
BGD
11, 10673–10701, 2014

Bromocarbon
production during

seaweed desiccation

E. C. Leedham Elvidge et
al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Biogeosciences Discuss., 11, 10673–10701, 2014
www.biogeosciences-discuss.net/11/10673/2014/
doi:10.5194/bgd-11-10673-2014
© Author(s) 2014. CC Attribution 3.0 License.

This discussion paper is/has been under review for the journal Biogeosciences (BG).
Please refer to the corresponding final paper in BG if available.

The effect of desiccation on the emission
of volatile bromocarbons from two
common temperate macroalgae

E. C. Leedham Elvidge1,*, S.-M. Phang2,3, W. T. Sturges1, and G. Malin1

1Centre for Ocean and Atmospheric Sciences, School of Environmental Science, University of
East Anglia, Norwich Research Park, Norwich, Norfolk, NR47TJ, UK
2Institute of Ocean and Earth Sciences, University of Malaya, Kuala Lumpur, 50603, Malaysia
3Institute of Biological Sciences, University of Malaya, Kuala Lumpur, 50603, Malaysia
*now at: Max Planck Institute for Chemistry, Mainz, Germany

Received: 3 June 2014 – Accepted: 30 June 2014 – Published: 11 July 2014

Correspondence to: E. C. Leedham Elvidge (emma.leedham@mpic.de)

Published by Copernicus Publications on behalf of the European Geosciences Union.

10673

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/11/10673/2014/bgd-11-10673-2014-print.pdf
http://www.biogeosciences-discuss.net/11/10673/2014/bgd-11-10673-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
11, 10673–10701, 2014

Bromocarbon
production during

seaweed desiccation

E. C. Leedham Elvidge et
al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

Exposure of intertidal macroalgae during low tide has been linked to the emission of
a variety of atmospherically-important trace gases into the coastal atmosphere. In re-
cent years, several studies have investigated the role of inorganic iodine and organoio-
dides as antioxidants and their emission during exposure to combat oxidative stress,5

yet the role of organic bromine species during desiccation is less well understood. In
this study the emission of dibromomethane (CH2Br2) and bromoform (CHBr3) during
exposure and desiccation of two common temperate macroalgae, Fucus vesiculosus
and Ulva intestinalis, is reported. Determination of the impact exposure may have on al-
gal physiological processes is difficult as intertidal species are adapted to desiccation10

and may undergo varying degrees of desiccation before their physiology is affected.
For this reason we include comparisons between photosynthetic capacity (Fv/Fm) and
halocarbon emissions during a desiccation time series. In addition, the role of rewetting
with freshwater to simulate exposure to rain was also investigated. Our results show
that an immediate flux of bromocarbons occurs upon exposure, followed by a decline15

in bromocarbon emissions. We suggest that this immediate bromocarbon pulse may
be linked to volatilisation or emissions of existing bromocarbon stores from the algal
surface rather than the production of bromocarbons as an antioxidant response.

1 Introduction

Seaweeds in intertidal habitats exhibit zonation patterns influenced by multiple abiotic20

and biotic factors. This includes the ability to tolerate desiccation during tidal emer-
sion, which tends to determine the upper shore limit of a species. Tidal variations in
exposure are natural and to survive in the intertidal region sessile organisms, including
seaweeds, have evolved mechanisms to withstand the rapid fluctuations in temper-
ature, light, salinity and nutrient availability that occur in the intertidal region. Studies25

have shown that seaweeds grow faster when continually submerged compared to those
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that are exposed during the daily tidal cycle (Williams and Dethier, 2005) strongly sug-
gesting that emersion causes a metabolic cost to the algae. A common physiological
response to stress is an increase in reactive oxygen species, ROS, and if these are
produced at a rate faster than the alga can quench them this can lead to oxidative
stress (Lesser, 2006). With many of the stress processes linked to exposure it is the5

combination of several factors that may cause significant physiological effects. For ex-
ample, a reduction in photosynthesis due to inorganic carbon limitation and damage to
photosystem II (PSII) reduces the energy available to regenerate antioxidants (Burritt
et al., 2002), thereby hindering the response to oxidative stress and reducing the ability
to cope with prolonged desiccation.10

Desiccation may form part of post-harvest processing for both wild and farmed sea-
weed species as in some cases biomass is left to dehydrate before further processing.
As this process often occurs in the open potential emissions of volatile halocarbons
are likely to have atmospheric impacts. The impact of emissions during this dehydra-
tion process is an important consideration when estimating emission budgets from15

seaweed aquaculture (Leedham et al., 2013).
Recent studies provide evidence that balanced stratospheric inorganic bromine (Bry)

budget requires a contribution to stratospheric Bry from short-lived bromocarbons of
mainly biogenic origin, such as dibromomethane (CH2Br2) and bromoform (CHBr3).
This suggests that biogenic bromine compounds may impact on tropospheric and20

stratospheric ozone chemistry (Montzka et al., 2010). As algae accumulate halides
from seawater and emit a range of organic halogenated species they are important
sources of CH2Br2 and CHBr3 (e.g. Carpenter and Liss, 2000; Gschwend et al., 1984;
Küpper et al., 2013; Leedham, 2013). It is believed that organic and inorganic halides,
in their role as antioxidants, may play a role in mitigating ROS damage (Collén et al.,25

1994) and therefore the macroalgal adaptation to tidal exposure. In several incuba-
tion experiments, production of polyhalogenated compounds was enhanced in the light
compared to the dark – evidence that halocarbon emissions could be linked to ROS
production during photosynthesis (Collén et al., 1994; Keng et al., 2013; Klick, 1993;
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Nightingale et al., 1995; Pedersén et al., 1996). Other studies report increased bromo-
carbon production with the addition of H2O2 (Collén et al., 1994; Küpper et al., 2013)
or decreased production with the addition of photosynthesis inhibitors (Goodwin et al.,
1997). Methyl halides, which do not scavenge H2O2, were not affected by light in the
Collén et al. (1994) study.5

It has been shown that variations in atmospheric abundances of polyhalomethane
concentrations (including bromocarbons) over seaweed beds correspond to tidal cy-
cles, together with bursts of iodine-containing particles at low tide (Carpenter et al.,
1999; Mäkelä et al., 2002; Nightingale et al., 1995). This was linked to increased
halocarbon production due to oxidative stress and an increased sea-air flux due to10

increased seawater concentrations as the water level decreased (McFiggans et al.,
2004). Much of the recent work in this field has focused on emissions of molecular io-
dine, I2, (e.g. Cainey et al., 2007; McFiggans et al., 2004; Palmer et al., 2005) and, until
recently, the role of brominated compounds in the antioxidant/stress response to des-
iccation remains poorly understood. A recent study by Küpper et al. (2013) found that15

there was no detectable bromine flux from Laminaria digitata under oxidative stress.
They also highlighted the complexity of the role bromine and bromocarbons may play
in macroalgae and that this role is not yet fully understood. A better understanding of
these processes is important for accurate quantification of coastal emission budgets,
especially in intertidal regions where algae are exposed for several hours each day and,20

moreover, in the case of seaweed harvesting. The latter is particularly pertinent given
global interest in seaweed farming as a source of chemical products and feedstocks,
biofuels, food and for carbon sequestration (Schlarb-Ridley and Parker, 2013).

Here we report the results of a suite of laboratory experiments aimed at improving our
understanding of CH2Br2 and CHBr3 emissions during seaweed exposure and desic-25

cation. The difference in emissions between two common temperate seaweed species,
Fucus vesiculosus and Ulva intestinalis, was investigated, as was the effect of rewet-
ting seaweeds with freshwater to mimic exposure to rainwater. This study also provides
the first time series of photosynthetic capacity alongside halocarbon emissions during
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desiccation with the aim of increasing our understanding of the links between photo-
synthetic stress and bromocarbon emissions.

2 Methodology

2.1 Sample collection

F. vesiculosus (whole, individual specimens, 5–13 g dry weight) and U. intestinalis5

(groups of fronds, 3–6 g dry weight) were collected at low tide from the intertidal re-
gion of West Runton beach, Norfolk, UK. These species were selected for their con-
trasting morphologies: F. vesiculosus is a perennial species with a differentiated frond
including tough, leathery blades and U. intestinalis is an annual with thin, tubular fronds
only a couple of cells thick. As the ability to cope with desiccation is a strong determi-10

nant in zonal positioning and the extent of an individual species’ range within the tidal
region (Lobban et al., 1985), samples were collected from the same 2 m strip of the
shore on each visit. For both species, care was taken to select intact specimens with
a healthy appearance free from visible wounding (e.g. grazing damage) or epiphytes.
Samples were returned to the laboratory, rinsed gently in artificial seawater (Seachem15

Marine Salt™ at a salinity of 32–34) and placed in a 35 L tank of aerated artificial sea-
water within 2 h. The tank was housed in a constant temperature room held at 13 ◦C
(±0.5 ◦C) with a light level of ∼180 µmol photons m−1 s−1 and a 14 : 10 h light : dark
cycle. Samples were used within one week of collection. Before experiments, sam-
ples were removed from the tank with a small volume of seawater and placed in the20

laboratory until the seawater temperature stabilised to laboratory temperatures. In all
experiments samples were weighed at the start and end of the experiment to deter-
mine “wet weight” (after careful blotting to remove excess water). Dry weights were
also measured after drying samples for three days in a 60 ◦C oven followed by one day
in a desiccator.25
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2.2 Desiccation apparatus

Halocarbon emission experiments were conducted using an in-house built system
shown in Fig. 1. The air flow (commercial cylinder scrubbed using with a hydrocar-
bon trap) to each flask was controlled individually via a series of Luer taps and flow
control valves (Fig. 1c and f). These allowed for two flow rates to be established before5

the experiment began and then selected via a switch of a valve during the experiment.
Two flow rates were used to provide a balance between the higher flow rates needed to
desiccate the sample (250 mL min−1, referred to henceforth as “desiccating flow”) and
flow rates suitable for sorbent tube sampling (70 mL min−1, referred to henceforth as
“sampling flow”).10

At the start of each experiment the air supply was used to flush air from the system
for at least 10 min. Flow to each flask was checked every 10 min during the first hour of
the experiment and at least every 30 min to 1 h thereafter using an electronic flow meter.
The 70 mL min−1 flow rate and 700 mL total sample volume were within the quoted “safe
sampling volumes” and recommended flow rate ranges given by Markes International15

(2008, 2012) for their sorbent sampling tubes. A thermometer attached to the frame
provided daily temperature readings and during the ∼5 month spread of experiments
temperature varied between 19–22 ◦C. One flask was always used as a control. As
tube sorption efficiency may be affected by air moisture levels (Markes International,
2012) a small volume of artificial seawater was added to the control flask and this flask20

was observed to still contain signs of moisture at the end of each experiment.

2.3 Sorbent tube sampling and analysis

To quantify halocarbon emissions at high resolution, thermal desorption tubes (Markes,
UK) were used. These contained three sorbents (in order of increasing sorbent
strength): Tenax TA, Carbograph 1TD and Carboxen 1000. As previous work (Hughes25

et al., 2012; 2009) established that trapping efficiency was improved with the use of cold
tubes, tubes were stored at −18 ◦C before use and were wrapped in reusable frozen
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gel packs (as used for sports injuries) to keep them cold for the duration of sampling.
The temperature within the gel packs was usually 0–2 ◦C with an occasional maximum
of 5 ◦C. To prevent post-sampling migration of bromocarbons between sorbents the
tubes were returned to the freezer until analysis. The majority of samples were anal-
ysed within 7 days of collection and all were analysed within 2 weeks. Sample stability5

of up to 16 months was reported by Hughes et al. (2009).
Samples were analysed using an automated Markes ULTRA™ multi-tube autosam-

pler and UNITY™ thermal desorption/sample preconcentration system following stan-
dard Markes protocols. Briefly, the ULTRA™ desorbed analytes from each tube at
300 ◦C for 5 min and transferred them in a flow of high purity helium along a short,10

insulated transfer line to the UNITY™ where they were concentrated on a trap (com-
mercially packed by Markes with glass wool, Tenax TA, Carbograph 1TD and Carboxen
1000) held at −10 ◦C. The cold trap was then heated to 300 ◦C for 15 min to desorb the
analytes into a flow of helium and transfer them along a 200 ◦C heated transfer line to
an Agilent 6890 gas chromatograph (GC) fitted with a 60 m DB-VRX capillary column15

(JandW Ltd.; 0.32 mm diameter, film thickness 1.8 µm). A 5973 Agilent mass spectrom-
eter (MS) in electron impact single ion mode provided quantification, and identification
of each halocarbon was via retention time comparison with a known standard using at
least two known mass fragments. ULTRA™ systems can hold up to 100 tubes, but as
the tubes are held at ambient temperature we loaded a maximum of 10 tubes at any20

one time to minimise losses or migration of halocarbons within the tubes. Each batch
of 10 tubes included one blank, 2–3 standards and 6–7 samples. Blank tubes were
used to verify the effectiveness of tube cleaning and storage and to monitor changes in
background bromocarbon levels in the system over time. No significant contamination
was observed in blank tubes during this study.25

Sample concentrations were calculated relative to a working air standard that had
been calibrated by intercomparisons with National Oceanographic and Atmospheric
Administration (NOAA) air standards as well as other University of East Anglia stan-
dards. The calculated error on the concentration based on these intercomparisons and
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the quoted NOAA values is 6.66 % for CH2Br2 and 7.43 % for CHBr3. Sorbent tubes
charged with labelled surrogate analytes, deuterated methyl iodide (CD3I) and 13C-
labelled dibromoethane (13C2H4Br2), purged from aqueous samples (Leedham et al.,
2013), were also used to monitor and account for any drift in system sensitivity. The
standards were trapped onto chilled sorbent tubes exactly as for sample collection to5

provide a calibration of the entire analytical system and standards were run roughly
every three tubes for a point concentration calibration. Multi-point calibration using la-
belled standards and varying volumes of gas standards demonstrated a linear system
response beyond the concentrations seen in our experiments.

2.4 Experiments10

Table 1 provides details of individual experiments conducted as part of this work. Codes
given in the first column will be used throughout the text for brevity. Experiments in-
cluded:

1. Halocarbon emission during desiccation. Seaweed samples were placed in the
desiccation system (Fig. 1) for varying periods of time. In UR1 and UR2 U. intestinalis15

specimens were rewetted with ∼50 mL of deionised water after a period of desiccation
varying from ∼3–8 h.

2. Mass loss during desiccation. Seaweed samples were desiccated in the same
manner as the halocarbon emission experiments with specimens removed at regular
intervals to be weighed. For this reason halocarbon emissions were not measured20

concurrently.
3. Photosynthesis experiments. A Walz PHYTO-PAM (Pulse-Amplitude-Modulation

fluorometer) with an Emitter-Detector-Fiberoptics Unit (EDF) attachment (commonly
used for periphyton/microphytobenthos measurements) was used to provide a mea-
sure of how stress affected PSII by comparing the dark-adapted fluorescence state25

with a light saturated state (achieved by application of a saturating light pulse to the
dark-adapted sample so that its reaction centres close). The resulting value, the max-
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imum potential quantum efficiency (Fv/Fm), is lower in stressed samples where more
reaction centres are already shut prior to light saturation and so there is less difference
between the two states. Due to the need to dark adapt samples before fluorescence
measurements were taken it was impractical to desiccate samples within the incuba-
tion chambers. Instead, samples were dried under the same light and temperature5

conditions but in shallow glass petri dishes (coated in black tape to block light from
the sides) on a lab bench. A household fan was used to provide movement of air to
aid desiccation and the temperature remained within the range of laboratory tempera-
tures given above. The first Fv/Fm measurement for each sample was made when the
specimen was submerged in a small volume of water from the seaweed storage tank.10

This water was then removed and the alga weighed. Periods of desiccation were inter-
spersed with periods of 15 min dark adaptation followed immediately by Fv/Fm mea-
surements. During UP2, light and temperature fluctuations in the lab were recorded (78
to 110 µmol photons m−2 s−1 and 22.5–23.5 ◦C respectively. Samples were weighed
periodically to provide an indication of mass loss.15

3 Results

3.1 Mass/water loss during desiccation

Results of the mass loss experiments are depicted in Fig. 2. We assume mass loss is
equivalent to water loss (as in Bravo-Linares et al., 2010) and take changes in mass
as a measure of the rate of desiccation. Two mass loss experiments (FM1 and FM2)20

were performed on F. vesiculosus and the results were similar. Both the total percent-
age water loss and the percentage loss rate per hour were greater for U. intestinalis
than F. vesiculosus. FM and UM experiments were designed to replicate the pattern of
desiccating and sampling flow rates of both short (FS/US) and long (FL/UL) halocar-
bon experiments with a sampling rate of ∼3 samples an hour up for the first 3 h of the25

experiment and ∼1 sample an hour for the remainder.
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3.2 Fv/Fm changes during desiccation

Changes in Fv/Fm during desiccation of both species can be seen in Fig. 3. As Fv/Fm
experiments were conducted under different conditions to mass loss and halocarbon
experiments (Sect. 2.4) mass changes during Fv/Fm experiments are also shown in
Fig. 3 for comparison. Initial measurements of all replicates in our experiments, made5

when the specimens were submerged in a small volume of seawater, were ∼0.7. As
environmental factors and history can play a role in determining Fv/Fm (Walz, 1998)
care must be taken when comparing Fv/Fm results between studies. Our starting Fv/Fm
values, nevertheless, compare well with previous studies which report Fv/Fm values
for healthy F. vesiculosus and U. intestinalis samples of ∼0.7–0.8 (Lewis et al., 2001;10

Magnusson, 1997; Pearson et al., 2000).
In FP1 and UP2 Fv/Fm remained stable for some time before beginning to decline

in hours 3–5 (Fig. 3a and c). In UP1 (Fig. 3b) Fv/Fm began to decrease earlier but
still remained fairly constant within the first hour of the experiment. The difference be-
tween UP1 and UP2 may be attributable to different light levels on the sampling day,15

inherent biological variability or different environmental histories of the samples col-
lected. Previous studies investigating oxidative bursts show the initial burst to be the
largest (Küpper et al., 2001), suggesting that samples with different stress histories
may respond differently to laboratory stresses. Mass loss measured during the Fv/Fm
experiments showed substantial water loss within this first hour, supporting the results20

from the FM and UM mass loss experiments. These results show that, despite signifi-
cant water losses within the first hour of desiccation (19–25 % for FP1 and 15–31 % for
UP1, mass of UP2 was not re-measured until 2 h into the experiment), photosynthetic
capacity was unaffected. Mass losses of 40–50 % were observed by the time Fv/Fm val-
ues in FP1 and UP2 began to decline. The delay in the decline in the Fv/Fm response25

suggests that the initial burst in halocarbon emissions (Sect. 3.3) are not related to the
photosynthetic health of the plants, this will be discussed further in Sect. 4. The overall
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pattern of decrease observed during these experiments fits with previous studies that
report decreasing photosynthesis during desiccation (e.g. Peña et al., 1999).

3.3 Bromocarbon emissions during desiccation

The bromocarbon concentrations observed in the desiccation flasks during the FS, FL,
US and UL experiments are shown in Figs. 4 (FS and FL) and 5 (US and UL). Refer5

to Table 1 for descriptions of individual experiments and replicates. Experiments are
displayed relative to total flow volume (not time) to standardise between experiments
with different sampling procedures and therefore exposures to different volumes of air.
All specimens demonstrated bromocarbon emissions whilst control flasks maintained
low concentrations, 0–2 ppt for CH2Br2 and 0–3.7 ppt for CHBr3, for the duration of10

the incubations. Variation in the magnitude of emissions varied considerably between
some algal specimens, even those collected from the same location at the same time.
For example the maximum concentration observed for replicate FL1a was around four
times higher than that seen in replicate FL1b (∼100 ppt compared to ∼25 ppt, Fig. 4).
These variations are not proportional to the variations in the mass of individual repli-15

cates (Table 1). Variation between individual algal specimens is not unexpected as it
has been reported in previous desiccation studies (Ball et al., 2010) and was discussed
in detail in Leedham et al. (2013).

Five experiments (FS1 to 3 and US1 and 2) started with the algal specimen in the
incubation flask still submerged in seawater so that the immediate effect of exposure20

could be observed. In FS1 to 3 (Fig. 4) concentrations increased after exposure and
began to plateau or decrease within the 2–3 h duration of these experiments. The ex-
tremely low concentrations when the algae were submerged are likely due to the fact
that a constant flow of gas passed through the flask headspace and the flux of bro-
mocarbons from the seawater to the air was not sufficient to cause an increase in25

bromocarbons during the residence time of the air. Upon exposure, bromocarbons on
or close to the surface of the algae could flux directly to the headspace, leading to an
increase in observed concentrations as well as the immediate peak seen in experi-
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ments where samples were exposed from the start of the experiment (FL1 and FL2,
Fig. 4). In FL1 and FL2 bromocarbon concentrations began to decline after the first
sample (within the first hour). In FL2 a second peak was observed after about 4 h of
desiccation, although only in one sample. In both FL experiments the majority of sam-
ples concentrations had reached, or were close to, control levels within 5 h of exposure5

(Fig. 4). Short (FS1 to FS3) and long (FL1 and FL2) experiments differed in that FL1
and FL2 exposed the algal specimens to longer periods of high “desiccating” flow rates
as samples were taken once per hour (Table 1). This difference may play a role in
the different bromocarbon responses seen between FS and FL experiments. No differ-
ences in the range of concentrations were observed between FS and FL experiments10

(or US and UL experiments). For example, the range of observed CH2Br2 concentra-
tions was around 0–100 ppt in all F. vesiculosus experiments (FS1 to FS3 and FL1 and
FL2, Fig. 4).

US1 and US2 (Fig. 5) showed similar patterns to F. vesiculosus experiments, with
a peak in bromocarbon emissions within the first couple of hours. UL1 (Fig. 5) showed15

sustained halocarbon concentrations that were not seen in the FL experiments with
concentrations of both CH2Br2 and CHBr3 remaining similar to starting concentrations
up to 5–7 h after the experiment began. All experiments showed similarities between
CH2Br2 and CHBr3 emission patterns. This is not unexpected given that incubation
studies have demonstrated good correlation between production rates due to these20

bromocarbons sharing the same production mechanism (Manley, 2002).
Our results show that, for many of the replicates, the majority of the halocarbon

“response” (increasing concentrations or peaks in bromocarbon emissions) began im-
mediately or within the first hour of exposure. This does not correlate with the Fv/Fm
response, outlined in the previous section.25

3.4 Rewetting experiments

To investigate the impact of freshwater (e.g. rainfall) rewetting on bromocarbon emis-
sions two experiments (UR1–2) were conducted on U. intestinalis. The addition of water
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will impede the halocarbon flux as halocarbons partition first to the aqueous phase and
then flux to the headspace. We attempted to minimise this factor by adding enough
water to fully rewet each specimen without creating a large depth of water above the
algae. The results for CH2Br2 and CHBr3 can be seen in Fig. 6. The length of desic-
cation prior to rewetting varied from 3.5 h for UR1 and ∼8 h for UR2, and this possibly5

contributed to the differences in the magnitude of halocarbon response observed upon
rewetting. In UR2 a slight increase in both CH2Br2 and CHBr3 was observed, however,
this is of no greater magnitude than other fluctuations observed during the desiccation
process (Fig. 5). UR1, however, demonstrated a larger increase in both CH2Br2 and
CHBr3 emissions after freshwater rewetting. The increase in emissions was observed10

over several samples and rose to over half the maximum emission near the start of the
experiment, showing a response above the variation seen in the previous U. intesti-
nalis experiments (US1 and 2, UL1, Fig. 5). At the end of the UR1 sampling period
concentrations of CH2Br2 and CHBr3 in the flasks appeared to still be increasing. How-
ever, due to the natural variability in algal emissions, as demonstrated in Figs. 4 and15

5, further experiments are needed to determine a conclusive response to freshwater
rewetting. Emission patterns pre-rewetting in UR1 and UR2 (Fig. 6) act as replicates for
UL1 (Fig. 5) as they were conducted in the same manner. They also show emissions
taking longer to decrease than seen in the F. vesiculosus experiments.

4 Discussion20

Previously published bromocarbon desiccation studies focused on natural halocarbon
production mechanisms in coastal waters and did not concentrate on the timescale of
emissions. Two studies (Bravo-Linares et al., 2010; Nightingale et al., 1995) desiccated
algae for several hours but measurements were made to monitor the resubmergence of
seaweeds after exposure and not during exposure itself. A pulse of halocarbon emis-25

sions into seawater upon reimmersion was reported by Nightingale et al., whereas
Bravo-Linares et al. reported a general increase in iodinated compounds but a general
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decrease in brominated compounds compared to samples that had not undergone des-
iccation. As physiological stress or damage can be caused by reimmersion as well as
exposure (because rehydration alters the cell membrane leading to a flux of ROS upon
reimmersion; Collén and Davison, 1999), this response could be linked to stresses
associated with reimmersion as well as desiccation.5

Both F. vesiculosus and U. intestinalis showed relatively linear patterns of water loss,
as seen in previous studies (Bravo-Linares et al., 2010; Ji and Tanaka, 2002). U. intesti-
nalis dried faster, losing ∼50 % of its water after 4 h compared to ∼35 % for F. vesiculo-
sus, in line with Lüning (1990) who reported 20–30 % water loss for fucoid species after
4 h. This may be due to its thinner thallus form allowing for faster water loss. In con-10

trast to our results, Bravo-Linares et al. (2010) found that U. intestinalis was better than
F. vesiculosus at retaining water due to its structure, trapping water between its fronds
to prevent it drying out. In our study, U. intestinalis was spread out to form a thin mat,
potentially negating the benefits conveyed by the multiple fronds trapping water. The
U. intestinalis mat could increase the surface area of the alga exposed to desiccation15

(Davison and Pearson, 1996), making the U. intestinalis in our study more like flatter
Ulva species, such as U. lactuca and U. pertusa, which had higher rates of water loss
in previous studies due to their larger surface area (Bravo-Linares et al., 2010; Ji and
Tanaka, 2002). This result demonstrates that differences between in situ and laboratory
conditions may affect experimental outcomes. It also provides a potentially interesting20

example of how artificial desiccation, for example during drying of harvested algae to
create a market product, may vary from natural tidal desiccation. During commercial
drying processes the algae are often spread into thin mats to increase the speed of
drying and ensure drying occurs before onset of decay. This will increase the rate at
which the algal biomass dries and so increase the rate of exposure to stress.25

Our results are novel in combining Fv/Fm (photosynthetic capacity) time series mea-
surements with halocarbon emissions. Overall patterns in Fv/Fm were similar between
F. vesiculosus (FP1) and U. intestinalis (UP1 and UP2). During the first hour Fv/Fm
values for all FP and the majority of UP1 and UP2 replicates showed Fv/Fm values that
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remained relatively constant or even increased slightly. This slight increase has been
reported by others (Kumar et al., 2011; Peña et al., 1999), and has been attributed
to a greater demand for energy by desiccation tolerance mechanisms or an increased
availability of CO2 as diffusion into the cell is enhanced. Decreases in Fv/Fm began af-
ter an hour for some replicates (e.g. in UP1). In other replicates large decreases were5

not noted until several hours into the experiment. One prior study reported Fv/Fm mea-
surements during trace gas emission desiccation experiments (Nitschke et al., 2011,
studying L. digitata). They measured at two time points only (t = 0 and 180 min). A sig-
nificant decrease was seen in this time, although the magnitude of the decrease was
small, 3 %, compared to the decline we observed after further desiccation, supporting10

the idea that larger decreases in Fv/Fm do not begin until several hours of desiccating
conditions. A decrease in Fv/Fm occurs as inorganic carbon becomes limited, oxidative
damage affects the photosynthetic apparatus and electron flows between photosystem
1 (PSI) and PSII are interrupted (Kumar et al., 2011; Sampath-Wiley et al., 2008).
Although U. intestinalis dried quicker than F. vesiculosus, decreases in Fv/Fm varied15

between experiments; decreasing quicker for U. intestinalis compared to F. vesiculosus
in UP1 but not in UP2.

In many of the experiments the bromocarbon response to desiccation was a short-
lived pulse of emissions within the first few hours of exposure. The quick bromocarbon
pulse suggests that existing bromocarbon stores are released during exposure rather20

than being produced as a direct response to oxidative stress. This supports recent find-
ings by Küpper et al. (2013) who found iodide, not bromine, to be the major antioxidant
in L. digitata. The prolonged emissions from U. intestinalis may be due to the fact it
is known to produce higher quantities of CH2Br2 and CHBr3 compared to F. vesiculo-
sus and so might have greater bromocarbon reserves to release (Carpenter and Liss,25

2000). As U. intestinalis has a faster rate of water loss during desiccation, volatilisation
of halocarbons from the algal surface or surface water layer are likely to be greater.
Also, as U. intestinalis may be subjected to a higher level of oxidative stress (due to
the faster rate of water loss) and if bromocarbons do contribute to the antioxidant re-
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sponse their emissions are likely to be greater and more prolonged from U. intestinalis
compared to F. vesiculosus.

Other possible causes for the decrease in bromocarbon emissions after the initial
pulse, mainly halide or carbon/energy limitation, are unlikely to play a major role on
the timescale of our experiments. As seaweeds concentrate halides from seawater5

in high concentrations (Saenko et al., 1978) halide limitation probably does not drive
the observed decrease. A previous study on the rhodophyte Stictosiphonia arbuscula
reported a decreasing ability to regenerate antioxidants (specifically the ascorbate-
glutathione antioxidant response) when desiccation persisted for 12 h or more due to
nutrient limitation (Burritt et al., 2002), a longer timescale than used in our experiments.10

Rewetting in freshwater causes an extra osmotic stress to the cells (Lobban et al.,
1985) and the results of the rewetting experiment UR1 suggest that bromocarbon
emissions increase upon freshwater rewetting. It should be noted that U. intestinalis
is a salinity-tolerant species found in a wide range of salinities in the natural environ-
ment (Edwards et al., 1988). Therefore the response of U. intestinalis to freshwater15

rewetting may not represent that of all species.

5 Conclusions

The emission of two important biogenic bromocarbons, CH2Br2 and CHBr3, was
observed during the desiccation of two common temperate macroalgae species,
F. vesiculosus and U. intestinalis. A rapid pulse in bromocarbon emissions was seen20

within 10 min of exposure and, in most cases, either peaked or came to a plateau
within 1–3 h or decreased immediately. In contrast, decreases in Fv/Fm only began
2.5 h into the desiccation period, and mass loss was steady throughout the experi-
ments. From these results, we attribute the immediate pulse in bromocarbons to an
emission or volatilisation of existing halocarbon stores from on or near the surface of25

the alga upon exposure. The rapid decrease in emissions suggests that bromocarbons
may not be actively produced as a response to oxidative stress, in the same manner as
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I2, supporting previous studies (Küpper et al., 2008, 2013). The prolonged emissions
of bromocarbons from U. intestinalis over 6–8 h could be due to a greater production of
bromocarbons compared to F. vesiculosus (Carpenter and Liss, 2000) creating higher
concentrations of bromocarbons at/near surface to be volatilised/emitted during desic-
cation.5

Preliminary experiments investigating the impact of freshwater rewetting on bromo-
carbon emissions suggest that rewetting may lead to an increased emission of bromo-
carbons dependent on the length of exposure time prior to rewetting. However, due to
the high variability in natural emissions further experiments in this area are required.

Previously, we (Leedham et al., 2013) estimated annual emissions from tropical10

macroalgae aquaculture without taking into account emissions post-harvesting (mainly
emissions from open-air drying). The results from this study suggest post-harvest des-
iccation may not greatly increase bromocarbon emission budgets from aquaculture.
However, as our experiments ran for a maximum of 8 h, compared to several days
of desiccation in an aquaculture environment, further investigation into the effects of15

long-term exposure is warranted.
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Table 1. A summary of the desiccation experiments conducted as part of this study.

Codea Description # Repli-
cates

# control
samples

Specimen
mass (g)b

Description

Halocarbon production

FS1 1 1 7.9 Samples taken every 10 min for 2 h;
submerged for first 3 samples.

FS2 F. vesiculosus short desiccation 1 1 13.0 Samples taken every 10 min for 3 h;
submerged for first 2 samples.

FS3 1 1 6.6 As FS2.

FL1
F. vesiculosus long desiccation

2 1 5.2 and 7.9 Samples taken every 20 min for 8 h.
FL2 2 1 6.6 and 7.2 Samples taken every 20 min for 5 h

US1

U. intestinalis short desiccation

1 1 6.0 Samples taken every 10 min for 2 h;
submerged for first 2 samples.

US2 1 1 4.0 Samples taken every 10 min for 3 h;
submerged for first 2 samples.

UL1 U. intestinalis long desiccation 2 1 3.2 and 3.0 Samples taken every 20 min for 8 h.

UR1 2 1 4.4, 4.4 Samples taken hourly for 3.5 h> specimens
U. intestinalis desiccation fol- rewetted> samples taken every 10 min for 2.5 h.

UR2 lowed by rewetting in freshwater 2 1 3.4, 5.0 Samples taken every 20 min for 8 h> specimens
rewetted> samples taken every 10 min for 2 h.

Mass loss during desiccation experiments

FM1 3 n/a 6.0, 10.7 and 9.7 As for halocarbon production experiments but
F. vesiculosus mass loss specimens weighed 3 times an hour.

FM2 2 n/a 9.7 and 12.1

UM U. intestinalis mass loss 3 n/a 4.3, 4.8, 3.8

Fv /Fm experiments

FP F. vesiculosus photosynthetic
performance during desiccation

3 n/a 13.8, 10.5
and 12.1

Specimens dried on laboratory bench in petri
dishes. Fv/Fm samples taken twice an hour.

UP1 U. intestinalis photosynthetic 3 n/a 4.6, 2.4 and 3.0
UP2 performance during desiccation 3 n/a 3.0, 3.6 and 3.2

a Code describes experiment as follows: first letter= species (F=F. vesiculosus, U=U. intestinalis), second letter=experiment type (S= short (3 h or
less) desiccation, L= long desiccation, R= rewetting, M=mass loss and P= Fv/Fm experiment), number= individual experiments conducted at
different times. Lower-case letters used in the main body of the text (e.g. FL1a, FL1b) refer to replicates within these individual experiments.
b Mass is fresh weight at start of experiment.
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Figure 1. Desiccation system, comprising: A – hydrocarbon trap. B – pressure release valve. C
– flow control system; system comprises two three-way valves and two needle valves allowing
either a high or low flow to be selected. D – Luer taps to turn flow on/off to individual flasks.
E – mini hose clamp to control flow through Tygon® tubing to each flask. F – (smaller) flow
control system 2, see C. G – rubber bung and glass inlet and outlet tubes (arranged at different
heights to ensure air circulation through the whole flask). H – 1 L wide-necked glass Duran®

incubation vessel (seaweed sample placed on bottom of flask). I – 1/4 inch Ultra-torr fitting
outflow, sorbent tubes or flowmeter connected here.
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FIGURES 699 

 700 

 701 

Figure 1. Desiccation system, comprising: A – hydrocarbon trap. B – pressure release valve. C – flow control 702 

system; system comprises two three-way valves and two needle valves allowing either a high or low flow to 703 

be selected. D – Luer taps to turn flow on/off to individual flasks. E – mini hose clamp to control flow 704 

through Tygon® tubing to each flask. F – (smaller) flow control system 2, see C. G – rubber bung and glass 705 

inlet and outlet tubes (arranged at different heights to ensure air circulation through the whole flask). H – 1 l 706 

wide-necked glass Duran® incubation vessel (seaweed sample placed on bottom of flask). I – ¼ inch Ultra-707 

torr fitting outflow, sorbent tubes or flowmeter connected here. 708 

 709 

 710 

Figure 2. Mass (water) loss during desiccation of a) F. vesiculosus (FM1 in black and FM2 in grey) and b) U. 711 

intestinalis (UM). Three replicates were used for each experiment (see Table 1) and these are denoted by 712 

different marker shapes. Open shapes show dry mass of each sample (see Section 2.1). Vertical lines = 1 hour 713 

intervals from start (0 hours) of desiccation. 714 

Figure 2. Mass (water) loss during desiccation of (a) F. vesiculosus (FM1 in black and FM2
in grey) and (b) U. intestinalis (UM). Three replicates were used for each experiment (see
Table 1) and these are denoted by different marker shapes. Open shapes show dry mass of
each sample (see Sect. 2.1). Vertical lines=1 h intervals from start (0 h) of desiccation.
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 715 

Figure 3. Fv/Fm and mass changes during desiccation of (a) F. vesiculosus and (b, c) U. intestinalis. Fv/Fm 716 

values are shown in the left column, mass loss in the right. Symbols represent the three biological replicates 717 

used in each experiment, see Table 1 for further details. 718 

 719 

Figure 3. Fv/Fm and mass changes during desiccation of (a) F. vesiculosus and (b, c) U. in-
testinalis. Fv/Fm values are shown in the left column, mass loss in the right. Symbols represent
the three biological replicates used in each experiment, see Table 1 for further details.
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 720 

Figure 4. Bromocarbon concentrations (ppt) observed in flasks during desiccation of F. vesiculosus. Changes 721 

are shown relative to total flow (l) for easier comparison between experiments that used different flow 722 

regimes (Section 2.2/Table 1). Experiments conducted at different times are denoted by individual numbers 723 

(e.g. FS1, FS2). Within these experiments replicates in different flasks (Fig. 1) are denoted by individual 724 

letters (FL1a, FL1b), see Table 1 for further details. Error bars are taken from the daily variations in 725 

calibration standards. Vertical lines = 1 hour intervals from start (0 hours) of desiccation. For experiments 726 

that began with submerged seaweed samples the exposure point is marked with a triangle. 727 

 728 

 729 

 730 

Figure 4. Bromocarbon concentrations (ppt) observed in flasks during desiccation of F. vesicu-
losus. Changes are shown relative to total flow (L) for easier comparison between experiments
that used different flow regimes (Sect. 2.2/Table 1). Experiments conducted at different times
are denoted by individual numbers (e.g. FS1, FS2). Within these experiments replicates in
different flasks (Fig. 1) are denoted by individual letters (FL1a, FL1b), see Table 1 for further
details. Error bars are taken from the daily variations in calibration standards. Vertical lines=1 h
intervals from start (0 h) of desiccation. For experiments that began with submerged seaweed
samples the exposure point is marked with a triangle.
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Figure 5. Bromocarbon concentrations (ppt) observed in flasks during desiccation of U. intestinalis (US and 732 

UL experiments). As Fig. 4. 733 

 734 

 735 

Figure 6. Desiccation of U. intestinalis followed by rewetting (URFW experiments). Changes are shown 736 

relative to total flow (l). Experiments conducted at different times are denoted by individual numbers (e.g. 737 

US1, US2). Within these experiments replicates in different flasks (Fig. 1) are denoted by individual letters 738 

(UL1a, UL1b), see Table 1 for further details. Error bars are taken from the daily variations in calibration 739 

standards.  740 

 741 

Figure 5. Bromocarbon concentrations (ppt) observed in flasks during desiccation of U. intesti-
nalis (US and UL experiments). As Fig. 4.
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 741 

Figure 6. Desiccation of U. intestinalis followed by rewetting (URFW experiments). Changes
are shown relative to total flow (L). Experiments conducted at different times are denoted by in-
dividual numbers (e.g. US1, US2). Within these experiments replicates in different flasks (Fig. 1)
are denoted by individual letters (UL1a, UL1b), see Table 1 for further details. Error bars are
taken from the daily variations in calibration standards.
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