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Abstract

Marine sediments play an important role in the global carbon cycle, where
they are ultimately important for recycling of carbon. At the sediment-water interface
carbon is in constant movement both into and out of the sediment. However some
environments are more important for the natural storage of carbon. Over long time
scales this process has a role in climate regulation. Measuring the total O2 uptake
represents a good proxy for the turnover of organic material at the sediment surface
in oxygenated sediments, and equally the release of O2 represents benthic primary
production. Many important biological processes are regulated by the availability of
O2 at the seabed including: fauna composition and activity, phosphate exchange,
nitrogen cycling and burial of organic material. Understanding of the rate and
efficiency at which carbon turnover is occurring in marine sediments provides a
valuable insight to the regulatory role they play in climate control.
Investigation of marine sediments is best done in situ where possible, and the
development of benthic “landers” has allowed measurements to be conducted at the
sediment-water interface. Most recently, a novel approach known as “Eddy
Correlation” (EC) has been developed. It allows quantification of the O2 exchange
across any surface from simultaneous measurements of vertical velocity flow and
oxygen concentration within the benthic boundary layer. The large sediment area
accounted for; the high measuring frequency and the non-invasive nature are
theoretical advantages over traditional methods such as benthic chamber incubations
and O2 microprofiles. This study has shown that it is difficult to achieve consistent
and improved measurements using EC compared to traditional methods due to the
complex nature of the equipment and data analysis. Data does suggest that EC can
be a strong complimentary tool for benthic carbon exchange studies.
This project presents the first use of this technology across a range of benthic
environments, from temperate coastal sediments and maerl beds to high-Arctic
sediments and sea-ice. The method has allowed accurate quantification of the
benthic remineralisation rates and carbon turnover efficiency in the coastal and maerl
environments, but less so for the more complex under sea ice and cold Arctic
environments. Rates presented agree well with other published studies documenting
the use of this state-of-the-art technology.
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Key Term Definitions
ADV – Acoustic Doppler Velocimeter
Anoxia – zero oxygen conditions (0% saturation)
Autotroph – organism capable of fixing their own organic carbon for energy using either
sunlight or inorganic/organic substances
Benthos – Seabed environment
Benthic chamber – Enclosure for conducting O2 exchange measurements on the seabed
Biogeochemistry – Study of the biological, geological and chemical processes occurring in
the seabed and water column
Chemoautotroph – autotroph which utilises inorganic/organic substances for energy gain
CTD – Conductivity, temperature and depth sensing instrument
DIC – Dissolved Inorganic Carbon
DOU – Diffusive Oxygen Uptake
Eddy Correlation – Novel in situ benthic O2 exchange measurement sytem
Elinor – O2 chamber incubation benthic lander system
Eutrophic – trophic status of an environment with high nutrient levels
Flux – Net movement of a substance per area per time
GPP – Gross Primary Production
Heterotroph – organism unable to fix their own organic carbon for energy but requires
carbon for growth/energy
Hypoxia – low oxygen conditions (1 – 30% saturation)
Lander – Autonomous vehicle for delivery of scientific instruments to the seabed
Lithotroph – subgroup of chemoautotrophs who use mineral based inorganic substances for
energy gain
Microelectrode – Sensor for small scale measurement of various parameters, such as O2,
N2, H2S and pH
NPP – Net Primary Production
Oligotroph – organism adapted to life in low nutrient environments
Oligotrophic – trophic status of an environment with low nutrient levels
OPD – Oxygen Penetration Depth
Optode – Optical sensor for measurement of O2 concentration
PAR – Photosynthetically Active Radiation
Pelagic – Water column environment
Photoautotroph – autotroph which utilises sunlight for energy gain

Picoamplifier – Amplifies picoamp signal from O2 microelectrode to milliamp signal for the
ADV
Profilur – O2 microprofiling benthic lander system
TOU – Total Oxygen Uptake
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Chapter 1 – Introduction

2

1.1 Biogeochemical cycling

3

There are numerous biologically important elements present on Earth. These

4

elements are in a continual cycle between their respective sinks and reservoirs, as

5

well as the biospheres where they are ultimately utilised. Such elements include

6

organic carbon, oxygen, nitrogen, sulphur and other biologically important nutrients

7

such as ammonium, phosphate and nitrate/nitrite. Naturally occurring trace metals

8

such as iron, manganese, zinc, copper and nickel also cycle through their own sinks

9

and reservoirs (Morel and Price 2003). Global cycles of these elements include the

10

atmosphere, biosphere, hydrosphere and lithosphere. This thesis will focus primarily

11

on the cycling of organic carbon within the oceanic compartment of the hydrosphere.

12

Carbon enters the ocean’s surface waters as gaseous CO2 which is then

13

utilised by photosynthetic organisms in primary production of organic carbon. By a

14

variety of water column biogeochemical processes, the carbon eventually reaches

15

the sediment where the benthic environment then plays an important role in the re-

16

mineralization and storage of carbon (Figure 1) (Seiter et al. 2005).

18

17
18

Figure 1: Schematic showing the various sources of organic matter to the oceans, and the basic

19

processes occurring leading to the introduction of organic carbon to the sediment.

20

Oxygen is a central molecule in the re-mineralization reactions that make up

21

the early steps of the diagenetic processes responsible for the degradation of organic

22

material (Berner 1980). The carbon cycle in the marine environment (both the pelagic

23

and benthic compartments) is driven by the production of organic matter (OM), such

24

as body tissues, faecal pellets, dead tissue and other excretions, and through

25

photosynthesis in the euphotic zone (the zone of the upper water column where

26

enough light penetrates to sustain photosynthesis). The majority of OM produced in

27

the ocean is recycled within the upper 1000m of the pelagic compartment, with the

28

rest being transported to the seafloor through sedimentation of particulate organic

29

matter (POM) in the shallow shelf environments, with ~ 1 – 2 % reaching the

30

sediment in the open ocean. Oxygen is produced during photosynthesis and

31

consumed by bacterial degradation processes and faunal respiration. Measuring the

32

flux of O2 between the sediment and overlying water provides a good proxy for
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33

carbon turnover in marine sediments (Glud 2008). This is not always true however,

34

for example in hypoxic or anoxic environments; O2 does not provide the best proxy.

35

The Redfield Ratio (Redfield 1934) explains that carbon, nitrogen and phosphorus

36

are in ratio with each another. It is by this ratio that the movement of carbon can be

37

determined by measuring O2. And by the same fact, nitrogen could also be a

38

potential proxy measurement for use in anoxic/hypoxic environments (by measuring

39

denitrification). This section of the literature review will focus on the importance of O2

40

in the benthic biogeochemical cycling of biologically important elements, with a main

41

focus on the carbon cycle. The importance of the benthic carbon cycle will be

42

investigated, as well as its controls and its role within the global carbon cycle. I will

43

also look at the role of O2 as a proxy for the re-mineralization of organic carbon within

44

the marine environment.

45

Many marine biogeochemistry studies focus on how organic carbon is

46

transported, produced, stored and released throughout the marine environment, and

47

the role that organisms, sediments and hydrography play in those processes

48

(Canfield 1994; Canfield et al. 1993; Thamdrup and Canfield 2000). There is great

49

need for better understanding of what effects anthropogenic activities, such as

50

burning of fossil fuels, may have on global carbon cycling as marine sediments play

51

an important role in maintaining the balance of CO2 in the atmosphere, and changes

52

in the carbon content of marine sediments could consequently have climatic impacts

53

either through increased storage or increased release of CO2. Therefore

54

understanding the role marine sediments are playing within global carbon cycling is

55

important, so that their role in global warming and climate change is understood.

56

While climate change and its causes is not within the scope of this thesis, long term

57

effects on climate are controlled by biogeochemical processes occurring within the
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58

sediments of the world’s oceans. Here I will review why the marine benthic

59

environment has such an important role in global and local carbon cycling.

60

The global carbon cycle is the name given to all the fluxes of carbon between

61

the atmosphere, lithosphere, hydrosphere and the terrestrial biosphere. These

62

spheres are all linked and carbon exchanges between each of them (Figure 2).

63

Undoubtedly human activities have increased the concentrations and volumes of

64

inorganic carbon being released into the atmosphere, mainly through fossil fuel

65

combustion, concrete production and deforestation. A knock-on effect for the marine

66

environment is increased partial pressure of CO2 (pCO2) in the atmosphere, which

67

could result in increased diffusion of CO2 into the oceans. By increasing the CO2

68

concentration in the ocean, there is more CO2 to ionise into bicarbonate (HCO3-) and

69

carbonate (CO32), thereby lowering the pH in the oceans which could have

70

detrimental effects on organisms that rely on the current balance of the carbonate

71

system (Doney et al. 2009; Orr et al. 2005) for shell and frustule production, such as

72

coccolithophores, foraminifera and molluscs. Increased CO2 within the oceans and

73

the effects of this on pH etc. is known as ocean acidification. The effects of ocean

74

acidification and methods of studying such effects are out with the scope of this

75

project; however it is important to understand potential effects of human activities on

76

general biogeochemistry as the processes are ultimately linked.
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77
78
79

Figure 2: Schematic showing the interactions between each sphere in terms of biogeochemical cycling of
nutrients and elements. The strong linking between each of the four main spheres is clear to see.

80

The cycle of carbon within the marine environment starts with the transport of

81

atmospheric CO2 into the surface waters of the oceans. As mentioned above, this is

82

rapidly dissolved forming carbonic acid, which in turn is ionised into bicarbonate and

83

carbonate ions. The ionisation of CO2 into the bicarbonate and carbonate ions is in

84

equilibrium as shown in Error! Reference source not found..

85

Equation 1

86

CO2 (aq) + H2O ↔ H2CO3 ↔ HCO3- + H+ ↔ CO32- +2H+

87

The equilibria above are, over time spans of years to decades, driven by the

88

physic-chemical processes which control the solubility of CO2 in seawater, primarily

89

temperature and alkalinity (Raven and Falkowski 1999). The total sum of the

90

inorganic carbon ([CO2] + [HCO3-] + [CO32-]) within the water column is now termed

91

dissolved inorganic carbon or DIC. Global concentration of DIC in seawater is ~2.3

92

mmol kg-1.The proportion of DIC made up of each ion is controlled by the alkalinity

93

and temperature of the water, with bicarbonate making up >85% of DIC. The reaction

94

is in constant equilibrium and therefore acts as a natural pH buffer by transforming
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95

bicarbonate and carbonate ions into CO2 to maintain pH 8 - 9. Photosynthesis by

96

primary producers utilises DIC alongside light energy to create biological energy.

97

This leads to the formation of more biomass, which produces faecal matter, and

98

ultimately dead tissue. Along with other organic detritus this forms what is termed

99

marine snow, or POM (Alldredge and Silver 1988). This descends through the water

100

column very slowly. Particles of this matter can aggregate together which increases

101

the mass and therefore the sinking rate. Inorganic matter such as opal, calcite and

102

the calcium carbonate remains of dead diatoms, coccolithophores etc. can act as

103

“ballast” to sinking POM, again increasing the sinking rate. In areas where the water

104

column is well mixed (and therefore well oxygenated), most of the POM is degraded

105

and then re-oxidised, releasing DIC, within the water column however a portion will

106

reach the sediment. Degradation still occurs in less oxygenated water, but by other

107

degradation pathways. The amount of organic material reaching the seafloor varies

108

depending on the water column depth e.g. ~1 – 2 % for open ocean and up to ~50 %

109

or more for shallow coastal sediments (<1000 m). Upon reaching the sediment

110

surface, organic carbon is incorporated into the sediment matrix by a number of

111

processes including respiration, assimilation, adsorption to argillaceous particles

112

(mineral particles with high clay concentrations) and condensation to geopolymers.

113

The products then enter the re-oxidation pathways that transform organic carbon into

114

inorganic carbon that is released as DIC from the sediments, thus completing a cycle

115

of carbon into and out of the sediment. The main difference between the sediment

116

cycling compared to the water column is that a portion of the organic carbon that

117

reaches the sediment is buried, thus removing it from the global carbon cycle. In an

118

age where human activities are producing more CO2 than can be naturally recycled,

119

areas of natural carbon burial are regarded as very important. This process is also

120

important geologically, as the balance between re-mineralization and burial of carbon
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121

has implications for our climate, and is one of the reasons the atmosphere has the

122

current gas composition (Berner 1990; Berner 2001).

123

This burial of carbon is most important in shelf sediments (up to 80%

124

(Kamenos et al. 2004b)) which tend to be much more active, and receive a higher

125

proportion of water column derived POM than deep sea sediments because the

126

shallower water depth leaves less time for pelagic degradation to take place before

127

POM reaches the sediment. Overall this means that marine sediments, be they deep

128

sea or shallow shelf, are important for the removal of carbon from the global carbon

129

cycle, which ultimately is helping maintain the balance between burial and re-

130

mineralization, and therefore the climate as we currently know it (Glud 2008).

131

As previously mentioned, O2 is involved in the processes that degrade organic

132

matter reaching the sediments. O2 is produced by photosynthesis within the water

133

column, but also by microphytobenthic organisms where the sediment lies within the

134

euphotic zone (e.g. shallow coastal sediments). This production of O 2 in active

135

shallow sediments can enhance aerobic mineralization rates of POM that would

136

possibly become limited by O2 availability in the overlying water column. The

137

processes of benthic mineralization of organic matter all consume O2, either directly

138

or indirectly. As a result, by measuring the rates of O2 uptake (sediments outside

139

euphotic zone) or O2 exchange (sediments within euphotic zone) it is possible to

140

determine the biological status of the environment (Glud 2008). Measuring benthic

141

oxygen exchange (flux) is the most common method of determining the primary

142

production and carbon mineralization rates of marine benthic communities, and as

143

such there are many studies where O2 flux measurements, conducted by a variety of

144

methods, are used as a proxy to benthic carbon turnover e.g.(Cathalot et al. 2012;

145

Glud et al. 1994a; Glud et al. 1995; Hunding and Hargrave 1973; Pomeroy 1959;

146

Revsbech et al. 1981; Sørensen et al. 1979). (Seiter et al. 2005) suggests that
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147

diffusive oxygen uptake (DOU) rates are equivalent to the mineralization of organic

148

carbon in the seafloor, and reflects the minimum flux of organic carbon to the

149

seafloor. By using the Redfield ratio (Redfield 1958), it is possible to determine rates

150

of actual carbon turnover in the marine environment through the relationship of

151

carbon, nitrogen and phosphorus, all biologically important nutrients.

152

The bacterial degradation of organic material settling on the seafloor is driven

153

by a set of complex redox reactions (Canfield et al. 1993). These redox reactions are

154

mediated by heterotrophic bacteria which use oxidants (or e-acceptors) to break

155

down organic matter releasing energy, CO2 and a reduced species from the oxidant.

156

The reduced species are in turn re-oxidised by chemoautolithotrophic bacteria, back

157

into their original form. Redox reaction rates are regulated by the flux of OM from the

158

water column, as well as the O2 availability in the overlying water. Redox reactions

159

occur in a certain order within the benthic environment, based on their energy gain

160

for the microorganisms. The respiration pathways occur in the following order with

161

increasing depth in the sediment (the reductant is shown in brackets): - aerobic

162

respiration (O2), denitrification (NO3-), Manganese respiration (MnO2), Iron respiration

163

(FeO2H), Sulphate reduction (SO42-) and methanogenesis (CO2) (Glud 2008). The list

164

below (Figure 3) shows the redox reactions that occur within the sediments. “CH2O”

165

represents generic organic material that is being degraded. It is clear what role O 2

166

plays in this cycle, as it is present in all of the oxidizing agents that participate in the

167

degradation of organic matter, and it is also responsible for the re-oxidation of the

168

reduced species arising from the reduction reactions. Thus, when O2 is not present

169

(0% saturation, anoxic conditions), or is in very low concentration (1 – 30%

170

saturation, hypoxic conditions), degradation of the organic matter still occurs, but

171

under anaerobic conditions once the available O2 supply is exhausted. There would

172

be no re-oxidation occurring and so the oxidizing agent supply would become
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173

depleted. Hypoxia generally occurs in the water column, across a range of depths,

174

not just at the sediment/water interface. Areas likely to experience hypoxic/anoxic

175

events in the sediment are where there are large quantities of organic matter being

176

exported from the water column to the sediment, due to land run off and/or high

177

levels of pelagic primary production. Physical features such as water column depth

178

and hydrographics can also increase organic matter transport to the sediment, and

179

therefore stimulate high rates of benthic activity. The Black Sea is an area

180

experiencing hypoxic/anoxic events due to high levels of artificial nutrient addition in

181

the form of land run off. The result of an environment becoming hypoxic for extended

182

periods is that marine life will cease to live there, these areas are termed “dead

183

zones” (Diaz and Rosenberg 2008). Adapted microorganisms will continue to exist,

184

but macrofaunal populations will not be supported. Anoxia can form in sediments

185

even when O2 is still present if large quantities of organic matter are reaching the

186

sediment and driving increased respiration, which will rapidly use the O 2 in the

187

sediment and allow the anaerobic “layers” to occur closer to the sediment surface,

188

replacing the oxic layer.
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Figure 3: Diagrammatic representation of the hetero- and autotrophic pathways involved in the
degradation of organic matter reaching the sediment. This diagram represents a redox cascade, with
products of anaerobic pathways rising within the sediment and becoming reoxidised when the oxic layer
is reached.

Oxidation of organic carbon by dissolved O2 (i.e. aerobic respiration) is
considered to be the energetically most favourable re-mineralization pathway within
marine sediments, however in coastal and shelf sediments metal respiration
(primarily Mn and Fe) and sulphate reduction are quantitatively more important
processes than previously thought as they responsible for the degradation of more
organic material than aerobic respiration (Canfield et al. 1993). It should be noted at
this point that the respiration of other trace metals does occur within sediments as
well, however it is thought that these processes are not as important as the other
pathways mentioned previously (Westerlund et al. 1986). The importance of sulphate
reduction and metal respiration is due to there being relatively low amounts of O 2 in
seawater (especially true of shelf areas) and this is rapidly consumed by the intense
microbial degradation of organic matter. Sulphate however is abundant in seawater
as it forms one of the primary constituents of seawater, and is not depleted so rapidly
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as O2. Sulphate reduction therefore occupies a larger depth integrated area of
sediment than aerobic respiration (usually confined to the top 1 – 10 mm) which
allows more degradation to occur. O2 is consumed via respiration processes, both
directly via aerobic- and indirectly via anaerobic respiration, it can also be produced
by photosynthesis in the sediments and water column within the euphotic zone. This
can mean that in shallow water, production can outweigh the consumption of O2,
giving rise to a net release of O2 from the sediment. Because of its role as a central
molecule in the processes described above, O2 forms an excellent tracer for
biological activity of the marine benthic environment (Glud 2008), but can also be
used as a measure of the total benthic mineralization rate of sediments, and
ultimately a proxy for the amount of particulate organic carbon that is being turned
over in the seafloor. The role of O2 as a proxy for studies in carbon cycling within the
benthic environment is explained further later in this thesis.
The availability of O2 in the marine environment is a major controller of the
reactions and processes that take place in the sediment during the degradation of
OM, and for the relative importance of each respiratory pathway. For example, if
there is no O2 present in the overlying water, therefore no O2 in the sediments,
aerobic respiration cannot take place, so the sulphate reduction zone moves up in
the sediments to the surface and becomes the dominant respiration pathway
outweighing oxic respiration rates of organic carbon (Canfield 1989; Howarth 1984).
Another control of O2 availability to the sediments is the presence of the diffusive
boundary layer (DBL). This layer of water is present just above the sediment-water
interface and is typically 0.2 – 1 mm in thickness (Jorgensen and Des Marais 1990).
In the water column the dominant transport mechanism for dissolved solutes is by
eddy diffusion, driven by turbulent free-flow forces, however within a few millimetres
of the sediment surface, friction slows the flow such that it becomes dominated by
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viscous forces. This creates an extreme environment of low Reynolds numbers
(Reynolds 1883), which has implications for the diffusion of solutes across the DBL.
Reynolds numbers are used to determine the dominant flow regime within the DBL.
At low Reynolds numbers, viscous forces dominate, rather than the turbulent flow
found outside the DBL. In this region, solute transport becomes dominated by
molecular diffusion as eddy diffusivity decreases towards the sediment surface. The
thickness of the DBL is controlled by the flow velocity in the free-flow region above
the sediment and the microtopography of the sediment surface. Thickness of the
DBL governs the diffusion time of solutes passing through, with increased thickness
increasing diffusion time. Different solutes, e.g. O2, N2, CO2, all have different
diffusion coefficients in seawater and so will have varying diffusion times through the
DBL. Microtopography of the sediment surface has a significant effect on the
effective DBL thickness as it will be compressed against the side of protrusions
facing the flow, due to the flow velocity, but thicker over depressions where the flow
has less effect (Figure 4) (Jorgensen and Des Marais 1990; Jorgensen and
Revsbech 1985a). Microtopography and DBL thickness can have an effect on
measured benthic fluxes of O2 as when these fluxes are measured, the sediment
surface is assumed to be flat, however the microtopography means the surface area
of sediment is larger than assumed which can lead to over or underestimated flux
values (Roy et al. 2002; Roy et al. 2005), this will be investigated in more detail later
in this report.
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Figure 4: As current flow passes over the sediment (black line), micro topographical projections can
cause the DBL (dotted line) to be compressed against upstream facing surfaces. Figure adapted from
(Jorgensen and Des Marais 1990).

1.2 Project aims and objectives
This thesis is split into 3 distinct case studies, with one chapter covering each.
These are a benthic carbon cycling study from a temperate coastal maerl bed
environment (Chapter 3), benthic primary production in a temperate coastal
embayment study (Chapter 4) and benthic carbon cycling in Arctic sediments
(Chapter 5). These studies cover both shallow (Chapter 3 & 4) and deep (Chapter 5)
environments, and both temperate and Arctic locations. Two other studies were
conducted, a campaign to investigate benthic carbon cycling on a tropical coral reef
flat (Heron Island, Australia), and a campaign to investigate benthic carbon cycling
over a seamount (Ampere Seamount, Atlantic) during December 2010 and
November-December 2011 respectively. These studies are not included in this thesis
as instrument malfunction during the Heron Island campaign, and unsuitable weather
conditions during the Seamount campaign meant that no meaningful data was
gathered.

30

The overarching theme of this thesis is to present in situ data measured by the
eddy correlation technique across a range of benthic environments and to add to the
existing literature for this method. To date there are no published studies of the use
of eddy correlation to determine benthic carbon cycling on temperate maerl beds, or
in permanently cold Arctic sediments. There is also no currently published seasonal
study of benthic primary production in a temperate coastal embayment with eddy
correlation as the primary investigation method. This thesis aims to address this by
presenting the three case studies. The individual aims and objectives of each case
study are explained in the introduction of each respective chapter.
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Chapter 2 – Quantifying Benthic O2 Exchange
2.1 Total Sediment Incubations
One of the standard methods for quantifying O2 exchange rates in marine
sediments is benthic incubations. This method provides a proxy measurement of the
total benthic carbon mineralisation (Canfield 1993), as it allows measurement of O2
consumption by both aerobic heterotrophic activity and re-oxidation of reduced
inorganic products of anaerobic degradation. O2 production in sediments within the
euphotic zone is also included in the total oxygen uptake method, and in these
cases, the term total oxygen exchange (TOE) is more suitable. The method works by
enclosing an area of sediment surface within a benthic chamber, and measuring the
initial linear O2 concentration change over time in the overlying water (Figure 5).
Using the slope of the linear change over time and the water height within the
chamber, the vertical flux of the solute can be calculated:
Equation 2

TOU = V/A x dC/dT
where TOU is total oxygen uptake, V is the volume of the overlying water, A is the
sediment area within the chamber, dC is the solute concentration change and dT is
the time. The concentration change of O2 is not strictly linear, and this becomes
apparent during longer incubations when conditions can approach anoxia (Tengberg
et al. 1995). Benthic chamber incubations measure the total oxygen uptake. This is
so-called as the O2 concentration change is mediated by the total benthic activity,
from bacterial to macro faunal driven processes (Rasmussen and Jorgensen 1992).
TOU measurements can be conducted in situ using specially designed benthic
chambers, or ex situ on recovered sediment cores incubated at simulated in situ
conditions. Alongside O2, it is often common practise to measure fluxes of dissolved
inorganic carbon (DIC) and major nutrients (NH4, PO4, SiO4 and NO2/NO3). DIC flux
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is a direct measure of benthic carbon exchange, whereas O2 serves as a proxy
measurement of this exchange. Fluxes of other solutes are measured in the same
manner as O2, by determining concentration change over time within a benthic
chamber or within recovered sediment cores.

Figure 5: Example of the linear O2 change over time measured within a benthic chamber. TOE
is calculated from the volume of overlying water (V), area of the sediment within the chamber
(A), the change in solute concentration (dC) and the change in time (dt).

2.1.1 Ex situ incubations
Ex situ incubations of TOU are typically conducted on recovered sediment
cores. Cores range in size, and different corers can mount a range of core numbers.
Core incubations require the cores to be incubated in seawater collected from the
same depth as the cores and maintained at in situ temperature. The cores are then
incubated for a period of time (typically ~ 24 hrs) and the O2 concentration in the
overlying water is measured periodically throughout the incubation time. The flux of
O2 is then calculated from this concentration change using Error! Reference source
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ot found.. Core measured fluxes only incorporate a small sediment area, therefore it

is common practice to recover numerous cores from the same station and average
the fluxes to more accurately incorporate natural sediment heterogeneity into the flux
value.
During core incubations, a magnetic stirrer is used to maintain a water flow
across the sediment surface, thus preventing a breakdown of the diffusive boundary
layer. Ex situ incubations of recovered cores have several limitations. A major
limitation is the sediment type that can be recovered by coring, as the core has to be
able to penetrate the sediment to the depth of the core being used, meaning only soft
cohesive sediments can be sampled. Another limitation is the sediment area included
in the measurements, which is often small, compared to the likes of benthic chamber
measurements (discussed in section 2.1.2). As such numerous cores should be
recovered and incubated in order to obtain a representative O 2 flux.
There are several factors which need to be accounted for when conducting
sediment core incubations. Enclosing sediment can alter the hydrodynamic
conditions, which can alter the diffusive boundary layer thickness. Solute exchange
would then be altered across the sediment interface, resulting in an over or under flux
estimation. Physical disturbance of the sediment collection can alter the sediment
structure (Glud 2008). Temperature and pressure changes associated with removing
sediment from deep sites can cause changes in interstitial solute concentrations (Hall
et al. 2007). To some extent these artefacts can be prevented by ensuring as close
to in situ conditions as possible during the incubations, however artefacts relating to
pressure changes are difficult to compensate for during incubation.
2.1.2 In situ incubations
In situ total sediment incubations offer a distinct advantage over ex situ
incubations by negating any inaccuracies associated with recovery artefacts. In situ
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measurements of TOU are conducted using benthic chambers. Chamber
measurements incorporate a larger sediment area than core incubations, which can
have a distinct difference on the flux measured. This is primarily due to the higher
chance of the inclusion of macrofaunal activity within the measurement area, as well
as capturing a higher proportion of sediment heterogeneity (Glud 2008).
The basic concept of a benthic chamber is that it’s a cylindrical or
square/rectangular shaped container that is inserted into the sediment. The overlying
water is then sealed in by placing a lid on the chamber top. In order to maintain a
concentration gradient within the chamber and to represent the hydrodynamics of the
natural environment the chamber lid will have some form of motor attached to a
stirring mechanism on the underside of the lid. Small scale chambers are often
installed by diver and feature a sampling port for the manual recovery of samples for
analysis of O2, DIC and nutrients (Santos et al. 2011) (Figure 6).
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Figure 6: Benthic chamber in use in permeable coral sands. The motor housing (white cylinder), stirrer
disc, sampling port and removable lid can all be seen.

For in situ studies of deep sea sediments, chambers are either installed on
autonomous benthic lander systems, or on a lander frame deployed as a mooring.
These instruments will have either an auto sampler unit for sample recovery, or be
equipped with O2 microelectrodes or optodes for continuous O2 measurement (Glud
et al. 1995; Tengberg et al. 1995). The ELINOR lander system used during the
studies presented in this thesis was equipped with glass flotation spheres and an
acoustic release system connected to lead shot ballast (Glud et al. 1995) (Figure 7).
This combination allows the lander to descend to the seafloor at a pre-determined
rate (typically 60-70 m/min) where-upon the internal computer starts the incubation
procedure.
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Figure 7: ELINOR benthic chamber lander system. Floats, ballast buckets, battery, auto sampler and
chamber can all be seen.

Chamber design can influence the flux measurements. Chamber size has a
clear effect on the accuracy of the flux measurement, with flux standard deviation
and % inaccuracy decreasing as chamber radius increases (Glud and Blackburn
2002). This same effect can be obtained by conducting multiple chamber
incubations, but conducting fewer, larger chamber incubations is considered to be
more suitable. The stirring rate used within a chamber can also affect the flux
measurement. As well as stirring rate, the shape of the chamber also influences the
measurements made, with square and cylindrical chambers being the most common
shapes. In square chambers, transport of solutes changes from diffusive to advective
at a lower sediment permeability than in cylindrical chambers stirred at the same rate
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(Glud et al. 1996). However a comprehensive study of 14 different chamber designs
concluded that there was no statistical difference between fluxes measured across
the range of chamber design, suggesting that differences in chamber design is not as
important as first thought so long as appropriate mixing of the water column is
maintained (Tengberg et al. 2005; Tengberg et al. 2004).

2.2 Micro-electrode Profiling
In impermeable sediments, it is possible to measure the diffusion-mediated
benthic uptake of O2 from O2 microprofiles. The diffusive oxygen uptake (DOU) is
calculated from a linear fit of the O2 concentration change in the diffusive boundary
layer (DBL), using Fick’s first law of diffusion (Error! Reference source not found.). O2
icroprofiling is commonly conducted using a Clarke type microelectrode (Revsbech
1989). This method gives point measurements, so is suited to measuring small scale
O2 distribution in marine sediments (Glud et al. 2005) or O2 uptake measurements of
very specific target areas (Kuhl et al. 1995). An example of a Clarke type O2
microelectrode can be seen in Figure 8. Recent advances in O2 optode technology
have led to the development of micro-optode arrays designed for O2 microprofiling in
sediments (Holst et al. 1997; Klimant et al. 1995).
Equation 3

DOU (mmol m-2 d-1) = (diff coeff x ((high conc – low conc)/(height diff))) x 100
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Figure 8: Diagram of the components within a Clarke type O2 microelectrode. Schematic redrawn from
Revsbech, 1989.

Unlike sediment enclosure techniques, O2 microprofile fluxes represent the
DOU of the benthic community. The method measures the O2 concentration gradient
across the DBL, the µm thick layer found at the sediment-water interface where
viscous forces take over. This alters the transport of solutes to be dominated by
molecular diffusion rather than advection (Jorgensen and Revsbech 1985b). The
DBL thickness can alter the solute exchange rate of the sediment, and therefore the
flux (Glud et al. 2007). When comparing TOU with DOU measurements, TOU should
in theory be equal to, or higher than the DOU. This is because TOU = DOU + BMU,
where BMU represents the uptake mediated by any respiration or irrigation by fauna.
To conduct in situ O2 microprofiles, a benthic lander system is often used. The
lander is equipped with a pressure housed PROFILUR unit. This is a programmable
instrument capable of mounting up to 5 O2 electrodes (Figure 9). When mounted in a
motor driven vertical travel frame, microprofiles can be measured in situ up to the
maximum depth rating of the instrument pressure housing (6000 m) (Glud et al.
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1994a; Gundersen and Jorgensen 1990). The profiling unit can also be mounted on a
horizontal traversing frame which allows transects to be measured. This is an
essential tool for determining the small scale O2 distribution of marine sediments
(Glud et al. 2009a). Ex situ microprofiles are conducted on recovered sediment
cores, but this isn’t a perfect method. The same artefacts associated with core
recovery as mentioned previously with relation to core incubations also affect DOU
measured by microprofile. The sediment disturbance, and the lysis of sediment
bacteria related to the temperature and pressure changes associated with core
recovery mean that DOU is often over estimated compared to in situ measured DOU
(Glud 2008). It is generally agreed that where possible O2 microprofiling should be
conducted in situ in order to obtain the most accurate DOU measurements. For
coastal waters where the difference in temperature and pressure between the
sediment and the surface is less, in situ and ex situ measured DOU generally agrees
better than for deep sea sediments (Lansard et al. 2003).

Figure 9: O2 microelectrodes mounted on a PROFILUR benthic lander system (right), and microelectrodes
in situ at the benthic interface (left).

The small size of the sensor tip of an O2 microelectrode (10 – 20 µm diameter)
means that DOU measurements represent point measurements, compared to TOU
measurements, which represent a larger area of sediment surface. This makes
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microprofiling a suitable method for determining the small scale distribution of O2 in
marine sediments, which TOU measurements are not as suited too (Revsbech and
Jorgensen 1983).
Sediment enclosure methods cannot determine the oxygen penetration depth
(OPD) of the sediment; microprofiles of O2 allow this parameter to be determined, as
well as other characteristics about the consumption, or production of O2 below the
sediment surface. OPD is an important factor as it determines the most important
redox boundary within the sediment, the depth of which is controlled by the
degradation of organic carbon and the O2 transport into the sediment. OPD is
important as it ultimately controls the relative importance of the other redox pathways
present in marine sediments, as the shallower the oxic zone, the more important the
anoxic redox pathways become in the remineralisation of organic carbon (Cai and
Sayles 1996). There is a relationship between OPD and O2 flux, so by measuring
OPD it provides supporting data which might help to explain any unexpected flux
data measured for an environment.

2.3 Eddy Correlation
Chapter 1 highlights the importance of being able to conduct high quality
measurements of benthic O2 exchange in situ as a proxy for carbon turnover in
marine sediments. This requirement led to the development of a high resolution
method for quantification of benthic O2 exchange, referred to as aquatic Eddy
Correlation (EC) (Berg et al. 2003).
First developed during the 1970’s, the EC method was used for measuring
high resolution fluxes of gas exchange (such as NO2 and O3) between the
atmosphere and crop fields (Bottemanne 1979; Wesely et al. 1982). The technique
has since been applied to measure fluxes of atmospheric particles (Fairall 1984;
Wesely et al. 1977), CO2 and H2O (Goulden et al. 1996) or heat (Diawara et al.
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1991). The wealth of literature covering the use of EC in atmospheric research
suggests that the method is well developed and accepted within this research
community. However there are a number of studies which highlight the level of error
associated with the method (Finkelstein and Sims 2001). The technique has been
applied in the aquatic environment to measure the energy flux between the seawater
and sea ice (Fukuchi et al. 1997; Shirasawa et al. 1997). This wide range of
applications is possible by changing the sensors used, but the same theoretical
principle applies in all cases. Transport of solutes in the atmospheric boundary layer
is known to be similar to solute transport in the benthic boundary layer. At the
measuring point of the instrument at time 1, eddy 1 transports a parcel of water, C 1,
towards the sediment at velocity W 1. At time 2, eddy 2 transports a parcel of water,
C2, upwards away from the sediment at velocity W 2. By measuring the concentration
of C and the velocity of W at the same point and at the same time, a flux can be
calculated for C. A diagrammatic representation of the principle behind turbulent
advection transport, and therefore the principle by which EC works is shown in Figure
10.

C1
Time 1
Eddy 1

C2
W1

C1

Time 2

W2
C2

Eddy 2

Figure 10: Diagram showing the EC measurement
principle, showing the movement of solutes by eddies.

In order to accurately measure the oxygen uptake by aquatic sediments, it
must first be understood what processes control the transport of O 2 through the water
column to the sediment. The transport processes of O2 include bioturbation,
molecular diffusion, bioirrigation and wave- or current-drive advection. The dominant
transport mechanism depends on the sediment type, and the faunal density present.
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For example sediment dominated by tube-dwelling fauna is likely to exhibit
bioirrigation as the dominant O2 transport process (Pelegri et al. 1994). Significant
physical advective transport can be driven by currents passing over uneven sediment
surfaces, or by wave action in shallow environments. In permeable sediments such
as sands this mechanism is often found to be the dominant way in which O2 is
transported into the sediment, where it can stimulate O2 uptake many fold relative to
molecular diffusion driven uptake (Forster et al. 1996; Lohse et al. 1996).
The two most common methods for measuring O2 uptake in sediments is
either by incubations (at as close to in situ conditions as possible) of recovered
sediment cores, or by in situ incubations using benthic chambers. Both of these
methods are disruptive to the sediment and can alter the natural hydrodynamics and
O2 transport processes. Studies have shown that O2 uptake measured by core
incubations is often several times lower than measurements made by benthic
chambers (Glud et al. 2003; Glud et al. 1998). The difference is primarily due to the
larger chambers incorporating a more representative portion of irrigating macrofauna.
Details of the shortcomings of total sediment incubations will be discussed later in
this chapter.
By adapting existing technology (O2 microelectrodes and an acoustic Doppler
velocimeter), a system was developed to conduct high resolution measurements of
the O2 flux across sediment-water interfaces (Berg et al. 2003). The method is
referred to as “non-invasive” as no disturbance of the sediment-water interface
occurs transforming the natural hydrodynamic conditions. This is one advantage over
other methods of benthic O2 exchange measurement, the most common of which
involve a physical disturbance of the substrate. There are however other methods for
investigating the benthic O2 dynamics that are also non-invasive, such as measuring
gradients of O2 within the benthic boundary layer to estimate the flux (Falter et al.
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2008; Mcgillis et al. 2011). Methods which require either sediment recovery
(sediment core incubations) or instrumentation insertion into the sediment (benthic
chamber incubations and O2 micro profiling) are generally limited to use in soft
sediments. The EC method can be used to quantify O2 exchange over a range of
substrates, as all instrumentation is located above the substrate surface and exerts
no negative effect through physical sediment disturbance, flow impedance or
sediment enclosure. However there are conditions under which the EC principle
cannot be fulfilled. If there is density stratification present in the benthic boundary
layer then turbulence breaks down at a higher distance from the sediment surface, in
the region which EC measures. With no developed turbulence present, EC cannot
determine an accurate O2 flux. By contrast a method such as a benthic chamber
could still conduct accurate flux measurements, even if density stratification is
present as the stirring within the chamber would break the stratification down by
creating a well-mixed water phase. Another scenario where EC may not be the most
suitable technique is if the magnitude of the O2 flux is very low due to low rates of
biological activity within the sediment.
O2 microelectrodes have several limitations, the primary one being their
fragility. Due to their nature they are also prone to signal drift over time, which if not
corrected, can falsify EC flux measurements. O2 optode technology offers a much
more reliable method by which to determine dissolved oxygen in the marine
environment (Tengberg et al. 2006). The one limitation of optodes that has prevented
their application in EC systems is that generally the response times of optodes is in
the order of seconds, making them too slow for use in EC. Recent developments
however have resulted in a fast-responding micro-optode capable of integration into
an EC system (Chipman et al. 2012). Due to their robustness, and more stable signal
optodes are likely to become the standard sensor with which to measure the
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dissolved oxygen component in EC measurements. As mentioned previously, using
O2 optodes in conjunction with an ADV is another way of determining the benthic O2
flux in a non-invasive way, which does not have the potential shortcomings
associated with O2 microelectrode use.
Eddy correlation measurements can be carried out on a range of parameters
with the development of appropriate sensors with a fast response time. For example,
sulphide (H2S) fluxes can be measured using the same instrumentation as for O2
fluxes, with the exception of the use of a H2S microelectrode in place of the O2
microelectrode (Mcginnis et al. 2011). Other EC flux applications include
temperature, salinity (Crusius et al. 2008) and nitrate (Johnson et al. 2011). In theory,
the flux of any solute of biogeochemical interest that is transported by turbulent
advection at the sediment water interface could be measured using the EC principle,
if the technology is available to measure the concentration change of the solute of
interest at a high enough resolution and with a fast enough response time.
2.3.1 Measurement theory
It is known that in the majority of natural environments, O2 exchanged over the
sediment-water interface is transported through the water column by turbulent water
motions, or eddies. The principle by which the eddy correlation method works is
based on measuring the turbulent fluctuations of the vertical current velocity and the
corresponding O2 concentration at the same point simultaneously within the turbulent
benthic boundary layer Figure 11. When these measurements are averaged over a
significantly long enough period of time, such to obtain statistically sound
representation of the fluctuations, then a vertical flux of O2 can be calculated. By this
method O2 uptake is determined under in situ conditions, and will not suffer the same
shortcomings as sediment enclosure techniques.
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Water Column

Benthic Boundary Layer

Figure 11: Summary of the EC sensor positions relative to each other and the sediment surface.
Measuring height is the distance between the measuring volume of the ADV (red area) and the sediment
surface. The turbulent field of the benthic boundary later and footprint area of the EC system is also
shown.

The correlation between O2 concentration and vertical velocity is that as O2
concentration increases, there are concurrent downward shifts in the vertical velocity,
and vice versa. An example of this can be seen in Figure 12, which is a segment of
data measured over a sandy gravel bed at Caol Scotnish, Scotland. The dashed
arrow is an example of when the two parameters do not correlate exactly, which is
the result of a time lag between the two sensors. This is discussed in more detail
later in this chapter.
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A

B

Figure 12: Time series showing the (A) fluctuating vertical velocity (black line) and (B) O2 concentration
fluctuations (red line). Data are at 8Hz frequency (thin lines), while thick lines show 1 sec smoothed data
(Loch Sween, Scotland).

This principle allows the vertical flux of the solute (O2 in this case) to be
calculated from the fluctuating turbulent flux and the molecular flux, which is
assumed to be negligible. The flux calculation is derived from the formula shown
below (Error! Reference source not found.).
Equation 4

Where Uz is the vertical velocity, C is the solute concentration (O2), D

represents

the molecular flux and the bars denote averaging. The diffusive term (D ) is
removed; this is because at the point above the sediment where EC measurements
take place, molecular flux is assumed to be negligible. Uz and C are split into their
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mean and turbulent fluctuating components,

and Uz’ and

and C’ respectively

(Error! Reference source not found.) (Reynolds 1895).
Equation 5

Using Reynolds decomposition the mean and fluctuating components of the vertical
velocity and solute concentration are cancelled out and averaged over a significantly
longer timescale than over which the turbulent fluctuations occur, to give the final flux
equation (Error! Reference source not found.).
Equation 6

is assumed to be zero, indicating that the vertical velocity values represent
true vertical velocity. This is not always the case, as the measured

can be more or

less than zero if the instruments are not sited exactly perpendicular to the substrate.
To ensure a vertical velocity mean of zero the 3D turbulence field can be rotated.
There are several methods for this, which are explained in more detail in section
2.3.3.
It is possible to mathematically calculate the sediment area contributing to the
flux. This area is referred to as the eddy footprint (Berg et al. 2007; Rheuban and
Berg 2013) and is a mathematically calculable area upstream of the EC location. The
area of the footprint is controlled by three main factors: the measurement height of
the instrument above the substrate, the friction velocity and the roughness index of
the substrate surface. The footprint area is typically measured over an elliptical
shape upstream of the EC instrument and represents the area where 90% of the flux
contribution is coming from (Figure 13).
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90%
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Figure 13: Schematic of the theoretical EC footprint area, were l is the footprint length in metres upstream
of the EC instrument, and w is the footprint width. The dot indicates the position of the EC instrument.
The elliptical shape represents the area where 90% of the flux contribution comes from. Figure adapted
from (Berg et al. 2007).

There are several assumptions that should be considered when conducting EC
measurements. Firstly, EC measurements are assumed to be made in the benthic
boundary layer which is affected by benthic processes. O2 transport into and out of
the sediment is dominated by turbulent advection. Friction caused by the sediment
surface causes eddies to form within the benthic boundary layer. For that reason EC
measurements must be made within this layer so that the principle behind EC is
fulfilled. Instrument measuring height for a deployment over a non-complex
substrate, such as sandy or muddy sediments will be anywhere between 5 and 25
cm above the sediment surface (Berg et al. 2009; Glud et al. 2010). For complex, or
very rough sediments such as maerl beds or coral reefs, the measuring height may
be increased (Long et al. 2013).
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The sediment area within the EC footprint is assumed to be of suitable size such
that the sediment area of interest is captured in the measurements. The footprint
area is mathematically calculable for each deployment, and its size is in part
regulated by the measuring height of the instruments, which is user determined. It
was originally assumed that the EC flux from the footprint area represented the
natural heterogeneity present within the area (Berg et al. 2007). This assumption has
since been proven to not always be the case (Rheuban and Berg 2013) and as such
measuring height above the substrate is known to be the controlling factor in
inclusion of heterogeneity in benthic fluxes. This parameter is strictly user determined
and so recent developments in our understanding of EC now effectively remove this
assumption.
Turbulence is assumed to be fully developed. For the EC principle to be fulfilled,
turbulence must be fully developed. If there is no developed turbulence present, then
turbulent advection is no longer the dominant O2 transport mechanism and O2 flux
cannot reliably be measured by the EC method. Turbulence breaks down at low
current velocities (typically < 1 cm s-1), but this can be examined by the vertical
velocity spectrum in the frequency domain. If the spectra exhibits a typical
Kolmogorov -5/3 spectrum then turbulence is developed (Long et al. 2012).
Density stratification within the benthic boundary layer is assumed to be absent.
When turbulence breaks down density stratification can form in the benthic boundary
layer. This situation is most likely in systems where periods of stagnation occur,
however in systems with a higher energy hydrodynamic regime this situation is less
likely. This is due to the presence of developed turbulence ensuring no density
stratification can form. The EC method requires fully developed turbulence to work,
and if density stratification is present, then no flux can be measured (Long et al.
2012). Presence of stratification can be determined by calculating the normalised
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cumulative O2 flux for a period where low current velocities are present. This
assumption is difficult to fulfil for coastal areas where density stratification caused by
low current velocities can be common place.
The instruments used are assumed to be able to detect natural fluctuations of
vertical velocity and O2 concentration. Acoustic Doppler Velocimeters measured the
full 3D turbulence field and are manufactured to measure at up to 64 Hz. O2
microelectrodes can be constructed to have a fast response time (typically < 0.5 sec)
to 90% change in O2 concentration. This is done by reducing the tip size of the
electrode to ~ 10 µm. 64 Hz is a higher frequency than is required to capture the
natural fluctuations, so datasets are often averaged down to 8 Hz. This is considered
adequate for capturing fluctuations, but makes data handling easier due to the
reduction in data points. This has been shown to have no effect on the final flux
value, as spectral analysis of the fluctuations shows them to be no more than 4 Hz
(Rivkin et al. 1996) (this varies depending on the environment, but 8 Hz is considered
to be suitable for most environments). The O2 microelectrode can potentially be a
limiting factor due to the response time. E.g. a 0.2 sec response time equates to a 5
Hz measuring frequency. In the example above, this would still be high enough to
measure the fluctuations. This highlights the importance of having an electrode with a
fast as possible response time.
2.3.2 Eddy Correlation Instrumentation
A typical EC system comprises the following distinct parts; an Acoustic
Doppler Velocimeter (ADV) (“Vector”, Nortek AS, Norway), a picoamplifier, a fastresponding Clark-type O2 microelectrode (Revsbech 1989) and a power source.
These instruments are all mounted to a framework designed to allow the sensors to
be positioned in the environment as required, but with minimal impact on the
hydrodynamics, so as to remain non-invasive. The ADV is used to measure the
51

current velocities of the 3D turbulence field at high resolution (up to 64 Hz) and store
the recorded data on an internal data logger. The picoamplifier connects to the O 2
microelectrode and is responsible for amplifying the small pA signal from the
microelectrode to an mV signal which can be logged by the ADV (Mcginnis et al.
2011). The O2 microelectrode must be constructed with a small tip diameter, so that it
has a fast 90 % response time to changes in O2 concentration (<0.5 sec). In order for
the ADV to record the analogue signals from the amplifier, they are converted into a
universal 16-bit integer referred to as Counts, this is a proprietary unit to the ADV
(Vector User Manual p.33). These Counts are then calibrated against in situ O2
concentrations to get the O2 concentration as measured by the EC system. The
power source is a 12V battery pack contained within pressure casing.
The instrumentation is all mounted on a frame specifically designed for
conducting EC deployments (Berg and Huettel 2008). There are numerous variations
of frame design in use, depending on their intended use (e.g. under sea ice (Long et
al. 2012) and deep sea (Reimers et al. 2012)) but each design has the same
requirements. The frames are designed primarily to allow precise positioning of the
ADV measuring volume and micro electrode tip above the sediment surface. The
frame material varies with the user also. During the studies presented in this thesis
several frames were used. Most were constructed using coated aluminium, with one
being a mixture of painted stainless steel with aluminium legs. There were sections
within the frame where uncoated aluminium was used and it was possible to see
oxidation of the metal after a deployment. It can therefore be assumed that the frame
itself is a potential source of local oxygen consumption during measurements;
however this was not tested directly during any of the studies presented here. During
the Arctic study, the benthic lander frame used for the EC measurements was fitted
with a sacrificial anode. Any consumption of oxygen by the metal frame/anode has
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not been taken into account during the studies presented here. The typical set up
used during the studies presented in this thesis is shown in Figure 14.

A
C

B

Figure 14: ADV is mounted vertically within the centre of the frame (A), with the adjustable arms holding
the picoamplifier and electrode in position (B). The battery pack is mounted horizontally high on the
frame (C) to avoid current disturbance to the measuring volume of the ADV.

The ADV measures the 3D turbulence field in a theoretical cylindrical space
referred to as the measuring volume. This is situated 14.5 cm below the centre
sensor on the ADV instrument head. In order to measure the undisturbed vertical
velocity and O2 concentration simultaneously, the O2 microelectrode must be
positioned as close as possible to the measuring volume, but without disturbing the
ADV measurements (Figure 11). The slight spatial separation between the two
sensors will result in a time lag in the measurements, which needs to be accounted
for in the data analysis. A time lag will also occur if a slow responding O2
microelectrode is used (> 0.5 sec) which cannot measure O2 fluctuations at a high
enough frequency. The frame should allow movement of the sensors relative to one
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another such that precise alignment can be achieved. The entire assembly must
have vertical adjustment so that the measuring volume can be placed at the desired
height above the sediment surface. This is important as the measuring height above
the sediment dictates the footprint size for that deployment, and recent investigations
have shown this to be vitally important as to whether sediment heterogeneity is
accurately incorporated in flux measurements (Rheuban and Berg 2013). The final
general property all frame designs have in common is an open design, so that the
framework itself does not exert a negative effect on the natural hydrodynamics. As a
general “rule of thumb” the legs should be at least 10 times the leg diameter from the
sensors. To conform to this rule, and for stability reasons, most frame designs are
based on tripod structures with centrally mounted instruments, however as
mentioned previously this is not always the case depending on the intended use.
Frame design ultimately comes down to the requirements of the user. This is
primarily due to there being only one commercially available EC system (Unisense
AS, Denmark), and that frame design has a short track record, leading many groups
to design their own specific to their needs (Mcginnis et al. 2011; Reimers et al. 2012).
Recent developments in amplifier (Mcginnis et al. 2011) and ADV design have
led to EC systems having the ability to mount two O2 microelectrodes simultaneously,
where older designs of system were limited to one microelectrode per ADV (Berg et
al. 2003). There are several advantages of using dual sensor EC systems, such as
increased data collection, greater guarantee of collecting quality data and the ability
to measure two parameters at once (e.g. heat, salinity, O2, H2S). Microelectrodes are
by their design, are very fragile instruments which are easily broken e.g. by passing
debris in the water column or mishandling. With two separate sensors mounted sideby-side on the system each sensor can act as a backup for the other, should one
sensor fail. With the development of fast responding temperature, salinity and H 2S
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sensors (Mcginnis et al. 2011), the flux of these parameters can be measured in the
same manner as the O2 flux, and at the same time.
The main system used for the studies presented in this thesis was comprised
of a Nortek ADV, auto-zero amplifier (AZA) (Max Planck Institute for Marine
Microbiology, Germany), fast-responding Clark-type O2 microelectrode and a battery
pack. The AZA type of picoamplifier records in “bursts” of 15 min, with a 30 sec
period for the amplifier AC and DC signals to recalibrate (auto-zero). This is to allow
the amplifier to account for changes in the measured dissolved oxygen. The ADV
therefore stores 14.5 min of data to its internal memory per burst. The other type of
picoamplifier in use with EC systems (Mcginnis et al. 2011) does not require to
measure in bursts. Measuring the data in one continuous stream does have an
advantage in that there are no breaks in the dataset. Data can be seen to “jump”
upon the amplifier reset, thereby adding artificial changes which need to be analysed.
Such artefacts of the auto-zero feature of the Unisense amplifier are not present in
continuously recorded data. During the analysis process the data is often averaged
into 15 min windows, such as those used by (Berg et al. 2009; Berg and Huettel
2008; Berg et al. 2003; Glud et al. 2010; Hume et al. 2011).
2.3.3 Auxiliary Equipment
A small CTD unit (XR-400, RBR, Canada) is also mounted alongside the eddy
system, and comprises a PAR sensor and O2 optode (Aanderaa AS, Norway). The
optode was used to measure in situ dissolved O2; this data is then used to calibrate
the micro electrode data from the EC system. An optode is used as a calibration for
the electrode data as the optode signal is assumed to be not prone to signal drift over
time as the microelectrode can be (Gundersen et al. 1998), this means that the
optode data can be used to correct any signal drift present in the microelectrode
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signal. In the studies presented in this thesis, the optode is used to measure
background O2 for converting the electrode signal into O2 concentration.
2.3.3 Data processing
Whilst there is no currently accepted standard data analysis procedure for EC,
there are some common steps that all users will follow. The general steps are as
follows:
Data filtering – reduction from sampling frequency to 8 Hz
De-spiking
Rotation
Time-shifting
Spectral analysis
The main differences between the user groups in the data analysis procedure
is the software used, and the approach taken to the analysis of the flux data. The
studies presented here use commercially available OriginPro 8 (OriginLabs, USA)
software for data handling and visualisation. Custom software written by Daniel
McGinnis and Peter Berg are used for data rotation, de-spiking and flux calculations.
The data has to be initially quality checked to determine if data is of high
enough quality to be able to extract fluxes. This involves removing periods of high
noise and signal disturbance from the dataset. Data should be considered carefully if
the standard deviation between neighbouring data points is above 0.5. This is
considered to be a measure of the signal noise. A higher standard deviation shows a
larger portion of large noise spikes within the data. Figure 15 is a good example of
low noise O2 data, but with periods of disturbance that need to be removed prior to
flux calculation to ensure accurate final fluxes. The large data spikes seen at the start
and end of the plot below are a result of the deployment and recovery of the
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instruments. Jumps, such as those highlighted in red are most likely caused by
debris in the water hitting the electrode tip, or becoming lodged there. This can affect
the electrode readings, e.g. if some algae lodges on the electrode tip and is
producing O2, this can give higher than expected O2 for a period of time. The area
highlighted in blue is an example of a malfunctioning electrode, showing the
intermittent signal caused by electrode failure.

Figure 15: Example of O2 microelectrode data from Dunstaffnage Bay, showing low noise data, as well as
the obvious periods of signal disturbance at the start and end of the data plot. The signal jump indicated
by the red circle is likely caused by debris hitting the electrode; this can cause a shift in the signal as
seen here. The interference and signal jumps indicated by the blue circle are likely the result of
instrument recovery and sensor breakage.

Once any clear disturbances in the O2 dataset have been manually removed, the
dataset is run through a de-spiking regime based upon (Goring and Nikora 2002).
This process identifies instantaneous spikes in the data and removes them; replacing
the data point with an interpolation from the good data points either side of the spike.
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This process only works on data with random spikes, and will not work on high noise
data, where it has an artificial averaging effect which will not result in accurate flux
values. An example of data before and after the de-spiking regime is shown in Figure
16. Care must be taken to ensure that only instantaneous spikes relating to electrical
noise are being filtered out. The data shown in Figure 16 could include some periods
of genuine dips in O2 concentration, perhaps the result of frame corrosion causing
localised O2 consumption. It still serves as a useful example of the spike removal.

Figure 16: Example of O2 data before and after treatment through a de-spiking process. It is clear to see
where the spikes have been removed in the de-spiked data (red line) compared to the untreated data
(black line).

After de-spiking the 3D turbulence field data may need to be rotated to ensure
that the vertical velocity mean equals zero (indicative of true vertical velocity). The
vertical velocity mean will not be zero if the instruments were not perfectly
perpendicular to the substrate during a deployment, which is indicated by the tilt
sensor data from the ADV. Data are rotated using either a double rotation (first step
rotates the horizontal current velocity to align with the coordinate system based on
the compass heading of the ADV, second step rotates the vertical velocity to equal
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zero) (Lee et al. 2004) or planar rotation method (Wilczak et al. 2001b). This is
achieved by finding the mean orientation of the plane through multiple linear
regressions of the observed mean velocity components (x, y and z). The resultant
velocities are further rotated to align the x to the mean flow direction and the z to
zero. Figure 17 is an example of un-rotated, double and planar rotated vertical
velocity data. The un-rotated vertical velocity mean is -0.31 cm s-1, but once rotated
(by either method) the mean is zero. It is possible to see that in this instance the
planar rotation method is more suitable, as the offset from the vertical is accounted
for without altering the profile of the measured vertical velocity. This is an important
point, as the most suitable rotation method used may vary between datasets
depending on the measuring conditions in terms of instrument placement, flow
regime, bottom topography etc., and both should be applied and examined to
determine the most suitable method for each dataset. In the example presented in
Figure 17, the difference between the double and planar rotations is clear.

Figure 17: Example of un-rotated (black line), two-step rotated (blue line) and planar rotated (red line)
vertical velocity data.
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The ADV stores the O2 readings from the microelectrode as counts, so this data
must be converted into µM by calibrating against bottom water O2 concentration. This
can be done in a number of ways; 1) 1 – point calibration against measurements
made by Winkler analysis or hand held O2 meter, 2) calibration against continuous
time series of O2 concentration measured by O2 optode, 3) 2 – point calibration by
measuring the zero and saturation current of the microelectrode itself in solutions of
100% and 0% saturation prior to deployment. The data presented in this thesis is
primarily calibrated against data collected by simultaneously deployed O2 optode, an
example of which is shown in Figure 18. The optode readings were validated against
O2 measured by Winkler titration. Signal drift in the microelectrode dynamics, such as
seen in the middle portion of the dataset in Figure 18 can be corrected for by
isolating that data segment, and finding a linear relationship between the optode and
microelectrode data. This is a crude calibration method, and a more robust approach
should ideally be implemented.
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Figure 18: Example of EC O2 microelectrode data (black line) calibration against simultaneously
measured O2 optode data (red line). Several data points are extracted from each dataset and plotted
against each other; the resulting linear function is used to correct the O 2 microelectrode data.

Analysis of the frequency spectra is carried out on the vertical velocity and O2
data to determine the presence of developed turbulence. Developed turbulence is
typified by a -5/3’s slope on the vertical velocity spectra plot (Figure 19). The
cumulative co-spectra of the flux are calculated in order to determine the eddy
frequency contributing to the flux (Figure 20). This is important as it allows the most
suitable flux averaging window for that particular dataset to be used. A time window
needs to be determined for the running average flux calculation. Eddies do not all
occur on the same time scales, and so the range of eddy sizes that are present, and
contributing to the flux, need to be incorporated. This is then assumed to give the
most accurate final flux value. The area of the cumulative co-spectra between 0 and
1 is considered to be the range where eddies are present (therefore turbulence is
developed). Because the y-axis is normalised it can be thought of as a percentage
contribution to the flux, with the frequency of the eddies on the x-axis. By dividing 1
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by the frequency at which the eddy contribution reaches 0, we can get a time in
seconds; this forms the averaging window most suitable for that particular dataset.

Figure 19: Example of a -5/3 slope on the normalized spectra of vertical velocity (Vz). The -5/3 slope
indicates that developed turbulence is present.
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Figure 20: Example of a typical co-spectrum showing the frequency at which all contributing eddy sizes
would be included in the flux calculation. In this example, 100 sec is calculated as a suitable

Fluxes are calculated using the SOHFEA_V3 (Fortran coding) software
(McGinnis, unpubl. data). This software calculates fluxes for the chosen averaging
period within the chosen window (14.5 min). The Unisense AZA is designed to autozero in order to reset the AC and DC signals from the microelectrode to account for
changes in dissolved oxygen within the water column. This auto-zero is performed
when the power source is reset. In order to do this the ADV is set to measure for 15
min, but collect data for 14.5 min. This means the AZA is reset every 15 min, but the
user gets 14.5 min of data. This was the method developed by Berg, et al (2003), but
has since been revised with the development of non-auto zeroing amplifiers
(Mcginnis et al. 2011). 14.5 min was also chosen as a discrete time interval to allow
simpler analysis of the large datasets associated with EC. Following Error! Reference
ource not found., the flux needs to be averaged over the dataset size, and this is

done in three different ways. The three averaging methods used are, mean removal
(simple mean of all the data), linear detrending (applies a linear fit to all the data) and
running average (applies a dynamic filtering to the all the data). The averaging
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method used varies between users and individual datasets/environments, however
all agree that simple mean removal is not suitable for calculating the most accurate
flux as it often leads to significant over or underestimation of the flux. This method is
still written into software as an option as for short datasets in very steady
environments (or experimental conditions such as within flumes) this could still be the
most suitable option to use. The studies conducted in this thesis were all conducted
in natural environments where conditions are rarely suitable for the use of mean
removal. The use of linear detrending or running averaging depends on whether
trends are apparent in the data or not. For example, in tidal environments with
regular current direction and velocity changes, running averaging would give the
most accurate flux as the O2 and vertical velocity measurements are likely to show
periods of increase and decrease over the dataset, meaning that it would be difficult
to apply a suitable linear fit. In a steady environment where O2 change over the
dataset is more linear in nature, linear detrending will be suitable (Lorrai et al. 2010).
The SOFHEA_V3 software automatically calculates the flux by each of the three
methods mentioned above. It also automatically applies a time shift to each flux point
in order to get the maximum correlation between the O2 and vertical velocity
parameters. This step is useful as there is often a slight spatial separation between
the microelectrode tip and the measuring volume, and the slower response time of
the amplifier compared to the ADV resulting in a time lag between measurements. To
correct for this, the SOFHEA_V3 software automatically shifts the O2 and vertical
velocity data backwards and forwards to achieve the maximum correlation between
the parameters. This can be verified by conducting a cross correlation of the two
parameters, where the offset from 0 (no shift required) can be seen. An example of
this can be seen in Lorrai et al, 2010, Figure 11.
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Cumulative fluxes for each 14.5 min period can be calculated and examined to
assess flux quality. Consistent and linear cumulative fluxes suggest a strong flux
signal, and therefore high quality data, and the opposite also applies, where nonlinear fluxes indicate a weak flux signal and such fluxes should be further
investigated and treated with caution. Depending on the aim of the study, the final
fluxes can be averaged separately over the light and dark periods (if applicable)
based on measured PAR data.

2.4 Eddy correlation vs. total incubations and profiling
Eddy correlation was developed as a complement to the traditional enclosure
and sediment profiling methods of determining benthic O2 flux. There are several
theoretical advantages that EC has over the other methods. These include large
measuring area, non-invasive approach, not substrate limited and high resolution
measurements. Sediment enclosure methods, both in situ and ex situ ones are very
disruptive to the sediment structure due to the need to insert a chamber/core into the
sediment. Sediment profiling is also an invasive technique, as although it’s on a tiny
scale compared to chamber incubations, a foreign object is still being inserted into
the sediment. This becomes a larger disturbance when using an in situ profiling unit
which is equipped with multiple electrodes. EC measurements are conducted above
the sediment surface and as such do not exert any negative effect on the sediment
structure. Benthic chambers and core incubations disrupt the natural hydrodynamics
by enclosing a portion of sediment; however the open design of the EC frames do not
impede the natural hydrodynamics. EC measurements can only be conducted in situ;
therefore they do not suffer from the artefacts of temperature and pressure changes
that can cause over or under-estimation of fluxes from recovered core incubations.
There is however some factors associated with the use of EC which do not
show an improvement compared to the likes of total incubations and profiling. The
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main factor is user friendliness. Total incubations and profiling can be carried out with
minimal training and supervision, and quality, accurate results can be achieved. The
data collected by these methods is also generally simple and straightforward to
analyse and interpret. A higher degree of training and understanding is required by
the user to successfully, and accurately utilise the EC method. This is especially true
with the data analysis and interpretation. Whilst a protocol of sorts for EC data
analysis is presented in this thesis, this is a combination of steps from several users,
as each has certain steps which are superior to the other and vice versa. This lack of
a standard protocol for EC data analysis, as well as the potential for high degrees of
personal interpretation by the user means that EC is not a technique suited to new
users, or those wanting to get quick, accurate and easy to understand measurements
of benthic O2 exchange.
Benthic chamber design varies such that included sediment area can vary
between 78 cm2 and 12,100 cm2 (Tengberg et al. 2005) meaning that it is possible to
conduct large scale benthic investigations using benthic chamber technology.
Sediment profiles give point measurements, which is useful for small scale O 2
dynamics studies. The EC can measure over an area tens of m 2 within its footprint
area (Berg et al. 2007). EC fluxes therefore incorporate the activity from a large area
of sediment, which can be argued as being more representative of the natural
benthic activity than chamber or core measurements. Differences between the flux
measured by EC and enclosure techniques can most often be ascribed to the
difference in the sediment area being represented by the flux. There is always the
potential for the differences to also be due to problems with the EC technology, data
interpretation or simply the fact the two techniques are different. Sediments are often
heterogeneous and random benthic chamber incubations may not incorporate a
representative portion of the sediment, this problem is not encountered as often with
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EC due to its much larger footprint. Small scale chamber or core incubations still
have their place in benthic biogeochemical studies as they can tell us much more
about the smaller scale heterogeneity than EC can. Studies should ideally include
EC, benthic chamber and microprofiling measurements in order to get a complete
picture of the benthic cycling of O2 in the natural environment.
Another major limitation of benthic enclosure and sediment profiling methods
is the sediment type they can be applied in. Naturally hard substrates cannot be
sampled by these methods due to their need to be inserted into the sediment.
Permeable sediments can also pose a problem for benthic chamber incubations. In
such sediments advection through the large interstitial spaces is often a dominant
transport mechanism, and by enclosing a portion of sediment this breaks down the
advection within the chamber. By stirring the overlying water it is possible to drive
advection through the sediment still, but it is incredibly difficult to estimate what
stirring rate is needed to best represent natural conditions, and measurements will
often be over or under-estimated as a result. EC overcomes this by measuring above
the sediment. This opens up a wide range of environments that it was not possible to
sample before the development of EC, such as vertical undersea walls (Glud et al.
2010), under sea ice (Long et al. 2012), and in permeable sediments such as coral
sands (Berg et al. 2013; Long et al. 2013).
Sediment enclosure techniques are generally low resolution, with as little as
start and end incubation measurements made. Some benthic chambers are
equipped with O2 optodes to measure the O2 concentration over the length of the
incubation; however making an optode measurement at minute intervals is sufficient
to get a reliable flux within a benthic chamber. The EC system measures at up to 64
Hz, making high resolution measurements of the change in O 2 concentration over a
deployment length possible. The O2 flux measured by EC is also representative of
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the transport of O2 by naturally occurring turbulent advection, whereas the turbulent
advection within a benthic chamber or core incubation is artificially induced and may
not truly reflect the natural conditions. Such high frequency measurements allow
accurate quantification of the tidal effect on benthic O2 transport in shallow waters,
and the effect of wave action, two factors not easily observed with benthic chamber
or profiling methods. Due to the nature of the method, EC measurements have to be
made at such high frequencies which results in large datasets, and potentially higher
chances of error compared to benthic chamber measurements, which can have very
small datasets, with very low potential for error. This in turn can be interpreted as
saying that benthic chambers are a more reliable method than EC, and this should
be considered when choosing a method for a study.

2.5 Primary productivity measurements
It is important to measure both O2 production as well as O2 uptake when
undertaking studies of benthic carbon cycling. This allows a more accurate picture of
the rate at which organic carbon is moving throughout the environment. Benthic
primary production can be determined by the same methods as used for measuring
benthic O2 uptake. If benthic chamber, core incubation or EC measurements are
undertaken within the photic zone, during daylight, a production of O 2 as a result of
primary production can be measured. Depending on the length of the incubation time
(or deployment time for EC), these measurements typically represent net primary
production (NPP) as they take into consideration the rate of respiration (uptake of O 2)
at the same time as the rate of O2 production during daylight. We interpret a positive
flux as a production of O2 and subsequent transport out of the sediment. And a
negative flux as an uptake of O2 by the sediment as a result of respiration.
In order to understand the complete picture of carbon cycling within the marine
environment, it is necessary to measure the pelagic primary production (PPP)
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alongside the benthic primary production. The two most common methods used to
determine the PPP are the light/dark bottle method (Gaarder and Gran 1927) and the
14

C method (Steemann-Nielsen 1951). It is also possible to determine the oceanic

primary production from satellite made measurements of chlorophyll concentration
(Platt and Sathyendranath 1988). Other methods are not relevant to the studies
presented in this thesis.
Two types of primary production can be measured, gross primary production
(GPP) and net primary production (NPP). Gross primary production is the
measurement of primary production only, after the concurrent respiration has been
taken into account (so GPP = NPP + R). Net primary production is the measurement
of primary production during daylight only, taking into account the rate of O2 uptake
by respiration (NPP = daytime O2 exchange). GPP is useful for determining the rate
of production of organic matter only, whereas NPP gives a more realistic value of the
rate of primary production in the natural environment.
During the seasonal benthic primary production study presented in Chapter 4
required the pelagic primary production contribution to be measured alongside the
benthic production. The 14C method was chosen due to its high sensitivity, which
makes it suitable for determining low rates of primary production. The 14C method for
quantifying pelagic primary production was developed by (Steemann-Nielsen 1951).
The technique involves using radioactive carbon-14, or 14C, in the form of sodium
bicarbonate (Na2CO3) to determine the uptake rate of organic carbon by
phytoplankton in a discrete water sample. The level of

14

C tracer retained by the

phytoplankton is then counted by liquid scintillation to determine the rate of primary
production for the sample. Details of the experiment set up used to measure the
pelagic primary production are presented in Chapter 4. The step by step protocol
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used to determine the pelagic primary productivity in the samples can be found in the
Appendix of this chapter.
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Chapter 3 – Arctic Benthic Study
Gavin Turner, Henrik J Stahl, Ronnie N Glud, Tim Brand, Richard Abell

Abstract
The study investigated benthic O2 exchange in permanently cold Arctic
sediments around the Svalbard archipelago. Carbon cycling in Arctic sediments is
still an understudied, but important process as the coastal zone in the Arctic plays an
important role disproportionate to its area. The novel Eddy Correlation technique was
employed for the first time for Arctic benthic investigations. The EC was deployed on
an autonomous benthic lander system deployed from the RRS James Clark Ross.
Lab incubations and O2 microprofiling were conducted on recovered sediment cores.
In situ incubations were conducted with a benthic chamber lander system. The suite
of measurement techniques was designed to give a wide ranging picture of benthic
O2 exchange. Spatial variability was investigated by visiting a range of stations.
In situ and ex situ incubations and O2 microprofiling results show good
agreement between a range of -1.8 and -17.6 mmol m-2 d-1 and also indicate that
diffusive O2 uptake is dominant. EC O2 fluxes were only available from 3 stations,
and varied between -9.2 and -32.2 mmol m-2 d-1. Low current velocities and possible
density stratification were present at some stations (~1.3 cm s-1) which are in part
responsible for the differences between TOU and DOU. Rates of benthic O2
exchange were found to be similar to temperate latitude sediments at similar depth,
but EC was found to not be a more advantageous method than the others employed.
Further investigations into the use of EC in this type of environment are required.
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3.1 Introduction
The shelf and coastal zones account for less than 10% of total ocean area, but
they account for ~ 30% or more of the oceanic primary production, making these
areas biologically important. As much as 50% of water-column primary production
has been estimated to settle on the seabed in shallow coastal areas (Wollast 1991).
Benthic microorganism populations will act to reoxidise a significant portion of this
settling organic material, while the remainder is permanently buried (Berner 1980).
This recycling of carbon and nutrients within the coastal sediments mean they are
important in supporting the primary production in the water column. But high rates of
carbon burial make these areas important as carbon sinks. Measurement of the
oxygen flux in marine sediments is the accepted proxy for quantification of the
organic carbon flux in oxygenated sediments (Glud 2008). In anoxic sediments,
measurement of NH4+, PO4 and H2S act as the proxies for carbon turnover in place of
O2 (Canfield et al. 1993). Oxygen is the ultimate electron donor in early diagenesis
and is taken up through both aerobic respiration and re-oxidation of the reduced
compounds resulting from aerobic and anaerobic respiration. Oxygen is simpler to
measure than CO2 due to the rapid reactivity of CO2 in seawater. While there exists a
large body of literature exploring benthic mineralisation, less is known about rates of
benthic mineralisation in the permanently cold Arctic coastal sediments (Glud et al.
1998; Hulth et al. 1994; Pfannkuche and Thiel 1987; Rysgaard et al. 1998).
High Arctic sediments are unique benthic environments as they are
permanently cold, unlike temperate latitude sediments that experience seasonal
temperature variations. Biological processes slow down as temperature decreases,
and it is assumed this was no different in Arctic sediments. Implications of low rates
of important biological processes in Arctic sediments can include decreased organic
matter remineralisation within the sediments, and therefore reduced water column
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primary production through less supply of reoxidated products from the sediment. It
has been shown that rates of carbon burial in Arctic sediments around the Svalbard
islands is comparable to those found at temperate latitudes (Glud et al. 1998). Arctic
sediments can be an important environment for natural carbon storage, which could
be altered if global temperatures continue to rise. The increase in temperature, and
associated sea ice melt could stimulate primary production, with the result of
increasing sediment accumulation rates, therefore increasing carbon burial. A
relationship between increasing sedimentation and increasing carbon burial
efficiency has been proven (Canfield et al. 1993; Glud et al. 1998).
Increasing global temperature is the main cause of the decrease in the overall
extent, thickness and residence time of the Arctic sea ice cover, and important part of
the Arctic carbon cycle. The presence of sea ice and its formation and melting is a
major control factor in Arctic primary production and gas exchange (Rysgaard et al.
2011; Rysgaard et al. 2009; Rysgaard et al. 2007), and ultimately the sedimentation
rate. Seasonal sea ice cover variation results in equivalent variations in pelagic
primary production and organic matter input to the benthos. This controls the rates of
benthic primary production, as well as controlling available light at shallow water
depths.
The database of published studies investigating biogeochemical processes in
Arctic marine sediments is increasing, but this is still somewhat understudied
compared to temperate latitudes (Glud et al. 2009b). Numerous studies have all
focused on Young Sound, Greenland (Glud et al. 2002a; Glud et al. 2000; Rysgaard
and Glud 2007) and around the Svalbard islands (Glud et al. 1998; Hulth et al. 1994;
Jørgensen et al. 2005; Kostka et al. 1999; Thamdrup and Fleischer 1998). The
objective of some of the aforementioned studies was to determine the benthic
remineralisation rates of permanently cold Arctic sediments, and how they relate with
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equivalent rates from temperate latitudes (Thamdrup and Fleischer 1998). The
common conclusion was that efficiency of organic carbon remineralisation and
oxidation was in agreement with rates at temperate latitudes. The conclusion is that
the microbial community of permanently cold sediments is well adapted to this
environment.
The aim of this study, carried out during the summers of 2008 and 2010, was
to use a suite of state-of-the-art in situ and ex situ methodologies, including the novel
Eddy Correlation method, benthic chamber lander “Elinor” and benthic microprofiling
lander “Profilur” to determine the efficiency of benthic carbon remineralisation in high
Arctic sediments by quantification of benthic oxygen and dissolved inorganic carbon
exchange rates, and carbon burial rates. Along with the in situ landers, the solute
exchange at the sediment-water interface will be determined ex situ in recovered
sediment cores (Jorgensen 1977). Differences in carbon mineralisation and burial
rates will be investigated across a wide range of coastal, shelf and slope stations in
the high-Arctic (northern Svalbard, Norway). A simple carbon budget will be
constructed for the respective stations in order to understand their relative
importance for carbon sequestration.

3.2 Materials and Methods
3.2.1 Study Location
Svalbard is an island group situated above 77˚ N within the Arctic Circle. The
archipelago is formed of three main landmasses with numerous surrounding smaller
islands. Two expeditions were conducted aboard the R.S.S. James Clark Ross, one
during cruise number JR210 in August 2008, and JR219 in July 2010. In all, 14
different stations (Table 1), ranging from shallow fjords to margin and deep slope
environments were visited. Figure 21 indicates the 10 stations where benthic lander
and mega corer deployments were conducted. Four other stations (GS, GSE, HL and
74

SE) not marked in Figure 21, were additionally sampled by mega corer. A total of 22
lander deployments were made during the two cruises.
Two stations were located within Kongsfjord (KF3 & KF1) on the west coast of
Spitsbergen (Svalbard), with two other stations located on the continental shelf
(KF3.5) and the continental slope (KF4) outside Kongsfjord. The Shelf Edge (SE),
Shelf 1 (SH1) and West Svalbard Margin (WSM) were located on the north-western
continental shelf and shelf edge. Two other stations, Smeerenburgfjord and
Woodfjord (SBF & WDF), were located in the north-west corner of Spitsbergen
Island. The Marginal Ice Zone (MIZ) station was located at the sea ice edge during
August 2008. One station was situated in Hinlopenrenna (HL) south east of the MIZ
station, the straight that separates Spitsbergen from Nordaustland. The north-eastern
most station was located on the northern side of Nordaustland in Rijpfjord (RPF).
Furthermore, two stations (not in Figure 21) were located on the opposite side of the
Fram Strait on the Greenland Shelf (GS) and Greenland Shelf Edge (GSE). Station
positions, activity, bottom water temperature and salinity are summarised in Table 1.

75

Figure 21: Map showing benthic lander study sites during cruises JR210 in summer 2008, and JR219 in
summer 2010. Sites visited ranged from northern shallow fjords to deep shelf and slope locations on the
western margin of the Svalbard archipelago. The two RPF stations are considered as one. The red arrow
indicates the flow of warmer Atlantic Water from the south, with the colder return shown in blue on the
left. The blue arrow at the top indicates the cold Polar Water from the east.

Two major bodies of water are present around Svalbard, with warm North
Atlantic water (Ivanov et al. 2009) moving up the western side from the south, and
cold Polar Water (Rasmussen et al. 2007) moving across the north of the islands
from the west (Figure 21). Stations GS and GSE are influenced by the cold returning
current rather than the warm Atlantic Water the Svalbard west coast and shelf is
influenced by. The fjords around Svalbard are typically ice covered during the winter
months, with the northern fjords (RPF, WDF and SBF) are ice covered for the longest
periods. During the summer of 2008 and 2010 all stations were ice free, except MIZ
which was at the sea ice edge. RPF had only been ice free for a short time at the
time of sampling and is typically ice covered for ~ 8 months of the year (Howe et al.
2010), whereas the KF stations are now typically ice free all year round, with only
seasonal thin fast ice cover for ~ 3 – 4 months of the winter (Finlo Cottier,
pers.comm.)
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Table 1: Benthic lander and corer activity summary from JR210 (2008) and JR219 (2010). Station name,
deployment time, position, depth, in situ bottom water temperature (°C) and salinity (PSU) are presented.
Profilur = microprofiling lander, Elinor = benthic chamber lander, Core = mega corer and EC = eddy
correlation lander.

Cruise
No.
JR210

Date

Station
SH1

Deploy
Time
25.1

Latitude
(N)
79°43.440

Longitude
(E)
08°50.075

Depth
(m)
452

Profilur

Temp
(°C)
2.5

Salinity
(PSU)
35.0

01/08/08

JR210

01/08/08

SH1

25.1

79°43.443

08°49.796

407

Elinor

“

“

JR210

02/08/08

SH1

26.2

79°43.100

08°47.875

449

Core

“

“

JR210

04/08/08

MIZ

30.1

80°21.163

16°20.879

410

Elinor

0.3

34.9

JR210

08/08/08

MIZ

19.8

80°20.851

16°20.410

410

Core

“

“

JR210

12/08/08

SE

23.5

80°29.350

11°17.692

760

Core

-0.3

34.9

JR210

14/08/08

RPF

41.7

80°16.880

22°18.339

195

Elinor

-1.7

34.8

JR210

14/08/08

RPF

14.1

80°16.991

22°18.744

217

Profilur

“

“

JR210

16/08/08

RPF

33.9

80°07.451

22°09.236

206

Core

“

“

JR210

18/08/08

KF1

27.2

78°57.510

11°56.760

357

Elinor

1.1

35.1

JR210

18/08/08

KF1

26.9

78°57.510

11°56.760

357

Profilur

“

“

JR219

04/07/10

KF3

27.3

79°01.000

10°42.040

338

EC

1.7

34.8

JR219

04/07/10

KF3

24.5

79°00.830

10°42.021

340

Elinor

“

“

JR219

05/07/10

KF3

22.3

79°00.910

10°41.280

332

Core

“

“

JR219

05/07/10

KF4

34.4

78°58.370

06°42.700

1370

Elinor

-0.8

34.9

JR219

05/07/10

KF4

35.0

78°58.470

06°43.080

1370

EC

“

“

JR219

07/07/10

KF4

25.2

78°58.500

06°42.360

1370

Core

“

“

JR219

09/07/10

GS

21.5

77°40.640

05°37.884

370

Core

1.0

34.9

JR219

11/07/10

KF1

10.3

78°57.480

11°53.950

345

Elinor

1.1

35.1

JR219

11/07/10

KF1

10.5

78°57.550

11°53.500

345

EC

JR219

11/07/10

GSE

14.0

77°38.920

04°46.810

1398

Core

-0.5

34.9

JR219

12/07/10

KF1

10.2

78°57.620

11°53.090

346

Core

1.1

35.1

JR219

12/07/10

KF3.5

11.5

78°59.900

08°23.380

710

EC

1.3

34.9

JR219

15/07/10

SBF

7.3

79°43.690

11°05.730

220

EC

-0.7

34.5

JR219

15/07/10

SBF

7.5

79°43.580

11°05.710

224

Elinor

“

“

JR219

15/07/10

SBF

14.1

79°43.490

11°05.750

220

Core

“

“

JR219

16/07/10

WDF

10.9

79°40.976

13°49.594

198

Elinor

-1.0

34.6

JR219

16/07/10

WDF

10.0

79°41.060

13°49.970

198

EC

“

“

JR219

17/07/10

WDF

13.6

79°40.960

13°49.870

198

Core

“

“

JR219

18/07/20

HL

9.0

80°33.270

11°38.190

386

Core

1.3

34.8

JR219

19/07/10

WSM

17.8

79°29.140

06°43.290

1257

Core

-0.8

34.9

Activity
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3.2.2 In situ lander measurements
The three benthic lander systems “Elinor” (Figure 22), “Profilur” and “Eddy
Correlation (EC)” were deployed to measure benthic O2 exchange rates and O2
microprofiles (Glud et al. 1994b; Gundersen and Jorgensen 1990). The Elinor lander
generally inserted the chamber ~20 cm into the sediment and enclosed 896 cm2 of
sediment surface. Actual penetration depth was recorded via a video camera
mounted on the lander. Automatic lid closure 1 h after landing on the seabed initiates
the incubation, while an impeller ensures a mixed water phase within the chamber (8
rpm). The chamber was equipped with a calibrated oxygen optode (Aanderaa,
Norway) attached through the chamber lid for optical measurements of dissolved
oxygen over time in the chamber (Tengberg et al. 2006). An auto-sampler unit
recovered water samples (5 x 60 ml) from within the chamber at pre-determined time
intervals, controlled by an on-board computer in pressure housing, for later analysis
of dissolved inorganic carbon (DIC) back at the laboratory. Upon lander recovery the
water samples for DIC analysis were transferred into 12 ml gas-tight exitainers
(Labco, High Wycombe, UK) and fixed with HgCl2 to preserve the samples until
analysis. Total Oxygen Uptake (TOU) from the optode inside the chamber was
quantified by the following Error! Reference source not found..
Equation 7

TOU = V/A x dC/dT
Where V is the volume (m3) within the chamber, A is the sediment area (m2) within
the chamber and dC/dT is the linear slope of the concentration (mml m3) change over
time (days) measured by the oxygen optode within the chamber. The water volume is
calculated by subtracting the estimated sediment volume from the known total
chamber volume. As mentioned above, sediment depth in the chamber was
observed by a video camera mounted on the lander. The TOU rate (mmol m-2 d-1)
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was corrected for the dilution caused by replacing the sample volume with external
water (Ståhl et al. 2004). The chamber lid seal was inspected prior to each
deployment and was assumed to give a leak-proof seal. The oxygen optode was in
situ calibrated against triplicate water samples, determined by Winkler titration
(Strickland and Parson 1968), collected in three small Niskin bottles just prior to
lander release from the seabed.
The Profilur lander was equipped with 5 O2 microelectrodes connected to a
programmable micro-profiling unit for simultaneous O2 micro-profiling (Reimers
1987). The unit is programmed to profile to a determined depth with a spatial
resolution of 100 µm and is equipped with a resistivity probe to determine when the
sediment surface has been reached. The microelectrodes were Clark-type sensors
built with a guard cathode and reference electrode (Revsbech 1989). Tip diameter of
the electrodes was between 10 & 20 µm, with <1 % stirring effect and a 90 %
response time of <1 s (Revsbech 1989). The oxygen micro-electrodes were in situ
calibrated against triplicate water samples, determined by Winkler titration (Strickland
and Parson 1968), collected in three small Niskin bottles just prior to lander release
from the seabed.
The Diffusive Oxygen Uptake (DOU) within the sediment was calculated from
the linear decrease of oxygen through the Diffusive Boundary Layer, as measured by
oxygen microelectrodes using Fick’s first law of diffusion (Error! Reference source not
ound.).
Equation 8

DOU = Do(dC/dz)
where Do is the diffusion coefficient of O2 in seawater at the given temperature and
salinity. dC/dz is the slope of the O2 gradient through the DBL.
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The EC lander was equipped with a state of the art aquatic eddy correlation
system (Berg et al. 2003) and a small RBR CTD (RBR, Canada). The EC system
comprises an Acoustic Doppler velocimeter (Nortek AS, Norway), a picoamplifier
(Unisense AS, Denmark) and a Clark type O2 microelectrode. The microelectrode
had a tip size of between 5 and 20 µm, stirring sensitivity of <1 % and a 90 %
response time of less than 0.5 s. The system was powered by a 12 V battery pack.
Alongside the default conductivity, temperature and depth sensors, the CTD was
equipped with an external calibrated oxygen optode (Aanderaa, Norway) for
monitoring the background bottom water oxygen concentration. This data was
subsequently used to post-calibrate the EC electrode data. The pressure sensor
allowed accurate quantification of the depth of each lander deployment. Detailed
explanation of the EC method and instrumentation can be found in Chapter 2. During
this campaign, the EC measuring rate was set at 32 Hz, which was averaged down
to 8 Hz for data analysis. The EC O2 flux was quantified by Error! Reference source
ot found..
Equation 9

EC flux =
where Uz’ is the mean fluctuating vertical velocity and C’ is the mean fluctuating
solute concentration. The bar denotes averaging over time.
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Figure 22: Free fall benthic lander systems on board RSS James Clark Ross in Smeerenburgfjord during
cruise JR219. EC lander (left) and ELINOR benthic chamber lander (right). Photo: Henrik Stahl.

The Elinor and Profilur lander systems were used during the JR210 cruise,
and were equipped as follows. The Elinor lander was equipped with 11 x 17” glass
flotation spheres, plus 1 x 10” sphere giving total buoyancy of 268.5 kg. Profilur was
equipped with 9 x 17” spheres and 1 x 10” sphere giving a total buoyancy of 233.1
kg. 192.4 and 141.1 kg of ballast (steel shot in 3 x buckets) was mounted on each
lander respectively per deployment.
During the JR219 cruise, the Elinor lander had the same buoyancy and ballast
set up as the JR210 cruise. The EC lander was equipped with 9 x 17” spheres, plus 1
x 10” sphere, giving total buoyancy of 225 kg. 180 and 150 kg of ballast was
mounted on each lander respectively per deployment to give descent rates of 60-70
m/min (Elinor) and 50-60 m/min (EC). The measuring height of the EC lander above
the sediment was set to 20 cm prior to deployment, but could vary depending on the
sediment topography.
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3.2.3 Ex situ laboratory measurements
An average of 6 undisturbed sediment cores per station were recovered from
13 stations (Table 1) by a “mega corer” (Barnett et al. 1984). The mega corer was
equipped with 10 core-liners (100 mm i.d. x 600 mm long) per deployment and was
capable of collecting virtually undisturbed cores with clear overlying water from all
sites. The sediment cores were used for TOU incubations, oxygen microprofiling
(DOU and OPD) and for quantification of sediment parameters such as organic
carbon content and porosity and sediment accumulation rates ( 210Pb profiles).
Porewater profiles of the respective parameter were obtained by core slicing.
3.2.3.1 Total exchange rates (Oxygen and DIC)
Cores were settled in recovered bottom water, in a cold room set to in situ
temperature for at least 3 hrs to allow the cores to equilibrate to as close to in situ
conditions as possible. A total of 64 cores from 13 different stations where incubated
during both cruises. Incubation times varied between 10 and 33 hrs (Table 1).
Oxygen concentration was measured in each core non-invasively during the
incubations by an internally temperature compensated Fibox optode system (PreSens, Germany). An oxygen sensitive patch (Pre-Sens, Germany) was attached to a
small glass plate on the inside of the core lid and the oxygen reading was made at
regular intervals with an optic fibre, attached to the Fibox system, from the outside. A
teflon coated stirrer driven by an external magnet ensured a well-mixed water layer
within each core. The oxygen flux in each core was calculated as described in Error!
eference source not found..

DIC samples were taken from the cores at the start and end of the
incubations, and then fixed by addition of HgCl2 for analysis. DIC samples were
analysed by a Coulometer (VIC, CM 5012) with a sample resolution of +/-5 µM. The
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benthic DIC flux was calculated in the same way as the oxygen flux (Error! Reference
ource not found.).

3.3.2.2 O2 Microelectrode profiles
Microelectrode O2 profiles were conducted in each core after the incubation
end and re-equilibration to in situ conditions. The Diffusive Oxygen Uptake (DOU)
was calculated from the profiles (Error! Reference source not found.).
icroelectrodes used had the same characteristics as those used in situ. Electrodes
were mounted on a motorised micromanipulator which profiled at a spatial resolution
of 100 µm. Sensor current was measured by a picoammeter (Unisense AS,
Denmark) connected to an A-D convertor which transferred the signals to a PC.
Oxygen Penetration Depth (OPD) within the sediment was measured by the
microelectrode profiling of the recovered cores.
3.2.4 Organic carbon burial
Sediment accumulation rates were calculated from the profile of unsupported
210

Pb. Cores were sliced into ½ cm slices to a depth of 10 cm and 1 cm slices to total

depth of 20 cm. Core slices were freeze dried and the 210Pb and 226Ra activity was
determined by gamma counting. The unsupported

210

Pb was taken as the difference

between the total 210Pb and 226Ra activities. In 210Pb core profiles where there was
evidence of sediment reworking in the upper depths of the core sample, only data
points from below this where used in the linear fitting. The accumulation rate was
calculated using the average from three common models, the CRCS, CRS and Flux
balance models (Appleby and Oldfield 1978; Fuller et al. 1999; Robbins and
Edgington 1975). The burial rate of organic carbon at each station was calculated by
measuring the organic carbon content of the sediment to a depth of 20 cm. The
background organic carbon content at depth was used to calculate the organic
carbon burial rate with Error! Reference source not found..
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Equation 10

Cburial = Sed Acc x Corg x MW C
Where Cburial is the carbon burial rate (mmol m-2 d-1). Sed Acc is the sediment
accumulation rate obtained from 210Pb analysis, Corg is the background organic
carbon content (%) at depth in the sediment and MW C is the molecular weight of
carbon. The final carbon budget was calculated by summing the carbon burialrate
and DIC flux for each station to give a budget of carbon in mmol m-2 d-1.
3.2.5 Sediment parameters
Organic carbon content was measured on dried sediment samples. 20mg
(±2mg) of sediment was taken from the dried and ground core slice and placed into a
2ml ampoule. Carbonate was removed following the adapted methodologies of
(Verardo et al. 1990) whereby 0.8ml of sulphurous acid was added to the ampoule,
and the vial was gently tapped to remove reaction bubbles from the sediment. The
samples were then left overnight to react in a fume cupboard. Samples were then
transferred to a vacuum desiccator and held under vacuum for 2-3 hours to degas,
before being frozen. After freezing the samples were placed in a freeze drier for 24
hours. The dry residue was agitated using a vortex and was placed into a 5x9mm tin
capsule. These were then sealed by folding prior to loading into the auto-sampler.
All carbon and nitrogen analysis was performed on a Costech International
Elemental Combustion System (ECS) 4010 using a pneumatic auto-sampler.
Operational temperatures were set to 1000°C in the left combustion furnace, 630°C
in the right reaction furnace and 50°C in the gas chromatographic separation oven.
The helium (>99.9%) carrier gas pressures was set to 1.2 bar giving a flow rate ~
100ml/min. Oxygen (>99.9%) used for combustion was set at 1.9 bar and air (water
and oil free) 2.4 bar. Five standards of acetanilide (BDH Chemicals – 10.36%
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Nitrogen, 71.09% Carbon) were weighed into the same batch of 5x9mm tin capsules
from a range from 0.1 mg to 1.0 mg.
The analysis was run for 30 minutes on the ‘Semi-μ’ setting. Three empty tin
capsules were folded and sealed in the same manner and the carbon and nitrogen
measured to blank correct the standards and samples. In addition, 1 capsules of
acetanilide per 15 unknown samples, was also weighted. These reference samples
were measured as unknown samples to allow any instrument drift to be corrected for.
Calibration drift over long analytical sessions is small, and typically < 2%.
The reproducibility of this method was estimated by the analysis of marine
sediment standard GBW07316 over 12 months. 19 repeat measurements of a 20 mg
samples, measured within the same analytical session as the unknown samples,
gives a reproducibility (1 standard deviation, n = 19) of Nitrogen ± 6% and for Carbon
± 3%.

3.3 Results
3.3.1 Sediment characteristics
All stations had cohesive, silty sediments with few stones present. Exact stone
volumes were not measured during the 2008 or 2010 cruises, but data published by
(Glud et al. 1998) suggest that for stations around the Svalbard islands stone
presence is < 1% vol. Surface porosity varied between 0.59 (GS) and 0.87 (KF3) and
decreased to around 8 cm where it remained relatively constant with the exception of
the GS station where porosity remained erratic down the length of the core. Organic
carbon content of the sediment ranged between 0.5 (GS) and 2.2 (KF3) wt % at the
surface. Profiles varied between each site as shown in Figure 23 showing the
variability between the sediment properties found between shelf and fjordic stations.
The higher sediment porosity values were found to be associated with higher organic
carbon content in the fjord stations (SBF, KF3). RPF is an exception, with fine silty
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sediment, but mid-range organic carbon content. The organic carbon content was
comparable to that published in other studies (Glud et al. 1998; Hulth et al. 1996).

Figure 23: Organic carbon and sediment porosity profiles taken from recovered sediment cores at the
SH1, SE1, MIZ and RP stations during the JR210 cruise in 2008. Data gives a good indication of the
variability in sediment properties found around the Svalbard archipelago.

Profiles of unsupported 210Pb decreased exponentially with depth below a
phase where mixing was evident (e.g. Figure 24). Some stations exhibit a clear
mixed zone (e.g. KF1), and others a shallow one e.g. (RPF) (Table 2). Sediment
accumulation rates calculated from the linear decrease of unsupported

210

Pb ranged

from 6.2 at the deep GSE station to 21.5 g cm-2 d-1 at the fjordic KF3 station (Table
2). Sediment accumulation rates were only calculated for stations presented as 210Pb
profiles for the other stations were not reliable for accumulation rate calculation.
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210

Figure 24: Examples of unsupported Pb profiles for 4 stations. For HL, SH1 and MIZ the mixed phase
can clearly be seen. The red lines indicate the linear regression used for calculation of the sediment
2
accumulation rate. R values for these fits were all 0.99. HL data not reliable for accumulation rate
calculation, used as a profile example only.
-2

-1

210

Table 2: Sediment accumulation rates (g cm d ) calculated from profiles of unsupported Pb. Organic
carbon content (%) and sediment porosity (%) at depth in the sediment are also shown. Data are shown in
ascending depth order.

Station

Org C
(%)

Porosity
(%)

RPF
KF3
KF1
GS
SH1
MIZ
SE
KF4
GSE

1.5
2.0
1.0
0.5
0.5
0.4
1.7
1.4
0.3

0.8
0.7
0.6
0.5
0.5
0.6
0.7
0.7
0.5

Sediment
Accumulation
-2 -1
(g cm d )
10.6
21.5
17.2
10.6
14.6
11.0
17.9
13.5
6.2

Mixed Layer
Depth
(cm)
0.9
1.2
3.8
1.2
2.0
1.5
0.9
2.2
1.2

3.3.2 O2 Profiles & Diffusive O2 uptake
The Profilur lander was only deployed at 2 stations (RPF & KF1) during the
JR210 cruise. Average oxygen penetration depth (OPD) for KF1 was 3.0±0.6 mm,
and at RPF was 11.2±2.1 mm which is indicative of low biological activity within the
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sediments of RPF. Average OPD measured in recovered sediment cores ranged
from 5.2 to 15.2 mm (Table 3).
In situ profiles (Figure 25) from RPF and KF1 show the small scale
heterogeneity present in marine sediments. The profiles within each station all have a
similar shape, but some are shallower than others, and OPD varies within the small
area covered by the profiling lander. There is a much larger difference between the
two stations, as shown by the shallower profile and lower OPD at KF1 compared to
RPF (Figure 25). Small anomalies in the O2 signal are likely caused by interference
from larger sediment grains touching the sensor tip. Glud et al, 1998 showed that the
sediments around southern Svalbard exhibited extensive microtopography and high
densities of active fauna and biogenic structures, which can help explain the
variability seen in the O2 profiles (Figure 25). The variation in OPD between the two
stations is the result of different rates of biological activity within the sediments. The
lower O2 turnover results in increased penetration of O2.
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Figure 25: Oxygen profiles measured in situ at RPF (left) and KF1 (right) show the natural small scale
variability in profile shape and OPD. The difference between a western, and northeastern fjord is also
clear in the shallower KF1 profile associated with the higher biological activity.

Laboratory profiles measured at KF4 show less disturbance down the profile
than some of the in situ RPF profile replicates (Figure 26). One profile (Figure 26
green line) shows localised O2 maxima ~ 2 mm depth, which is most likely attributed
to the electrode passing through a burrow filled with more oxygenated water. This is
proven by the fact that the profile returns to the same O 2 concentration as the others
as the electrode passes through the burrow. In situ and ex situ profiles exhibited very
similar shapes (Figure 25 & Figure 26) and similar DOU and OPD (Table 3).
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Figure 26: Replicate oxygen profiles measured ex situ in recovered sediment cores from KF4. Sediment
heterogeneity is evident by the variation between the profiles, even from within the same sediment core.

DOU was calculated from the average profiles from each station (Figure 27).
In situ diffusive oxygen uptake (DOU) measured by the Profilur lander at stations
RPF and KF1 was 11.4±4.6 and 3.1±1.5 mmol m-2 d-1 respectively, and agree well
with the observed OPD for each station (i.e. higher biological activity and low OPD).
All other DOU rates were quantified ex situ on recovered sediment cores and ranged
from -1.8 (KF4) to -12.8 mmol m-2 d-1 (WDF). DOU was generally higher in the fjord
stations (e.g. -12.8 & -12.4 mmol m-2 d-1 for WDF and SBF respectively) than the
shelf stations (e.g. -2.3 & -4.2 mmol m-2 d-1 for GS and SH1 respectively). This is due
to less organic matter input to the sediment in the shelf environment. Fjords act as
sediment trap areas (Table 2) and combined with shallower depth, drive higher O2
uptake rates.
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Figure 27: Summary of all averaged O2 profiles used to calculate DOU. The two in situ stations are
highlighted in the figure legend. The wide spread variation in benthic O2 dynamics across the range of
stations around Svalbard is clear to see. The in situ KF1 O2 profile shows a very shallow shape compared
to the likes of the SE profile which has a much deeper shape, indicative of lower biological activity.

3.3.3 Total O2 uptake
EC derived fluxes ranged from -32.2±12.2 mmol m-2 d-1 at SBF to -9.2±3.6
mmol m-2 d-1 at KF3.5 (Table 3). The rates measured in WDF and SBF were 1.5 and
1.8 times higher respectively than the equivalent Elinor chamber flux rate. Linear or
close to linear changes in concentration within the overlying water were observed in
all core and Elinor incubations for both O2 and DIC (Figure 28). All O2 fluxes are
negative, indicative of net O2 uptake, which is expected as all sites were located
below the photic zone. The calculated Elinor fluxes of O2 ranged between -0.3 mmol
m-2 d-1at KF4 and -17.6 mmol m-2 d-1 at WDF. As with the EC fluxes, the highest rates
were found at the fjordic WDF, SBF and KF1 stations. Laboratory core O 2 fluxes
ranged from -2.3±0.5 mmol m-2 d-1 at KF4 and -14.8±3.0 mmol m-2 d-1 at WDF. As in
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the Elinor data, the fjord stations exhibited the highest TOU rates in the laboratory
data also (Table 3). When compared, neither the in situ or ex situ data showed any
consistent dominance over the other; however the rates generally agreed well with
the exception of the SH1 and MIZ stations where the core incubation O 2 fluxes were
~2 and ~8 times higher than the corresponding Elinor chamber flux (Table 3).
Differences between the EC and other method fluxes can occasionally be
ascribed partly to the inclusion of a larger area of biologically active sediment within
the EC flux (the EC “footprint” area (Berg et al. 2007)) than is included in either the
Elinor or core incubations. Data presented here however indicate the diffusive total
O2 uptake rates to be similar, meaning including a larger sediment area would not
have any real effect on the flux. Therefore the larger EC flux must be the result either
of poor quality data (due to low currents, stratification or noisy microelectrode data)
or user analysis error.
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Figure 28: Concentration changes of O2 and DIC over time for both in situ and ex situ total incubation
techniques. Incubation time scale was different for the in situ and ex situ incubations. Higher solute
concentrations were seen in the ex situ incubations, and are likely the result of temperature/pressure
artefacts associated with core recovery and/or altered faunal activity within the core. Data are all taken
from the SBF station.

Plots of EC data series from each station are presented below (Figure 29 to
Figure 31). They show the relations between current velocity (both vertical and
horizontal), O2 concentration and the O2 flux data.
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Figure 29: Raw EC data set showing 3D current velocity (A), O2 concentration (B), mean horizontal current
(C) and O2 flux (D) for the SBF station.

Figure 30: Raw EC data set showing 3D current velocity (A), O2 concentration (B), mean horizontal current
(C) and O2 flux (D) for the WDF station.
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Figure 31: Raw EC data set showing 3D current velocity (A), O2 concentration (B), mean horizontal current
(C) and O2 flux (D) for the KF3.5 station.
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Table 3: Benthic O2 flux summary from the JR210 (2008) and JR219 (2010) cruises. Average O2 fluxes
(n=6) for both Total Oxygen Uptake (TOU) and Diffusive Oxygen Uptake (DOU) are summarised below.
SH1, MIZ, RPF & KF1 data were measured during JR210, the other stations during JR219. Fluxes marked
with an * were measured during the JR210 cruise (n=6). Bracketed values represent Oxygen Penetration
Depth ± SD.

TOU
In situ Benthic
Chamber
-2 -1
(mmol m d )
-15.2

Ex Situ Core
Incubation
-2 -1
(mmol m d )
-14.8±3.0

-1.0*

-3.2±1.4*

-17.6

-13.3±2.4

Station

Depth
(m)

WDF

198

RPF

206

SBF

220

KF3

340

-7.5

-9.4±1.3

KF1

345

-14.2/-10.9*

-9.9±1.2

GS

370

-2.4±0.5

HL

386

-13.3±1.4

SH1

407

MIZ

410

KF3.5

710

SE

760

-3.6±1.2

WSM

1257

-3.8±0.5

KF4

1370

GSE

1398

In situ Eddy
Correlation
-2 -1
(mmol m d )
-24.3±9.7

-32.2±12.2

-2.8

-5.0±1.6
-8.8±2.8

DOU (OPD in mm)
In Situ
Ex Situ Profiling
Profiling
-2 -1
(mmol m d )
-2 -1
(mmol m d )
-12.8±1.6
(4.5±0.5)
-3.1±1.5*
-4.3±1.2*
(10.7±2.3)
(8.3±0.6)
-12.4±2.1
(5.1±0.6)
-9.3±1.2
(5.6±1.1)
-11.4±4.6*
-8.2±1.5
(3.0±0.6)
(5.8±0.9)
-2.3±0.4
(13.8±1.5)
-8.1±1.4
(6.8±0.6)
-4.2±1.0
(15.3±1.3)
-8.3±2.3
(8.9±1.3)

-9.2±3.6

-0.3

-2.3±0.5

-3.8±1.5
(15.9±3.2)

-1.8±0.8
(9.8±3.6)

-3.1±0.5

All DIC fluxes showed an efflux from the sediment to the overlying water,
which is consistent with the expected associated O2 uptake (Table 4). In situ rates
were higher for the WDF and WBF stations, but lower at the KF4 station than the
corresponding ex situ fluxes. Measured DIC data for the GS and WDF stations were
unreliable, so a respiration quotient (RQ = DIC flux/O2 flux) of 0.7 was calculated
using the DIC and O2 flux from the nearby GSE data which was similar. This was
used to calculate the missing GS and WDF laboratory DIC fluxes.
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Table 4: Benthic dissolved inorganic carbon flux summary from JR210 (2008) and JR219 (2010) cruises.
Stations RPF, SH1, MIZ and SE were sampled during JR210, the other stations during JR219. Fluxes
marked with a * were estimated from calculated respiration quotient (0.7) due to unreliable DIC samples.

Station
WDF
RPF
SBF
KF3
KF1
GS
SH1
MIZ
SE
KF4
GSE

Depth
(m)
198
206
220
340
345
370
407
410
760
1370
1398

Benthic Chamber
-2 -1
(mmol m d )
13.4
28.4

0.1

Core Incubation
-2 -1
(mmol m d )
10.4*
3.6±5.6
12.0±5.7
9.4±2.8
9.2±3.1
1.6*
4.5±1.9
5.4±2.2
3.0±3.1
7.6±3.8
2.1±1.4

No obvious trends were observed between flux magnitude and temperature or
depth among the measured stations. However a transect along the Kongsfjord
stations exhibited a clear decrease in the TOU. This relationship is clear in the data
from the lab core incubations and Elinor lander datasets (Figure 32). The shallower,
and closest to land KF1 station exhibits a higher benthic O2 uptake rate, indicative of
higher benthic biological activity, with low rates of uptake at the deep KF4 station.
Fjords are natural catchment areas for sediments, and as such there is deeper and
more biologically active sediment present at the shallow fjord stations, compared to
the deeper, slope station. KF3 is located at the confluence of two fjords (Kongsfjord
and Krossfjord) and while it is similar in depth to KF1, the biological activity within the
sediment is likely driven by the input of organic matter from two water bodies,
whereas KF1 is influenced by one fjord.
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Figure 32: Plot of O2 flux measured in situ and ex situ along the Kongsfjord transect. Depth increases
along the transect length, but the decrease in O2 flux is regulated by the organic matter input to the
benthos, which decreases as distance from the main land mass decreases.

3.4 Discussion
The primary aims of this study campaign were to quantify the organic carbon
remineralisation in the permanently cold sediments around the high-Arctic Svalbard
archipelago and to calculate a carbon budget for these sediments. This study also
presents the first use of the novel Eddy Correlation technique for measuring in situ
benthic exchange rates of oxygen in the coastal sediments of the high-Arctic. Due to
the spatial separation of the sites studied, and the temporal variation between the
two research cruises presented here, any spatial and temporal variations in the
benthic remineralisation will also be discussed. The details of this variation will be
further explored by examining the data gathered by the complementary suite of
measuring methodologies employed during this study and by comparison with
previously published data.
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3.4.1 Benthic Carbon Remineralisation
During the JR210 and JR219 cruises, benthic O2 exchange was measured at
a total of 14 stations by a range of in situ and ex situ methods. The stations ranged
from shallow fjords ~150 m depth, to the deep shelf margin (>1000 m), thus allowing
a wide picture of the benthic carbon remineralisation in these permanently cold
sediments to be built up. The spread of stations along the western side of the
Svalbard islands, as well as referring to published literature from southern Svalbard
stations (Glud et al. 1998) allows this. The temporal, as well as spatial, variation
between the benthic O2 exchange rates is also investigated since JR210 was
conducted during 2008; JR219 in 2010 and the southern stations study during 1995.
All studies were carried out during the summer months, so the presence of sea ice,
an important regulating factor in the biogeochemistry of the Arctic, was not a major
factor in these studies. There is one exception as station MIZ sampled during the
JR210 cruise was at the sea ice edge to the north west of the Svalbard islands, and
the RPF stations had only been ice free for a matter of weeks at the time of sampling.
This will allow a point comparison between a sea ice station and ice free stations.
The first point to note with regards to the benthic O2 exchange measured
during this campaign is that all fluxes are negative, which is indicative of O 2 uptake
by the benthic community. This is not unsurprising, as all stations were below the
photic zone, and so primary production would not have been occurring. That is not to
say that primary production does not occur in the cold sediments of the Arctic, as
studies have shown that in areas where the sediments are within the photic zone,
primary production does occur (Glud et al. 2002a; Krause-Jensen et al. 2007) and
that the benthic community appears to be well adapted to the cold temperatures and
annually shifting light availability associated with the high Arctic. The availability of
light in the Arctic is a major control factor, as not only is it dark for several months of
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the year, but during the winter months the presence of sea ice also acts as a light
barrier. This has implications on the benthic O2 uptake and by proxy, the carbon remineralisation as this process is regulated by the input of organic matter to the
benthos from the overlying water column. So if pelagic primary production and
activity is reduced during the dark winter months, and the depth of the photic zone
reduced by the presence of sea ice during the light months, it is safe to assume that
the benthic re-mineralisation processes will slow down in response. The result of this
is that when the daylight returns in the spring, and the sea ice melts, pelagic primary
production is stimulated. This is followed by an associated stimulation of the benthic
O2 uptake due to the increased organic matter reaching the sediment (Rysgaard et
al. 1998).
In situ benthic TOU measured during this study (-0.3 to -32.2 mmol m-2 d-1) are
similar to the range of values observed in other Arctic studies (-3 to -16 mmol m-2 d-1)
(Glud et al. 1998; Hulth et al. 1994). The maximum flux measured during this study
was found to be higher than the maximum flux measured for the Svalbard area of the
Arctic by any other study. This value was obtained by the EC method, which has
been shown to give higher benthic fluxes than the sediment incubation methods
when measuring net benthic O2 uptake (Berg et al. 2013). The standard deviations of
the EC flux values were high, suggesting a low data quality within the EC data which
will be discussed here. The highest benthic chamber measured TOU rate during this
study was -17.6 mmol m-2 d-1, which agrees well with previously published data.
There is a clear and significant relationship between decreasing O2 flux and
increasing depth along the Kongsfjord transect (Figure 32). This relationship is not
necessarily with depth, but more with increasing distance from land, and the
associated reduction in organic matter input to the sediment. The relationship was
observed in two different methods, one in situ and one ex situ, which helps to
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validate the finding. This trend also suggests that the sediments would appear to
exhibit similar patterns of benthic O2 uptake as would be expected for the more
widely studied temperate latitudes.
The station in Rijpfjord (RPF) show very low benthic uptake rates (< 4 mmol
m-2 d-2) compared to the other shallow fjordic stations sampled (~ 15 mmol m -2 d-1).
There are numerous different water masses and currents present within the Arctic
Ocean, and each one exerts an effect on the area they move through. The main
current in the Arctic Ocean is the cold East Greenland Current (EGC). This current
gets its strength from the numerous rivers which flow into the Arctic Sea (one of two
main basins within the Arctic Ocean, which is split by a large ridge). This cold Polar
Water flows along the northern edge of the Svalbard archipelago, near the location of
Rijpfjord. The low temperature of the EGC means Rijpfjord has lower bottom water
temperatures than the stations found on the western side of the islands (Error!
eference source not found.). As a result, this area of Svalbard remains ice covered

further into the year than the western side, which is influenced by the much warmer
North Atlantic Current (NAC) flowing into the Arctic Ocean from the Atlantic. At the
time of the JR210 study in August 2008 the sampling station at Rijpfjord had only
been ice free for a few weeks. Pelagic primary production rates and chlorophyll a
levels indicate primary production to be on a comparable level to other Arctic fjordic
locations (Leakey 2013). This suggests that the pelagic production bloom associated
with the increased light availability caused by the sea ice melt was in progress at the
time of sampling. However the low benthic O2 uptake rates measured indicate that
the expected associated benthic–pelagic coupling to this bloom had not taken place
at the time of this study. It should be considered that the lab core incubations
conducted for this station could be an over-estimation due to the inability to reliably
keep the cold room during the incubations at the in situ temperature of ~-1.5oC.
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3.4.2 Arctic Carbon Budget
The estimated carbon burial rates for 9 stations are shown in Table 5, along
with the burial efficiency (%). The shallower fjordic stations (RPF and KF3) exhibit a
higher burial efficiency than the deeper GS station. The MIZ station shows very low
burial efficiency, and could be due to the fact that this station was at the edge of the
pack ice and as such pelagic production (the primary driver of carbon burial) would
be reduced by the limitation of light caused by the sea ice cover. Calculated burial
and % preservation rates varied from those presented by Glud et al, 1998. Rates
ranged from 1.6 to 16.1 mmol m-2 d-1 compared to 0.1 to 2.7 mmol m-2 d-1 for this
study. This difference can mainly be explained by the difference in location of each
study, as the stations in the Glud et al, 1998 study were located around the southern
coast of Svalbard, where there is less seasonal sea ice compared to the northern
fjords and shelf. The presence of sea ice, as mentioned, is a major controlling factor
in the pelagic primary production, the rate of which dictates the sedimentation rate
and therefore carbon addition to the sediment. % preservation rates were also lower
in this study, with the exception of the RPF and SE stations which displayed similar
values to those presented by Glud et al, 1998.
Table 5: Preservation of carbon in the sediments around Svalbard. * DIC data for GS station was
estimated from calculated respiration quotient (0.7) due to unreliable DIC samples. Data is presented in
descending depth order.

Station

Org
C
(%)

Porosity
(%)

Sediment
Accumulation
-2 -1
(g cm d )

RPF
KF3
KF1
GS
SH1
MIZ
SE
KF4
GSE

1.5
2.0
1.0
0.5
0.5
0.4
1.7
1.4
0.3

0.8
0.7
0.6
0.5
0.5
0.6
0.7
0.7
0.5

10.6
21.5
17.2
10.6
14.6
11.0
17.9
13.5
6.2

DIC
exchange
-2 (mmol m d
1
)
3.6
9.4
9.2
1.6*
4.5
5.4
3.0
7.6
2.1

C burial
-2
(mmol m
-1
d )

C preservation
(% of settling
C)

1.0
2.7
1.1
0.3
0.5
0.3
1.9
1.2
0.1

22
13
11
16
10
5
39
14
5
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3.4.3 TOU vs DOU
Previously published studies have shown that there can be a significant
difference between benthic O2 exchange rates measured by different methods (Glud
et al. 1998). The differences are mainly the result of whether DOU or TOU is being
measured, and whether DOU or TOU is the more dominant transport mechanism for
that environment. DOU is measured from microelectrode measured profiles of O2,
and is representative of the O2 flux associated with bacterial or microphytobenthic
activity within the sediment. TOU is representative of the entire benthic community as
it includes the activity of macrofauna that DOU measurements do not. There will also
often be a variation between exchange rates derived from in situ and ex situ
methods. These variations can be ascribed to inconsistencies between true in situ
conditions and the mimicked conditions used in the laboratory. There can also be
problems related to the difference in pressure between sample recovery and sample
incubation, as benthic fauna is likely to behave differently under non-optimal pressure
conditions, or perhaps die. This is especially true for samples recovered from deep
sediments.
The JR210 and JR219 cruises allowed us to use various methodologies, each
of which has its advantages and disadvantages compared to the others. This study
presents the first use of Eddy Correlation (Berg et al. 2003) in cold Arctic sediments
and allows for a true in situ comparison between this and the traditional benthic
chamber incubation method, as well as ex situ core incubations and microprofiles,
and in situ microelectrode profiles. Variation in flux value between the four methods
employed is to be expected, as each measure in a different way. The biggest
difference is in the area of sediment captured by each method. EC measures over a
footprint area up to 10 m2 (Berg et al. 2007), the Elinor chamber lander encloses 896
cm2 of sediment surface, with sediment cores only enclosing around 8% of the
103

sediment surface of the Elinor lander. It can be assumed that the method that
encompasses the largest sediment area will incorporate the highest proportion of
fauna activity, which would therefore result in a more accurate flux in fauna
dominated sediment. A previous study of the benthic mineralisation around the
southern area of Svalbard showed the sediments to be dominated by bioirrigating
macrofauna (Glud et al. 1998). In this case measuring a larger area of sediment
could yield a more accurate representation of the O2 exchange driven by the
macrofauna. This would not be true for sediments dominated by microfauna, where
diffusive O2 uptake would dominate over total O2 uptake due to less importance of
macrofaunal activity.
EC measured TOU was consistently higher than the Elinor derived exchange
rates, and is assumed to be primarily the result of the difference in sediment area
captured by the flux. DOU agreed well between both in situ and ex situ
measurements, proving that the sediments around northern Svalbard, at the time of
study, were microfaunal dominated. Ex situ TOU and DOU generally agreed well
over all stations, which suggest that the benthic oxygen exchange was not
necessarily driven by a dominance of fauna, but rather driven by the microbial
community. This is contradictory to previously published studies which show the
Arctic regions to be highly populated by fauna, and the expectation would be that
TOU (which includes faunal activity) would be higher than the DOU (Glud et al.
1998). The TOU and DOU both varied between the various stations sampled, and
both how their highest rates in the shallow fjord stations, with lowest rates at the
deep stations (KF4, GS).
The EC fluxes were markedly higher than the equivalent benthic chamber
rates, and since TOU has been shown to not be the dominant transport mechanism,
this raises some questions about the EC data quality. In a TOU dominated sediment
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the area encompassed within the measurements would have an effect on the final
flux value. There are several possible explanations for the high EC TOU values.
Firstly the possibility that the metal frame used to mount the instruments was
consuming O2 through corrosion, causing localised pockets of lower O2 water. This
theory was not tested independently and so cannot be verified. The possibility of
density stratification at low current velocities in the bottom water would also result in
inaccurate O2 fluxes. Looking at the horizontal current velocity data, there were
period of low (defined as less than <2 cm s-1) current where density stratification may
have arisen. Again, this was not tested independently and so is only a possibility.
Future studies would include discrete investigations of localised O2 consumption
through frame corrosion and formation of density stratification at low current
velocities. EC is still a method in development and as such in the future there will be
more knowledge of data analysis procedures and deployment factors which will make
the technique more user friendly, but also yield more accurate results. Due to the
time stipulations of this project, the protocol employed here, and the knowledge
applied may now be outdated.
The data presented in this study shows the benthic communities around the
Svalbard islands to be well adapted to life in the permanently cold temperatures
found there. As such the sediments show good rates of carbon turnover efficiency
(compared to temperate latitudes) and that they are an important carbon sink, and as
such are important for long term climate control.
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Chapter 4 – Arctic Sea Ice Study
Ronnie N Glud, Soren Rysgaard, Gavin Turner, Daniel F McGinnis, Raymond J G
Leakey

Abstract
The production, consumption and exchange of O2 in melting sea ice were
investigated to assess the biological- and physical-induced O2 turnover. The
underside of the ice was covered with 5 – 20 cm3 large, buoyant algal aggregates.
Their gross primary production amounted to 0.49mmol C m-2 d-1, which was 4.5 times
higher than the primary production of sea ice-incrusted microalgae (0.11 mmol C m-2
d-1). The phototrophic biomass of the aggregates (2.94 mg chlorophyll a m-2) was six
times higher than that encountered in the sea ice itself. Taxonomic investigations
strongly suggest that the aggregates were formed from agglutinated algae released
from the melting ice. At the prevailing light conditions, the sea ice-encrusted
communities were almost at metabolic balance, while the aggregates were net
heterotrophic. Together, the two communities were responsible for an overall
consumption of O2 of 0.32 mmol m-2 d-1. The sea ice-associated communities thereby
represent a southward-drifting carbon source that it being exhausted by sea iceassociated food webs. The sea ice volume decreased rapidly, releasing meltwater at
a rate of 25 L m-2 d-1, but no surface melt ponds formed. Aquatic Eddy Correlation
(EC) measurements on the underside of the ice revealed a light-dependant O2
exchange rate. However, the integrated signal resolved a net O 2 uptake of 7.70 mmol
m-2 d-1. The net O2 exchange was therefore dominated by the production of O2depleted meltwater rather than biological activity. The EC technique represents a
new non-invasive tool for O2 studies in sea ice communities.
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4.1 Introduction
The Fram Strait is the only deep-water connection to the Arctic Ocean
and is characterized by a large transport of freshwater and sea ice towards the
Greenland Sea and the North Atlantic (Rabe et al. 2013). The inter annual variation
in sea ice transport is extensive and driven mainly by changes in ice production in the
Arctic Ocean and the sea level pressure gradients across the strait. The annual
average sea ice export is estimated to be in the order of 1 x 106 km2 (or 2366 km3)
(Kwok and Rothrock 1999). The extent and the dynamics of this mass of sea ice
have major consequences for the physics, biology and biogeochemical function of
the region with far reaching global implications (Dood et al. 2012; Leu et al. 2011;
Rysgaard et al. 2011). However, the sea ice itself also represents a dynamic,
southward moving, melting biome. Surprisingly, there are very few assessments of
the sea ice associated O2 and carbon turn-over for this region (Gradinger et al. 1999;
Hop et al. 2006; Werner and Gradinger 2002) which represents the most important
export pathway of sea ice from the Arctic Ocean to lower latitudes (Kwok and
Rothrock 1999).
Sea ice associated (sympagic) microbial communities form the basis of a
complex sea-ice associated food web. Algae and bacteria living within the brine
channels and at the ice-water interface are grazed by a wide range of meiofauna and
crustaceans that ultimately serve as a food source for higher trophic levels (Hop et al.
2006). There has been considerable research on the importance of sea ice encrusted
algae for the marine Arctic ecosystems and conclusions varies from dominant to
insignificant depending on light and nutrient availability in the sea-ice (Arrigo 2010;
Horner and Schrader 1982). Sub-ice algal assemblages, comprising attached or freefloating mats or aggregates beneath the ice, have received less attention and have
only been sparsely described in the Arctic literature. However, algal aggregates of
the centric diatom Melosira arctia have been observed from several regions including
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the central Arctic, Barents Sea, Chukchi Sea, Canadian Basin and Greenland Sea
(Ambrose et al. 2005; Gutt 1995; Melnikov et al. 2002) and recently it was shown that
the rapidly sinking aggregates apparently serve as an unrecognized food source for
deep-sea benthic communities (Boetius et al. 2013). Other recent studies report on
melt pond associated phototropic mat communities (Lee et al. 2011) and buoyant
algal aggregates (Assmy et al. 2013; Melnikov et al. 2002). Direct observations,
however, remain few and it is unclear if this reflects rarity of algal aggregates or the
fact the Arctic is severely understudied.
Sea-ice is a highly dynamic and extreme environment. The brine volume
undergoes rapid changes depending on temperature, salinity, and ionic composition
of the brine fluid (Weeks and Ackley 1986). Decreasing temperature drives the sea
ice towards lower brine volume and increasing brine salinity, so winter sea ice at 20°C can thus contain <1% brine volume with a salinity >200 (Cox and Weeks 1983).
The hypersaline brine is dense and contains most of the solutes and gasses that
were originally dissolved in the seawater. As the sea ice grows, gravitational brine
drainage leads to a reduction in the bulk ice salinity and associated export of solutes
and gasses from the ice. Melting sea ice is thus depleted in gasses like O 2 and CO2
compared to the ambient sea water (Glud et al. 2002b; Rysgaard et al. 2007). This
can drive an extensive gas exchange between melting sea ice, atmosphere and
ambient seawater (Rysgaard et al. 2011). During spring, warming temperatures
increase the brine volume, with 5% brine volume generally considered to be the
threshold at which the ice matrix becomes permeable (Golden et al. 1998). This
facilitates percolation of melt water from above and advective exchange with the
underlying sea water. During the melt period the sea ice brine system is extremely
dynamic with ever-changing conditions in volume, salinity, temperature, nutrient and
gas levels all exerting considerable stress on the sympagic (ice-associated) biota.
Melting sea-ice also represents a significant challenge to investigators and most
108

studies on sea-ice associated carbon and O2 turn are therefore performed in periods
of more stable ice conditions.
The current study quantifies the autotrophic and heterotrophic activity of
sea-ice incrusted microbial communities and in under ice algae aggregates of a
typical melting sea ice floe of the Fram Strait. Traditional incubation procedures are
combined with a novel Eddy Correlation (EC) approach. The measurements are used
to assess the relative importance of different biological and physical driven processes
affecting dynamic, turn-over and exchange of O2 between sea-ice and underlying
water.

4.2 Materials and Methods
4.2.1 Study site
The study was undertaken between 22 June and 1 July 2010 as part of the UK
ICECHASER II research cruise on the RRS James Clark Ross (JR219). On the 22
June, the ship anchored to a large (1.7 km2) ice floe at 81oN, 5o E in the Fram Strait.
The ship remained anchored to the ice floe for nine days and was used as a floating
laboratory while drifting to the south-west (Figure 33A). The total drift distance was
approximately 145 km corresponding to an average drift speed of approximately 16
km d-1. A study area of 50 x 200 m was located on the ice approximately 500 m from
the ship (Figure 33B). Transport to and from the study area only took place along
designated paths to ensure that the snow cover in the study area remained intact.
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Figure 33: (A) Map of study area located in the Fram Strait between Greenland and Svalbard showing
daily mid-day positions of the ice floe as it drifted to the south-west between 22 June and 1 July 2010. (B)
The dimension of the investigated ice floe, the position of the study area and the anchoring point of RSS
James Clark Ross
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4.2.2 Sampling and measurements of basic sea ice parameters
On each of eight sampling days, sea ice cores were collected with a Mark II
coring system (diameter 9-cm, Kovacs Enterprises, USA). Core length and snow
cover thickness were measured for each sample, and all cores were collected within
an area of about 50 m2. Vertical temperature profiles were measured at 10-cm
resolution using a fast-responding thermometer with an accuracy of 0.1 oC (Testo,
Lenzkirch, Germany). Selected ice cores were cut in 10-cm sections and were
transferred to a series of one-litre polyethylene buckets and brought back in insulated
thermo boxes for further processing on ship. We estimate that the applied sampling
procedure could have led to a maximum brine volume loss of 10% (Rysgaard et al
2012). Water samples just below the ice-water interface were collected with a glass
syringe fitted with Tygon tubing. In the laboratory the ice sections were crushed and
melted overnight in darkness at 5oC, and 5 ml samples were taken for measuring
bulk salinity (Knick conductor-meter, Germany) that was calibrated against a
PORTASAL salinometer. Brine volumes were calculated according to Cox and
Weeks (1983) for temperatures below -2oC or alternatively as described by
Leppäranta and Manninen (1988).
Subsamples of meltwater were filtered through Whatman GF/F filters and the
filters were frozen for later ship-board determination of chlorophyll a (Chl a). Chl a
was extracted for 24 h in 95% buffered acetone and extracts were analysed by high
performance liquid chromatography. Other subsamples were filtered through 25 mm
Whatman GD/X filters and the solutions were frozen for later nutrient analysis. Nitrate
plus nitrite, ammonia, silicate and phosphate were analysed by standard colorimetric
methods (Assmy et al. 2013; Grasshof et al. 1983), adapted for flow injection
analysis on an autoanalyser (LACHAT Instruments Quick-Chem 8500) (Hales et al.
2004).
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4.2.3 Measuring primary- and bacteria production in sea ice.
For primary production, melted sea ice (see above) was transferred into clear
polycarbonate 60 ml bottles spiked with 15 µCi of [14C] bicarbonate (SteemanNielsen 1952). Bottles were incubated for 24 h in a series of six 60 L containers,
equipped with a combination of neutral density and misty blue optical filters, which
provided a gradient of 80, 55, 33, 14, 4.5 and 1% of the incident light level with a
spectral composition resembling under ice conditions. The six containers were
placed on the ship’s deck and were flushed with a continuous supply of seawater
sampled 6 m below the ice (Figure 34). Tests confirmed that the pumping rate was
sufficient to maintain under ice temperature during the incubations (not shown).

Figure 34: Photograph showing the deck incubation tank set up on board RSS James Clark Ross. The
graded filter screens and water supplies for each tank can be seen.

Incubations were terminated by filtration through 0.2 µm x 25 mm diameter
polycarbonate filters and, after extensive rinsing, the filters were placed in containers
with fuming HCL for 24 h. Subsequently, scintillation liquid (PerkinElmer Ultima Gold)
was added and the number of disintegrations by fixed

14

C was counted on a

Beckman Coulter LS6500 liquid scintillation counter. Counts were subsequently
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converted to carbon fixation rates by standard protocols accounting for counting
efficiency, isotope discrimination, blanks and the specific labelling (Sogaard et al.
2010). The down-welling irradiance levels were continuously recorded by a scalar
PAR-irradiance sensor of the ship-board meteorological station. Bacterial production
was determined using the [3H] thymidine incorporation approach (Bell 1993). For
each melted sea ice sample (10 ml), [3H-methyl] thymidine (83.2 Ci mmol-1) was
added at a final concentration of 10 nM, and subsequently incubated in darkness for
1 to 3 hours at the same temperature as the primary production bottles. Incubations
were terminated by adding 10 ml of ice cold 10% TCA to the vials. Each sub-sample
was filtered onto a 0.2 µm x 25 mm diameter polycarbonate filter (pre-soaked in 1
mM non-labelled thymidine), and washed with 0.2 µm filtered deionized water
followed by 100% ethanol. Each filter was then placed in a scintillation vial, dried at
room temperature and mixed with 10 ml scintillation fluid (Optiphase HiSafe II).
Radioactive disintegrations of the sub-samples were measured as above and [3H]
thymidine incorporation was calculated from counts (corrected for counting efficiency,
quenching and blank values) according to Bell (1993). Bacterial production was
calculated using a [3H] thymidine conversion factor of 2 x 1018 cells mole-1 (Ducklow
and Carlson 1992) and a carbon conversion factor of 6.3 fg C cell-1 (Kawasaki et al.
2011).
4.2.4 Measurements of primary production in algal aggregates
Intact algal aggregates were collected in 100 ml gas tight glass syringes by
divers. The aggregates were systematically sampled from well-defined areas and
overall aggregate density was estimated from scaled underwater photos. During
collection, divers carefully transferred the algae material into disassembled syringes
and subsequently closed them with the pistons. The samples were placed in black
plastic bags, carefully brought to the surface and transported to the ship in thermo
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boxes. The syringes were re-filled on-ship with 100% air saturated water collected
immediately below ice and the syringe tips were sealed with T-pieces without
catching any air bubbles. The syringes were then incubated in the on-deck light
gradient tanks described above. At regular intervals, subsamples from the respective
syringes were transferred to a 5 ml glass beaker and the O2 concentration was
quickly measured using a calibrated Clark-type microelectrode (Revsbech 1989). The
net O2 production (or consumption) of aggregates sampled in a known area was
calculated from the gradual O2 concentration change accounting for the enclosed
water volume. At the end of the incubations the aggregates were slurred and
subsamples were taken for determination of the Chl a concentration using the
procedure described above.
4.2.5 Microscope investigations
The community composition, abundance and biomass of protists were
determined by microscopy in three replicate sea ice cores and an algal aggregate,
collected on 30 June 2010. Each core was cut horizontally into 10 cm long sections
and melted for ~14 h at 3oC using a dilution technique to reduce osmotic changes
and associated loss of cells during ice melt (Garrison and Buck 1986). Samples were
then preserved in 1% final concentration acid Lugol’s iodine solution. The algal
aggregate, collected by diver from underneath an ice floe, was preserved in ~2% final
concentration sodium tetraborate-buffered formaldehyde. All samples were then
stored at 4 ºC in the dark until land-based analysis. For each melted-ice sample, a 50
ml sub-sample was concentrated by settling for 24 h and all protists >10 µm in length
were identified and enumerated at x100 to x630 magnification under bright-field
illumination using a Zeiss Axiovert 200 inverted microscope. For the algal aggregate,
three 25 µl sub-samples were diluted with filtered seawater (after mixing to
homogenize the cellular content of the aggregate) placed in plankton counting
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chambers and protists enumerated from a known area of the chamber, as above. To
determine cell volume, the linear dimensions of up to 30 cells of each taxonomic
category were measured by calibrated ocular micrometer and converted to volume
using a standard geometric configuration. Diatom cell biomass was calculated from
cell volume using the equation: Cell carbon (pg) = 0.380 [live cell volume (µm3)]0.850
(Montagnes and Franklin 2001). Dinoflagellate cell biomass was calculated from cell
volume using the equation: Cell carbon (pg) = 0.760 [live cell volume (µm3)] 0.819
(Menden-Deuer and Lessard 2000). For both dinoflagellates and diatoms, live cell
volume (µm-3) = 1.452 [preserved cell volume (µm3)]0.960 (Menden-Deuer et al. 2001).
Ciliate cell biomass was calculated from preserved cell volume using a conversion
factor of 0.19 pg C µm-3 calculated for Lugol’s-fixed cells (Putt and Stoecker 1989).
All protists were identified, where possible to species level, and grouped into
taxonomic categories on the basis of size, shape and morphology by reference
(Dodge 1982; Hoppenrath et al. 2009; Medlin and Priddle 1990; Petz et al. 1995;
Quillfeldt 1996; Round et al. 1990; Thondsen et al. 2007; Tomas 1997). To assist
with protist identification, selected sea ice and aggregate samples were concentrated
onto 0.8 µm pore size standard polycarbonate filters, washed with filtered seawater,
dried with liquid nitrogen, gold coated and cells examined using a JEOL JSM-6390LV
scanning electron microscope.
4.2.6 In situ measurements at the ice-water interface
A small CTD unit (Conductivity, Temperature, Depth instrument, XR-400 RBR,
Canada) equipped with an O2 optode (Andreaa AS, Norway) and a scalar PAR
sensor (QSP-2200, Biological Instruments, US) was deployed during the entire study
below the ice with the sensors positioned 10 cm below the underside of the ice.
About ~100m from the CTD we deployed one EC system. The system consisted of a
fix-stemmed Acoustic Doppler Velocimeter (ADV, Vector Nortek, Norway) that was
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deployed vertically though a predrilled (diameter 25 cm) auger hole. The vector was
positioned so that the ADV measuring volume (1.5 x 0.6 cm) was positioned along
the ADV centre-line at distance of 10-15 cm below the ice (Long et al. 2012) (Figure
35). The instrumentation was powered from the ice surface by rechargeable lithium
batteries. The ADV was interfaced with a pressure-compensated O2 microelectrode
(Revsbech 1989), via a custom-built picoamplifier (Mcginnis et al. 2011). The applied
microelectrodes had a 90% response time <0.1 sec, a stirring sensitivity <1% and
outer tip diameters between 10 - 20 µm (Gundersen et al. 1998). The picoamplifier
housing was positioned at a 45o angle relative to the ADV centreline and tips of the
applied microelectrodes were placed at the edge of the ADV measuring volume. The
instrument was deployed on the 22 June at 20:00 and the total deployment time was
186 h. Measurements during the initial phase and towards the end of the study
period were affected by suboptimal sensor performance and problems with
occasional ice formation. The measuring period was therefore reduced to 118 h
interrupted by periods of data upload, battery exchange and sensor replacements
and in total we obtained 89 h of high-quality data for O2 flux calculations.
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Figure 35: Photograph showing the experimental set up of the EC instrument on the sea ice. The
measuring height below the sea ice can be controlled by moving the main pole relative to the supporting
cross bar. The battery pack was on the ice surface. Ice was seen to form within the bore hole, and was
removed to maintain open water.

4.2.7 EC-data processing and flux calculations
The ADV and the microelectrode signals were both sampled simultaneously at
either 64 or 32 Hz. Data pre-processing and flux extraction were performed using a
custom developed software package (SOHFEA); in brief the pre-processing included
the following steps. A) beam correlations of the ADV data below 70 were excluded
and replaced by interpolating between the neighboring data points and the data sets
were averaged down to 8 Hz. B) The averaged vertical velocity data (Vz) data were
subsequently despiked using an acceleration threshold method (Goring and Nikora
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2002). Here, the local acceleration is calculated between neighboring data points as
Ai = ΔV/Δt and the data point is discarded if the absolute acceleration value of Ai > α,
where α is 1.5 m s-2 in the horizontal and ~0.3 m s-2 in the vertical direction. The
discarded values were replaced by linear interpolation. C) The averaged and filtered
data were rotated using the planar, double and triple rotation method (Lorke et al.
2013; Wilczak et al. 2001a). For further explanation of the rotation methods, see
Chapter 2. The fluxes using short time windows (see below) did not vary between the
rotation methods (not shown) and consequently only a double rotation was applied.
The horizontal velocity data were rotated into their streamwise and transverse
components for subsequent turbulence analyses. Here velocity spectra and
turbulence were evaluated to derive the dissipation rates of total kinetic energy (TKE)
and to inspect for possible flow interference from upstream obstructions. Velocity
spectral analyses were also used to select the appropriate eddy window – the
window that covers all the eddy contributions within the inertial subrange but
excludes low-frequency non-turbulent contributions (Lorrai et al. 2010; Mcginnis et al.
2008). In the present study, we selected the optimum windows size of 5 minutes
using a 30 second running mean. This combination allowed reducing noise and nonturbulent contributions in the flux results while maintaining the turbulent eddy
contributions. The preprocessed data were used to calculate the O 2 exchange rate
(F) by F

w' C' , where w´ and C´ represent the fluctuations from a time averaged

values for O2 and vertical flow and the overbar denotes average over the specified
period (Berg et al. 2003).
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4.3 Results
4.3.1 Sea ice characteristics, phototrophic biomass and bacterial production
The air temperature was relatively stable, varying between -2.7 and 1.2 ºC
(Figure 36A) with an average value of -0.6oC. The water temperature measured at 10
cm below the sea ice ranged between -0.9 and -1.6 ºC with an average value of -1.3
ºC (Figure 36A). The relatively warm temperatures led to sea ice melt and the ice
thickness assessed from recovered ice cores (n=23) and auger holes (n=12)
decreased by ~2.5 cm d-1 (Figure 36B). The ice floe was covered by a 2-3 cm thin
snow layer that remained intact during the entire study period and no surface melt
ponds were observed at any floes in the area. Under ice, light availability changed
with solar inclination, fog and cloud cover (Figure 36C). The scalar-irradiance
measured below the sea ice increased from 12% to 18% of the values measured
above the sea ice during the study period, presumably as a consequence of the
gradual wetting of snow. The average value amounted to 16%. The salinity at 10 cm
below sea ice ranged from 31.5 to 32.6 with an average of 32.0.
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Figure 36: (A) Air temperature (black symbols) recorded from 22 June (00:00) to 30 June (19:00) from the
ship-borne weather station. The grey line indicates the water temperature measured by a CTD unit fixed
10 cm below the sea-ice. (B) The sea-ice thickness measured on the respective days from recovered ice
cores (open symbols) and through augur holes (closed symbols). Line represents best linear regression y
2
= -2.52x + 101.6 (R = 0.71). (C) Light availability (PAR) measured above (grey symbols) and below (black
symbols) the sea-ice. The data gap in air temperature and light availability from day 6 to day 7was caused
by instrument breakdown.

Temperature profiles (n=6), bulk salinities (n=6) and calculated brine volumes
reflected a melting and highly permeable ice matrix (Figure 37). For the 9-day study
period the ice temperatures ranged from -0.1 to -0.7 ºC, while the bulk salinity ranged
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from 2.8 to 6.5 (Figure 37B & C). These conditions led to a porous ice with brine
volumes around ~0.2, but extreme values of ~0.4 were encountered at the ice
surface towards the end of the study period (Figure 37C). Whereas the sea ice
thickness was reduced by roughly ~15%, the pore space on average increased by
~8% leading to an integrated O2-depleted melt water production of 200 L m-2 over the
9-day study period.

Figure 37: Physical characteristics of three selected sea-ice cores recovered on the 23rd June (black
symbols), 25th June (grey symbols) and 29th June (white symbols): (A) Temperature, (B) Bulk salinity, (C)
Calculated brine volume (V:V). In total 6 cores were investigated, but for simplicity only three are
depicted. Note that all core lengths differ due to the gradual ice melt.

Nutrient sea ice profiles (n=7) exhibited high core to core variability and, given
the natural scatter, any potential time or depth trend could not be resolved (Figure
38). However, generally nutrient concentrations correlated, meaning that if one
nutrient species was high all nutrient values were elevated (not shown). Nutrient
concentrations of the underlying water were generally 2-3 times lower than the
average value of the melted ice samples (Figure 38) and calculated brine
concentrations were about 10-15 times higher than the concentrations in the
underlying water. The sea ice formation locks away nutrients from the sea water, and
can concentrate them in the resulting brine within the sea ice. This results in the
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higher nutrient concentrations within the sea ice than the underlying water, as seen
above.

Figure 38: Bulk nutrient concentrations in the meltwater of ice cores (black symbols). The open symbols
represent average, under ice water column values. Note that the core lengths differ due to the gradual ice
melt.

The elevated nutrient bulk concentrations in the sea ice indicate intensified
turn-over of organic matter and higher microbial biomass as compared to the
underlying water. The nutrient concentrations fall within the range also published for
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Arctic coastal regions (Tremblay et al. 2008). Ice-core profiles of Chl a (n=8) also
expressed a high core to core variability, but typically reflected a gradual increase in
the phototrophic biomass towards the ice-water interface (Figure 39A). The depthintegrated Chl a concentration varied between 0.11 to 0.93 mg m-2 with an average
value of 0.46 ± 0.29 mg m-2. As for the nutrients any potential temporal trend in the
biomass would have been masked by the high core-to-core variability. The bacterial
production in melted ice samples also tended to increase towards the ice water
interface (Figure 39B) indicating an autotrophic-heterotrophic coupling in the
sympagic community. This is due to the increased availability of organic matter for
the heterotrophs to utilise at the ice-water interface. Within the ice itself there are only
the nutrients trapped upon the ice formation to support the bacterial growth. The
depth integrated bacterial production ranged from 0.019 to 0.027 mmol C m -2 d-1 with
an average value of 0.025 ± 0.003 mmol C m-2 d-1 (n=8). Assuming a growth
efficiency of 0.24 (Nguyen and Maranger 2011), the total bacteria carbon demand
would be 0.10 mmol C m-2 d-1.
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Figure 39: (A) Bulk Chl a concentration and (B) bacterial production in the melt water of ice cores. Note
that measurements were not performed on the same cores and that the core lengths differ to the gradual
ice melt.

Diver inspection of the ice-water interface confirmed a high degree of
horizontal patchiness in phototrophic biomass. Pigmented patches of 10-30 cm in
diameter covered the underside of the ice (Figure 40A). Underwater sampling and
subsequent extraction showed a distinct Chl a enrichment in these patches (data not
shown). Surprisingly, underwater inspection also revealed numerous large algal
aggregates (Figure 40). The buoyant aggregates were deep olive green with
diameters from a few to several cm. The density of large (~5-20 cm3) aggregates was
6.3 ± 3.1 m-2 (n=15), as quantified from a photo survey. Aggregates were collected in
glass syringes (Figure 40B) and the mat-associated Chl a concentration amounted to
2.97 ± 1.21 mg m-2 (n=15), which is more than 6 times higher than the sympagic
phototrophic biomass. Large numbers of metazoans were associated with the algal
aggregates, most noticeable amphipods that grazed intensively on the material as
evaluated from the strongly pigmented gut content.
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Figure 40: (A) Sea-ice underside of the melting ice floe showing patchy brown spots of sea-ice encrusted
algae encircled by red while disintegrated algal aggregate-material is encircled by green. The measuring
stick is 1 m long. (B) Algal aggregate material collected in gas tight syringes for incubation.

The communities of protists (eukaryotic microorganisms >10µm in size) within
the sea ice cores and the under-ice algal aggregates were dominated by pennate
diatoms (diatoms which show bilateral symmetry) (Table 6). Diatoms contributed on
average 94% and 66% of total protist abundance and biomass respectively within the
sea ice, with ciliates and dinoflagellate cysts accounting for 16% and 15% of
biomass, respectively. Navicula transitans and Nitzschia spp. were the most
abundant diatoms with the former species contributing on average 35% of the protist
biomass. The community in the bottom 10 cm of the sea ice, adjacent to the water
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column, was generally similar to that in the overlying ice, with the exception of the
diatom Achnanthes taeniata, which was more common and contributed 16% of the
protist biomass in this ice layer. The mean calculated protist biomass of the
community across all three ice cores was 49 µg C dm3 (range 39 to 66), equivalent to
410 mg C m2 (not including organisms <10µm). Diatoms dominated the algal
aggregate to such an extent that other protists, although present in the aggregate,
were not observed or enumerated in the analysed sub-samples. The diatom
community within the algal aggregate generally reflected that within the sea ice with
Navicula transitans and Navicula directa the most abundant species, contributing
55% and 25% of the biomass respectively, and with Achnanthes taeniata and
Nitzschia spp. also common. The taxonomic inspection of algal aggregate data was
based on only one single aggregate; however the general similarity in diatom
composition between sea ice and the investigated aggregate clearly indicates that
aggregates were based on phototrophic biomass released from the sea ice.
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Abundance
Sea ice (bottom)
(dm3)
Diatoms
Achnanthes taeniata

608459
(401809-775446)
4976
(35350-62823)

Sea ice (total)
(%)

8

Attheya septentrionalis

0

0

Bacterosira sp.

0

0

Entomoneis sp.

457
(261-754)

≤1

Eucampia zodiacus

0

0

Leptocylindricus danicus

0

0

5560
(356-12350)
1249
(196-2124)
83543
(63316-101676)
70336
(51150-88309)
23
(0-69)

≤1

0

0

Navicula directa
Navicula kariana*
Navicula transitans**
Nitzschia Group***
Pleurosigma sp.
Thalassiosira spp.#
Unidentified diatoms.##
Dinoflagellates
Dinoflagellate cysts
Ciliates
Total Protists (>10 µm)

397532
(169835-557658)
2906
(1830-4010)
27534
(13278-35282)
954
(89-2055)
639854
(442024-792823)

Biomass

≤1
13
11
≤1

62
≤1
4
≤1

(dm3)
411009
(256497-491477)
6885
(6326-7896)
8
(0-25)
32
(0-95)
93
(54-165)
3
(0-8)
5
(0-16)
3717
(982-8351)
260
(78-415)
49425
(41044-58707)
60352
(58559-61335)
276
(8-812)
85
(0-254)
289869
(146287-367904)
1657
(1302-2037)
22029
(14906-27050)
3696
(393-9932)
438391
(283023-529760)

Aggregate
(%)

(x103 dm3)

¤

Sea ice (bottom)
(%)

953942

(µg C dm3)
64
(54-73)
13
(10-17)

Aggregate6

Sea ice (total)
(%)

2

83043

9

≤1

248

≤1

0

0

≤1

3713

≤1

0

≤1

7797

≤1

≤1

0

≤1

(µg C dm3)
32
(25-39)
2
(2-2)

(%)

(µg C dm3)

(%)

318268
4

18417

6

0

≤1

19

≤1

0

0

≤1

2240

≤1

1
(1-1)

1

0

≤1

3670

1

0

0

0

0

≤1

0

0

0

0

0

0

0

≤1

0

0

≤1

158784

17

4

79010

25

≤1

1238

≤1

≤1

1369

≤1

11

395289

41

35

175308

55

14

74875

8

6

3220

1

≤1

5817

≤1

0

0

≤1

6217

2

≤1

39479

4

0

0

≤1

11701

4

66

183660

19

16

17097

5

≤1

0

0

3

0

0

5

0

0

15

0

0

≤1

0

0

16

0

0

953942

3
(0-7)
2
(0-3)
28
(22-35)
3
(2-4)

13
(10-16)
3
(2-4)
9
(4-11)
10
(0-21)
86
(77-100)

16

4
2
33
4

15
4
10
12

2
(1-5)
0
(0-1)
17
(14-20)
3
(3-3)
0
(0-1)
0
8
(5-9)
2
(1-2)
7
(5-9)
8
(1-17)
49
(39-66)

318268
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Table 6: Mean and percentage abundance and biomass of protists (>10 µm in size) within sea the ice and
ice algal aggregate collected below the sea-ice on 30 June 2010. Mean volumetric data (with range) are
shown for the bottom 10 cm of the sea ice (n=3), the total sea-ice depth (n=3) and for the algal aggregate
(n=1)/ Algal aggregate data should be considered as semi-quantitative as based on only one sample. Note
differing abundance units for sea-ice and aggregate.
Table 6 Foot notes:
*Navicula kariana var. deters.
**Navicula transitans var. derasa f. delicatula.
***Nitzschia Group includes members of the family Bacillariaceae: Cylindrotheca sp., Fragilariopsis sp., Nitzschia
spp. and Pseudo-nitzschia sp. (Pseudo-nitzschia sp. present only in aggregate).
#Thalassiosira spp. includes T.nordenskioeldii and T.gravida (T.gravida present only on the aggregate).
##Unidentified diatoms in ice cores dominated by pennate forms including species within family Naviculaceae.
¤Small numbers of Chaetoceros concavicornis and C. curvisetus, Eucampia sp. and Odontella sp., ciliates,
dinoflagellates and cysts were observed in the aggregate before sub-sampling for enumeration.

4.3.2 Primary production
Two different techniques were applied to assess the primary production of the
sea ice algal communities and the algal aggregates, reflecting their different nature.
Melted sea ice-samples spiked with 14C-enriched DIC were incubated for 24 hrs on
deck at 6 different light levels to quantify carbon fixation rates (see materials and
methods). The data were fitted to a standard PE-relationship (Platt et al. 1980) and
showed that the ice algae communities exhibited optimal photosynthetic performance
at 12-18% of the incoming radiance, and that higher light levels induced an inhibitory
response (Figure 41A). Three ice core sections (the two bottom sections and one
intermediary section) were incubated at six light levels on four separate days (72
individual incubations). For each event material from 2-3 ice cores were pooled to
obtain sufficient material for the incubations. The absolute values of primary
production reflected the biomass of the respective samples and maximum activity
occurred in samples from the sea ice-water interface. As expected, this was most
explicit for samples incubated closest to the optimal light regime (i.e. 14% of the
incoming irradiance) (Figure 41B).
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Figure 41: The net primary production after 24 h incubation of two melted sea ice samples, one from the
-1
underside of the ice with a phototrophic biomass of 0.69 µg Chl a L (white symbols) and one from the
-1
middle of an ice core with a biomass of 0.15 Chl a L (black symbols). Both samples were incubated in
the same light gradients on 26 June. Values for primary productions (PP) were fitted with the function of
Platt et al. (1980): PP= Ps (1-exp(-aE/Ps))exp(-bE/ Pmax) where E is the ambient light for the two
communities, and respective values of Ps, a, and b are 0.54, 0.08, 0.02 for the high biomass sample and
3.48, 0.01, 0.23 for the low biomass sample. (B) The net primary production of all melted ice samples
incubated at 14% of the incoming irradiance as a function of the phototrophic biomass (expressed as Chl
a content). Samples were incubated on different days and some scatter might have been induced by
difference in light availability on the respective days (see Fig. 2). The line represents the best fit linear fit,
2
forced through (0,0); Y = 0.35X (R = 0.79).

The sympagic primary production was assessed on four separate days.
Extrapolating the measurements to the entire ice core, as reflected by the biomass
distribution, the depth integrated production amounted to 0.17, 0.12, 0.07 and 0.07
mmol C m-2 d-1 , respectively, with an average value of 0.11 mmol C m-2 d-1. As for
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bacterial production, the primary production tended to be lower towards the end of
the study period partly as a consequence of the reduced ice thickness. The sympagic
bacterial and primary production almost balanced and the sea ice was on average
only slightly net-autotrophic (0.01 mmol C m-2 d-1).
The intact algal aggregates collected below the ice were incubated in glass
syringes while monitoring the net O2 production/consumption at different light levels.
The aggregates exhibited a clear light response, but expressed a high light
compensation point of ~180 µmol photons m-2 s-1 (Figure 42) and no inhibitory
response at higher light levels. This is characteristic of layered algae communities
with high light extinction (Kuhl and Jorgensen 1992). In such systems, increasing
ambient light levels keeps exposing light limiting parts of the community to more
optimal light conditions and, whereas algae at the surface may be light saturated or
light inhibited, the integrated community does not reach this point. For the
aggregates, the light must have been exhausted at a few mm below the surface and,
despite phototrophic activity at the surface, the aggregates were net heterotrophic
even at relatively high light levels. The ambient in situ light level varied between 28
and 270 µmol photons m-2 s-1 with an average of 90 mol photons m-2 s-1 (Figure 36C)
and on average aggregates could only have been net autotrophic for 11% of the
time. Applying the in situ light levels of Figure 36C to the PE relationship of Figure 42
the average net O2 consumption of the aggregates amounted to 0.31 mmol m -2 d-1.
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Figure 42: The net primary production expressed as O2 production of collected algal aggregates
incubated at different light levels in the on-deck light gradient incubators (see Methods). Negative values
indicate net O2 consumption. The data were fitted with the following equation: PP= P max (1-exp(-E/Ek))-R,
where E is the ambient light for the two communities (Platt et al 1980). The values for Pmax, Ek, and R were
1.69, 311, and 0.76, respectively.

4.3.3 Ice -water oxygen exchange as resolved by the EC approach
The derived “EC” fluxes also exhibited a light response. Generally, O 2 release
(or reduced O2 uptake) coincided with periods of elevated light levels, while periods
of low light generally matched periods with higher rates of O2 uptake (Figure 43);
however this was not fully consistent. For example, maximum O2 uptake rates were
encountered at high light intensities on day 5 (Figure 43A), but during this particular
period both the flow and the ambient O2 concentrations were markedly increasing
(Figure 43). The O2 exchange at the ice-water interface is affected by several factors
including light availability, O2 concentrations, flow velocity, flow direction, ice
permeability and temperature. All of these will affect the percolation and/or advection
of water through the brine system and the resolved “eddy” fluxes do therefore not
necessarily reflect instantaneous O2 turnover within the sea ice. Rather the resolved
fluxes integrate ice associated activity over variable time scales depending on the
exchange efficiency between ice and water. However, fluxes integrated over longer
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time scales will represent the average net O2 exchange between sea ice and water.
Integrating the entire data set of Figure 43 resulted in a net sea ice O2 uptake of 7.70
mmol m-2 d-1.

Figure 43: (A) The average, hourly net O2 exchange (columns) between sea ice and the underlying water
column. Negative values indicate net O2 uptake. The under-ice light availability (Scalar irradiance) is
included in the same panel. (B) Under-ice salinity and O2 concentrations. (C) The concurrent velocity and
direction of the flow. (A-C) Periods without data reflect times, where: 1) batteries were exchanged, 2) data
were down-loaded, or 3) sensors were exchanged or serviced and recalibrated.
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4.4 Discussion
4.4.1 Algal aggregate - an important component of the sea ice food webs in the
Fram Strait?
We observed high densities of floating algal aggregates below the ice. This
was not just a feature of the investigated floe. As we travelled through the pack-ice,
algal aggregates emerged as floes were broken up, moved around or turned upside
down by the ship. Buoyant, free-floating sub-ice algal aggregates dominated by
pennate diatoms have been previously been observed in the Arctic e.g. (Assmy et al.
2013; Syvertsen 1991); however, due to their apparent patchy distribution there are
no detailed investigations on their characteristics, performance or importance and
most descriptions are anecdotal. Only a single, very recent, study has quantified the
abundance and biomass of buoyant algae aggregates and assessed their potential
importance for system productivity (Assmy et al. 2013). On average the aggregate
associated biomass of Assmy et al. (2013) was, however, only 0.0017 – 0.0063 mg
Chl a m-2 or several orders of magnitude less than our current study. The buoyant
aggregates were, however, in many ways very similar to the aggregates of the
current study and were also dominated by pennate diatoms. We have no explanation
for the large difference in aggregate biomass encountered by Assmy et al (2013) and
us, but the ice-associated phototrophic biomass do vary orders of magnitude in the
Arctic depending on light and nutrient availability in the ice (Arrigo 2010). However, in
agreement with Assmy et al. (2013), we argue that the observed buoyant aggregates
were formed from ice-associated algae that agglutinated as they were released from
the melting ice (it follows that aggregate biomass also is a function of the ice melting
rate). We have no firm proof of this, but supporting evidence from the taxon-specific
investigations (Table 6) clearly shows that ice and aggregate communities were
similar and dominated by pennate diatoms. The aggregate assemblages were
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different from most previous descriptions which were dominated by centric diatoms
such as Melosira arctica and Chaetoceros socialis (Ambrose et al. 2005; Boetius et
al. 2013; Gutt 1995). A recent study associated aggregate formation to the bottom of
melt ponds (Lee et al. 2011) but no melt ponds that could host algal assemblages of
pennate diatoms had developed on the sea ice at our study site showing that such
aggregate formations not necessarily is associated to melt pond formation. The
observed and collected aggregates were buoyant, presumably due to a high content
of extracellular polymeric substances (Riedel et al. 2006) and entrapped bubbles
formed during photosynthetic activity. Both features were observed and aggregates
tended to accumulate in small dome-like structures below the sea ice. Preserved
diatom cells observed by microscopy appeared in similar condition to those from the
underlying water column, and there were no visual signs of senescence at time of
sampling; this does not mean, however, that the cells were performing optimally or
were healthy. At the prevailing light conditions the aggregates were netheterotrophic. As for benthic communities, measurement of intact algal aggregates
primary production undertaken using the traditional 14C incorporation approach would
have been compromised by non-uniform isotope distribution (Glud et al. 2009b) and
homogenization of the aggregates would completely changes their photosynthetic
performance considering the intense self-shading of these the dense communities;
consequently we decided to use net O2 production of intact aggregates as a measure
for the in situ net photosynthetic activity. We cannot, however, exclude the possibility
that the O2 production approach affected aggregate performance. Most importantly,
aggregates were constrained and kept in stagnant conditions during incubation and
this could have affected the O2 and light levels within the aggregates. Divers
observed how water currents occasionally moved aggregates at the underside of the
ice and helped maintain a more loose aggregate structure than when incubated in
glass syringes; the natural phototrophic potential could therefore have been higher
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than resolved by our O2 production approach. The aggregates were used as a refuge
and intensively grazed by amphipods as evaluated from the strongly pigmented gut
content. Many amphipods were included in the incubations as it was impossible to
remove them without disintegrating the aggregates. The assessment of the net
photosynthesis of the aggregated therefore included the O2 consumption of grazing
amphipods. Gross photosynthesis of the aggregate algae must obviously have been
significantly higher than the average daily net rates inferred from the incubations (0.31 mmol C m-2 d-1). A minimum gross photosynthetic activity of the aggregates can
be estimated, assuming light-independent aggregate and amphipod respiration, by
simply adding dark values to the measured net photosynthesis during light (Glud et
al. 2009b). The minimum gross primary production of the aggregates using this
procedure amounted to 0.49 mmol C m-2 d-1, which is markedly higher that the rates
of the sympagic algae community (0.11 mmol C m-2 d-1). This also aligns with the
observation that the phototrophic biomass of the aggregates exceeded that of the
sea ice by a factor of six.
The algal aggregates remained buoyant, representing a highly concentrated
food source for the ice associated fauna. This contrasts with the recently described
Melosira aggregates that sink and apparently play an important, but previously
unrecognized, role in benthic food webs (Boetius et al. 2013). As such the algal
aggregates studied here may represent an overlooked but important production base
for ice-associated food webs during the spring period, at least during some years. It
is not known whether the mass occurrence of algal aggregates observed by us and
Assmy et al. (2013) in the Fram Strait represents either an overlooked annuallyoccurring event or a rare phenomenon, or whether occurrence is linked to on-going
climatic changes.
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4.4.2 Carbon budget and microbial activity
Measurements of spring-time algal biomass and photosynthetic activity in
Arctic sea ice span 3-4 orders of magnitude. Maximum algal biomass ranges from 1300 mg Chl a m-2 with a median value of 31 mg Chl a m-2 and daily primary
production ranges from 0.003 to 38 mmol C m-2 d-1 (see review by Arrigo et al. 2010).
Our current integrated phototrophic biomass (including aggregates and ice incrusted
organisms) amounts to 3.4 mg Chl a m-2, while primary gross production reaches
0.60 mmol C m-2 d-1. The values are at the lower end of the range of values recorded
from the Arctic. However, the few available estimates of sympagic phototrophic
biomass from the Fram Strait range from 0.1 to 3.3 mg Chl a m-2 (Gradinger et al.
1999; Gradinger and Ikavalko 1998) and compare favourably with our assessments.
Assuming photosynthetic and respiratory quotients of 1.0, the integrated activity of
sea ice and aggregates was net heterotrophic with a carbon consumption rate of 0.30
mmol C m-2 d-1. The system is thereby not sustainable, but reflects a food resource
that is being gradually consumed while the sea ice drifts southward. The sympagic
community and the algal aggregates in particular, represent a highly concentrated
biomass with a high volume specific activity. At the time of sampling the system was
net-heterotrophic and the southward drift of sea ice represents an export of organic
material that is gradually consumed by amphipods, meiofauna and bacteria. As such
the ice floe may serve as an important food source for specialized sea ice-associated
communities. The present study is a snap-shot and it would be difficult to extrapolate
the findings to a regional scale or to seasonal integrals, but scaled with the ice export
from the Arctic Ocean (~1 x 106 km2), integrated values would represent a significant
southward transport of organic material. It is also possible that the observed
aggregates might eventually lose their buoyancy and provide a potential food source
for the benthic communities, as was recently documented for Melosira aggregates
(Boetius et al. 2013); this remains to be investigated.
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4.4.3 Oxygen dynamics in melting sea ice
Oxygen exchange across the sea ice-water interface can be induced by
biological activity (respiration and photosynthesis), and by freezing and melting of the
sea ice. The actual O2 concentration of the brine in melting ice will be the net result of
exchange processes, biological activity and potential equilibration with trapped gas
bubbles, but under saturated melt water can represent a significant O2 ‘sink’ in sea
ice (Glud et al. 2002b; Rysgaard et al. 2008; Rysgaard and Glud 2004). The
investigated sea ice floe on average released melt water on the order of 25 L m -2 d-1.
This corresponds to a maximum sea ice-associated O2 deficit of 12 mmol m-2 d-1,
assuming that the fresh melt water had a temperature of 0°C and was completely
anoxic. Even though this value is poorly constrained, it strongly suggests that the
melt process rather than biological activity dominates O2 exchange at the ice-water
interface (at least as resolved by the traditional measurements of sympagic primary
and bacterial production and aggregate activity – see below).
The integrated ice-associated microbial activity represented an O2 sink of 0.32
mmol m-2 d-1 (sum of bacterial respiration (0.10 mmol m-2 d-1), algal aggregate
consumption (0.31 mmol m-2 d-1) and ice algal productivity (0.11 mmol m-2 d-1). The
EC data resolved an ice associated net O2 uptake of 7.70 mmol m-2 d-1 which far
exceeds the biological activity. We argue that the difference was at least partly
associated with O2 depletion induced by ice melt, which theoretically could be as high
as 12 mmol m-2 d-1. The data demonstrated that, while O2 exchange might be a good
indicator for biological activities in quasi steady-state sea ice, it remains a challenge
to discriminate between physical and biological induced exchange when the ice is
growing or melting. In this context it should be noted that the dynamic,
heterogeneous and complex nature of sea ice represents a challenge for studies on
sympagic microbial carbon turn-over. Commonly applied techniques involve crushing
and melting of ice to obtain homogenous samples suited for incubation with (or
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without) tracers to quantify the biological activity (Gosselin et al. 1986; Sogaard et al.
2010). However, this procedure drastically changes the microscale environment and
is expected to affect the measured activity levels. Complementary in situ approaches
like Pulse Amplitude Modulation (PAM) fluorometry and O2 microprofile approaches
are less invasive, but they integrate activity from spatially poorly defined
microenvironments and it is a major challenge to obtain sufficient replication of the
measurements (Glud et al. 2002b; Mcminn and Ashworth 1998; Rysgaard et al.
2001). The (EC) technique therefore represent a strong complementary tool for
assessing O2 exchange and O2 turn-over in sea-ice research (Berg et al. 2003; Long
et al. 2012).
4.4.4 EC measurement at the ice water interface: validation and
recommendations
The aquatic EC approach has been used for studies of heat, salt and
momentum exchange below sea ice (Fer and Widell 2007; Mcphee and Smith 1976).
As mentioned, this measuring principle has recently also been explored for O 2
exchange measurements across the ice-water interface (Long et al. 2012). The main
advantage of this approach is its non-invasive nature and the continuous records of
O2 exchange rate across large footprints of 10-100 m2 (Berg et al. 2007; Long et al.
2012). However, the approach also has some inherent challenges and relies on basic
assumptions that must be evaluated to provide robust flux estimates. Eddy
measurements assume well-mixed conditions in the boundary layer and the fluxes
should be equal at any depth within this well-mixed layer. Low velocities, brine flows
and melting may produce stratification, necessitating careful consideration of the
turbulence and hydrodynamics within this layer (Long et al. 2012). Typical
deployments, however, lack direct measurements of the boundary layer
characteristics, but several exercises can be pursued to investigate and infer the
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mixed-layer dynamics. The most important and useful is to determine if law-of-thewall (LOW) hydrodynamic assumptions are valid in the investigated environment.
Verifying that LOW assumptions are met and treating data accordingly enables the
exclusion of fluxes affected by hydrodynamic artefacts, e.g., frame interference,
stratification, or the projection of horizontal flux into the vertical direction (due to
improper rotation) (Lorke et al. 2013).
The extent by which the LOW applies can be assessed by different
approaches. We evaluated the dissipation of turbulent kinetic energy (TKE), ε, and
shear velocity u*, using three separate methods summarized by (Inoue et al. 2011):
the EC approach (EC), the Turbulent Kinetic Energy approach (TKE) and the Inertial
Dissipation method (ID). The two first approaches formulate shear velocity u * based
on LOW assumptions as expressed by ε(z) =u*3(kz)-1, where k is the Von Kármán
constant and z is the distance to the ice. However, the ID is determined from the
inertial subrange of the one-sided energy spectra (Bluteau et al. 2011) and is
independent of LOW assumptions. Therefore if the three methods agree, then this is
a good indication that LOW flow is a valid assumption. We found a good agreement
between the different methods for velocities above 3.5 cm s -1. As velocities fall below
this value, the turbulence estimates begin to diverge, with more scatter in the ID
analysis (data not shown) suggesting a break down in LOW assumptions. Use of a
benchmark of 3.5 cm s-1 is further confirmed by the analysis of turbulent anisotrophy
(Figure 44; Long et al. 2012). Here we use the ID approach to solve and compare ε
in the three components: stream wise (x), traverse (y), and vertical (z). For velocities
greater than 3.5 cm s-1, the turbulence is isotrophic in its three components with
ratios of εx:εy and εy:εz around ~2 (Figure 44). However, prior to this period the
velocity range is below 3.5 cm s-1 and while the ratio of εx:εy remains near unity, εy/εz
oscillate around 10 and up to 100 during very low velocities, indicating anisotrophic
turbulence (Figure 44). This implies a breakdown in the well-mixed conditions and
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the establishment of stratified conditions. Long et al. (2012) applied a similar
approach for deployments below, land-fast sea ice and first observed stratifying
conditions at flow velocities as low as 1-2 cm s-1. The different thresholds are most
likely associated with the extensive melting rates experienced in the Fram Strait.

Figure 44: (A) The horizontal flow velocity measured during ~40 hours of deployment by an ADV
positioned 15 cm below the ice water interface. (B) The calculated degree of anisotropy (or isotrophy)
expressed as the ratio between the transverse (εy) and streamwise (εx) eddy diffusivity and the ratio
between the transverse and vertical (εz) eddy diffusivity, respectively.

Using the LOW velocity profile formulation: u(z) = u*/k ( ln(z/zo), where u is the
velocity at depth z depth, we can estimate the bottom roughness, zo, below the ice.
The average value is 2 x 10-3 m which is similar to the value of muddy sediments
(Brand et al. 2008), but 10 times higher than reported for quasi-steady state sea ice
by Long et al. (2012). This most likely reflects the fact that our rapidly-melting ice floe
exhibited extensive small to meso-scale topography, as also observed by divers.
The above analyses provide confidence that the basic assumption behind the
eddy covariance variance approach was met at our experimental site. However, the
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analysis also identified a benchmark in flow velocity of ~3.5 cm s-1 below which the
derived EC data becomes questionable. Fortunately, we have very few data that fall
below this velocity range (Figure 43C) and the average flow velocity for the entire
dataset was 5.3 cm s-1 we therefore have confidence in the resolved average net O 2
exchange rate.
The exchange rates derived by EC assume steady state boundary layers, but
under natural conditions flow constantly accelerates or decelerates and ambient
solute concentrations may change. Holtappels et al (2013) demonstrated through
modelling exercises that such variations introduce significant deviations in the
derived flux signals, but that when integrated over long time scales (hours) the effect
averages out. Therefore caution should be exercised when interpreting short-term
flux values, and especially when relating flux dynamics to changes in controlling
factors like light availability and flow velocities. However, long-term integrative values
will provide robust average values for the net exchange rate.
The current study provides a very well-constrained estimate of O2 exchange
between the sea ice and the underlying water, but it remains a challenge to
discriminate between physical and biological driven solute O2 exchange (i.e., melting
vs. respiration and freezing vs. productivity). In the future, combined eddy covariance
estimates of heat, salt and O2 exchange would provide a very strong tool for
resolving the integrated activity of sympagic communities and greatly complement
traditional measuring approaches. Furthermore, for future sea ice studies we
recommend complementing the eddy covariance O2 measurements with detailed
investigations of the boundary layer velocity using acoustic Doppler profilers and
undertaking complementary measurements of the near ice temperature and salinity
profiles to resolve potential density stratification. Measuring gradients of dissolved O2
under the sea ice with O2 optodes to determine production or uptake of O2 would also
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compliment the suite of techniques. This will facilitate and simplify evaluation of the
extent LOW is fulfilled during deployments.

4.5 Summary
In summary, the sympagic microbial community of a ~2.5 km2 large melting
ice floe in the Fram strait was almost at metabolic balance with an estimated gross
primary production of 0.11 mmol C m-2d-1 and a concurrent bacterial respiration of
0.10 mmol C m-2d-1. The ice underside was covered with free-floating 5-20 cm3 large
algal aggregates. The aggregate density was 6.3 m2 and held a phototropic biomass
of ~3 mg Chl a m-2 which was 6 times more that the value of the sympagic
community. Taxonomic investigations showed that both phototrophic communities
were dominated by the same pennate diatoms Navicula transitans. We speculate
that the mass-occurrence of buoyant aggregates is formed as diatoms are released
from the rapidly melting sea ice and that they remain buoyant due to extensive
production of exopolymers and gas bubbles. The gross primary production of the
aggregates was 0.49 mmol C m-2d-1, but integrated on a 24h time scale the
aggregates were net heterotrophic with an average organic carbon turn-over of 0.31
mmol C m-2d-1. The microbial communities associated with the southward drifting floe
represent an export of organic carbon from the high Arctic and served as food source
for the ice associated food-web.
The ice floe was rapidly melting and produced O2-depleted, freshwater
equivalent to 25 L m-2d-1. Assuming the water was anoxic, this corresponded to a
theoretical upward O2 flux of ~12.0 mmol m-2 d-1. The measured O2 exchange across
the ice-water interphase amounted to a net O2 uptake of 7.70 mmol m-2 d-1. Clearly
the net O2 exchange between sea ice and water in the present study was dominated
by ice melt rather than biological activity. Saturation in the water under the sea ice
was recorded on the O2 optode, but this is likely due to the O2-depleted meltwater
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being rapidly re-oxygenated in the underlying water. The EC-method is a promising
approach for quantifying the net O2 exchange across interphases and may prove to
be a strong future tool for future sea-ice research.
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Chapter 5 – Loch Sween Maerl Study
Gavin Turner, Henrik J Stahl, Nick Kamenos, Heidi Burdett, Ronnie N Glud

Abstract
Maerl is a type of coralline red algae found in marine environments with high
current velocities and clear water. Maerl beds are biologically important due to the
high degrees of biodiversity they host, as well as the importance they can play as
nursery grounds for juvenile fish and shellfish. Despite their biological importance,
carbon cycling within this environment is overlooked and understudied. Eddy
correlation represents a potentially useful tool for the in situ quantification of carbon
turnover on maerl beds, as the sediment surface may not be suited to benthic
chamber incubations.
Sampling campaigns were undertaken at Caol Scotnish, Loch Sween, one in
each season. A maerl and a non-maerl station were sampled by both EC and benthic
chamber deployments during each campaign to allow for comparison. Benthic O2
exchange rates agreed well between the EC and benthic chambers, and a clear
difference was observed between the two sites during the spring and summer
months. During the autumn and winter rates were similar. This shows the biologically
diverse maerl bed ecosystem to be more biologically important for carbon cycling
than the non-maerl site at some points during the season. EC works well alongside
the benthic chambers as a suitable method for benthic carbon cycling investigations
in maerl bed environments.
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5.1 Introduction
Maerl is the collective term for several species of coralline red algae that share
a certain growth pattern (Bosence 1983; Steneck 1986). These free-living algae form
calcareous thalli which can lock together and form large beds when conditions are
favourable for growth. Maerl beds in temperate climates typically form in shallow (<
20 m) sheltered, but tidal locations, such as sea loch narrows. Beds are occasionally
found in deeper (up to 40 m); open water if there is sufficient hydrodynamic forcing to
prevent build-up of fine sediments. Maerl is only likely to form in these locations if the
water has sufficient clarity to allow the photic zone to extend to these depths. The
beds exhibit high biodiversity, and are important for trapping sedimentary organic and
inorganic material due to the lattice-like structures formed by the interlocking maerl
thalli. This lattice work provides many niches for the shelter of invertebrates and
other algal species (Wilson et al. 2004). Studies have shown that such environments
also serve as important nursery grounds for juvenile fish and shellfish (Kamenos et
al. 2004b; Kamenos et al. 2004c). Maerl species exhibit a very slow growth rate
(Blake and Maggs 2003), therefore these beds can take hundreds to thousands of
years to form. This means that maerl beds are fragile environments as their slow
growth and propagation rate means long recovery time. This is an important
consideration as maerl beds have been exploited in the past for commercial
ventures, like the use of dried and powdered maerl as an agricultural soil conditioner
(Blunden et al. 1975).
In general, human interactions with the benthic marine environment are
increasing globally through activities such as fishing, natural resource exploration
and offshore construction projects. There is growing concern that as these
commercial activities increase, irreparable damage could be caused to these fragile
ecosystems around the UK and Europe (Hall-Spencer and Moore 2000). The
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process of collecting maerl for use in the various industries mentioned previously
often involve the use of benthic grabs and dredges which have a very destructive
impact on the maerl beds. Use of such implements can also cause major damage to
the surrounding ecosystem, which can take decades or longer to recover, and there
is a significant risk of permanently losing some of the maerl grounds around the UK
and Europe. Maerl is now recognised as being more important as a living community,
due to the high biodiversity it supports, and the shelter it provides for commercially
valuable species, such as scallops and juvenile fish. In order to start protecting these
vulnerable environments, the two maerl forming species, Lithothamnion corallioides
and Phymatolithon calcareum, found in the UK were included within the European
Commission’s Habitats Directive, 1992. Within the UK’s response plan to this EC
directive, maerl is included within the JNCC’s interpretation of the1992 Habitats
Directive, the UK Biodiversity Action Plan (BAP). Maerl beds are also present within
three Special Areas of Conservation (SAC), demonstrating the importance placed on
the conservation of these unique ecosystems.
Little is known about the biogeochemical functioning of maerl beds, as a
specific type of coralline algal environment. To our knowledge there are two
published studies where oxygen exchange rates have been documented for a maerl
dominated ecosystem (Martin et al. 2007a; Martin et al. 2005) and one study
documenting nutrient exchange rates for the same environment (Martin et al. 2007b).
There is also one published study on the calcification of maerl ecosystems (King and
Schramm 1982) Coralline algae could potentially represent a locally and regionally
important natural carbon sink, as they remove inorganic carbon from the water
column in order to lay down their calcium carbonate skeleton (Bosence and Wilson
2003) and their lattice-like structure functions as a trapping mechanism for
sedimentary organic material. Hence the maerl bed biotope is likely to be an
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important part of the local marine carbon cycle. Due to the relatively restricted nature
of the global extent of maerl beds, this biotope is not likely to have much impact on
the global marine carbon cycle, and indeed this is out with the scope of this particular
study.
The primary focus of this study was to use in situ technology to measure
benthic oxygen fluxes over a temperate maerl bed in the narrows of a Scottish sea
loch (Caol Scotnish, Loch Sween), in order to assess its importance for coastal
benthic carbon cycling in relation to other coastal environments. Oxygen exchange
between the benthos and the pelagic compartment is measured as it is an excellent
proxy for carbon turnover in benthic substrates, and is a more straightforward
measurement than quantifying the CO2 flux directly (Glud 2008). The in situ
technology utilised here was the Eddy-Correlation (EC) method (Berg et al. 2003)
complemented by in situ benthic chamber measurements (Tengberg et al. 2004).
Two main sampling sites within Caol Scotnish were identified, one on the maerl bed,
and the other off the maerl bed on sandy/gravel sediment for comparison. The
primary aim was to understand if there is any difference and if so to quantify what the
difference is, in benthic carbon turnover rates these two sites. A secondary aim is to
evaluate the suitability of using a technique such as EC over complex sediment such
as maerl beds by comparing EC data with data measured by the reliable and robust
benthic chamber incubation method.
5.2 Materials and Methods
The study site was located in Caol Scotnish which is a narrow side-loch to
Loch Sween, situated just north of the village of Tayvallich on the Scottish West
coast (Figure 45). A total of five sampling campaigns were conducted at the same
study site during September 2010, November 2011, February 2012, April 2012 and
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August 2012. This schedule of sampling campaigns was chosen to allow potential
seasonal pattern in benthic carbon turnover rates to be evaluated.

Figure 45: Location map of the Caol Scotnish study site (red circle) within Loch Sween. Inset map shows
the location of Loch Sween on the west coast of Scotland (black circle). The maerl bed at Caol Scotnish is
located at OS grid ref 56°01.99’N, 05°36.13’W, and is positioned centrally within the narrowest part of the
channel (approx. 80 m wide) between the upper and lower regions of Loch Sween, and runs parallel to the
shoreline.

148

The maerl bed is ~ 1 km in length, and ~ 25 m wide. Two sites within the study
location were used for each study campaigns. One was located on the maerl bed in
the middle of the channel (hereon after referred to as the “maerl” site) and the other
was located closer to the near shore on the non-maerl sediment (hereon after
referred to as the “non-maerl” site). The maerl site is characterised by a dense
population of maerl thalli, high densities of filter and deposit feeding brittle stars,
seasonal and detrital macroalgae. Other macrofauna such as starfish, nudibranchs,
tunicates and polychaete worms were also seen to be present. Sediment under the
live maerl thalli consisted of a mixture of dead maerl skeletons and soft mud, present
due to entrapment of finer particles between the maerl thalli. The non-maerl site is
characterised by the distinct absence of maerl thalli (although the occasional loose
thalli is present), and the lack of filter feeding brittle stars. Visual inspection of the
sediment shows megafaunal diversity to be different on the non-maerl site compared
to the maerl site. For example, there was only one species of brittle star present
compared to the maerl site where several species were present. The result is that
both sites exhibit a high degree of heterogeneity. The sediment is a mix of sand,
gravel and broken shell fragments (Figure 46).

Figure 46: Maerl site (left) and non-maerl site (right) within Caol Scotnish showing the clear difference
between the two sites. The diverse range of macrofauna present at both sites is clear to see, with patches
of clear sediment present at the non-maerl site.
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The boundary between the non-maerl sediment and the maerl bed is very
distinct. The maerl species present in Caol Scotnish have been previously identified
as Lithothamniom glaciale ((Burdett et al. 2011). Macroalgal abundance is linked to
the season, and the species Chorda filum was found to be present in high density
during the August campaign, but during the September campaign the macroalgae
was obviously decaying rapidly. Large amounts of the thin, whip-like Chorda filum
was present during the first day of the September 2010 study, but was seen to
decline over the week, with the majority gathering on the seabed and the rest being
washed away with the currents. This macroalgae was also present in large quantities
during the August 2012 campaign, and the algae were seen to accumulate on the
instrument frames. Water depth ranged from 4 to 7 m during all campaigns
depending on the tidal state. Deployment and recovery of instruments and collection
of water samples was carried out by divers.
To measure benthic O2 exchange fluxes, two Eddy-Correlation (EC) systems
were deployed during most measuring campaigns (referred to as EC1 and EC2 from
hereon), one on each of the two sites (maerl and non-maerl). These instruments
were complimented by the deployment of 4 clear Perspex benthic incubation
chambers. Each EC system was comprised of a Nortek ADV for 3D velocity
measurement, fast responding (< 0.5 s response time) Clarke-type oxygen
microelectrode (Revsbech 1989) coupled to an auto-zero picoamplifier (Unisense
AS, Denmark) for measurement of dissolved oxygen (DO) and a battery pack (Nortek
AS, Norway). Each set of EC instruments were mounted on a triangular, portable
“lander” frame (Figure 47). The lander frames allow the ADV measuring volume and
microelectrode tip to be placed at a chosen height above the sediment surface.
Measuring height was set between 10 and 20 cm, although actual height could vary
by several cm due to sediment surface topography. A small CTD (RBR, Canada)
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equipped with an O2 optode (Aanderaa 3830) and PAR sensor for measuring
background, temperature, salinity, depth, oxygen and photosynthetically active
radiation was deployed on the seabed in a small metal frame for stability, with the
sensors ~ 10-20 cm above the sediment surface. This frame was placed at the edge
of the maerl bed, right in the middle between the two main sites. O 2 data from the
CTD optode sensor was used to calibrate the data from the EC microelectrodes. A
single point calibration between the two datasets was used. The CTD measures
conductivity (mS/cm) by default, so data were converted into practical salinity units
(PSU) via the UNESCO PSS-78 algorithms within the CTD software. From the
November campaign onwards default measured pressure data (dBar) was converted
to depth (m) within the CTD instrument, where applicable this data is presented in
place of pressure data.

A
C

B

Figure 47: Eddy correlation frame used for Loch Sween studies. ADV is mounted vertically within the
centre of the frame (A), with the adjustable arms holding the AZA and electrode in position (B). The
battery pack is mounted horizontally high on the frame (C) to avoid current disturbance to the measuring
volume of the ADV.
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The EC instruments were deployed at least once per site during each
measuring campaign. During analysis O2 fluxes from each deployment were split into
light and dark fluxes respectively means by using measured PAR data to determine
the light and dark time periods. A value of 10 µmol m-2 s-1 was used as a cut-off to
determine the onset of darkness, and onset of light. Red coralline algae, such as
maerl are known to be adapted to low light conditions (Kuhl et al. 2011; Roberts et al.
2002), however the range of suitable light conditions for maerl varies with species
and location. For the species dominant at Caol Scotnish, Lithothamnium glaciale, the
lower light limit is unknown however the optimum PAR level is thought to be ~ 40
µmol m-2 s-1 (Burdett et al. 2012). Data presented here were quality checked and
analysed in accordance with the protocol described in Chapter 2.
The square shaped benthic chambers are constructed from clear Perspex and
PVC, and covered 0.09 m2 area of the seabed. The chambers have a removable
transparent lid fitted with a cross-shaped stirring bar on the underside which prevents
stratification of the overlying water in the chamber during the incubation (Glud et al.
1995). The stirring bar is rotated by a battery powered DC motor, set to a constant
stirring speed of ~16-18 RPM. The battery pack is mounted on top of the chamber
assembly and the lid is sealed against the top of the chamber wall with a gasket to
prevent exchange with ambient bottom water during incubations. A sampling port on
the side of the chamber allowed samples to be retrieved from the overlying water in
the chambers in 100 ml glass syringes, at the start and end of the incubations by
divers for flux analysis of O2 (by Winkler according to (Strickland and Parson 1968))
and Dissolved Inorganic Carbon (DIC). Chamber fluxes of O2 and DIC were
calculated as the concentration change over time in the overlying water of the
chamber during the incubation. Water samples taken in triplicate and collected in 12
ml gas tight excitainers for both O2 and DIC. O2 samples were fixed with 150 µl each
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of the Winkler 1 & 2 standard reagents. DIC samples were fixed with 50 µl of HgCl2
to stop all biological activity within the sample. All samples were kept in the cold and
dark until further analysis in the laboratory. The O2 and DIC analysis protocols used
are explained in detail in Chapter 2.
Chambers were deployed by divers, typically two on the maerl site and two on
the non-maerl site. During the September 2010 campaign only two chambers total
were used, with one on each site and three chambers were used during the
November 2011 campaign, with one chamber being alternated between the maerl
and non-maerl site. During the September and August campaigns, several
deployments were conducted using a chamber with a “false” bottom. Data from these
chambers are referred to as “maerl only” later in this chapter. Maerl thalli, cleaned
from any in situ debris or associated fauna, were placed within this chamber in order
to determine the O2 flux associated with the maerl itself. The EC lander frames were
deployed and recovered using a lifting bag for buoyancy that was emptied/filled
slowly to allow for a gentle instrument decent/ascent at the chosen site. One EC
system was deployed on each site during the September and April campaigns, but
when only one EC system was available (November, February and August
campaigns) the deployments were alternated between the two sites.
See Appendix 1 for detailed deployment summaries for each of the five maerl
study campaigns.

5.3 Results
5.3.1 Background Environmental Parameters
During the campaign periods, water depth varied between 3.7 m and 5.8 m
depending on the season and tidal state. Mean water column O2 concentration varied
between 262.4 µM in November and 349.6 µM in April, with O2 saturation varying
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between 97.3 % in August and 120.9 % in April. Mean bottom water temperature
varied between 6.5 0C during February and 16.6 0C in August. Salinity varies from
25.5 ‰ in September to 32.2 ‰ in April. Mean bottom daytime irradiance (PAR)
ranged between 100.5 µmol m-2 s-1 in April and 20.5 µmol m-2 s-1 in November (Table
7). Figure 48 to Figure 52 show the temporal dynamics over 20 hr for these
background parameters during each season. There is a clear tidal signal present in
all the measured background parameters. The relationship with the tidal state for
each parameter varies with the season. This is evident in the O 2 concentration data,
where a decrease in O2 is seen during the low tide periods (2.4 – 7.6 hr & 13.7 – 18.6
hr) in winter. The difference between the periods of increase and decrease within
each dataset presented in the figures below is due to the datasets covering the same
20 hr period, but at different times of the year, hence the tidal situation is different
during each campaign.

Figure 48: Bottom water O2 concentration over a 20 hr period from each season measured during this
study. Period of decreased O2 during Autumn is possibly due to sensor fouling.
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Figure 49: Bottom water O2 saturation over a 20 hr period from each season measured during this study.

Figure 50: Bottom water temperature over a 20 hr period from each season measured during this study.
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Figure 51: Bottom water salinity over a 20 hr period from each season measured during this study. The
gaps during the spring campaign are due to removal of bad data caused by temporary sensor
malfunction.
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Figure 52: Bottom water irradiance (PAR) over a 20 hr period from each season measured during this
study. PAR sensor was malfunctioning during the winter campaign.
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Table 7: Mean background environmental parameters measured during each campaign (SD in parentheses). All data shown represents the total means from each
campaign.

Deploy

Sampling

O2

O2

Temp

Salinity

Irradiance

Length

interval

(µM)

(%)

( C)

(psu)

(µmol m s )

September

85.1 hrs

30 s

244.5 (19.5)

96.2 (7.5)

14.6 (0.2)

32.3 (0.3)

39.1 (34.1)

3.8 (3.5)

24.7

November

67.9 hrs

3 min

244.2 (7.2)

86.4 (2.3)

10.1 (0.3)

30.7 (0.5)

38.9 (3.7)

8.4 (71.0)

18.5

February

46.9 hrs

2 min

308.4 (5.6)

101.4 (1.6)

6.5 (0.3)

31.8 (0.4)

67.2 (3.2)

7.7 (47.0)

16.9

April

64.9 hrs

3 min

302.2 (10.6)

107.6 (5.5)

9.6 (0.4)

32.2 (2.7)

104.1 (95.9)

4.2 (3.0)

30.9

August

66 hrs

15 min

270.3 (9.3)

106.3 (3.6)

16.6 (0.4)

26.4 (0.5)

53.9 (50.5)

4.4 (4.9)

27.2

Month

0

-2

-1

Current
-1

(cm s )

Daylight
(hours)

3
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5.3.2 Benthic Chamber Incubations
Figure 53 and Figure 54 show the linear fits for both O2 and DIC change in
benthic chambers during day (light) and night (dark) deployments from two examples
of the Caol Scotnish study campaigns. This data could be improved by taking more
measurements of O2 during the incubation to increase the number of data points per
series. The decrease in O2 concentration shown in the upper panel of Figure 53 is
indicative of a flux of O2 into the sediment as a result of benthic respiration. The
opposite is true, a positive change in O2 concentration is indicative of primary
production. For DIC incubations the pattern is reversed in that a decrease in DIC
concentration is related to a release of O2 from the sediment, and a production of DIC
is related to O2 uptake.

Figure 53: Linear plots of O2 change during both dark (top panel) and light (bottom panel) benthic
chamber incubations from during the April 2012 campaign. The negative slope during the dark
incubations indicates net uptake of O2 and the positive slope during daylight indicates net production.
Error bars represent standard deviation.
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Figure 54: Linear plots of DIC change during both dark (top panel) and light (bottom panel) benthic
chamber incubations from during the April 2012 campaign. The positive slope during the dark
incubations indicates net production of DIC and the negative slope during daylight indicates net uptake
of DIC. Error bars represent standard deviation.

The mean benthic chamber incubation fluxes are presented as distinct light
and dark fluxes for both O2 and DIC from each site studied in Figure 55. O2
respiration was highest at the maerl site during September (-56.61 ± 9.16 mmol m-2
d-1, n = 4). Maerl only respiration during August was higher however (-62.25 mmol m2

d-1). Highest DIC release was seen on the maerl site during August (87.85 ± 62.86,

n = 5).
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Figure 55: Summary of dark benthic chamber deployments from each campaign, showing dark O 2 flux
(top panel) and dark DIC flux (bottom panel). Error bars show standard deviation (n = 3 – 6)

Mean light O2 fluxes from both the maerl and non-maerl sites showed net
uptake of O2 by the sediment during the daylight incubations (Figure 56). The
exception to this was during the April campaign when both sites showed a net
production of O2 of 16.69 ± 17.26 mmol m-2 d-1 (n = 6 ) for the maerl site and 6.15 ±
10.22 mmol m-2 d-1 (n = 5) for the non-maerl site. The maerl only incubations in
September and August showed net production of O2 during the daylight incubations
(13.29 & 53.78 mmol m-2 d-1 respectively (standard deviation is not available due to
low replicate number). Net production from the maerl only chamber incubations, but
net O2 uptake from the standard incubations shows the substrate at both sites to be
dominated by heterotrophs. The exception to this is the April campaign where net
production of O2 was measured.
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Figure 56: Summary of light benthic chamber deployments from each campaign, showing light O 2 flux
(top panel) and light DIC flux (bottom panel). Error bars show standard deviation (n = 3 – 6)

With high daytime O2 respiration rates masking the primary production rate of
the maerl, net primary production was calculated. NPP is not measured from the flux
of DIC in this case as the dissolution of carbonate was not quantified, which would be
necessary (Glud et al. 2009b), so DIC derived NPP in this case would not accurately
reflect the actual conditions. NPP is defined by Error! Reference source not found. as:
Equation 11

Daily NPP (mmol m-2) = (light O2 flux x light hours) + (dark O2 flux x dark hours)
The inclusion of the number of light and dark hours in Equation 11 is to
integrate the NPP over a 24 hr period, based on the hours of light and dark present
during the incubations. The equation without the inclusion of the light and dark hours
assumes 12 hrs of each, which is very rarely the case during natural irradiance
studies. Daytime NPP is calculated as shown by Error! Reference source not found.:
Equation 12

Daytime NPP (mmol m-2) = light flux * daylight hours (in days)
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Gross primary production (GPP) was also calculated for each campaign. In
accordance with the accepted definition from the literature (Glud et al. 2009b), Error!
eference source not found. defines GPP as:
Equation 13

GPP = NPP + R (dark flux)
Carbon fixation was calculated in g C m-2 d-1 from the daily NPP data, using a
calculated Redfield ratio of 1.3. This is within the range of ratios commonly applied to
benthic communities (Glud et al. 2009b). The calculated daily NPP, GPP and carbon
fixation values for both the maerl and non-maerl sites within Caol Scotnish are shown
in Figure 57. This shows both sites to be net-heterotrophic for the majority of the
season, with the exception of the non-maerl site during April and the maerl only
incubation during August.

Figure 57: Seasonal variability in the daily NPP (top panel left axis), C fixation rate (top panel right axis)
and GPP (lower panel). Daily NPP data show both sites in Caol Scotnish to be predominantly netheterotrophic throughout the season, with the exception of the non-maerl site in April.
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5.3.3 Eddy Correlation Fluxes
For each measuring campaign the EC flux data was averaged to give a total
mean flux for each campaign. Light and dark mean fluxes were also calculated based
upon the measured PAR data from each campaign (Figure 58). Unlike the chamber
incubation data presented previously, the EC data shows there is net O 2 production
occurring at both sites during 3 of the 5 sampling campaigns, and on the maerl site
during the November campaign. Both sites show net O2 uptake during September,
which is not surprising given the large volume of decaying organic matter present at
Caol Scotnish during this campaign. Individual fluxes for each deployment from each
sampling campaign are shown in Table 8.

Figure 58: Summary of EC measured benthic O2 fluxes for both sites within Caol Scotnish. Light (top
panel), dark (middle panel) and total (lower panel) eddy exchange rates are shown for each measuring
campaign. Error bars represent standard deviation.
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Table 8: Mean light and dark O2 fluxes as measured by eddy correlation. Fluxes for each measuring
campaign are shown, with standard error in parentheses.

Loch Sween Deployments
Month

September

Non-Maerl

February

April

August

Non-Maerl

Dark

Light

Dark

Light

Dark

Light

-91.18

n/a

-79.59

-18.42

-33.33

-34.79

(5.9)

(4.8)

(1.9)

(5.9)

-21.64

6.26

-26.31

-20.97

(1.6)

(1.6)

(1.8)

(3.5)

(9.9)

November

Maerl

-8.95 (0.5)

n/a

Maerl
Dark

Light

-24.27

21.82

-18.33

13.62

(1.7)

(3.4)

(0.7)

(0.9)

-138.06

7.22

-47.45

22.29

-54.97

8.45

-25.66

5.68

(19.3)

(18.9)

(3.0)

(2.6)

(2.6)

(5.2)

(4.1)

(2.0)

-37.23

12.75

n/a

42.92

(2.9)

(6.3)

(8.8)

As with the benthic chamber data presented previously, NPP, GPP and C
fixation were calculated from the EC light and dark flux data. This data is presented
below in Figure 59. NPP indicated both sites to be net-heterotrophic throughout the
entire season, with the highest net uptake of O2 during the September campaign (56.9 & -53.3 mmol m-2 respectively). A seasonal variation in the NPP and C fixation
data is evident, with rates decreasing through the winter to maximum in the late
summer (September).
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Figure 59: Seasonal variability in the EC measured daily NPP (top panel left axis), C fixation rate (top
panel right axis) and GPP (lower panel). Daily NPP data show both sites in Caol Scotnish to be
predominantly net-heterotrophic throughout the season.

Two examples of high quality EC deployments are shown Figure 60 & Figure
61 and represent EC deployments made during the studies presented in this thesis.
Figure 60 shows data measured at the non-maerl site during the April 2012
campaign. The data from the EC microelectrode and the optode on the CTD agree
well, with O2 concentrations higher during the daylight hours. The period of increased
O2 concentration observed between ~9 – 12.5 h does not appear to be related to the
light level as its occurring during darkness. There is a clear relationship between the
O2 flux and the PAR level, with fluxes indicating net O2 production during the daylight
hours and net respiration during darkness. Fluxes during this particular deployment
varied between -95.9 mmol m-2 d-1 and 133.3 mmol m-2 d-1, indicating the large
natural variability in the O2 exchange rate within Caol Scotnish. Current direction
varies between two distinct headings of 215.6o and 50.6o, these back up the
observation that the dominant current within Caol Scotnish ran parallel to the
shoreline along the length of the loch. The instrument heading (heading of the Vx
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current component) was 257o. Current magnitude varied between 20.3 cm s-1 and 1.2
cm s-1.

Figure 60: Summary plot of a deployment from the non-maerl site during the April campaign. Z velocity
(A), current magnitude and direction (B), microelectrode O2 & optode O2 (C), O2 flux (D) and PAR (E) are
shown.

Figure 61 is a high quality EC deployment as conducted on the maerl site. The
clear relationship between the microelectrode and CTD optode data can be seen,
showing the strong calibration between the two sensors. The O2 flux displays a
relationship to the PAR level, with increased benthic O2 uptake during the darkness.
O2 flux varied between -92.6 mmol m-2 d-1 and 99.3 mmol m-2 d-1. Current direction
varied between 7o and 299.6o, and current magnitude between 3.3 cm s-1 and 0.2 cm
s-1. The instrument heading was 277o.
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Figure 61: Summary plot of a deployment from the maerl site conducted during the August campaign. Z
velocity (A), current magnitude and direction (B), microelectrode O2 & optode O2 (C), O2 flux (D) and PAR
(E) are shown.

During the September 2010 campaign, two EC systems (EC 1 and EC 2) were
used. This allowed simultaneous deployments at both the maerl and non-maerl sites
to be made. When the O2 flux data from these deployments were compared, it was
observed that during certain periods of the dataset, the flux pattern was very similar
between the two sites, but that the magnitude of the actual flux values was different
(Figure 62). The mean maerl site flux (-86.0±3.14 mmol m-2 d-1) was ~ 50 % higher
than the mean flux from the non-maerl site (-40.3±2.03 mmol m-2 d-1) for the period
shown. Mean water column O2 concentration was higher at the maerl site than the
non-maerl site (246±0.53 µM & 244±0.42 µM respectively). The higher uptake rate,
but higher O2 concentration is a possible artefact of the low current velocities present
during this deployment.
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Figure 62: Comparison of O2 flux from two simultaneous eddy correlation deployments from the maerl
and non-maerl sites during the September 2010 campaign. The relationship between the O 2 flux (A),
current magnitude (B) and O2 concentration/PAR (C) are shown.

5.4 Discussion
Over the course of the 5 sampling campaigns, a comprehensive dataset of
background physical parameters was collated for the Caol Scotnish narrows of Loch
Sween. This represents the most comprehensive dataset of its type for this location
currently available. Previous published studies from this location are focussed on the
importance of maerl bed systems as refuge sites for juvenile shellfish and fish
(Kamenos et al. 2004a; Kamenos et al. 2004b; Kamenos et al. 2004c), the effects of
dredging on maerl ecosystems (Kamenos et al. 2003) and the importance of maerl
grounds in assessing historic atmospheric conditions (Burdett et al. 2011; Kamenos
et al. 2008). The aim of this study was to determine the relative importance of this
environment for the turnover for organic carbon.
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5.4.1 Background Environmental Parameters
The CTD measurements allowed observations of the tidal regime within Caol
Scotnish. During the outgoing tide, less oxygenated, warmer water from the upper
basin of Caol Scotnish passed through the study site (Figure 63); this was then
replenished by colder, more oxygenated water from the mouth of the loch on the
incoming tide. This pattern was observed during each study across the entire
season.

Figure 63: Relationship between the water depth (black line) and O2 concentration (red line) at Caol
Scotnish measured during the February 2012 (winter) campaign. O 2 concentration is controlled by the
movement of the water body.

The depletion of O2 and increase in temperature of the water column during
the low tide period is most likely due to the isolation of the water in the upper reaches
of the loch, until replenishment with the new incoming tide. This pattern of events
changes during the spring and summer with more oxygenated, warmer and less
saline water passing through the Caol Scotnish narrows during the outgoing tide
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periods. This is shown by higher O2 saturation levels during the spring and summer
(107.6 & 106.3 % respectively) compared to the winter and autumn (86.4 and 96.2 %
respectively). This is likely related to the longer daylight periods and overall higher air
temperatures associated with spring and summer providing conditions suitable for
higher primary production rates in the upper loch. There are seagrass and seasonal
kelp beds present in the upper portion of Caol Scotnish (Baxter et al. 2011). With
kelp being a seasonal-type of macro-algae, it is possible that the increased O2
observed with the outgoing tide during the spring is a result of increased primary
production from the growing kelp and seagrass beds. The maerl itself is also
photosynthesising during the daylight hours. Due to the narrow channel present at
Caol Scotnish, the dominant current switches between two main directions, parallel
to the shoreline. As shown in Figure 64 the horizontal current magnitude can vary
significantly during the tidal cycle, reaching as high as ~16 cm s-1 and < 1 cm s-1 at its
slowest. The highest current magnitudes are associated with the periods of the
incoming and outgoing tides. This suggests that there is a strong water exchange
happening in Caol Scotnish, between the upper basin area and Loch Sween. The
relatively strict environmental requirements for the growth of maerl would suggest
that the sites studied would be sheltered from significant wave action, and high
bottom current magnitudes should be expected for this location (Hall-Spencer 1998).
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Figure 64: Relationship between the tidal state (grey line) and horizontal current magnitude (black line).
Periods of high current velocity are clearly related to the incoming and outgoing tides. Data measured
during the April (summer) campaign.

5.4.2 Benthic Chamber fluxes
The benthic flux of O2 is used as the proxy measurement of carbon turnover in
marine sediments due to the difficulties in quantifying CO2 exchange directly. The
benthic chamber daytime O2 fluxes for both sites in Caol Scotnish exhibit a variation
in accordance with the season. Light O2 fluxes for both sites, with the exception of
the April campaign, as measured by the benthic chamber incubations; show that the
system was net-heterotrophic during the September, November, February and
August campaigns. This is backed up by the NPP values, which also show the
system to be net-heterotrophic for the majority of the season. NPP data show the
non-maerl site during April to be the only time the system shows net-autotrophy. DIC
fluxes in all cases showed an opposite trend to the O2 flux, i.e. a net release of DIC
with a net uptake of O2 and vice versa. The DIC flux is measured simultaneously
alongside the O2 flux within the chambers as this can act as a rough verification of
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the O2 flux. The DIC data quality is relatively low, as shown by the high standard
deviations present. This is most likely due to replication issues during the analysis
procedure. The high standard deviations could also be due to inconsistency in the
samples themselves as well as the low number of samples taken during the
incubations (2 point sampling per incubation). The benthic chambers used are of an
old design, and while every care is taken to ensure a proper seal between the lid and
chamber bottom, this is not always achieved. Therefore the high variability in the DIC
fluxes being the result of slight water exchange within the chambers cannot be
discounted.
The maerl site is characterised as a highly biodiverse substrate, dominated by
photosynthesising algae, the maerl, and as such it might be expected that this site
would exhibit net-autotrophy, especially during the spring and summer when
conditions for high photosynthesis rates are optimum. However the opposite was
found in the measured fluxes. Benthic respiration is clearly a dominant process on
both the maerl dominated, and non-maerl substrates within Caol Scotnish. When
seeking to determine the relative importance of the maerl ecosystem for carbon
turnover within the coastal environment, the first step must be to compare the rate of
carbon turnover between the maerl and non-maerl sites from the same location. Net
primary production for both sites showed a net uptake of O 2 (i.e. a net fixation of
carbon) showing the ecosystem to be predominantly a site of carbon uptake. Carbon
burial rates were not measured, so it is not possible to confirm an actual rate for
carbon storage in the sediments of Caol Scotnish, and therefore determine the
importance of the maerl bed for carbon storage. NPP on the non-maerl site was
higher across the entire study period, which was a surprising result, given that the
light O2 fluxes showed a consistently higher uptake rate on the maerl site across the
study period than the non-maerl site. Therefore, the presence of any potentially
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higher photosynthetic rate on the maerl site compared to the non-maerl does not
explain the higher NPP seen for the non-maerl site.
The maerl bed is a complex environment, with high densities of macro fauna
and algae alongside the high density of the maerl itself. Therefore the
photosynthetic/respiration rate of the maerl itself is often masked in the benthic O2
flux. To determine the O2 flux from the maerl itself, day and night incubations were
conducted on maerl cleaned of detritus during the September and August
campaigns. The term “cleaned” is used to mean that the maerl thalli were cleaned of
any obvious attached brittle stars, algae or other macro fauna. However any potential
bacteria/microalgae present was not removed, so the assumption should be made
that the O2 flux measured was not entirely maerl alone. With the high uptake rate
from the entire sediment removed, the maerl itself showed net O 2 production during
the light incubations. During darkness the maerl only incubations showed a
respiration rate higher than the non-maerl site during September, and the highest
respiration rate than both the maerl and non-maerl sites during August. This high
respiration rate we ascribe to the presence of attached bacteria and microalgae on
the maerl thalli. This high respiration rate leads to an NPP for September which
shows the maerl only to be net-heterotrophic, which is most likely the result of the
presence of heterotrophic bacteria associated with the maerl, as the maerl itself is an
autotroph. NPP for August was positive, showing the maerl to be net-autotrophic. At
present there are no published studies that make measurements of maerl only O2
flux, so there is no published data of a similar nature, with which to make a
comparison with the data presented here.
The shallow nature of Caol Scotnish (between 4.5 & 6.5 m) and the significant
water movement (as high as ~ 15 cm/s-1) could be responsible for stimulating benthic
respiration by the regular replenishment of nutrients and particulate organic matter
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available to the benthos. The shallow water depth is likely to result in a large
proportion of pelagic organic matter reaching the sediment surface, stimulating
benthic respiration. During the September and August campaigns, a large volume of
the macroalgae Chorda filum was present in Coal Scotnish, providing a large source
of organic matter to the sediment. In September this was seen to decay over the
course of the campaign and settle over the sediment surface, especially towards the
channel edges. This would undoubtedly have led to stimulation of the benthic uptake
of O2 through the decomposition of the macroalgae. These are possible and known
situations which can be attributed to the daytime benthic O2 uptake seen for both the
maerl and non-maerl sites.
At the non-maerl site it must be assumed that there is a microphytobenthic
community present within the sediment; however it could be assumed that the
primary production rate of this site would be lower than that of the maerl site due to
the lack of maerl present, a dominant primary producer (Martin et al. 2005). This can
be seen in the April campaign data, where the maerl site O 2 production rate is ~ 2.5x
the production rate at the non-maerl site. This difference is ascribed to the absence
of the maerl, as well as the difference in sediment community, which from diver
observations is known to be markedly different between the two sites (Figure 46).
NPP was consistently higher on the non-maerl site, as was carbon fixation. This is
contradictory to the light O2 flux data which was consistently higher on the maerl site
than the non-maerl site (Figure 56) with the exception of August. The carbon fixation
rates, as measured by benthic chamber incubations show the non-maerl site to be a
more efficient sediment type for the fixation of carbon than the maerl site.
5.4.3 Benthic EC fluxes
Due to the high temporal resolution of the EC measurements, short term
variability in the O2 flux is revealed. This variability is driven by changes in the natural
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hydrodynamics of the environment, as the flux is calculated from the fluctuating
vertical velocity, which is just one component of the 3D turbulence field measured by
the ADV (Berg et al. 2013; Holtappels et al. 2013). An example of this relationship
taken from data collected during this study is presented in Figure 65. There is a clear
relationship between increasing horizontal current magnitude and an increase in the
O2 uptake rate. Benthic O2 uptake increased ~ 2-fold with an increase of current
magnitude of 0 – 12 cm/s-1. As much as a 4-fold increase in benthic O2 uptake has
been measured in EC fluxes in shallow tidal environments (Berg et al. 2013; Hume
2008). The periods of increased horizontal current magnitude occur during the
periods of incoming and outgoing tides. The incoming tide was seen to bring an
increase in bottom water O2 concentration (from ~ 266 µM to ~ 288 µM), however the
large increase in benthic O2 uptake ~ 10 hrs was during a period of lower O2
concentration (~ 263 µM). This period also coincided with the dark hours of this
particular deployment, and this explains why there is a higher O2 uptake (due to dark
respiration), despite the lower water column O2 concentration. The fluctuating current
magnitude, and the changes in nutrient and inorganic carbon levels it is likely to
bring, are most likely the primary controls over the benthic O 2 flux, and therefore
carbon turnover within Caol Scotnish. Nutrient fluxes were not studied during this
campaign, so links between O2 flux and nutrient availability cannot be quantified for
the maerl bed within Caol Scotnish.
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Figure 65: Relationship between increasing net O2 uptake and increasing horizontal current magnitude
measured on the maerl site at Caol Scotnish. Data shown was measured during the November 2012
campaign.

Since the EC method relies on the presence of fully formed turbulence to
obtain quality data, co-spectra were plotted for each deployment to determine the
range of frequencies responsible for the O2 flux. The co-spectra also allow for
determination of the most suitable flux averaging window, by visualising the
frequency range of the contributing eddies (Figure 66). It is important to have a flux
averaging window which includes all frequencies of the contributing fluxes. If this
condition is not met, then underestimation of the flux can occur (Berg et al. 2009;
Berg et al. 2003). The contributing frequencies measured during this study were in
the range of 0.0125 - 0.49 Hz which could account for some of the variability seen in
the EC fluxes.
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Figure 66: Normalized cumulative co-spectra for the maerl and non-maerl sites. Co-spectra allow a flux
averaging window to be determined which incorporates the biggest range of eddy frequencies as
possible.

Examining the EC light and dark O2 flux data for the two study sites, there is
no clear dominance from either site in relation to O2 uptake or production. Net
respiration during daylight was seen to be higher on the non-maerl site in both
September and November, with all other campaigns showing net O2 production over
the remaining campaigns. This shows that when measured by EC, both sites
exhibited O2 production during the spring and summer months, where the benthic
chamber incubations did not. However, contrary to this, the NPP data show both
sites to be net-heterotrophic throughout the entire season. We cannot however
conclude that this state was present for an entire calendar year, as each sampling
campaign presented here, while conducted during each season, is just a snapshot of
the O2 turnover state at that time. Long term monitoring would be required to get a
fully accurate picture of the trophic status of the Caol Scotnish maerl bed over a full
season. NPP data show that with the exception of the April campaign, both sites
show very similar values of NPP. Therefore, in terms of carbon turnover, neither site
exhibits any more importance over the other. The one exception to this is during the
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April campaign, where the NPP on the non-maerl site was 4 times higher than on the
maerl site. Since the NPP is the net result of both daylight O2 flux, which contains
both O2 production and respiration rate and dark O2 uptake, a lower NPP suggests
that a higher proportion of O2 production was occurring. During April, higher primary
production rates on the maerl site are to be expected due to a higher proportion of
photosynthesising organisms than the non-maerl site.
The comparison between the two sites in Caol Scotnish suggests that there is
no significant difference in the relative importance of either site for carbon turnover.
However the rates of carbon fixation for the overall environment are as high as 6.2 g
C m-2 d-1 (maerl site) and 5.8 g C m-2 d-1 (non–maerl site), showing that the general
benthic environment of Caol Scotnish is important for carbon turnover.
5.4.4 Comparison of benthic chamber and EC fluxes
During the study presented here, two methods of benthic flux measurement
were used. These methods are complimentary, and it is common practice to conduct
benthic incubation measurements alongside EC deployments where the substrate
type allows. Indeed the first publication of the aquatic EC method compared benthic
chamber incubations with the new EC fluxes (Berg et al. 2003). However, as seen by
the results, the two methods in this case have led to differing conclusions on the
relative importance between the two sites within Caol Scotnish, so the differences
between the methods needs to be discussed. To determine how closely the fluxes
from each method agree for Caol Scotnish, the light (Figure 67) and dark (Figure 68)
O2 fluxes for each method were plotted together. The variation between the methods
is not just in terms of the flux magnitude, but also in the flux direction. It is clear to
see that the EC flux data shows net daytime O2 production over a more extended
period of the study than the benthic chamber fluxes for example. Flux magnitude
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however is larger in the benthic chamber data than the EC, for September and
November.

Figure 67: Side by side comparison of the mean light EC O2 flux (top panel) and light benthic chamber O2
flux (bottom panel) for each sampling campaign presented in this study.

Figure 68: Side by side comparison of the mean dark EC O2 flux (top panel) and dark benthic chamber O2
flux (bottom panel) for each sampling campaign presented in this study.

To get a true comparison between the two methods in terms of the net benthic
O2 exchange, the NPP from each approach was compared in Figure 69. Non-maerl
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site benthic chamber NPP was consistently higher than the EC NPP, which is clearly
the result of the EC fluxes showing a higher daytime O2 production than the benthic
chamber fluxes. Both methods result in NPP indicating net-heterotrophic conditions
on both the maerl and non-maerl sites throughout the entire season, with the
exception of the benthic chamber NPP from the non-maerl site during the April
campaign. The main difference between the two methodologies when comparing the
NPP data is the magnitude of the values. As previously mentioned, the benthic
chamber NPP from the non-maerl site is consistently higher than the EC NPP for this
site. Benthic chamber maerl site NPP is higher during November, February and
August, with April NPP higher in the EC data, and the two methods agreeing well
with the September data. Sampling resolution could be one potential source of the
variation between the methods, as although the NPP is calculated over a 24 period
for both methods, the light and dark fluxes used to calculate the NPP are measured
at a different resolution. Both methods showed high degrees of error in the O 2 flux
data, presumably the result of a combination of short term flux variation within the
mean, as well as the low measurement resolution of the benthic chamber method.
This error is obviously then included in the NPP calculation, and is possibly a reason
for such high NPP in some cases.
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Figure 69: Comparison of NPP as measured by EC (top panel) and benthic chamber (bottom panel) for
each sampling campaign presented in this study, highlighting the variation between the two
methodologies.

There are several explanations as to why in shallow, light mediated
environments there is a difference between benthic chamber and EC measurements.
It was observed that the benthic chambers, due to their design, cause a degree of
localised shading on the sediment surface within the chamber. The chambers are
constructed from clear acrylic, but there are large motor and battery housings and
mounting framework on top of the lid, which could result in a lower PAR level within
the chamber compared to without. The acrylic used may also cut out certain
wavelengths of light, but this has not been tested independently so is just an
assumption. No PAR sensors were installed within the chambers to test this theory;
however it was possible to observe shading within the chamber (Figure 70). This
could be a potential explanation as to why the benthic chamber fluxes do not show
net O2 production during February and August. However net primary production is
seen during April in both methods, and with very similar magnitudes. The shading
could also be why the benthic chamber fluxes generally appear to show a higher
degree of net O2 uptake during daylight than the EC fluxes.
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Figure 70: Benthic chamber in situ on the non-maerl site at Caol Scotnish showing the motor and battery
housings located above the chamber. The shading within the chamber compared to the sediment out with
the chamber is evident.

Variation between the two methods can also be ascribed to the inclusion of a
much larger area of sediment within the EC measurements. The benthic chambers
employed during this study cover an area of 0.09 m2 compared to the tens of m2
covered by the EC footprint. With numerous chamber incubation replicates over a
comparable area, it could be assumed that EC and benthic chamber mean fluxes
would be similar, however conducting this many chamber incubations is logistically
difficult and labour intensive, and as such is not common practice. In cohesive
sediments, such as those found in the deep sea, benthic chambers and EC have
been shown to agree well (Berg et al. 2009). The sediment in Caol Scotnish has a
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visibly heterogeneous nature, it therefore stands to reason that the flux contribution
from one area will differ to another, and that measuring over a larger area will
incorporate a higher proportion of benthic activity than the small area measured
within a chamber, which will result in a higher flux. A recent study has also shown
that the EC method, when used on heterogeneous substrates, might result in
inaccurate interpretations of the benthic O2 flux (Rheuban and Berg 2013). This can
be partly compensated for by ensuring a suitable measuring height above the
sediment surface is used during the deployment, such that measured fluxes
accurately represent the heterogeneous nature of the substrate. More details of the
differences between the two methodologies and their advantages/disadvantages can
be found in Chapter 2.
5.4.5 Comparison to similar environments
Maerl environments have been reported to be as productive as non-maerl
environments of similar latitudes and are considered to be important ecosystems for
carbon cycling (Littler et al. 1991; Martin et al. 2005). Due to the wide geographical
spread of maerl dominated substrates (Adey and Mckibbin 1970; Bosence 1983;
Martin et al. 2005), they could be considered important for carbon cycling on a global
scale. Having implications on the global carbon cycle would mean that potentially
carbon cycling within maerl ecosystems could contribute to the earth’s climatic
conditions. In order to determine the true efficiency of carbon cycling within the Caol
Scotnish maerl bed, it would have been necessary to calculate a full carbon budget,
which was not possible during the study presented here. However the benthic fluxes
of O2 and DIC measured can tell us how efficient the maerl bed is at respiring organic
carbon, and exporting it to the water column. For comparison, to date only two
published studies of benthic O2 and DIC fluxes from a maerl environment are
available (Martin et al. 2007a; Martin et al. 2005). Using the measured benthic O2
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fluxes, exchange of carbon in g C m-2 d-1 were calculated, and are presented for each
site (Figure 57).
The maerl bed environment is dominated by the maerl, a type of coralline algae.
As such, the benthic carbon fixation and production rates from such environments
should be comparable to other coastal coralline and macro-algae dominated
systems. Community production rates (for crustose algal communities) have been
reported to be in the range of ~0.1 – 0.4 mmol m-2 d-1 (Roberts et al. 2002). This
range should be treated carefully however, as the Roberts et al. 2002 study was
conducted on high Arctic coralline algal communities. Martin et al, 2007a present
seasonal benthic community respiration rates that vary between -0.4 g C m-2 d-1 in
February and -1.9 g C m-2 d-1 in August. Equivalent rates measured by benthic
chamber incubation at Caol Scotnish (maerl site) ranged between -3.3 g C m-2 d-1 in
September and -0.2 g C m-2 d-1 April. Seasonal production from the Martin et al,
2007a study ranged from 0.04 g C m-2 d-1 in January to 1.3 g C m-2 d-1 in August.
This compared to seasonal production in the range of -5.1 g C m-2 d-1 in September
and 1.8 g C m-2 d-1 in April for the maerl site in the study presented here. Community
respiration rates were higher, but also indicative of net uptake of carbon, at Caol
Scotnish than those presented by the Martin et al, 2007a study which showed
consistent net production during daylight. EC measured community respiration
ranged from -0.7 g C m-2 d-1 in February and -6.1 g C m-2 d-1 in September, with
seasonal production varying between 1.5 g C m-2 d-1 in April and -2.0 g C m-2 d-1 in
September. EC community respiration values are between 1 and 3 times higher than
the values presented by Martin et al, 2007a, with production values indicating net
uptake during the late autumn but similar rates over the rest of the year.
While community respiration and community production as measured at Caol
Scotnish is higher than measured in the Bay of Brest by Martin et al, 2007a, the
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values presented in this study still fall within the expected range for macroalgae
dominated coastal environments (Middelburg et al. 2005). The data show that the
maerl bed at Caol Scotnish is an important environment for local carbon cycling, with
both high carbon uptake and production rates, even compared to other maerl areas.
During the early spring through to the early autumn, benthic chamber measured
production was higher on the maerl site than the non-maerl site, suggesting this is a
more important substrate type during the more productive months of the season.
High benthic uptake rates on the maerl site also indicate that this environment is
important for the sequestering of organic carbon out of the water column. Since no
measurement of carbon burial rates within the maerl ecosystem were conducted
during this study, it is not possible to conclude if the maerl bed within Caol Scotnish
is important for the storage of carbon, however from the measured carbon turnover
rates, we can conclude that this is an important environment for organic carbon
cycling.
The primary aim of this study was to conduct a benthic biogeochemical study of
the oxygen exchange between a temperate maerl bed and the pelagic compartment
as a proxy for carbon exchange. This would then be compared to a neighbouring
non-maerl site in order to determine if carbon exchange was a more important
process within the maerl bed or not. By conducting in situ measurements using two
different methods across an entire season, it was possible to determine that the
turnover of organic carbon is higher on the maerl site than the non-maerl site. There
are however some instances where the benthic exchange rate is either the same, or
higher on the non-maerl site. These instances are found during the November winter
campaign in the benthic chamber data, and during the February and April campaigns
in the EC data. This suggests that the maerl site is more important for local carbon
cycling than the non-maerl site through the more productive spring, summer and
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autumn months, but that during the late autumn and winter month’s carbon cycling is
very similar on both sites. This has potential implications in the future conservation of
maerl bed environments, as it suggests that these are indeed important ecosystems
for local carbon cycling. In order to fully test this conclusion however it would be
necessary to calculate an accurate carbon budget for this environment, compared to
a nearby non-maerl environment to determine if maerl beds are sites of local carbon
storage, as well as just important sites for carbon cycling.
The secondary aim of this study was to evaluate the effectiveness of EC as a
technique for quantifying high resolution in situ O2 fluxes over the complex maerl
substrate. Rates measured by EC compared to benthic chamber measurements
were higher, as is expected for shallow environments (Berg et al. 2003). With the
successful application of EC over the complex substrate of a coral reef (Long et al.
2013), and macrofauna dominated under-sea walls (Glud et al. 2010), it stands to
reason that EC should be a suitable technique for use over a maerl bed. Differences
between the two sites, as well as over the season were measured with EC during this
study. This and the fact that the rates measured fall within the expected range for this
type of benthic environment lead to the conclusion that EC is a suitable method for
use in this environment.
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Chapter 6 - Benthic Primary Production Study
Gavin Turner, Henrik Stahl, Ronnie Glud

Abstract
The benthic coastal environment can play a disproportionately important role
in primary production, given the small area this environment comprises. Eddy
correlation provides a potentially useful tool for conducting long term in situ
measurements of benthic primary production in biologically active environments.
Dunstaffnage Bay on the west coast of Scotland is a good example of an enclosed,
oligotrophic bay. To date there are no published long term benthic primary production
studies from temperate coastal environments using EC as the main investigative
method. This study was conducted over an annual cycle, with sampling conducted at
a tidal and a sub-tidal site monthly using benthic chambers, EC and sediment cores
for Chl a determination. Ex situ 14C incubations were conducted to determine pelagic
primary production rates.
Gross primary production was 0.9 & 1.8 g C m-2 yr-1 at Site 1 and Site 2
respectively. Site 2 was shown to be more productive, which is likely the result of its
proximity to several sewage and freshwater inputs to the bay. Benthic primary
production was ~54 and ~21 times lower than the respective pelagic primary
production. Net-heterotrophy was measured in Dunstaffnage Bay over the season,
indicating less importance on the benthic compartment for primary production
compared to the pelagic compartment. This study showed EC to be a suitable
method for investigations of this nature, provided it’s employed as part of a suite of
techniques. More investigations are needed to further our knowledge of this particular
environment in terms of benthic primary production.
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6.1 Introduction
The coastal benthic environment plays a disproportionate, but vital role in the
global cycling of nutrients, including carbon, nitrogen, phosphorus, sulphur and
metals compared to the deep sea. Although the coastal zone is just a small
percentage of the entre marine benthic environment, a high proportion is within the
euphotic zone, and is therefore biologically productive. The shallower water depth
also results in a higher proportion of pelagic production reaching the sediment,
stimulating benthic activity. The coastal zone, has active interlinked benthic and
pelagic compartments (Soetaert et al. 2000). It is well documented that pelagic
primary production, in shallow temperate waters, is important for ecosystem carbon
cycling (Cadee and Hegeman 1974; Loebl et al. 2007), however in some
environments (e.g. shallow, <30 m, coastal zones) benthic primary production by
microalgae can outweigh pelagic primary production (Glud et al. 2002a), and it is the
contribution of the benthic compartment that is somewhat understudied. In the recent
decades it has gradually been realised that he contribution of benthic microalgae to
coastal ecosystem production has a much more important role than previously
thought (Cahoon 1999). Coastal benthic biogeochemical processes counteract
increasing atmospheric CO2 levels, through a net storage of organic material in the
sediment (Smith and Hollibaugh 1993). On a global scale, the balance between
mineralisation and burial of organic carbon in the sediments can have implications on
O2 and CO2 concentrations in the biosphere, which can lead to changes in climate
over geological time scales (Berner 1980; Berner 1990).
Coastal marine sediments are often more productive than deep water
sediments, and this is due, in part, to increased nutrients from land run-off, increased
organic material loading to the sediment through high sedimentation rates (Jensen et
al. 1995). As a result, carbon burial and cycling rates can be higher in coastal areas
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(Ingall and Cappellen 1990). It is important to understand exactly how efficient
various coastal benthic environments are at carbon turnover. Dunstaffnage Bay on
the West coast of Scotland is a prime example of a shallow oligotrophic temperate
coastal water body, which is a particularly understudied type of environment. Due to
the limited number of studies conducted into benthic primary production in such
environments, the importance of carbon cycling in temperate coastal systems
remains relatively unknown. This gives an opportunity to gain a better understanding
of such benthic environments, as well as using novel technology to do so, with the
intention of gaining more knowledge and experience of the uses of this new
technology.
In situ benthic primary production is most often estimated by resolving the
benthic O2 exchange rate (Glud 2008). The benthic O2 exchange rate (or benthic O2
flux) was traditionally measured using benthic chambers and microprofilers. Benthic
chambers are transparent and enclose an area of sediment and overlying water (~
0.5 m2 depending on the design) and the O2 flux is calculated from the O2
concentration change over time within the chamber. This represents a method for
estimation of the “total benthic O2 exchange”, as the activity of fauna and flora is
included. “Diffusive benthic O2 exchange” is measured by microprofile, which is a
point measurement of the O2 gradient through the sediment-water interface. The two
methods are labour intensive and unless multiple chambers are deployed or
microprofiles taken, they only represent a small sediment area. Benthic chamber
measurements do account for the natural variations in benthic O 2 transport caused
by turbulent advection (often the main O2 transport mechanism (Glud 2008)) however
this is done by artificial stirring within the chamber, which may not accurately
represent the natural hydrographics, and cannot account for changes in current
direction and velocity. The chamber designs employed in this study are somewhat
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obsolete and there are more modern designs in use by other researchers (Tengberg
et al. 2003; Tengberg et al. 2005).
A method known as “aquatic eddy correlation” (EC) was developed as a noninvasive technique for estimating the benthic O2 exchange at the sediment-water
interface (Berg et al. 2003). The O2 flux is inferred from simultaneous high-frequency
measurements of vertical flow velocity and O2 concentration within the benthic
boundary layer (BBL). With the measurements being conducted above the sediment
surface, the method is not restricted to soft substrates as benthic chambers and
microprofilers are. The EC method integrates the O2 flux over a large sediment area,
typically 10 -100 m2 and under natural flow and light conditions (Berg et al. 2007).
Published literature has shown it is possible to resolve O2 fluxes as low as ~1 mmol
O2 m-2 d-1 (Berg et al. 2009) using EC. While the database of coastal studies utilising
EC is still small, there are numerous studies in differing environments, such as
permeable sediments (Berg et al. 2013; Johnson et al. 2011; Kuwae et al. 2006),
hard-bottom substrates (Glud et al. 2010), coral reefs (Long et al. 2013), sea ice
(Long et al. 2012), oyster beds (Reidenbach et al. 2013), deep sea (Berg et al. 2009)
and seagrass (Hume et al. 2011) which prove the validity using EC where traditional
methods are not suitable.
The study presented here utilised the novel EC method to estimate the rates
of benthic O2 exchange in a shallow temperate benthic ecosystem in a Scottish
coastal embayment. The sites were monitored over a 12 month period to identify any
seasonal variation in the benthic O2 exchange, with benthic primary production
calculated from 24 h datasets measured each month. A similar study carried out in
the sub-Arctic (Attard et al, submitted) has been submitted for review at this time;
however there are currently no published studies investigating seasonal variation in
benthic primary production, as measured by EC for this type of environment.
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The aim of this study is to quantify the benthic primary production by the
microphytobenthic community over a seasonal cycle in a temperate coastal
embayment. Specific questions raised are:
What is the ecological importance of benthic primary production in the
euphotic zone of a temperate coastal environment?
How does microphytobenthic biomass vary over a seasonal cycle?
What effect does seasonal change in microphytobenthic biomass have
on benthic primary production rates?

6.2 Materials and Methods
6.2.1 Study site
Dunstaffnage Bay is located approx. 5 miles north of the town of Oban on the
west coast of Scotland (Lat 56.4514˚N, Long 5.4352˚W). The bay represents a
typical example of a sheltered embayment of the Scottish west coast, and its
composition and location were the prime factors in choosing this as the study site.
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Figure 71: Map indicating the location of Dunstaffnage Bay on the west coast of Scotland, with the study
sites within the bay highlighted (inset map). Site 1 (red circle) is an intertidal site, and Site 2 (black circle)
is a sub-littoral site.

In Figure 71, Site 1 is denoted by the red circle and is an intertidal location
which sees periods of exposure to the atmosphere. Site 2 is denoted by the black
circle and is a sub-tidal site. Both sites are in shallow water (average depth 2.5 m),
which was a necessity due to the logistics of deploying the instrumentation and
collection of samples. The sites are both characterised by gently sloping sand flats,
with Site 1 being exposed only at low tide during spring tides. The freshwater stream
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situated at the south-west corner of the bay runs from the village of Dunbeg and
could be a potential source of nutrient input to the bay. The currents follow a circular
pattern around the bay with direction depending on the tide. On the outgoing tide, the
current moves from south to north through the study sites, and in the opposite
direction during the incoming tide.
Sites 1 and 2 were sampled once each per month, with instruments deployed
during low tide for ease of access. Monthly sampling regime comprised:
Eddy correlation deployment (24 h)
CTD deployment (24 h)
Dark and light benthic chamber incubations (3 h)
14

C pelagic primary production incubation (5 h)

Benthic and pelagic Chl a sampling
6.2.2 Instrumentation and Techniques
Below I describe the applied techniques. The methods employed here are all
standard biogeochemical methods used in the marine environment. Detailed
explanation of each method and protocols can be found in Chapter 2. Overviews of
the methods used, and any divergences from the protocols presented previously will
be discussed here.
6.2.2.1 Eddy Correlation measurements
Benthic primary production was determined based upon the benthic flux of O 2
as measured by Eddy Correlation (EC). Each EC deployment was at least 24 h in
length to capture a full tidal cycle and light/dark period. The ADV was set to measure
at 32 Hz in 15 min bursts, with 30 s rest time. This gives 14.5 min worth of data per
burst. 32 Hz is used as it is deemed sufficiently fast to capture the range of eddy’s
expected in this environment, but keeps the overall data set size manageable. The
ADV and O2 electrode were mounted centrally within a triangular metal frame of
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dimensions 125 x 108 x 90 cm (Figure 72). The frame is constructed from painted
stainless steel, with coated aluminium legs. The electrode was aligned to the edge of
the measuring volume of the ADV. The instruments were positioned such that the
measuring volume was positioned ~10 - 15 cm from the sediment surface. The
electrode used always had a 90% response time of <0.5 s, a low as possible zero
current (< 5pA), and a 100% saturation current of no higher than 500 pA. Data was
analysed in accordance with the procedure discussed in Chapter 2.

A
C
D

B

Figure 72: EC instrument set up as deployed during the BPP study. Image shows the positions of the ADV
(A), electrode and picoamplifier (B), battery pack (C) and RBR CTD (D) on the frame.

Background measurements of temperature, salinity, depth, light (PAR) and O 2
concentration were obtained by deploying a small RBR CTD alongside the EC
instrument. The CTD was deployed with a measuring frequency of 3 min. The
instrument was mounted on a small frame placed on the sediment surface so the
optode was at the same measuring height above the sediment as the EC electrode.
The O2 data from the optode was used to calibrate the electrode O 2 data from the EC
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post deployment. This is a necessary step as the O2 electrode pA signal is recorded
as counts within the ADV memory, and not an O2 concentration. Therefore the
electrode signal needs to be calibrated to measured field values of O 2 concentration.
Microelectrodes can be prone to signal drift and instantaneous interference from
passing debris etc., calibration against optode data allows any signal drift to be
compensated for. Details of the calibration procedure, which is standard across all
studies presented in this thesis, can be found in Chapter 2.
6.2.2.2 Benthic chamber incubations
During each sampling campaign, two clear acrylic benthic chambers (BC)
were deployed at each site. One chamber was covered with black tape to create a
dark environment within to allow respiration incubations to be conducted in daylight.
Each BC comprised a square base section and a lid with attached motor and battery
housing. Chamber dimensions were 31 x 31 cm. The motor magnetically rotated an
acrylic cross-shaped bar on the underside of the lid at ~8 rpm. The rotating bar
ensures that a developed diffusive boundary layer is maintained within the sealed
chamber (Glud et al. 1995). Each chamber was inserted into the sediment with the
lids off and allowed to settle for around 10 min. The water height within the chamber
was measured in centimetres and the lids were attached to the chamber and the
motors turned on to start the incubation. Using a 100 ml glass syringe, the T0
samples were drawn from the sampling port of each chamber. Two 12 ml replicates
per chamber were recovered into gas tight excitainers. The samples were fixed with
Winkler reagents and stored in the dark and cold until analysis. Incubations were run
for 3 hrs, then T1 samples were drawn and fixed, and the motors turned off.
O2 concentration in the recovered samples was quantified by Winkler titration
as described in Chapter 2. A better method is to measure the O2 continuously within
the chamber with an optode as this gives many more data points from which to
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calculate the flux. This was not a possibility during this study however. The O2 fluxes
were calculated based on the linear change in O2 concentration between two time
points relative to the water height in the chambers. The following formula Error!
eference source not found. is used to calculate the fluxes: Equation 14

O2 Flux (mmol m-2 d-1) = (a*(b/100)*24)
Where a is the slope of the line between the oxygen concentration points and
b is the water height in cm.
The EC and BC incubation O2 light and dark flux data were used to calculate
net primary production (NPP), gross primary production (GPP) and net diel O 2
exchange rates. Net diel O2 exchange is the bulk average of the O2 fluxes over a 24
hr period and allows determination of the trophic status of the benthic community
within Dunstaffnage Bay over the course of the season. The hourly NPP was
calculated as defined in Error! Reference source not found.. Hourly GPP is defined by
REF _Ref369267994 \h \* MERGEFORMAT Error! Reference source not found..
Equation 15

Daily NPP (mmol m-2 d-1) = Light flux average
Equation 16

GPP (mmol m-2 d-1) = NPP + Respiration
6.2.2.3 14C Primary Production measurements
In order to determine pelagic primary production in the waters of Dunstaffnage
Bay a method was needed which would have a high enough resolution to be able to
capture the low primary production rates expected. The 14C radioisotope method was
chosen over the light/dark bottle technique as it was assumed that this method would
not have the necessary resolution. For more detailed explanation of the methodology
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see Chapter 2. Incubations were conducted for 5 hrs, with both light and dark bottles
to allow quantification of GPP. Initial intent was to conduct the incubations in situ for
the samples to be exposed to natural light conditions at various depths in the water
column. Due to health and safety restrictions on the use of radioactive material the
incubations were instead conducted in 5 dark plastic tanks, each fitted with a filter
screen lid to represent light levels from various water depths. A light profile for
Dunstaffnage Bay was measured so the representative depth of each filter screen
could be calculated (Figure 74). Error! Reference source not found. describes each
filter used and the depth each tank represents in the water column. To ensure stable
incubation temperature, water from Dunstaffnage Bay was recirculated through the
tanks (see Figure 73). When tested, a 2ºC drop in water temperature was observed
between the first and last tanks. The tank assembly was located on a flat roof where
there was best access to sunlight, with no shading.
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Figure 73:

14

C incubation tank setup. Red arrows indicate inflow and outflow of water supply.

Connections between tanks allow water flow throughout entire assembly.

Table 9: Light transmission properties for each filter used.

Filter

% Light Transmission

Depth (m)*

LEE 299 1.2 Neutral density

6.6

2.1

LEE 211 0.9 Neutral density

13.7

0.95

LEE 210 0.6 Neutral density

23.5

0.1

LEE 298 0.15 Neutral density

69.3

0.02

* Note: Depths are approximate based upon light profile data (Figure 74).
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Figure 74: Light profile measured in Dunstaffnage Bay to determine light attenuation rate and filter
transmission properties.

6.2.2.4 Chlorophyll a extractions
Benthic and pelagic Chl a were quantified to estimate the microphytic benthic
and pelagic biomass. The methods utilised for each are shown below.

Benthic extraction
4 x 60 ml plastic syringes with the ends removed are used to collect
cores of sediment. Ensure at least 4 cm of sediment in the core
Each core is sliced at 1 cm intervals to 4 cm total
Each slice is placed in a 15 ml centrifuge tube
10 ml 90% acetone is added to each sample and shaken well
Samples are left in the dark and cool for at least 12 h to allow the
pigment to dissolve in the acid
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Samples are sonicated using a sonication probe for 30 s whilst on ice
Raw fluorescence of each sample is read on a Turner fluorometer
Pelagic extraction
3 x 500 ml glass Durans are filled in situ from the well mixed water
column
Each sample is filtered through GF/F filters
Filters are placed in 15 ml centrifuge tubes
10 ml 90% acetone is added to each sample
Samples are left in the dark and cool for at least 12 h to allow pigments
to dissolve in the acid
Samples are sonicated using a sonication probe for 30 s whilst on ice
Calibration samples of different concentrations were read on the
fluorometer and stored
Concentration of Chl a in µg/l-1 is measured based on the calibration
coefficients

6.3 Results
6.3.1 Eddy correlation fluxes
Over the course of the seasonal study, 24 separate EC deployments were
conducted. Of these, 2 deployments were completely disregarded due to electrode
malfunction. Removal of low quality data from 4 datasets resulted in only light, or
dark data being present for these datasets. All other datasets contained useable light
and dark flux data. All EC data was analysed in accordance with the procedure
outlined in Chapter 2.
The EC O2 fluxes typically did not exhibit a distinct diel response to PAR
availability and varied over the season from net autotrophic to net heterotrophic
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during daytime. Nighttime periods were characterised by negative fluxes, indicative of
net respiration. The relationship between benthic O2 flux and the benthic flow velocity
is not strong, but instances where flow has a clear effect on the O 2 flux are present in
some datasets e.g. Figure 75. At 9.6 hrs, where the current velocity increases, from
1.4 to 22.7 cm s-1 there is an associated increase in the net O2 exchange from -1.7 to
-8.1 mmol m-2 d-1.

Figure 75: Example of a single EC deployment during August at Site 2. Figure shows (from top to bottom)
vertical current velocity, horizontal current velocity and direction, electrode O2, optode O2, EC O2 flux
and PAR. The net positive O2 fluxes between 0 and 5 hrs show a decrease as PAR decreases. An increase
in the O2 uptake at 10 hrs is related to the associated current velocity increase.

Using 10 µmol photons m-2 s-1 as a threshold for darkness. The diel O2
exchange was calculated from EC fluxes averaged over a 24 hr period. The EC net
O2 exchange in both light (NPP) and dark (R) as well as GPP are presented in Table
10 below. Missing values are due to insufficient data for calculation.
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Table 10: EC O2 flux (mean + SD) for 23 deployments. Positive and negative fluxes indicate a net release
-2 -1
or net consumption of O2 respectively. Net diel O2 exchange (mmol m d ) is the mean of O2 fluxes
-2 -1
covering a complete diel cycle. Day and night net O2 exchange is presented in mmol m h , as is the
GPP.

Season

Deployment

Site

Date

Net O2 exchange
-2 -1
(mmol m h )
Day

Winter

Night

Net diel O2
exchange
-2 -1
(mmol m d )

GPP
-2 -1
(mmol m h )

2

2

16/02/2011

-1.7 ± 20.7

3

2

28/03/2011

-0.9 ± 16.1

4

1

29/03/2011

0.1 ± 1.8

5

1

15/04/2011

6

2

29/04/2011

-0.3 ± 4.6

-0.7 ± 3.8

-11.8 ± 4.1

0.4

7

1

16/05/2011

0.1 ± 26.2

-3.1 ± 17.3

-28.9 ± 21.7

4.2

8

2

17/05/2011

-0.4 ± 3.0

9

1

23/06/2011

-0.3 ± 14.1

-1.1 ± 2.7

-14.6 ± 8.4

0.8

10

2

28/06/2011

-0.9 ± 41.4

-6.5 ± 40.0

-67.9 ± 40.7

5.6

11

1

27/07/2011

1.9 ± 24.5

-2.0 ± 8.1

7.5 ± 16.3

3.9

12

2

29/07/2011

-2.5 ± 25.9

-7.3 ± 33.3

-105.9 ± 29.6

4.8

13

1

09/08/2011

-0.5 ± 34.6

-1.9 ± 7.4

-27.4 ± 21.0

1.4

14

2

10/08/2011

0.04 ± 1.5

-0.6 ± 2.8

-6.0 ± 2.1

0.6

15

1

07/09/2011

-0.3 ± 10.4

-2.1 ± 11.2

-28.4 ± 10.8

1.8

16

2

08/09/2011

0.002 ± 1.5

-0.3 ± 4.9

-3.9 ± 3.2

0.3

17

2

24/10/2011

0.02 ± 1.1

-0.2 ± 3.4

-3.1 ± 2.2

0.2

18

1

26/10/2011

0.4 ± 4.2

-0.8 ± 9.3

-6.7 ± 6.7

1.2

19

1

14/11/2011

0.1 ± 5.7

-0.6 ± 5.3

-7.6 ± 5.5

0.7

20

2

15/11/2011

-1.4 ± 38.2

-2.4 ± 15.8

-48.0 ± 27

1.0

21

1

25/01/2012

22

2

26/01/2012

-0.4 ± 3.4

-0.1 ± 1.0

-4.5 ± 2.2

0.3

23

2

27/02/2012

0.8 ± 15.7

-0.9 ± 3.9

-8.5 ± 9.8

1.7

-0.3 ± 3.1

Spring

Summer

Autumn

Winter
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24

1

28/02/2012

-0.5 ± 6.3

-0.3 ± 2.8

-8.7 ± 9.1

0

The highest rates of net diel O2 exchange were found in June and July,
however only Site 1 was net autotrophic at this time, with Site 2 showing net
heterotrophy throughout the season. Site 1 was dominantly net heterotrophic
throughout the entire season. Gross primary production rates do not cover the entire
season due to lack of both light and dark period EC flux data from February and
March 2011. GPP rates between the two sites were variable between 0.2 and 5.6
mmol m-2 h-1, with neither site showing a dominance in primary production over the
season (Figure 76). The highest rate of GPP was observed at Site 2 in June (5.6
mmol m-2 h-1). GPP rates were higher at Site 2 than Site 1 in the summer and winter
months, but Site 1 rates were higher during the autumn months of August and
September (1.4 & 1.8 mmol m-2 h-1 compared to 0.6 & 0.3 mmol m-2 h-1). Although
GPP was present at both sites, the diel net O2 exchange for both sites show the
benthic community to be net-heterotrophic when fluxes are averaged over an entire
deployment (covering a light and dark period).
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Figure 76: EC measured gross primary production (mmol m h ) for the two sites in Dunstaffnage Bay.
Highest rates of GPP are present during the high summer months, before rates decline through autumn
and winter.

6.3.2 Benthic chamber incubations
Due to logistical issues encountered with operating BCs in Dunstaffnage Bay,
the seasonal dataset for BC incubations is incomplete. Only one light and one dark
chamber were deployed during each sampling period, resulting in low resolution
measurements (ideally several of each chamber would be deployed for statistical
robustness of the data). The tidal nature of the bay and the need for the user to wade
to the sample site resulted in several aborted incubations. A summary of the light and
dark BC O2 fluxes are presented in Table 11 below.
Table 11: BC O2 flux (mean) for 11 deployments. Positive and negative fluxes indicate a net release or net
-2 -1
consumption of O2 respectively. Net diel O2 exchange (mmol m d ) is the mean of O2 fluxes covering a
-2 -1
complete diel cycle. Day and night net O2 exchange is presented in mmol m h , as is the GPP. Values
marked with a * are assumed to be the result of a bad chamber seal.

Season

Summer

Deployment

9

Site

1

Date

23/06/2011

Net O2
exchange
-2 -1
(mmol m h )
Day

Night

0.7

-7.6

Net diel O2
exchange
-2 -1
(mmol m d )

GPP
-2 -1
(mmol m h )

-42.7

8.3

205

10

Autumn

0.1

-0.8

-4.9

0.9

27/07/2011

0.6

-0.4

4.9

1.0

2

29/07/2011

1.7

13

1

09/08/2011

14

2

10/08/2011

15

1

07/09/2011

16

2

08/09/2011

18

1

26/10/2011

23

2

27/02/2012

24

1

28/02/2012

2

28/06/2011

11

1

12

3.2

67.3*

0.03

-0.9

-8.5

0.9

6.6

-1.8

58.2

8.4

5.1

-4.6

6.8

9.7

1.9
-2.5

77.6*

Winter
2.2

-2.3

-20.8

4.5

No typical seasonal pattern was observed in the BC net O2 exchange rates for
Dunstaffnage Bay. This is in part to there being insufficient data to establish a representative
seasonal dataset. BC net O2 exchange showed the benthic community to be variably

net heterotrophic or net autotrophic over the months where sufficient data was
collected. NPP shows the benthic community to be net productive during daylight,
save for Site 2 during February. Bad chamber lid seals in the dark chamber caused
overestimation of the net diel O2 exchange during deployments 15 and 23. Low rates
of primary production were observed in the BC data, with GPP rates highest during
the June and September deployments (8.3, 8.4 & 9.7 mmol m -2 h-1) for Site 1 and 2
respectively (Figure 77). The EC measured GPP varied between 0.4 and 5.6,
compared to 0.9 to 9.7 for the BC data. The highest rates in June and September
coincide with peaks in the pelagic Chl a concentration.
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Figure 77: BC measured net primary production (mmol m h ) (upper panel), gross primary production
-2 -1
-2 -1
(mmol m h ) (middle panel) and net diel O2 exchange (mmol m d ) (lower panel) for two sites within
Dunstaffnage Bay. Data represents a period of a seasonal cycle.

Missing data points are the result of low quality data from bed chamber lid
seals during incubations and incomplete dark incubations. As a result of missing
respiration fluxes, diel and GPP values could not be calculated.
6.3.3 14C Primary Production measurements
Pelagic primary production was measured at both Site 1 and Site 2 from
February 2011 to February 2012. No data was collected during December 2011, and
only Site 1 was sampled during June 2011 due to equipment failure. For each
sampling campaign, a depth profile of the gross primary production (GPP) rate was
created, as exemplified by the one in Figure 78. Depth profiles for the other
campaigns can be found in Appendix 3.
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Figure 78: Example of pelagic gross primary production depth profiles for Site 1 and Site 2 in
Dunstaffnage Bay. Data shown is from the February campaign.

The general seasonal trend suggests that the PP rate is higher at Site 1 than
Site 2 with the exception of the Feb, Oct and Jan. All profile data exhibit a decrease
in PP rate with increasing depth. The depths used to measure PP rates were decided
based upon the light attenuation factor of each of the filters available. Max depth
represented was 2.1 m, which was suitable as the max depth recorded at either site
was ~ 2.6 m. Figure 79 shows the pelagic PP data plotted over the annual seasonal
cycle. PP rates in this figure are depth integrated means and are presented as g C m 2

d-1. Two distinct peaks, one in spring (April) and the other in summer (July) are

present in the seasonal data set. These correspond with the spring and summer
phytoplankton blooms, which would be expected for an environment such as this,
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and which would show as an increase in pelagic PP rates during these times. Both
sites exhibit spring and summer bloom periods, with individual rates higher during
both bloom periods at Site 1. Spring maximum for Site 1 reached 0.8 g C m-2 d-1 and
the summer maximum was 0.4 g C m-2 d-1. Corresponding rates for Site 2 were 0.1 g
C m-2 d-1 and 0.3 g C m-2 d-1. After the summer peak, there is a smaller late summer
peak in September of 0.1 g C m-3 d-1 and 0.01 g C m-3 d-1 for Sites 1 and 2
respectively. PP rates for both sites declined through the autumn months to a
minimum in January. This decline is linked to an associated seasonal decline in the
pelagic photoautotrophic biomass (Figure 80).
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Figure 79: Seasonal distribution of pelagic primary production rates measured by C incubation. Two
clear peaks in primary production can be seen, which relate to a spring and summer phytoplankton
bloom in Dunstaffnage Bay. The response at the inter-tidal Site 1 is more pronounced than the sub-littoral
Site 2.

6.3.4 Chlorophyll a measurements
Chlorophyll a was measured in both the water column and the upper 4 cm of
the sediment in Dunstaffnage Bay to determine how the concentrations in both
compartments changed over a season and how this was linked to the benthic and
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pelagic primary production rates. Pelagic Chl a concentrations showed a general
trend of decline over the season (Figure 80). For the majority of the season the Chl a
concentration in the water column at Site 1 was higher than at Site 2 (seasonal mean
for Site 1 was 5.2 ± 5.1 mg/m-3 and 2.8 ± 1.6 mg/m-3 for Site 2). Chl a concentration
difference between the two sites was negligible during the winter months (Nov, Dec,
Jan). Two pronounced peaks in Chl a concentration were measured at Site 1 during
April (17.6 ± 1.0 mg/m-3) and June (8.3 ± 4.1 mg/m-3) indicating spring and summer
phytoplankton blooms in the water column. A small peak in Chl a concentration is
present in the data from Site 2 for April (4.9 ± 1.4 mg/m-3), but no discernible peak is
visible during June. Chl a concentration at Site 2 is elevated during June and July
(4.1 ± 0.2 and 4.5 ± 0.1 mg/m-3) compared to May (2.9 ± 0.3 mg/m-3) indicating the
presence of increased phytoplankton biomass during the high summer months. Chl a
concentration at both sites steadily declines over the rest of the year to a minimum in
December (0.3 ± 0.2 mg/m-3 at Site 1 and 0.2 ± 0.1 mg/m-3 at Site 2).
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Figure 80: Pelagic Chl a concentration over a season at two study sites within Dunstaffnage Bay,
Scotland. The clear decline in pelagic Chl a over the season can be seen. Error bars represent standard
deviation.

Benthic Chl a concentration remained more stable over the season than the
pelagic Chl a. This is shown by the smaller standard deviation of the seasonal mean
for the surface Chl a concentration at both sites (35.9 ± 6.7 & 45.1 ± 9.4 mg/m-3 for
Sites 1 and 2 respectively). No clear decline over the season was observed in the
benthic Chl a data for either site as was seen in the pelagic data. No benthic Chl a
data was collected for the September campaign. Chl a was measured at 1 cm
intervals to a total depth of 4 cm in the sediment at both sites in Dunstaffnage Bay. At
Site 1 there was a clear decrease in Chl a concentration with increasing depth in the
sediment during all months bar November and December (Figure 81). During the
November and December campaigns a slight increase in benthic Chl a concentration
was measured in the upper 1 cm of sediment, before the concentration declined over
the rest of the profile.
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Figure 81: Benthic Chl a profiles measured at Site 1 across the seasonal study. Generally a trend of
decreasing Chl a concentration as depth increases is seen, with the exception of the November and
December campaigns, which show an increase in the upper sediment before decreasing.

At Site 2, benthic Chl a profiles showed the same trend as Site 1 during the
May, June, August and November campaigns (Figure 82). The other campaigns
showed trends of increasing Chl a over the upper 1 cm before declining, with the
exception of the April campaign which decreased to a depth of 3 cm, before
increasing over the last 1 cm.
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Figure 82: Benthic Chl a profiles measured at Site 2 across the seasonal study. Profiles from this site
portray a mix of trends, with decreases in Chl a concentration with increasing depth seen during May,
June, August and November, and upper sediment Chl a increases during the other campaigns, with the
exception of April.

General trends of Chl a concentration at the different sediment depths over
the course of the seasonal study show no clear increase or decrease, such as seen
in the pelagic Chl a data (Figure 83). At Site 1, there are two peaks present at all
sediment depths during April (41.9 ± 10.5 mg/m-3) and June (41.0 ± 4.0 mg/m-3),
which coincides with the pelagic Chl a concentration peaks occurring at the same
time. The upper 1 cm of the sediment at Site 1 shows a peak in Chl a concentration
during October of 46.6 ± 4.0 mg/m-3. All other sediment depths show the same trend
across the season for Site 1.
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There are no April and June peaks in benthic Chl a concentration in the data
from Site 2. Peaks are observed in the upper 1 cm of sediment during August (61.7
±2.0 mg/m-3) and November (52.7 ± 2.6 mg/m-3). In June the Chl a concentration at ~
2 and 3 cm depth is higher than the upper 1 cm concentration (44.6 ± 5.2 & 45.1 ±
4.2 mg/m-3 respectively compared to 41.6 ± 7.2 mg/m-3). Chl a concentrations during
December are the lowest measured during the season.

Figure 83: Seasonal variation in the benthic Chl a concentration at 1 cm depth intervals to a maximum
depth of 4 cm for both Site 1 (top panel) and Site 2 (bottom panel) within Dunstaffnage Bay.

6.4 Discussion
6.4.1 Study location
Generally low rates of benthic primary production were observed at two sites
within Dunstaffnage Bay. The two sites were not contrasting, either in terms of depth
and hydrography, or sediment type, with both exhibiting cohesive sandy sediments.
The two sites are located ~ 50 m apart, and are both accessible at low tide.
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Therefore no significant difference in benthic or pelagic primary production would be
expected between the two sites as there are no notable physical differences between
the sites. Due to logistical limitations, it was not possible to study a deeper site in the
middle of Dunstaffnage Bay, which would have given a more complete picture of
benthic primary production across the range of depths within the bay.
Current velocity was not measured at any other site than those studied;
however there is a visibly strong current entering the bay on the incoming tide, and
leaving the bay on the outgoing tide between the headland and the island of Eilean
Mor. It is therefore assumed that there is a high degree of water exchange between
Dunstaffnage Bay and the Firth of Lorne. Dunstaffnage Bay lies at the mouth of Loch
Etive, with high current speeds present during the outgoing tide due to the presence
of a fjordic sill within the mouth of the loch. Dunstaffnage Bay could potentially be
influenced by the effects of benthic or pelagic biological activity within Loch Etive.
Dunstaffnage Bay has one small freshwater stream input, located at the southern
corner of the bay. This area of the bay is very shallow (sediment exposed at every
low tide), with an area of saltmarsh present on the landward side. A sewage outlet
pipe from the sewage works serving the village of Dunbeg exits into the stream
carved channel within the southern corner of the bay. Site 1 is closest to this area of
the bay, and the assumption should be made that the data measured here could
potentially be influenced by the sewage outlet and nutrient input through the
freshwater stream.
6.4.2 Benthic primary production
The benthic coastal zone has been shown in other latitudes to be important for
marine ecosystem production (Glud et al. 2009b). This is important, as the coastal
zone (shelf sediments up to ~ 200 m depth (Gazeau et al. 2004)) comprises a much
smaller area than the pelagic zone, yet can yield primary production rates of the
215

same or higher magnitude (Glud et al. 2009b). This has been shown for the Arctic,
published studies for temperate coastal zones show the benthic contribution to
ecosystem production to be < 4 % of the pelagic gross primary production (Gazeau
et al. 2004). With relatively few published studies of seasonal benthic primary
production from temperate coastal environments, it is important to place the results
presented here into the wider context. Table 12 below summarises examples of
benthic primary production from other temperate environments, as well as Arctic and
tropical latitudes for comparison.
Table 12: Summary of benthic primary production rates from various environments. This study shows
Dunstaffnage Bay to be less productive than other coastal environments, including other temperate
locations.

Source

Region

Benthic GPP

Method

This study

UK Atlantic Coast

33.3 – 466.3 mmol m d

Gazeau et al 2004

European Atlantic/North Sea

8.3 – 149.9 mmol m d

Glud et al 2002

Arctic

5.8 – 33.3 mmol m d

Alongi 1988

Tropical Mangroves

16.7 – 424.6 mmol m d

-2

-1

Eddy Correlation

-2

-1

Various

-2

-1

-2

O2 microprofile
-1

3

H-thymidine

The net diel O2 exchange shows both sites to be net heterotrophic all year
round, with the exception of Site 1 in July, with averages ranging from -105.9 to 7.5
mmol m-2 d-1. Calculating gross primary production from the EC O2 fluxes show
benthic primary production to be occurring throughout the year at both sites (where
data is available). GPP rates ranged from 0.4 to 5.6 mmol m -2 h-1 (note these are
hourly, not daily rates as the net diel O2 exchange values are). These values
compare well with published literature of similar studies (Table 12). The data does
exhibit a light response, as net gross primary production was measured for all
deployments were light and dark O2 flux data was present. No light response was
observed in the February Site 2 deployment however as net O2 light flux was higher
than the corresponding respiration flux.
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Daily summer averages of GPP show Site 2 to be significantly more
productive than Site 1 (305.3 and 162.4 mmol m-2 d-1 respectively). GPP derived from
measurements of O2 exchange assume equal rates of respiration during both day
and night. In reality however, daytime respiration can typically exceed night time
respiration by as much as 1.8 times (Fenchel and Glud 2000). This is due to deeper
O2 penetration during daylight (which has the effect of increasing the volume of
sediment capable of supporting aerobic mineralisation), and enhance microbial
turnover of labile photosynthesates (Epping and Jørgensen 1996; Fenchel and Glud
2000). As a result, rates of GPP measured from estimated rates of O2 exchange
most likely underestimate true primary production. The areal rate of GPP for Site 1
and 2 was 0.9 and 1.7 g C m-2 yr-1, which was ~ 54 and ~ 21 times lower than the
depth integrated pelagic primary production within the bay measured by ex situ C14
incubations (48.9 and 20.8 g C m-2 yr-1 for Site 1 and 2 respectively).
From the data measured in Dunstaffnage Bay, we can say that at an
ecosystem level, the benthos is not contributing significantly to the primary
production of the bay. Other studies have shown the benthic compartment to play a
significant role in the ecosystem production, with benthic fauna accounting for 2550% of the total benthic O2 uptake in shallow waters (Glud 2008); however that does
not appear to be the situation for Dunstaffnage Bay with benthic primary production
only accounting for between ~ 2 and ~ 8% of the pelagic primary production for Sites
1 and 2 respectively.
6.4.3 Eddy Correlation measurements
EC was the primary method used for in situ quantification of benthic O2
exchange. This method represents the current cutting edge of technology and as
such there are many specific applications of this technology still to be explored. One
such application is using this method to conduct a seasonal study of benthic primary
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production within a temperate coastal embayment, as there are currently no
published studies of this type in the literature; however a similar study from the subArctic has recently been submitted (Attard et al, submitted). EC has been shown to
be a suitable technique for investigations of benthic carbon cycling in a range of
environments (Berg et al. 2009; Berg et al. 2013; Glud et al. 2010; Hume et al. 2011;
Long et al. 2013; Long et al. 2012; Mcginnis et al. 2008; Reidenbach et al. 2013;
Reimers et al. 2012). When used alongside benthic chambers or O2 microprofiling,
EC can form a suite of complimentary techniques which allow highly detailed benthic
O2 exchange studies to be conducted in situ.
Benthic photosynthesis is primarily regulated by the availability of down
welling irradiance, as the nutrient supply is governed by various pathways of carbon
mineralisation within the sediment (Barranguet et al. 1998). A temperate latitude
embayment such as Dunstaffnage Bay is not classified as a light-limited
environment, such as high latitude fjords or continental slopes are, and so it would
not be expected that the microphytobenthos present would be particularly well
adapted to prevailing low light conditions, such as those found at high latitude.
Detailed studies of photosynthetic performance within benthic ecosystems have
indicated that the communities are well adapted to variations in light, and will actively
migrate within the sediment such that they are always near their optimum irradiance
level (Barranguet et al. 1998; Kuhl et al. 1994). Light response in the EC measured
O2 flux data is shown by the ability to quantify meaningful GPP rates.
EC measured fluxes are also influenced by horizontal current velocity and
current direction. These parameters need to be taken into account, as physical
changes in current velocity can alter the O2 flux value by changing the vertical
concentration gradient of O2 within the benthic boundary layer (Holtappels et al.
2013). The result is that the O2 exchange measured by EC may diverge from the true
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sediment O2 exchange during periods of transient changes in velocity (Holtappels et
al. 2013). It is possible to see that variations in current velocity of up to 24 cm s -1 over
a few hours coincides with changes of ~ 38 mmol m-2 d-1 (Figure 84).

Figure 84: Example of the relationship between the O2 flux and current velocity. Data shown is from Site 2
during the October campaign.

The thickness of the diffusive boundary layer is controlled by current velocity
across the sediment surface, and thinning of the DBL has been shown to increase O 2
exchange during periods of increased flow (Glud et al. 2007). DBL removal effect on
O2 uptake was tested and found to enhance O2 uptake to a maximum of 1.3 times
(Karl Attard, personal communication). 8 fold changes in O2 uptake measured by EC
were present during this study (data not shown). Therefore the DBL thickness can
only account for a small fraction of the short-term variability observed in the EC
fluxes. Using O2 optodes to measure an O2 gradient in the benthic boundary layer
over a long timescale is a simple method for discriminating between changes caused
by physical processes within the benthic boundary layer and the variations in the
benthic O2 exchange. This would complement the short-term EC datasets well.
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Interpretation of short-term EC O2 flux variations should therefore be done with care.
Conducting long term deployments whereby natural variability is better integrated is a
preferred, but not always practical approach for obtaining a more trustworthy average
(Holtappels et al. 2013)
6.4.4 Benthic Chamber measurements
Benthic chambers are often employed during EC biogeochemical studies, as
they provide a reliable complimentary method for O2 exchange measurements (Berg
et al. 2009; Berg et al. 2003). In their own right they are also useful tools for studying
smaller scale spatial variability in benthic O2 fluxes due to the smaller sediment area
they cover compared to EC. The technique does have limitations compared to EC
however, such as sediment area included in the measurements. As an example, the
benthic chambers used in this study measured covered an area of sediment 0.096
m2, compared to the EC which can measure over an area of sediment tens of m 2
(Berg et al. 2007). Despite the potential shortcomings of chamber incubations
compared to EC measurements, benthic chambers still provide a reliable and simple
method for quantification of in situ O2 flux.
O2 flux as measured by benthic chamber incubation within Dunstaffnage Bay
was within the range expected for temperate coastal waters. The light and dark O 2
flux data, as with the EC data, was used to calculate NPP, GPP and diel net O 2
exchange rates. Benthic chamber calculated NPP reached a maximum in September
for both sites (6.6 & 5.1 mmol m-2 h-1) respectively. GPP rates exhibited high values
for Site 1 during both June and February. High hours of sunlight in February (data not
shown) could account for this high production during winter. Due to the lack of a
complete seasonal data set, it is not possible to determine a true seasonal pattern
within the benthic chamber data. Data gathered does however suggest both sites to
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be more productive during the summer and autumn. This does coincide with peaks in
the pelagic Chl a concentration.
6.4.5 Pelagic Primary Production measurements
The spring and summer phytoplankton blooms occur in the water column
before the benthos, and the benthic response may not be always easy to detect. By
measuring pelagic primary production we are able to determine any spring and
summer bloom periods, and correlate this with the benthic primary production data.
In a shallow environment there should be a strong benthic-pelagic coupling, exhibited
in part by a strong benthic response in O2 uptake as the organic material from the
spring and summer phytoplankton blooms settles on the sediment surface (Graf et al.
1982).
For a shallow environment such as that found in Dunstaffnage Bay, the
expectation would be to observe a phytoplankton bloom during the spring and
summer in response to seasonal trends in light availability, temperature and nutrient
levels. Both sites studied in Dunstaffnage Bay showed a peak in pelagic primary
production in both April and July. The spring peak was 5 times higher at Site 1 than
Site 2 and 1 times higher during the summer bloom. A third peak ~ 10 times higher
was observed in September at Site 1 than the corresponding Site 2 value. Site 1
could be more productive during the peak months for productivity due to its position
near a freshwater stream, as well as the outfall pipe from a local sewage works.
There is however no evidence that this is the case. Since no nutrient concentration
measurements were conducted during this study, it is not possible to determine if the
site difference in pelagic primary production is nutrient related. The water column in
Dunstaffnage Bay is well mixed by tidal movement so it is unlikely that differences in
nutrient concentration or temperature will account for the differences. At this time the
variation between the two, closely related sites is unknown.
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With maximum depth not exceeding 3 m at either site, the representative
depths used in the pelagic primary production measurements (Error! Reference
ource not found.) are considered suitable. Since the entire water column at each

study site is within the euphotic zone it is to be expected that for each month’s
measurements, primary production was assumed to be occurring right down to the
sediment surface. The measured primary production profiles all indicate primary
production was still taking place at the max depth recorded (2.1 m), so this is a
suitable assumption to make. The profiles all indicate that the initial change in
primary production is occurring within the upper 1 m of the water column at both sites
for all sampling campaigns. This is to be expected as the highest primary production
rates are found in the upper layer of the water column in shallow environments such
as Dunstaffnage Bay. While pelagic Chl a concentration measurements were taken,
no depth profiles of pelagic Chl a were measured to be able to conclude if there was
a relationship between primary production in the water column and Chl a
concentration.
Quantifying the concentration of chlorophyll a, the dominant pigment found in
photosynthetic algae and bacteria, is a common procedure used in studies of benthic
and pelagic primary production (Eyre and Ferguson 2002; Gowen et al. 1983;
Macintyre et al. 1996; Rees et al. 1995). The measurement of Chl a concentration is
a common method for measuring the biomass of photosynthetic algae and bacteria in
both the water column and the sediment in the environment of interest. Such
measurements should be interpreted with caution, as up to 40% of the Chl a can be
from products of degradation within the sediment (Macintyre et al. 1996). Due to the
shallow nature of the two study sites within Dunstaffnage Bay, it was assumed that
the normally observed pelagic chlorophyll maximum would not be present as this is a
deeper water phenomenon. In this environment the Chl a profile in the water column
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would be expected to show a similar pattern to the pelagic primary production profiles
shown in Appendix 3. However since no vertical profiles of Chl a in the water column
were measured during this study it is not possible to confirm this theory. However,
pelagic Chl a varied over the season in conjunction with the pelagic primary
production rate, with both datasets exhibiting spring and summer phytoplankton
bloom peaks. The range of pelagic Chl a measured during this study (< 0.5 – 17 mg
m-3) agrees well with the measured range for Loch Creran, a nearby sea loch (< 0.5 –
37 mg m-3) (Tett and Wallis 1978).
6.4.6 Conclusions
Four main objectives were identified in the introduction of this chapter and I
will discuss here if those objectives were met based on the data collected during this
seasonal study. By comparing benthic and pelagic primary production measured in
situ in Dunstaffnage Bay over an annual seasonal cycle we aimed to determine the
relative importance of each process to each other. In other published data of
temperate coastal ecosystem primary production, the benthic contribution was found
to be only a small percentage compared to the pelagic primary production (Gazeau
et al. 2004). However some studies from tropical latitudes have found the small
coastal benthic compartment to be just as productive as the much larger pelagic
compartment (Glud et al. 2008). The data measured during this study show the
benthic community to be net-heterotrophic for all but one month of the year,
suggesting that the benthos within Dunstaffnage Bay is not important for benthic
primary production, but is important for the uptake of organic carbon.
Spatial variation in benthic primary production was investigated by the use of
two sites within Dunstaffnage Bay. The mean EC measured GPP was higher at Site
2 than Site 1, and the benthic chamber GPP was higher on Site 1. This variation is
most likely the result of differences between the two techniques. Benthic chamber O 2
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exchange could be overestimated at Site 1, as the intertidal nature of the site will not
be accounted for in the sealed chamber incubations as it will in the open EC
measurements.
The benthic Chl a dataset gathered over the season gives an insight into the
state of the benthic microphytobenthic biomass and its variation over the season.
Site 1 showed 3 peaks of Chl a in April, June and October. No clear peaks at the
expected times of spring and summer were seen at Site 2. However, clear peaks in
the pelagic Chl a concentration were present in April and June for both sites showing
a solid coupling between the benthic and pelagic microalgal biomass for Site 1 at
least. The slightly deeper, subtidal Site 2 showed less efficient coupling than the
intertidal Site 1. There is no clear relationship between the benthic Chl a
concentration and the benthic primary production rate for either site within
Dunstaffnage Bay. This is not surprising, as the benthic primary production shows
the benthic heterotrophic community to be dominant over the autotrophs.
Looking forward there are many areas of this study which need attention, and
should the study be repeated I would incorporate many changes in the study design.
A major change would be to conduct EC deployments on more sites within
Dunstaffnage Bay, to incorporate a wider range of depths, as well as conducting
longer deployments. This would allow more accurate quantification of natural
variations in the benthic O2 exchange. A comprehensive set of benthic chamber
measurements would also be made, ensuring replication for numerical robustness.
O2 microprofiling, nutrient and DIC analysis over the season would also have helped
to answer questions relating to the variations between sites within the bay.
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Appendix 1
Winkler Titration Protocol
O2 Fixing
1. Add 150µl of Winkler A (MnCl2)
2. Add 150µl of Winkler B (KI & K(OH))
3. Shake excitainer for at least 30 sec to ensure well mixed
4. Wrap sample in foil and keep dark and cold until analysis, this should be
done within 12 h of collection
At this point the O2 is oxidising the Mn(II) and precipitating together with Mn(III)
following equation 1:
2Mn2+ + 4OH- + H2O + 1/2O2  2Mn(OH)3

Eq. 1:

5. 300µl Sulphuric Acid is added to the sample
6. Clean lid of water and replace, shake well to mix
7. Sample should turn yellow
The Mn(OH)3 is being dissolved and an iodide complex is being formed following
equation 2:
2Mn(OH)3 + 3I- + 6H+  2Mn2+ + I3- + 6H2O

Eq. 2:
Titration

1. Using a pipette, split the 12ml sample into two 5ml replicates and place
each in a small glass beaker
2. Add a small stirrer magnet to each 5ml sample
3. The sample is titrated using thiosulphate of a known concentration
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4. Thiosulphate is added drop wise until the yellow colour begins to fade, then
2 – 3 drops of starch are added
5. Titration continues until the solution becomes colourless
6. The volume of thiosulphate used in the titration (in µl) is recorded
7. The concentration of O2 in the sample is calculated by the following
formula:
O2 (µM) = ((A*B)/39.2)*2
-

where A is the volume of thiosulphate used in µl and B is the
concentration of thiosulphate used in mM.

The iodide complex is broken down by the thiosulphate as in equation 3:
I3- + 2S2O32-  3I- + S4O62-

Eq. 3:

DIC Analysis Protocol
DIC fixing
1. Add 50 µl HgCl2 to water sample in 12 ml gas tight excitainer to stop any
biological activity within the sample
2. Samples are refrigerated until analysis
Sample analysis
1. Samples are removed from the fridge prior to analysis and allowed to equalise
to room temperature
2. Lab standard samples are run through the DIC colourometer until the %
standard deviation of 3 consecutive samples is < 0.001%
3. Samples are then introduced to the machine 1 at a time until all samples are
run
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4. Lab standards are run through the machine at the end of sample measuring to
ensure background % standard deviation is still within limits

14

C Incubation Protocol

The protocol used during the study in Chapter 4 is outlined in detail below:
20 x 60 ml Nalgene bottles filled with seawater each site
Each bottle is spiked with 0.5 ml of Na2CO3, to give a final activity of 10
µCi (0.73 MBq)
3 light and 1 dark bottle are placed in each incubation tank
The bottles are incubated for 5 h during daylight
The contents of each bottle is filtered through 47 mm, 0.2 µm
polycarbonate filters, filters are placed in small plastic pony vials
6 ml Optiphase Hisafe 3 scintillation fluid is added to each sample and
left for at least 24 h before counting
Samples are counted in a liquid scintillation counter
Primary production in µg C l-1 d-1 is calculated using the following equation:

µg C l-1 d-1 =

where DPMl is the average dpm of the light bottles, DPMd is the dark bottle, a,
is the concentration of dissolved inorganic carbon at the respective depth, b is the
isotopic discrimination factor of 14C radiolabelled carbon (1.06), c is a constant to
convert units (1000), A14c is the specific activity of the 14C, and t is the incubation
period (h).
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Chlorophyll a Analysis Protocol
Benthic extraction
4 x 60 ml plastic syringes with the ends removed were used to collect
cores of sediment. Ensure at least 4 cm of sediment in the core
Each core was sliced at 1 cm intervals to 4 cm total depth
Each slice was placed in a 15 ml centrifuge tube
10 ml 90% acetone was added to each sample and shaken well
Samples were left in the dark and cool for at least 12 h to allow the
pigment to dissolve in the acid
Samples were sonicated using a sonication probe for 30 s whilst on ice
Raw fluorescence of each sample was read on a Turner fluorometer
Chl a concentration in µg/l-1 is calculated using known calibration
values
Pelagic extraction
3 x 500 ml glass Duran flasks filled in situ
Each sample was filtered through GF/F filters
Filters were placed in 15 ml centrifuge tubes
10 ml 90% acetone was added to each sample
Samples were left in the dark and cool for at least 12 h to allow
pigments to dissolve in the acid
Samples were sonicated using a sonication probe for 30 s whilst on ice
Calibration samples of different concentrations were read on the
fluorometer and stored in the instrument memory
Concentration of Chl a in µg/l-1 is measured based on the calibration
coefficients stored in the instrument
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Table 13: Calibration values used for Chl a concentrations. Samples are measured in RFU and
-1

concentration in µg/l is calculated based off the calibration standards.
-1

Concentration (µg/l )

Raw Fluorescence Units

1

43.5

5

112.3

10

221.0

20

434.4

30

595.4
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Appendix 2
September 2010 Campaign
Date

Instrument

Site

Time
End
15:00

Type

Status

Ref

Time
Start
12:00

20/09/10

Ch 1 Depl. 1

Day

Ok

20/09/10

Ch 2 Depl. 1

Maerl

12:00

15:00

Day

Ok

20-21/09/10

Eddy 1 Depl. 1

Maerl

13:55

13:30

23.5 hrs

Ok

20-21/09/10

CTD Depl. 1

Maerl

14:00

13:25

23.5 hrs

Ok

20-21/09/10

Ch 1 Depl. 2

Ref

19:00

01:00

Night

Ok

20-21/09/10

Ch 2 Depl. 2

Maerl

19:00

01:00

Night

Ok

21/09/10

Ch 1 Depl. 3

Ref

11:26

14:17

Day

Ok

21/09/10

Ch 2 Depl. 3

Maerl

11:26

14:10

Day

Ok

21-22/09/10

Eddy 1 Depl. 2

Maerl

16:10

13:25

22.5 hrs

BE*

21-22/09/10

Eddy 2 Depl. 2

Ref

15:40

13:36

22.5 hrs

ADV stop**

21-22/09/10

CTD Depl. 2

Maerl

16:10

13:25

22.5 hrs

Ok

21-22/09/10

Ch 1 Depl. 4

Ref

19:00

00:00

Night

Ok

21-22/09/10

Ch 2 Depl. 4

Maerl

19:00

00:00

Night

Ok

22/09/10

Ch 1 Depl. 5

Ref

12:35

16:00

Day

Ok

22/09/10

Ch 2 Depl. 5

Maerl

12:35

16:00

Day

Ok

22-23/09/10

Eddy 1 Depl. 3

Ref

16:45

09:35

~ 17 hrs

Ok

22-23/09/10

Eddy 2 Depl. 3

Maerl

08:00

09:55

~ 16 hrs

ADV stop**

22-23/09/10

CTD Depl. 3

Maerl

16:30

09:37

~ 17 hrs

Ok

22-23/09/10

Ch 1 Depl. 6

Ref

19:00

00:00

Night

Ok

22-23/09/10

Ch 2 Depl. 6

Maerl

19:00

00:00

Night

Ok

22-23/09/10

Ch 3 Depl. 6

Dummy

19:00

00:00

Night

Ok

23/09/10

Ch1 Depl. 7

Ref

11:43

15:00

Day

Ok

23/09/10

Ch 2 Depl. 7

Maerl

11:43

15:00

Day

Ok

23/09/10

Ch 3 Depl. 7

Dummy

11:43

15:00

Day

Ok

23-24/09/10

Eddy 1 Depl. 4

Maerl

12:25

08:55

~20.5 hrs

Ok

23-24/09/10

Eddy 2 Depl. 4

Ref

12:45

09:05

~20.5 hrs

Ok

23-24/09/10

CTD Depl. 4

Maerl

12:30

09:00

~20.5 hrs

Ok

23-24/09/10

Ch 1 Depl. 8

Ref

19:00

00:00

Night

Ok

23-24/09/10

Ch 2 Depl. 8

Maerl

19:00

00:00

Night

Ok

23-24/09/10

Ch 3 Depl. 8

Dummy

19:00

00:00

Night

Ok

Chamber fluxes – O2 (Winkler), DIC and DMS
Eddy 1 = SAMS, Eddy 2 = GEOMAR – O2 fluxes, current direction and
velocity, temperature
CTD on Eddy 1 – CTD, O2 and PAR
Chamber 3 – dummy bottom, only with clean maerl
*BE = Broken electrode
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**Eddy 2 was not functioning correctly and was swapped for a spare ADV for
Deploy 4

November 2011 Campaign
Date

Instrument

Site

27-28/11/11

Eddy 1 Depl. 1

Ref

Time
Start
18:00

Time
End
09:41

Type

Status

15.5 hrs

Ok

27-29/11/11

CTD Depl. 1

Maerl/Ref

17:50

09:25

15.5 hrs

Ok

28-29/11/11

Eddy 1 Depl. 2

Maerl

10:30

09:29

23 hrs

Ok

28/11/11

Ch 2 Depl. 1

Maerl

11:00

15:33

Day

Ok

28/11/11

Ch 4 Depl. 1

Maerl

11:13

15:26

Day

Ok

28/11/11

Ch 3 Depl. 1

Ref

11:49

15:19

Day

Ok

28/11/11

Ch 2 Depl. 2

Maerl

17:52

21:28

Night

Ok

28/11/11

Ch 3 Depl. 2

Maerl

17:52

21:31

Night

Ok

28/11/11

Ch 4 Depl. 2

Ref

17:48

21:36

Night

Ok

29-30/11/11

Eddy 1 Depl. 3

Ref

11:00

13:33

26.5 hrs

Ok

29/11/11

Ch 3 Depl. 3

Ref

11:11

15:34

Day

Ok

29/11/11

Ch 4 Depl. 3

Ref

11:11

15:39

Day

Ok

29/11/11

Ch 2 Depl. 3

Maerl

11:14

15:48

Day

Ok

29/11/11

Ch 3 Depl. 4

Ref

17:25

21:39

Night

Ok

29/11/11

Ch 4 Depl. 4

Ref

17:25

n/a

Night

MB*

29/11/11

Ch 2 Depl. 4

Maerl

17:11

21:34

Night

Ok

30/11/11

Ch 2 Depl. 5

Maerl

09:29

13:34

Day

Ok

30/11/11

Ch 4 Depl. 5

Maerl

09:57

13:41

Day

Ok

30/11/11

Ch 3 Depl. 5

Ref

09:34

13:30

Day

Ok

*Chamber motor malfunction
February 2012 Campaign
Date

Instrument

Site

Time End

Type

Status

Maerl

Time
Start
11:00

08/02/12

Ch 1 Depl. 1

08/02/12

Ch 2 Depl. 1

15:50

Day

Ok

Maerl

11:00

15:50

Day

Ok

08/02/12

Ch 3 Depl. 1

Ref

11:07

15:56

Day

Ok

08/02/12

Ch 4 Depl. 1

Ref

11:07

15:56

Day

Ok

08-09/02/12

Eddy 1 Depl. 1

Maerl

11:45

11:21

23.5 hrs

ND

08-09/02/12

Eddy 2 Depl. 1

Ref

12:00

10:20

10.2 hrs

Ok

08/02/12

Ch 1 Depl. 2

Maerl

17:18

21:26

Night

Ok

08/02/12

Ch 2 Depl. 2

Maerl

17:18

21:26

Night

Ok

08/02/12

Ch 3 Depl. 2

Ref

17:27

21:34

Night

Ok

08/02/12

Ch 4 Depl. 2

Ref

17:27

21:34

Night

Ok

09/02/12

Ch 1 Depl. 3

Maerl

10:27

15:32

Day

Ok

09/02/12

Ch 2 Depl. 3

Maerl

10:27

15:32

Day

Ok

09/02/12

Ch 3 Depl. 3

Ref

10:22

15:40

Day

Ok

09/02/12

Ch 4 Depl. 3

Ref

10:22

15:40

Day

Ok

09-10/02/12

Eddy 1 Depl. 2

Ref

11:58

14:36

~26.5 hrs

ND
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09-10/02/12

Eddy 2 Depl. 2

Maerl

12:30

15:47

27.25 hrs

Ok

09/02/12

Ch 1 Depl. 4

Maerl

17:18

21:28

Night

Ok

09/02/12

Ch 2 Depl. 4

Maerl

17:18

21:28

Night

Ok

09/02/12

Ch 3 Depl. 4

Ref

17:13

21:33

Night

Ok

09/02/12

Ch 4 Depl. 4

Ref

17:13

21:33

Night

Ok

10/02/12

Ch 1 Depl. 5

Maerl

10:47

15:10

Day

Ok

10/02/12

Ch 2 Depl. 5

Maerl

10:47

15:10

Day

Ok

10/02/12

Ch 3 Depl. 5

Ref

10:52

15:08

Day

Ok

10/02/12

Ch 4 Depl. 5

Ref

10:52

15:08

Day

Ok

ND = No data from Eddy 1 due to battery pack connection issue

April 2012 Campaign
Date

Instrument

Site

Time
End
18:58

Type

Maerl/Ref

Time
Start
19:30

23-27/04/2012

CTD Depl. 1

24-25/04/12

Status

Eddy 1 Depl. 1

Maerl

08:30

11:13

26.25 hrs

Ok

24-25/04/12

Eddy 2 Depl. 1

Ref

15:31

10:17

18.5 hrs

Ok

24/04/12

Ch 1 Depl. 1

Maerl

10:52

14:41

Day

Ok

24/04/12

Ch 3 Depl. 1

Maerl

10:55

14:41

Day

Ok

24/04/12

Ch 2 Depl. 1

Ref

11:01

14:44

Day

Ok

24/04/12

Ch 1 Depl. 2

Maerl

21:37

00:14

Night

Ok

24/04/12

Ch 3 Depl. 2

Maerl

21:39

00:18

Night

Ok

24/04/12

Ch 2 Depl. 2

Ref

21:46

00:22

Night

Ok

24/04/12

Ch 4 Depl. 2

Ref

21:44

00:25

Night

Ok

25/04/12

Ch 1 Depl. 3

Maerl

10:14

13:19

Day

Ok

25/04/12

Ch 3 Depl. 3

Maerl

10:14

13:19

Day

Ok

25/04/12

Ch 2 Depl. 3

Ref

10:19

13:26

Day

Ok

25/04/12

Ch 4 Depl. 3

Ref

10:19

13:26

Day

Ok

25-26/04/12

Eddy 1 Depl. 2

Maerl

11:51

11:52

24 hrs

Ok

25-26/04/12

Eddy 2 Depl. 2

Ref

11:08

12:26

25.5 hrs

Ok

25/04/12

Ch 1 Depl. 4

Maerl

21:43

23:58

Dnight

Ok

25/04/12

Ch 3 Depl. 4

Maerl

21:43

00:00

Night

Ok

25/04/12

Ch 2 Depl. 4

Ref

21:35

00:04

Night

Ok

25/04/12

Ch 4 Depl. 4

Ref

21:35

00:09

Night

Ok

26/04/12

Ch 1 Depl. 4

Maerl

10:54

14:44

Day

Ok

26/04/12

Ch 3 Depl. 4

Maerl

10:54

14:44

Day

Ok

26/04/12

Ch 2 Depl. 4

Ref

10:52

14:56

Day

Ok

26/04/12

Ch 4 Depl. 4

Ref

10:52

14:56

Day

Ok

Ok

August 2012 Campaign
Date

Instrument

Site

Time
End
10:11

Type

Maerl/Ref

Time
Start
15:26

17-20/08/12

CTD Depl. 1

17/08/12

Status

Ch 1 Depl. 1

Ref

21:48

00:31

Night

Ok

17/08/12

Ch 3 Depl. 1

Ref

21:48

00:24

Night

Ok

17/08/12

Ch 2 Depl. 1

Maerl

21:56

00:31

Night

Ok

Ok
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17/08/12

Ch 4 Depl. 1

Maerl

21:56

00:24

Night

Ok

18/08/12

Ch 1 Depl. 2

Ref

10:48

14:33

Day

Ok

18/08/12

Ch 3 Depl. 2

Ref

10:48

14:33

Day

Ok

18/08/12

Ch 2 Depl. 2

Maerl

10:46

14:28

Day

Ok

18/08/12

Ch 4 Depl. 2

Maerl

10:46

14:28

Day

Ok

18-19/08/12

Eddy 1 Depl. 1

Maerl

11:45

10:45

23 hrs

Ok

18/08/12

Ch 1 Depl. 3

Ref

20:34

23:28

Night

Ok

18/08/12

Ch 3 Depl. 3

Ref

20:34

23:28

Night

Ok

18/08/12

Ch 2 Depl. 3

Maerl

20:30

23:23

Night

Ok

18/08/12

Ch 4 Depl. 3

Maerl

20:30

23:23

Night

Ok

19/08/12

Ch 1 Depl. 4

Ref

10:31

13:26

Day

Ok

19/08/12

Ch 3 Depl. 4

Ref

10:31

13:26

Day

Ok

19/08/12

Ch 2 Depl. 4

Maerl

10:28

13:22

Day

Ok

19/08/12

Ch 4 Depl. 4

Maerl

10:28

13:22

Day

Ok

19/08/12

Eddy 1 Depl. 2

Ref

13:10

19:30

6 hrs

BE after 6 hrs

19/08/12

Ch 1 Depl. 5

Maerl*

20:44

23:16

Night

Ok

19/08/12

Ch 2 Depl. 5

Maerl*

20:45

23:20

Night

Ok

19/08/12

Ch 3 Depl. 5

Sand

20:32

23:10

Night

Ok

19/08/12

Ch 4 Depl. 5

Maerl

20:38

23:16

Night

Ok

20/08/12

Ch 1 Depl. 6

Maerl*

10:30

13:22

Day

Ok

20/08/12

Ch 2 Depl. 6

Maerl*

10:30

13:25

Day

Ok

20/08/12

Ch 3 Depl. 6

Sand

10:27

13:25

Day

Ok

20/08/12

Ch 4 Depl. 6

Maerl

10:30

13:28

Day

Ok

Maerl* = maerl only in chamber with dummy bottom
BE = broken electrode
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