martino et al. 2009).

The correlations of chlorocarbons (Figure 19, row 3) did not show clear patterns. For example, we
present correlations of methyl chloroform to all other VHOCs. The highest correlations (methyl
chloroform and chloroform) were observed in the upwelling whereas just one significant

correlation was observed in the open ocean. Consequently, a common source for chlorinated
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volatiles might be connected to the shoreline. Martinez et al. (2002b) reported a high coastal

input of anthropogenic chlorocarbons at several places in Portugal.

4.4.3 Evidence for phytoplanctonic production of VHOCs

Correlations between different VHOC groups and chlorophyll (fluorescence sensor) were found
for brominated and iodinated compounds (see Figure 23). Moreover, we found a good correlation
between both VHOC groups and both biological markers N* and AOU. These correlations were
clearly visible for the open ocean and less pronounced in the upwelling or in intermediate water
masses. These results indicate that the formation of brominated and iodinated compounds was
usually coupled to photosynthetically produced oxygen and nitrogen loss; both caused by
phytoplankton activity. The absence of strong correlations in the upwelling and intermediate
water could have two explanations: either the main source for brominated and iodinated
compounds was non-biological or, and more likely, the formation of those compounds was locally
separated. Main sources of bromo- and iodocarbons are likely coastal zones of the Iberian
Peninsula. Water masses are transported westwards containing elevated concentrations of those

compounds.
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Figure 23. Correlations of selected VHOCs with environmental variables.

environmental variables (legend see below)
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Results of cross-tabulation tables of Pearson r correlation coefficients for selected VHOCs and environmental

variables. Data are clustered into three provinces: Upwelling (blue), Mixed water (green) and Open Ocean (red).

Dashed line separate photosynthetic pigments and photoprotective pigments. Grey marks other biological marker.

Variables 1-9: photosynthetic pigments (fluorimeter, chl a, chl b, chl c2, chl c3, fuco, but, per, hex). Variables 10-14:

photoprotective pigments (diadino, allo, lut, zea, caro). Variables 15-17: N*, AOU, CDOM. Variables 18-19: PAR,

lighttransmission.
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Correlations to various marker pigments were strong for brominated compounds mainly in the
open ocean (Figure 23). Bromoform showed additionally weak correlations in the upwelling. The
diversity of correlated pigments emphasise the involvement of different phytoplankton groups in
the formation of bromocarbons. Fucoxanthin (Diatoms), Chl-b (green algae and prochlorophytes)
as well as hexaxanthin and Chl-c3 (prymnesiophytes) showed the highest correlations to

bromocarbons.

lodinated compounds did not correlate to marker pigments in samples with high iodocarbons
concentrations (open ocean waters). Weak correlations to Chl-b (linked to prochlorophytes) and
hex were observed in the upwelling. Chloroiodomethane and diiodomethane likely have a
biological origin, since they often correlate with biological markers (fluorescence, N* and AQU).
Since phytoplankton is likely not a source for iodocarbons and at the same time N* and AOU
correlations suggest a biological origin, it can be assumed, that bacteria are involved in the
formation of those VHOCs. This assumption is in agreement with results by (Amachi 2005) who
showed formation of both iodinated compounds by distinct groups of marine bacteria. As
mentioned above, both iodocarbons might have additionally natural but non-biological sources

(Martino et al. 2009).

Sun radiation (here expressed as PAR) did not correlate with the measured VHOC in any region.
Thus a hypothesis of photolytic formation of iodinated compounds might be only a minor source.
Light transmission values correlate negatively with bromoform, dibromomethane,
chloroiodomethane and diiodomethane in the open ocean. Since plankton has a negative effect
on light transmission, plankton abundance may be the cause for elevated bromo- and iodocarbon

concentrations.

Chlorinated compounds did not correlate to biological markers (Chl-a, N* or AOU). Correlations
to marker pigments were weak or negative. Hence it can be assumed that main sources of

chlorocarbons are of non-biological origin.

According to all correlations, brominated compounds were produced by microalgae in the open
ocean. In the upwelling and in intermediate water masses this formation pathway is masked by
strong external sources. lodocarbons seem to have a bacterial origin and are mainly produced in

the open ocean. Due to higher coastal concentrations and missing correlations to biological
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markers, the main source of chlorinated compounds might be anthropogenic in origin. Since no
correlation to radiation exposure were observed, photochemical formation might be a minor

source for VHOC in the Iberian upwelling.

4.4.4 Near shore production: main source for brominated compounds in the
upwelling?

We found the highest concentrations of bromocarbons in near-shore samples. This finding is in

agreement with other studies. Carpenter et al. (2009) found a concentrations gradient in the

order coastal region > upwelling > shelf > open ocean. We found lower

dibromomethane/bromoform-ratios in near shore waters compared to oceanic waters. A

different bromocarbon origin (phytoplankton dominated in open ocean and macroalgae

dominated near coast) might be a reason for different ratios.

This is the first study which highlighted the influence of tide to offshore VHOC concentrations. We
found strong effects for polybrominated compounds in the upwelling and no effects in the open
ocean. Since concentrations are elevated with outgoing tide, it can be assumed that enriched
waters are transported westwards thus highlighting the effect of tide on VHOC distribution.

Hence, high near shore concentrations can be explained by a translocated macroalgae production.

In the Iberian area elevated concentrations of brominated compounds in the upwelling might be
due to near shore production transported westward via a combination of tide and Ekman

transport whereas open ocean concentrations could be explained by phytoplankton.

The effect of tide and lateral transport to iodinated compounds is weak and unclear.
Concentrations are elevated at outgoing midtide in the upwelling and at incoming midtide in the
intermediate waters. In the open ocean no statistically significant effect was observed. Thus the
production of iodocarbons is less restricted to the coast and a phytoplankton production off

shore can be assumed.

Our results show increased bromocarbon concentration after sunset and comparable low
concentrations after sunrise. Generally halocarbons are reported to show elevated concentrations
with an increase of irradiance (Ekdahl et al. 1998; Marshall et al. 1999; Wang et al. 2009). Since
we assume that brominated compounds in the upwelling have a coastal source, it is likely that

irradiance increased coastal macroalgae production.

97



Distribution of VHOCs in the Iberian Upwelling System

4.5 Conclusion
Water samples taken in the Iberian Peninsula Upwelling System revealed that spatial distribution
of halocarbons are related to sea surface temperature. Variations in sea surface temperatures can

be explained by convections and advection processes; two typical processes in upwelling systems.

Statistical methods showed distinct similarities between three different clusters of VHOCs. In
those clusters were usually halocarbons with the same halogens (bromocarbons, iodocarbons and
chlorocarbons). Those groups were reflected in correlations patterns between VHOCs and
environmental variables. Typical correlation patterns indicated that bromocarbons might have a
phytoplanktonic source in the open ocean. lodocarbons showed correlation patterns which were
discussed to indicate a bacteria-related source in the open ocean. This idea is supported by the

fact, that highest concentrations of iodocarbons were found off shore.

Furthermore it was shown that bromocarbon concentrations of near shore water samples were
elevated several hours after high tide. This fact and the observed concentration gradient (lower
values towards the open ocean) led us concludes, that the main source of bromocarbons is
located in the upwelling and that water masses with elevated bromocarbon concentrations are

translocated westwards .

The postulated high concentrations of VHOCs were not found during the campaign. In the
upwelling, only weak correlations with marker pigments for phytoplankton were encountered.
Hence we reject the idea that upwelling regions might be hot spots for VHOC formation due to
diatoms. However the upwelling induced nutrient supply might have some effects on shore line
macroalgae beds. We suggest that further studies between the shore line and the upwelling might

contribute to a better understanding of sources within the upwelling areas.
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5 Annual distribution of reactive halocarbons in a tide influenced

estuary: Exchange fluxes between ocean and atmosphere

5.1 Introduction

The implications of halocarbons for atmospheric chemistry and their ozone depleting potential
are discussed in the chapters above. Main source of short-lived reactive iodocarbons and
bromocarbons are macroalgae. While iodocarbons are photolabile and broken down rapidly
within the troposphere, bromocarbons are relatively photostable. These longer lives trace gases
can be convected to the lower stratosphere and contribute up to 60% of stratospheric bromine
(Sturges et al. 2000; Nielsen and Douglass 2001). Macroalgae release halocarbons at low tide
directly to the atmosphere or influence atmospheric mixing ratios via air-sea exchange in the

marine boundary layer (Carpenter et al. 1999).

Since macroalgae propagation is restricted to rocky shores, marine sources of VHOCs are highly
localized. High concentrations can be found near cost, while open ocean concentrations are
usually low. Consequently littoral zones are hot spots for halocarbons and are essential for global
emission estimates. Several authors extrapolated local fluxes at large scale to attempt a global
estimate of these fluxes (e.g. Moore and Groszko 1999; Quack and Wallace 2003; Butler et al.
2007). However those calculations remain uncertain because of the low temporal and spatial

coverage of VHOC measurements.

Consequently, better global budget estimations can be achieved by high resolution
measurements of VHOCs in hot spots of VHOC formation. Air and water concentrations were

studied at various spots around the world, including:

- African coast and the Mauretanien Upwelling (Class and Ballschmiter 1988; Quack et al.
2007a; Quack et al. 2007b; Carpenter et al. 2009),

- around the British Islands and the English Channel (Dawes and Waldock 1994; Nightingale
et al. 1995; Carpenter et al. 1999; Carpenter et al. 2000; Archer et al. 2007; Bravo-Linares
and Mudge 2009; Jones et al. 2009),

- in Californian coastal waters and salt marshes (Manley et al. 1992; Manley et al. 2006),
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- inthe North Sea (Klick 1992; Abrahamsson and Ekdahl 1996; Baker et al. 1999),

- in European estuaries (Christof et al. 2002),

- inarock pool at Gran Canaria (Ekdahl et al. 1998),

- in the Pacific and Atlantic open ocean (Blake et al. 1997; Quack and Suess 1999;
Nightingale et al. 2000a; Chuck et al. 2005; Wang et al. 2009),

- in Polar regions and the Southern ocean (Schall and Heumann 1993; Abrahamsson et al.
2004; Carpenter et al. 2007) and

- lberian Peninsula waters (Martinez et al. 2002b, this work see chapter 5).

A comprehensive overview about published air and sea concentrations of halocarbons are given
by Quack and Wallace (2003). Some studies reported seasonal variations of halocarbon
concentrations (Blake et al. 1997; Carpenter et al. 2005; Tokarczyk and Moore 2006; Archer et al.
2007; MacDonald and Moore 2007; Hughes et al. 2009; Wang et al. 2009). However, the role of
tidal influenced and nutrient enriched estuaries on VHOC distribution has been poorly explored.
Some studies reported elevated halocarbon emissions during low tide in macroalgae beds (e.g.
Pedersen et al. 1996). The authors attributed those findings to oxidative stress for the
macroalgae. Therefore it can be assumed that tidal influenced coastal areas are characterized by
elevated concentrations of iodocarbons and bromocarbons. River discharge creates large salinity
and nutrient gradients in an estuary, those gradients have a great influence on species
composition. Elevated nutrient levels for instance can stimulate the growth of macroalgae. At the
same time a nutrient oversupply elevates the phyto- and bacterioplankton biomass production.
As a consequence of this fact and together with high levels of suspended matter,
photosynthetically active photon flux density (PFD) is decreased in highly productive estuaries. As
a result macroalgae are outcompeted by phyto- and bacterioplankton with their high turn-over

rates.

The present study contributes to a better global VHOC estimates by providing data for a poorly
investigated halocarbon hotspot. The annual distribution of VHOCs was determined in a highly

productive marine area in temperated coastal ecosystem in Western Europe.

In the following paragraphs data are presented and discussed showing a marked seasonality and
high correlating to the sampling site. Fluxes to the atmosphere are calculated. Moreover we show

results from a separate field campaign during a diurnal tidal cycle.
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5.2 Methods

5.2.1 Sampling area
The sampling area was located in a region with one of the world highest tidal amplitudes (mega-
tidal system). Samples were taken between May 2008 and May 2009 in the Bay of Morlaix at the

south-western coast of the English Channel. Figure 24 show the sampling sites in a chart datum

map.
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Figure 24. Chart datum map of the sampling area.
Sampling position in the river was based on the salinity. The sampling sites cover an area from 48°36 to 48.45°N and

3°50 to 3°58 W. (© SHOM contract no 178/2008).

It appears clearly from the map that large areas are exposed to the atmosphere at low tide
during spring tide, when the tidal amplitude riches 7.5 m. While the northern parts of the bay and

around Batz island (fle de Batz) are predominated by high cover rates of macroalgae, the inner
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parts of the bay are characterized by mudflats. Algal cover there is less pronounced and restricted

to mainly Fucaceae.

Two rivers flow into the Bay of Morlaix estuary: the Morlaix River forms the eastern part of the
estuary and has a north eastern branch (named Le Dourduff). On the western side of the estuary,
the Penzé River discharge fresh water into the bay. The catchment areas of both rivers are
characterized by high productive agriculture and a low localization degree of industry. As a result

of intensive farming, the drainage basin discharge high amounts of nutrients to the estuary.

The climate has an influence on species composition and thereby an influence on potential
halocarbon producer. The northern Breton coast is located in the temperate zone. Its climate is
characterized by the Gulf Stream and the Westerlies with predominant south-westerly winds, low
temperature amplitudes and an annual precipitation of about 650 mm. The climate is favourable

for a great diversity in macroalgae species.

5.2.2 Sampling strategy
Samples were taken at neap tide at the Penzé River, the Morlaix River and the ASTAN point. The
amplitude is 3.6 m during mean neap tide at Roscoff. Figure 25 shows the sampling during the

field campaign from May 2008 to Mai 2009.
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Figure 25. Tidal amplitude [expressed as tidal coefficient] and sampling strategy.
MST= mean spring tide (tidal coefficient of 95). MNT = mean neap tide (tidal coefficient of 45). Samples were taken

at neap tide in the Bay of Morlaix (red square). A 24-h station was probed at spring tide.

102



Annual Distribution of VHOCs in the Bay of Morlaix

Sampling took place at low tide in the inner part of the bay in order to minimize the mixing with
incoming saltwater and was conducted with an inflatable motor vessel. Sampling always started
at the point of highest salinity and thereafter followed the salinity gradient upstream. Sampling
stations were predefined by salinity (2, 5, 10, 13, 17, 22, 27 and 33 PSU). Thus geographical
positions changed at any sampling time. The lower salinity stations (2-17 PSU) were always

located within the Penzé River.

Salinity, water temperature and geographical position were determined on board. Surface water
was sampled with a Niskin bottle. Samples were taken for nutrient and pigment analysis
(Chlorophyll @ and phaeopigments). Additionally water was probed for high precision salinity
determination. Air and water samples for VHOC determination were taken using the sampling

devices described in paragraph 3.8.

The ASTAN point (oceanic waters, 35 PSU) was sampled on board the research vessels Mysis and
Neomysis, at high tide during neap tide. Water masses at this point are characterized by intense
currents. Those water masses sloshing between this point and the inner part of the estuary. High

tide water masses are constantly translocated between the Channel and the inner part of the Bay.

During a separate field campaign at the Estacade point, samples were taken every two hours at
spring tide over the course of a complete diurnal tidal cycle, at spring tide. The tidal amplitude
was 7.5 m at the sampling site. Sampling at spring tide provides two advantages. Firstly, the
studied factor (tide) was highly pronounced. Secondly, during spring tide the low tide occurs
during noon. This provided the opportunity to study the effect of sun radiation for the formation

of VHOCs.
5.2.3 Methods for physical, chemical and biological variables

Meteorological data
The measurements of the meteorological parameters were carried out with automated sensors
located on the roof of the Station Biologique de Roscoff. The following parameters were

determined:

- air temperature (Campbell sci., model HMP45C; precision: £0.2°C)

- atmospheric humidity (same sensor; precision: +1% at 20°C)
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- atmospheric pressure (Setra, model CS100; precision: t1mbar)

- photosynthetically active photon flux density (400-700 nm; Quantum, model SKP215
SKYE; precision: £3%)

- wind velocity and direction(RM Young, model 05103; precision: +0.3 m - s and #3° at

common wind conditions)

The sampling rate was 2 seconds; average values were automatically calculated for 15 and 60
minutes intervals. For wind velocity maxima values were determined for every 15 minutes

interval.

SST, salinity, oxygen and suspended matter
Sea surface temperatures (SST) were determined onboard the research vessel. Water samples
were taken for determination of salinity, oxygen and suspended matter. Measurements for
dissolved oxygen were carried out by Winkler method. Suspended matter was determined by
gravimetric analysis of the filter cake. High precision salinities measurements were carried out
using a Guidline Portasal salinometer with a precision of £0.002 PSU, samples were analysed at

the Laboratoire de Chimie Océanographique de I’EPSHOM, Brest.

Determination of nutrients
Samples were taken in 125 ml polyethylene bottles, pre-treated with hydrochloric acid and
deionised water, and finally rinsed with the sea water to analyse. These bottles have been kept at
-20°C in darkness until the analysis were carried out. For nutrient analysis a semi-automated

system was used (TECHNICON, autoanalyser Il). The following nutrients were determined:

- Silicic acid (Si(OH),): following the protocol of Fanning and Pilson (1973).

- Nitrate (NOj3’) and nitrite (NO,): as described by Bendschneider and Robinson (1952) and
Wood et al. (1967). Firstly, nitrite concentrations were determined. Then, nitrate was
reduced to nitrite and finally the nitrite concentration was measured. The difference
between both gives the nitrates concentration.

- Phosphate( PO,*): as defined by Murphy and Riley (1962).
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Pigment analysis
Samples were kept in opaque nalgene bottles. A defined sample volume — depending of the
particle load of the sample — was filtered passing a glass fibre filter (GF/F, whatman) at 0.2 bar
low-pressure. Filters were kept at -20°C until the final analysis. Pigments were extracted by solid-
liquid extraction with an acetone-water solution. Chlorophyll a and phaeopigment analysis was

carried out following the protocol of Yentsch and Menzel (1963).

5.2.4 VHOC measurements
Volatile halogenated organic compounds were analysed using a purge-and-trap technique and

GC-ECD (Chrompack CP 9000).

Volatiles were extracted from water samples by purging with ultra-pure helium for 20 min at a
flow of 90 - ml min™. Purging took place at ambient temperature in a purge chamber. The vector
gas formed minuscule froth bubbles after passing a glass frit (Pyrex 4). Air samples were purged
for 80 minutes. The gas flow was dried downstream using a condenser (held at 2 °C) and a

magnesium perchlorate trap.

Volatiles were concentrated by cryofocussing (-120°C), using a glass tube filled with glass beads.
The trap was kept in a Dewar vessel. Low temperature were achieved by mixing liquid nitrogen
with crude industrial glass beads. Volatiles were injected by thermodesorption (100°C, backflush).
Several techniques were tested (electric resistance heater, heat guns etc). However boiling water

showed best injection results.

Separation of the compounds was performed using a capillary column (fused silica megabore DB-
624, 75 m, 0.53 mm id, 3 mm film thickness, J & W Scientific, flow: 6 ml min-1) and a temperature
program (10 min at 70°C, rising for 8 min to 150°C and stable for 7 min at 150°C). Quantification
of volatiles was executed by external liquid standards (Carlo Erba, 1000 pg - ml™). Detailed

information are given in paragraph 3.8.
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5.3 Results

5.3.1 Meteorological variables

The temperate climate determines meteorological variables. Air temperature and
photosynthetically active photon flux density (PFD) are given in Figure 26. Both variables show a
strong seasonality. Lowest daily mean air temperatures were observed in January (5.1 °C), while
highest temperatures were measured in July and August (max: 18.1°C). The influence of the Gulf

stream lowers the annual air temperature amplitude.
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Figure 26. Air temperature and sun radiation at Roscoff between May 2008 and end of May 2009.
Red dots: Temperature given as daily mean [°C]. Photosynthetically Active Photon Flux Density (PFD) given as daily

sum [mol photons - m? - d™]. Solid line: fitted curves of the daily values.

The PFD values are given as daily sum. Cloud cover caused high daily variability (up to a factor 9
between following days). Highest values were observed at highest sun declination in June (61.0
mol photons - m? - d*). Lowest annual PFD values correspond to lowest sun declination in
December (1.1 mol photons - m? - d*). Air temperatures follow the solar radiation intensities with

a delay of more than one month.

Wind velocity measured at Roscoff during the field campaign is shown in Figure 27. South-south-
westerly winds are predominant during spring and summer. During storm season in fall and

winter, predominant wind turned to north.
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Figure 27. Wind velocity [m - s™'] and wind direction during the field campaign 2008/09.

5.3.2 Environmental data describing seasonality at ASTAN and ESTACADE point

Here we present environmental data from the northern most extent of the Bay of Morlaix. We
decided to present those variables additionally to the data shown in paragraph 5.3.3. VHOC data
will be described in the paragraph 5.3.4 to 5.3.6. Due to a high gradient in various parameters
between the inner and outer part of the bay, annual variations are presented separated for the
northern part of the bay. Moreover data acquisition took place with higher resolution at ASTAN
and ESTACADE point. There, sea surface temperature (SST), salinity oxygen, suspended matter

and nutrients were measured twice a month. Results are shown in Figure 28 and Figure 29.

SST values follow the air temperatures with a delay of about one month. Values in the Channel
(ASTAN point) varied between 8.8 °C in February and 15.7°C in September. High tidal amplitude
and tidal currents inhibited the formation of clear summer stratification. Profiles of various
parameters showed deep mixing at the ASTAN and ESTACADE points (data not shown). Annual
salinity variations are low. Salinities showed lowest values in June (35 PSU) and March (34.8 PSU)
and can be explained by higher fresh water input from the catchment area and by precipitation.
However there is a time delay between high river discharge and low salinities in the English

Channel. This time delay between the higher river discharge and the lower salinity in the Channel
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may be due to the residence time of the river inputs in the inner part of the bay and to the wind

direction and speed.
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Figure 28. Seasonality of synoptic data at ASTAN and ESTACADE point.
Sea surface temperature [°C], salinity [PSU] and monthly average river flow [m3 . s'l], oxygen [ml - L'l] and suspended
matter [mg - L'l] in the Western English Channel, off Roscoff. Blue: ASTAN point. Red: ESTACADE point. Vertical bars:

monthly average river flow of Penzé River, vales from www.hydro.eaufrance.fr

The annual oxygen concentration is inversely related to the SST. With an increase of the
temperature, the solubility for oxygen in the water decrease. The annual variations at the
ESTACADE point are more pronounced. This point is closely located to the shore line with a high
macroalgae cover. During summer, biological formation of oxygen can cause super saturation.
During the night however, the biological oxygen demand is increased and cause oxygen depletion.

Hence measurements show high fluctuations at the ESTACADE point.
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Suspended matter show high variability during the year. Highest values of suspended matter were
measured in December 2008 and May 2009 at the ESTACADE point. Phytoplankton bloom, river

discharge and storm events have an influence on this variable.

The annual nutrients levels are shown in Figure 29. Nitrate, phosphate and silicate concentrations
are highest between December and April. Those high values can be explained be high fresh water
input, decomposition of organic material and low biological nutrient uptake. Lowest values occur
during spring at summer. Nutrient uptake by phytoplankton and macroalgae lower the water

concentrations at this time of the year.
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Figure 29. Annual nutrient levels [umol - L'l] in the Western English Channel, off Roscoff.
Measurements from the stations ASTAN and ESTACADE between May 2008 and June 2009. Blue: ASTAN point. Red:
ESTACADE point.
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Silicate levels decrease several weeks before the occurrence of clear nitrate and phosphate
depletion. Diatoms are able to consume large parts of the winter silicate pool. However the
supply of phosphate and nitrate exceed their demand. Other photo-autotrophic groups (e.g.

dinoflagellates) show later blooms and cause a final nutrient depletion in summer.

Nitrite formation occurs during decay of organic matter. Denitrifying bacteria are able to use
nitrate as oxidant. Those processes are usually restricted to organic enriched and oxygen free
sediments. Highest nitrite values were recorded in summer and fall and can be related to
decomposition of sedimented phytoplankton from the spring bloom. Moreover high

temperatures and low oxygen levels prefer the formation of nitrite during this time of the year.

In Figure 30 Chlorophyll a values are shown. Variances at both stations — ASTAN and ESTACADE

point — show similar annual patterns.
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Figure 30. Annual distribution of pigments [ug L'l] in the Western English Channel, off Roscoff.
Measurements form the stations ASTAN and ESTACADE between May 2008 and June 2009. Blue: ASTAN point. Red:

ESTACADE point.

In 2008, no clear phytoplankton bloom occurred during spring time. Chlorophyll a values
decreased from spring 2008 to winter 2008/09. A clear phytoplankton bloom — most likely related
to diatoms — is visible from April to May 2009. Phaeopigments are an indicator for the decay of
Chlorophyll a. Values showed high variation during the field campaign. Values were higher in
spring/summer 2008 and decreased until winter 2008/09. Values increase together with the

increase of the phytoplankton density.
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5.3.3 Environmental data describing seasonality along a salinity gradient in the Bay
of Morlaix
Figure 31 and Figure 32 illustrate variations of different parameters along a salinity gradient

during May 2008 and May 2009.

Highest chlorophyll a values were recorded in August 2008 (22.6 pg - L) and April 2009 (18.4 pg -
L™). In both cases high concentrations were obtained in the Penzé River. Annual maxima in the
inner part of the bay exceeded the annual maxima in the other part (resulting from phytoplankton
blooms in spring) by the factor 10. During fall and winter, chlorophyll a values were low in all parts
of the bay. The annual phaeopigment distribution is closely related to chlorophyll a. Annual
maxima were observed in August 2008 (28.0 ug - L) and April 2009 (19.2 pg - L") at the 2 PSU

station. Maxima there exceeded the annual maxima in the Channel with a factor 25.

Sea surface temperature show a clear seasonality with highest values between June and August
2008, ranging from 17.4 to 18.8 °C. Along the gradient, temperature values are very similar and do

not show a gradient.
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Figure 31. Annual distribution of Chlorophyll a, phaeopigments and water temperature in the Bay of Morlaix (May
2008 to May 2009) along the salinity gradient.
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The annual nutrients levels in the bay are shown in Figure 32. Nitrate, phosphate and silicate
concentrations are highest between December and April at low salinity stations. Maxima nitrate
values (718.8 pmol - L) are 66.5 times higher at low salinity station than in the English Channel.
Maxima phosphate values (2.0 pmol - L) from the inner part of the bay exceeded those one from
the Channel by a factor 3.9. Silicate showed 24.4 fold higher maxima concentration in the bay
(158.9 umol - L") opposite to the winter maxima in the Channel. Enhanced nitrite values were
recorded in summer and fall 2008 and spring 2009. Values were lower in the channel (factor 5.3)

and at 2 PSU (factor 2.3).

PSU

PSU

Figure 32. Annual distribution of nutrients in the Bay of Morlaix (May 2008 to May 2009).
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5.3.4 Seasonality of VHOC surface concentrations

Bromocarbons
Bromoform and dibromochloromethane showed a concentration gradient which followed the
salinity. Values were generally high in the outer bay (27-35 PSU) and exceeded the values from
the inner bay by the factor 2 to 10. Concentrations of bromoform along the salinity gradient
ranged between 34.7 in March 2009 and 1012.9 pmol - L' in June 2008. Highest
dibromochloromethane concentrations were measured in June 2008 (44.6 pmol) and were lowest
in March 2009 (2.3 pmol - L?). Both compounds showed a clear seasonality with high

concentrations in summer and low concentrations during winter.

Annual dibromomethane concentrations showed similar patterns compared to bromoform and
dibromochloromethane: in summer concentrations were high (120.3 pmol - L™ in September),
whereas winter concentrations were low (5.9 pmol - L™ in March). Along the salinity gradient
however, highest values were not always found at to the outer parts of the bay. While high
summer values were related to salinities between 22 and 35 PSU, some high winter values were
found at hypo saline sampling sites. For instance in January, February and April 2009, highest

values were measured in at very low salinities (2-5 PSU).

Bromodichloromethane showed a distinct seasonality with highest values (18.7 pmol - L%
measured between June and September 2008 and low values between November 2008 and May
2009. In contrast to other bromocarbons, the annual distribution of dromodichloromethane did

not reveal a marked concentration gradient in the bay.
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Figure 33. Annual distribution of brominated halocarbons along a salinity gradient in the Bay of Morlaix.

BF (bromoform). DBM (dibromomethane). DBCM (dibromochloromethane). BDCM (bromodichloromethane)

lodocarbons
As brominated compounds, iodocarbons showed a marked seasonality with high concentrations
in early summer and low values in winter (Figure 34). Highest iodoethane concentrations were
found in June 2008 (14.7 pmol - L'"). Then values decrease until September and show a second
peak in October (7.4 pmol - L™). Winter and spring values are low. Highest bromoiodomethane
concentrations were measured in June 2008 (18.9 pmol - L"), whereas those from diiodomethane
were obtained in July (24.6 pmol - L™). Unlike most bromocarbons, iodocarbons showed no clear

trend along the salinity gradient.
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Figure 34. Annual distribution of iodinated halocarbons along a salinity gradient in the Bay of Morlaix.

IE: iodoethane. DIM: diiodomethane. BIM: bromoiodomethane.

Chlorocarbons

Chlorocarbons showed an opposite pattern to brominated and iodinated compounds: values were
high in winter and low in summer. Methyl chloroform concentrations ranged between 0.9 and 5.8
pmol L™. Highest tetrachloromethane were measured in the estuary in January (9.5 pmol L).

Summer values were low and showed increasing concentrations towards the Channel.
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PSU

Figure 35. Annual distribution of chlorinated halocarbons along a salinity gradient in the Bay of Morlaix.

TCM: tetrachloromethane. MC: methyl chloroform.

5.3.5 Formation of halocarbons during a diurnal tidal cycle

The formation of halocarbons in an algae bed in front of the ESTACADE point was followed on 28"
May 2009. Surface concentrations were measured every two hours. The tidal phase and the
daylight length are shown in Figure 36. Water was low during highest solar altitude. The sampling

day was sunny and calm.
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Figure 36. Diurnal tidal cycle and length of daylight at Roscoff during the field campaign at the ESTACADE point.
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Figure 37 shows concentrations of methyl chloroform and tetrachloromethane measured on 28"

May 2009. Diurnal variations did not show clear pattern and did not follow the tidal cycle.
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Figure 37. Concentrations of chlorinated compounds at ESTACADE point during diurnal tidal cycle.

Halocarbon values in pmol - L™t High tides are marked in blue. MC: methyl chloroform. TCM: tetrachloromethane.

Diurnal concentrations of four bromocarbons are presented in Figure 38. Dibromomethane,
bromoform and dibromochloromethane concentrations were elevated at low tide.
Concentrations were 5-7 times higher at low tide compared to the lowest vales.

Bromodichloromethane showed highest concentrations two hours after the nightly high tide.
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Figure 38. Concentrations of brominated compounds at ESTACADE point during diurnal tidal cycle.
Halocarbon values in pmol L™ High tides are marked in blue. DBM: dibromomethane. BF: bromoform. DBCM:

dibromochloromethane. BDCM: bromodichloromethane.

Concentrations of three iodinated compounds are presented in Figure 39. Like for brominated

compounds, highest values were measured at low tide during the day.
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Figure 39. Concentrations of iodinated compounds at ESTACADE point during diurnal tidal cycle.
Halocarbon values in pmol L™ High tides are marked in blue. IE: iodoethane. DIM: diiodomethane. BIM:

bromoiodomethane.

5.3.6 Possible input of halocarbons by a sewage treatment plant at Morlaix

Wastewater treatment plants are known sources for halocarbons to the environment, especially
for chlorinated compounds (Aucott et al. 1999). Additionally filed measurements in the Morlaix
River was set out to elucidate possible inputs of halocarbons form the wastewater treatment
plants of the city of Morlaix. Results are shown in Figure 40 and compared with measurements in
the western part of the bay, several days later. Concentrations of all VHOCs between both
sampling sites showed very similar values. No evidences were found for a distinct input of

chlorinated compounds.
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Figure 40. Comparison of halocarbon concentrations along two salinity gradients (PSU vs pmol L'l).
Blue: Halocarbon distribution in the western part of the Bay of Morlaix, including the Penzé River. Red: halocarbons

in the Morlaix River.
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5.4 Discussion

5.4.1 Comparison to other costal measurements

This study has demonstrated that VHOC distribution patterns show a marked seasonality.
Concentrations of some compounds (e.g. bromoform, dibromochloromethane) varying along the
salinity gradient, whereas iodocarbons showed similar concentrations at different sampling sites

in the Bay of Morlaix.

The comparison of published VHOC values reveals that halocarbon formation is highly localized.
Saturations and sea-to-air fluxes decrease with increasing distance from coastal zones (Carpenter
et al. 2009). Some costal studies were conducted in the Bay of Morlaix (Cocquempot 2004; Jones
et al. 2009). While values of Cocquempot were comparable to our results (see Table 15), values
from Jones et al. were much lower. This can be explained by the different sampling sites and the
different temporal resolution (Jones et al. measured more westwards, during September 2006). A
further comparison with other costal studies indicates that VHOC formation depends on position.
Water samples from the Menai Strait showed highest concentrations. On the other side of the
English Channel (Plymouth Sound), iodocarbons concentrations showed close agreements with

our measurements.

Table 15. Range of halocarbon concentrations measured in water [pmol L] and comparison with previous studies.

English English English Irish Sea English
Channel Channel Channel Channel
Bay of Morlaix Bay of Morlaix Bay of Morlaix Menai Strait Plymouth

Roscoff nothern part nothern part
(9/2006) (2000) (2008-2009) (2004-2005) (2002-2004)
Bravo-Linares
Jones et al Cocquempot and Mudge Archer et al.
2009 2004 this work 2009 2007
CH3CH,l 1,1 3,9 <LoD 5,13 0,2 4,8 0,4 31,2 <0.3 438
CH3CCl, 0,8 <LoD 5,7
CCly 2,93 6,83 1,5 0,4 16,2
CH,Br, 8,3 34,4 14,42 143,04 6,0 77,9 <LoD 109,8
CHBrCl, 1,83 14,04 <LoD 6,4 <LoD 161,5
CHBr,Cl 6,24 48,49 5,5 44,6 0,4 206,0
CH,Brl 1,9 18,9 0,4 15,0 0.2 7.0
CHBrg 142,8 519,4 77,95 1072,7 128,7 10129 3,0 3588,7 ~1600
CHal, 0,1 4,5 <LoD 29,49 <LoD 18,8 <LoD 33,1 <0.3 15.3
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A comparison with halocarbon mixing ration in air [pptv] reveal high differences between the
different studies (Table 16). Roscoff values from Jones et al. (2009) were about one order of
magnitude lower compared to our results and up to two orders of magnitude lower compared to
values from Lilia (Peters et al. 2005). Our results were in reasonable agreement with
measurements from a previous study in the Bay of Morlaix and with those values from Lilia. The
high variance between different studies indicates a high dependence of mixing ratios on wind

direction and on the sampling site.

Additionally, different analytical procedures might be causal for those remarkable differences.

This emphasise the concern of an inter calibration approach in between different research teams.

Table 16. Range of halocarbon mixing ratios [pptv] measured in air samples from different sampling sites.

English English English English

Channel Channel Channel Channel

Bay of Morlaix Bay of Morlaix Bay of Morlaix Lilia

Roscoff nothern part nothern part (Brittany)

(9/2006) (2000) (2008-2009) 2003

Jones et al. 2009 Cocquempot 2004 this work Peters et al. 2005
CH3CHal 0,21 0,82 0,02 4,10 2,22 96,9
CH3CCl; 18,4 22,7
CCly 42 151 88,1 96,4
CH,Br, 0,28 1,36 1,3 17,6 0,4 17,2 2,36 262,0
CHBrCl, 14,9 0,2 3,6 12,5 246,0
CHBr,Cl 11,3 2,0 36,6 3,47 128,2
CHBrl 0,01 0,13 3 41 0,0 5,8 0,55 9,9
CHBr3 0,56 5,35 1,9 121 12,2 128,1 10,5 396,0
CHal, 0,01 0,07 0,0 1,1 0,11 19,8

5.4.2 Temporal trends
An ANOVA (analysis of variance) was calculated in order to illustrate the influence of the factor
time on the halocarbon concentration. The factor time partitioned the dataset in twelve parts

(month). The mean values of each compartment were analyzed with the ANOVA. For each
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halocarbon, time has a significant influence on the variances of the halocarbon concentrations
(Figure 41). While iodinated and brominated compounds showed highest concentrations in

summer and minima in winter, tetrachloromethane and methyl chloroform showed opposite

patterns.
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Figure 41. Seasonality of VHOCs in the Bay of Morlaix.
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Mean values (circles) and 0.95 confidence intervals (vertical bars). ANOVAs indicated significant effect of time on the

near surface concentrations of each VHOC (all p-vales <0.01).
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Seasonal patterns for halocarbons were shown only in few studies. In a recent study in the NW
Atlantic, it was shown that iodomethane might be controlled by phytoplankton and/or
photochemistry. Both factors can be causal for a marked seasonality (Wang et al. 2009). In a
second study it was demonstrated that Antarctic water might have a strong source for
dibromomethane and bromoform (Hughes et al. 2009). The authors found concomitant
occurrence of the annual microalga bloom and high concentrations of those two bromocarbons
during austral summer. A third study was conducted in a shallow bay in the West coast of Sweden
(Klick 1992). The author reported summer maxima and winter minima for bromoform,
dibromomethane and dibromochloromethane. Our results agree with those findings. Moreover
the author described distinct concentration maxima in spring and fall for diiodomethane. We
found two maxima at Roscoff; beginning of summer and end of summer. Klick (1992) attribute the
seasonal pattern to macroalgae and phytoplankton occurrences. Additionally this author
concluded that higher winter concentrations of tetrachloromethane are related to air-to-sea
fluxes. Lower summer concentrations of this compound were explained with increased water

temperatures in summer.

In a recent study it was revealed that iodocarbons show repeating seasonal cycles in temperate,
shelf seas (Archer et al. 2007). The author found winter minima and, generally, late

summer/autumn maxima in water samples from the English Channel.

It can be concluded that temporal trends are explained by different sun radiation levels, water
temperature regimes or biological activity. The latter mentioned factor will be discussed in the

following paragraph.

5.4.3 Biogenic sources

Several incubation experiments demonstrated species specific formation of VHOCs by
phytoplankton (Tokarczyk and Moore 1994; Moore et al. 1996b), bacteria (Amachi et al. 2001)
and macroalgae (Gschwend et al. 1985; Klick 1993; Nightingale et al. 1995; Pedersen et al. 1996;
Carpenter et al. 2000).

An inventory of the macroalgae diversity and marine angiosperm distribution was conducted by
Braud (1974) in the Bay of Morlaix. While north of lle de Callot (island which is located in the

center of the bay) macroalgae coverage and diversity are high, marine vegetation is less divers in
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the inner parts of the bay (south of the lle de Callot). This island divides the bay in terms of
salinity, nutrient supply (for latter see Figure 32) and biodiversity. The northern part is highly
influenced by the Channel due to intense water mixing. Salinities are comparable with those from
the English Channel and show only minor variations. The southern part shows strong variations in
salinity during a diurnal tidal cycle. This salinity and nutrient graduation reflects macroalgae
distribution. In the north, the dominant species are Laminaria ochroleuca and L. hypoborea.
Furthermore Braud (1974) described the occurance of Laminaria digitata, L. saccharina, Halidrys
siliquosa, Ascophyllum nodosum, Cystoseira sp., Bifurcaria bifurcate, Saccorhiza polyschides. The

predominate species in the southern end of the bay are Zostera sp. (angiosperm) and Fucus sp.

No further detailed inventory of the macroalgae diversity was made up to now. Although it must
be assumed that algae diversity and distribution were subject to changes, the general picture is
still valid (personal communication with the scientific diving service at the Station Biologique de
Roscoff). Those observations are in agreement with findings from Leigh et al. (2009) from the

shore off Roscoff. Figure 42 illustrates the macroalgae cover around Roscoff and Tle de Batz.

Figure 42. Macroalgae distribution off Roscoff and around ile de Batz (north western part of the Bay of Morlaix).
Figure from (Leigh et al. 2009). Macroalgae cover coded with colours. Purple: Laminaria hyperborean. Green:

Laminaria digitata, Orange: Laminaria ochroleuca. Yellow: Saccharina latissima. Red: Ascophyllum sp. [ Fucus sp.
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In a recent study, concentrations of halocarbons in seawater and mixing ratios in air were
determinate along the shore line off Roscoff (Jones et al. 2009). The authors measured elevated
concentrations generally during low tide and found maxima concentrations in waters directly over
kelp beds (dominated by Laminaria saccharina, L. digitata and L. ochroleuca). Our measurements
in the same area are consistent with those results. Figure 38 and Figure 39 clearly demonstrate
the impact of tides on the seawater concentration of iodo- and bromocarbons. In contrary,
anthropogenic trace gases as tetrachloromethane or methyl chloroform were not affected by tidal
force. The study of Jones et al. (2009) revealed remarkable variances in seawater halocarbon
concentrations in an area of few square kilometres. This agrees with our findings and emphasize

that halocarbons have highly localized sources.

Table 17 show hourly iodine and bromine formation of different macroalgae. While
bromocarbons are produced by a great variety of macroalgae species, iodinated compounds are
released only by few species (Laminaria sp. and Asparagopsis armata). Those high effective VHOC
producers can be found in the Bay of Morlaix. Moreover, cover rates of those macroalgae are
higher in the northern end of the bay, which might responsible for the higher VHOC formation

observed.

Table 17. Release of bromine and iodine from different macroalgae, reported by Carpenter et al. (2000).

Most effective producers are highlighted.

lodine release [pmol g'1 FW h'l]
Total  CH3l  CHiCH,l  ChyICl CH,IBr CH,l,  CHIBr, CHI,Cl  CHI,Br

Laminaria digitata 35.9 2.7 2.7 1.5 2.2 20.5 3.6 2.0 0.7
Laminaria saccharina 6.5 0.5 0.4 0.9 0.8 3.7 0.1 0.02 0.03
Ascophyllum nodosum 1.3 0.3 0.02 0.1 0.1 0.7 0.02 0.02 0.01
Fucus vesiculosus 0.6 0.2 0.01 0.0 0.1 0.3 0.00 0.0 0.0
Fucus serratus 0.1 0.01 0.01 0.01 0.02 0.1 0.01 0.0 0.0
Pelvetia canaliculata 3.2 0.8 0.1 0.2 0.5 1.3 0.1 0.04 0.01
Halidrys siliquosa 0.1 0.05 0.01 0.01 0.00 0.00 0.0 0.0 0.0
Asparagopsis armata 232.6 3.5 3.5 0.2 4.4 2.8 216.3 1.6 0.2
Chondrus crispus 0.4 0.2 0.04 0.1 0.03 0.1 0.01 0.0 0.0
Enteromorpha intestinalis 0.9 0.1 0.1 0.1 0.2 0.2 0.1 0.1 0.01
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Continued

Bromine release [pmol g’1 FW h’l]
Total CH;3Br CH;CH,Br CH,IBr CHIBr, CHI,Br CH,Br, CHBr,Cl CHBr;

Laminaria digitata 627.6 0.0 0.0 1.9 6.9 0.6 14.4 13.8 589.3
Laminaria saccharina  427.1 0.0 0.0 0.9 0.4 0.0 44.8 6.0 375.0
Ascophyllum nodosum 31.8 0.0 0.0 0.1 0.03 0.0 2.7 0.9 28.1
Fucus vesiculosus  61.5 0.0 0.0 0.1 0.0 0.0 1.9 1.2 58.3
Fucus serratus 26.3 0.0 0.0 0.03 0.03 0.0 0.8 0.9 24.5
Pelvetia canaliculata 332.6 0.0 0.0 0.7 0.3 0.0 23.6 6.3 302.0
Halidrys siliquosa 9.0 0.02 0.01 0.0 0.0 0.0 0.3 0.8 7.8
Asparagopsis  armata 16900.0 0.0 0.0 0.0 4394 0.0 169.0 1368.9 14922.7
Chondrus crispus 19.7 0.04 0.0 0.04 0.02 0.0 1.5 2.2 16.0
Enteromorpha intestinalis 1050.0 0.0 0.0 0.0 0.0 0.0 10.5 8.4 1031.1

Microalgae might be another biogenic source for halocarbons. As mentioned above several
authors related their finding of elevated halocarbon concentrations with phytoplankton. Klick
(19992) claimed a phytoplanktonic source for formation of diiodomethane and
chloroiodomethane (in contrast to that, she suggested that brominated compound have their
origin in a macroalgae belt). Hughes et al. (2009), however, found correlations between high
bromoform and dibromomethane concentrations and a phytoplankton bloom. Elevated
iodomethane concentrations were found in the open ocean (Wang et al. 2009) and might be

related to bacterioplakton (cyanobacteria).

Several aspects are in disfavour for the idea of a phytoplanktonic formation of bromocarbons in
the Bay of Morlaix. No clear correlations between Chlorophyll a and VHOC concentrations were
found. Moreover concentrations of various brominated compounds were generally higher in
areas with high cover rates of macroalgae and lower in areas of low macroalgae densities. This
implies that macroalgae were the major source of bromocarbons. However, due to rapid tidal
influenced mixing processes, a clear distinction between macroalgae and phytoplankton is not

evident.
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5.4.4 Different sources along the gradient

Variations along the salinity gradient
The annual VHOC distribution is shown in Figure 33 to 26. Generally, brominated and iodinated
compounds showed higher concentrations in summer. Maximum values of bromocarbons were
measured in samples with higher salinity. In contrast, chlorinated compounds were generally
higher concentrated in samples from lower salinities and iodinated compound did not show a
dependence on salinity. In order to localize possible sources, VHOC concentrations along a salinity

gradient are presented in Figure 43.

The ASTAN point is situated in the English Channel at the northern end of the Bay of Morlaix (see
Figure 24), approximately two km from the shore of fle de Batz and 10 km from the estuary mouth
of the Penzé River. The other sampling stations were predefined by salinity (2, 5, 10, 13, 17, 22, 27
and 33 PSU) and had therefore changing positions. While lower salinity stations were located in

the estuary, higher salinity stations were situated in the centre of the bay

Bromoform and dibromomethane concentrations at higher salinity stations (27-35 PSU) were on
average 2 to 2.5 fold higher than those from low salinity stations (2-10 PSU). During summer, a
clear gradient is visible for both compounds. Dibromomethane summer concentrations were
lowest at low salinity stations. At all other salinity stations, concentrations showed high variability
along the salinity gradient, but no obvious trend could be observed. Winter concentrations of
dibromomethane showed no tendency along the salinity gradient. Bromodichloromethane
concentrations showed high variations during summer. Annual concentrations were 10% higher at

the salinity range 13-22 PSU, compared with all other stations.

lodinated compounds showed no clear tendency along the salinity gradient. In contrast to winter
concentrations, summer values were highly variable. Average annual tetrachloromethane and
methyl chloroform concentrations were 15 to 25% higher in the river, compared to high salinity

stations.

Since some compounds showed a clear gradient along the bay, it can be concluded that those
compounds do have a localized source. It is likely, that brominated compounds have their origin in
large macroalgae beds in the northern part of the bay. Tetrachloromethane and methyl

chloroform are anthropogenic and can be introduced via air-sea exchange in the ocean (Walker et
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al. 2000). Due to legal ban in industry, mixing ratios in air decreasing since the 90" of the last
century. Soils are described as important sink for those compounds (Happell and Roche 2003).
Thus erosion in the catchment area could be causal for elevated concentrations in the estuary.

Moreover increased water velocity in the river increase the air-sea flux (Abril et al. 2009).
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Figure 43. Influence of salinity on VHOC concentrations.
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lodocarbons did not show a clear pattern along the salinity gradient. Those compounds do not
have localized sources. Due to low macroalgae cover rates in the inner part of the bay and in the
estuary, an additional source must be supposed. As shown by Klick (1992), we can assume that

formation of iodocarbons have a phytoplanktonic component.

The Bay of Morlaix is characterized by eutrophication due to large river discharge of nutrients. In
contrast, the water body of English Channel range between meso- and oligitrophy and create a
distinct nutrient gradient within the bay (see Figure 32). The high nutrient enables high primary
production and created two maxima during the field campaign (July-August 2008 and April 2009,
see Figure 31). Figure 44 show the pigment concentrations along the salinity gradient for the
selected month and enable a direct comparison with Figure 43. Maxima values of Chlorophyll a do
not show the same pattern than halocarbons. While winter and spring values show a clear
gradient towards the estuary, summer values have two maxima (at very low salinities and at
mesosaline conditions). Should phytoplankton be a source of VHOCs, formation might be limited
to few species. It is therefore possible that high Chlorophyll a values are related to a minor VHOC
producing species, while the planktonic VHOC producers are distributed differently to the main
group of phytoplankton. Alternatively VHOC formation might be depending on physiological
conditions of the phytoplankton. Stressed but less dense phytoplankton groups might be more

effective VHOC producers.

Phaeopigment emerge from Chlorophyll a degradation. As shown in Figure 31, high
phaeopigment values are correlated to high Chlorophyll a values. It has been shown that
macroalgae produce VHOC as an agent against herbivore (Leblanc et al. 2006). Our results do not
show a close agreement of high phaeopigment values with maxima of VHOC, thus high VHOC

concentrations can not be linked to the presence of grazers.
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In order to determine common sources for different VHOCs, Spearman’s rank coefficients were
calculated and shown in Table 18. Highest correlations were obtained in between chlorocarbons
(p=0.65 for methyl chloroform and tetrachloromethane), bromocarbons (p=0.70 for bromoform
and dibromomethane; p=0.79 for bromoform and dibromochloromethane; p=0.66 for
dibromochloromethane and dibromomethane) and iodocarbons (p=0.65 for diiodomethane and

bromoiodomethane). High correlation coefficients indicate similar sources or loss processes.

Table 18. Spearman’s Rank Correlation (significance p<0.01).*

IE MC TCM DBM BDCM DBCM BIM BF
MC -0.26
TCM -0.63 0.65
DBM 0.68 -0.33 -0.55
BDCM 0.38 -0.26 -0.28 0.35
DBCM 0.55 -0.41 -0.72 0.66 0.34
BIM 0.63 -0.25 -0.39 0.69 0.47 0.36
BF 0.62 -0.45 -0.64 0.70 0.37 0.79 0.47
DIM 0.65 -0.27 -0.47 0.57 0.38 0.40 0.65 0.45

* High correlation coefficients are highlighted and indicate similar sources.

Compounds with high correlations were plotted against each other and shown in Figure 45.
Compounds which showed a concentration gradient within the bay were plotted at low and at

high concentrations. Bromoform was well correlated with dibromomethane and
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dibromochloromethane, respectively. The dibromomethane/bromoform -ratio at those stations
was in agreement with the slope calculated by different authors (Carpenter and Liss 2000; Jones
et al. 2009). The slope was higher at stations with highest concentrations of those compounds.
This indicates a sink for bromoform and/or an additional source of dibromomethane and
dibromochloromethane in the inner part of the bay (which reflect stations with lowest
concentrations of bromocarbons). It can be speculated that different species with a different
metabolism are producing either less bromoform, or, bromocarbons are produced in a different
ratio. Alternatively, nucleophilic substitution can be a sink for bromoform and interfere with the
bromocarbon ratio. Additionally, different bromocarbons ratios and correlations suggest the idea
of a strong and localized source of bromocarbons, which is situated in the northern part of the

bay and is likely related to macroalgae beds.

Bromoiodomethane was well correlated with diiodomethane and dibromomethane at all stations.
Hence, those compounds have no localized sources and are produced in all parts of the bay. In the
case of dibromomethane it was argued above that this halocarbon have a strong source in the

north and an additional source in the inner parts of the bay.

Tetrachloromethane and methyl chloroform water concentrations show a gradient in the bay,
with higher concentrations in the estuary. Above it was discussed, that air-to-sea flow may be the
main source of those chlorocarbons in the bay. The slope at both parts of the bay (estuary and
northern extend) are well comparable. This support the idea of a similar source of both gases and
in all parts of the bay. A lower correlation coefficient in the estuary may indicate an additional

input of one compound.
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Figure 45. Correlation plots between seawater halocarbon concentrations.

A: Dibromomethane vs bromoform at stations with highest concentrations. B: Dibromomethane vs bromoform at
stations with lowest concentrations. C: Dibromochloromethane vs bromoform at stations with highest
concentrations. D: Dibromochloromethane vs bromoform at stations with lowest concentrations. E: Diiodomethane
vs bromoiodomethane at all stations. F: Dibromomethane vs bromoiodomethane at all stations. G:
Tetrachloromethane vs methyl chloroform at stations with highest concentrations. H: Tetrachloromethane vs methyl

chloroform at stations with lowest concentrations.
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Mixing of water masses with different origin
As shown in the paragraph above, VHOC can have localized sources. However, variations of VHOC
concentrations along the salinity gradient can be explained by an intense tidal mixing, too. Since
the Western English Channel is influenced by a large tidal amplitude, water mixes rapidly in the
bay. The tidal stream can reach up to 1.5 m - s during medium spring tide (this value can be
higher during extraordinary spring tides and storms). The residence time of water within the inner
estuary is depending on river discharge (see Figure 28) and tidal amplitude and varies between
two and 13 days (Waeles et al. 2007). Figure 46 illustrates the evolution of surface currents during

a half-diurnal tidal cycle.

Figure 46. Currents in the Bay of Morlaix.

Model provided by SHOM. HT: High tide. LT: Low tide.
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At low tide water masses move eastward, pass the fle de Batz and Roscoff and flow in the Bay of
Morlaix. During the following hours, water flow velocity increases. Then, after high tide water
masses flow back westwards. During a tidal cycle, currents are strong in the English Channel and
less pronounced in the inner bay. Therefore, measurements at a specific sampling site do not
always reflect a local VHOC formation. Water concentrations of VHOCs correspond to the
formation and the loss of VHOC in specific water masses which, move forward and backward in
the bay and in the estuary. As Figure 46 clearly demonstrates, samples from the ASTAN point (at
high tide) are highly influenced by coastal (putitative macroalgae) production, mainly by
nearshore formation westwards from the sampling station. Concentrations of brominated and
iodinated compounds showed generally maxima values at high salinity stations. Those stations
were located in the northern and central part of the bay. Lower values were usually measured in
samples from low salinity stations, which were located in the inner estuary. Considering the
translocation of the water masses, it can be assumed that highest biogenic VHOC formation
occurred between the northern extend of the bay and the lle de Callot. It is likely that biogenic-
VHOC enriched water masses are pushed in the estuary during incoming high tide and are diluted

there.

5.4.5 Sea-air Fluxes

As discussed above, biogenic VHOCs are known to have marine sources. Sea-to-air fluxes of VHOC
represent the main sink for numerous halocarbons in the ocean. Those fluxes and their
subsequent atmospheric photolysis results in the formation of reactive halocarbons, which have
implications on atmospheric chemistry. Bromocarbons are an important source for reactive
halocarbons and are accountable for a significant portion of the ozone depletion (Yang et al.
2005). Different authors estimated the global source strength of bromocarbons and focused
mainly on bromoform. Nielsen and Douglass (2001) estimated an annual flux of 0.8 to 2.0 Gmol
from marine areas towards the atmosphere. This estimate takes into account the marine source
strength from atmospheric “background” bromoform mixing ratios and lifetimes. An alternative
approach for flux calculations involves measurements of seawater concentrations (Fogelqvist and
Krysell 1991; Quack and Wallace 2003), resulting in a global sea-to-air flux estimation of 0.9 to 7.0
Gmol CHBr; a™.
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lodocarbons are characterized by short lifetimes and are photolytically degraded in the
troposphere, resulting in the formation of reactive iodine atoms, which consequently react in the
troposphere with ozone to form iodine oxide (Solomon et al. 1994). lodine oxide contributes to
the formation of particles (Hoffmann et al. 2001) and may play an important role in the formation
of cloud condensation nuclei (O'Dowd et al. 2002). Global flux calculations for iodocarbons
focused on iodomethane, leading to net emissions estimates of 0.9 to 2.5 Gmol CHsl a™* (Moore
and Groszko 1999; Bell et al. 2002). It is accepted by various authors that other iodocarbons (such
as diiodomethane or bromoiodomethane) contribute to the global iodine flux (Klick and
Abrahamsson 1992; Moore and Tokarczyk 1992; Carpenter et al. 1999; Archer et al. 2007).

However no global flux calculations are computed for those iodocarbons.

All attempts to calculate global halocarbons emissions were aware of the uncertainties, resulting
from limited data of local measurements and their tendency to measure during algae growing
season. Our VHOC measurements of air and sea water samples confirm that latter objection: sea-
to-air fluxes in the Bay of Morlaix are characterized by a clear seasonality (for selected VHOC see
Figure 47). Fluxes of brominated and iodinated compounds are high in summer and show winter
minima. Bromoform for instance showed a maximal flux in June 2008 of 6276 nmol m?d™* (mean
of different k,-approaches), while in January 2009 the bay acted as a sink for bromoform (-27.9
nmol m? d™). Diiodomethane fluxes towards the atmosphere showed maximum values in July
2008 (50.9 nmol m™ d™) and were reversed in November 2008, February 2009 and Mai 2009 (up
to -25.6 nmol m? d'). Chlorocarbons showed opposite seasonal fluxes. Oceanic methyl
chloroform for instance was a source for the atmosphere in winter (4.8 nmol m? d'in February
2009). For most the year, surface waters of the bay can be described as sinks (up to -10.9 nmol m’
2d in May 2009) for atmospheric chlorocarbons. Since elevated VHOC nearshore concentrations
are claimed to have a strong (macro)algae source, it can be assumed that seasonality of biogenic
VHOCs can be related to (macro)algae physiology: during algae growing season VHOC formation is

elevated, while only little VHOC is produced during winter time.
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Figure 47. Sea-air flux [nmol m? d'l] of selected VHOC using different parameterization for the transfer velocity.

Sea-to-air fluxes of VHOC highly depend on wind speed and direction (Figure 27) and vary with
different parameterizations. Few studies (e.g. Yokouchi et al. 2001) applied the k,-
parameterization of Wanninkhof (1992). Most recent studies (e.g. Quack et al. 2007a; Hughes et
al. 2009) used the approach from Nightingale et al. (2000b) or give results from different
parameterizations (e.g. Archer et al. 2007). Since there is no agreement in the literature about
single computations for sea-to-air fluxes, we choose to apply three different parameterisations to
our data (Nightingale et al. 2000: NOO; McGillis et al. 2001: MGO01; Wanninkof 1992: W92). Flux
values of those three parameterizations are then directly comparable with other studies. Average

sea-to-air fluxes are presented in Table 19 for three different regions in the Bay of Morlaix.
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Table 19. Average annual daily [nmol m day'l] and total [umol m? yr'l] sea-to-air flux in the Bay of Morlaix. *

35-27 PSU 22-13 PSU 10-02 PSU
W92 MGO1 NOO W92 MGO1 NOO W92 MGO1 NOO
average daily sea-to-air flux [nmol m™ day ]
IE 12.8 12.4 11.3 23.7 21.2 20.2 18.5 16.5 16.0
McC -1.2 -0.9 -1.0 -2.8 -2.4 -2.4 -3.8 -3.3 -3.2
TCM -10.1 -9.6 -9.0 -14.3 -13.1 -12.4 -14.1 -13.0 -12.3
DBM 158.3 159.2 143.0 271.4 253.9 237.2 201.0 188.0 176.3
BDCM 9.4 9.2 8.5 15.3 13.7 14.0 10.2 8.7 9.2
DBCM 49.2 44.2 42.4 2.2 2.3 -0.4 -41.5 -38.3 -38.3
BIM 13.3 13.0 11.8 22.8 21.1 19.9 12.8 11.7 11.3
BF 1875.4 1808.0 1666.1 2010.5 1826.4 1741.4 490.0 442.3 425.0
DIM 8.9 10.4 8.6 13.4 14.1 12.6 11.9 12.1 11.3
total sea-to-air flux [umol m?a™]

IE 5.0 4.9 4.4 9.4 8.4 8.0 7.4 6.6 6.4
MC -0.5 -0.4 -0.4 -1.1 -1.0 -1.0 -1.5 -1.3 -1.3
TCM -4.0 -3.8 -3.6 -5.7 -5.2 -4.9 -5.6 -5.2 -4.9
DBM 62.6 62.9 56.5 107.5 100.5 94.0 79.8 74.6 70.0
BDCM 3.7 3.6 34 6.1 5.4 5.6 4.1 35 3.7
DBCM 19.3 17.4 16.7 0.6 0.6 -0.4 -16.7 -15.4 -15.4
BIM 5.3 5.2 4.7 9.1 8.4 8.0 5.2 4.8 4.6
BF 741.8 714.8 659.3 799.0 725.0 692.2 195.1 175.8 169.2
DIM 3.5 4.1 3.4 5.3 5.6 5.0 4.8 4.8 4.5

* Comparison of different parameterization of the transfer velocity. W92: Wanninkof 1992. MG01: McGillis et al.
2001. NOO: Nightingale et al. 2000. Schmidt numbers were calculated using the approach of DeBryn and Saltzman

1997 [for more details see paragraph 2.5].

Comparison of different approaches for transfer velocity clearly show that calculations with NOO
resulted in the lowest values. MGO1 and W92 values were in average 5% and 13% higher,
respectively. The lowest values, given by NOO and the highest values given by W92, provide the

range of values for the air-sea exchange of VHOCs in the bay.

The bay acted as a source of brominated and iodinated compounds. Bromoform and
dibromomethane had the highest portion on the flux of bromine with a flux average of 79 and
541 umol m™ a* for the whole bay. Fluxes of iodocarbons were about one order of magnitude
lower that fluxes of dibromomethane. During the field campaign the bay was a net sink for
chlorinated compounds (-0.9 umol m™? a™ for methyl chloride and -4.89 pmol m? a™ for
tetrachloromethane). Table 19 shows that fluxes depended largely on the location of the
sampling site. Bromoform and dibromochloromethane had the highest fluxes in higher salinities.
While marine waters with high salinity were a source for atmospheric dibromochloromethane,
fluxes were reversed for those Dibromomethane and

compounds in the estuary.
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bromodichloromethane as well as iodinated compounds showed the highest fluxes values in
medium salinities while at high and low salinities values were lower. Chlorinated compounds,
such as tetrachloromethane and methyl chloroform showed highest annual air-to-sea fluxes at

low salinities.

Our flux estimates are in agreement with other flux calculations computed for similar regions.
Archer et al. (2007) calculated fluxes for iodinated compounds for an estuary in the Western
English Channel. The authors calculated a total annual sea-to-air flux of 15.5 umol lodine m™ and
described chloroiodomethane (39%), diiodomethane (33%) and iodomethane (22%) as the main
components in the iodocarbons pool. lodoethane (6%) and bromoiodomethane (4%) formed a
smaller proportion of the iodocarbon pool. Our results generally agree with those findings, but

they did not show a prescind proportion of diiodomethane on the pool.

In another study Jones et al. (2009) calculated fluxes for iodo- and bromocarbons arising from air
and few sea water samples, taken at Roscoff at high frequency during September 2006. They
estimated a mean value of 1800 nmol m™ d* for bromoform and 7.5 nmol m? d* for
diiodomethane. While the mean value of bromoform is similar to our results, the value for
dibromomethane was one order of magnitude lower compared to our calculations. This may be
explained by the different temporal resolution of the measurements, a different habitat, and the

different analytical system.

While Jones et al. (2009) sampled continuously during one month between 3 and 27 September
2006, in our work, the temporal resolution was lower (monthly) but with longer time duration (13
months). When comparing Figure 41 and Figure 47. Sea-air flux [nmol m-2 d-1] of selected VHOC
using different parameterization for the transfer velocity. it becomes clear, that high VHOC water
concentrations do not necessarily result in high fluxes. Values were high between June and
October 2008, with a maximum in July. However high wind speed in June caused a high transfer
velocity and resulting in a maximum sea-to-air-flux which was up to 8 times higher than other
summer fluxes. In contrast, high concentrations of bromoform in water did not induce a high flux
in July 2008. In this case, elevated air concentrations and low wind speed prevented a significant
transfer to the atmosphere. The approach of Jones et al. (2009) is well suited for high precision
flux determination for a limited time but requires high logistical expanses. Unfortunately, for a

seasonal cycle this approach is hardly operable. Thus, better flux estimates can be achieved by an
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increase in temporal measurement resolution and might decrease the risk of over- and

underestimations due to unusual weather conditions.

In a review of the current literature Quack and Wallace (2003) calculated average sea-to-air
fluxes of bromoform for different regions. According to the W92 approximation the authors
estimated average global open ocean values of 9 nmol m™? d* and a global average for near shore
fluxes of 2426 nmol m? d™*. However this calculation was based on reported seawater surface
concentrations and did not reflect seasonal aspects. Reported seawater concentrations are
disproportionately limited to the main growing period of algae and hence suppress low winter
fluxes. Sea-to-air fluxes from the Bay of Morlaix are highly comparable to near shore fluxes
reported from Quack and Wallace (2003), when excluding winter values (2201 nmol m? d™ from

May 2008 to October 2008 and May 2009; 250 nmol m™ d™* from November 2008 to April 2009).

Quack and Wallace (2003) stated that the narrow near shore regions represent only 0.3% of the
global ocean area but contribute for about 23% of the global bromoform emissions. In contrast
open ocean regions encompass 88% of the oceanic surface and may account for 29% of the global
bromoform emission. Our results indicate that costal hot spots for bromoform fluxes are
restricted to macroalgae beds. It can be speculated that areas with low macroalgae cover, such as
estuaries or sandy beaches, show significantly lower fluxes. Thus global estimates need a higher

geographical resolution regarding the high productive coastal zones and their diverse habitats.

We showed that water concentrations of iodinated and bromodinated compounds are elevated
during high tide (see Figure 38 and Figure 39). It can be concluded that global fluxes are
overestimated when sampling at low tide and fluxes are underestimated when sampling at high
tide. For further studies we suggest that measurements should be taken during a complete
diurnal tidal cycle to avoid overestimations of fluxes resulting from measurements at low tide and

underestimations arising from measurements at high tide.
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5.5 Conclusion

All halocarbons displayed a marked seasonality in the Bay of Morlaix. Brominated and iodinated
compounds showed summer maxima and winter minima. Both groups exhibited elevated
concentrations in surface waters during low tide compared to high tide, caused presumably by
biological activity. Chlorinated compounds showed winter maxima and summer minima. These
annual distribution patterns were related to high air-to-sea fluxes in winter and low summer
fluxes. Distinct concentration gradients of bromo- and chlorocarbons revealed the occurrence of
high localized sources for both groups. Bromocarbons sources were related to macroalgae beds,
whereas chlorocarbons have mostly airborne sources with higher inputs via the river side. The
absence of marked concentration gradients of iodocarbons indicates that macroalgae beds in the
northern part of the bay play only a minor role in the formation of those gases. Flux calculations
revealed that tidal influenced and macroalgae dominated ecosystems contribute significantly to
global halogen emissions, especially via bromoform and dibromomethane emissions. As seawater

and air concentrations, sea-to-air fluxes showed a marked seasonality.
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6 Physiological function of VHOCs for macroalgae

Although the exact purpose of the formation of volatile halocarbons is not fully understood, the
idea of a halocarbon involvement in defence reactions in macroalgae is accepted by various
authors (Itoh et al. 1997; Palmer et al. 2005; Leblanc et al. 2006; Weinberger et al. 2007; Kiupper
et al. 2008). Macroalgae inhabits rocky shores in all climates. Due to their sessile character,
macroalgae developed defence strategies instead of escape strategies against pathogens. Among
other defence strategies, the oxidative burst machinery creates a rapid and effective response to
pathogen imminence. The apoplastic enzyme NADPH oxidase generates reactive oxygen species
(ROS), such as hydroxyl radicals (-OH), superoxide (O,) or its dismutation product hydrogen
peroxide (H,0,). Oxidative burst reactions were found in different red algae, including Eucheuma
platycladum (Collen and Pedersen 1994), Chondrus crispus (Bouarab et al. 1999) and Gracilaria
conferta (Weinberger et al. 1999). Only in the last decade, the oxidative burst machinery were

reported in the brown algal species, Laminaria digitata (Kipper et al. 2001).

On a cellular level, ROS are released from the apoplast towards the surrounding seawater and
have direct and toxic effects on the adversary organism. This early defence reaction is triggered
by signal molecules from the grazer, the fouling organism or from components of an attacked
neighbouring organism. Thus, Kipper et al. (2001) showed that oligogluluronates elicited the
oxygen burst machinery in the kelp Laminaria digitata. Recently it was shown that those
oligogluluronates also trigger gene expression of enzymes, which play a key role in defence
reactions of L. digitata (Cosse et al. 2009). Oligogluluronate alginates are oligosaccharides and are
the main component of cell wall of heterokontophyta. They are released to the water during

digestion of algae material by grazers.

Besides this rapid primary defence reaction, the oxidative burst machinery regulates secondary

defence responses that have been mainly documented for terrestrial plants:

- Formation of low molecular weight compounds. Those secondary metabolites have
antibiotic qualities and belong to the phytoalexins (Ebel et al. 1995).

- Gene expression of pathogenesis inducing proteins (Fritig et al. 1998).

- Crosslinking of cell wall proteins (Brisson et al. 1994).

- Local limited necrosis (Tenhaken et al. 1995).
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- Systemic acquired resistance (Chen et al. 1993).

For algae, the emission of VHOCs is discussed as secondary defence response (Mtolera et al.
1996). In this context, vanadium-dependent haloperoxidases (vHPOs) could play a key role in
defence reactions of various algae (Butler and Carter-Franklin 2004). Apoplastic and extracellular
VvHPOs (linked to the cell wall) are likely to control the accumulation of halide ions. In L. digitata
for instance, the iodine content can exceed the 30,000 fold concentration of seawater (Kiipper et
al. 1998). In L. digitata, most of iodide ions are located in the apoplast of peripheral tissue
(Verhaeghe et al. 2008). The function of the halide ion accumulation is not fully understood. In
kelps, iodide could serve as a powerful anti-oxidant pool (Kipper et al. 2008). Figure 48 illustrates

the putative role of vHPOs for the control of halide-ion reservoir.
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Figure 48. The putitative role of vanadium-dependet haloperoxidases (vHPO) in the defence response of kelp.

Figure modified after Cosse (2007) and Verhaeghe et al. (2008). EHS: electrophilic halogen species.

The liberation of halide ions from the apolast enables the oxidation of ROS. Intracellular ROS can
be degraded by those reactions, too. However the extracellular formation of superoxide or

hydrogen peroxide is made by the algae itself as a defence reaction. A drawback on ROS
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formation is their limited life time. Hydrogen peroxide can be “transformed” in a more stable and
very effective antibiotic detergent: In the presence of hydrogen peroxide, haloperoxidases oxidize
halides and form electrophilic halogen species (XOH, X,, X3). In a second step, those halogen
intermediates react with methyl groups and form polyhalogenated carbons, which are relatively
stable. The elevated release of VHOC during low tide can be discussed as a stress response to the
exposure of seaweed to air (Pedersen et al. 1996; Bondu et al. 2008). Alternatively it can be
discussed that VHOC are used to “impregnate” the cell wall. VHOC are highly hydrophobic and
might be attached to the surface of the cell wall. During low tide and due to their volatility, VHOCs

diffuse into the gas phase (atmosphere).

VHOC formation conditions are poorly investigated. This work highlights the role of plant-plant
communication and their influence on VHOC formation. We show that the oligoguluronates poly-
a-1,4-L-guluronic acid (referred to as GG) trigger the formation of VHOC. Moreover we
demonstrate that plant-plant communication orchestrates the formation of VHOCs: “forewarn”
algae react less intense after perception of the GG signal. As far as VHOC are concerned, we

conclude that this process might be beneficial for the algae in terms of cost efficiency.

The following paragraphs contain a publication from Frangois Thomas et al. which was recently

submitted in New Phytologist.
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6.1 Summary

Like land plants, algae defend themselves upon biotic stress. Until now, there has been a lack of
data concerning the occurrence of inter-individual communication, the so-called priming effect.
This study aims to gain insight into the early steps of the defense responses of large marine brown
algae (kelps), both in the laboratory and in the field and to investigate their potential to spread a

warning message toward neighboring algae.

We compared the early responses of laboratory-grown and wild sporophytes of the brown alga
Laminaria digitata upon elicitation with oligoguluronates. We followed the release of H202 and

volatile organic compounds in the medium after elicitation. We used reverse transcription —
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guantitative polymerase chain reaction (RT-qPCR) to monitor the kinetics of ten defense genes
following the oxidative burst. Laboratory-grown algae were transplanted in natural habitats in
order to reacclimate them and further evaluate how it affected their responses to elicitation. A

novel conditioning procedure was further established to mimic field conditions in the laboratory.

Our experiments showed that L. digitata integrates waterborne cues released in the field and
from elicited neighboring plants. It enhanced the management of the oxidative burst and volatile

emissions, and potentiates algae for faster and stronger induction of specific defense genes.

Thus, waterborne signals shape the defense responses of kelps in nature through a priming effect,

with important ecological consequences at the community level.

6.2 Introduction

In terrestrial plants, long-distance signaling mediating induced resistance against herbivores and
pathogens was recently shown to be not only borne by systemic signals transported in the
vascular system, but also caused by volatile compounds that move in the headspace outside the
plant (Frost et al. 2007, Heil & Ton, 2008). Among these compounds, green-leaf volatiles and
other herbivore-induced volatile organic compounds (VOCs) can mediate the systemic response of
plants to local herbivore damage (Karban et al., 2006; Frost et al., 2007; Heil & Silva Bueno, 2007).
Since such VOCs diffuse in the air, they may also reach neighboring plants and allow "plant-plant
communication," which was reported first about 25 years ago in trees (Baldwin & Schutz, 1983;
Baldwin et al. 2006) and is now a phenomenon described in numerous taxonomically unrelated
plants (reviewed in Yi et al.,, 2009). This inter-plant communication is reminiscent of the
potentiation of defense responses in animals (Hayes et al., 1995), a so-called primed state that is

associated with a better or faster induction of defense upon biotic or abiotic stress.

In the marine aquatic environment, the exposure to air is time-limited and restricted to intertidal
seaweeds. Therefore waterborne signaling has been hypothesized to represent the counterpart of
airborne signaling. Waterborne signals from predators or predator-wounded conspecifics that can
induce defensive changes in aquatic prey animals are well documented, especially in freshwater

ecosystems (Vos et al. 2006, Van Donk 2007). In marine benthic communities, this type of
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communication has been reported in rockweed (Ascophyllum nodosum), a common brown
macroalga of North-Atlantic rocky shores, when it interacts with an herbivorous snail (Toth &
Pavia 2000, Coleman et al.,2007) and in other species of fucoids challenged with crustacean
grazers (Rhode et al., 2004, Haavisto et al., 2009). However, only a direct induction of defenses
has been shown to date. Furthermore, the fascinating challenge that remains is to delineate the
steps that lead from the perception of these infochemicals to the actual defense response (Toth &

Pavia 2000), which may express its features only after a secondary attack.

In comparison with the current knowledge on the transcriptional responses involved in the
defense to attack by pathogens or herbivores in terrestrial plants , the changes in gene expression
that lead to induced resistance phenomena has been hardly investigated in marine multicellular
algae (Cosse et al., 2008). Among the various traits that are expressed de novo or at much higher
intensities to reduce or prevent further damage, the oxidative burst related responses (Potin
2008) and the activation of the synthesis of secondary metabolites (Pelletreau & Targett 2008,

Lane & Kubanek 2008) have been most reported in the recent years.

The kelp Laminaria digitata provides an interesting marine algal model to study the defense
responses and immunity traits in a eukaryotic lineage evolutionarily distant from plants and
animals (Baldauf, 2003). Recognition of elicitors such as oligoguluronates (GGs), fragments of its
major cell wall component (the polysaccharide alginate) that are possibly released during attack
by pathogenic bacteria or herbivores, initiates a cascade of signaling events and leads to an
oxidative burst (KUpper et al., 2001) and pest resistance (Klpper et al. ,2002). Cosse et al. (2009)
recently reported that GGs also induce a set of defense genes in L. digitata. It provided the first
markers to monitor specific gene expression over time during elicitor-induced defense response
in a macroalga. In addition, in response to both biotic (i.e. GG-perception) and abiotic oxidative
stress, L. digitata naturally emits volatile aldehydes (Goulitquer et al., 2009) and halocarbons
(Palmer et al., 2005) that are chemically related to VOCs which prime defense responses in

terrestrial plants (Frost et al., 2007; Ton et al., 2007; Heil & Ton, 2008, Yi et al., 2009).

Most of this knowledge on the responses induced by GGs was obtained on either laboratory-
grown young sporophytes of about 5-15 cms in length or on sporophytes of similar size harvested
from wild populations and reacclimated for a few days in laboratory controlled conditions (Kipper

et al., 2001; 2002; Cosse et al., 2009; Goulitquer et al., 2009; Palmer et al., 2005). Most
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experimental conditions involved the direct challenge of triplicates of a single plantlet without
precise assumptions of the different origins of the material. A careful re-examination of these
responses, integrating cell and gene-regulated mechanisms, in distinct and reliable physiological
conditions is therefore required to better understand the ecological significance of defenses.
Importantly also, now that gene defense markers are available, the search for waterborne,
distance signaling is most accessible (Cosse et al., 2009) and volatile aldehydes and halocarbons
(Goulitquer et al., 2009; Palmer et al., 2005) are excellent candidates as communication

molecules in kelps.

In this context, this study aims to gain insight into the early steps of the defense responses of
kelps, both in the laboratory and in the field and to investigate their potential to spread a warning
message toward neighboring algae. A first level consisted in comparing the oxidative burst
induced by elicitation in laboratory-grown and freshly harvested or laboratory-acclimated wild
sporophytes. The kinetics of expression of a set of ten defense genes specifically regulated
following a GG elicitation was monitored by reverse transcription-quantitative polymerase chain
reaction (RT-gPCR). Laboratory-grown algae were transplanted in natural habitats in order to
reacclimate them and further evaluate how it affected their responses to elicitation. The effects
of this transplantation were mimicked by a novel conditioning procedure in the laboratory based
on co-incubation of naive “target” L. digitata sporophytes with “source” sporophytes that had
previously been challenged with GGs (“conditioning pre-treatment”) or not (“control pre-
treatment”). The results of oxidative burst monitoring, VOC measurements and gene expression
studies strongly support the occurrence of stress-related waterborne communication in natural

population of kelps.

6.3 Material and Methods

6.3.1 Algal material and elicitation procedures.

Young Laminaria digitata thalli were collected from the field (“wild sporophytes”) in two
populations distant from 8 kilometers at Pointe Sainte Barbe (+48° 43' 3564, -3° 58' 697, Roscoff,
Brittany, France) and lle de Sieck (+48° 42' 2469, -4° 3' 5984, Santec). If not used immediately,

they were maintained at 14°C in filtered seawater (FSW) as described in Cosse et al., (2009).
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Laboratory-grown sporophytes were obtained from unialgal cultures grown from meiospores
taken from mature wild sporophytes collected in the same populations. Developing sporophytes
were then transferred to larger flasks after 2 wk and grown with weekly changes of culture
medium until they reached a size of c. 4-6 cm as previously described (Cosse et al., 2009).
Oligoguluronates (GGs) were prepared by acid hydrolysis of sodium alginate from Laminaria
hyperborea (Danisco) according to Haug et al., (1974) and used at a concentration of 100 pg.mL™.
Hydrogen peroxide concentrations in the seawater were monitored by luminometry as in Kipper

etal., (2001).

6.3.2 Conditioning procedure in the laboratory

Figure S1 shows the detailed design of the laboratory conditioning procedure. “Source”
sporophytes were elicited by application of GG in FSW for 10 min, and rinsed twice to remove
traces of elicitors. Control source sporophytes without elicitation were handled in the same way.
Control and conditioned “target” sporophytes (ca. 0.2 — 1 g in weight) were introduced in Petri
dishes (@ 140 mm, 150 mL FSW) under agitation together with non-elicited or elicited source
algae, respectively. After 24 hours, each target sporophyte was transferred to a new Petri dish for
further experiments. Conditioned and control target sporophytes were elicited separately in 50
mL of FSW, and H,0, concentrations were followed by luminometry. Seawater was sampled after
1 h to measure VOCs. Tissues were frozen in liquid nitrogen and stored at -80°C until RNA

extraction.
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Figure S1: Design of the laboratory conditioning procedure. S: “Source”sporophytes whitch might produce a

waterborne signal. T: “Target” sporophytes whitch receive a waterborne signal.

6.3.3 Transient transplantation in the field

The experiments took place at Pointe Sainte Barbe (Roscoff) in November 2007 and April 2008.
Laboratory-grown sporophytes were introduced in tide pools using either a sealed transparent
plastic bag filled with FSW or a nylon net allowing direct contact with natural seawater. After 1.5 h
or 24h, laboratory-grown and wild sporophytes collected in the same kelp bed were taken back to

the laboratory for further experiments.

6.3.4 Aldehydes and volatile halogenated organic compounds (VHOCs)
measurements

Aldehydes were extracted from 25 mL seawater samples and analyzed according to Goulitquer et

al., (2009). VHOC concentrations in seawater were determined as in Pruvost et al., (1999) with

modifications. VHOCs were separated by purging with a purge-flow of 90 mL - min™ ultra-pure

nitrogen for 20 min, focused on a glass bead trap (Grace, DMCS treated, 80/100 mesh) at -120°C

and subsequently injected by thermodesorption (100°C, backflush). VHOCs were identified and

quantified by comparison with known standard solutions (Ultra Scientific and Supelco).
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6.3.5 RNA extraction and RT-qPCR
Total RNA was extracted using an adapted protocol from Apt et al., (1995) and treated with Turbo
DNase (Ambion, Huntingdon, UK). 400 ng were reverse-transcribed using 2 pL of RT Improm Il

(Promega, Madison, USA) and quantitative PCR was performed as in Cosse et al., (2009).

6.4 Results

6.4.1 Wild and laboratory-grown algae display different defense responses

To investigate whether the containment in a laboratory could modify the defense patterns of
algae, we compared the defense responses of laboratory-grown sporophytes of L. digitata and
wild sporophytes of similar size freshly collected from the field. First, we followed the oxidative

response induced by elicitation with oligoguluronates (GG) (Figure 1a).

In both types of algae, the challenge with GG was rapidly followed by an oxidative burst (within
10-15 minutes). Laboratory-grown sporophytes accumulated up to 6.26 *+ 0.46 umol.g™ FW of
hydrogen peroxide 45 min after elicitation. In comparison, wild sporophytes produced a 30 times
less intense oxidative burst (p < 0.05), reaching 0.22 + 0.15 pmol.g™ FW of H,0, ; it went back to
the initial level within 40 min. In the same experiment, we profiled the expression kinetics of six
previously identified defense-related genes, namely two thioredoxins (prx and trx), a key enzyme
from the pentose phosphate pathway (glucose-6-phosphate dehydrogenase, g6pd), a mannitol-1-
phosphate dehydrogenase (mtld) and two haloperoxidases (ipo3 and bpo3). Figure 1b reports the
fold variations of the gene expression after elicitation compared to unelicited sporophytes. In
laboratory-grown sporophytes, trx and bpo3 were induced and their expression was maximal 6
and 12 hours after elicitation, respectively. In wild sporophytes, the expression of the six defense
marker genes was induced and maximal three hours after elicitation, getting back to the control

level within 6 to 12 hours.

We elicited wild L. digitata sporophytes collected from the field either immediately, or after 2, 4,
5 and 8 days of incubation in FSW in the laboratory. The longer wild sporophytes had stayed in
the laboratory, the more intense their oxidative response was (Figure 1c). Four days of incubation
in FSW were sufficient to increase the accumulation of H,0, by 165%, and it reached 400% after 5

days (Student’s t-test, P = 0.05).
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Figure 1: Defense patterns in laboratory-grown L. digitata are different from wild sporophytes.

a. Laboratory-grown and wild Laminaria digitata sporophytes were elicited with oligoguluronates in seawater and

the concentration of H202 was recorded. Experiments were replicated three times and typical results are shown.

b. Kinetics of defense-related gene expression in laboratory-grown and harvested wild L. digitata sporophytes.

Asterisk (*) denotes a significant difference between wild and laboratory-grown sporophytes at a = 5%.

c. Values of the maximum of H202 released during the oxidative burst by wild L. digitata sporophytes elicited either
immediately after the harvest from their natural habitats or after laboratory incubation in FSW. Values were

compared to t = 0 with t test (*, P < 0.05).
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6.4.2 Effect of transient transplantation

To test whether the natural environment shapes the defense responses of L. digitata, laboratory-
grown sporophytes were reintroduced for 1.5h in a net into a natural kelp bed to allow a direct
contact with the environment, and taken back to the laboratory to analyze their response to an
elicitation. As a control, laboratory-grown sporophytes were introduced into the same kelp bed in
a sealed transparent plastic bag filled with filtered seawater (FSW) to prevent contact with water
from the field. When taken back to the laboratory, upon challenge with GGs, the intensity of their
oxidative burst reached 4.71 + 0.47 umol H,0,.g" FW (Figure 2a) and was not significantly
different from the one of algae that had stayed in the laboratory (Tukey-Kramer test, P = 0.1,
n = 3). In contrast, the sporophytes reintroduced for 1.5h in a net displayed an oxidative burst
reaching only 1.84 + 0.31 pmol H,0,.g" FW (Figure 2a), which represents 3-fold lower
concentrations compared to algae from the same batch that had stayed in laboratory conditions.
These experiments were repeated with longer transplantation periods of 24 h with similar trends.
RT-gPCR was used to follow the gene expression three hours after the GG challenge (Figure 2b). In
these laboratory-grown L. digitata that had stayed in the field in a net, the elicitation induced the
expression of g6pd, gst54, mtld, ipo3 and bpo3 (between 1.5 and 3-fold variation compared to
unelicited controls) and of trx in a higher extent (9-fold variation). In laboratory-grown L. digitata
that had stayed in the field in a sealed plastic bag, the elicitation induced the expression of only
bpo3 and trx (3 and 5-fold variations compared to unelicited control, respectively). Contrarily to
algae directly exposed to natural seawater, the expression of gépd, gst54, mtld and ipo3 was not

induced (Figure 2b).
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Figure 2: A primed state in laboratory-grown L digitata sporophytes transferred to the field. Laboratory-grown
sporophytes were kept in filtered seawater (FSW) in the laboratory (red) or transferred to a kelp bed, either in a
sealed plastic bag filled with FSW (orange) or in a net allowing direct contact with natural seawater (NSW) (yellow).
Wild sporophytes were harvested from the same kelp bed (blue). Algae were taken back to the laboratory and

elicited with GGs. Values are mean t s.e.m. (n = 3).

a. Values of the maximum amount of H202 detected in the medium after elicitation in laboratory-grown, transferred
for 1.5 h and wild-type L. digitata sporophytes. Letters denote a significant difference between groups as tested with

the Tukey-Kramer test (a = 5%).

b. Expression of defense-related genes in laboratory-grown L. digitata sporophytes transplanted for 24 h or not in the
field and later elicited with GGs for 3 h. Data were analysed for significant differences using a t-test (*, P < 0.05; **, P

<0.01).
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6.4.3 Development of a conditioning procedure in the laboratory

We developed an original laboratory assay to further elucidate the phenomenon responsible for
the discrepancy observed between wild and laboratory-grown sporophytes and the effect of
transplantation in the field. Briefly, the principle was based on co-incubation of naive “target” L.
digitata sporophytes with “source” sporophytes that had previously been challenged with GGs
(“conditioning pre-treatment”) or not (“control pre-treatment”, see Figure S1 in Supp. Info. for
details on experimental methods). After these treatments, target sporophytes were transferred
alone into fresh filtered seawater and further experiments were conducted to characterize their
defense responses. Neither the conditioned sporophytes nor the controls constitutively produced
extracellular H,0, (data not shown). A challenge with GGs triggered an oxidative burst in both
conditioned and control sporophytes (Figure 3). However, maximum H,0, accumulation was
reached significantly earlier in conditioned sporophytes than in controls, after 7.7 £ 0.6 min and
12.0 £ 1.0 min, respectively (t-test, P = 0.031). External H,0, concentrations tended to be lower in

elicited conditioned sporophytes.
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Figure 3: The GG-induced oxidative burst is detoxified faster in conditioned L. digitata sporophytes. Unconditioned
and conditioned L. digitata sporophytes were elicited with oligoguluronates in seawater and the concentration of
H202 was recorded. Experiments were replicated three times and typical results are shown. Inset: Time required to
reach maximum H202 concentrations in the medium after elicitation. Values are mean * s.e.m (n=3). Data were

analyzed for significant difference with t test (*, P < 0.05).
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Using real-time quantitative PCR (RT-qPCR), we measured the relative transcript levels of 10
defense-related genes, namely two thioredoxins (prx and trx), two enzymes from the pentose
phosphate pathway (g6pd and 6pgd), three haloperoxidases (ipol, ipo3 and bpo3), the heat shock
protein hsp70, a glutathione S transferase (gst19) and a methionine sulfoxide reductase (msr).
Before challenging with GGs, the transcript levels were not significantly different in control and

conditioned target sporophytes (t-test, P > 0.40, n = 3, see Table 1).

Table 1. Transcript levels of defense-related genes in conditioned and unconditioned L. digitata sporophytes, before

elicitation. Values are mean £ s.e.m. (n = 3).

Transcripts level before elicitation

Control Conditioning Student test
pre-treatment pre-treatment p-value
trx 0.018 £ 0.009 0.016 + 0.009 0.88
prx 0.550 % 0.099 0.462 + 0.037 0.47
gépd 035520138 02800112 0.55
Gpgd  0.069 +0.034 0.048 + 0.015 0.88
ipot 0.0584 + 0.033 0.068 + 0.037 0.51
bpot 0583 £0.311 0.462 + 0.231 0.63
bpol  0.034x0.015 0.022 + 0.016 0.43
hsp70 0378 +0.118 0.319 ¢ 0.180 0.55
gstig 0.028 +0.25 0.012 £ 0.010 0.80
msr 0.0104 0.004 0.043 = 0.007 0.88

However, depending on the pre-treatment, target sporophytes showed different response to
elicitation. After the GG challenge, seven genes were significantly induced in conditioned
sporophytes compared to five in unconditioned sporophytes considering all time points of the
kinetic (Table 1). Induction reached higher levels in the conditioned sporophytes for the genes trx,
6pgd, bpo3, hsp70, msr and three of them (6pgd, bpo3, msr) were induced earlier than in the
unconditioned sporophytes. Thus, overall, the up-regulation of the defense-related transcriptome

seems to be accelerated, as indicated by the greater number of significantly induced genes 1h30
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after elicitation in conditioned algae compared to this number after 6 hours in control algae

(Table 2, bottom line).

Table 2: Change in transcript levels of defense-related genes in conditioned and unconditioned L. digitata

sporophytes, after elicitation with GGs in comparison to initial state

Genes Elicited unconditioned sporophytes Elicited conditioned sporophytes
15h 3h 6h 1.5h 3h 6h
after elicitation after elicitation after elicitation after elicitation after elicitation after elicitation
22473 19.1+6.5 5.2+0.5 38.21+6.3 22.1+4.6 5.5+0.5
trx P =0.008 P =0.007 P =0.048 P =0.002 P =0.007 P =0.048
prx 1.0+0.1 1.0+0.1 0.6+0.1 1.3+0.2 1.2+0.2 0.9+0.1
P=0.491 P =0.495 P =0.049 P =0.099 P=0.163 P =0.203
g6pd 1.3+04 0.7+0.2 1.3+04 2.7+0.9 1.9+0.3 1.6+1.0
P=0.292 P=0.276 P=0.283 P=0.102 P=0.165 P =0.360
1.1+04 2.7+0.6 48+1.8 3.8+2.2 1.0+0.1
6pgd nd
P =0.353 P =0.070 P =0.022 P =0.084 P=0.371
ipol 1.7+0.8 0.5+0.1 0.3+0.1 3.0+£0.7 0.5+0.2 0.5+0.1
P =0.357 P=0.108 P =0.052 P =0.045 P =0.288 P=0.193
bpo1 1.7+0.7 0.5+0.1 19+1.1 2.2+0.8 0.8+0.0 0.8+0.3
P =0.227 P =0.296 P =0.248 P=0.171 P =0.348 P=0.394
bpo3 26+1.0 2.1+0.8 3.410.6 4.4+1.8 43+39 24+0.8
P =0.160 P=0.132 P =0.034 P =0.079 P=0.242 P =0.105
hsp70 4.1+15 13.3+2.8 6.6 £0.6 7.0+£2.0 17.0+5.5 7.5%+0.6
P =0.027 P =0.001 P =0.002 P=0.016 P=0.018 P=0.031
gst19 3.0+0.3 23+13 43+27 6.6+2.9 23+1.5 2.8+1.0
P=0.124 P=0.125 P =0.090 P =0.046 P=0.184 P =0.090
msr 1.0+04 1.6+0.4 0.5+0.2 25+0.4 5.5+2.3 1.1+0.1
P =0.358 P=0.019 P =0.347 P =0.052 P =0.046 P =0.256
number of 2 3 4 7 3 2

induced genes

Conditioned and control L. digitata sporophytes were challenged with GGs as elicitors. Transcript levels were

quantified by RT-qPCR before elicitation (t = 0) and after 1.5 h, 3 h and 6 h for 10 defense-related genes, namely a

thioredoxin (trx), a peroxiredoxin (prx), a glucose-6-phosphate dehydrogenase (gépd), a 6-phosphogluconate

dehydrogenase (6pgd), a iodoperoxidase (ipol), two bromoperoxidases (bpol and bpo3), a heat shock protein

(hsp70), a glutathione-S-transferase (gst19) and a methionine sulfoxide reductase (msr) genes. Values are means *

s.e.m. (n = 3) of the fold changes in relative transcript levels after elicitation compared to t = 0. P-values are the

results of Student’s t-tests; values in bold represent a significant difference of the expression level compared tot =0

(o = 8%). Gray cells denote a significantly different fold variation compared to elicited unconditioned sporophytes for

the same time period (median test, a = 8%). Abbreviations: nd, not determined.
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6.4.4 The conditioning procedure down-regulated the oligoguluronates-induced
release of VOCs
We applied this novel conditioning procedure to further explore other early responses of the
conditioned and unconditioned L. digitata sporophytes. We monitored the release of volatile
organic compounds (VOCs) in the seawater surrounding target sporophytes one hour after GG-
elicitation. Elicitation of unconditioned sporophytes enhanced the emission of most VOCs
measured (Figure 4) compared to unelicited controls. Among aldehydes, the highest fold
variations were recorded for 4-HDDE (6-fold increase) and hexanal, 2,4(t,t)-decadienal,
dodecadienal, 4-HHE and 4-HNE (3- to 4-fold increases). Of the volatile halocarbons, iodoethane
(CHsCH,l) and diiodomethane (CH,l,) showed the highest increases (6- and 3.7-fold increases,
respectively, compared to unelicited controls). This induction was less pronounced for
brominated compounds, the most responsive being bromodichloromethane (CHBrCl,) and
dibromomethane (CH,Br,) with a 2-fold increase. In conditioned algae, the one-hour elicitation
was not followed by such an increase in the amount of VOCs. The production of most aldehydes
by the elicited conditioned sporophytes was equal to or even lower than by non-elicited controls.
Exceptions were hexanal, 4-HNE and 2,4(t,t)-decadienal and these were only induced 2-fold
compared to controls. The overall elicitation-induced production of halocarbons was lower in

conditioned sporophytes compared to unconditioned sporophytes (Figure 4).
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Figure 4: Conditioned L. digitata sporophytes release fewer amounts of VOCs after elicitation. VOCs were quantified
in the medium surrounding L. digitata control and conditioned sporophytes 1 h after challenge or not with GGs. For
each compound, the control level was set to a relative unit of 1 to express the fold-variation in the other conditions.
4-HHE, 4-hydroxy-(E)-2-hexenal; C7:2, (E,E)-2,4-heptadienal; C8:2, 2,4-octadienal; C8:3, 2.4.7-octatrienal; 4-HNE, 4-
hydroxy-(E)-2-nonenal; C10:3, 2.4.7-decatrienal; 4-HDDE, 4-hydroxydodecadienal; CH3CH2I, iodoethane; CH2I2,
diiodomethane; CHBr3, bromoform; CHBr2Cl, dibromochloromethane; CHBrCI2, bromodichloromethane; CH2Br2,

dibromomethane. Values are means of three independent replicates.

6.5 Discussion

Three main conclusions emerge from our observations and experiments: first, our results showed
that L. digitata sporophytes grown in the laboratory display altered defense responses compared
to wild conspecifics. Secondly, laboratory-grown sporophytes that were transplanted in the field
exhibited a response that resembles the one of wild specimens. It suggests that a direct contact
with the seawater from the field affected the algae responses to subsequent elicitation with GG.
Thirdly, we established a conditioning procedure which mimics the field effects. In this context,

target sporophytes reacted differently to GG-elicitation whether source sporophytes had been
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elicited or not before the co-incubation (conditioning or control procedure, respectively). Taken
together, these results indicate that waterborne signals shape the defense responses of kelps in

nature or in laboratory conditions that induce a priming effect.

Upon elicitation with oligoguluronates, laboratory-grown and wild sporophytes exhibited an
oxidative burst, concordant with the literature (Kipper et al., 2001). However, we showed that
H,0, levels reached concentrations 30 times lower with wild sporophytes (Figure 1a). Such a
tendency of a more pronounced oxidative burst in laboratory-grown sporophytes could not be
related to inter-individual variability as it was already observed with other culture batches from
meiospores isolated from mature sporophytes originating from populations of Helgoland in
Germany (Kupper et al., 2002). This phenomenon cannot be linked to a desensitization of wild
sporophytes to GG elicitation, as shown by the gene expression analysis. Indeed, we showed that
even if their oxidative responses appears less intense, wild sporophytes still perceive the stress
signal and activate the expression of defense genes (Figure 1b). Furthermore, our data indicate
that this response involves more genes and is more intense in wild sporophytes than in
laboratory-grown specimens. In terms of kinetics, induction in wild algae was systematically
rapidly repressed, getting back to the control level within 12 hours after elicitation. The return to
the initial expression levels took a longer time in laboratory-grown algae. Together, these results
support the hypothesis that wild and laboratory-grown L. digitata sporophytes are in a different
state, which may be explained by their different living conditions, i.e. natural environment vs.
controlled culture conditions. This is supported by the fact that the elicitation-induced oxidative
response of wild specimens removed from the field tends to get closer to the one of laboratory-

grown sporophytes (Figure 1c).

To investigate the possibility of an effect of the natural environment on the defense capacities of
L. digitata sporophytes, we conducted transplantation experiments of laboratory-grown algae
into a natural kelp bed. We showed that a direct contact with the seawater from the field affected
the algae responses to subsequent elicitation. Under GG stress, transplanted laboratory-grown
sporophytes displayed a response that resembles the one of wild specimens. The oxidative burst
appeared to be 3 times less intense (Figure 2a), and still more genes were induced compared to
non-transplanted controls (Figure 2b). This was not the case when algae were introduced into the

same kelp bed in a sealed transparent plastic bag to prevent contact with water from the field. In
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this case, the intensity of the elicitation-induced oxidative burst was not significantly different
from the non-transplanted controls (Figure 2a). The gene response was also less pronounced than
in transplanted algae that had a direct contact with the seawater. This shows that the observed
effect of the natural environment on the defense capacities cannot be related to physical
parameters such as light or temperature. A direct contact with the natural seawater seems to
explain the discrepancy observed between wild and laboratory-grown algae. Since 1.5 hour of
transplantation was sufficient to obtain detectable differences, it is unlikely that small arthropods
or pathogens could come through the net to attach the algae in such a short time and be
responsible for our observations. Thus, we propose that L. digitata sporophytes could be able to
perceive water-borne infochemicals present in the natural environment, enhancing their

capacities to efficiently react to further stress.

To test this hypothesis and identify a mechanism of external vectorisation of defense signals in
kelps, we developed a novel experimental assay. We used L. digitata sporophytes as sources of
potential signals to be perceived by target sporophytes (Figure S1). We show that target
sporophytes react differently to GG-elicitation whether source sporophytes had been elicited or
not before the co-incubation (conditioning or control procedure, respectively). Conditioned target
sporophytes produced less intense oxidative burst (Figure 3). This can be explained by a faster
trigger of the ROS detoxification process, as H,0, concentration begins to decrease significantly
earlier in conditioned sporophytes. We also demonstrated that conditioned sporophytes show a
higher and faster up-regulation of the defense marker genes in response to elicitation, compared
to unconditioned algae (Table 2). Before challenging with GGs, the transcript levels were not
significantly different in unconditioned and conditioned sporophytes (Table 2). This indicates that
the enhanced transcriptional response in conditioned sporophytes was not based on primary
induction of defense mechanisms during conditioning but resulted from increased reactivity to
elicitation. This is redolent of the priming effect known in the terrestrial environment (Conrath et
al.,, 2002). In plant cells, this sensitization to react more rapidly and/or more strongly to
environmental stresses upon appropriate stimulation can be induced biologically by beneficial
rhizobacteria and mycorrhizal fungi or through the emission of VOCs during plant interactions
with pathogens (Yi et al., 2009) or insects (Frost et al., 2008a). It is also chemically mediated by
application of low doses of salicylic acid (SA), its synthetic analog benzothiadiazole (BTH),

jasmonates or R-aminobutyric acid (BABA) (Conrath et al., 2006; Frost et al., 2008b)
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In L. digitata sporophytes, the perception of putative waterborne molecules potentiates the gene
response to elicitation. Potentiated algae display faster and stronger elicitation-dependent
induction of specific defense genes. These results resemble the priming effects on the expression
of defense genes already shown in terrestrial plants. In particular, Ton et al., (2007) found an
earlier and/or stronger transcriptional induction of six defense-related genes in maize plants that
had previously been in contact with airborne signals from herbivore-infested neighbours. In
addition, our results suggest that the priming-like mechanism of L. digitata sporophytes affects
the way they manage oxidative stress. It has been shown previously that the oxidative burst was
an important prerequisite for induced resistance against a bacterial pathogen (Kupper et al.,
2002) and that reactive oxygen species (ROS) could act as signaling agents to trigger the defense
reactions (Cosse et al., 2008). However, high levels of ROS can have deleterious effects on the
algal cells if their production and detoxification is not strictly controlled (Dring, 2006). We propose
that perception of the putative signal could potentiate the detoxifying capacities of ROS in primed
sporophytes. This would reduce the damage to algal cells while keeping the effect of ROS as toxic
compounds against attackers and/or as defense-signaling agents. This hypothesis is supported by
the observation that the priming-affected genes are implicated in the management of the

oxidative stress.

In response to both biotic and abiotic oxidative stress, it has been shown that L. digitata naturally
emits volatile aldehydes (Goulitquer et al., 2009) and halocarbons (Palmer et al., 2005) in large
amounts. The biological significance of distance signaling in primed L. digitata was further
analysed by monitoring the volatile organic compounds (VOC) released in response to elicitation.
We show that primed (i.e. conditioned) sporophytes released lower amounts of VOCs in response
to GG-elicitation compared to unconditioned algae (Figure 4). As VOC emissions are dependent
upon oxidative stress in kelps (Palmer et al., 2005, Goulitquer et al., 2009), their lower production

supports the fact that primed algae display enhanced ROS detoxification mechanisms.

Altogether, these data demonstrate that priming-like mechanisms exist in kelps, suggesting it
could be a conserved feature of innate immunity among eukaryotic lineages. The primed
sporophytes managed oxidative stress better after elicitation, as shown by H,0, (Figures 1a and 3)
and VOC (Figure 4) levels, and display faster and/or stronger transcriptional responses (Table 2).

Defense-related waterborne communication in marine algal models has already been reported.
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Previous studies have demonstrated that external cues released either directly from the brown
algae Ascophyllum nodosum and Fucus vesiculosus under herbivory or from feeding grazers were
able to directly induce chemical defenses in unharmed conspecifics (Toth & Pavia, 2000; Rhode et
al., 2004). However, merely late defense responses were studied so far and only direct induction
of defenses could be evidenced. In the present study, we investigated for the first time earlier
steps of the defense responses and showed that waterborne signals also have a potentiating
effect, preparing sporophytes to better respond to further attack without directly triggering
defense reactions. It is believed that this priming phenomenon excludes the costly direct
allocation of resources to a defense that may eventually not be required, while increasing
resistance in case of further attack (van Ulten et al., 2006; Walters & Heil, 2007). In addition to
conditioning in the laboratory, the field transplantation experiments we conducted reveal that a
stay in the natural environment can potentiate the defense responses of L. digitata, confirming
that priming mediated by waterborne signals released from L. digitata occurs in nature. This may
explain the drastic differences observed for the elicitation-induced oxidative burst (Figure 1a) and
transcriptional responses (Figure 1b) of wild algae compared to laboratory-grown sporophytes.
The primed state of wild algae is at least partly reversible, as demonstrated by the effect of
removal from their natural environment on the oxidative response to elicitation. However, even
after 8 days of isolation from putative environmental signals, the oxidative response of wild
sporophytes did not reach the very high levels of the laboratory-grown algae (Figure 1c),
suggesting that the effect of signal perception may persist for longer periods. This observation fits
the emerging concept of plant memory or “stress imprint” (Bruce et al., 2007, Galis et al., 2009).
Overall, the results reported in the present study demonstrate that waterborne cues induce
priming and greatly shape the defense responses of kelps. It raises the question as to the effects
at the community level. The coastal environment provides kelps with a wealth of potential
infochemicals. Measurements in rock pools containing L. digitata detected the presence of a
cocktail of volatile aldehydes (Goulitquer et al., 2009), alkenes (Broadgate et al., 2004) and
halogenated compounds (Carpenter et al., 2000). In nature, wild sporophytes are thereby likely to
integrate infochemicals to control oxidative burst, production of VOCs and defense-related gene
expression. Kelp forests represent both important habitats and food sources for a wide range of
consumers and are subjected to multiple biotic (i.e. herbivores, pathogens, etc.) and abiotic

stresses (i.e. dessication, UV, etc.). Recent studies on the A. nodosum algal model have shown
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that waterborne signaling affects the population dynamics of herbivores and predators in
controlled laboratory conditions (Coleman et al., 2007, Borell et al., 2004). It was also recently
suggested that resistance to herbivores may be induced in advance by waterborne cues and
spread effectively throughout a Fucus vesiculosus belt (Haavisto et al., 2009). In terrestrial plants,
priming was reported to occur in different types of induced resistance and is considered as an
important ecological adaptation to resist environmental stress (Heil & Silva Bueno, 2007; Pieterse
& Dicke, 2007; Walters et al., 2006, Yi et al., 2009). Interestingly, it was shown in Arabidopsis
thaliana that the fitness costs of priming are lower than those of constitutively activated defenses

(Van Hulten et al., 2006).

Based on these laboratory and field experiments, we hypothesize that inter-individual
communication via stress-related signals may influence the structuring of marine communities in
coastal ecosystems. The novel conditioning procedure described in this work to prime kelps in the
laboratory will facilitate further study of this mechanism, such as the identification of the putative

signal(s) and of their impacts on herbivore or pathogen resistance.
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7 Conclusions and perspectives
During this thesis we designed an analytical system for measurements of halocarbons. New
sampling devices were successfully developed for fieldwork. These instruments showed high

performance, both at sea and during laboratory analyses.

Two highly productive marine areas were studied for VHOC distribution and air-sea fluxes: a
diatom dominated upwelling region and a nutrient enriched coastal region with an important
macroalgae cover and a mega-tidal regime. Additionally, the role of plant-plant communication

and its influence on VHOC formation was investigated in a separate laboratory study.

The main conclusions of this thesis are (1) upwelling regions are not characterized by high internal
VHOC formation, (2) in tidal-influenced marine areas tides have significant effects on the
formation of iodo- and bromocarbons but no influence on the formation of chlorocarbons (with
the exception of chloroform, which showed minor dependence on tides in the lberian upwelling),
(3) bromocarbons have strong and highly localized coastal sources (4) iodocarbons have sources
that are not strictly related to macroalgae, (5) main sources of chlorocarbons might have an
anthropogenic origin, (6) formation of halocarbons and their fluxes to the atmosphere show a
marked seasonality and (7) a unknown signal molecule orchestrates the defence response and

formation of VHOCs in kelp.

To better understand the halocarbon cycle and to achieve better halocarbon budgets, future
studies are necessary clasping (a) the biochemical background, (b) the species and inter-species

level, (c) formation in (changing) ecosystems and (d) large scale distribution patterns.

Our work contributed to the understanding of VHOC formation in the kelp algae Laminaria
digitata by highlighting the role of plant-plant communication and its influence on halocarbon
formation. In a general perspective, the biological role and the enzymatic formation of VHOC in
different species are poorly investigated. To date no study has shown a direct involvement of
haloperoxidases in the formation of VHOC in a marine organism. A functional study should be
designed to highlight the exact purpose of haloperoxidases in different species and could provide

answers on this topic.
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To the best of our knowledge, no study showed the defence potential of VHOCs against grazers or
fouling organisms. As discussed above, VHOC formation is described for various species. The
ecology of those species is usually well studied and therefore possible grazers or fouling
organisms are known. Incubation experiments should show at which extent grazing/fouling

contributes to VHOC release from algae.

Several incubation experiments demonstrated species specific formation of VHOCs by
phytoplankton (Tokarczyk and Moore 1994; Moore et al. 1996b), bacteria (Amachi et al. 2001)
and macroalgae (Gschwend et al. 1985; Klick 1993; Nightingale et al. 1995; Pedersen et al. 1996;
Carpenter et al. 2000). However species-specific responses to different stress levels remain
unclear. Ocean acidification and elevated SST are processes that are related to global change and
might have some influence on VHOC formation. UV radiation, nutrient levels and osmotic stress
have consequences for algae physiology and are therefore interesting variables to investigate for

future research.

In this work we showed that coastal zones are strong sources for bromo- and iodocarbons and are
subjected to a marked seasonality. We discussed that sea-to-air flux calculations are associated
with considerable uncertainties both at global and local scale. Global estimates could be improved
by a higher number of studies in numerous geographical regions and diverse ecosystems.

Moreover, a high temporal resolution could improve sea-to-air estimates in a given area.

Considering the high impact of coastal zones for the global cycle of halogens, those areas are of
great interest for future research. Previous studies and our current work in highly productive
marine areas suggest that daily and seasonal variations and variations arising from different spots
and habitats within the area have consequences on VHOC distribution and sea-to-air-fluxes. It is
obvious that additional studies with a high temporal measurement resolution are essential for
better budget global calculations. Finally, intercalibration of different instruments would help to

obtain better halocarbon budgets.
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