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ABSTRACT

Oxygen production and oxygen flux play an important role in marine habitats and
ecosystems. The eddy correlation (EC) technique is a key aquatic flux measurement
technique to measure and calculate vertical turbulent fluxes within aquatic boundary
layers without disturbing environmental hydrodynamics. This method is based on the
simultaneous measurement of two parameters at the same point; the turbulent
velocity fluctuations and oxygen concentration. This thesis explores the reliability of
the Eddy Correlation Microelectrode system (ECE) and Eddy Correlation Optode
system (ECO) for O, flux measurement in seagrass meadows and benthic organisms
in the laboratory and field. Although EC has been used in aquatic system for over a
decade, this system is still under development to gain robust results. According to its
complexity, the EC and software used to analyse and calculate flux have been
significantly enhanced over past three years. The method development and

preliminary investigations were provided in Chapter 2.

Generally, the oxygen concentration data from Eddy Correlation optode system
(ECO) are converted from the raw oxygen signal based on the optode phase-shifted
signal using Stern-Volmer-equation. Chapter 2 also showed a new oxygen
conversion method based on the raw O, intensity signal using Stern-Volmer-
equation. Seagrass sediment O, uptake was investigated in a laboratory flume under
controlled flow and temperature. The calculations of sediment O, uptake using two
oxygen conversion methods were compared. The result showed that the new oxygen
conversion method can be used for EC O, flux measurements. Although this method

has lower fluctuation in O, concentration which leads to better flux calculation, it

XViil



needs to be considered whether the ECO is deployed under strong light or sunlight

that may interfere with the O, intensity signal.

The reliability and limitations of Eddy Correlation Optode system (ECO) were
investigated by measuring seagrass sediment O, uptake in a laboratory flume under
controlled flow and temperature (Chapter 3). The seagrass sediment was treated
with temperature varying from 18°C to 28°C and flow velocity from 17 cm s™ to 51
cm s”. The EC data were validated by O, microprofiling technique, which can
measure fluctuating O, concentrations at micro-scales. The results showed that O,
microprofile and eddy correlation system provided the same range of O, flux where
the O, consumption was observed due to microbial activities (respirations). It clearly
showed that the eddy correlation systems using O, optode could be used for
measuring O, flux in the marine system. Although the results of the ECO and O,
microprofile were similar, the ECO results were not robust. This study provided
verification for using eddy correlation system as a routine measurement for O, flux

in situ.

Temperature and light are important controls of seagrass metabolism
(photosynthesis, enzyme activity and maintenance of the carbon balance in seagrass)
which in turn governs their growth, survival, reproduction and distribution. Optimal
temperature and light requirements for photosynthesis and respiration in the
temperate seagrass Zostera muelleri were examined using the non-invasive Eddy
Correlation microelectrode system (ECE) and Chlorophyll a fluorescence using
PAM under control-flow environment (Chapter 3). The results showed that the ECE

has a potential to quantify O, flux and O, production in seagrass meadows at
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different light and temperature conditions within a control-flow environment.
Temperature and light have an effect on production, photosynthetic efficiency,
photoinhibition and capacity for photoprotection in Z. muelleri. Optimal temperature
and light for photosynthesis for this temperate seagrass is 25°C and 150-250 pmol

photons m™s™, respectively.

The Eddy Correlation microelectrode system (ECE), Eddy Correlation optode
system (ECO) and MiniProfiler MP4 system, an in situ microprofiler using a
microelectrode, were deployed in Tweed River (New South Wales), Moreton Bay
(Queensland) and Heron Island (Queensland) to determine the O, flux of marine and
estuarine benthic systems composed of seagrasses, benthic microalgae, and
microbes (Chapter 4). There were some situations in which the EC was unable to
measure O, flux correctly. However, the EC system can be used to measure O, flux
in the non-complex environment (steady environmental condition, homogeneous
habitat and flat terrain). After the deployments and a series of detailed investigation
of ECE and ECO along with consulting with the manufacturer, the first generation of
Eddy Correlation optode system (ECO1) was replaced with the second generation of
Eddy Correlation optode system (ECO2) in order to improve the O, flux

measurement.

Experimental results throughout the thesis provided a better understanding of the
limitations and reliability of Eddy Correlation system for O, flux on seagrass
meadows and benthic organisms in both laboratory flume and field. Although the EC
has been developed with four major changes (from the first generation of the Eddy

Correlation microelectrode system to the second generation of Eddy Correlation
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optode system), their stability and robustness still needs to be improved. Further
investigation on the limitations and reliability of this new generation of the EC are

needed.
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CHAPTER 1:

GENERAL INTRODUCTION



1. GENERAL INTRODUCTION

1.1 RESEARCH OBJECTIVES AND THESIS OUTLINE

The major objectives of this research include:

1.

2.

Determine the reliability and limitations of the eddy correlation (EC) system
for O, flux measurement in marine and estuarine habitats as well as under
laboratory conditions.

Determine O, flux of marine and estuarine benthic organisms such as

seagrass, benthic microalgae and microbes.

The criteria for assessing the reliability and limitations of EC include:

1.

Accuracy and precision: Can the EC accurately measure O, flux throughout
the range of conditions experienced?

Ranges of environmental conditions: Over what ranges of environmental
conditions would the EC need to operate?

Sensor technology requirements: What are the sensor technology
requirements and sensor resolution?

Data processing and data interpretation: Are the derived data relatively
simple and straightforward? Can it be used as computational routine for
processing data?

Ease of operation: Are the methods sufficiently simple so as to be deployed
and operated in both the lab and field environments?

Replication: Is the EC suitable for O, flux measurement with a number of

replications?



In meeting these objectives this thesis is structured as follows:

Chapter 1 presents a literature review of net ecosystem production and respiration
of the various components of estuarine (including seagrass, microphytobenthos,
mangrove, and saltmarsh communities) and coral reef communities (e.g., coral
dominated sand turf macroalgae, microphytobenthos and sponges). Various
methodologies for O, flux measurement (e.g., eddy correlation, O, chamber) are

considered.

Chapter 2 presents a detailed examination of method development and describes the
preliminary investigations used in this thesis. Two O, conversion methods from the
eddy correlation optode system (ECO), which led to O, flux measurement in
sediment within the laboratory flume, were investigated. The O, flux results using

these two methods were compared.

Chapter 3 examines on the limitations and reliability of EC technique used in the
laboratory flume. O, consumption in seagrass sediment under controlled physical
parameters (e.g., temperature, flow and light) was measured in a laboratory racetrack
flume using the EC technique and the O, microprofiling technique. The optimal
temperature and light requirements for photosynthesis in the temperate seagrass
Zostera mulleri was measured using the EC technique and chlorophyll fluorescence.
A Pulse Amplitude Modulated fluorometer (Diving-PAM) was also used to
determine the photosynthetic efficiency of the seagrass across a range of light and

temperature treatments.



Chapter 4 presents field deployments of EC in three benthic ecosystems: an
estuarine system (Tweed River, New South Wales), a subtropical coastal embayment
(Moreton Bay, Queensland) and a coral reef (Heron Island, Queensland). The eddy
correlation and microsensor techniques were used to evaluate the O, flux of marine

and estuarine benthic organisms such as seagrass and benthic microalgae.

Chapter 5 summarizes the key findings of this thesis, discusses the O, flux of
marine and estuarine benthic organisms such as seagrass, benthic microalgae and
microbes, and the reliability and limitations of the eddy correlation system for O,
flux measurement in marine and estuarine habitats and laboratory flumes. As a final

point, it suggests avenues for future research.

This section of this chapter was contributed to the CSIRO Marine and Coastal

Carbon Biogeochemistry Cluster Milestone 2 Report.

Chotikarn P, Chipman L, Macreadie P, Petrou K, Sinutok S, Carvalho M, Oakes J,
Cyronak T, Eyre B, Ralph PJ. 2014. Literature review on gross and net ecosystem
production and respiration values for estuaries and coral reefs. In: Duarte C, Ralph
PJ, Doblin MA, Phinn S. 2014. Marine and Coastal Carbon Biogeochemistry Cluster

Milestone 2 Report. CSIRO Wealth from Oceans Flagship. pp 56-77.

1.2 GROSS AND NET ECOSYSTEM PRODUCTION AND RESPIRATION

VALUE FOR ESTUARIES AND CORAL REEFS.

Coastal habitats (seagrass, mangrove, macroalgae and reef) form critical marine
ecosystems that are characterized by high biodiversity and productivity (Wilkinson

2002; Harrison and Booth 2007). Coastal vegetation is supported by photosynthesis,



during which carbon dioxide is converted into biomass. Through this process, CO, is
removed from the atmosphere and stored as organic materials that are stable over
time scales of minutes to millions of years (Atwell et al. 1999). These coastal
habitats have been affected by global climate changes and human activities such as
overfishing, intensive agricultural activities, and industrialization (Hughes 2008).
Measurement of primary production is essential to understanding these threatened,

yet globally significant habitats.

Comprehending the total carbon budget of an ecosystem requires measurements of
both the stock and flux of carbon (Law et al. 2004). Stock estimates only describe
how much carbon is present at the time of sampling; they do not indicate how
quickly the stock accumulates or the rate of its release back into the atmosphere.
Generally, carbon (C) accumulates slowly via growth of living biomass and burial,
whilst C loss can be a much more rapid process as a habitat declines in area
(degradation of habitat) or is physically removed. Stocks can be measured using a
diverse range of coring, isotope and geochemical methods (Watson et al. 2000;
Fourqurean et al. 2012; Greiner et al. 2013; Lavery et al. 2013); however, flux
measurements are more complex. Flux is the amount of a compound moving through
a unit area over a unit of time. In the case of C flux, it is the integration of
biosequestration and ecosystem respiration. These processes are non-linear and
driven by the complex interaction of light, water flow, plant community, microbial
community, infauna, temperature, sediment type, and redox conditions. Flux can be
measured by the relatively simple “difference in stock” method, yet this requires

long-term accumulation to be able to detect any changes. In contrast, real time flux



provides more rapid information, but is technically more complex and subject to a

range of assumptions.

C moves between sediment, water, and air in both liquid and gas phases. To estimate
the flux of C it must be measured across two interfaces (providing a rate of change),
the sediment-water interface and/or the water-atmosphere interface. Therefore, a
detailed understanding of C flux will allow predictive models to describe the extent
of C stock into the future, as well as examine how coastal wetlands influence

atmospheric composition and climate.

Measurements of gas exchange are used as a proxy of community function. O,
production (or CO; uptake) of an ecosystem is defined as net primary production
(NPP), while measurements of oxygen uptake in darkness provide an estimate of
respiration (R). Finally, gross primary production (GPP) is equal to NPP+R (Baird et

al. 2011).

As a result of short-term changes in environmental conditions, instantaneous O;
varies with water velocity, temperature and light intensity, and therefore these
factors can affect net ecosystem metabolism (NEM) because NEM which is P+R is
usually measured on a daily scale This remains a serious shortcoming of short-term

chamber incubations (< daily).

A conceptual diagram of oxygen flux in seagrass beds (as a model organism) during
daylight and darkness is shown in Figure 1.1. Sunlight induces plant photosynthetic
activity which leads to O; release into the water column. The O, production rate is
greater than the O, consumption rate by plants and other organisms, as well as the

reoxidation rate (e.g., bacteria and bioturbators); therefore, the net daylight O, flux is



outward flowing (efflux) from the ecosystem. During nighttime, in contrast, there is
no photosynthetic activity, thus, the net darkness O, flux is inward (influx) to the

ecosystem.
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Figure 1.1: This conceptual diagram shows the O, flux in seagrass beds dominated

by eddies during daylight and darkness.

Water motion also affects seagrass photosynthesis, gas exchange, sediment transport
and epiphyte load. The thickness of the diffusive boundary layer (DBL) defines the
rate of exchange between the seagrass and the bulk water. Increased water motion is

beneficial to photosynthesis because it decreases the DBL thickness causing



increases in gas exchange rates and therefore potential growth (Koch 1994; Forster et
al. 1996). It also increases sediment re-suspension, which reduces light and can alter
sediment-based C flux (Madsen et al. 2001). Roughness of the seagrass blade
(epiphytes and adhering sediment) also modifies the DBL. Therefore, estimates of
gas flux that constrain or alter water motion will confound actual values (Koch
1994). Additionally, bulk water gas content alters the gas exchange and
photosynthesis of seagrasses; reduced oxygen content in the bulk water will increase
nighttime respiration of the plants and substantially increase net ecosystem exchange

(NEE) respiration (Koch 1994).

1.3 COMPARISON OF CURRENT METHODOLOGIES FOR GROSS AND
NET ECOSYSTEM PRODUCTION AND RESPIRATION

MEASUREMENT IN ESTUARIES AND CORAL REEFS.

The applications, advantages and disadvantages of each methodology are discussed
using the following criteria: a) conditions required for each application, b) accuracy
and resolution, c¢) ease of use, d) data interpretation and e) limitations. A summary of
applications, advantages and disadvantages of the most common methods used in
seagrass and coral photosynthesis, and community metabolism studies are shown in

Table 1.1 (Silva et al. 2009).



Table 1.1:

methods used in seagrass and coral photosynthesis, and community metabolism

studies modified from Silva et al. (2009).

Applications, advantages and disadvantages of the most common

Method

Applications

Advantages

Disadvantages

Plant incubation

O; electrode or
optode coupled to
small reaction
chambers

Microprofiling using
microelectrode or
optode

PAM fluorescence

CO;, evolution

Geo-acoustics

Eddy correlation

* Photosynthesis and dark
respiration of whole plants
or leaf cuts incubated in
bottles (laboratory or in
situ)

* O, analysis of water
samples from benthic
chambers (field)

* Photosynthesis and dark
respiration of leaf cuts
(laboratory)

» O, consumption by
belowground
tissues (in situ)

» O, leakage into the
rhizosphere

(in situ)

*» O, production or
consumption

in custom-made
chambers

» O, mapping of seagrass
rhizosphere (in situ)
* Used in the eddy
correlation
technique (in situ)

* In situ and laboratory
measurements of
photosynthetic
efficiency at the

plant level

* In situ measurements of
community uptake and
release of COy, in
incubation

chambers

* In situ large-scale
estimation

of community O,
production

* In situ sediment—water
fluxes of dissolved O,
» Community level O,
fluxes metabolic studies

* High accuracy
* Low price

* High resolution

* High accuracy
 Continuous O,
measurements

* Highly controlled
conditions

* Possibility to manipulate
the incubation medium

* Not very intrusive (small
diameter probes)

* Fast response time
(microeletrode is faster
than optode)

« Positioning possibilities
» 2-dimensional
measurements

* Very sensitive at low O,
Concentrations (optode
only)

+ Does not consume O,
(optode only)

* Long-term stability

* Non-intrusive

* Portability

* Autonomous underwater
equipment

* Possibility of continuous
Measurements

* Non-intrusive

* Integration of whole
community
metabolism

* Highly reliable in air
exposed

Conditions

* Large-scale application,
suitable for ecosystem
level studies

+ Continuous
measurements

* Non-intrusive

» Autonomous underwater
equipment

» Good surface integrating
capacity

 Continuous
measurements

« Intrusive (if plants are
incubated in bottles)

* Problems related to
containment in closed
chambers

« Initial and final O,
concentrations only

* Cumbersome

* Intrusive

« Highly artificial

« Spectral quality of artificial
light sources

» Small spatial resolution

« Fragile in field conditions
(microelectrode)

« Fast optode is still under
development

» Measures light reactions
only

* Does not allow respiration
measurements or

thus production estimates

« Possibility of
underestimating

CO; uptake in
underwater conditions
* Problems related to
containment in closed
chambers

» Underdeveloped
technique

* Underdeveloped
technique




1.3.1 Difference in stock

Carbon may be lost from coastal wetlands in the form of dissolved or particulate
organic compounds (POC) that move into adjacent ecosystems (mangrove-seagrass-
coastal ocean) (Watson et al. 2000); this is also called leakage. Typically, the loss of
dissolved organic compounds is only a small fraction of the carbon budget.
Horizontal fluxes of carbon are generally missed by atmospheric measurements of
flux, which explains why carbon flux estimates between the atmosphere and the sea
surface may not be equivalent to changes in the coastal vegetation storage of carbon
(Watson et al. 2000). For example, when POC moves down river (exported/leaks
from catchment) and accumulates in a seagrass meadow; this is measured in the
stock change, but not the flux measurements. Biomass growth is the same as a
difference in C stock; however, increasing biomass also leads to an increase in flux

measurement due to more photosynthetic active area (Watson et al. 2000).

1.3.2 Stable isotope tracers to measure production and respiration

Stable isotopes can be used to provide estimates of production and respiration for
autotrophs and ecosystems based on rates of inorganic carbon fixation into biomass,
respiration of CO, or dissolved inorganic carbon, and/or oxygen production

(Beardall et al. 2009).

1.3.3 Carbon isotopes

The rare stable carbon isotope, °C, can be used to directly determine carbon fixation
rates using a similar approach to the '*C method which is common in oceanography

(Marra 2009), whilst avoiding the hazards associated with the use and disposal of
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radioactive materials. Briefly, a known quantity of inorganic carbon amended with
C is added to a culture or community of phytoplankton, and the incorporation of
C into biomass is measured after incubation for a given period. The limitations and
caveats of using "°C are similar to those associated with the use of '*C, which have
been detailed previously (Peterson 1980). However, when using "*C the algal
biomass at the beginning (Slawyck et al. 1977) or end (Hama et al. 1983) of the
incubation must also be determined to allow calculation of total °C uptake, given
that the abundance of rare stable isotopes is typically expressed as a ratio of rare to

common isotope, in the form of delta notation.

Short-term incubations (4 h) with °C provide an indication of gross primary
production. The incubation time will depend on the turnover rate of the autotroph or
community of interest (Regaudie-de-Gioux et al. 2014). In all cases, however, the
interpretation of stable isotope data becomes more complicated with longer-term
incubations. Transfer of °C to heterotrophs and subsequent respiration of *C leads
to fixed °C being returned to the inorganic carbon pool and potentially re-fixed
again into organic carbon. Therefore, in longer-term incubations, where organic
carbon and inorganic carbon approach isotopic equilibrium, the “C method

estimates net productivity.

Most °C amendments used to determine production rates have focused on
phytoplankton. However, it has recently been demonstrated that the '*C method can
be used to determine carbon fixation rates for other autotrophs including seagrass
(Zostera marina, Mateo et al. 2001) and seaweed (kelp, Laminaria hyperborea,
Miller and Dunton 2007). In these studies, sections of each autotroph (e.g., seagrass

blades, discs of kelp lamina) were removed and incubated in closed vessels in the
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presence of *C-labelled inorganic carbon. In the study by Mateo et al. (2001) this
gave estimates of production comparable with those determined using the '*C
method, but production was underestimated when based on changes in O;
concentration, where the interference from bubble formation under low rates of
production occurred. However, given that removal of plant parts, and/or removal of
autotrophs from their natural environment may alter production rates in most cases it

would be preferable to apply ">C to autotrophs in situ.

In situ application of °C has the potential to determine production by individual
autotrophs and/or an entire community. The simplest example of this is the
application of °C to intertidal sediments to assess production by benthic microalgae
(Oakes and Eyre 2013). However, methods have also been demonstrated in the
application of isotope labels in situ to seagrass blades ('’C-labelled sodium
bicarbonate in water; ; Marba et al. 2006; Kaldy et al. 2013) and mangroves ("°C-
labelled CO; in air; Oakes et al. 2010), and similar methods could be used to label
other coastal autotrophs. Provided that the subsequent uptake of "°C is high enough
to be detected in the short-term, changes in ">C content of plant biomass can then be
used to calculate productivity. For example, Nayar et al. (2009) enclosed subtidal
seagrass sediments within benthic chambers and used BC amendment of the
enclosed water to investigate seasonal variability in carbon uptake by seagrasses
(Amphibolis antarctica and Posidonia angustifolia) and phytoplankton. Additions of
PC can also provide insight into community-scale production rates for any
community that can be contained, although this will be more expensive and complex
where larger areas are involved. At the smaller scale, subtidal sediments or

communities can be enclosed within benthic chambers for the period of isotope
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addition (e.g., Oakes et al. 2010). At a larger scale, an enclosure may be constructed
around an area of saltmarsh, seagrass, or mangrove forest for isotope labelling e.g.,
Gribsholt et al. 2005. In this case, the uptake of °C by the community after a short
time period would indicate gross production. This could be determined by measuring
the ">C content of all components of the community (autotrophs and heterotrophs),
taking into account their biomasses. Alternatively, for intertidal sites, uptake rates
could be determined based on a mass balance of °C added to the community and "*C

lost on the subsequent outgoing tide.

In both ex situ and in situ amendments with ">C, longer-term incubations are
complicated by respiration of °C and re-fixation of °C. If the rate of respiration is
known, then the gross production can be inferred. Recent advances in methods and
instrumentation now make it far easier to measure "°C in dissolved inorganic carbon
(Osburn and St-Jean 2007) or carbon dioxide (via cavity ring-down spectroscopy;
Maher et al. 2013), which should allow for respiration rates to be determined. In
most cases this will be complicated by the mixing of respired C with
unincorporated *C. Flushing the system (i.e., replacing water or air) to remove
unincorporated label after a given incubation period will make it easier to detect
small changes in °C content due to respiration of *C-labelled organic carbon, but

this is probably not feasible for incubations of phytoplankton.

For any approaches that estimate gross production by adjusting for estimated
respiration rates, it is important to note that respiration rates in daylight can vary
from those observed during darkness. Additions of ">C can also be used to measure
daylight respiration rates (Carvalho and Eyre 2012). The main difference in the

previously discussed methods is that the changes in the isotopic composition of not
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only the organisms, but also the water, are measured. This way, it is possible to
quantify respiration in daylight and gross primary production without need of
incubations in darkness. So far, this approach has been employed only preliminarily,
but it has the potential to be adapted for field work if care is taken to keep the system

closed to the atmosphere.

1.3.4 Oxygen isotopes

Isotopes of oxygen have been employed to measure gross primary production
without the need of dark incubations, in a fashion similar to that described above
(Grande et al. 1989) So far it has revealed that, in most cases, oxygen respiration in
daylight is much higher (up to 1000%) than in darkness (Bender et al. 1987; Bender
et al. 1999; Robinson et al. 2009), which means that oxygen gross primary
production measured by the standard light and dark incubation method has been
consistently underestimated. However, some exceptions have been found, suggesting
that this method may lead to an underestimation of primary production in certain

cases (Ostrom et al. 2005; Yacobi et al. 2007).

A second method used to measure gross oxygen primary production is the triple
isotope method, which has been widely employed in the open sea (Sarma et al. 2005;
Quay et al. 2010; Juranek and Quay 2013). It does not require the addition of extra
compounds to the system, and also does not need closed incubations. However, it
demands a series of set conditions to yield valid results, which are met in the open
sea, but may be difficult to find in complex coastal ecosystems. These include
absence of horizontal boundaries, low gas exchange between mixing and deeper

layers and predictable gas exchange between water surface and atmosphere (Luz and
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Barkan 2000; Juranek and Quay 2013). Therefore, its application in coastal systems

may be limited.

1.3.5 Benthic core incubations

Benthic productivity and respiration can be measured in sediment cores; these cores
typically range from 50 to 100 mm in diameter. The core is pushed into the sediment
and a portion of the upper sediment containing plants and/or benthic algae and
overlying water is removed. Cores are then usually transported back to a laboratory
and incubated in large tanks of site water maintained at a given temperature
(Sundbick et al. 1991; Ferguson and Eyre 2010, 2013). Light is provided by
photosynthetically active radiation (PAR) that is run on diel light and dark cycles
and the cores are stirred to prevent the build-up of concentration gradients in X, Y
and Z axis. A variation of this method incubates the cores in floating cradles in the
water column near the site of core collection (Ferguson et al. 2003; Eyre and
Ferguson 2005). The floating cradles expose the cores to similar in situ light and
temperature variations to the collection site. A combination of both the laboratory
and cradle techniques is to place the cores in a large tank of site water maintained at
in situ temperature on land in the open near the site of collection so they are exposed
to similar in situ light variations to the core collection site (Eyre et al. 2011). For
both the floating cradle and on-site incubation tank techniques the cores are shaded

so that they receive similar amounts of PAR to in sifu sediments.

Benthic productivity and respiration are estimated from the change in dissolved
inorganic carbon (DIC) or O; in the core water column over a given incubation time.

Net primary productivity (NPP) is estimated from the change in O,/ DIC during
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daylight, respiration (R) is estimated from the change in O,/ DIC during darkness,
and gross primary productivity (GPP) is estimated by adding NPP and R with the
assumption that light respiration equals dark respiration (see Labeled Isotope

Tracers).

The three different core incubation techniques have their own advantages and
disadvantages. Laboratory incubations allows control of both light and temperature
so average values for the period of interest can be used, including over the diel cycle.
They allow construction of functional models that can be used to predict productivity
in the field. In contrast, the cradle and on-site incubations are exposed to a similar
instantaneous light climate as the site of core collection, but this is only
representative for the day of the incubation. A single incubation is commonly used to
represent a season or a month, and as such, an average light level for that period may

be more appropriate.

The advantage of cores over chambers is that they are logistically easier to use and
therefore allow for far greater replication. The main disadvantage is that they cannot
capture large structural complexity in the sediment such as large macrofauna
burrows and macrophytes. A combined approach uses cores where there is little
structural complexity such as bare sediments with microphytobenthos, and chambers
where there is large structural complexity such as macrofauna burrows and
macrophytes (Eyre et al. 2011; Maher and Eyre 2011). Chambers also minimise O,
bubble formation due to their larger water volume compared to cores. Comparisons
of benthic production and respiration between cores and chambers show mixed
results. For example, a comparison of NPP rates between triplicate cores and

chambers from a shallow site incubated in a range of temperature and light
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conditions found no significant difference (Maher and Eyre 2011). Similarly, a good
relationship was found between O,-GPP and gross CO, fixation across a range of
benthic habitats in a shallow coastal system wusing cores and chambers,
demonstrating that there is no systematic bias in measured rates associated with
using two types of incubation methods (Eyre et al. 2011). In contrast, a comparison
of chamber and core measurements from a 20 m deep site showed much higher rates
of respiration in the chambers than the cores (Macreadie et al. 2006). This difference
in respiration was probably a disturbance effect (i.e., core compression) due to the
collection of 40 cm cores (Macreadie et al. 2006). Whereas, cores used by Maher
and Eyre (2011) that showed similar NPP rates to chambers were only 20 cm long
and had little compression. As such, a combination of cores and chambers appears to
be a suitable approach for estimating benthic respiration and productivity in shallow

coastal systems that mosaic of benthic habitats.

1.3.6 Laboratory incubations of cores

Core incubation is used to determine O, exchange rate in the laboratory. The
sediment cores are transported to the laboratory in controlled temperature containers,
where they are uncapped in water which has the same temperature and air saturation
as the location where the cores were collected. To ensure a good mixing and
exchange between water phase of the core and the exterior seawater, a magnetic
stirrer attached to the inner wall of the core should be used. The O, exchange rate
would then be assessed by O, microprofiling after overnighting. During the
incubation period (after microprofiling), O, consumption can be assessed with an O,

sensor in darkness (Glud et al. 2010).
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1.3.7 Benthic chambers

Benthic chambers can be equipped with sensors that can measure many types of
fluxes i.e., Oy, CO,, CHy4, and N,O (Maljanen et al. 2001). O, and CO, chambers are
used most commonly for measuring the photosynthesis, respiration and gas transport
of isolated leaves, roots and rhizomes and whole plants. The chamber is set up to
enclose a known surface area of interests. The chamber is stirred continuously to
ensure good mixing of air or water without altering the surface of interests (Alongi et
al. 1989). To measure net ecosystem metabolism (NEM), chambers may be used to
enclose a small area (sediment, plants and leaves). Changes in the concentration of
CO; (or other gases) within the chamber or differences between the concentrations in
incoming and outgoing air/water are used to calculate flux. The advantages of this
technique are that it is easy to use and inexpensive. The disadvantages, however, are
that this method cannot be used to measure flux in very large areas because the flux

that is measured might be an over or under estimation (Gao and Yates 1998).

There are many different chamber designs, which are all stirred to try and reproduce
the benthic boundary layer, but these have mostly been designed for deep-sea
measurements (Tengberg et al. 2005). Shallow water sediments typically have much
larger, mostly tidal-driven (but also wind- and freshwater-driven) lateral flows
compared to deep water sediments. This lateral flow can also produce passive flow
through the burrows of large macrofauna (Webb and Eyre 2004b), which is an
important process to replicate when measuring benthic productivity and respiration.
As such, benthic chambers designed for working in shallow coastal sediments
replicate this lateral flow by pumping water across the chamber floor, and hence

across the community contained within the chamber (e.g., seagrass; macrofauna
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burrows; Webb and Eyre 2004a; Eyre et al. 2011; Maher and Eyre 2011). It is
unknown how well these lateral flow chambers replicate natural flows in shallow
coastal waters and a comparison with EC would be productive research to undertake

in the future.

1.3.8 Flow respirometry

The flow respirometry method has been widely used to measure primary production
in rivers and streams (Odum 1956; Langdon et al. 2013) and has been adapted for the
measurement of community metabolism (net community calcification, net
photosynthesis and respiration) in coral reefs (Marsh and Smith 1978; Barnes 1983;
Gattuso et al. 1993; 1996; 1999; Langdon et al. 2013; Shaw et al. 2014). This
method measures the upstream-downstream changes of the chemical properties (O,
dissolved inorganic carbon or total alkalinity) in a parcel of water in a unidirectional
current flow using Eulerian or Lagrangian approaches (Shaw et al. 2014). The net
rate at which a community alters the chemical properties is determined by dividing
the changes in the chemical constituent of water by water transit time (Langdon et al.
2013). The Eulerian approach makes observations at a fixed position over time,
while the Lagrangian approach makes observations with respect to the flowing
parcel of water as it moves through the system of interest (Langdon et al. 2013). This
method, however, is limited to environments that have a unidirectional flow of water

and does not account for lateral mixing.

1.3.9 Gas flux measurement

For gases, flux measurements determine how many molecules of gases are moving

up or down over a unit area per unit time. Flux can be described as a sink or a
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source, corresponding to the direction of the flux. For example, seagrass beds may be
a sink for CO; during daylight if the net flux is inward from water to seagrasses due
to the photosynthesis process, while seagrass beds may be a source of CO, during
darkness, if the net flux is away from seagrass beds due to respiration. To measure
O, and CO, production and flux in coastal vegetation, various techniques have been
used. These include the gas extraction technique, O titration (Winkler) technique,
geo-acoustic technique, microprofiling technique, eddy covariance using O, optode

and microelectrode techniques (Borum et al. 2006; Silva et al. 2009).

1.3.10 Gas extraction

Gas extraction is a destructive technique, where tissues have to be cut or squeezed to
harvest internal gases. Changes in O, and CO; concentrations in plant tissues are
measured using infrared gas analysis and gas chromatography (Larkum et al. 1989;
Borum et al. 2006; Silva et al. 2009). This technique has limited temporal and spatial
resolution and cannot be used for recording internal gas dynamics as functions of

environmental condition changes (Borum et al. 2006).

1.3.11 Plant incubations

Photosynthesis and dark respiration of whole plants or leaves can be determined by
incubating them in bottles or chambers (either in situ or in a laboratory) and
measuring the change in oxygen over the incubation period. Measuring oxygen
concentrations via the Winkler technique is accurate and inexpensive compared to
using O, electrodes and optodes (Silva et al. 2009), but the oxygen results produced
are not always accurate due to user error (such as sample preservation).

Nevertheless, the incubation method is invasive and destructive because of the need
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to detach the plant samples. Additionally, this technique causes an increased
boundary layer during incubation if not stirred, which results in an underestimation
of photosynthetic rate (Koch 1994), and it can measure only initial and final O,

concentration (Silva et al. 2009).

1.3.12 Geo-acoustic

This technique is a continuous measurement of in situ large-scale community O,
production. The principle of this technique is the photosynthetic O, microbubbles
formed on the leaf blade surface will interfere with the wave propagation of
broadband acoustic transmissions and can be correlated with the photosynthetic
activity of whole meadows (Hermand et al. 1998; Silva et al. 2009). Nonetheless,
this technique remains under developed because validation against traditional

methods has not been performed (Silva et al. 2009).

1.3.13 Microprofiling

O, concentration profiles can be measured across a few millimeters above the sample
of interest (e.g., plant leaf, root, rhizome and sediment) using Clark-type
micoroelectrodes or optodes. The diffusive O, flux can be calculated from O,
profiles within the diffusive boundary layer (DBL), a layer of fluid which is not
mixed with the main body of fluid, according to Fick’s first law. The microelectrode
and optode are not very intrusive due to their small diameter probes. The
microprofiling method provides real time assessment of O, and CO; conditions in
coastal vegetation (Wangpraseurt et al. 2012). This method works best in muddy,
homogenous sediments where diffusion is dominant and environmental conditions

are in a steady-state. Internal O, and CO, gradients and profiles can be measured at
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high spatial and temporal resolutions. The O, optode is also not intrusive, especially
if a thin, very sensitive optical sensor is used (such as a microoptode). It is capable of
measuring very low O, concentrations and is more robust compared to a
microelectrode; however, the O, optode has a slightly slower response than the
microelectrode and new approaches are currently being tested to improve the speed
of the optode (Chipman et al. 2012). The optode and microelectrode are also used for
underwater eddy covariance (EC) measurements. However, it is worth noting that
the microprofiling method is limited in measuring whole plant metabolism or O,
release because it can only be used to measure flux at the microscale (Borum et al.

2006; Silva et al. 2009).

1.3.14 Eddy covariance measurements

Eddy covariance (EC) is a relatively new and non-invasive method for measuring
benthic fluxes. This technique has been widely used in terrestrial systems to measure
gas and heat fluxes for the last 50 years. The EC has become a popular technique to
assess CO, flux due to four apparent avantages; scale-appropriate, CO, direct
measurement, footprint area, and long-term CO, monitoring (Baldocchi 2003). The
EC technique is most accurate when performed in steady conditions (e.g. wind,
temperature, CO,, humidity). In addition, the underlying vegetation is homogenous
with flat terrain (Baldocchi 2003). For the aquatic environment, some issues to
address would include the small-scale spatial heterogeneity of marine communities
relative to many terrestrial system, impact of differences in fluid viscosity between
air and water, and the impact of currents and especially ossillatory flow (Lowe et al.
2005) on vertical advection between the benthos and the water column. Finally, the

control volume approach (Monismith 2007) should also be included as a potential

22



emerging technology that might allow EC measurement to be more effectively

constrained across defined horizontal boundaries.

Berg et al. (2003) transferred the conventional terrestrial EC technology to
underwater deployment in order to measure O, uptake in sediment. They used a
similar system to measure dissolved oxygen from the sediment/water interface. The
total flux across the sediment-water interface (SWI) is the sum of diffusion,
bioturbation (the disturbance and overturning of sediments by burrowing organisms),
porewater advection and sediment re-suspension. EC is gaining popularity due to its
advantages over other methods (e.g., in sifu chambers and DO sediment

microprofiling); however, many aspects of this method need careful validation.

EC provides a wide range of technical advantages (such as allowing measurement of
true flux under natural conditions) as it does not disturb hydrodynamic conditions
(currents and waves), it does not alter light fields, it can be utilised in complex
topographic substrates (e.g., seagrass, infauna, not just bare sediment), and it can be
used in situ for long-term data collection. Furthermore, it allows a much larger area
of habitat to be sampled (100’s m? as opposed to a chamber with 0.5 m?) providing a
more integrated sample of the habitat. This removes sample bias towards small scale
heterogeneity that can occur with smaller sample techniques (Silva et al. 2009).
However, EC may not be usable in locations with rapidly varying oxygen
concentrations, such as vegetated benthic communities in shallow water (Holtappels

etal. 2013).

Although EC is effective in aquatic environments, it can only be used to measure O,

flux, because the current CO, sensor technique is too slow for the high sampling

23



resolution needed for these measurements (response time of <0.3 s for O, sensor and
>10 s for CO; sensor) (Kohler-Rink and Kiihl 2000). Due to this slow sensor
response time, the flux measured by EC is an underestimation because the sensor
cannot capture changes in concentration related to small and fast eddies.
Furthermore, to get information on CO;, and O, flow from seagrass, wave motion
pressure upon seagrass leaf blades needs to be quantified, as wave motion is a main

factor influencing the direction and magnitude of CO, and O, flux.

Terrestrial eddy covariance system (mangrove/saltmarsh) - The eddy correlation
technique has been used in atmospheric sciences since the mid-twentieth century to
measure energy and mass transfer in agriculture, forestry, hydrology and ocean
research, however initial conventional measurements were technically challenging
because of the limitation in sensor response time, data collection and data processing
(Burba and Anderson 2010). Recently, a novel non-invasive in situ system using the
eddy covariance technique has been developed to measure CO, flux in terrestrial
environments (Okimoto et al. 2007). Instantaneous vertical wind velocity, CO,
concentration, latent and sensible heat flux, mean temperature, mean humidity and
mean pressure were measured for unit conversions and other corrections (Burba and

Anderson 2010).

A typical example of an eddy covariance installation includes a 3-dimensional sonic
anemometer, an open-path gas analyser, a sample inlet for a closed-path gas analyser
and a fine-wire thermocouple (Burba and Anderson 2010). There are a large number
of EC flux towers in a wide variety of terrestrial habitats; whereas there are few in
coastal wetlands (aerial mangrove and underwater systems have only recently been

developed) (Polsenaere et al. 2012).
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Underwater eddy correlation system (seagrass) - Underwater EC measurements
are dependent upon turbulent fluctuations of the water, which are affected by fluid
velocity, solute concentration, temperature, sediment roughness and flow (Berg et al.
2003). Because EC is non-invasive and integrates over a large measuring surface, it
measures the net effect of all of those processes in unison. The higher the EC
sampling point is above the canopy or interface, the larger the measuring area and
thus, a larger area of ecosystem is integrated into the signal. Underwater EC systems
currently measure O,, temperature, conductivity, nitrate, H,S, and CDOM, (Hume et
al. 2011; Johnson et al. 2011; McGinnis et al. 2011; Berg et al. 2013; Table 1.2),
although CO, sensors are currently not fast enough to measure turbulent parcels of
water. Kuwae et al. (2006) suggested that the eddy correlation measurement could be
used for investigations of photosynthesis. The application of the eddy correlation
technique has also been used to investigate diurnal cycles of photosynthesis and
respiration in a reservoir and turbulent oxygen transport from the stratified water
column of a lake (Brand et al. 2008; McGinnis et al. 2008; Table 1.2). Other studies
have used it for studying photosynthesis of seagrass and coral reef ecosystems

(Hume et al. 2011; Berg et al. 2013; Long et al. 2013; Table 1.2).

The first application of eddy correlation system used in a seagrass meadow was
performed in 2011 (Hume et al. 2011; Table 1.2). Hume et al. (2011) deployed the
eddy correlation system to measure dissolved O, flux in the water column above
seagrass meadows allowing the estimation of gross primary production (GPP),

respiration (R) and net ecosystem metabolism (NEM).
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1.4 EDDY CORRELATION: A NEW WAY TO ESTIMATE AQUATIC NET

ECOSYSTEM METABOLISM

As described earlier, Eddy Correlation (also known as Eddy Covariance and Eddy
flux; EC) is one of the most direct ways to measure benthic fluxes. The method is
mathematically complex, requiring a great deal of care in the setting up of equipment
and processing data, and is extremely vulnerable to prevailing environmental
conditions. It can not only be used to measure net ecosystem metabolism (NEM), but
also can be used to measure gross primary production (GPP), respiration (R) and

nutrients of the ecosystem (Johnson et al. 2011).

1.4.1 General principle of eddy covariance method

Physical meaning of eddy covariance

Eddy covariance works on the principle of covariance of two components; gas
concentration and vertical velocity of water where the vertical O, flux can be

calculated as a covariance of the vertical water velocity and the concentration of O,.

Figure 1.2 depicts a single measurement point of the underwater eddy correlation
system. At Time;, Eddy, moves a parcel of water (C1), containing a specific gas
concentration, pressure, and temperature, downwards by vertical water velocity (w).
At Time,, Eddy, moves the water parcel C2 up by vertical water velocity (w;). For
example, if one knows how many molecules of O, went down with eddies at Time;,
and how many molecules went up with eddies at Time,, at the same point, one could
calculate the net vertical flux of O, at this point over this time (Time, — Time,)

(Burba and Anderson 2010).

26



Figure 1.2: Diagrammatic representation of the eddy covariance method modified

from Burba and Anderson (2010).

Physics of flux measurement in water

In aquatic ecosystems, total vertical diffusive flux (J) of a solute in the diffusive
boundary layer and the internal boundary layer are described by the following

equation:

]=—Da—C+WC (Eqn. 1.1)
0z

where w is the vertical velocity, C is the solute concentration, and D is the molecular
diffusivity of solute (Berner 1980; Boudreau 2001; Berg et al. 2003; Swett 2010). g—(z:

is the vertical gradient across the horizontal plain of the sensor.

Turbulent advection, under high flow, causes the dominant vertical transport in the
water column above the DBL in most marine environments (Berg et al. 2003). For
that reason, the diffusive term (Fick’s first law) in Eqn. 2.1 can be neglected. Data
analysis requires numerical methods to isolate the turbulent fluctuations in velocity
and solute concentration from their means (Reynolds 1895; Stani$i 1985; Boudreau
and Paul 1997). With these assumptions, Eqn. 1.2 gives the following expression in

the time domain for the vertical flux averaged over time (Berg et al. 2003; Kuwae et
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al. 2006; Berg and Huettel 2008; Berg et al. 2009; McCann-Grosvenor 2010; Swett

2010; Hume et al. 2011):

Flux = w'C’ (Egn. 1.2)
where w'and C'are turbulent velocity and gas concentration fluctuations
respectively. By averaging this fluctuation product over a given time span, net

turbulent fluxes can be obtained (Brand et al. 2008).

As described earlier, Hume et al. (2011) first used the EC method to measure NEM
in seagrass beds. They also used the method to measure daily GPP and daily R

(mmol m™ d™) as described in the following equations:

1 Egn. 1.3
NEM = 7 (ZFluxlight + ZFluXgary) (Fan- 1)

where Fluxiign: 1s the flux where the photosynthesis active radiation (PAR) at water
surface > 0.01 pmol photon m™ s and Fluxg, is the flux where the PAR < 0.01

umol photon m™s™.

1 XFlux Eqn. 1.4
GPP = ﬁ (ZFluxlight + —l h darkl light) ( a )
dark

where hijign: and hga are the amount of light and dark hours (hiign + hgarnc = 24)

. ‘dark

1
R= —|(ZFl +

If NEM < O, the system (i.e., sediment, seagrass beds or coral reefs) is consuming
more O, than is being produced. In contrast, if NEM > 0, the system is producing

more O, than is being consumed.
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1.4.2 Eddy correlation system components

In aquatic EC systems, vertical velocity and oxygen concentration can be measured
using an Acoustic Doppler Velocimeter (ADV; Nortek AS and SonTek/YSI) and an
oxygen microsensor (electrode, e.g., Unisense, or optode, e.g., Pyroscience) (Berg et
al. 2003; Berg et al. 2007; Berg and Huettel 2008; Berg et al. 2009; Chipman et al.

2012) as shown in Figure 1.3.

Figure 1.3: a) EC system components: ADV (al) and oxygen optode (a2); b) EC

system deployed on Heron Island.

1.5 ECOSYSTEM METABOLIC PROCESSES IN BENTHIC HABITATS
AND IMPLICATIONS FOR THE APPLICATION OF EDDY

CORRELATION METHODS

Several environmental parameters, such as light, temperature and water velocity,
have an effect on benthic O, flux (Wieland and Kiihl 2000; Mass et al. 2010). Light
plays an important role in the photosynthesis and respiration of benthic
photosynthetic organisms (Wieland and Kiihl 2000). According to Arrhenius

equation, increased temperature is known to enhance photosynthesis and respiration
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in marine benthic autotrophs and O, consumption in sediment due to increasing
microbial acitivity (Wieland and Kiihl 2000). It is well known that increased water
flow reduces diffusive boundary layer thickness and therefore enhances O, flux and
photosynthesis in marine benthic autotrophs, such as corals, algae and seagrass
(Mass et al. 2010). In permeable sea beds, water flow can increase the gas exchange

process across the sediment-water interface (Berninger and Huettel 1997).

1.5.1 Sediment

Sediment O, consumption is a very important process in aquatic ecosystems and
occurs during aerobic decomposition of organic matter, animal respiration and
oxidation of reduced products of anaerobic decay including NH;", Mn*", Fe**, H,S,
FeS and FeS, (Berg et al. 2003; Valdes-Lozano et al. 2006). Sediment O,
consumption is important as an indicator of the decomposition rate of the sediment
and the regeneration rates of nutrients from the sediment (remineralization or
nutrient cycling) (Seiki et al. 1994; Valdes-Lozano et al. 2006) and provides useful
information on these metabolic processes in the system (Berg et al. 2003). However,
sediment O, consumption is difficult to measure accurately with methods available
to date (e.g., in situ chambers) because it cannot simulate natural conditions.
Sediment oxygen uptake is strongly influenced by the velocity of overlying water
which transports O, from the overlying water down through the sediment (Berg et al.
2003). These transport processes are influenced by molecular diffusion, current- or
wave-driven advection and faunal activities, for example, bioturbation (the diffusion-
like transport of solutes and solids caused by movements of fauna) and bioirrigation
(the transport of solutes caused by pumping activity of tube-dwelling animals)

(Revsbech et al. 1980; Berg et al. 2003; Pischedda et al. 2008). Bioturbation and
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bioirrigation increase sediment oxygen heterogeneity and diffusive oxygen flux due
to the production of sediment-water interface available for solute exchanges between
overlying water and sediments (Pischedda et al. 2008; Lagauzére et al. 2011). Water
velocity determines the thickness of the oxygen boundary layer and also determines
diffusive fluxes and concentration gradients of oxygen and nutrients (Cahoon 1988;
Vogel 1994). Under low flow, oxygen gradients may be unstable, and oxygen
transport will be more dependent on faunal activities (Revsbech et al. 1980). EC has
been used to measure oxygen uptake in sediment because it does not affect active
transport or the environmental conditions that influence O, uptake in the sediment
(Berg et al. 2003). Recently, there have been many studies of O, consumption in
sediment utilising an EC system (Berg et al. 2003; Kuwae et al. 2006; McGinnis et
al. 2008; Berg and Huettel 2008; Brand et al. 2008; Berg et al. 2009; Lorrai et al.
2010; McCann-Grosvenor 2010; Johnson et al. 2011; Chipman et al. 2012; Reimers

et al. 2012; Holtappels et al. 2013; Table 1.2).

1.5.2 Mangroves/saltmarsh

Barr et al. (2010) established the tower EC system method to estimate C flux in
mangroves. Tower EC systems measure CO, concentration and vertical wind speed.
These data are then converted into net ecosystem exchange (NEE); if NEE is
positive the ecosystem is a source, if it is negative it is a carbon sink. It is common to
use a model of NEE to fill gaps in the EC record; however, accurate nighttime
ecosystem respiration (Re) and response to air temperature must be integrated.
Finally, GPP = - NEE + Re and nighttime GPP = 0. For model development, tower
EC systems would typically use metrological data with satellite and EC (GPP) data

integrated in a vegetation photosynthesis model (VPM). MODIS-based index
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(NDVI, EVI or greenness GV) is used to assess disturbance to mangrove distribution

and then predict production (albedo = leaf area index (LAI)).

1.5.3 Seagrass

Due to slow O, diffusion in seawater (10000 times slower than in air) (Roberts et al.
2000), seagrasses may be at risk of oxygen deprivation (Borum et al. 2006). O,
respiration supply in seagrass is derived from photosynthesis and the passive
diffusion of oxygen from water column into sediment (for below ground tissue)
(Borum et al. 2006). However, in the absence of photosynthetic oxygen evolution
(e.g., in darkness), passive diffusion of oxygen must support both above and below
ground biomass. Passive O; influx rate from water into leaves within boundary layer
can be calculated by Fick’s first law (Borum et al. 2006). The rate of passive O,
influx is influenced by the gradient of oxygen, DBL and cuticle/cell wall thickness,
and diffusion coefficients of O, in water and seagrasses (Binzer et al. 2005; Borum
et al. 2006). However, DBL thickness depends on the flow regime (Koch 1994). If
flow is reduced in darkness, then seagrass can be severely O, starved. When the O,
concentration in seagrass tissue exceeds O, concentration in seawater, O, is lost to
water column by passive diffusion through the DBL or formation of bubbles around

the leaves (Borum et al. 2006).

Seagrass sediment characteristics are influenced by root O, loss, detritus
accumulation and nutrient uptake (Connell et al. 1999). Under illuminated
conditions, seagrasses deliver O, from leaves to roots for nutrient uptake and
respiration and lose some of the O, to the surrounding sediment (Atwell et al. 1999;

Connell et al. 1999; Schwarz et al. 2004) as shown in Figure 1.4. Generally,
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sediments in estuaries or oceans have a low O, concentration (0 %) at ~1 cm below
the seagrass sediment surface and can produce sulphide compounds by microbial
degradation of organic materials, which are toxic to plants (Borum et al. 2006;
Gruber and Kemp 2010). Photosynthesis and diffusion help increase O,

concentration in the sediments and prevent toxicity (Gruber and Kemp 2010).

Light Dark

Photosynthesis
0,

_.."?- = ﬁ:—.
A W eva

Low O,

Radial O,

loss
Ethanol

-

Oxidised zone

Figure 1.4: Under light conditions, O, is transported from leaves to roots and
rhizomes but there is loss of O, into surrounding anoxic sediments. In darkness, O,
transport ceases because the surrounding seawater is the only source of O; and there
is an alcoholic fermentation in roots (Photos courtesy of W.C. Dennison) (Atwell et

al. 1999).

Water motion affects the seagrass ecosystem in many ways, including
photosynthesis (Koch 1994), gas exchange between leaves and the water column
(Binzer et al. 2005), nutrient uptake and movement (Thomas et al. 2000; Cornelisen

and Thomas 2002; Cornelisen and Thomas 2004), sediment transport (Paling et al.
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2003) and grazer, epiphyte and seagrass biomass (Schanz et al. 2002). The thickness
of the DBL and flux are influenced by water velocity and the roughness of the leaf
surface (Koch 1994). Seagrass photosynthetic rates increase with cumulative flow
due to higher carbon availability at the leaf blade surface, a result of a reduction in
the DBL thickness (Koch 1994; Madsen et al. 2001; Sand-Jensen and Nielsen 2004).
In addition, the presence of epiphytes and debris may cause a fluctuation in thickness
of the DBL at higher current velocity and lead to enhanced carbon transport (Koch
1994; Sand-Jensen and Nielsen 2004; Binzer et al. 2005). Moreover, a previous
study on C. nodosa revealed that internal oxygen increased with cumulative flow
velocity reaching saturation of around 12.2 kPa (60% of air saturation) at flow

velocities >7 cm s™ (Binzer et al. 2005).

Water flow influences the DBL which in turn controls photosynthesis and therefore
growth. Flow velocities have an effect on the internal oxygen status of seagrasses at
mainstream velocities below 5 — 7 cm s (Binzer et al. 2005). Photosynthesis and
uptake of nutrients may be stimulated by increasing current flow velocities of up to
20 cm s™ (Larned and Atkinson 1997), but most often saturation occurs at 2-6 cm s™
(Koch 1994). Flow velocities may be much higher (50 — 150 ¢cm s) around and
above seagrass beds (Fonseca et al. 1983; Fonseca and Kenworthy 1987; Wildish

and Kristmanson 1997).

1.5.4 Microphytobenthos

Biogeochemical cycling in permeable sediments, typically colonized by benthic
microalgae (and turf microalgae), is strongly affected by changes in flow (porewater

flushing) and light. However, it 1is technically complex to measure
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microphytobenthos habitat flux due to vertical migration and the shading effect on
phototrophs. EC is still ideal for these environments (Berg and Huettel 2008; Hume
et al. 2011; Berg et al. 2013) although no experimental EC work has been published

to date.

1.5.5 Macroalgae

Macroalgae are very diverse and come in a variety of forms including crusts, foliose
and filamentous thalli (a body of an alga) (Diaz-Pulido 2008). Macroalgae structures
ranges from simple to complex forms with adaptations for light capture,
reproduction, flotation and/or substrate attachment (Diaz-Pulido 2008). Macroalgal
productivity is influenced by light, temperature, nutrient, salinity and
hydrodynamism (Lobban and Harrison 1997). It has been suggested that plant
density and canopy structure play important roles in macroalgal productivity due to
self-shading (Binzer et al. 2006). In situ CO, and O, flux measurement of macroalgal
NPP have been performed using incubation chambers (Plante-Cuny et al. 1998;
Hubas et al. 2006; Miller et al. 2009; Tait and Schiel 2013) and continuous flow
through chambers (Bottom 1981) that can measure photosynthesis and respiration.
These incubation chambers may have limitations because they can only measure a
small area of interest. Additionally, the chambers have an effect on the
hydrodynamic regime which can in turn affect the DBL and therefore the nutrient
uptake and physiology of macroalgae (Thomas and Cornelisen 2003). The depletion
of nutrient or carbon dioxide and the accumulation of harmful metabolites may occur
during the incubation and will affect productivity estimates (Smith et al. 2013). The
EC system would be ideal for macroalgal productivity studies. However, there is no

experimental EC work that exclusively studies macroalgae habitat published to date.
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1.5.6 Coral reefs

Coral reefs form the most diverse ecosystems in the world, providing a wide
diversity of marine organisms including coral, seagrass, macroalgae and
microphytobenthos (Wilkinson 2002). Rates of reef metabolism are influenced by
the variability of hydrodynamic and other marine organisms within the reef structure
(Patterson et al. 1991; Atkinson et al. 1994; Lesser et al. 1994; Mass et al. 2010).
The biodiversity of coral reefs is in part driven by heterogeneity in the structural
complexity of the coral reef ecosystem (Harrison and Booth 2007). Extrapolation of
observations in small areas or in a single organism is unlikely to represent the
entirety of any reef system (Long et al. 2013). The reef structure not only impacts
amounts of light received by phototrophs during the day, but also affects the
direction of hydrodynamic movements - very important in gas flux measurements -
due to the altering of the DBL thickness which in turn causes changes to the rate of
metabolic gas exchange i.e., oxygen and carbon dioxide (Patterson et at al. 1991;

Lesser et al. 1994; Mass et al. 2010).

Many studies of reef metabolism have used in situ techniques, i.e., chamber and
microprofiling that can measure photosynthesis and respiration of a single species or
a small area of interest, e.g., coral and benthic algae (Longstaff et al. 2002; Yates and
Halley 2003; Levy et al. 2006; Gevaert et al. 2011; Wangpraseurt et al. 2012). These
techniques nevertheless need either a controlled flow system or a unidirectional flow
during measurement. Many studies use the in situ flow respiratory technique
(Eulerian and Lagrangian approaches) for the analysis of coral reef metabolisms
(McGinnis et al. 2011; Langdon et al. 2013); however, this technique requires a low

energy reef with unidirectional current and shallow water. Due to these conditions,
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the gas exchange rate across the air—sea interface, which is not easy to define

accurately (Long et al. 2013), needs to be taken into account.

Long et al. (2013) used the EC method to assess photosynthesis and respiration of
reef crest (RC) and reef slope (RS) habitats (Table 1.2). The percentage coverage of
hard coral is approximately 3% for the RC sites and 1% for the RS sites. The results
showed that gross primary production (GPP) was 4 times greater in the RC habitat,
dominated by softcoral, than RS which is dominated by cement. The respiration (R)
was 3 times greater in the RC than the RS. The net ecosystem metabolism (NEP)
was 12 times greater in the RC than the RS. Hydrodynamics also have an effect on
flux measurement in RC and RS habitats because changes in current direction affect
the footprint represented by O, flux. Greater GPP, R and NEP in RC are attributed to
the greater biomass of phototrophic soft corals and algae as well as their greater

hydrodynamic energy.

1.5.7 Sponges

Sponges can be found across a range of marine ecosystems. They are very diverse
and have a variety of growth forms and colour (Hooper et al. 2002). Sponges feed by
filtering particles from water pumped through their body and obtaining nutrients
from symbionts (Koopmans et al. 2010). This food is used for supplying nutrients for
biomass and supplying energy when carbon is converted to CO, via aerobic
metabolism (Hooper et al. 2002). It has been suggested that 10% of the oxygen
available in water is taken up by sponges (Jorgensen et al. 1986; Hooper et al. 2002).
Sponge respiratory rates and community metabolism have been measured using in

situ O, chambers (Hopkinson et al. 1991; Hooper et al. 2002); however, these
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chambers only measured a small, specific area. Glud et al. (2010) used EC to
quantify benthic O, exchange across hard-bottom substrates (including sponges)
(Table 1.2). However, there is no EC work that can quantify amount of flux from

sponges directly into coral reefs.

1.6 CONCLUSION

Many methodologies and technologies are used to assess the primary production and
net ecosystem metabolism of coastal habitats. Each method has both advantages and
disadvantages that need to be taken into account. For example, microprofiling is a
good method for measuring NPP and R at very small scales (e.g., leaf plants, coral
tissues and sediment), however, it cannot be used to measure large areas. Chambers
are also a good method for measuring fluxes in macroscale (e.g., macroalgae in very
shallow water) and they are also very robust and easy to use. In contrast, EC is a
powerful tool for measuring NEM (including GPP and Ra) over a very large area
(coral reefs, seagrass beds) and it could potentially be used in extreme conditions
(i.e., strong current, deep water). However, EC requires a great deal of care be taken
with instrument setting and data processing. To date, the validation of the EC
technique used either in the field and laboratory with other techniques (e.g., O,
chamber, O, microprofiling) is only partially completed and there remain many
habitats where EC is yet to be applied (Table 1.2). Therefore, the reliability and
limitations of the eddy correlation system for O, flux measurement in aquatic

environments have not been fully established.
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Table 1.2: Summary of eddy correlation studies and deployment characteristics for measurement of benthic flux.

Measuring

Averaging

. Measurement . . Sampling
Author(s) Flux analysis Location Water depth height Bottom : Time : Averaging Tlme Frequency Validation Method Averagejlu?i
(m) (cm) above characteristic . Window Method Window (mmolm~d™)
: (hour:min) . (Hz)
sediment (min:sec)
River sand
Wumme, 1 15, 20, 40, 55 nay 0:10 2:28 25 - -210+1
sediment
Germany
Berg et al. Aarhus Bay, fine-grained . ) . 0, microprofiling,
2003 0 Denmark 12 = marine mud 0:10 moving average 2:28 25 in situ chambers 38
Limfjorden fine-grained
Sound, 8 40 .g 0:10 2:28 25 in situ chambers -46
marine mud
Denmark
Banzu
Kuwae et al. intertidal well-sorted . .
2006 0, sand flat, 0.37-0.65 7-17 fine sand 0:12-0:40 block average 2:00 20 core-incubation -311+122
Tokyo, Japan
. Salt Pond .
Crusius et al. Ground-water | Channel, Cape 0.6-0.8 5-15 estlfarlne 3:30 running mean 15:00 16-64 setzezpzage meters, 16.9+291020.7
2008 sediment Rn tracer +29
Cod, USA
McGinnis et Lake Wohlen, . . . 15:00 - . -
al. 2008 0, Switzerland 3 15 lake sediment 18:00 multiple methods 60:00 32 0O, microprofiling 40 + 11
1138
Berg and Apalachicola sandy (daytime)
Huettel 2008 0, (anoxia) Flliz:;/éa 1-15 12 sediment 17:00 mean removal 15:00 16-64 in situ chambers 368+ 21
(nighttime)
Brand et al. Lake Alpnach, . . . . . . - -13.9+6.8t00.3
2008 0, Switzerland 27 11 lake sediment 12:00 linear detrending 15:00 8 0O, microprofiling 101
Berg et al. o, Sagami Bay, 1450 5.30 flnejgralned 30:00 Iea.st squ?re 13:30 64 0,2 rr'ncroproflllng, 1.62+023
2009 Japan marine mud linear fit in situ chambers
Southwest . -
Glud etal. 0, Greenland, <20 8-10 hard bottom |  18:00 - 22:00 least square 15:00 32to16 | Ozmicroprofiling, 0.410-19.6
2010 Greenland linear fit (SNR) in situ chambers
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Table 1.2 (continued): Summary of eddy correlation studies and deployment characteristics for measurement of benthic flux.

Author(s)

Flux
ELELHH

Location

Water depth
()]

Measuring height
(cm) above sediment

Bottom
characteristic

Measurement
Time
(hour:min)

Averaging
Window
Method

mean removal,

Averaging
Time Window
(min:sec)

Sampling
Frequency
(Hz)

Validation
Method

Average
flux (mmol
2 o1
m-d’)

inear -15.2+3.1
Lorrai et al. Lake Wohlen, ) . ) . two EC (EC1)
2010 0, Switzerland 1 5-30 lake sediment 5:30 detrendn"ng, 14:00 64 systems 146436
and running
. (EC2)
averaging
mean removal,
McCann- Yaquina Head, linear 14:30 (plus 30 .
Grosvenor 0, Newport, OR, 30 8-20 sesc;rr:jgnt 1:30-23:30 detrending, sec “Sleep”) 64 micnfg S:g;ilin 6;);0
2010 USA and running P e ’
averaging
Frankfort Flats, fine-grained . . -323.3mg
ME, USA 2.68 35 marine mud 1:42 10:00 m2d?
Squamscott fine-grained i -248.9 m,
Dissolved >4 1.44 25 & N/A ||m'aar 10:00 porewater 50 e
) River, NH, USA mud regression and ) m-d
Swett 2010 Organic - . 8 extraction
Carbon Piscaragua 1.87 30 mud flats 5:48 moving 30:00and (Laboratory) 604 m
River, ME, USA : : average 60:00 v m2d”
Burton Bug, .
ME, USA 0.60 12 N/A 8:00
154.9 +
14:30 (plus 30 . o
Hume et al. South Bay, . ) ) P \” in situ 29.3 (GPP)
2011 0, Virginia, USA 1-2 15 seagrass beds 18:00 — 22:00 least square fit sec “Sleep”) 64 microprofiling | -136 + 32.4
(R)
Monterey Bay Linear .
. -1.3+0.
Johnson et al Nitrate on the central 95 35 sa.ndy 60:00 detrending, 40 1.8 In situ 13106
2011 ) . sediment . chambers (n=7)
California coast least square fit
Eastern
McGinnis et Gotland Basin, anoxic linear . in situ
al.2011 HaS Baltic Sea, 192 N/A deepwater nearly 24 detrending 15:00 64 chambers 15112
Latvia
sand linear 195 £ 20
Wakulla River 0.3to 4 14 R Y 12:45 to 14:45 . 15:00 64 Two EC and 152 +
. sediment detrending
Chipman et al. o system 61
2012 : St. Joseph Bay; (microelectro
! sandy linear -70 £ 28 to
: d
the Gulf coast 1 14 sediment 13 detrending 15:00 o4 °) -12+6

of Florida
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Table 1.2 (continued):

Author(s)

Flux
analysis

Summary of eddy correlation studies and deployment characteristics for measurement of benthic flux.

Location

Water depth
()]

Measuring height
(cm) above
sediment

Bottom
characteristic

Measurement
Time
(hour:min)

Averaging
Window
Method

Averaging
Time Window
(min:sec)

Sampling
Frequency
(Hz)

Validation
Method

Average
flux (mmol
2 o1
m-d’)

0.69 +0.02
small tributary (GPP)
Long et al. fjord near . . linear . optode for O, -2.13
2012 0 Kapisigdlit, 40-45 2226 sealce 24:00 detrending 15:00 64 correction (R)
Greenland -1.45+0.02
(NPP)
. Oregon 15:00 (plus 15
Reimers et al. . . . .
0, continental ~80 10-20 sandy sediment 11:00 - 15:00 detrending min between 64 chamber 3.2t09.8
2012
shelf, USA burst)
sandy sediment
Cape Cod, 2 inhabited by 24:00 27t031
Massachusetts .
Berg et al microalgae 14:00 (plus 1
2013 ’ 0, 10 mixture of sand running mean mi.n “Sleep”) 64 chamber
Wakulla River, 3 inhabited by 24:00 - 10:00 P -360 to
Florida, USA microalgae and ’ ’ 137
grave
. . . analytical
Crimean shelf, 135 20 fine grained 14:00 15:00 16 model, -6t0-12
Black Sea mud . -
Holtappels et microprofiling
pp 0O, mud and dense of running mean .
al. 2013 Loch Etive the brittle star numerical -10.2 +
! 55 12 ., 56:00 14:00 32 model, =
Scotland Amphiura 11.1
- . chamber
filliformis
reef crest
Florida Keys 80 dominated by 378+76
Long et al. National coral linear optode for O,
. >24: :
2013 °; Marine 45 reef slope 24:00 detrending 15:00 64 correction
Sanctuary, USA 60 dominated by -6+21
cement
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2. TECHNOLOGY DEVELOPMENT AND EVALUATION

2.1 INTRODUCTION

Eddy correlation (EC) has been used for measuring solute flux in a variety of aquatic
habitats (Table 2.2; Berg et al. 2003; Kuwae et al. 2006; Brand 2007; Berg and
Huettel 2008; Crusius et al. 2008; McGinnis et al. 2008; Berg et al. 2009; Glud et al.
2010; Lorrai et al. 2010; McCann-Grosvenor 2010; Swett 2010; Hume et al. 2011;
Long et al. 2013). However, these studies have mainly been conducted in the field
and, therefore, they did not apply EC in a controlled environment (e.g., laboratory
flume). These studies have only partially described the instrument setting, data
analysis and calculation, and the environmental conditions in which the instruments

were deployed.

This research has applied the EC system in order to estimate O, flux measurements
in both a laboratory flume and in field experiments. During these experiments, a
series of challenges become apparent. This chapter provides a detailed examination
of method development and describes the validation investigations used in this
thesis. Two O, conversion methods from the eddy correlation optode system (ECO),
which led to O, flux measurements in sediment within the laboratory flume, were

investigated. The O, flux results using these two methods were compared.

2.2 EDDY CORRELATION SYSTEM

EC is a complex tool used to directly measure the O, flux in marine environments at
community scales. EC has been used in aquatic systems for over a decade (Berg et
al. 2003). There are a number of commercial EC products advertised (Unisense A/S,

Denmark and Rockland Scientific, Canada), but a commercial system is still under
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development, as improvements need to be made to its reliability. This research is
performed using a Unisense EC system. EC technology has significantly improved
over past three years (i.e., during this thesis) as has the software that is used to

analyse and calculate the flux.

2.2.1 Eddy correlation assumptions and requirements

EC consists of an Acoustic Doppler Velocimeter (ADV), used to measure three-
dimensional velocity in fluids, and a fast sensor, used to measured O, concentration
in the fluids. These raw data are stored in a datalogger before being exported for data
conversion and O, flux calculation using proprietary software. Lorrai et al. (2010)
described basic assumptions and requirements for measuring the vertical fluxes. Due
to the fact that the EC technique used in aquatic system is still under development,
this technique is mainly used in less complex environmental conditions. Ideal
conditions for EC deployment are in steady conditions, which require (i)
homogenous horizontal flow and (ii) small/gradual change in background O,
concentration (Lorrai et al. 2010). Unfortunately, this less complex condition is
hardly found in natural waters (McGinnis et al. 2008); therefore, the EC, in this

research, was mainly used in laboratory flume (see Chapter 3).

EC also requires a fast response sensor which can capture the smallest and fastest
eddies. Due to the range of short time scales of flux-contributing eddies, which is
normally from 1 s (e.g. lowland streams, ocean) to 10 s (e.g. lakes, reservoirs)
(Lorrai et al. 2010), EC measurememts require a sampling rate at least twice the
highest frequency of the signal (Nyquist frequency = 2 Hz), and a sensor response
time should be faster than 1 s (Lorrai et al. 2010). Furthermore, the measurement

duration shoud be 5 — 10 times that of the eddy time scale, and thus the time window

44



would be approximately 15 min (Lorrai et al. 2010). In addition, the sampling
volume shoud be small enough to determine the smallest eddies contributing to the
fluxes, and the DO sensor tip should be close to but outside the velocity sampling
volume to maximise the covariance between vertical velocity and O, concentration
(Lorrai et al. 2010), while preventing interferences from the probe in the flux

measurement.

For EC deployment, the frame, which the EC is mounted on, needs to rigid enough
to prevent frame vibrations and the distance among feets are large enough to
preventsinking into the substrate. In addition, the frame legs shound not disturb the
natural hydrodynamics (Lorrai et al. 2010). However, the wake turbulence caused by
tripod legs is hardly identified or remove, and thus needs to avoid as much as

possible during measurement.

2.2.2 Instrumentation development

Since this thesis began in 2011, EC has been rapidly developed in order to make the
system more robust and reliable. We have been working closely with the
manufacturer of one EC system, Unisense A/S, Denmark. In order to improve the
reliably and robustness of the EC system, Unisense A/S has developed four versions
(generations) of the Eddy Correlation system over the past three years of this
research, fast-response O, microelectrode were firstly used to produce two versions
of Eddy Correlation microelectrode system (ECEl and ECE2) that differed
primarily on O, amplifiers and datalogger. In 2013, an optode recently developed by
PyroScince GmbH (Germany), was used to measure the O, concentration in the
Eddy Correlation optode systems (ECO1 and ECO2); however, these are still not

commercially available. These four systems were used in this thesis to measure the
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O, flux in laboratory flume and field studies (see Chapter 3 and 4) and are described

in more detail below.
2.2.2.1 Eddy Correlation microelectrode system — First generation (ECE1)

The main components of the first generation of the ECEl are a datalogger
manufactured by Unisense A/S (Denmark), an Acoustic Doppler Velocimeter (ADV)
manufactured by Nortek A/S (Norway), an Auto-zero amplifier (AZA), and a Clark-
type O, microelectrode (Revsbech 1980) (Figure 2.1; Table 2.1). This system has a
sampling velocity of 64 Hz in order to capture the fluctuations of velocity and O, in
small and fast eddies (Berg and Huettel 2008; Crusius et al; 2008; Berg et al. 2009).
As the O, signal produced by the O, microelcetrode is very small (picovolts: 107
V), the AZA is needed to amplify the signal from picovolts to millivolts, which the
datalogger is able to capture. However, amplifying such a small signal generates
noise in the raw signal. This type of noise can sometimes be eliminated using data

processing software which will be explained later.

Noise was a major issue for the first generation of the EC (ECE1). Apart from the
AZA noise, there was an electrical noise, which resulted in significant problems in
laboratory experiments. In the laboratory, electrical noise generated by equipment
(e.g., as power supply, incubator, and refrigerator) had a significant effect on the O,
signal due to the fact that the microelectrode acted like an antenna and captured
extraneous electrical noise around the laboratory. This kind of noise was not
eliminated by software because this noise was random. To solve this issue, an
electrical grounding was performed; however, it could not remove all electrical noise

in the laboratory. In addition, the ECE1 was only able to be deployed for up to 18
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hours, due to the internal memory of data logger and battery capacity. Thus, the

system was not suitable for use in monitoring the diurnal cycle in benthic organisms.

In field experiments, the first generation of EC was deployed in seagrass beds to
capture the O, flux in seagrass ecosystems (see Chapter 4). There was no electrical
noise issue in field experiments; however, new issues were found. The EC
deployments in the field were often unsuccessful due to the fact that the
microelectrode (which had a 25 um tip-size) was very fragile. It often broke before
completing the deployment due to external factors (e.g., mobile animals, re-
suspended sediments). To alleviate this issue, the project focused on laboratory
experiments (see Chapter 3), instead of field studies. Firmware and software became
important tools to eliminate both electronic noise issues from AZAs and other
electrical noises in the laboratory. However, the firmware and software
developments could not remove all of the noise. The firmware and software

developments will be explained in the software development section.

157 mm

Oxygen
microelectrode

Measurement
volume

Diameter: 14 mm
Height: 14 mm

Figure 2.1: The components of the first generation of the EC (ECEl) (ADV:
Acoustic Doppler Velocimeter; O, microelectrode) (image from Kuwae et al.

(2006)).
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Table 2.1: The characteristics of EC models from Unisense A/S, Denmark.

EC model

Description Type of O, sensor

First generation of eddy
correlation microelectrode
system (ECE1)

Second generation of eddy
correlation microelectrode

system (ECE2)

First generation of eddy
correlation optode system

(ECO1)

Second generation of eddy
correlation optode system

(ECO2)

System components: ADV, AZAs,  Microelectrode

O, microlectrode and datalogger (Unisense A/S)
System sampling frequency: 64 Hz

System components: ADV, O, Microelectrode
amplifier (Unisense A/S), O, (Unisense A/S)
microlectrode and datalogger

System sampling frequency: 64 Hz

System components: ADV, O, Optode
amplifier (Unisense A/S), O, (PyroScience)
optode and datalogger

Optode sampling frequency: up to

16 Hz

Optode analogue output

System components: ADV, O, Optode
amplifier (Unisense A/S), O, (PyroScience)

optode and datalogger

Optode sampling frequency: up to
16 Hz

Optode digital output

Underwater optode housing with

internal temperature sensor
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2.2.2.2 Eddy Correlation microelectrode system — Second generation (ECE2)

In mid-2012, after releasing the first generation of EC 5 years previously, Unisense
A/S released the second generation EC (Figure 2.2; Table 2.1). This was due to the
fact that there were a lot of technical issues that could not be eliminated by firmware
and software, especially noise issues. The components of the second generation of
EC were an ADV, a new EC datalogger, a new O, amplifier (Figure 2.2a), and a
Clark-type microelectrode. The new EC datalogger had 8 GB data storage, four
channels of analog inputs, and one channel of digital input which could be used to
run another optode to monitor the background O,. The new O, amplifier was a
replacement of the AZAs. The manufacturer claimed that the new amplifier

produced no noise in the O, signal amplification process (Unisense A/S, Denmark).

Figure 2.2: The second generation of the EC: a) A new O, amplifier.

Unfortunately, electrical noise remained a major issue in the laboratory due to the

fact that the same microelctrode had been previously used in the laboratory
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experiments. Although many firmware updates were released in order to remove this
issue, the noise remained (Figure 2.3). The outcome from the second generation of
EC was a modest improvement, due to improvement in the hardware. However, a
great many things needed to be fixed in order to generate publishable results (e.g., a

robust microelectrode and a noise-free system).

ADC Data Channel 1

Wi - -2353.888 mY - Last 5.0 Mirutes Wihannel 1
23400068
-2342 0063
-2344 0063
-2346..0068
-23d5.0063
-2350.0068
-2352.0063

-2354.,0068
-2396..0068
-2398.0068
23600068
-2362 0063

~2364..0063

-2366.0068

ADC Data Channel 1

m - -2362.322 m¥ - Last 5.0 Minutes Wihannel 1

-2345.3119
-2346.3119
-2347.3119
-2348.3119

el i g w g B MM A.ﬂ ffM

e s L HLA AL |

-2357.3119

-2358.3119
-2359.3119
-2360.3119

Figure 2.3: Two examples of electrical noise randomly appearing in the O, raw

signal measured by ECE during laboratory experiments.

The second generation of the EC was deployed in a seagrass meadow, as well as
mud flats in Moreton Bay, Queensland (see Chapter 4). However, the microelectrode
kept breaking during deployments, mostly due to jellyfish. The broken
microelectrode led to no results from these field experiments where the probe started

to break since the start of deployment as shown by the O, concentration signal at
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2000 uM and were completely broken at 6 pm where the O2 concentration signal

reached 15000 uM (Figure 2.4).
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Figure 2.4: EC raw data: a) Mean velocity; b) O, concentration; c) Pressure.

2.2.2.3 Eddy Correlation optode system — First generation (ECO1)

In the second quarter of 2013, PyroSciece introduced FireSting OEM (PyroScience
GmbH, Germany), which is a fast optode amplifier with digital and analog outputs
for the O, signal. The ECO1 was able to read the O, signal from the analog output
only allowing the Eddy Correlation system to use this fast micro-optode (Figure
2.5b; Table 2.1) to measure O, concentration, instead of using a microelectrode. The
advantages of the optode over the microelectrode were low noise and a more robust
construction, but the trade-offs were slower response time as the optode response
time (t99<0.5s) was slightly lower than the microelectrode response time (t9p<0.3s).

Moreover, the maximum sampling rate of the optode was only up to 20 Hz, due to
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the clockspeed of A/D converter, whereas the maximum sampling rate of the
microelectrode system was up to 64 Hz. In order to capture fast and small eddies,
high sampling frequency (64 Hz) should be applied. In addition, the microelectrode
has potential artifacts including stirring sensitivity which creates an artificial flux
(Holtappels et al. 2015). Although the optode had several disadvantages, it had great

potential in providing a new component for use in EC O, flux measurements.

a)

Figure 2.5: a) A custom-made splash-proof housing for FireSting; b) A fast optode.

During laboratory experiments, there was no electrical noise in the O, signal
measured by the optode system. However, the maximum sampling rate of the optode
became an issue, due to an unstable sampling rate, and the fact that increasing the
sampling frequency led to increased noise in the O, signal (Figure 2.6). Therefore,
unstable A/D conversion resulting from noises had an effect on the EC data logger.
A lot of firmware updates were released to try to solve this issue; however, it still
remained. Although temperature correction needed to be post-processed for the
optode O, signal, as the optode signal was temperature dependent, FireSting
software did not allow the FireSting OEM to measure the temperature during high

sampling rates (>10 Hz) when the fast sampling rate was enabled. Therefore, O,
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concentration might not be accurate when the optode was used in water with rapidly
fluctuating temperature because a one degree temperature change would cause an

error of about 1% (pers. comm. PyroScience GmbH).
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Figure 2.6: O, concentration sampled at a) 8 Hz and b) 16 Hz using the optode. The

greater noise was found at 16Hz.

For field experiments, since there was no waterproof housing available for the
FireSting OEM and its fiber needed to be used underwater; we made a custom
splash-proof housing (Figure 2.5a) in order to deploy the ECO1 in seagrass beds and
reef habitats including benthic microalgae habitats. Due to the limitations of the
splash-proof housing and instrument cable length, the ECO1 was unable to be
deployed in water that was deeper than three meters. Although impedance watching
and cable shielding has been used in the system, a longer cable could be

manufactured, but it would easily pick up noise in the field (pers. comm. with
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Unisense A/S). The results in both laboratory and field experiments were better than

the previous system even though there were some remaining issues.

2.2.2.4 Eddy Correlation optode system — Second generation

In early 2014, a prototype of an underwater optode system (Unisense A/S) was
developed in order to deploy the EC in deep water. This generation came with an
internal temperature sensor attached to the underwater optode housing which
allowed temperature correction every 15 minutes for O, signal (Table 2.1). It also
used the EC digital channel input connected to the underwater optode system to
improve the sampling speed and signal reliability of O, measurements. However, the

stability of sampling rate was still an issue.

In the laboratory, sampling rates was reduced from 20 Hz to 16 Hz, 14 Hz, 12 Hz,
and 8 Hz in order to improve the stability and reliability of the O, signal. A number
of firmware upgrades were released in order to solve these issues. Unfortunately,
there was no way to solve the stability and reliability of the O, signal by using
firmware due to communication (hardware) issues between the underwater optode
system and the EC datalogger. Therefore, a reduction in the sampling rate and the
firmware updates only led to a minor improvement in stability and reliability of the
optode signal. The fast and reliable A/D converter can be used to obtain higher

sampling rate; however, this could not be used in this EC system due to its cost.

In order to improve the stability and reliability of the O, signal, a new O, conversion
method was developed for the ECO in order to convert the raw O, signal to O,
concentration. Previously, the O, concentration was converted from the phase-

shifted signal, because the photo bleaching of the optode tip did not alter the phase-
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shifted signal. The new method used the O, intensity signal instead of the phase-
shifted signal as the raw O, signal even though photo bleaching of indicator dyes
(Klimant et al. 1995) might alter the O, intensity signal during long deployments. To
solve this, the O, intensity signal was calibrated with the phase-shifted signal. To get
robust measurements, the phase of both O, intensity and phase-shifted signals needed
to be in phase for the entire deployment. Unfortunately, the phase of the phase-
shifted signal and the intensity signal were not in phase in some parts of each
deployment because communication issues between the underwater optode system

and the EC datalogger still existed (Figure 2.7).
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Figure 2.7: DPHI and intensity signal from ECO2.

After evaluating the new O, conversion method under laboratory conditions (see
Section 2.5), the results showed that there was an improvement of signal stability

and reliability compared to the phase-shifted method (see Section 2.5). The software

55



that was used for O, conversion will be explained further on in the software

development section.

2.2.3 Software development

Software and firmware improvements are an important part of Eddy Correlation
system development. The development of firmware (e.g. tweak clockspeed) is
mainly used for solving some issues caused by the EC hardware itself, as well as the
communication between the EC datalogger and other hardware devices, such as the
underwater optode system. Although firmware is very important in keeping the
system running smoothly, software plays a critical role in data conversion, data
processing and data analysis. The data conversion software is used for converting
raw data, normally the electrical voltage of the sensor, into a readable data format.
For example, the unit of the raw O, signal was millivolt (mV), and the unit of the O,
data after conversion was micromolar (uM). The data conversion software was

developed by Unisense A/S in order to generate readable calibrated data.

The O, flux software is very important because the Eddy Correlation technique is
mathematically complex and lot of care needs to be taken in order to process and
calculate the flux. Prior to calculating to the O, flux, the raw data needs to be pre-
processed to remove artifacts. For example, the despike method will be performed if
there was a spike in the velocity data (Goring and Nikora 2002) or coordinate
rotation is performed if the EC system is not aligned to natural hydrodynamics
(mean vertical velocity = 0) (Lee et al. 2004). Time-lag correction will also be
performed if there is a time lag between the velocity and O, signals (Lorrai et al.
2010) in order to obtain the best correlation of velocity and O, signal. According to

Kolmogorov’s theory of turbulence, the vertical velocity spectra can be used to
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indicate well-developed turbulence and represent the inertial subrange where inertial

forces dominate transport (Long et al. 2012).

2.2.3.1 Eddy Correlation firmware

Firmware is a software program or set of instructions programmed into an EC
hardware device, such as an EC datalogger. It provides the necessary instructions for
how the EC datalogger communicates with other EC hardware, such as ADV, AZAs,
FireSting and computer. Firmware is typically stored in the flash ROM of a hardware
device. While ROM is “read-only memory”, flash ROM can be erased and rewritten

because it is actually a type of flash memory.

The Firmware was developed and released by Unisense A/S as requested in order to
fix the issues that have been most commonly found during this research project. The

issues that needed new firmware updates are as follows:

e Communication
There were communication problems between the EC datalogger and the
ADYV, as well as the FireSting OEM. For example, the EC datalogger could
not receive the acknowledge signal from the ADV resulting in loss of ADV
data during an experiment. In addition, the communication issues caused data
pulling and data transfer problems. For instance, the EC datalogger was not
able to transfer the EC data stored in the EC datalogger to the computer
correctly, which led to issues with flux calculation. Furthermore, the
datalogger was not able to receive all instantaneous data from the

microsensor and microoptode.
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e Signal reliability and stability
There were signal reliability and stability issues caused by the hardware.
These issues, which were caused by noise and signal interferences, were
often solved by a firmware update. The new firmware was able to remove
some noise and interference using low-pass or high-pass filters. Some noise
and interference, however, were not removable from the raw signal because
these noises occurred randomly in the signal.

e Time synchronization
There was a time synchronization issue between the EC datalogger and
FireSting OEM. The EC should be able to pull the data from the FireSting at
16Hz constantly. After examination of these data, we found that the EC
datalogger did not receive the FireSting data at exactly 16 Hz resulting in loss
of data at 0.1% to 5%. Therefore, the raw data needed to be examined before
calculating the flux. Unfortunately, this issue still exists. Unisense A/S
claimed that is not from the EC datalogger, but from the FireSting OEM.
Therefore, it is still under investigation by Unisense A/S and PyroScience

GmbH.

Some of the issues described above were mostly fixed by firmware updates;
however, firmware upgrade was not likely to overcome fundamental engineering
issues associated with noise pick-up, stability of the A/D conversion and sampling
rate as well as external electromotive force. Therefore, the flux O, calculation

needed to be done manually.

58



2.2.3.2 Flux calculation and analysis software

Data processing software was crucial to the use of the Eddy Correlation technique.
The software needed to be able to handle a lot of data. For example, the EC provided
at least 20 million data points from a one-day deployment. The software also needed
to perform complex processing of EC data, such as coordinate rotation and time lag

correction. Processing flux data was a multi-stage process.

o Stage I: MATLAB
When this research project began, there was no software to calculate the flux
and analyse the data. MATLAB was used in this thesis as a tool to handle all
of the EC data. Suitable coding in the MATLAB environment has also been
used for flux calculation. At this early stage, the software could handle all of

the EC data, and perform a simple flux calculation (Figure 2.8).

47 %% Remove outliners of wvertical wvelocity using Despike function

48 % Remove outliners of w using Despike function (func_despike_ phasespace3d.m
48 — save data; clear all; load data;

50 — [w_despike] = func_despike phasespace3d(w, 0, 2);

ChL = =save data; clear all; load data;

52

53 %% Block average

54 % input bl king time

55 — tblock = inputdlg('Block time (min)','Block Average'}:

26 — tblock = str2double (tblock) *60%64;

57

58 %% Calculate w' and C" and 02 flux

59 — h = waitbar (0, 'Flux calculation in progress');

60

61 — for count = 2:floor(end_data/tblock) Fnumber of block
82 — waitbar (count/floor (end data/tblock));

63 — indexl = start_data+(count-1)*tblock:start_data+count*tblock;

64 tmean removal

(] W n } = mean(w(indexl,1)); imean w in each bl
a6 tC mean nt) = mean(C(indexl,1)); imean C in each bl
&7

(1]

@9 tmean in each bl
70 tmean in each bl
71

72

73 — :length (index1) %running 148 second
T4 = W mean(ii) = mean(w(indexl (1)+11-64%74:indexl (1)+i1+64%74));

75 — C.mean(ii) = mean(C(indexl(1)+ii-64*T4:indexl(1)+ii+64%74));

76 — end

77

78 — w_prime (indexl) = w(indexl,1)-w mean';

79 — C_prime {index1) = C(index1,1)-C_mean';

g0 — flux (indexl) = w_prime (indexl)'.*C_prime (indexl)';

Bl — fluxl (count) = mean(flux(indexl));

82 — tdatal (count) = mean(tdata(indexl,1)):

g3 — end

g4

AS = close (h)

12

Figure 2.8: MATLAB script for flux calculation using a running mean.
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Stage II: EddyFlux and complex data processing using MATLAB

The second generation of EC came with EddyFlux which was the EC data
processing software which can perform complex processing, such as
coordinate rotation and signal time lag correction. A 2D coordinate rotation
was performed to force the mean vertical velocity (w) to zero. This process
was necessary to avoid instrument misalignment, especially the ADV to the
streamline (Foken 2008). The time lag correction using cross-correlation
between the fluctuation of vertical velocity (w’) and O, (C’) concentration
was performed to eliminate time gaps between vertical velocity data and O,
concentration data (Lorrai et al. 2010; Berg et al. 2013). Performing these
corrections allowed us to obtain an accurate O, flux. This software is based
on Berg et al (2003)’s software, and subsequently developed by Unisense
A/S. However, this software lacked some functionality, such as data plotting.
Therefore, the software based on the MATLAB environment has been
developed to do the complex data processing, in the same way as the
EddyFlux program (Unisense A/S, Denmark). The MATLAB scripts for
coordinate rotation and time lag correction are shown in Figure 2.9 and

Figure 2.10. Table 2.2 shows the flux calculation procedure.
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Table 2.2: Procedure of Eddy correlation flux calculation.

Processing step

Description Reference

Despiking flow velocity

signals

Tilt correction

Calculating fluctuation of w

and ¢

Time lag correction

Calculating spectra and

cospectra

Flux calculation

Removing noise in the velocity
signals

Aligning the ADV to the
current streamline

Mean removal, linear

Folken 2008

detrending and running average: 2006

take average off raw data to

extract w’ and ¢’

Removing time delay between
w’and ¢’

Examining flow velocity and

2013

Long et al. 2012

the frequency of eddies

contributed to vertical

turbulence O, transport

Calculating Flux = w'c’

2006

Goring and Nikora 2002

Berg et al. 2003; Kuwae et al.

Lorrai et al 2010; Berg et al.

Berg et al 2003; Kuwae et al.

flcoord rot.g:

%

o w d

fonction [u2, ¥2, w2]=coord _rot(u,v,w)

% Rotation of coordinate system around z-axis

end

% Rotation of coordinate system around th

theta = atan(mean(v)/mean(u));
ul = utcos(theta) + vsin(theta):

vl = -u%sin(theta) + whcos(theta):

wl=w;

phi = atan(mean(wl) /mean(ul))

u2 = ulkcos(phi) + wiksin(phi):
v2 = vi;
w2 = -ul#*sin(phi) + witcos (phi);

ew y-axis

function [u2, v2, w2]l=jc_co_rot(ul,vl,ul)

eta = atan(mean(vl) /mean(ul)) :
theta = atan(mean(wl) /sqrt (mean (ul)A2+mean (v1}A2)) :

% rotate x,y plane around Z-axis
Z_eta = [cos(eta) sin(eta) 0; -sin(eta) cos(eta)
% rotate x,z plane around Y-axis

¥ _theta = [cos(theta) 0 sin(theta): ; -sin(theta)

vel comp = ¥_theta * Z_eta * [ul; vl wil';

u2 = vel comp(l,l):
vel _comp(Z,1):
w2 = vel comp(3,1):

end

Figure 2.9: MATLAB scripts for 2D coordinate rotation.

cos (theta)];
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1 funetion [w_prime al,C prime al] = tlag(w prime,C prime, Fs)

2 2Time lag function using cross correlation
3The cross-correlation of the two measurements is maximum at a lag equal to the delay.
%Plot the cross—-correlation. Express the delay as a number of samples and in seconds.
tl = (0:length(w_prime)-1)/Fs;

8 t2 = (0:length(C_prime)-1)/Fs;

10 [acor,lag] = xcorr(C',w')

12 [~,I] = max(abs(acox)):

13 lagDiff = lag(I):
14 timeDiff — lagDiff/Fs;

xlabel('T

16 figure;

17 plot (lag,acor) ;

18 a3 = gca;

15 23.XTick = sortc([- :1: lagDiff]) s
20

21

22 %Align the two signals and rgplak them.
23

2 C prime al = C_prime(+lagDiff:end) ;
2 t2_al = (0:length(C_prime al)-1)/F=:
2 w_prime al = w_prime;

2

2 subplot({2,1,1);

29 plot(tl,w_prime);

£ title('w_prime');

az subplot(2,1,2);

= plot(t2_al,C prime_al});

3 ticle('C_| d'y;

Figure 2.10: MATLAB script for time lag correction.

o Stage IlI: Software development for the integration of the EC with the analog
optode system (ECOI)
Software based on MATLAB was slightly modified in order to pull the
optode O, data into the MATLAB environment. At this stage, MATLAB
could process and display the data and results of the microelectrode and the
optode system at the same time. However, the ECO1 was not able to gather
both microelectrode data and optode data at the same time, due to signal

interference (Figure 2.11). This issue is still under investigation.
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Figure 2.11: Optode signal: a) Optode connected to EC; b) Optode and

microelectrode connected to EC.

Stage 1V: Software development for the integration of the EC with digital

optode system (ECO2)

The underwater optode system was connected to the digital channel input
(serial communication port) allowing better sampling speed and signal
reliability. However, there was no commercial EC software that could
process the data from the EC integrated with a digital optode. Therefore,
software based on MATLAB had to be developed for importing the data from
the underwater optode, such as the O, concentration, O, phase-shifted signal
(DPHI), O, intensity signal, ambient light signal and temperature signal. Only
then could the software process the EC data and calculate the O, flux. At this
stage, the spectra and co-spectra analysis functions were written (Figure 2.12)
and added to the software for frequency response analysis of velocity and O,
data. The frequency response information gave a better understanding of the

hydrodynamic characteristics and instrumentation response associated with
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Figure 2.12: MATLAB scripts: a) Spectra; b) Co

the flux. Figure 2.13 shows that turbulence was well-developed with mean

flow velocity > 10 cm s™.

$spec_FFT.m Computes the power spectrum of a 1-D data vector.
B

L] a data vector (must be 2

B = Window size (e.g.

B

B usage: pec FFT(a,wn):

function [E]=spec FFT (a,wn)

n=ntemp(1);

Tumw=n/wn; tnumber of windows in fil
t=[1:wn];
toreate s

ow for tapering first and last 10% of each window
Nevm;

Ni=round (0*N) ;

Na=round (1*N) ;

£1=[1:N1];
£2=[N1+1:N2];
t3=[N2+1:N];

Wezeros (1,N) ;
W(L:N1)}=(sin(5*pi*tl./N})."2;
WNL+1:N2)=1;

W(N2+1:N)=(s1n (S*pirt3./N)) . 2;

eros(wn/2,1);

while i <= numw

ow of data
(i-1) *wn+l;
last=i*wn;
awin=a(firstilast):
&fit straight line to data
p=polyfit(c,awin’, 1);
y=polyval(p,t);
tdetrend
awin=awin-y';

tgrab a w
first:

itaper edges
awin=awin."W';
£Take FET
f=ffc (awin,wn) . /wn;
Ew=conj (f) .*£;
Ew2=Ew (2:wn/2+1) ;
4Ew2;
+1:

a)

d squared coh
n data vectors a, b.

a,b = 1-D data vectors

(size must be integer powsr of 2)
4)

n=ntemp (1) :
numw=n/wn; tnumber of windows in fi

t=[1:wn];
sc
N=wn;
Ni=round(.1*N):
N2=round (.9*N) ;
T1=[1:N1
£2=[N1+1:N2]:

£3=[N2+1:N];

W=zeros (1,N) ;
W(1:N1)=(sin(5*pi*tl./N})."2;
W(N1+1:N2)}=1;

W(N2+1:N)=(sin (5%pi®t3. /H)) ."2;
i=1;

$zero out ar
co=zeros (wn/2,1) ;

2 window for tape

ate si ng first and last

s that will sum the spectra by

g=zeros (wn/2,1) ;
coh=zeros (wn/2,1)
eros(wn/2,1);
Easave=zeros (wn/2,1)

cross:

Ebsave=zeros (wn/2,1)

while i <= numw;

indow of data
(1-1)*wn+l;
Last=i*wn;

first

awin=a(first:last);
bwin=b(first:last);

$fit straight 1
pa=polyfit(t,awin',1);
ya=polyval(pa,t};
pb=polyfit(t,bwin’, 1);

e to data

b)

spectra.
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Figure 2.13: Spectra of vertical velocity in the laboratory flume under four different

mean horizontal velocities.

Stage V: new method to conduct O, conversion based on O; intensity signal

During the sediment-uptake experiment, a new method for EC O, conversion
had to be developed (see 2.5). Based on this method, the O, concentration
was converted from an intensity signal. The results showed that the O,
concentration had less noise compared to the previous O, conversion method.
As there was no commercial EC software that could do this convertion, code
was written into MATLAB to process this conversion. At the early stages, a
simple O, conversion based on the intensity signal was performed (see
Section 2.5). The initial results were promising, e.g., cross-correlations (time
lag correction) looked good and were much better with in the new O,

conversion (Figure 2.14). This method is still under development in order to
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perform the complex O, flux calculation using the derivative of the slope for

the scaling dDPHI/dIntens over short periods (see Section 2.5).
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Figure 2.14: Time lag between vertical velocity and O, concentration: a) Phase-

shifted O, conversion; b) Intensity O, conversion.

2.3 LABORATORY EXPERIMENTAL SET-UP

EC was mainly used in a laboratory racetrack flume (Figure 2.15) in order to
investigate the O, flux associated with mud and seagrasses. EC was deployed into
the flume (Figure 2.16a). The experiments started with a simple system (seawater
only), a moderately complex system (seawater and mud) and finally a complex

system (seawater and seagrass bed; Figure 2.16b). In the O, uptake experiments (see
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Chapter 4), the EC measuring height was 5 cm above the 90 cm x 40 cm of mud
which was the working area in the flume (Figure 2.15). The thickness of mud was 5
cm. In this experiment, the physical conditions in the flume (e.g., flow velocity and
temperature) were adjusted. In the O, production experiments (see Chapter 3), the
EC was deployed 5 cm above the seagrass canopy. The same working area was used
for the seagrass bed. The seagrass bed was treated under different physical

conditions, such as altered light and temperature.
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Figure 2.15: Laboratory racetrack flume. Numbers on the figure indicates size (mm).
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a) b)

Figure 2.16: a) The EC set-up in the laboratory racetrack flume; b) The ECE1

deployed in laboratory seagrass bed.

This research was the first attempt to use the Eddy correlation system in a laboratory
flume. Due to the size of the laboratory flume, the footprint needed to be determined;
the footprint is the smallest area on the sediment surface that provides 90% of the
flux at the measuring point (e.g., Leclerc and Thurtell 1990; Schuepp et al. 1990;
Schmid 2002; Berg et al. 2003). The flux footprint was calculated using the

empirical function from Berg et al. (2007):

[ = —2.783 — 158.7h + 159.2h? — 120.8h log z, (Eqn. 2.1)

where /, & and z; are the footprint length, Eddy Correlation measurement height and

the sediment surface roughness, respectively, and w is footprint width.

w = 6.531h (Eqn. 2.2)

In our laboratory racetrack flume, the water depth, measuring height and sediment
surface roughness were 0.35 m, 0.05 m and 0.001 m, respectively, and thus foot-
print length was 19.11 m, and the width was 0.33 m (Figure 2.17). According to

these numbers, the working area of the laboratory racetrack flume was not long
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enough to cover 90% of area that contributes to the flux. However, the upstream
distance to the location that provides the strongest flux signal needed to be

determined using the Eqn. 2.3 (Berg et al. 2007).

Xmax = —0.09888 — 11.53h + 10.25h2 — 6.650hlogz, (Eqn. 2.3)

where x,,,, is the upstream location, from a measuring point, which provides the

strongest flux signal

The upstream location of the strongest flux (x,4,) in the laboratory flume was 0.34 m
from the measuring point, which was in the working station area. Therefore, the
Eddy correlation system was able to measure the flux in the laboratory racetack
flume even though the working area was not able to cover all of the footprint area. In
addition, the footprint and the upstream strongest flux distance are independent of

flow velocity, according to Eqn. 2.1 — 2.4 (Berg et al. 2007).

factor = 1 + 8.347¢~0-2453H/h (Eqn.2.4)
where H is water depth

The relationship between sediment surface roughness and footprint length (at 4 =
0.05 m and H = 0.35 m) is shown in Figure 2.18a. Figure 2.17b shows the
relationship between sediment surface roughness and the upstream location profile
from the EC measuring point at 2 = 0.05 m and H = 0.35 m. Both profiles were

computed using the MATLAB script shown in Figure 2.18.
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Figure 2.17: a) Footprint length profile in the laboratory flume; b) The upstream

location (Xmax) profile in the laboratory flume.
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1 %% Seddiment surface foot print calculation (Berg et al 2007)

2 =

3 %

4 % 1 length (m)

5 % h n measuring heights between 0.05 and 0.3 m
[ % above the sediment surface (m)

7 =

8 % z0 = sediment surface roughness parameter (z0) values between

9 % 7.04 x 10e-6 and 0.01 m. (m)

10 =

11 % width = footprint width (m)

12 %

13 % ¥max = up stream distance (m)

14 %

15 % H = water depth (m)

16 5]

17 % These expressions were developed for water depths (H) of H>27h.
18 % In the depth interval, 6.7h<H<27h, length can be calculated by
19 % mult: ng the length, as given above, by the factor

20 £ 1 ), whereas xmax is in ndent of H. For
21 % .7Th, the tracer transfer rate over the air-water interface controls
22 % the size and shape of the footprint.

23

24 %% Variable values

25

26 — h = 0.05;

27 — H = 0.35;

28 = z0 = (0.000007:0.000001:0.01);

29 — factor = 1 + B.347*exp(-0.2453*%(H/h));

30 — length = - 2.783 - (158.7*h) + (15§9.2*(h"2)) - (120.8*h*logl0(z0)):
31

32 %% Calculation

33 = if H/h > 27

34 — length = length;

35 — elseif H/h <= 27 && H/h >= 6.7

36 — length = length * factor;

37 = else

38 - disp('the tracer transfer rate over the air-water interface controls th
39 — end

40

41 — width = 6.531 * h;

42 — ¥max = - 0.09888 - (11.53%h) + (10.25%(h"2)) - (6.650*h*1logl0(z0)):
43

44

45 %% plot

Figure 2.18: MATLAB script for footprint and upstream location profile.

Due to the depth of the laboratory flume, air-water exchange flux may play an
important role in flux measurement, and thus air-water exchange flux was

determined using the following equation:

Net O; flux = Total flux — air-water exchange:

20,
W =F — k(03 — Oz54¢)

(Eqn. 2.5)

Therefore, total flux is calculated by

00 (Eqn. 2.6)
F=—2+k(0z ~ Ozsar)
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02 = Ozinte(_kt) (Eqn 27)
where F is total flux, k is decay rate Oy 1s initial O, and Oqgy 1s O, saturation in

water which is temperature and salinity dependent.

The decay rate is velocity-dependent which means the decay rate changes when
velocity changes, and thus the decay rate (k) was determined by air-sea flux

experiments as shown in Table 2.3.

Table 2.3: The decay rate of O, in the laboratory flume under different flow velocity.

Velocity (cm s™) k(min™)
7 0.0013732
12.5 0.0013627
13 0.0015011
19.5 0.0018028

From equations, the total O, flux at 12.5 cm/s is 408 pmol L™ d” calculated as
below:

_ 30 umol L*

T (0.078 hr=1 x (0, pmol L™t — 0,44, pmol L71))

However, in the seagrass experiment, seagrass coverage was 0.144 m® and the
seawater volume in the flume is 0.8687 m’. Thus, the total O, flux from seagrass is:

_ 408 umol L 0.8687 m3

X X =246molm=2d1
L-d_ 103m3  0144m? motm

Because benthic microalgae and seagrass have an element ratio of photons to C to N

to P to O, (photons:C:N:P:0,) of approximately 5500:550:30:1:716, known as
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Atkinson ratio (Atkinson et al. 1987; Baird et al. 2001), this ratio was used to
determine the O, flux in seagrass experiment in order to investigate the effect of air-
water gas exchange on EC flux measurements in laboratory racetrack flume.
Therefore, the O, flux, in the seagrass experiment (see Chapter 3), which irradiance

was held constant at 250 pmol photons m™ s (2.16x10” pmol photons m™ d™') was:

716
X216 x 107 =2.81m=2%2d1

0, flux = 00

The results demonstrated that there was a potential to measure O, flux in the flume
because the air-water exchange rate was small when compared with the O, flux from
the seagrasses themselves. Addtionally, the O, flux calculated from seagrasses (2.46
mol m? d) is close to flux calculated by Atkinson ratio (2.81 mol m™ d') which

denotes that O, can be measured in the laboratory flume.
2.4 FIELD EXPERIMENTAL SET-UP

The EC was deployed in several natural habitats, such as seagrass beds, microalgae,
and coral reefs. The first generation of the Eddy Correlation microelectrode system
(ECE1) was deployed in seagrass beds (Figure 2.19c) in the Tweed River, NSW
(Figure 2.19b). The experiments at Tweed River produced poor results because the
legs (Figure 2.19a) of the EC frame altered the natural hydrodynamics which likely
had an impact on EC flux measurements. Thus, the second version of the EC frame
had to be developed. The space between two legs of the new frame was wide enough
to avoid disturbance to natural hydrodynamics, according to Unisense A/S EC frame
specification. The second generation of the Eddy Correlation microelectrode system
(ECE2) was deployed along with the new frame at Moreton Bay, Queensland. The

results were also not good, due to jelly fish, and the frame was unstable which
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created noise in the EC data (see Chapter 4). Thus, the third version of the EC frame

was made.

Figure 2.19: a) The EC mounted on the first version of the EC frame; b) The EC

deployed in the Tweed River; ¢) The EC above the seagrass canopies.

The first generation of Eddy correlation optode system (ECO1) using the third frame
design was deployed in Heron Island lagoon, Queensland over reefs and benthic
microalgae (BMA) (Figure 2.20) and over seagrass beds in Moreton Bay,
Queensland. The third EC frame performed well. The eddy flux result from the EC
deployment over the BMA was robust (see Chapter 4). However, this result needed
further discussion because the entire O, flux data did not meet the expectation (see
Chapter 4). In Moreton Bay, the result was not good due to the complexity of the
marine environment (e.g., wave and wind direction) as well as the reliability of the

ECOI1 (see Chapter 4).
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a)

Figure 2.20: a) The EC deployed on Heron Island; b) the EC mounted on the new EC

frame deployed above the BMA in Heron Island shallow lagoon.

2.5 NEW OXYGEN CONVERSION METHOD FOR AN EDDY

CORRELATION OPTODE SYSTEM (ECO2)

There are two types of underwater EC system: the Eddy Correlation Electrode
system (ECE) and the Eddy Correlation Optode system (ECO). The ECE consists of
an Acoustic Doppler Velocimeter (ADV), a datalogger, an O, amplifier and an O,
microelectrode. The ECO uses an optode instead of the O, microelectrode. Although,
most underwater EC studies used the ECE to measure the O, fluxes (Kuwae et al
2006, McGininis et al 2008, Glud et al 2010, Lorrai et al 2010, McCann-Grosvenor
2010, Holtappeis et al 2013), some studies recently used the ECO to measure the O,
flux in sediment (Chipman et al 2012). Since 2012, the fast-responding optode has
replaced the fast-responding EC O, microelectrode, hence many researchers have
started working with the ECO due to the fact that the optode is more robust and
makes less noise compared to the O, microelectrode (Chipman et al. 2012). These
advantages of the ECO lead to the possibility of O, flux measurements in the

laboratory flume, where it was almost impossible to measure the flux using the
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microelectrode due to surrounding electrical noise. Although the EC can be used to
measure the flux in the flume, the methods used to calculate the flux needed to be

modified in order to obtain correct flux measurement.

In this next section, two O, conversion methods are described where ECO O, raw
data are transformed into O, flux measurement within a laboratory flume. Then we

compare the O, flux results using two methods.

2.5.1 Materials and Methods

2.5.1.1 Experimental design

Seagrass sediment was collected from Brisbane Water, NSW. The sediment was
sieved through 3 mm mesh to remove shells, rocks, and invertebrates, and
maintained in a laboratory flume with bubbled 30 (pss — practical salinity scale)
seawater. The sediment was placed in the 90 cm x 40 cm x 5 cm flume working area
(Figure 2.15). Before staring the experiments, the sediment was maintained under
constant pH, salinity, water temperature, and water velocity for 48 hours
acclimation. The 48 hours acclimation period also allowed the establishment of a
constant diffusive boundary layer (DBL) thickness at the sediment-water interface,
avoiding fluctuations due to the changes in the DBL thickness. The temperature,
salinity, velocity, and pH were set at 28°C, 30, 23 cm s'l, and 8.1, respectively. pH
was maintained by 0.1 M HCI or 0.1 M NaOH. The water velocity in the racetrack
flume was maintained by a Pulse Width Modulation (PWM) motor speed controller
connected to a trolling motor (Venom ETW34/26, Jarvis Marine Watersnake,
Australia). Water temperature in the experiment was controlled by a water heater-
chiller (TC20; Teco S.Lr., Italy). The salinity, temperature, and pH were also

monitored by multimeters (WTW3430 GmbH, Germany).
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The ECO (Figure 2.21) was deployed in the laboratory racetrack flume to investigate
the O, flux associated with seagrass sediment in darkness for 2 hours. In this
experiment, the EC measuring height was 5 cm above the 90 cm x 40 cm (Figure
2.21) of mud which was the area of interest in the flume (footprint). The thickness of

the mud was 5 cm.

2.5.1.2 Eddy correlation optode system

The ECO consisted of the ADV (Nortek A/S, Denmark), datalogger (Unisense A/S,
Denmark), O, amplifier (PyroScience GmbH, Germany), and 25 um tip size fast-
responding optode (t99<0.3s) (PyroScience GmbH, Germany) (Figure 2.21). The
ADV measured three-dimensional velocities (X, Y and Z) of the seawater. The
optode connected to an O, amplifier and measured O, concentration in the seawater.
The velocities and O, concentration were continuously recorded by datalogger at
high-frequencies (64 Hz) in order to eliminate noise data using data processing. The
ECO raw data (velocities and O, concentration) was exported to a computer and then
converted to readable data using Eddy Conversion Software (Unisense A/S,
Denmark) and MATLAB scripts (MathWorks, United States). After that, the data
were processed and calculated into O, flux using scripts in MATLAB version 2012b

and EddyFlux software (Unisense A/S, Denmark).

The optodes were calibrated using a two-point calibration procedure, which
measured zero O, concentration and 100% O, concentration. The zero O,
concentration solution was made by adding sodium dithionite in water, and the 100%
0O, concentration solution was made from air saturated seawater which was bubbled

for 2 hours.
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Figure 2.21: The ECO was deployed in the flume above seagrass sediment: a) O,

optode, b) ADV.
2.5.1.3 O, conversion methods

Two O, conversion methods were developed to derive the O, concentration data
from the O, raw phase-shifted signal. Normally, the O, concentration is converted
from the raw O, phase-shifted signal (which in turn is based on the optode phase-
shifted signal) using the Stern Volmer equation (Stern and Volmer 1919; Holst et al.

1998) as follows:

t  tan(@® _ frac )
o T tan@y) 1+ Ky [0, T & /a0 (Eqn. 2.8)

Here 7, @ are, respectively, the luminescence decay time and the phase angle in

absence of oxygen, and t, @ are the luminescence decay times for measuring the
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phase angle in the presence of oxygen, [O,] the oxygen concentration, and Kgy is the
overall quenching constant. According to eq. 2.8 the O, concentration was calculated
by the phase-shifted method, which is the most common method used in oxygen
measurements using this optode (Holst et al. 1995; Klimant et al. 1995; Rickelt et al

2013).
The phase shifted parameters can be described as following:

tan(@) = 27 f0aT (Eqgn. 2.9)

where f,0q 1s modulation frequency, and @ is phase angle

Secondly, the O, concentration was also calculated based on the optode O, intensity

signal which can be described as following (Holst et al. 1998):

I tan(@) frac 3
I " tan(@y) 1+ Ky [0, /70 (Fan 210

where I and Ip are, respectively, the luminescence intensity in the presence and

absence of oxygen.

However, the ECO did not provide the direct O, calibration method for the raw O,
intensity signal; thus, the O, concentration from the raw O, signal intensity was

calibrated against the raw O, phase-shifted signal using the following steps:

Step I: Calculate the mean value of O, from the concentration of the serial output

uM (02 _DPHI mean) by linear detrending and running mean methods.

Step 2: Calculate the mean value of intensity in mV (Intens mean) by linear

detrending and running mean methods.
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Step 3: Calculate the scale factor between pM and intensity (O2 DPHI mean/

Intens_mean = ScaleFactor).

Step 4: Set the oxygen concentration based on the intensity (O2_puM_Intensity mean

= O2 DPHI mean).

Step 5: Calculate the difference between the mean value of intensity and each

intensity data point in mV (Diff Intens = Intens_instantanious - Intens_mean).

Step 6: Calculate for each Intensity data point the pM concentration
(Diff Intens*ScaleFactor +  O2 puM Intensity mean)  yielding  oxygen

02 uM Intensity.

The above method inverts the intensity signal (Diff Intens) in order to take into
account that intensity falls with increasing oxygen concentration (Klimant et al.

1995)

2.5.1.4 O, flux calculation

After the data were converted into readable data, the raw time series data were
examined. The despike technique was performed on the noisy vertical velocity data
in order to remove high frequency fluctuation and spikes in the data (Goring and
Nikora 2002). In each 15 min burst, the linear detrending and running mean
techniques were performed on both the O, concentration data and vertical velocity
data to remove any trend in the data, and to find the mean of data. Then, the 64 Hz
raw time series of O, concentration (C) corresponding time series of vertical velocity
(z) were computed for eddy O, flux every 15 min using Eqn. 2.11. Coordinate

rotation technique was performed when the EC system was not aligned to horizontal
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velocity (u, # 0) during the experiment. If the vertical velocity did not correlate to

the O, concentration, the time lag technique was performed to correct the data.

Flux = u,C’ (Eqn. 2.11)
To examine the fluctuation characteristics of vertical velocity and O, concentration,
spectra analysis of u, and C were performed using Fast-Fourier transformation (FFT)
for the time series of u, and C, respectively. Co-spectra analysis using FFT was used
to analyse O, flux characteristic, which frequently contributed to the O, flux. The
spectra analysis was used to examine the effect of high and low frequencies on
vertical velocity and O, concentration in order to investigate turbulence mixing in

the water indicating that the water and O, concentration was well-mixed.
2.5.1.5 O; microprofile

O, microprofiles in the sediment were performed at the end of each experiment using
a Clark-type O, microelectrode (OX-100, Unisense A/S, Denmark) connected to a
microsensor multimeter, which in turn was connected to a computer running the
Sensor Trace Pro software (Unisense A/S, Denmark). The O, microelectrode was
mounted on a motorized micromanipulator (Unisense A/S, Denmark). The
microelectrode had an outer tip diameter of 100 pm, a 90% response time of 8s and a
stirring  sensitivity of 1.5%. The microelectode was polarized for 24 h before
experiment and was calibrated at flume temperature in air-saturated seawater and O;-
free seawater (made anoxic by the addition of sodium dithionite). Nine O,
concentration profiles were performed in the sediment surface in order to cover the
entire area of the sediment surface. The profiles were started at approximately 10
mm above the sediment and carried out in 100 um steps to approximately 30 mm

below sediment surface. The sediment-water interface was identified from the
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produced profile as the depth where the profile first deviated from a straight line
(below the boundary layer). The local diffusive O, flux (J; pmol O, m™ d), that is,
the O, uptake rate, was calculated from the measured steady-state O, concentration
profiles via Fick’s first law (Revsbech et al. 1980): J = -Dy(dC/dz) where Dy is the
molecular diffusion coefficient in seawater at experimental salinity and temperature,
and dC/dz is the linear slope of the O, concentration profile in the diffusive boundary

layer (DBL) above the sediment surface.

2.5.1.6 Statistical analysis

To determine any significant differences in O, flux between different conversion
techniques (EC phase-shift method, EC intensity method, O, microprofiling) and
flux calculation methods (linear detrending and running mean), one-way ANOVA
tests were used (SPSS Version 17) with a significance level of 95%. Data were
transformed using logjo or square root if the data did not meet the assumptions of

normality (Kolmogorov-Smirnov test) and equal variance (Levene’s test).
2.5.2 Results

Eight bursts (15 minute each) of O, flux calculated and based on O, phase-shifted
conversion and intensity conversion techniques are shown in Figure 2.22. In O,
phase-shifted conversion technique, O, fluxes in each burst calculated by both linear
detrending (Figure 2.22a) and running mean (Figure 2.22b) methods were not
constant; however, both calculation methods were not significantly different (p =
0.728) either. For example, in third burst, both the flux from the linear detrending
(Figure 2.22a) and running mean (Figure 2.22b) methods changed from negative

(consumption) to positive (production), while the ECO was deployed above the
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sediment. The average flux of the linear detrending and running mean methods was -

1.09+1.77 mmol m™ d” and -1.41+1.85 mmol m™ d”, respectively.

In O, phase-shifted conversion, the O, fluxes in each burst calculated by linear
detrending (Figure 2.22¢) and running mean (Figure 2.22d) methods were steady and
not significantly different (p = 897). The average flux of the linear detrending and
running mean methods was -17.21+1.35 mmol m™ d”' and -17.32+1.73 mmol m™ d”/,

respectively.

The comparisons of O, concentration, O, cumulative flux, and O, flux results from
the first 15 minute burst using phase-shifted conversion and intensity conversion
techniques are shown in Figure 2.23. The first 15 minute burst of oxygen
concentration converted using the phased-shifted technique (Figure 2.23a) had more
noise (green line) than the intensity technique (Figure 2.23b). The cumulative O,
flux from the phase-shifted conversion technique was fluctuating (Figure 2.23c¢). In
comparision, the cumulative O, flux from the intensity conversion technique
decreased linearly, demonstrating a steady sediment consumption rate during the O,
flux measurement (Figure 2.23d). The fluctuation of cumulative O, flux from the
phase-shifted conversion technique at t=0s to t=200s (Figure 2.23c) indicated that
there was no O, flux captured by ECO during that period. In addition, there was an
increase in cumulative O, flux from t=400s to t=600s which indicated that O,
production appeared on both the linear detrending and running mean methods
(Figure 2.23c). The O, flux over the experimental period from the phase-shifted
technique (Figure 2.23e) was significantly lower than that from the intensity
technique (Figure 2.23f). The O, flux from linear detrending and running mean

methods based on raw O, phase-shifted signal were not significantly different (-2.51
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and -3.53 mmol m™ d’, respectively; Figure 2.23¢). There was no significant

different in O, flux between linear detrending and running mean methods from the

raw O, intensity signal (-17.07 and -17.18 mmol m™ d™', respectively; Figure 2.23f).
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Figure 2.22: Eight bursts of O, flux calculated linearly using a detrending method (a,

¢) and a running mean method (b, d) based on phase-shifted O, conversion technique

(a, b) and intensity O, conversion technique (c, d) (n = 1).
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Figure 2.23: O, concentration (a, b), cumulative O, flux (¢, d), and O, flux (e, f)
using phase-shifted O, conversion (a, ¢, €) and intensity O, conversion (b, d, f)
techniques in the first 15 minutes of 2 hour deployment. The green lines represent
the raw O, concentration data. The blue and red lines and bars represent the mean of
O, concentration and flux calculated by linear detrending and running mean method,

respectively.

O, microprofiling was performed in order to validate the O, flux data from the ECO
calculations based on O, phase-shifted conversion and intensity conversion
techniques with linear detrending method and running mean method (Figure 2.24).

There was no significant difference in average O, flux data among O, microprofiling
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and intensity conversion techniques with the linear detrending method (IT-LD) and
running mean method (IT-RM) (p = 0.888 and p = 0.919, respectively; Figure 2.24).
However, average O, flux data from ECO calculated and based on O, phase-shifted
conversion technique with linear detrending method (PS-LD) and running mean
method (PS-RM) were significantly lower than that from the O, microprofiling and
intensity conversion techniques with linear detrending method (IT-LD) and running
mean method (IT-RM) (p < 0.001; Figure 2.24). Average O, from O, microprofiling
was -18.30+1.42 mmol m? d'. There was no significant difference in O, flux
between PS-LD and PS-RM (p = 0.996), and between IT-LD and IT-RM (p = 1.000;

Figure 2.24).
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Figure 2.24: Average of 9 O, fluxes from O, microprofiling (MP), phase-shifted O,
conversion with linear detrending method (PS-LD) and running mean method (PS-
RM) and intensity O, conversion with linear detrending method (IT-LD) and running
mean method (IT-RM) from 2 hour deployment. Data represents mean + SE. * b

determine significant differences (p < 0.05; ANOVA).

2.5.3 Discussion

This is the first study to compare the two oxygen conversion methods used in eddy
correlation systems. Optodes, optical sensors made for chemical species, have been
rapidly developed in order to remove some limitations of Clark-type O,
microelectrodes (Wolfbeis 1991; Klimant et al. 1995) because microelectrodes are

very expensive, do not always have good measurement properties, and are unreliable
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for long-term measurement (Klimant et al. 1995). Optodes are normally calibrated
using two-point calibration (Holst et al. 1997) in order to convert the measured data.
Two types of conversion methods, phase-shifted and fluorescence intensity signal,
have been used for O, conversion (Klimant et al. 1995; Holst et al. 1997). The phase-
shifted method is based on luminescence lifetime or decay (Holst et al. 1997). Since
optodes show a non-linear decrease in fluorescence signal when the O, concentration
increases, Eqn. 2.10 is applied in order to linearise the signal (Klimant et al. 1995).
However, fluorescence intensity (called intensity signal) is interfered with by the
fluctuation of light sources or bleaching effect of indicator dyes (Holst et al. 1995;
Klimant et al. 1995). Thus, the well-known phase-modulation technique (Lakowicz
1983; Berndt and Lakowicz 1992; Wolfbeis 1991; Holst et al. 1997; Kiihl 2005),
which is not affected by light or photo-bleaching, is used as a calibration for the
optode (Holts et al. 1995; Holst et al. 1997). The phase angle (phase-shifted), which
is related to luminescence decay, is changed as a function of the O, concentration
(Lakowicz 1983; Wolfbeis 1991; Berndt and Lakowicz 1992; Holst et al. 1997; Kiihl

2005; Rickelt et al 2013).

Although the phase-shifted technique is the most common method that researchers
use for O, conversion (Lakowicz 1983; Berndt and Lakowicz 1992; Wolfbeis 1991;
Holst et al. 1997; Kiihl 2005; Rickelt et al 2013), our study showed the new O,
conversion method for the Eddy Correlation system based on the O, intensity signal
yielded better flux results compared to the phase-shifted method. This is attributed to
the fact that the intensity method provided lower fluctuations (Figure 2.23a and
2.23b) of O, concentration which lead to a steady consumption rate in the sediment

(Figure 2.23c and 2.23d). Therefore, the fluxes were consistent over two hours
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(figure 2.22c and d). The fast O, measurement (greater than 10 Hz) may result in a
high noise level, and therefore the resolution of O, measurement (pers. comm. with
PyroScience GmbH, Germany) which resulted in higher noise level of O, in Figure
2.23a. In comparison, the O, measurements based on intensity signal had less noise
due to the fact that the intensity signal has lower sensitivity (Holst et al. 1995;
Klimant 2003). Higher noise led to the instability of the cumulative O, data (Figure
2.23c), which resulted in unreliable flux measurements. Therefore, the EC system,
which needs high frequency measurement (> 16 Hz) of O, (Berg et al. 2007;
Chipman et al. 2012) may need the O, data based on intensity signal in order to
obtain lower noise at high frequency. In this study, the O, conversion method based
on intensity signal proved more suitable than O, conversion based on the phase-
shifted method. However, the intensity method cannot be used in short-term
monitoring due to photo-bleaching of indicator dyes (Holst et al. 1997; Klimant et al.
2003). In addition, light interference also needs to be considered (Klimant et al.

1995).

To validate the O, flux in the laboratory racetrack flume, the microprofiling system
was used to measure the O, flux. The microprofiler has been commonly used to
measure the flux in micro-scale because this method is very precise and accurate
(Silva 2009). The 9 O, profiles were measured in 3 x 3 arrays in order to cover the
entire area of sediment. Thus, we used the microprofiling technique to validate the
O; flux measured by ECO and compared the O, flux measured by the microprofiling
system (MP), EC O, flux using the intensity method (IT), and EC O, flux using the
phase-shifted method (PS). This study showed that there was no significant

difference between O, flux measured by MP and IT (Figure 2.24). In contrast, the
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MP O, flux was significantly higher than the PS O, flux (Figure 2.24). This study
suggested that IT is more reliable to use in the calculation of flux and IT has a

potential to be used as an O, conversion of the EC system.

In EC methods, the fluctuation of wvertical velocity and O, concentration are
calculated by subtracting the mean value of the measurement from its instantaneous
value (Kabat 2004; Hume et al. 2011; Reimers et al. 2012; Long et al. 2013). The
mean can be calculated by various methods such as mean removal, linear detrending,
or running mean. Linear detrending is commonly used for calculating the average
over blocks of data (Kabat 2004). Rannik and Vesala (1999) compared to various
methods, and results indicate that the use of linear detrending is favored (Kabat
2004). The weakness of the running mean method, which is definitely acceptable
over the short canopy, results in an underestimation of the flux if low frequency

plays a major role in the tall canopy (Kabat 2004; Moncrieff et al. 2006).

In our study, we found that there was no significant difference between O, flux
calculated by linear detrending and running mean (Figure 6.5), indicating that both
methods were acceptable for use in O, flux calculations. However, linear detrending
was preferable due to a 15 minute block. These results are consistent with previous
studies that used EC to measure the O, flux in sediment (Lorrai et al. 2010; Reimers

et al. 2012; Berg et al. 2013; Holtappels et al. 2013; Long et al 2013).

In conclusion, the O, conversion method, which converted the O, concentration
based on O, intensity signal, is potentially useful for Eddy Correlation O, flux
measurements under specific conditions. The intensity method can convert the Oy,
when the eddy correlation optode system is deployed in controlled environments

with no light source interference, such as strong light and shallow water. In addition,
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this method is not able to be used in long-term deployments due to photo-bleaching
of indicator dyes. In comparison, the phase-shifted method, which converted the O,
concentration from a phase angle signal, is able to be used under strong light
conditions. However, use of the phase-shifted method for high frequency
measurement needs to be conducted with care due to the inaccuracy of O, flux

measurements.

2.6 CONCLUSION

In conclusion, there were a lot of technical, electronic and digital issues and
challenges associated with eddy flux measurements for the entire research project.
Most of the issues were caused by hardware malfunction, as well as software errors.
Although most of hardware and software issues have been solved by software
programing, some of issues still exist due to the limitations of the hardware. Some
hardware has been replaced to improve these limitations and overall reliability.
However, some hardware could not be replaced due to the fact that it is still under
development. For those reasons, EC is still under development to deliver robust
measurements which lead to better flux results. However, MATLAB scripts have
been developed in this research to handle all facets of the processing of EC data from
data cleaning and correction through to flux calculation. The frames for EC
deployment in the field have been refined and the system and protocols have been
developed for flume based applications. The comparison between conversion
methods used in O, optode studies showed that the intensity method is more suitable
for short-term deployment of the Eddy Correlation optode system in controlled
environments with no light source interference (such as strong light and shallow

water) due to photo-bleaching of indicator dyes. On the other hand, the phase-shifted
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method is able to be used under strong light conditions. However, use of the phase-
shifted method for high frequency measurements needs to be conducted with care

due to the inaccuracy of O, flux measurement.
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CHAPTER 3:

RELIABILITY AND LIMITATIONS OF EDDY CORRELATION
TECHNIQUE ON OXYGEN DYNAMICS IN SEAGRASS AND SEDIMENT

OXYGEN UPTAKE IN LABORATORY RACETRACK FLUME
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3. RELIABILITY AND LIMITATIONS OF EDDY CORRELATION
TECHNIQUE ON OXYGEN DYNAMICS IN SEAGRASS AND SEDIMENT

OXYGEN UPTAKE IN LABORATORY RACETRACK FLUME

3.1 INTRODUCTION

Seagrass meadows are one of the most important ecosystems in the world providing
biodiversity, productivity and ecosystem functions including a carbon sink capacity
known as blue carbon (Duarte et al. 2008; Duarte 2009) with an estimated ecosystem
service value of $3.8 billion annually (Costanza et al. 1997). Photosynthetic
processes in seagrasses remove CO, from the atmosphere and convert it to organic
carbon stored in seagrass leaves and roots and detritus which can remain over
millennia (Duarte and Cebrian 1996; Mateo et al. 1997). However, seagrass
meadows worldwide are under threat, in terms of distribution and health, from the
impact of human activities and climate change (Short and Neckles 1999). An
increase in atmospheric CO, concentration has led to an increase in air temperature
through the trapping of heat by the greenhouse effect and has resulted in an increase
in ocean temperature (Johnson and Marshall 2007; Houghton 2009). An increase in
turbidity, epiphyte and algal blooms due to elevated nutrients and sediment loading
from the catchment due to coastal development and poor agricultural practices has
led to a reduction in light intensity, resulting in the progressive loss of seagrass

meadows (Ralph 2000; Ralph et al. 2006).

Oxygen production, respiration and net oxygen flux play an important role in marine
habitats and ecosystems. However, the production of oxygen is dependent upon
physical parameters such as temperature and light (Drew 1979; Short and Neckles

1999). Temperature and light are important controls of seagrass metabolism,
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photosynthesis, enzyme activity and maintenance of the carbon balance in seagrass,
which in turn governs their growth, survival, reproduction and distribution (Short
and Neckles 1999). It has been shown that with increasing temperature Zostera sp.
increased respiration more rapidly than photosynthesis, resulting in a decrease in
photosynthesis: respiration ratio (Moore and Short 2006). Moreover, productivity
would decrease when each species reaches its thermal maximum, as observed in
Zostera noltii and Posidonia oceanica (Moore and Short 2006; Massa et al. 2009;
Marba and Duarte 2010). Light was found to control growth rate, shoot morphology,
shoot density, photosynthetic efficiency and productivity of seagrasses (Ralph and
Gademann 2005; Moore and Short 2006). A decrease in light intensity leads to a
reduction in shoot density and above-ground biomass of Zostera marina (Backman
and Barilotti 1976), P. australis (Backman and Barilotti 1976), and Thallassia
testudinum (Lee and Dunton 1997) and reduction in growth rate in P. sinuosa
(Gordon et al. 1994), P. australis (Fitzpatrick and Kirkman 1995), P. oceanica (Ruiz
and Romero 2001), Z. marina (Short et al. 1995) and 7. Testudinum (Lee and

Dunton 1997; Ibarra-Obando et al. 2004).

Oxygen flux across the sediment-water interface has also been widely studied in
order to assess benthic metabolism and organic mineralization in aquatic
environments (Rasmussen and Jorgensen 1992; Berg et al. 2009). Seagrass
productivity and oxygen production have also been investigated using a range of
instruments and techniques such as oxygen titration (Winkler method) and oxygen
chamber (Silva et al. 2009). These methods are effective; however, they are intrusive
and can only measure over a small spatial scale (organism level; Silva et al. 2009).

Benthic flux chambers and vertical O, microprofiles are common methods used to
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determine O, flux in situ (Rasmussen and Jorgensen 1992). These methods,
however, have a number of draw-backs, which invariably affects the measurements.
For example, benthic chambers impede the natural hydrodynamic flow over the
study area, affecting the flux rate over the surface, and the measured flux only
represents that of a small area (<2 metres), necessitating a high level of replication
(Berg et al. 2009). Microprofiling provides one-dimensional measurements of the
physiochemical microenvironment of the sediment-water interface at high spatial
resolution (De Beer and Larkum 2001), but is sensitive to variability at the horizontal
microscale, making large scale estimates of O, flux unfeasible except for the most

uniform sediment conditions (Berg et al. 2009).

Over the last decade, the eddy correlation (EC) technique has gained interest as a
method for measuring net oxygen fluxes in aquatic systems including sediment,
seagrass meadows, coral reefs, hard bottom surfaces and sea ice (Berg et al. 2003,
Glud et al. 2010; Hume et al. 2011; Long et al. 2012; Long et al. 2013). Moreover,
the EC technique has been used to measure fluxes of various compounds such as
H,S, dissolved organic carbon (DOC), and nitrate (Swett 2010; Johnson et al. 2011;

McGinnis et al. 2011).

To obtain an eddy flux measurement, the covariance between fluctuations in both the
concentration of the compound in question and its vertical velocity, measured by a
high-speed sensor (e.g., microelectrode or microoptode) and a high-speed acoustic
Doppler velocimeter (ADV), respectively, is computed. The advantages of this
technique are that: 1) it can measure the fluxes in a very large area depending on the
measurement height above the benthic surface and the horizontal current velocity

(Berg et al. 2003; Berg et al. 2007; Berg et al. 2008), 2) it is a non-invasive
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technique, and 3) it does not disturb or enclose the benthic surface which otherwise
could lead to changes in measurement conditions (light and hydrodynamics; Kuwae
et al. 2006; Brand et al. 2008; McCann-Grosvenor 2010). However, it also requires
many of the same assumptions as terrestrial EC about the conditions, mass balance
and data filtering-correction techniques that are used by meteorologists to
discriminate between good and bad gas flux measurements in land-atmosphere
interfaces (Finnigan 1999, Finnigan et al. 2003; Aubinet 2008). These assumptions
must be re-evaluated in each new field situation (Reimers et al. 2012; Burba 2013)
because every field site has different natural conditions such as geometry, physical
parameters (e.g., wind and wave direction), and size of footprint. Due to the nature
of these assumptions, the EC technique cannot be applied to a complex system which
has a non-homogeneous wind and current direction, as this may lead to erroneous

flux measurements (Holtappels et al 2013).

Sediment O, consumption is an important indicator of the rate of nutrient recycling
(remineralization) in the sediment (Seiki et al. 1994; Valdes-Lozano et al. 2006) and
is caused by the aerobic decomposition of organic matter, animal respiration and
oxidation of reduced products including NH*", Mn**, Fe*", H,S, FeS and FeS, (Berg
et al. 2003; Valdes-Lozano et al. 2006). It can also provide useful information on
these metabolic processes in the system (Berg et al. 2003) such as seagrass and coral
reef metabolism (Hume et al. 2011; Long et al. 2013). However, sediment O,
consumption is difficult to measure accurately with conventional methods (such as in
situ chambers) because of how these methods invariably affect the environmental

conditions over the measuring area during the measurement.
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Sediment O, uptake is affected by a multitude of factors such as microbial activity in
sediment, water velocity, water temperature, and light. In deep water, sediment O,
uptake is strongly influenced by the velocity of the overlying water which transports
O, from the overlying water down through the sediment (Berg et al. 2003). The
diffusive boundary layer (DBL), where molecular diffusion is the dominant transport
mechanism for dissolved material, plays an important role in the transport of O, into
the sediment. Water velocity determines the thickness of the oxygen boundary layer
and determines diffusive fluxes and concentration gradients of oxygen and nutrients
(Cahoon 1988; Vogel 1994). O, transport process in the sediment is driven by
current and wave and other biological activities. Under low flow, oxygen gradients
may be unstable, and oxygen transport will be more dependent on faunal activities
(Revsbech et al. 1980) such as bioturbation (the diffusion-like transport of solutes
and solids caused by movements of fauna) and bioirrigation (the transport of solutes
caused by the pumping activity of tube-dwelling animals) (Revsbech et al. 1980;
Berg et al. 2003; Pischedda et al. 2008). Recent studies show that bioturbation and
bioirrigation increase sediment oxygen heterogeneity and diffusive oxygen flux due
to an increase in the interface area between the sediment and the overlying water
(Pischedda et al. 2008; Lagauzere et al. 2011). The EC technique has been used to
measure oxygen uptake in sediment because it does not affect active transport and

environmental conditions that influence O, uptake in the sediment (Berg et al. 2003).

In this chapter, EC measurements were used for the first time in a laboratory
racetrack flume to measure O, flux of the temperate seagrass Zostera muelleri under
different temperature and light and O, consumption in seagrass sediment under

controlled physical conditions (e.g., temperature, flow, and light). This flume study
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was completed in order to: 1) test fundamental assumptions about the EC, and 2)
control some environmental factors such as temperature and water velocity so that
the effect of other factors on O, flux can be assessed. The optimal temperature and
light requirements for photosynthesis and respiration in Z muelleri were examined. A
Pulse Amplitude Modulated fluorometer (Diving-PAM) was used to determine the
photosynthetic efficiency of the seagrass at each light and temperature treatment. In
addition, O, microprofiles were used to assess O, uptake in micro-scale, and were
then compared with EC O, flux measurements, thus assessing limitations and

reliability of the EC technique in the laboratory flume.

3.2 MATERIALS AND METHODS
3.2.1 Effect of temperature and light on Z. muelleri

3.2.1.1 Experimental design

Specimens of Zostera muelleri were collected by hand from shallow sub-tidal
seagrass beds at Cam Wharfs, Lake Macquarie, New South Wales (GPS location: -
33.125727, 151.613467) and maintained in an outdoor 500 L aquarium tank with
seawater from Sydney Harbour (changed weekly) for 3 months. Water temperature
at Lake Macquarie varies from 23-33°C (mean of 26.5°C) in summer to 12-29°C in
winter (York et al. 2013). Z. muelleri (250 shoots m™) were randomly placed in a
1000 L transparent racetrack flume (Figure 3.1a). For the temperature experiment,
the seagrass samples were treated under 21, 25, 28 and 31°C for 72 hours including
48 hours for acclimation. Light intensity was set at 400 pmol photons m™ s on a
12:12 h light:dark cycle (light on: 0900 h, light off: 2100 h). For the light intensity
experiment, new samples were randomly placed in the racetrack flume (Figure 3.1d

and 3.1h) as previous described in temperature experiment and treated under 150,
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250, 400, 600 pmol photons m™ s (12:12 h light:dark cycle; light on: 0900 h, light
off: 2100 h) under 25°C for 72 hours including 48 hours for acclimation. For both
single and combined temperature and light experiments, pH, salinity and turbidity
were set at 8.1, 33, 1.0 NTU, respectively. The water velocity in the racetrack flume
was set to 7 cm s™' using a Pulse Width Modulation (PWM) motor speed controller
(Figure 3.1f) connected to a trolling motor (Venom ETW34/26, Jarvis Marine
Watersnake, Australia; Figure 3.1g). Water temperature in each treatment was
controlled by a water heater-chiller (TC20; Teco S.l.r., Italy). Salinity and turbidity
was measured using Y SI multiprobe (6920 sonde and 650MDS; YSI, United States).
Light was produced by 2 x 400-Watts metal halide lamp (Venture® HIT
400W/U/EURO/4K, England). Light intensity was measured using an underwater

PAR sensor (Li-250A; Li-Cor, United States).
3.2.1.2 Eddy Correlation microelectrode system

Oxygen flux and oxygen production of seagrass from different temperature and light
intensities were investigated using the first generation of the Eddy Correlation
microelectrode system (ECE1; Unisense A/S, Denmark; Figure 3.1a, 3.1b, and 3.1¢).
This Eddy Correlation microelectrode system consists of an acoustic Doppler
velocimeter (ADV; Nortek AS, Denmark; Figure 3.1b, 3.1c, and 3.1d), which
measures three-dimensional velocity (X, Y and Z) and an oxygen microelectrode
(Unisense A/S, Denmark; Figure 3.1b, 3.1c, and 3.1d), which measures oxygen
concentrations at high resolution (t99<0.3s). The O, microelectrode was connected to
an amplifier (Unisense A/S, Denmark; Figure 3.1b) to increase O, signals. Both
velocity and O, concentration data were continuously logged into ECE1 datalogger

(Unisense A/S, Denmark; Figure 3.1b) at a high-speed sampling rate (64 Hz) in
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order to eliminate noisy data using data processing. The EC raw data were exported
to a computer and then converted to readable data using Eddy Conversion Software
(Unisense A/S, Denmark). After that the data were processed and calculated to O,
flux using scripts in MATLAB version 2009b (MathWorks, United States) and
EddyFlux software (Unisense A/S, Denmark). MATLAB scripts were used to
process the ECE1 raw data using different methods e.g., de-spiking and coordinate

rotation. After that, the scripts converted the processed raw data to oxygen flux.

Results from the scripts and EddyFlux software were then compared.

Figure 3.1: Eddy Correlation microelectrode system (ECE1) and experimental setup
devices a) Laboratory racetrack flume, b) ADV, microelectrode, and ECE datalogger
mounted on a frame, ¢) ADV and microelectrode on seagrass meadows, d) Power

supply, €) Motor speed controller, f) Trolling motor, g) Seagrass meadows.
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3.2.1.3 Eddy O, flux analysis technique

After the data were converted to readable data format, the raw time series data were
examined. If noisy vertical velocity data were found, the de-spike technique was
performed to remove high frequency fluctuation and spikes in the data (Goring and
Nikora 2002). In each 15 min burst, linear detrending, which forces the data mean to
zero and reduces overall variation in order to get a better picture of fluctuations in
the data, and an averaging window (running mean) was performed on both O,
concentration data and vertical velocity data redundant. Then, the 64 Hz raw time
series of O, concentration (C) and the corresponding time series of vertical velocity
(w) were converted to eddy O, flux every 15 min using Eq.1. Coordinate rotation
technique was performed if the ECE1 was not aligned to horizontal velocity (w # 0)
during the experiment. If the wvertical velocity did not correlate to the O,
concentration, the time lag technique was performed to correct the data. The
calculated O, flux using linear detrending and averaging window were then

compared.

To examine the fluctuation characteristics of vertical velocity and oxygen
concentration, spectral analysis of u, and C was performed using Fast-Fourier
transformation (FFT). Co-spectra analysis using FFT was used to analyse the O, flux
characteristic. These spectra and co-spectra analyses were used to examine the effect
of frequency response on vertical velocity, oxygen concentration, and oxygen flux

measurements in order to check the quality of the data.
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3.2.1.4 Chlorophyll a fluorescence

Steady state light curves (SSLCs) with 6 irradiance steps (18, 51, 174, 354, 686 and
1437 pumol photons m™ s™) were performed with a Diving-PAM fluorometer (Walz,
Effeltrich, Germany) connected to a 6 mm diameter fibre-optic sensor 24 hours after
incubation at each treatment (0900 h; Diving-PAM settings: measuring intensity <
0.15 pmol photons m™ s, saturating irradiance >4500 pmol photons m™ s,
saturating width = 0.8 s, gain = 10, damping = 1). The seagrass leaf was attached to
the transparent racetrack flume wall using a high powered magnet and the
measurement was done through the transparent wall to avoid changes in flow
velocity and direction. Photosystem II (PSII) photosynthetic efficiency was
investigated using maximum quantum yield (Fy/Fy) and effective quantum yield
(Y(II)). The level of photoinhibition (non-regulated heat dissipation yield (Y(NO))
and the capacity for photoprotection (non-photochemical quenching yield (Y(NPQ))
were determined through SSLCs (Kramer et al. 2004; n = 4). The sum of Y(II) +
Y(NO) + Y(NPQ) = 1 (Kramer et al. 2004). In addition, there were no relationship
between PAM measurement and EC flux; therefore, the PAM measurement was

unable to predict the photosynthesis irradiance curve or changes in O, concentration

generated from EC.

3.2.2 O, consumption in seagrass sediment

3.2.2.1 Experimental design

Sediment was collected by hand from a seagrass bed in Fagans Bay (Gosford, New
South Wales, Australia; GPS location: 33.435319, 151.324730, Figure 3.2) during
low tide, transported to the laboratory where it was sieved through a 3 mm mesh in

order to remove shells, rocks, and any macrofauna. Until further application, the
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sediment was stored in a container overlaid with aerated seawater at 18°C, pH 8.1,
salinity of 28. The sediment was placed in a designated, recessed container (4 cm
deep, 40 cm wide, and 90 cm long) in the bottom of a laboratory racetrack flume
(Figure 2.15), after which the flume was filled with approximately 1000 L of
continuously aerated seawater (Sydney Harbour), and the sediment was left to

acclimate for one week. Temperature, pH and salinity of seawater were maintained

at 18°C, 8.1 and 30, respectively.

Figure 3.2: Location map of Fagans Bay, Gosford, New South Wales. Australia.

Source: Google Earth.

The bare sediment was treated under two scenarios. First, in a variable water velocity
scenario, the sediment was exposed to three different velocity treatments (17, 34, and
51 cm s™'; low, medium and high flow, respectively). Each treatment was run for 12
h under constant temperature (18°C). Second, in a temperature scenario, the sediment
was exposed to temperatures of 18, 23, and 28°C. Each temperature was run for 12 h
under controlled flow velocity (17 ¢cm s”). The 24 h acclamation periods were

applied to the sediment before starting the experiments in order to stabilise the
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sediment-water interface. The water temperature and water velocity was controlled
as previously described. The salinity, temperature and dissolved O, were monitored
throughout the experiment with a multimeter (Multi 3430; WTW, Germany) at a

sampling frequency of 1 Hz.

An Eddy Correlation optode system (ECOS; Figure 3.4) was used to measure the O,
concentration and three dimensional water velocities at high resolution (64 Hz), for a
period of 24 hours in each treatment. In order to evaluate the validity of the
measured flux rate, at the end of each treatment, 9 O, microprofiles, covering the
entire sediment surface (3 x 3 arrays), were performed, from which the O, flux was

calculated (Figure 3.3).
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Figure 3.3: The sediment area was divided into 3 x 3 arrays in order to use the O,

microprofiling technique to measure O, fluxes. X indicates the measurement point.
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3.2.2.2 Eddy Correlation optode system

The first generation of the Eddy Correlation optode system (ECO1; Unisense A/S,
Denmark) used for this study consisted of an acoustic Doppler velocimeter (ADV;
Nortek A/S, Norway), an O, microoptode (PyroScience GmbH, Germany), and an
ECO1 datalogger (Unisense A/S, Denmark) onto which the velocity and oxygen
concentration data was recorded. The optode was located 15 cm from the ADV and 5
cm from the sediment surface (Figure 3.4). The ECO1 was programmed to collect

data at 64 Hz for 12 hours during each treatment.

R
R

15cm
— Flow direction
R
—

5cm

Sediment

Figure 3.4: The first generation of the Eddy Correlation optode was placed in the

laboratory racetrack flume.

The raw data from the ECO1 datalogger were imported into a computer, and
converted to readable data using dedicated Eddy Conversion Software (Unisense,
Denmark), after which the data was processed by a series of custom scripts
programmed in MATLAB (v. 2009b, MathWorks, United States) as well as the

EddyFlux GUI 2.6 software (Unisense A/S, Denmark). The custom scripts applied
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despiking and coordinate rotation techniques to eddy correlation time series data if

needed, and converted the data into eddy fluxes.

3.2.2.3 EC O; flux processing techniques

O, flux was calculated every 15 min period (burst) for 24 hours. The O, eddy flux for
each burst is defined as w'C’” where w' is the fluctuating vertical velocity away from
the mean and C' is the fluctuating concentration away from the mean (Berg et al.
2003). Time lag correction in each burst was performed if the time lag (which may
occurred due to sensor position) between vertical velocity and O, concentration was
found. Coordinate rotation was performed to force the mean vertical velocity to zero

(w = 0) to obtain the maximum horizontal velocity.

3.2.2.4 O, microprofiling

Microprofiling measurements of O, in the sediment were performed at the end of
each experiment using a Clark-type O, microelectrode (OX-100, Unisense A/S,
Denmark) connected to a microsensor multimeter (Unisense A/S, Denmark). The
microelectrode had an outer tip diameter of 100 um, a 90% response time of 8 s and
a stirring sensitivity of 1.5%. A linear calibration of the microelectrode was
performed at flume temperature in air-saturated seawater and O,-free seawater (made
anoxic by the addition of sodium dithionite). The O, microsensor was mounted on a
motorized micromanipulator (Unisense A/S, Denmark). The electrode was connected
to a multimeter (pico-ampmeter), which in turn was connected to a computer running
the Sensor Trace Pro software (Unisense A/S, Denmark). To cover the entire area of
the sediment surface (Figure 3.3), a total of nine O, concentration profiles were

measured for velocity and temperature treatment. The profiles were started
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approximately 10 mm above the sediment and the profiles were carried out in 100
um steps towards and approximately 30 mm into the surface of the sediment. The
sediment-water interface was identified from the profile as the depth where the
profile first deviated from a straight line (below the boundary layer). This point of

the profile was set to 0 um on all figures.

The local diffusive O, flux (J; umol O, m> d'l), that is, the O, uptake rate, was
calculated from the measured steady-state O, concentration profiles via Fick’s first
law (Revsbech et al. 1980): J = -Dy(dC/dz) where Dy is the molecular diffusion
coefficient in seawater at a defined experimental salinity and temperature, and dC/dz
is the linear slope of the O, concentration profile in the diffusive boundary layer

(DBL) above the seagrass sediment surface.
3.2.3 Statistical analyses

For any significant differences among treatments and irradiance steps in chlorophyll
fluorescence parameters (Fy/Fy, Y(II), Y(NO), and Y(NPQ)) and among techniques
(EC and O; microprofiling) and flow and temperature treatments in O, flux, a two-
way ANOVA test was used (SPSS IBM, United States) with a significance level of
95%. Tukey’s Honestly Significant Difference post hoc tests were used to determine
the statistically distinct groups. Data were transformed using log;o or square root (if
the data did not meet the assumptions of normality (Kolmogorov-Smirnov test)) and
equal variance (Levene’s test). The normality and homogeneity of variance tests

were performed using the Kolmogorov-Smirnov test and Levene’s test.
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3.3 RESULTS

3.3.1 Effect of temperature and light on Z. muelleri

Average oxygen flux was greatest at 25°C and was lowest at 21°C under ambient
light conditions (400 pmol photon m™ s™). Oxygen flux was negative in darkness
due to respiration of both the seagrass and sediment microbial consortia (Figure
3.5a). Oxygen production was highest at 28 and 31°C (Figure 3.5b); however when
the light was turned off, oxygen production rapidly decreased, suggesting that post-
illumination enhanced respiration (PIER) occurred, resulting in the substantial
removal of oxygen and a rapid switch in microbial activity in the surface layer from
aerobic to anaerobic condition (Figure 3.5a, 3.5b, and 3.5c). Moreover, Figure 3.5a
showed that the positive fluxes occurred while the bulk oxygen concentration was
decreased. This may either reflet low flow in the non-mixing O, in water column or
an effect of the air-water gas exchange. Moreover, Figure 3.5b also showed that the
bulk oxygen concentration began decline around 18:30, about 2 h before the
transition to darkness at 20:30. This sugests that photoinhibition occurred after 18:30

(Ralph et al. 1998).

Light intensity had little effect on the oxygen flux (Figure 3.6a), while oxygen
production was greatest at the 250 umol photons m™~s™ treatment (Figure 3.6b). The
lowest oxygen production and the highest respiration were observed at the 150 pmol
photons m? s™ treatment. PIER was found in all light treatments; however, levels of

PIER accumulated with increasing light intensity.
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Figure 3.5: Effects of temperature on oxygen fluxes (a) and oxygen concentration (b)

of Z. muelleri under light and dark conditions (c).
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Figure 3.7 The Photosynthesis — Irradiance curve (P-I curve) generated from O, flux

vs Irradiance data in Figure 3.6

Figure 3.7 showed that increasing the irradiance led to an increase in net
photoshynthesis. However, this P-1 pattern was unable to indicate the EC system
reliability as there was no relationship between the P-I curve generated from EC O,

flux and the P-I curve generated from PAM measurement.
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Steady state light curves showed no significant difference in maximum quantum
yield of PSII (Fy/Fum) between temperature treatments (p = 0.160; Figure 3.8a).
Effective quantum yield (Y(II)) was significantly greater at 25°C than at other
temperatures (p <0.001; Figure 3.8b) and Y(II) significantly decreased with
increasing actinic light intensity (p < 0.001; Figure 3.8b). Non-regulated heat
dissipation yield (Y(NO)) was significantly higher at 28 and 31°C (p < 0.001; Figure
3.8c). Non-photochemical quenching yield (Y(NPQ)) was highest at 25°C (p <
0.001; Figure 3.7d) and accumulated with increasing actinic light intensity in all

temperature treatments (p < 0.001; Figure 3.8d).

There was no significant difference in Fy/Fy among light treatments (p = 0.171;
Figure 3.9a). Y(II) was significantly higher at 150 and 250 pumol photons m? s’
treatments (p < 0.001; Figure 3.9b). Y(NO) was greatest in 400 and 600 pmol
photons m? s treatments (p =0.003; Figure 3.9c). There was no significant
difference in Y(NPQ) between light treatments (p = 0.172; Figure 3.9d), whereas
Y(NPQ) increased with increasing PAR in all light treatments (p < 0.001; Figure

3.9d).

114



0.5

Maximum quantum yield (F\/F,,)

0.0 -

1.0

0.9

0.8

0.7

0.6

Non-regulated heat dissipation yield (Y[NO])

0.4 1

0.3 14

0.2 1

0.1 1

Effective quantum yield (Y[II])

21 25 28 31

Temperature (°C)

0.5 -+

c)

%

Non-photochemical quenching yield (Y[NPQ])

200 400 600 800 1000 1200 1400 1600

PAR (umol photons m? s™)

0.5

0.4 1

0.3 4

0.2 |

0.1 1

0.0

0.5

0.4 1

0.3 4

0.2 |

0.1 1

0.0 -

—8— 21°C
—O0— 25°C
—v— 28°C
—A— 31°C

v

0 200 400 600 800 1000 1200 1400 1600

PAR (umol photons m? s™)

200 400 600 800 1000 1200 1400 1600

PAR (umol photons m? s™)

Figure 3.8: Seagrass health results according to temperature treatment; a) Maximum

quantum yield (Fy/Fu), b) Effective quantum yield (Y(II)), ¢) Non-regulated heat

dissipation yield (Y(NO)), and d) Non-photochemical quenching yield (Y(NPQ)).

Data represent mean + SE (n =4).

115



1.0 1.0

- a) b)
o = —@— 150 pmol photon m? s™
w08 a s 08 —0— 250 umol photon m? s™'
3 3 —¥— 400 pmol photon m? s™
; 0.6 - a ; 0.6 —A— 600 pmol photon m? s
2 a a 2
g g
3 04] 3
£ 2
g 3
% 0.2 2
3 ]
=
A
0.0 - 0.0 + T T : " : - . S
150 250 400 600 0 200 400 600 800 1000 1200 1400 1600
Light intensity (umol photons m? s'1) 8 PAR (umol photons m? s'1)
~ a
5 z
% 1.0 E 1.0
S S
o K]
3 os > 081
> 2
S 5
_;c:g 0.6 § 0.6 1
73 o
2 =
©
% 04 € 04
2 2
3 I )i 8
T 02 S 021
> o
[} =
T o
é 0.0 4 . . . . . . . Z 00+ . . . . . . .
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
PAR (umol photons m? s™) PAR (umol photons m?2 s™)

Figure 3.9: Seagrass health results according to light treatment; a) Maximum
quantum yield (Fy/Fu), b) Effective quantum yield (Y (II)), ¢) Non-regulated heat
dissipation yield (Y(NO)), and d) Non-photochemical quenching yield (Y (NPQ)).

Data represent mean + SE (n =4). * represent significant difference.
3.3.2 O, consumption in seagrass sediment

The results from Eddy Correlation optode system (ECO1) showed that there was
sediment O, consumption as shown by negative flux, and sediment respiration was
greater than sediment production during the experimental period in darkness in both
flow and temperature treatments (Figure 3.10 and 3.13). In different flow velocity
treatments, sediment O, consumption measured hourly from the first generation of
the Eddy Correlation optode system (ECO1) was highest at 51 cm s™', while the

lowest of sediment O, consumption was found at 17 cm s (Figure 3.10). Sediment
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O, consumption for each hour was significantly higher at high flow than medium
and low flow (p <0.01; Figure 3.10). There were no significant differences in
sediment O, flux between hours of measurement at each flow treatment (p = 0.155;

Figure 3.10).
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Figure 3.10: Sediment O, flux in darkness measured hourly using the first generation
of the Eddy Correlation optode system (ECO1) at low (17 cm s1), medium (34 cm
s') and high flow (50 cm s1) from 21:00 to 09:00 under constant temperature
(18°C). Data represent mean + SE (n = 4). *represent significant differences

(p < 0.05).

0, profiles from O, microprofiling system in sediment at 17, 34 and 51 cm s
showed a significant decrease in O, concentration from 210.6 £ 7.7, 206.0 = 7.2 and
215.0 + 1.7 mmol m™ d’!' at 1000 mm above the sediment surface to 0.1 + 00,14+

4.0 and -1.3 + 1.7 at 3400 mm below sediment surface, respectively (Figure 3.11).
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Average sediment O, consumption from 12 hour measurement using ECO1 and O,
microprofiling system was significantly greatest at 51 cm s, followed by 34 and 17
cm s™, respectively (p < 0.001 and p < 0.001, respectively, Figure 3.12). There were
no significant differences in sediment O, flux between the ECO1 and O,

microprofiling system measurements at each flow velocity (p = 0.693; Figure 3.12).
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Figure 3.11: O, profiles at flow velocity of 17, 34 and 51 cm s” and water

temperature at 18°C. Data represent mean + SD (n = 9).
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Figure 3.12: The comparison of average sediment O, flux from 17, 34 and 51 cm s™
flow treatment measured in darkness using the first generation of Eddy Correlation
optode (ECO1) system and O, microprofiling system over a 12 hour period. Data

a, b, c

represent mean + SE (n =12). represent significant differences (p < 0.05; two-

way ANOVA).

In the variable temperature scenario, sediment O, consumption was measured hourly
using the first generation of the Eddy Correlation optode system (ECO1) and was
significantly higher at 28°C than that at 23°C and 18°C (p < 0.001; Figure 3.12).
There were no significant differences in sediment O, flux between hours of

measurement at each temperature treatment (p = 0.068; Figure 3.13).
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Figure 3.13: The sediment O, flux in darkness measured hourly using the first
generation of Eddy Correlation optode system (ECO1) from 21:00 to 09:00 at 18, 23
and 28°C under constant flow velocity. Data represent mean + SE (n =4). " represent

significant differences (p < 0.05).

O, profiles from the O, microprofiling system in sediment at 18, 23 and 28°C
showed a significant decrease in O, concentration from 214.8 + 3.5, 214 + 2.0 and
214.9 + 2.5 mmol m™ d”' above 1400 mm over sediment surface to 0.0 + 0.0, -1.7 £
0.3 and -1.5 £ 0.1 at 3500 mm depth of sediment, respectively (Figure 3.14).
Average sediment O, consumption from 12 hour measurement using ECO1 was
significantly greater at 23 and 28°C than that at 18°C, respectively (p < 0.001; Figure
3.14), while the O, consumption from the O, microprofiling system was significantly
greater at 28°C than that at 18 and 23°C (p < 0.001; Figure 3.15). There were no

significant differences in sediment O, flux between ECO1 and O, microprofiling
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system measurement at all temperature treatments (p = 0.991), except at 18°C (p <

0.001; Figure 3.15).
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Figure 3.14: O, profiles at temperatures of 18, 23 and 28°C and flow velocity of 17

cm s™. Data represent mean + SD (n =9).
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Figure 3.15: Comparison of average sediment O, flux in 18, 23 and 28°C
temperature treatment measured in darkness using the first generation of Eddy
Correlation optode (ECOI1) system over a 12 hour period and O, microprofiling

a, b, c

system. Data represent mean + SE (n = 12). represent significant differences (p

<0.05; two-way ANOVA).

3.4 DISCUSSION

To our knowledge, this is first investigation on the effect of light and temperature
using the Eddy Correlation technique in combination with chlorophyll a fluorescence
in a controlled environment. This study showed, for the first time, a comparison of
sediment O, flux measurements within a laboratory flume between the Eddy
Correlation technique and O, microprofiling technique in order to demonstrate the

reliability and limitations of the Eddy Correlation system, particularly using the first
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generation of the Eddy Correlation optode system (ECO1). This study demonstrated
that photosynthesis of Z. muelleri from Lake Macquarie is driven by light
availability and temperature, and that oxygen flux and oxygen production could be
monitored using the Eddy Correlation microelectrode system. It also demonstrated
that the rate of O, consumption of sediment collected from Fagans Bay is driven by
flow velocity and temperature. This study additionally proved that the sediment O,

flux measured by ECO1 and O, microprofiling showed similar results.

3.4.1 Effect of temperature and light on Z. muelleri

Temperature and light availability are known to affect seagrass photosynthesis,
abundance, growth rate, reproduction and survival of seagrasses (Short and Neckles
1999; Ralph and Gademann 2005; Moore and Short 2006). In addition, thermal
tolerance and optimal temperature and light range for photosynthesis, respiration and
growth vary among different species (Short and Neckle 1999). Chl a fluorescence
results have shown that photosynthetic efficiency (Y(II)) of Z. muelleri increased
with accumulating temperature to 25°C and gradually decreased at 28 and 31°C,
suggesting that 25°C might be an optimal temperature for photosynthesis for this
species from Lake Macquarie. Y(NO) was highest at 28 and 31°C indicating
photoinhibition occurred (Campbell et al. 2006), while Y(NPQ) was highest at 25°C
which may indicate increased photoprotection at this temperature. These results are
generally consistent with other studies that show damage to seagrass photosynthetic
efficiency under higher temperature (Ralph 1998; Campbell et al. 2006; York et al.
2013). Increased temperature is likely to damage PSII reaction centres, possibly by
injuring the D1 protein and disrupting the thylakoid membrane stability

(Allakhverdiev et al. 2008). The closure of PSII reaction centres also leads to
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chloroplast dysfunction (Campbell et al. 2006). Previous studies on Z. muelleri from
Lake Macquarie showed that long-term increases in temperature (42 days at 32°C)
led to mortality and suggest that thermal threshold for Lake Macquarie seagrass

survival is between 30 and 32°C (York et al. 2013).

Light generally influences photosynthesis by increasing rates of photosynthesis with
increasing light until reaching saturation point (Hemminga 1998). This study,
however, showed that irradiance at 150 and 250 pmol photons m™ s’ may be
optimum for Z. muelleri from Lake Macquarie as indicated by the highest Y(II) and
lowest Y(NO) at this irradiance. Increase Y(NO) at 400 and 600 pmol photons m?s!
treatments indicates that photoinhibition and the down-regulation of photosynthesis
occurred at higher irradiance (Hanelt et al. 1993), possibly due to structural change
and damage to D1 proteins in the reaction centre of PSII (Aro et al. 1993; Marin-
Guirao et al. 2013). This result is consistent with the other studies that show a
decrease in photosynthetic efficiency and an increase in photoinhibition at higher
irradiance (Ralph 1999). There were no significant changes in Fy/Fy over
temperature and light treatments, while significant differences in Y(II) were found.
This may be due to the reduced sensitivity to high-light or high-temperature stress of

Fyv/Fu (Ralph 1999).

This study showed the effect of temperature and light individually; however, it is
suggested that optimal temperature for photosynthesis varies with irradiance due to
the need to maintain positive carbon balance, which means seagrasses at higher
temperatures need more light for photosynthesis or more time at photosynthesis-
saturating irradiances than seagrasses at lower temperatures. Therefore,

photosynthesis in seagrass is more efficient in low light and high temperature
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conditions (Masini et al. 1995; Lee et al. 2007; Collier et al. 2011). On the other
hand, seagrasses living in higher light intensities that induce photoinhibition may be
less tolerant to higher temperatures due to thermal stress (Ralph 1999). Therefore,
further investigation on the combined effect of light and temperature on seagrass

photosynthesis should be considered.

3.4.2 Limitations and reliability of ECE

In seagrass meadows, positive fluxes, which occurred when the oxygen production is
greater than respiration due to photosynthetic activity, were expected to occur during
daylight conditions, whilst negative fluxes, where the respiration is greater than
production, appear during darkness (Hume et al. 2011; Long et al. 2013; Rheuban et
al. 2014) and oxygen metabolism is slower at night than during the day (Kemp et al.
1987). Previous studies showed that increased water temperature leads to an increase
in photosynthesis (until optimum temperature) and respiration in seagrasses
(Bulthuis 1983; Marsh et al. 1986; Perez and Romero 1992; Masini and Manning
1997; Moore et al. 1997). Other studies on Z. noltii and P. oceanica showed that
rising temperature over optimum temperature led to a reduction in photosynthetic
capacity (Massa et al. 2009; Marba and Duarte 2010). Generally, respiration rates
increase more than photosynthesis rates at progressively higher temperatures, thus
leading to a reduction in net photosynthesis (Lee et al. 2007). Therefore,
photosynthesis and oxygen flux would be highest at the optimum temperature and
irradiance. In addition, the down-regulation of photosynthesis and photoinhibition
under high temperature and light can be reflected in oxygen evolution (Héader et
al.1996). Our results from Chl a fluorescence showed that the optimal temperature

and irradiance for photosynthesis for Z. muelleri from Lake Macquarie are 25°C and
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150-250 pmol photons m™ s, respectively. Therefore, the oxygen flux and oxygen
concentration results from the Eddy Correlation technique would be consistent with

Chl a fluorescence results (Francklin and Badger 2001; Longstaff et al. 2002).

This study, however, showed random fluctuation of the oxygen fluxes during light
and dark conditions in both temperature and light treatments (Figure 3.5a and 3.6a),
and the results were not consistent with other studies (Marsh et al. 1986; Bulthuis
1987; Perez and Romero 1992; Lee et al. 2007; Massa et al. 2009; Marba and Duarte
2010; Hume et al. 2011). These events may be caused by the small size of the
laboratory racetrack flume footprint (Berg et al. 2007) along with the density of the
seagrass patch. The negative fluxes which occurred during light conditions may be a
reflection of the poor seagrass health during the experiment where the Fy/Fy was 0.2
instead of 0.7 for the healthy seagrass (Figure 3.8a). The positive flux, which
occurred during darkness, may be caused by the electrical noises which can
contaminate the oxygen sensor measurements (McGinnis et al. 2011). Although all
of electrical equipment of ECE1 was grounded in order to reduce background
electrical noises which may alter eddy flux measurements, the electrical noise could
randomly occur during the experiment and was not possible to remove due to the
nearby electrical equipment. Also, it will be difficult to assess whether the noise
events occurs over very short period of time. In addition, low mean flow (7 cm™)
used in this study may lead to low turbulence in the laboratory racetrack flume. Low
turbulence, when oxygen is unable to mix well into the bulk water, may lead to
inaccurate oxygen flux measurements (Burba 2013). Furthermore, during
experiments, there were nearby construction sites (2012-2014) which lead to

significant vibrations impacting the oxygen microelectrode. These vibrations may
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alter the oxygen measurement measured by the oxygen microelectrode, because the

oxygen microelectrode is very sensitive (Karande 2007).

3.4.3 Flow and temperature influences on sediment O, uptake

Flow velocity and temperature are known to play an important role in sediment O,
uptake (Hargrave 1969; Jorgensen and Revsbech 1985; Arnosti et al. 1998; Berg et
al. 2003). Flow velocity has an effect on the thickness of diffusive boundary layers
(DBL), and therefore affects the rate of sediment O, uptake (Jorgensen and
Revsbech 1985; Jorgensen and Marais 1990). The O, profiles from microprofiling
clearly showed that increases in flow velocity reduced the DBL thickness as shown
by an increase in O, flux (negative flux; Figure 3.11 and 3.12) which is, in turn, due
to the fact that the thickness of DBL depends on the flow velocity of fluid and
surface roughness (Jorgensen and Marais 1990). Therefore, sediment O, uptake
measured by the O, microprofiling system had the highest consumption rate at
highest flow, as well as sediment O, uptake as measured by the ECO1 (Figure 3.12).
This study is consistent with a previous study on the O, flux in deep ocean sediment

that showed net consumption at increasing depths (Berg et al. 2009)

Temperature also plays an importance role in O, uptake of sediment (Hargrave 1969;
Liang et al. 2003). Higher temperature leads to not only increased microbial
metabolism in sediment, but also increases the population dynamics (e.g.,
composition and density) of microbes (Liang et al. 2003). Measurements using the
ECO1 and O, microprofiling systems showed that the O, uptake (negative flux)
increased when increasing temperature from 18°C to 23 and 28°C, resulting in

higher sediment O, uptake (Figure 3.15). This result is consistent with previous
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studies showing that temperature influences O, uptake in sediment (Iannotti et al.

1993; Liang et al. 2003).

This study also showed that flow had more of an effect on O, flux than temperature.
A previous study showed that the microbial activity rapidly increased after 50 hours
of incubation at 22°C (Liang et al. 2003). This may explain the non-significant
difference in sediment O, consumption between 23 and 28°C in this experiment
which were incubated for only 36 hours. Longer incubation periods (>50 hours) in
this experiment may show significant differences in O, consumption between 23 and

28°C due to an increase in the microbial population dynamics.

3.4.4 Comparison of sediment O, uptake measurement using ECO1 and O,

microprofiling system

At medium and high flow conditions, the sediment O, uptake measured by ECOI
and O, microprofiling were not significantly different (Figure 3.12), indicating that
the O, was well-mixed (Berg et al. 2003; Burba 2013). The well-mixed O, in the
water column allow ECO1 to be able to capture all gas flux. However at 18°C and 17
cm s treatment (low flow, low temperature) and temperature scenario (18, 23, 28°C
at 17 cm s treatment), the average O, flux between ECOl and microprofiling
systems was significantly different (Figure 3.15). This may indicate that the ECO1
which measured the O; using eddy turbulence (advection) provided an under-
estimation of O, at low flow velocity due to poor-mixing, indicating that there was
low turbulence during deployment (Berg et al. 2003; Burba 2013). This demonstrates
the limitation of ECO1 in capturing small fluxes at low flow (< 50 mmol m? d;
Berg et al. 2003; Berg et al. 2009). Our results in this controlled environment support

field-studies that found no significant differences in O, flux measurement among EC
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system, benthic chamber and microprofiler in deep-sea sediment (Berg et al. 2009).

However, the EC system focuses on flux measurements at a community level, while

the benthic chamber and microprofiler systems represent the flux over smaller areas

(Berg et al. 2003; Berg et al. 2009).

3.5 CONCLUSION

3.5.1

3.5.2

353

3.5.4

3.5.5

Temperature and light have an effect on photosynthetic efficiency,
photoinhibition and capacity for photoprotection in Z. mulleri which is
consistent with the findings from Ralph 1998; Campbell et al. 2006 and York
et al. 2013. Optimal temperature and light for photosynthesis for this
temperate seagrass is 25°C and 150-250 pmol photons m™s™, respectively.
Flow velocity and temperature have an important role on sediment O, flux.
The eddy correlation microelectrode system (ECE) has a potential to quantify
oxygen flux and oxygen production in seagrass meadows at different light
and temperature conditions within a controlled-flow environment. However,
this EC system is unreliable as there were random fluctuations of the oxygen
fluxes during light and dark conditions in both temperature and light
treatments, resulting in inconsistent with Chl a fluorescence data due to the
fact that the EC O, flux measurements were affected by electrical noise, low
flow velocity and the sensitivity of microelectrode.

This study demonstrates that the ECO1 may have limited sensitivity when
deployed in low flow environments (<17 cm s”) which might result in
unreliable flux estimates results.

The accuracy and precision of ECE depends on both the prevailing flow

conditions and surrounding environment (e.g., electrical instrumentation),
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while the accuracy and precision of ECO depends only on flow condition.
Data processing and data interpretation for ECE and ECO are similar and
both systems are unable to have a replication. Even though ECE has more
sensitivity than ECO (lower sensor response time) and higher sensor
resolution (64 Hz for ECE and 16 Hz for ECO), the ECO provides more
robustness over ECE which will allow ECO to be used in more extreme

environments with greater ease of use.
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CHAPTER 4:

FIELD VALIDATION OF OXYGEN FLUX MEASUREMENTS USING ECE
AND ECO IN THE TWEED RIVER, MORETON BAY AND

HERON ISLAND
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4. FIELD VALIDATION OF OXYGEN FLUX MEASUREMENTS USING
ECE AND ECO IN THE TWEED RIVER, MORETON BAY AND

HERON ISLAND
4.1 INTRODUCTION

The eddy correlation technique relies on simultaneously measuring the fluctuating
vertical velocity of water and corresponding fluctuating oxygen concentration in the
water column above the seafloor (5-30 cm) at a high temporal resolution (>2 Hz).
From these data, the dissolved oxygen (DO) flux between a benthic community and
the overlying water can be estimated (Berg et al. 2003). While eddy correlation
systems are more expensive and are also technically more challenging to use than
traditional flux methods, they do have several significant advantages (Kuwae et al
2006). Measurements can be made over vegetated (Hume et al. 2011) or permeable
sediments (Reimers et al. 2012), as well as over hard surfaces (Glud et al. 2010) such
as coral reefs (Long et al. 2013) or even mussel beds under in situ conditions where
there is no disturbance to the natural light and hydrodynamic conditions. Further, the
“footprint’’ (the area of the sediment surface that contributes to the flux) covers a
relatively large area (typically >100 m?) and more realistically integrates spatial
heterogeneity inherent in benthic ecosystems than the replications from in situ
chamber or core incubations (Berg et al. 2007). The high temporal resolution of the
EC measurements allows us to capture short-term variations in benthic fluxes that
are usually triggered by rapid variations in light and/or changing local hydrodynamic

forcing (Berg and Huettel 2008).

Boundary layer microsensor techniques have been applied to the estimation of O,

flux measurement at micro-scale in order to investigate O, changes in the diffusive

132



boundary layer (DBL) (Silva et al. 2009). The results of O, flux measurements are
usually represented as the flux across sediment-water interface (SWI) in very small
areas (Silva et al. 2009). This technique has very high resolution and accuracy, and
can be used to measure the O, flux in a very small area (< 10 cm?). However, this
flux cannot be extrapolated to represent larger areas (Berg et al. 2009; Silva et al.

2009).

In this chapter, the investigations of O, fluxes in marine habitats have been
performed using an Eddy Correation system. The results of O, flux measurements in
the Tweed River (New South Wales), Moreton Bay (Queensland), and Heron Island
(Queensland) are presented. This study will cover the application of EC in an
estuarine and open water environment comprising seagrass beds, bare sediment and
benthic microalgae. The eddy correlation and microsensor techniques are used to
evaluate the O, flux of marine and estuarine benthic organisms such as seagrass,
benthic microalgae, and microbes and validate the reliability of eddy correlation

techniques when using in the field.

4.2 MATERIALS AND METHODS

4.2.1 Study Sites

Tweed River

The first generation of the Eddy Correlation microelectrode system (ECE1; Unisense
A/S, Denmark) was deployed in the Tweed River, Coolangatta, New South Wales
from 28 February 2011 — 4 March 2011 in order to investigate the O, flux in seagrass
beds located in an estuarine environment. The ECE1 was deployed at 2 study sites

comprised of seagrass patches at approximately 5 m x 20 m (TWDI1, GPS location: -
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28.191867°, 155.529917°) and 5 m x 60 m (TWD2, GPS location: -28.191117°,

153.522317°) (Figure 4.1, 4.2, and 4.3; Table 4.1).

Figure 4.1: Location map of deployment sites in the Tweed River, Coolangatta, New

South Wales.

Table 4.1: Summary of location, instruments, site name, GPS location and date of

deployment.

Location Instrument Site name GPS Date
Tweed River, ECEI TWDI1 -28.191867°, 28 February —
NSW 155.529917° 4 March 2011
Tweed River, ECEIl TWD2 -28.191117°, 28 February —
NSW 153.522317° 4 March 2011
Moreton Bay, ECE2, MP4 MB48 -27.166615°, 21 October
QLD 153.09881° 2012

13 February

2013
Moreton Bay, ECE2, MP4 MB27 -27.22810333°, 22 October
QLD 153.1854433° 2012
Moreton Bay, ECE2, MP4 MBSG9 -27.1931 °, 12 February
QLD 153.076 ° 2013
Moreton Bay, ECOI1 DWN -27.45824444°, May 2013
QLD 153.4001333
Heron Island, ECOI1 BMA -23.6988889°, 9 — 14 April,
QLD 152.1436111° 2013
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Figure 4.2: The first generation of the Eddy Correlation microelectrode system

(ECEL,; left) and the ECE1 during deployment in the Tweed River (right).

Figure 4.3: The deployment of the first generation of the Eddy Correlation

microelectrode system (ECE1) in Tweed River seagrass beds.
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Moreton Bay

The 2011 Queensland floods were caused by strong La Nifia conditions combined
with an uncharacteristically heavy monsoon period during late 2010 and early 2011.
These conditions resulted in record rainfall throughout Queensland. In 2013, floods
were caused by ex-tropical Cyclone Oswald and an associated monsoon trough
passed over parts of southern Queensland and northern New South Wales, causing
widespread damage including severe storms and flooding All of these events led to
large volumes of sediment-laden freshwater being released into Moreton Bay

(Queensland).

The second generation of the Eddy Correlation microelectrode system (ECE2;
Unisense A/S, Denmark; Figure 4.5) and the MiniProfiler MP4 system (Unisense
A/S, Denmark; Figure 4.8) were deployed in October 2012 and February 2013 in
order to quantify benthic O, flux in Moreton Bay. The MP4 system was deployed to
investigate O, flux in sediment at MB48 (GPS location: -27.166615°, 153.09881°;
Figure 4.4) on 21* October 2012 and at MB27 (GPS location: -27.22810333°,
153.1854433° Figure 4.4) on 22™ October 2012. The MP4 system was also
deployed in seagrass beds (MBSG9Y location: -27.1931 °, 153.076 °; Figure 4.4) on
12™ Febuary 2013. The ECE2 was deployed at MB48 on 21* October 2012 and at
MBSG9 on 13" February 2013. In May 2013, two deployments of the first
generation of the Eddy Correlation system (ECE1) were performed in seagrass beds

at DWN (GPS location: -27.45824444°, 153.4001333; Figure 4.4; Table 4.1).
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Figure 4.5: The second generation of the Eddy Correlation microelectrode system

(ECE2) in Moreton Bay.
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Heron Island

The study of O, flux in an open water ecosystem was conducted in Heron Island,
Queensland (Figure 4.6; Table 7.1) in order to investigate oxygen dynamics in Heron
Island lagoon. The first generation of the Eddy Correlation optode system (ECOI;
Unisense A/S, Denmark; Figure 4.7) was deployed over benthic microalgac (BMA)
in Heron Island lagoon (GPS location: -23.6988889° 152.1436111°). The water
depth in the lagoon was approximately 4 meters. Three deployments occurred during

the period 9™ — 14™ April, 2013.

(_100816 earth

Figure 4.6: Location of deployment sites in Heron Island, Queensland.
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Figure 4.7: The first generation of the Eddy Correlation optode system (ECO1) was

deployed over benthic microalgae on Heron Island lagoon.

4.2.2 Eddy Correlation O; flux measurements in the Tweed River, Moreton

Bay, and Heron Island

The first generation of the Eddy Correlation microelectrode system (ECE1; Figure
7.2) included an acoustic Doppler velocimeter (ADV; Nortek A/S, Norway)
modified to interface with a Clark-type oxygen microelectrode (Unisense A/S,
Denmark) through a custom-built pico-amplifier (Max Planck Institute for Marine
Microbiology, Germany). The custom-built pico-amplifier was replaced with a
Unisense O, amplifier in the second generation of the Eddy Correlation
microelectrode system (ECE2; Figure 4.5) in order to reduce noisy data during
measurement. In the first generation of the Eddy Correlation optode system (ECO1;
Figure 7.7), the microelectrode and its amplifier were replaced with an optode
system (PyroScience GmbH, Germany) in order to make the ECO1 more robust.
These sensors were mounted on a frame with the ADV aligned vertically facing the
sediment surface and the microelectrode or optode positioned at an approximately

45° angle to the vertical axis of the ADV’s, with a ~ 1 cm’® measuring volume.
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In the Tweed River, this measuring volume was ~ 25 cm above the sediment surface
of the seagrass site. This was above the maximum canopy height of ~ 20 cm under
low current conditons. Measurements were made at intervals consisting of 64 Hz
data recordings for 14.5 min followed by a 0.5-min ‘‘sleep’ period (standard
protocol from manufacturer). In addition to these high-speed recordings of the three
velocity components (two horizontal and one vertical) and O, concentration, the
ADYV also records temperature, water depth, and the measuring volume’s position
above sediment surface with a coarser temporal resolution. The duration of each
deployment was approximately 18 h. Ambient DO and turbidity were determined
with a handheld water quality meter (YSI Sonde 6600 V2, YSI Inc, USA). The
microelectrode of YSI Sonde was calibrated at the beginning and the end of each
deployment. Water surface and underwater irradiance at two depths (PAR) were
measured using a 27 quantum sensor (LI-COR Biosciences, USA) measuring every
5 s. In total, three deployments were made from February 28", 2011 to March 4™,
2011 at the Tweed River sites. Two deployments were performed at TWD1 and
another one was performed at TWD2 (Figure 4.1). The water depth was
approximately 2 m during deployment. The eddy correlation system was always

deployed and recovered during low tide

In Moreton Bay, the second generation of the Eddy Correlation microelectrode
system (ECE2; Figure 4.5) was deployed at site MB48. The measuring volume was
30 cm above sediment surface. Two deployments were performed at 64 Hz for 24 h
per deployment, from 20" 22™ October 2012. In each deployment, the ECE1 was
deployed along with meteorological instruments including PAR sensors (Odyssey,

New Zealand). In addition, the first generation of the Eddy Correlation optode
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system (ECO1) was deployed along with a weather station including PAR sensors
(Odyssey, New Zealand) in Moreton Bay seagrass beds (Site DWN, Figure 4.4). The
measuring height was 15 cm above the seagrass canopy. Two 24 h deployments were

made from 8 — 10™ May, 2013.

In Heron Island lagoon, the three deployments of the first generation of the Eddy
Correlation optode system (ECO1) were performed at BMA site (Figure 6). In each
deployment, the measurements were made continuously at 64 Hz for 24 h, and the
ECO1 was deployed along with a weather station including Odyssey PAR recorders
(Odyssey, New Zealand) and a dissolved oxygen and temperature logger (miniDot;
PME, Canada) as a reference optode. The measuring height was 40 cm above lagoon

floor.

During field deployments in Tweed River, Moreton Bay and Heron Island, the EC
was deployed in the middle of a large patch of selected habitats (e.g. seagrass,
benthic microalgae and bethic sediment) in order to eliminate interference of other

habitats due to flow changes.

Data Processing

The raw oxygen and velocity data were converted into readable data using data
conversion software (Unisense A/S, Denmark). The flux processing and calculation
were performed using MATLAB scripts written by this PhD candidate in
conjunction with EddyFlux software (Unisense A/S, Denmark). The coordinate
rotation routine was applied to the data, if the mean of vertical velocity (7,) was not
close to zero. Time lag adjustment was applied, if the position of the oxygen sensor

was not in the measurement volume. Both coordinate rotation and time lag
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adjustment was applied in order to obtain the maximum data resolution from the flux

measurements.

4.2.3 Estimation of seagrass health in Tweed River

Morphometrics of seagrass site

Four key morphometric measurements were made at each study site: shoot density,
percentage cover of seagrass, seagrass canopy height and above-ground and below-
ground biomass. To monitor shoot density (number of plant per m?) and percentage
cover (%) of seagrasses at TWD1 and TWD2, a line transect of 20 m was placed at
each site. The shoot density (shoot m™) of Z. capricorni and the percentage cover of
Z. capricorni and H. ovalis (%) were determined in 11 quadrats (10 x 10 cm and 25
x 25 cm, respectively) placed along the transect line at 2 m interval. Canopy heights
(cm) were investigated using a tape measure placed from base to tip of the plants (n
= 3 per quadrate). Epiphyte percentage leaf cover (%) was determined in plants
collected from each quadrant along the transect (n = 11) using image processing
(Image J). Ten Z. capricorni plants were randomly collected for the analyses of
above-ground and below-ground biomass (g dry weight), length (cm), width (mm)

and area (cm®) of leaf.

Underwater light climate

Downwelling Photosynthetically Active Radiation (PAR) was determined at each
seagrass site using an underwater quantum sensor (LI-COR LI192SA) attached to a

lowering frame and a photometer (LI-1400).
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Effective quantum yield of seagrass health

Chlorophyll a fluorescence measurements were conducted using a Pulse Amplitude
Modulated fluorometer (Diving-PAM; Walz GmbH, Effeltrich, Germany). Rapid
light curves (RLCs) were measured using the in-built software routine utilising nine
incrementing actinic illumination steps (0, 33, 72, 117, 178, 249, 375, 512, 780 umol
photons m™ s™) at 10 s intervals. A specialised leaf clip was used to position the fibre
optic probe at a fixed distance from the leaf blade for each measurement. All
measurements were performed on the second youngest leaf blade in order to be
comparable across all plants. Relative electron transport rate (rETR) was calculated
as a product of effective quantum yield (AF/Fy’) and irradiance
(umol photons m™ s™). Data were fitted according to the double exponential function
(Ralph and Gademann 2005) and three photosynthetic parameters; maximum rate of
oxygen evolution (rETR,.x), light utilisation efficiency (o) and minimum saturating

irradiance (Ix) also derived from these curves (SigmaPlot version 12.5).

Data analysis

To determine any significant differences among sites in shoot density and percentage
cover of seagrasses, canopy height, epiphyte percentage cover, above-ground and
below-ground+ biomass, and length, width and area of leaf, one-way ANOVA tests
were used (SPSS Version 17) with a significance level of 95%. Data were
transformed using log;o, or square root if the data did not meet the assumptions of

normality (Kolmogorov-Smirnov test) and equal variance (Levene’s test).
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4.2.4 MiniProfiler MP4 flux measurements in Moreton Bay

A MiniProfiler MP4 system (Unisense A/S, Denmark; Figure 4.8) was deployed on
both field trips at 2 stations (MB27 and MB48) in order to measure changes in
dissolved oxygen content through the sediment-water interface (SWI). Poor weather
conditions prevented its use at the remaining sites. The MiniProfiler MP4 system
consists of a 4-channel data logger and a motor system for 1D profiling, and is

mounted on a shallow water in situ frame (Unisense A/S, Denmark).

Each deployment profiled across the sediment diffusive boundary layer, penetrating
the sediment to a depth that exceeded the depth of the diffusive boundary layer at
each site. Oxygen concentration profiles were measured at a few millimetres above
the sediment-water interface (SWI) using Clark-type O, microsensors (OX-100,
Unisense) connected to an in situ sensor amplifier (Unisense A/S, Denmark) and
mounted on the MiniProfiler platform. The microelectrode had a 100 um outer tip
diameter, a 90% response time of <8 s and stirring sensitivity of <1.5%. A two-point
calibration of the microelectrode was carried out in Schott glass bottles with air-
saturated seawater and O,-free seawater, made anoxic by the addition of sodium
hydrosulphite. The calibration procedure was performed before each deployment to

avoid microelectrode interference.

Two profiles were conducted at each site. In each profile, the O, concentration was
sampled every 10 seconds. The step size of the motor was controlled by
manufacturer software (Lander; Unisense A/S, Denmark) at 100 pm, excepting the
MB-48a oxygen profile which had 200 um step size. The microelectrode moved

every 30 seconds, in incremental steps from the water column towards the sediment.
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Figure 4.8: Oy, pH, H,S and N,O microelectrodes were mounted on MiniProfiler

MP4 System.

Table 4.2: Characteristics of seafloor and MiniProfiler MP4 deployment times in

Moreton Bay.

Station Date Time Sediment Temp Salinity Depth pH
hhmm  Type  (°C)  (ppt)  (m)

MB-48a 21 Oct 2012 0934 Mud 22.1 35 4.2 8.01
MB-48b 21 0Oct2012 0945 Mud 22.1 35 4.2 8.01
MB-48c 21 Oct 2012 0951 Mud 22.1 35 4.2 8.01
MB-27a 22 0ct2012 1118 Mud 226 35 9.9 8.08
MB-27b 22 0ct2012 1140 Mud 226 35 9.9 8.08
MB-27¢ 22 0ct2012 1158 Mud 226 35 9.9 8.08
MB-27d 22 0ct2012 1233 Mud 226 35 9.9 8.08
MB-SG9a 12 Feb 2013 1436 Seagrass 27.0 26 2.7 8.01
MB-SG9% 12 Feb 2013 1528 Seagrass 27.1 26 2.7 8.01
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Oxygen flux analysis

Dissolved oxygen content in water was used to calculate the flux at each site as
shown in Table 4.2. Benthic fluxes across the sediment-water interface were
calculated by linear regression of the concentration data. Positive values represent
efflux from the sediment into the water column while negative values are uptake by
the sediment. For the dissolved oxygen fluxes, the initial linear portion of the curve
was selected. This was to account for settlement and re-suspension of sediment into

the water column, as well as water temperature stabilisation.

According to the transport of solute in the diffusion boundary layer (DBL), vertical
concentration of oxygen (0C/0Z) is constant in the water column and oxygen
concentration decreases linearly through the sediment-water interface (SWI) due to
vertical molecular diffusion in the DBL (Glud et al. 1992). Therefore, DBL thickness

can be determined from the linearly distributed zone in the oxygen profiles.

The diffusive O, flux (J; mmol m> d'l), that is the sediment O, consumption rate,
was calculated from measured steady-state O, concentration profiles by Fick’s first

law:

_ . 2C

where Dy is the molecular diffusion coefficient in seawater at salinity and
temperature at each deployment site, and dC/0Z is the linear slope of the O,

concentration profile within the DBL above SWI.
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4.3 RESULTS
4.3.1 Dissolved oxygen flux in Tweed River using Eddy Correlation system

(ECE1)

On 1% March, 2011, the first deployment of the first generation of the Eddy
Correlation microelectrode system (ECE1) in seagrass meadows (TWD1) was made.
The oxygen concentration decreased from midnight to 04:00, and increased from
04:00 to 08:00 (Figure 4.9a). Water velocity fluctuated over the deployment period,
with water velocities lower than 1 ¢cm s occurring at 20:00, 01:00, and 08:00
(Figure 4.9a). The oxygen flux was negative from 16:00 to 09:00 and was positive
from 09:00 to 11:00 (Figure 4.9b). After the probe was replaced and the ECEI1
battery was recharged, the second deployment was performed on the 2" March 2011
at TWDI1 in order to replicate the events that occurred in the first deployment.
Unfortunately, this deployment was unsuccessful due to an O, microelectrode
failure. The microelectrode was broken within the first few minutes of the
deployment; therefore, there was no O, data that could be used to calculate the O,

fluxes in seagrass meadows.
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Figure 4.9: Mean water velocity, O, concentration (a), O, flux and PAR (b) every 15

min at TWD1 in Tweed River seagrass meadows measured by the first generation of

the Eddy Correlation microelectrode system (ECET).
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On 3™ March, 2011, the ECEl was deployed in a TWD?2 seagrass patch for 18 h.
The water velocity increased to 24 cm s™ at 21:00 and 08:00 to 10:00, while it was
close to zero during other periods (Figure 4.10a). The O, concentration, however,
fluctuated from 180 to 210 uM during both daytime and nighttime (Figure 4.10a).
The O, fluxes also varied during daytime and nighttime, with negative fluxes
observed from 18:00 to 22:00 and 06:00 to 11:00. Interestingly, O, fluxes were
positive at nighttime from 23:00 to 04:00 and negative during daytime from 05:00 to

11:00 (Figure 4.10b).
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Figure 4.10: Mean water velocity, O, concentration (a), O, flux and PAR (b) every

15 min at TWD?2 in Tweed River seagrass meadows measured by the first generation

of the Eddy Correlation microelectrode system (ECE1).
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4.3.2 Seagrass morphometrics in Tweed River

Percentage cover of seagrasses and specifically Z. capricorni were not significantly
different between sites (p = 0.770 and 0.220, respectively; Figure 4.11). H. ovalis
was observed only at TWDI. Epiphytic algal cover on Z. capricorni was
significantly higher at TWD1 (p = <0.001; Figure 4.11). Shoot density of Z
capricorni was significantly higher from TWD?2 in relation to TWDI (p <0.001;
Figure 4.12). Morphological study showed that Z. capricorni from TWD2 was
considerably larger than in TWDI, as shown by canopy height (»p < 0.001), leaf
length (p < 0.001), leaf width (p = 0.001), leaf area (p < 0.001) and above-ground

and below-ground biomass (p = 0.004 and 0.001, respectively; Figure 4.12).

Due to the failure of the Diving-PAM, replications of photosynthetic performance on
TWD2 was not obtained (n = 1), therefore statistical analyses to determine
significant difference between sites were not performed. AF/Fy’, tTETRpax, Ik and a

of Z. capricorni from TWD1 and TWD?2 are shown in Table 4.3.

Table 4.3: a) Effective quantum yield of PSII (AF/Fy’), (b) maximum relative
electron transport rate (rETRp,; pumol electrons m 2 s "), (c) minimum saturating
irradiance (Ix. pmol photons m 2 s') and (d) initial slope of rapid light curves (a) of

Z. capricorni from TWD1 and TWD2 within Tweed River. Means + SE, n = 5.

Parameters Mean + SE
TWDI1 TWD2
AF/Fyy’ 0.677+0.020 0.626
TETRax (Wmol electrons m72) 63.2+5.3 38.7
Iy (nmol photons m > s ) 107.8466.4 66.4
o 0.62+0.07 0.58
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4.3.3 Dissolved oxygen flux in Moreton Bay using the Eddy Correlation

system (ECE2 and ECO1)

The ECE2 was deployed in Moreton Bay in order to determine O, fluxes in marine
sediment after the 2011 floods caused extensive sediment deposition in Moreton
Bay. At site MB48, the ECE2 was deployed on 21 October 2012 at 22:30, and
retrieved after 24 h of measurements. The water depth at MB48 was 24 m with no
light during daylight. Unfortunately, the ECE2 microelectrode was broken by
jellyfish at approximately 08:00 (see Appendix E: MB48 raw data); therefore, O,
fluxes after 08:00 were discounted (Figure 4.13). The water velocity at MB48 was
from 0 to 9 cm s™', while the oxygen concentration was 75-85 pM (Figure 4.13a).
The O, flux was negative during nighttime, was highest at 500 mmol m™ s™ at 22.30

and close to zero during the rest of the deployment.
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In May 2013, the ECO1 was deployed at site DWN (Figure 4.4) in order to
determine the O, dynamics in open water seagrass beds. Two deployments were
performed from 8"-10" May 2013. The first deployment was performed from 8"
May 2013 at 09:00 to 9™ May 2013 at 09:00 (DWNI1, Figure 4.14). The second
deployment was made at DWN from 9™ May 2013 at 16:30 to 10™ May 2013 at
10:00 (DWN2, Figure 4.15). Due to the failure of the PAR sensor, PAR data in
DWNI1 and DWN2 were not be obtained. The results from DWNI1 showed an
increase in O, concentration during daylight (09:00 to 15:00 and 06:00 to 09:00) and
a decrease in O, concentration in the afternoon and during darkness (15:00 to 06:00)
(Figure 4.14a). Water velocity ranged from 2 to 23 cm s (Figure 4.14a) and
increased from 22:00 to 23:00 and 02:00 to 04:00. Positive O, fluxes were found
during daylight (09:00 to 16:00) and in some periods during darkness (22:00 to
23:00 and 02:00 to 04:00) (Figure 4.14b). The results from DWN2 showed a slight
decrease in O, concentration after 16:30 to 05:30, and a slight increase in O,
concentration from 05:30 to 10:00 (Figure 4.15a). Water velocity increased at 20:00
to 22:00, 01:00 to 04:00 and 08:00 to 10:00 (Figure 4.15a). O flux fluctuated from
16:30 to 22:00, but followed the previous trend where positive flux was observed at

02:00 to 05:00 and 08:00 to 10:00 (Figure 4.15b).
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4.3.4 Dissolved oxygen flux in Moreton Bay sediment with the MiniProfiler

MP4 system

In October 2012, dissolved oxygen profiles at sites MB27 in central Moreton Bay
and site MB48 in Deception Bay were similar and subsequently pooled (Figure
4.16). All sites showed a similar bulk-water DO concentration of ~ 230 uM (above
the SWI). At MB27, in the centre of the Bay, DO concentrations decreased rapidly
with depth and anoxic conditions recorded at ~0.8 mm below SWI. At MB48, in
Deception Bay, DO concentrations declined less rapidly and penetrated deeper into
the sediments with anoxic conditions being measured at 1.5-1.8 mm below the SWI
(Figure 4.16). In February 2013, at MBSG9Y in shallow seagrass beds inshore from
MBA48, bulk-water DO concentrations were ~270 uM and decreased rapidly below
the SWI with anoxic conditions recorded at less than 0.5 mm below the sediment
surface. Flux rates estimated from the MiniProfiler MP4 system are shown in Table
4.4. There were no significant differences in O, flux among MB27, MB48 and

MBSG9.

Table 4.4: The diffusive boundary layer (DBL) thickness (mm), diffusion coefficient

of seawater and O, flux (mmol m™ d'l) found at each station.

Date Station = DBL thickness Diffusion 0, flux (mmol m~ d™)
(mm) Coefﬁcielznt (cm’s (umol m™* h™")
)
210ct2012 MB-48a 0.6 2.0637 x 10” -20.64 (-1026.67)
21 Oct 2012 MB-48b 0.3 2.0637x 107 -44.35 (-1847.92)
220ct2012 MB-27a 0.1 2.1187x 107 - 169.42 (-7059.17)
220ct2012 MB-27b 0.4 2.1187 x 10” -52.04 (-2168.33)
12Feb 2013 MB-SG9a 0.4 2.3292x 10” -74.83 (-3117.92)
12Feb 2013 MB-SG9 0.5 2.3292x 107 -56.82 (-2367.50)
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4.3.5 Dissolved oxygen flux in Heron Island lagoon using the Eddy

Correlation system (ECO1)

The first generation of the Eddy Correlation optode system (ECO1) was deployed
above a benthic microalgal (BMA) community in Heron Island lagoon from 10"
April, 2013 at 09:00 to 1t April 2013, at 09:00. Water velocity fluctuated over the
deployment period from 0 to 20 cm s™ (Figure 4.18a). Low velocity (<5 cm s™) was
observed from 09:00 to 10:00, 12:00 to 17:00, and 17:00 to 22:00. The O,
concentration increased to 270 uM in daylight and decreased to 240 uM during
darkness (Figure 4.18b). Positive O, fluxes occurred during daylight from 09:00 to
18:00. Interestingly, there were positive O, fluxes during darkness from 19:00 to

03:00.
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Figure 4.18: Mean water velocity, O, concentration (a), O, fluxes and PAR (b) every

15 min at BMA in Heron Island lagoon from 10 April 2013 at 09:00 to 1" April

2013 at 09:00 measured by the first generation of the Eddy Correlation optode

system (ECO1).
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Figure 4.19 also shows the results of O, flux measurements on BMA in Heron Island
lagoon using the ECO1 from 13™ April 2013 at 10:30 to 14™ April 2013 at 10:30.
Water velocity fluctuated from 2 to 15 cm s (Figure 4.19a). O, concentration
increased to 300 uM in daylight and decreased to 250 uM during darkness (Figure
4.19a). Positive O, fluxes were observed during daylight from 10:30 to 19:00;

however, positive O, fluxes also occurred during darkness (Figure 4.19b).
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Figure 4.19: Mean water velocity, O, concentration (a), O, fluxes and PAR (b) every
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165



4.4 DISCUSSION

The most significant finding of this study was that the EC system has some
operational limitations when used in complex aquatic environments due to wind and

current directions and tidal events.

4.4.1 Seagrass morphometrics

Distribution, abundance, as well as morphology and growth of seagrasses are
influenced by several abiotic and biotic factors such as light, temperature, pH, water
velocity and nutrients (Short and Neckles 1999; Ralph and Gademann 2005). An
increase in water velocity reduces the diffusive boundary layer thickness, leading to
a higher rate of nutrient uptake by seagrasses (Thomas et al. 2000), including
nutrient-dependent process (e.g., photosynthesis) seagrass (Koch 1994). Greater
water velocity in TWD2 (6.6 cm s™') compared to TWD1 (2.9 cm s™') may have
therefore increased photosynthesis and nutrient uptake of seagrass in TWD2, leading
to higher biomass, density and leaf size. Lower water velocity in TWDI1 may
promote the growth of epiphytic algae on leaves (Anderson and Martone 2014).
Excessive epiphytic growth is known to reduce photosynthesis, productivity and
growth, leading to mortality and a decline in seagrass abundance (Bulthuis and
Woelkerling 1983; Neckles et al. 1994; Tomasko and Lapointe 1991; Frankovich
and Fourqurean 1997). Therefore, a higher water velocity in TWD2, in combination
with a higher epiphytic algal cover in TWD1 may result in a higher biomass, density

and leaf size at TWD2.
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4.4.2 An estimation of sediment O, flux using MiniProfiler

The MiniProfiler was deployed at Moreton Bay in order to investigate dissolved
oxygen flux at the sediment interface. The biogeochemistry of marine sediments is
influenced by physical, biological and chemical factors including types of fauna and
flora, temperature, pH and water velocity (Risgaard-Petersen et al. 1994; Hemminga
and Duarte 2000; Sundback et al. 2000; Sakamaki et al. 2006). It is suggested that
seagrass can transport O, into sediment through their roots and rhizomes, resulting in
a more O, flux in the sediment (Ku et al. 1999). High oxygen consumption rates
were generally found in bare sediments and during macrophyte senescence, while net
O, production was observed in vegetated areas (Pinardi et al. 2009). Our study,
however, found a net O, consumption in both bare sediment sites (MB27, MB48)
and the seagrass site (MBSG9Y) and the difference in net O, consumptions were
insignificant between sites. This may be a result of the fact that the seagrass in
MBSGY experienced high turbidity due to an extensive re-suspension of sediment
from ex-tropical cyclone Oswald, resulting in lower productivity (Hauxwell and
Valiela 2004). The oxygen profiles in MB-SG9 were not linear; this is possibly due

to seagrass roots and rhizomes within the sediment (Figure 4.17).

4.4.3 O; flux measurements using the Eddy Correlation system

O; flux results from TWD1 were unexpected, as shown in Figure 4.9. Positive fluxes
were expected to occur during daylight due to the fact that the photosynthetic
activity in seagrass meadows was greater than the respiration rate (Hume et al. 2011;
Long et al. 2012). During darkness, negative fluxes should have occurred due to
respiration of the seagrass meadow (Hume et al. 2011; Long et al. 2012). In this

deployment, the negative fluxes still appeared during daylight, especially from 06:00

167



(Figure 4.9b) although the O, concentration increased linearly during the same
period (Figure 4.9a). In addition, the large fluctuation in water velocity (especially at
low mean velocity) may alter the flux measurements (Lorrai et al. 2010; Long et al.
2012). Reduced water velocity at 20:00, 22:00 and 01:00 may have resulted in no
measures of sediment respiration; therefore, O, flux was close to zero during these
periods. Even though O, concentration increased from 06:00 to 09:00, reduced water
velocity may limit mixing and allow sediment respiration; therefore the diffusion
boundary layer was increased and caused a negative flux. It should be noted that
there was a limitation in monitoring data real-time as the battery of the ECE1 needed

regular recharging.

At TWD2, results showed that O, fluxes were fluctuating during both daylight and
darkness (Figure 4.10b). The result demonstrated that positive fluxes occurred during
darkness from 23:00 to 04:00. These positive fluxes may have appeared due to the
fact that there was no movement of bulk water (velocity close to 0; Figure 4.10a)
during this period. However, the largest amount of negative fluxes occurred from
05:00 to 11:00 (Figure 4.10b) which may have been due to rapid changes in tidal
flushing from 05:00 to 11:00 even though this event appeared in daylight. This
suggested tidal event may have interfered with the O, flux measurement when using
the ECEl. Subsequent instrumental improvements are needed to enhance their
reliability, in order to allow data to be checked real-time and prevent operation time
loss. After further investigation in the laboratory flume and in consultation with the
manufacturer (Unisense A/S, Denmark), the ECEl was replaced with the second

generation of Eddy Correlation microelectrode system (ECE2) which was used in
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Moreton Bay. Unisense A/S claimed the replacement system would provide better

O, measurement and performance (see Chapter 3).

At Moreton Bay (MB48), the O, flux in the marine sediment was examined using
ECE2. Due to the depth of water and sediment re-suspension at MB48, there was
low PAR (Figure 4.13b) at the seafloor resulting in low O, concentration (Figure
4.13a). When comparing the O, flux data in MB48 among ECE1 (-1741 pmol m™
h"), MiniProfiler MP4 system (Table 4.4), Geoscience Australia benthic chamber
and CSIRO benthic chamber (~1800 pmol m™ h™'; Steven et al. 2013; see Appendix
D and E), the ECE1 showed O, flux in the same range as the MiniProfiler and
benthic chambers suggesting the ECEl may provide a good estimation of flux.
However, the O, microelectrode was broken after 9 hours of deployment. O,
concentration at MB48 was much lower than TWDI1 and TWD?2 due to the fact that
MB48 was bare sediment and has lower PAR, leading to higher respiration from
microbial activities (e.g., respiration, decomposition, remineralisation) (Murray and
Wetzel 1987; Berg et al. 2013). The fluctuation of O, fluxes, which was unexpected,
occurred when the ECE2 was deployed above benthic sediment with no light. We
expected to obtain a negative flux during the deployment time due to the fact that
respiration is greater than photosynthetic activity in darkness (Berg et al 2003; Berg
et al 2008). Therefore, second and third attempts to deploy the ECE2 were made in
order to replicate these usual O, fluxes. However, due to massive schools of jellyfish
and severe weather, these attempts were unsuccessful. This suggested that the ECE
was not suitable for use in the field due to the fragility of the O, microelectrode. Due
to the unexpected results and non-robust EC system, the ECE2 was re-examined in

the laboratory flume to assess whether the ECE2 was working properly or not. After
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consulting with Unisense A/S, the ECE2 was replaced with the first generation of the
Eddy Correlation optode system (ECOI) in order to obtain more robust data and

provide a better flux measurement system.

At DWN in Moreton Bay, O, flux was investigated using ECO1. The positive and
negative O, occurred randomly where there were positive fluxes during darkness and
negative fluxes during daylight; this was not expected (Figure 4.14 and 4.15).
However, there were positive fluxes during darkness, following the same trend of
increased water velocity. This indicates a non-consistency and unreliability of the
measurements. There may be many parameters that alter the measurements (e.g.
complex circulation, mixing, and viscosity of water), resulting in poor flux
estimation. First of all, there was rough weather and strong wind during this
deployment which may alter flux measurement (see velocity in Figure 4.14a and
4.15a). Secondly, the study site was located in the current channel in Moreton Bay;
however, the current and wind direction kept changing over time so this may have
interfered with flux measurement (Figure 4.14a and 4.15a). This supports the
previous finding from the Tweed River deployments, that the complexity of the
environment (e.g., wind and current directions) plays a major role in flux

measurement.

The ECOI1 was also used to measure O, flux in benthic microalgae (BMA) from
Heron Island lagoon. Surprisingly, positive O, fluxes were observed despite it being
nighttime and decreasing in O, concentration in both deployments (Figure 4.18 and
4.19). This event occurred during a very low flow velocity (<5 cm s™') which might
result in O, accumulation on the seafloor or at a gradient under the measurement

point. Therefore, when the eddies (the circulation of water) occurred, the O,
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concentration was released from the seafloor, and then the optode would detect the
O, fluctuation resulting in the appearance of positive O, fluxes during darkness.
Then the negative O, occurred after the O, concentration was well-mixed in water
column as shown in Figure 4.18 and 4.19. Furthermore, the tide on Heron Island also
played an important role in O, dynamics because tidal currents influence water
velocity which in turn controls O, flux measurements. Last but not least, due to the
inconsistency in ECOL1 in the field, which may be from other environmental factors
(e.g. wave, current, tide), the ECO1 was then examined in the laboratory flume under
controlled flow conditions in order to verify the limitation and reliability of the

ECOL1 in O, flux measurement (see Chapter 3).

4.5 CONCLUSION

Water velocity has an effect on the density of seagrasses (Zostera capricorni and
Halophila ovalis), epiphytic algal cover and morphology of Z. capricorni from the
Tweed River, Queensland. The Eddy Correlation system was deployed in three
marine environments and has the potential to measure O, flux; however, there were
some situations where the EC was not able to measure O, flux correctly. For
example, if the environmental conditions of the study site were complex due to
changing wind and current directions, the EC was not able to capture all fluxes. In
addition, if the study site had large amounts of mobile fauna this could cause
breakages to the EC system, especially to the EC microelectrode which is fragile.
However, the Eddy Correlation system can be used to measure O, fluxes if it is
deployed in a non-complex environment, such as a narrow canals or deep sea
habitats. Therefore, the accuracy and precision of the EC depends upon water flow,

tide and current conditions. There is a limitation in monitoring data real-time and
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recharging the battery of the ECE1, however, this issue has been improved in the
ECO1 where the raw data can be monitored in real-time. It is not possible to have a
replication from both ECE and ECO but the data processing and data interpretation
for ECE and ECO are similar. The ECO is more robust than ECE; therefore the ECO
is more suitable for using in the field environment. However, there were some
logistic difficulties in deploying the EC system in exposed coastal environment (e.g.,
Heron Island) due to the large size of the system, which will require significant

manpower for field deployment.
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CHAPTER 5:

GENERAL DISCUSSION
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5. GENERAL DISCUSSION

5.1 SUMMARY OF EXPERIMENTS TO DETERMINE O, FLUX,
RELIABILITY AND LIMITATIONS OF EDDY CORRELATION

SYSTEM

This thesis represents the first research to provide insight into the reliability and
limitations of the Eddy Correlation (EC) technique in measuring O, flux in marine
and estuarine benthic communities. Dissolved oxygen flux was investigated both in
the field studies of seagrass meadows, benthic microalgal community, and bare
sediment, and in the laboratory flume using both EC and O, microprofiling
techniques. The O, microprofiling technique was used to validate the data taken

from the EC system.

5.2 RELIABILITY AND LIMITATIONS OF EDDY CORRELATION

SYSTEM

The reliability and limitations of EC were assessed under these criteria: accuracy and
precision, ranges of environmental conditions, sensor technology requirements, data
processing and data interpretation, ease of operation and replication. The Eddy
Correlation technique has several theoretical advantages over other flux
measurement methods because it can measure over vegetated, permeable sediments,
hard surfaces and coral reefs without disturbing natural light and hydrodynamic
conditions (Kuwae et al. 2006; Glud et al. 2010; Hume et al. 2011) and the
measurements can cover relativeley large areas (>100 m) (Berg et al. 2007).

However, the validation of the EC technique in the field and laboratory were only
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partially completed. Our study is the first study to determine the limitations and

reliability of the EC technique when deployed in the field and laboratory.

5.2.1 Accuracy, precision and range of environmental conditions

5.2.1.1 Field study (natural habitat)

O, flux was investigated in the field at Tweed River (TWD1, TWD2), Moreton Bay
(MB48, DWN) and Heron Island lagoon (BMA) using a series of EC systems
(ECE1, ECE2 and ECO1) (Chapter 4). At vegetated sites (e.g. TWDI1, TWD2,
BMA), the positive O, fluxes were expected during daylight because photosynthetic
activity is greater than respiration, while negative O, fluxes were expected during
darkness due to the respiration of seagrass and other microbial activities (Hume et al.
2011; Long et al. 2012). At an unvegetated site (e.g., MB48, DWN), a negative O,
flux is expected due to microbial activities (e.g., respiration, decomposition,
remineralisation) (Murray and Wetzel; Berg et al. 2013). However, our study showed
unexpected results e.g., positive O, flux during darkness and negative O, flux during
daylight. This may have resulted from a large fluctuation in water velocity which
may have been caused by tidal change (TWD; BMA), rough water, strong wind and

current (DWN, BMA).

Under low water velocity, an inconsistency of O, flux (close to zero, or positive flux
or negative flux) was found. Low water velocity may result in limiting mixing and
no measure of sediment respiration. However, low water velocity may also limit
mixing and allow sediment respiration, therefore, the DBL increased and caused
negative flux. On the other hand, low water velocity may allow O, accumulation on
the seafloor or gradient under the measurement point. When the eddies (the

circulation of water) occurred, the O, accumulated on the seafloor was released into
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the water column, and then was detected by the optode, leading to positive O, flux
measurement. These unexpected results from the field study indicated an
inconsistency and inaccuracy of the EC technique when used in a complex
environment (tidal change, rough water, strong wind and current) and in a low flow

environment.
5.2.1.2 Laboratory study (racetrack flume)

ECEl, ECO1 and ECO2 were used to investigate the O, flux in seagrass and
sediment in the laboratory racetrack flume (Chapter 2, 3). In the seagrass
experiments, positive O, fluxes occurred during light conditions and negative O, flux
occurred during darkness and this is consistent with other field-studies (Hume et al.
2011; Long et al. 2013; Rheuban et al. 2014). In addition, net metabolism of seagrass
should be influenced by light and temperature, and follow the same trend as
chlorophyll a fluorescence measurement (Franklin and Badger 2001; Longstaff et al.
2002) due to the fact that photosynthesis and O, flux would be highest at the
optimum temperature and light. However, this study showed a random fluctuation of
O, fluxes during light and dark conditions in both temperature and light treatments
(measured using ECEl; Chapter 3) and the results were not consistent with other
studies (Marsh et al. 1986; Bulthuis 1987; Perez and Romero 1992; Lee et al. 2007;
Massa et al. 2009; Marba and Duarte 2010; Hume et al. 2011). These inconsistencies
may be due to the footprint of the laboratory racetrack flume (Berg et al. 2007),
along with the low density of the seagrass patch. The positive flux during darkness
may be due to electrical noises from nearby electrical equipment, which we were

unable to control (McGinnis et al. 2011). In addition, low flow velocity (7 cm™) used
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in this study may lead to low turbulence in the racetrack flume, therefore, inaccuracy

of O, flux measurement was found.

When comparing sediment O, fluxes between ECOl and O, microprofiling
techniques, there was no significant difference in sediment O, uptake at middle and
high flow (Chapter 3). However, an underestimation of O, flux was found when
using ECOL1 at low flow velocity due to the fact that there was a small flux at low
flow (Chapter 3; Berg et al. 2003; Berg et al. 2009). These results indicated the
limitation of ECE1 and ECOI1 in capturing small flux under low flow velocity

(Chapter 3).

Later, the ECO1 was replaced with the ECO2 in order to improve O, flux
measurement (Chapter 2). The ECO2 was used to investigate the sediment O, flux in
the laboratory racetrack flume and the data were validated using the O,
microprofiling technique (Chapter 3). This study showed that there was no
significant difference between O, fluxes measured by ECO2 and O, microprofiling.
This indicates that the ECO2 is more reliable in measuring O, flux in the laboratory
racetrack flume; however, it should be noted that strong light (e.g., in shallow water
or exposure to direct sunlight), may interfere with O, flux measurement, and it may
not be able to be used for long-term deployment due to photo-bleaching of indicator

dyes.

5.2.2 Scale of measurement

EC allows measurement of O, flux under natural conditions, as it does not disturb
the hydrodynamic conditions or light field and it can be used in complex topographic

substrates (e.g., seagrass, infauna, not just bare sediment). More importantly, it can
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be used in situ for long-term data collection and allows a much larger area of habitat
to be sampled (100’s m?), providing a much more integrated sample of the habitat.
On the other hand, benthic chambers and the microprofiling method are limited in
measuring the whole community or whole plant metabolism as the benthic chamber
and microprofiling method can be used to measure the flux at only 0.5 m? and at the
microscale (Borum et al. 2006; Silva et al. 2009). Therefore, the EC application
removes the sample bias towards small-scale heterogeneity as can occur with smaller

sample techniques (Silva et al. 2009).

5.2.3 Sensor technology requirement and ease of operation

Both optodes and microelectrodes can be used for underwater eddy covariance (EC)
measurements. The O, optode is also not very invasive, especially if a thin, very
sensitive optical sensor is used (such as a microoptode). It can measure very low O,
concentrations and is more robust compared to a microelectrode; however, the O,
optode has a slightly slower response than microelectrode and new approaches are
currently being tested to improve the speed of optode (Chipman et al. 2012). The
fragility of the ECE indicates that it is not suitable for use in fields which have large
amounts of mobile fauna (e.g., jelly fish, fish) or are experiencing severe weather
condition (long-term data collection). This study showed that the accuracy and
precision of the ECE depends on flow condition and surrounding environment (e.g.,
electrical instrument), while the accuracy and precision of the ECO depends only on
flow condition. Even though the ECE has more sensitivity than the ECO (lower
sensor response time) and higher sensor resolution (64 Hz for ECE and 16 Hz for
ECO), the ECO provides more robustness than the ECE which will allow the ECO to

be used in more extreme environments with greater ease of use.
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5.2.4 Data processing, data interpretation and replication

For the ECO, two types of conversion methods (phase shifted (PS) and fluorescence
intensity signal (IT)) have been used for O, conversion (Klimant et al. 1995; Holst et
al. 1997). The phase-shifted method is based on the luminescence lifetimes or decays
(Holst et al. 1997) and is the most common method for O, conversion (Lakowicz
1983; Berndt and Lakowicz 1992; Wolfbeis 1991; Holst et al. 1997; Kiihl 2005;
Rickelt et al. 2013). On the other hand, the intensity signal method, which is less
popular, can be vulnerable to interference from the fluctuation of light sources or the
bleaching effect of indicator dyes (Holst et al. 1995; Klimant et al. 1995).
Interestingly, this study showed that O, conversion based on intensity signal (IT)
provided better results due to the lower fluctuation of O, concentration, which led to
steadier O, consumption rate in sediment (Chapter 2). O, flux from the phase-shifted
(PS) method, however, provided an inconsistent flux due to higher noise. This
indicates that the intensity signal (IT) method is more reliable for applications of the
EC system that need high frequency measurement (>16 Hz) of O, (Berg et al. 2007,

Chipman et al. 2012).

In the EC method, the fluctuation of vertical velocity and O, concentration can be
calculated by subtracting the mean value of the measurement from its instantaneous
value (Kabat 2004; Hume et al. 2011; Reimer et al. 2012; Long et al. 2013). The
mean can be calculated by various methods, such as linear detrending (LD) and
running mean (RM). This study compared the O, flux calculated by linear detrending
(LD) and running mean (RM) and found no significant difference between the two
methods (Chapter 2), indicating that both are acceptable to use for O, flux

calculation. However, it has been suggested that the linear detrending (LD) was
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preferable due to its 15 minute block calculations. In addition, Lorrai et al. (2010)
found no difference in some situations, but the running mean was not appropriate

where there were shifts in the direction of water velocity.

The data from ECO1 has also been validated with the O, microprofiling technique,
where O, fluxes from intensity signal conversion (IT-LD and IT-RM) were not
significantly different from O, fluxes from O, microprofiling technique. This result
is consistent with previous studies that used EC to measure O, flux in sediment
(Lorrai et al. 2010; Reimers et al. 2012; Berg et al. 2013; Holtappels et al. 2013;
Long et al. 2013). This study suggested that the intensity method in the EC system

can be used to convert the O,.

Due to the problem in accessing data real-time, which may lead to time-wasting in
deployment if some difficulties occur (e.g., sensor is broken), software development
is needed to monitor real-time data collection real-time. Data processing and data
interpretation for the ECE and ECO are similar and it is not possible to have a
replication from both the ECE and ECO. The lack of replication is one of the
weakest points of EC compared to other methods (e.g., benthic chamber, O,

microprofiler).

5.3 METABOLISM OF MARINE AND ESTUARINE ECOSYSTEMS

5.3.1 Seagrass: effects of light, temperature and water velocity

Photosynthetic efficiency and metabolism of seagrass Zostera muelleri under
different temperatures and light conditions were investigated using chlorophyll a
fluorescence and the EC technique in order to understand how light and temperature

affect primary production of this species. Photosynthesis of Z. muelleri was
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investigated at both the organism scale (PAM fluorometry and community scale
(EC)). PAM fluorometry allows the measurement of PSII photochemical efficiency
and determination of stress in photosynthetic organisms (Silva et al. 2009). Effective
quantum yield (AF/Fy,”) and non-regulated heat dissipation (Y(NO)) at 28 and 31°C
and 400 and 600 pmol photons m? s' were significantly lower and higher,
respectively (Chapter 3). These results indicate a decrease in the number of PSII
reaction centres, a loss of functional PSII units, a down-regulation of photochemistry
and/or photoinhibition leading to less capacity for light absorption and
photosynthesis (Campbell et al. 2006; Allakhverdiev et al. 2008). Temperature and
light stress are likely to damage PSII reaction centres possibly by damaging the D1
protein and disrupting thylakoid membrane stability (Allakhverdiev et al. 2008).
These results are consistent with other studies that demonstrated damage in seagrass
photosynthesis under temperature and light stress (Ralph 1998; Ralph 1999;
Campbell et al. 2006; York et al. 2013). AF/F,,,” was highest at 25°C and 150-250
umol photons m? s, suggesting these conditions are the optimal temperature and

irradiance for photosynthesis of Z. muelleri from Lake Macquarie.

At a community scale, average O, flux was highest at 25°C under 400 pmol photons
m? s and at 21°C and 600 pmol photons m™ s™. The lowest O, flux was observed
at 21°C under 400 pmol photons m™ s and at 21°C and 150 pmol photons m™ s
(Chapter 3). Previous studies suggest that optimal temperature and light may be
related due to their need to maintain a positive carbon balance, indicating that
seagrass at higher temperature needs more light for photosynthesis than seagrass at
lower temperature (Masini et al. 1995; Lee et al. 2007; Collier et al. 2011). On the

other hand, seagrass living at higher light intensity may be less tolerant to higher
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temperatures due to thermal stress and photoinhibition (Ralph 1999). Therefore,
further studies of the combined effect of light and temperature on seagrass

photosynthesis and metabolism should be considered.

This study showed that in darkness, oxygen production rapidly decreased. This
suggested that post-illumination enhanced respiration (PIER) occurred (Beardall et
al. 1994), resulting in substantial removal of O, and a rapid switch in microbial
activity from aerobic to anaerobic condition (Chapter 3). This result is consistent
with a previous study showing that the level of PIER (or O, consumption) increased

with increasing light intensity (Chapter 3; Beardall et al. 1994).

Percentage cover and density of seagrasses (Zostera capricorni and Halophila
ovalis), epiphytic algal cover and morphology of Z. capricorni were investigated at
two sites with different water velocites in the Tweed River, Queensland (Chapter 4).
Higher seagrass biomass, shoot density and leaf size were observed at the high water
velocity site (TWD?2), while greater epiphytic algal cover was found at the lower
water velocity site (TWD1). These results indicate that higher water velocity may
reduce the diffusive boundary layer thickness, resulting in higher nutrient uptake and
photosynthesis of seagrass (Koch 1994; Thomas et al. 2000). In euthrophic
conditions, lower water velocities may also allow excessive epiphytic algal growth
which will reduce light and nutrient availability for seagrasses, and therefore,
photosynthesis, productivity and growth of seagrasses will be inhibited (Bulthuis and
Woelkerling 1983; Tomasko and Lapointe 1991; Neckles et al. 1994; Frankovich

and Fourqurean 1997; Anderson and Martone 2014).
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5.3.2 Seagrass and benthic microalgal communities vs bare sediment

Seagrass metabolism, benthic microalgae communities and bare sediment were
investigated in the field and laboratory (Chapter 3, 4) using the EC and O,
microprofiling techniques. Sediment O, uptake was observed in both field and
laboratory (Chapter 3, 4) and the laboratory experiment found that sediment O,
uptake varied in relation to temperature and water velocity (Chapter 3). These results
may be due to the fact that increased temperature leads to higher microbial activity
and microbial population, and lower viscosity and higher diffusive coefficient of
water (Iannotti et al. 1993; Liang et al. 2003), whilst increased water velocity leads
to the lowering of diffusive boundary layer thickness and increases in the rate of
sediment O, uptake (Jorgensen and Marais 1990). In the field, this study found net
sediment O, uptake in both sediment sites (MB27, MB48) and the seagrass site
(MGSGY) in Moreton Bay (Chapter 4). Generally, seagrass can transport O, into
sediment through their roots and rhizomes, which results in increasing positive O,
flux into the sediment (Ku et al. 1999). The negative O, flux found at the seagrass
site may be due to low productivity from high turbidity and extensive resuspension

of sediment (Hauxwell and Valiera 2004).

There was positive O, flux during daylight and negative O, flux during darkness in
benthic microalgae communities (BMA) in Heron Island lagoon (Chapter 4).
However, some positive O, flux occurred during darkness at this site under very low
flow velocity (<5 cm s™). Under very low flow conditions, there may be an O,
accumulation on the seafloor or gradient under the measurement point. However,
when eddies (the circulation of water) occurred, the O, accumulated at the seafloor

was released into the water column, and detected by the optode, leading to positive
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O, flux measurements. After mixing of the water column occurred, the negative O,

flux was detected.

In summary, these results (Chapter 3, 4) clearly demonstrate that O, flux in
sediment, seagrass and benthic algal community is dependent on several
environmental parameters including water temperature, light and water velocity and
that EC is capable of distinguishing these factors. In particular, insight into the BBL
dynamic conditions provided by EC and the subsequent effect on O, flux offers a

richer understanding of the factors affecting flux rates.
5.4 SUMMARY OF KEY FINDINGS

This study showed that the Eddy Correlation technique has potential to determine net
ecosystem metabolism in sediment, seagrass and benthic microalgae, and may be
applied to other ecosystems (e.g., coral reefs, sea ice). However, the deployment of
the Eddy Correlation system should be conducted with care and with the validation

of other methods (e.g., benthic chamber, microprofiling).

5.4.1 Flow velocity and temperature play an important role in sediment O, flux and
flow velocity has more influence than temperature.

5.4.2 Temperature and light have an effect on the photosynthetic capacity of
Zostera mulleri. The optimal temperature and light for photosynthesis for Z.
mulleri from Lake Macquarie, New South Wales is 25°C and 150-250 umol
photons m™ s

5.4.3 Limitations of Eddy Correlation in the field are: 1) the ECO is more suitable
than the ECE for use in the field for long-term data collection due to the

fragility of microelectrode, 2) O, flux measured by EC were inconsistent due
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to a large fluctuation in water velocity which may be caused by tidal change
(TWD; BMA), rough water, strong wind and current, 3) O, flux may be
under or overestimated when used under low flow velocity conditions due to
non-mixing water, and 4) strong light may have an effect on EC systems that
utlilise optodes.

5.4.4 The limitations of Eddy Correlation used in the laboratory are: 1) O, flux
may be underestimated in low flow environments, 2) electrical noise from
nearby equipment may interfere with EC measurement, 3) flux footprint may
play an important role in EC measurement in a laboratory flume, and 4) high-
speed sampling of the ECO (>10 Hz) may also increase noise in the O,

signal.

5.5 PERSPECTIVE FOR FUTURE RESEARCH

This research has provided a better understanding of the Eddy Correlation technique
in O, flux measurement in seagrass, benthic microalgae and sediment. However, the
limitations and reliability of O, flux measurement when using EC in other
ecosystems (e.g., coral reef, sea ice, macroalgae) require further investigation. The
optode technology should be further developed in order to improve its response time,
sampling frequency, sensor resolution, time synchronisation with ADV and
robustness. In addition, temperature compensation of optodes should be developed in
order to achieve high sampling rates. The microelectrode technology should also be
further developed to improve its robustness. The development of software is needed
to monitor the real-time data collection. The installation of LED light on the EC

system to show the electrode status (working or broken) should be helpful.
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Assuming we have homogenous habitat, steady conditions (flow, temperature) and
flat terrain which are basic assumptions that has been used in terrestrial EC in order
to obtain the most accurate flux, we expect to see positive O, flux from benthic
communities during daylight and negative flux during night time. These fluxes
should have a similar trend when compared to EC applications in terrestrial habitats.
It is very difficult to find the large scale homogenous habitat in aquatic systems,
therefore it is difficult to meet these assumptions, EC in aquatic systems still has
potential to measure the O, flux due to the smaller footprint in aquatic systems,
comparing to terrestrial systems as linked to difference in fluid viscosity between air
and water. Due to the technical issues associated with EC which have led to
unreliable results, this thesis was unable to focus on issue of scale, heterogeneity and

flow.

The lack of replication is one of the weakest points of EC compared to other
methods; therefore, hardware technology should be developed to allow data
collection with replications. This requires multiple instruments and cheaper systems.
At this stage, the EC should mainly be applied in steady and less complex
environmental and hydrodynamic conditions (e.g. narrow river, estuary, and deep
water). I would recommend the Eddy Correlation optode system over the Eddy
correlation microelectode system to be used for investigating the fluxes for field
deployment due to the optode robustness. Furthermore, the characterization of
boundary layers in the water column and indirect and direct measurements of other
fluxes (e.g., CHs, CO,, pH, temperature) using the Eddy Correlation system requires
further development and investigation. However, nitrate flux has been measured by

Eddy correation technique in order to quantify the sediment-fixed nitrogen loss
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(Johnson et al 2011). To quantify CH4 flux would be really interesting due to the role
of CHy in climate change and ocean acidification scenarios. Additionally, it will be
important to investigate the combined effect of light, temperature, pH and water
velocity on photosynthesis and metabolism of seagrass, benthic microalgae and
sediment in the future. Real-time temperature correction would be useful for O, flux

measured by ECO.
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Appendix A: Eddy correlation system firmware during this research

APPENDICES

Firmware No. Descriptions EC model
fw223 Initial firmware of ECE1 ECE1
fw229 Added a rewiring of COMM cable to improve data downloaded ECE1
uwm_updatedelta_1.0.5 Initail firmware of ECE2 ECE2
uwm_updatedelta_1.0.6 Support new optotode protocols from AADI, uptadated and ECE2
redesigned the web interface

uwm_updatedelta_1.0.7 Support new optotode protocols from AADI, uptadated and ECE2
redesigned the web interface

uwm_updatedelta_1.0.8 Support new optotode protocols from AADI, uptadated and ECE2
redesigned the web interface

uwm_updatedelta_1.0.9 Support new optotode protocols from AADI, uptadated and ECE2
redesigned the web interface

uwm_updatedelta_1.1.0 Support new optotode protocols from AADI, uptadated and ECE2
redesigned the web interface

uwm_updatedelta_1.1.1 Support new optotode protocols from AADI, uptadated and ECE2
redesigned the web interface

uwm_updatedelta_1.1.2 Support new optotode protocols from AADI, uptadated and ECE2
redesigned the web interface

uwm_updatedelta_1.1.3 Added submodule optodeLib to support new optode devices, ECE2
Updated PowerSupply

uwm_updatedeltadebug_1.1.3 Fixed bugs ECE2

uwm_updatedeltadebug2_1.1.3  Fixed bugs ECE2

uwm_updatedelta_1.1.4 Minor OptodeManager correction ECE2

uwm_updatedelta_1.1.5 Updated to last hwlib ECE2

uwm_updatedelta_1.1.6 Updated inherited EC powersupply ECE2

uwm_updatedelta_1.1.7 Support of deployment field ‘optode salinity’ ECE2

uwm_updatedelta_1.1.8 Updated to lastest version of OptodeLib ECO1

uwm_updatedelta_1.1.9 Added support for FireStingll SUBPORT (UW MicroOotode) ECO1

uwm_updatedelta_1.1.9-r2 Fixed bugs ECO1

uwm_updatedelta_1.2.0 Updated active state ECO1

uwm_updatedelta_1.2.0-r2 Fixed bugs ECO1

uwm_updatedelta_1.2.0-r3 Fixed bugs ECO1
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Appendix A (cont): Eddy correlation system firmware during this research

Firmware No.

Descriptions

EC model

uwm_updatedelta_1.2.0-r4
uwm_updatedelta_1.2.1
uwm_updatedelta_1.2.2
uwm_updatedelta_1.2.3
uwm_updatedelta_1.2.3-r2
uwm_updatedelta_1.2.4

uwm_updatedelta_1.2.5

Fixed bugs

Updated class OptodeManager

Updated logging state

Added FireSting ClientLib as a submodule
Fixed Bugs

Added digital ouput for FireStingll

Added extra webpage for FireSting setting

ECO1

ECO1

ECO1

ECO1

ECO1

ECO2

ECO2
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Appendix B: The Eddy Correlation microelectrode system workflow

EC instrumentation setup ——— EC depolyment setup
Run ADV probe check Calibrate O, microoptode with 0% and 100% DO (Pre-calibration)
Check ADV beam coordinate Set deployment time, date and duration
Check ADV signal to noise ratio (SNR) Deploy EC system
Set ADV sampling frequency Retrieve EC system
Polarise O, microelectrode for 24 h ——— Inspect O, probe

Calibrate O, microoptode with 0% and 100% DO (Post-calibration)

Compare both calibrations

v

Download EC data
Perform EC data conversion
Raw time series of O, concentration (Cy, Ciz, Cys, ..., Ci) and vertical velocity (Wi, Wip, Wis, ..., Win)

Selected time series (window size) of O, concentration (C, Ci, Cys, ..., Cim) and vertical velocity (Wi, Wiz, Wi, ..., Wim)

Remove spike Remove spike
No treatment  or by despike or Tilt correction  or and then tilt
method correction

\J

Processed time series of O, data (C) and vertical velocity data (w)

Extract O, concentration fluctuating component (C’) using C’' = C — C,
where C calculated by mean removal, linear detrending or running
mean

Extract vertical velocity fluctuating component (w’) using w’ = w — w,
where w calculated by mean removal, linear detrending or running
mean

Time series of C’' (C’, C', C'ss, ..., C'tm)

Time series of W' (W, Wi, W, ..., W) —»  Spectra and Cospectra analyses
Time series of W'C’ (W'C’, WC'’, WCs, ..., WC'tm)

Time lag
correction

-@— No treatment  or

Y

Calculate (W'C’y+w'C'ipt w'C'st WC'yp)

O, flux (mean flux from t; to ty,)
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Appendix C: The Eddy Correlation optode system workflow

EC instrumentation setup —— EC depolyment setup

Run ADV probe check

Check ADV beam coordinate

Check ADV signal to noise ratio (SNR)

Set ADV sampling frequency

Calibrate O, microoptode with 0% and 100% DO

Set deployment time, date and duration

Deploy EC system

Retrieve EC system

Inspect O, probe

v

Download EC data

\

Perform EC data conversion

Raw time series of O, concentration (Cy, C, Cys, ..., Cn) and vertical velocity (W, Wi, Wig, ..., Win)

Selected time series (window size) of O, concentration (Cy, Ciz, Ci3, ..., Cim) and vertical velocity (W, Wip, Wig, ..., Wim)

\/

\/

No treatment

Remove spike Remove spike
or by despike or Tilt correction  or and then tilt
method correction

Processed time series of O, data (C) and vertical velocity data (w)

Extract O, concentration fluctuating component (C’) using C’ = C — C
where C calculated by mean removal, linear detrending or running

mean

Extract vertical velocity fluctuating component (w’) using w’ = w— w,
where w calculated by mean removal, linear detrending or running

mean

Time series of C’ (C'n, C', C’tgy caey Cytm)
Time series of W' (W, W'z, Wi, ..., W) ———P» Spectra and Cospectra analyses
Time series of wW'C' (W'C'’y, W' C', W Cs, ..., WC'tm)

~— No treatment

Time lag

or N
correction

Calculate (W' C’t+w'C’p+ w'C'iz+ w'C'i)

v

O; flux (mean flux from t to tm)
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Appendix D: Dissolved oxygen fluxes measured in October 2012 and February

2013 using CMAR and GA chamber and the Miniprofiler (Steven et al. 2013)

EE Ocober 2012, CMAR Chamber
-6000 \uuuy October 2012, GA Chamber
HE October 2012, Miniprofiler
I February 2013, CMAR Chamber
-5000 —— February 2013, GA Chamber
= February 2013, Miniprofil

-4000 -

-3000 - ]_
-2000 -
-1000 -

0 T

MB49 X12 MB27 MB28 MB48 SG9
Bramble Bay Mud Pit Deception Bay

Dissolved Oxygen ( umol m-2 h'1)

Figure D.1 Dissolved oxygen fluxes measured in October 2012 and February 2013

using CMAR and GA chamber and the Miniprofiler (Steven et al. 2013).
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Appendix E: MB48 data
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Fig E.1: Dissolved O fluxes, vertical velocity, O, concentration and cumulative O,

flux measured in October 2012 at MB48 using ECE2.
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Appendix F: Examples of spectra and cospectra in EC laboratory flume studies

~

V. spectra

Cumulative cospectra

Figure F.1: Example of spectra and cospectra at tempurature = 21°C, irradiance =

T4 T4
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400 pmol photon m™ s™ in seagrass experiments; Vertical velocity spectra (A), O,

spectra (B) and Culmulative cospectra (C).
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Figure F.2: Example of spectra and cospectra at tempurature = 25°C, irradiance =
400 pmol photon m™ s™ in seagrass experiments; Vertical velocity spectra (A), O,

spectra (B) and Culmulative cospectra (C).
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V, spectra

Cumulative cospectra
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Figure F.3: Example of spectra and cospectra at tempurature = 28°C, irradiance =

400 pmol photon m™ s™ in seagrass experiments; Vertical velocity spectra (A), O,

spectra (B) and Culmulative cospectra (C).
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Figure F.4: Example of spectra and cospectra at tempurature = 31°C, irradiance =

400 pmol photon m™ s in seagrass experiments; Vertical velocity spectra (A), O,

spectra (B) and Culmulative cospectra (C).
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Figure F.5: Example of spectra and cospectra at irradiance = 150 pmol photon m™ s~
! tempurature = 25°C in seagrass experiments; Vertical velocity spectra (A), O,

spectra (B) and Culmulative cospectra (C).
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Figure F.5: Example of spectra and cospectra at irradiance = 250 umol photon m™ s

! tempurature = 25°C in seagrass experiments; Vertical velocity spectra (A), O,

spectra (B) and Culmulative cospectra (C).
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Figure F.6: Example of spectra and cospectra at irradiance = 600 pmol photon m™ s~
! tempurature = 25°C in seagrass experiments; Vertical velocity spectra (A), O,

spectra (B) and Culmulative cospectra (C).

236



0.01 5 0,01

A B
1E-3 1E-3
© 1E-4 © 1E-4
i3] 5]
2 g
w w
> 1E-5 4 O 1E54
1E-6 4 1E-6
1E-7 : : : 1E-7 : : .
0.01 01 1 10 0.01 01 1 10
0.002 - Hz Hz
C
0.000 -
£
[+
@
Q
(7]
S -0.002
@
=
=
3
£ -0.004
3
o
-0.006
T T T
0.01 01 1 10

Hz

Figure F.8: Example of spectra and cospectra at flow = 17 cm s™', temperature =
18°C in sediment experiments; Vertical velocity spectra (A), O, spectra (B) and

Culmulative cospectra (C).
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Figure F.9: Example of spectra and cospectra at flow = 34 cm s™', temperature =
18°C in sediment experiments; Vertical velocity spectra (A), O, spectra (B) and

Culmulative cospectra (C).
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Figure F.10: Example of spectra and cospectra at flow = 51 cm s™', temperature =
18°C in sediment experiments; Vertical velocity spectra (A), O, spectra (B) and

Culmulative cospectra (C).
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Figure F.11: Example of spectra and cospectra at temperature = 23°C, flow = 17 cm
s in sediment experiments; Vertical velocity spectra (A), O, spectra (B) and

Culmulative cospectra (C).
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Figure F.12: Example of spectra and cospectra at temperature = 28°C, flow = 17 cm
s in sediment experiments; Vertical velocity spectra (A), O, spectra (B) and

Culmulative cospectra (C).
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Appendix G: Example of spectra and cospectra in EC field studies
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Figure G.1: Example of spectra and cospectra at TWD1; Vertical velocity spectra

(A), O, spectra (B) and Culmulative cospectra (C).
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Figure G.2: Example of spectra and cospectra at TWD1; Vertical velocity spectra

(A), O, spectra (B) and Culmulative cospectra (C).
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Figure G.3: Example of spectra and cospectra at MB48; Vertical velocity spectra

(A), O, spectra (B) and Culmulative cospectra (C).
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Figure G.4: Example of spectra and cospectra at DWN1; Vertical velocity spectra

(A), O, spectra (B) and Culmulative cospectra (C).
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Figure G.5: Example of spectra and cospectra at DWN2; Vertical velocity spectra

(A), O, spectra (B) and Culmulative cospectra (C).
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Figure G.6: Example of spectra and cospectra of the first EC deployment at BMA;

Vertical velocity spectra (A), O, spectra (B) and Culmulative cospectra (C).
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Figure G.7: Example of spectra and cospectra of the second EC deployment at BMA;

Vertical velocity spectra (A), O, spectra (B) and Culmulative cospectra (C).
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Appendix H: Cumulative O; flux and cumulative cospectra on BMA measured

by ECO1 after reducing data frequency from 64 Hz in 4x steps to 16 Hz.
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Figure H.1 Cumulative O, flux at different frequency (data from the first deployment

at BMA measured by ECO1). Each data point was compute as an average of raw

data.
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Figure H.2 Cumulative cospectra at different frequency (data from the first
deployment at BMA measured by ECOI1). Each data point was compute as an

average of raw data.
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