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ABSTRACT

This project investigates phytoremediation at a disused fire training runoff lagoon at an
ecologically sensitive area in Southern England called Horsea Island. The sediments in the
semi-saline lagoon were highly contaminated with over 145,000 mg/kg Dry Weight (DW)
Diesel Range Organics (DRO) and were classed as carcinogenic and unsafe for human
exposure. Phytoremediation was attractive as an inexpensive and in situ remediation
method. However there were limited field studies examining such extremely contaminated

conditions.

Initial mesocosm studies indicated that both Phragmites australis and Typha latifolia were
able to grow in this sediment without the need for additional nutrients and P. australis was
subsequently used for test planting in the lagoon. Ex situ greenhouse microcosms as well
as an in situ full scale trial was carried out and the response of DRO and microbial
populations were investigated over a 15 month period. Using a novel colourmetric plate
test developed during this study, planted sediments in both the microcosms and Horsea
lagoon showed not only an increased diversity but also an increased number of
hydrocarbon-degrading bacterial isolates when compared to unplanted sediments.
However, although the overall DRO concentrations fell in both the in situ and ex situ
systems in times of hot weather and low water levels, there were no significant differences
between planted and unplanted sites. There was also no difference between microbial
numbers in planted and unplanted sites in either the microcosms or Horsea lagoon
however, the mesocosms that had been growing for three years showed significantly higher
numbers of bacteria, hydrocarbon-tolerant bacteria and hydrocarbon-tolerant fungi as well
as elevated numbers of fungi in the planted sites. This indicates that phytoremediation may

require a longer period of time to enhance degradation in such conditions.
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1. INTRODUCTION

Although it is widely accepted that contamination of land and water has been occurring for
millions of years due to volcanoes, forest fires and sedimentary rock erosion, many people
regard anthropogenic pollution as a modern day problem (Baird & Cann, 2004). This is not
the case as man-made pollution began occurring as soon as small communities were
formed. However, in these early days of man the amount of waste was small and had
virtually no effect on the environment (Dix, 1980). As the settlements increased in size, so
did the amounts of pollution with cholera, typhus, typhoid and bubonic plague being
associated with the lack of proper waste disposal methods in the thirteenth century. The
increased use of coal during this time became such a nuisance that in 1273 Edward | made
the first ever anti pollution law to prevent the use of coal for domestic heating. In 1800, the
increased production of materials and chemicals in Europe at the start of the industrial
revolution produced substantial pollution. However, the extent of contamination and the
hazard from discarded materials expanded greatly in the last century particularly in the
period after World War Two (Baird & Cann, 2004). With government policies prior to the
1970s not greatly helping to reduce pollution because of the low priority given to
legislation and finance (Dix, 1980) many areas around the UK have been left highly

polluted and in need of remediation.

1.1 Hydrocarbons in the environment

The term ‘petroleum’ comes from the Greek word ‘petros’ meaning stone or rock and
‘oleum’ meaning oil (Totten, 2004). Total petroleum hydrocarbons (TPH) such as those
found in tar pits next to the Euphrates River have been used since 4000 BC to waterproof
baths, roofs and boats. During the past century, the occurrence of the industrial revolution
has increased the need for TPH and in turn increased the amount of TPH contamination

and by products (Smith, 2011). Worldwide 10 million tonnes of oil and petroleum are used
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per day and although major oil spills attract the attention of the media and the public, the
majority (75%) of petroleum contamination in water occurs in port during routine ship
operations such as loading, discharging and bunkering (Federation, 1987). Terrestrial TPH
contamination comes mainly from pipelines (35%) and oil wells (24%) (Federation, 1987)
although the movement of TPH from the oil fields to the consumer is also a large
contributor to pollution. This movement of TPH involves as many as 10-15 transfers
between many different modes of transportation. These include tankers, pipelines, rail cars
and tank trucks. TPH is stored at transfer points and at terminals and refineries along the
route and accidents can happen during any of these transportation steps or storage times

(Fingas, 2001).

TPH in the environment are toxic to both animals and humans and can affect the liver,
lungs, kidneys and nervous system, leading to cancer as well as having immunological and
reproductive effects (Rushton et al., 2007). They can also be problematic to plants growing
in contaminated soil. Due to their physico-chemical properties, TPH can displace air in soil
creating anaerobic conditions (Foth, 1984). They can also prevent water infiltration, reduce
nutrient mobility (Kirk et al., 2005) and are able to move through cell membranes easily
into plants (Adam & Duncan, 2002; Overbeek & Blondeau, 1954) leading to inhibition of
plant growth (Kaimi, 2007). TPHSs are also able to form a layer around seeds preventing

water or oxygen transfer thus delaying germination (Adam & Duncan, 2002).

1.2 Fate of hydrocarbons in the environment

TPHs are made up of 4 main structural classes of hydrocarbons namely alkanes, cyclo-

alkanes, alkenes and aromatics (Marchal et al., 2003).

Alkanes are saturated straight chain hydrocarbon compounds, meaning they consist only of
hydrogen and carbon with each carbon having the maximum number of hydrogens bonded
to it. Cycloalkanes are saturated hydrocarbon compounds in which the carbon atoms are
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bonded to each other in a ring formation. The alkenes or unsaturated compounds are a
group of compounds that contain fewer hydrogen atoms than the maximum possible. They
also have at least one double carbon to carbon bond. The aromatic compounds include at
least one benzene ring of six carbons and three double carbon to carbon bonds that float
around the ring to add stability. Because of this stability benzene rings are very persistent
and can have toxic effects on the environment. Polyaromatic hydrocarbons (PAH) are

compounds consisting of at least two benzene rings (Fingas, 2001).

Diesel Range Organics (DRO) are a group of TPHs defined by the UK Environment
Agency as being in the Cy0-Cys range (Environment Agency, 2007) and are a complex
mixture of 2000-4000 petroleum hydrocarbons. The DRO pollution limit in the UK for soil
is currently 330 mg/kg therefore sites with higher levels will need to be remediated (Encia

Geoenvironmental Investigations, 2011).

Theoretically all TPHs can be biodegraded (Bystrom & Hirtz, 2002) but the time it takes to
degrade the substances differs considerably depending on their structure and molecular
weight. There are seven stages of diesel biodegradation (Table 1), with short-chained
hydrocarbons being broken down rapidly and as alkane chain length increases, so does its
resistance to degradation (Potter & Simmons, 1998) with long-chained hydrocarbons being

extremely persistent (Berset et al, 1999).

DROs released into the environment are subjected to chemical, physical and biological
processes collectively referred to as weathering (Wang & Stout, 2007). These processes
include evaporation, dissolution, dispersion, emulsification, adsorption on to suspended
materials, microbial degradation or photooxidation. Weathering can alter the chemical
fingerprint of spilled or discharged hydrocarbons so that it may no longer “match” the

original as demonstrated by Serrano & Gallego, 2008 (Figure 1).
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Table 1. The seven stages of diesel degradation adapted from Kaplan et al., 1997

Stages of diesel Chemical composition

biodegradation

1 Abundant n-alkanes

2 Light-end n-alkanes removed

3 Middle range n-alkanes, olefins, benzene and toluene removed

4 More than 90% of n-alkanes removed

5 Alkylcyclohexanes and alkylbenzenes removed

Isoprenoids an Cy-naphthalene reduced

6 Isoprenoids, C;-naphthalenes, benzothiophene and

alkylbenzothiophenes removed
C,-naphthalenes selectively reduced

7 Phenanthrenes, dibenzothiophenes and other polynuclear

aromatic hydrocarbons reduced
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Figure 1. GC-FID chromatograms showing the affect of weathering on DRO after a)
3 hours b) 50 days c¢) 200 days and d) 400 days (Serrano & Gallego, 2008)

In the first few days after a petroleum spill the rate of non-biological degradation is very
rapid (Alloway, 1997) with about 80% of photodecomposition occurring within this time

(Fingas, 2001). This is due to the toxic properties of diesel fuel, which inhibit development
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and metabolic activity in microorganisms at the early stages of a spill. However, after a so
called “period of stress” where microorganisms gradually adapt to the pollutants, aliphatic
hydrocarbons can be biodegraded and used as a source of carbon and energy with complete
degradation brought about under aerobic conditions (Das & Chandran, 2011). Under
aerobic conditions, the initial intracellular attack on alkane chains is to convert them into
fatty acids. This is an oxidative process and the activation as well as incorporation of
oxygen is the key enzymatic reaction, catalyzed by oxygenases and peroxidases. A
monooxygenase introduces one atom of oxygen from molecular oxygen into the molecule
thus forming a fatty alcohol. This alcohol is oxidized to an aldehyde and finally to a
carboxylic acid which is channelled into central metabolism by p-oxidation. Alkenes with
double and triple bonds are more chemically reactive and can undergo additional reactions
such as epoxidation and hydration. The double bond of alkenes can be hydrated
anaerobically to form an alcohol, which is then converted via the aerobic pathway (Bouwer
& Zehnder, 1993). Incomplete degradation of hydrocarbons along with biogenic organic
compounds (BOC) such as alkanes, sterols, sterones, fatty acids, fatty alcohols, waxes and
wax esters cause a characteristic “hump” of Unresolved Complex Mixture (UCM) in the
GC-FID chromatogram. The height and shape as well as position of the UCM can all give
information about which hydrocarbons are present, how weathered they are and the age of

the contamination.

1.3 Remediation of hydrocarbon contamination

Remediation of hydrocarbon-contaminated land can occur by removing the source of the
pollution or by breaking the pathways to the receptors. Pollution can be removed
physically by the removal of contaminated soils; installation of physical barriers; vapour
extraction; soil flushing and thermal treatment (Ravikrishna et al., 1998). These methods
are expensive and normally require the addition of more chemicals, energy or the removal

of large areas of polluted land, which can be damaging to the surrounding ecosystem.
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Bioremediation involves engineering measures to intensify and enhance the natural
degradation processes in the soil. This can be achieved by adding microbial seeds,
mechanical aeration pumps to increase the oxygen levels and by the addition of fertilisers.
Adding plants to contaminated soils can increase the microbial numbers, oxygen levels and
nutrient levels increasing the rate of hydrocarbon degradation without the need for costly

external engineering interventions making it an attractive option.

1.4 Phytoremediaton

Phytoremediation is the use of plants and their associated microorganisms for enhancing
the remediation of polluted environments (Muratova, 2003). It is an attractive method for
removing pollutants from soils for a variety of reasons, the vegetation is aesthetically
pleasing (Flathman & Lanza, 1998); rhizosphere microbial communities are able to
biodegrade a wide variety of organic contaminants (Shimp et al., 1993); it is a low cost
(Gerhardt et al, 2000) and low energy operation (Anderson et al., 1993; Ciria et al., 2005;
Kaimi, 2007; Shimp et al., 1993; Weis & Weis, 2004) and as the organic contaminants are

mostly biodegraded there is no hazardous waste to be disposed.

Another additional benefit of phytoremediation is that organic nutrients and oxygen are
added to soil via plant and microbial metabolic processes. This improves the overall
quality and texture of soil at remediated sites. Plants also provide ground cover, and their
roots help to stabilise soil, which mitigates erosion from both wind and water (Gerhardt et

al., 2009; Schnoor, 1997).

The main mechanisms of phytoremediation are:

e phytostabilisation, where plants immobilise contaminants and store them below
ground in roots and/or soils.
e phytovolatisation, where plants take up contaminants and release them as less toxic

vapours into the atmosphere through the plants transpiration process.
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e phytoextraction, where hyper accumulating plants accumulate the contaminants in
shoots and above ground tissues (McDonald, 2006; Weis & Weis, 2004)

e phytodegradation, where plants and associated microorganisms degrade organic
pollutants (Cunningham et al., 1995)

¢ rhizofiltration, when plant roots absorb pollutants from a submerged environment

(Salt et al., 1995).

1.5 The nature of phytoremediation

Soil microorganisms are considered to be the major or ultimate decomposers (Foth, 1984).
The three major types of soil microorganisms in numerical terms are bacteria, fungi and

the actinomycetes (Foth, 1984; Wild, 1993).

Bacteria are some of the smallest and most abundant microbes in the soil (Reid & Wong,
2005). In a single gram of soil, there are 1x10° to 1x10™ individual cells (Atlas et al., 1984;
Foth, 1984). There are approximately 60,000 different bacteria species, and are present in
all soils whether these are acid or alkaline, waterlogged or well drained and in regions that

are hot or cold, wet or dry (Wild, 1993).

Bacteria play an important role in the decomposition of organic materials. Liste &
Felgentreu (2006) carried out a 95 day greenhouse phytoremediation study on soil
contaminated with 1,517 mg/kg TPH. They looked at the effect of annual ryegrass,
summer vetch and white mustard on bacterial numbers and species type compared to
unplanted and uncontaminated soil. After 15 days, contaminated soil contained up to 18-
fold more bacteria than unpolluted soil due to the bacteria having an increased carbon
source for growth. Bacteria were also particularly abundant in the root zones of flowering
mustard and vetch reaching 10-30-fold the numbers of unplanted soil as bacteria live in
colonies that can cover 4-10% of the root surface (Foth, 1984). The number of bacteria was

similar in contaminated versus pristine soil but the species composition differed. TPH
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degraders such as Alcaligenes piechaudii, Pseudomonas putida, and Stenotrophomonas
maltophilia, Flavobacterium johnsoniae, Pseudomonas fluorescens, Pseudomonas stutzeri,
and Pseudomonas syringae were particularly abundant in contaminated soil. Bacteria are
especially important in the early stages of decomposition when moisture levels are high. In

the later stages of decomposition, fungi tend to dominate.

Fungi are aerobic, eukaryotic heterotrophs that generally grow from spores and form
thread-like hyphae on the exterior of roots. These external hyphae function as an extension
of roots for water and nutrient absorption and are called mycorrhiza (Foth, 1984). Whereas
bacteria grow on a localised site, the fungal mycelium grows out into the surrounding
environment. Mycorrhizal fungi are found naturally in all soils with one gram of soil
containing 10-100 m of mycelial threads (Shimp et al., 1993). Fungi have an important
relationship with plants; ectomycorrhizae, grow on the surface layers of the roots and are
commonly associated with trees and endomycorrhizae that grow within the root cells and
are commonly associated with grasses, row crops, vegetables, and shrubs. Mycorrhizal
fungi can help solubilise phosphorus and bring soil nutrients (phosphorus, nitrogen,
micronutrients and perhaps water) to the plant (Ingham, 2000b). They can also bind the
soil particles together to create water-stable aggregates which in turn create the pore spaces
in the soil that enhance water retention and drainage. In periods of water deficit, fungi can
survive by living in dead plant roots and/or as spores or fragments of hyphae (Jenkins,

2005) or by bridging gaps between pockets of moisture (Ingham, 2000b).

Actinomycetes are a group of prokaryotic soil bacteria that are similar in structure to fungi.
They are single-celled but form filaments resembling mycelia and often produce spores
(Shimp et al., 1993). Actinomycetes numbers typically vary from 1x10° to 4x10’ per gram
of soil. Although actinomycetes are abundant in aerobic soils (Wild, 1993), it is generally
noted they that are not as important as bacteria and fungi as decomposers but they are able
to degrade compounds resistant to decomposition by other bacterial and fungal species
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(Ingham, 2000a). This class of microbe may be able to degrade many complex chemicals

often found in contaminated soil (Foth, 1984).

Plant-microorganism interactions have been known and studied for more than a century
(Shimp et al., 1993). Both fungi and actinomycetes have been shown to increase with the
addition of plants. Juwarkar & Jambhulkar (2008) carried out a phytoremediation field
study in an old coal mine dump in India. Thirty six months after planting 12 assorted,
native plants, the number of fungi and actinomycetes increased from 9x10' to 8.3x10*
CFU/g and from 6x10' to 9x10* respectively. This brought the numbers of fungi and
actinomycetes close to those found in a good productive soil leading to the previously

barren dump turning into a fertile and productive green area.

The term rhizosphere was first used by Lorenz Hiltner in 1904 (Anderson et al., 1993) and
is used to describe the area of soil closely surrounding the plant roots. It is colonised by a
predominately Gram-negative microbial community, specifically Pseudomonas,
Flavobacterium and Alcaligenes (Euliss et al, 2008). The rhizosphere supports microbial
populations up to 100 times larger than the surrounding bulk soil (Erickson, Davis, &
Narayanan, 1995; Shimp et al., 1993; Wild, 1993). This is because the rhizosphere has

increased oxygen levels, plant exudates and an increased surface area.

The most rapid and complete degradation of the majority of pollutants is brought about
under aerobic conditions (Riser-Roberts, 1998a). There is increased oxygenation in the
rhizosphere because of the continuous dying of root hairs producing tiny channels and
pores in the soil, facilitating the diffusion of oxygen from the top surface to the lower soil
depths (Shimp et al., 1993). Some plants also have several internal gas transport pathways
raising the oxygen concentration in the proximity of the roots close to that of air (Shimp et
al., 1993). Many wetland plants are also able to absorb oxygen through their leaves,
lenticels of twigs, stems, bark and even the unflooded roots and then release oxygen into

the rhizosphere by mechanisms such as thermo-diffusion and a venturi and humidity-
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induced convection of air (Armstrong & Armstrong, 1990; Armstrong et al., 1992;

Callaway & King, 1996).

The length and surface area of the root system is another factor affecting the increased
number of microbes found in the rhizosphere (Shimp et al., 1993). Plant systems with
higher root densities and larger root surface areas may create a more effective environment
for soil microorganisms due to the greater concentrations of root exudates supporting

growth (Keller et al., 2008).

Plants sustain an increased microbial population in the rhizosphere by secreting substances
such as carbohydrates and amino acids through root cell walls and by sloughing root
epidermal cells (Anderson et al., 1993; Erickson et al., 1995; Foth, 1984). More than 25%
of the photosynthate produced by plants may be lost from the roots to the soil (Foth, 1984).
The rates of exudation and composition of exudates vary with the age of the plant (Shimp
et al., 1993). This continuous supply of root exudates is necessary to maintain the 1x10°-
1x10" vegetative microbes per gram of soil in the rhizosphere in a metabolically active
state (Erickson et al., 1995). Root exudates also increase the diversity and numbers of
microbial species and can stimulate aerobic microbial degradation of pollutants (Anderson

et al., 1993; Erickson et al., 1995; Wild, 1993).

1.6 Phytoremediation of hydrocarbons

The use of plants has been shown to be effective in many TPH phytoremediation studies.
The process by which organic contaminants in the soil are broken down by microbial
communities on plant roots is called rhizodegradation (Anderson et al., 1993). The carbon
in the TPH is a good energy source, or substrate, for many microbes and causes their
growth to be greatly stimulated (Adam & Duncan, 2002; Foth, 1984). Although many
microorganisms can metabolise TPHs, no single microorganism possesses the microbial

capacity to degrade all, or even most of the compounds in a petroleum mixture. More rapid
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rates of degradation occur when there is a mixed microbial community than can be
accomplished by a single species (Atlas, 1984). The diversity and high degrading activity
of microorganisms in the rhizosphere may account for this efficacy of plants in stimulating

the removal of hydrocarbons from the soil (Nichols et al, 1997).

Kirk et al., (2005) conducted a laboratory study into the numbers of bacteria and the
number of hydrocarbon-degrading bacteria found in planted and unplanted soils
contaminated with 31,000 ppm TPH. They found that after 7 weeks perennial ryegrass
altered the rhizosphere by hosting 233 times more bacteria and 37 times more
hydrocarbon-degrading bacteria compared to the unplanted soil. Alfalfa also increased the
number of both bacteria and hydrocarbon-degrading bacteria, although the effect for alfalfa
was not as substantial as perennial ryegrass, probably due to the different root

morphologies.

Heterotrophic microorganisms require inorganic nutrients to degrade organic contaminants
(Walworth et al., 1997). The most important macro nutrients for plant growth and function
are nitrogen, phosphorus and potassium. Nitrogen increases the plant biomass which has
been shown to increase the rate of TPH degradation and so is therefore required in the
highest concentration for effective phytoremediation (White et al., 2003). The addition of
nutrients during phytoremediation trials has had mixed results; Karthikeyan et al., (2000)
found there was a 73% removal in TPH concentration in planted sites with added fertiliser
during a 2 year phytoremediation study whereas Ji et al., (2004) found a 96% removal in

TPH in planted sites with no added fertiliser during a two year phytoremediation trial.

The most common microbial genera responsible for TPH degradation include: Nocardia,
Pseudomonas, Acinetobacter, Flavobacterium, Micrococcus, Arthrobacter,
Corynebacterium, Achromobacter, Bacillus, Aspergillus, Mucor, Fusarium. Penicillum,

Rhodotorula, Candida and Sporobolomyces (Balba et al., 1998).
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Plants shown to phytoremediate hydrocarbon contaminated soils include: fescue; Sudan
grass (Sorghum sudanese); switch grass (Panicum virgatum) (Keller et al., 2008); ryegrass
(Lolium perene) (Kaimi et al., 2006; Kirk et al., 2005); maiden cane (Panicum
hemitomon); bulltongue arrowhead (Sagittaria lancifolia) (Dowty et al., 2001); saltmarsh
arrowhead (Spartina alterniflora) (Lin et al., 2002) and cattail (Typha latifolia) (Gessner et

al., 2005; Groudeva et al., 2001).

Phytoremediation has been studied extensively ex situ in laboratory and microcosm
experiments and the findings are very encouraging (Williams, 2002). Gunther et al (1996)
conducted a laboratory scale experiment using agricultural top soil spiked with 4,330
mg/kg PAH. After 22 weeks, the levels of PAH had decreased by 97% in the column
planted with ryegrass compared to only 82% removal in the unplanted control column.
Liste & Felgentreu (2006) also found similar findings in a greenhouse study using soil
contaminated with 1,517 mg/kg TPH from a former coal gasification site. After 95 days,
the TPH levels had decreased by 84% (white mustard) and 81% (vetch) and 69%
(unplanted control). Only a few full scale in situ applications have been tested (EPA, 2001)
meaning the next phase in advancing acceptance of phytoremediation as a regulatory
alternative must be to demonstrate sustained contaminant removal in real life, in situ sites
(Wang et al., 2010). Although soil microcosm experiments can be a useful tool to access
the biodegradation potential of hydrocarbon contamination (Balba et al., 1998), evaluation
of phytoremediation in the field is difficult because of the inherent spatial heterogeneity
and the hydraulic and chemical properties of the soil (Nedunuri et al., 2000). In greenhouse
and laboratory experiments soils are generally well mixed to achieve a uniform matrix. The
special heterogeneity of contaminant levels can result in variation of concentrations
between locations, which may make it difficult to statistically identify significant treatment

effects in field trials (Gerhardt, 2009).
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Challenges faced by plants during in situ trials include, temperature variation; nutrient
variation; precipitation; herbivory (insects or animals); predation; plant pathogens and

competition by weed species that are better adapted to the site (Nedunuri et al., 2000).

1.7 Phytoremediation of hydrocarbons using wetland plants

The selection of an appropriate set of plants that are adapted to the site conditions and most
capable of increasing the contaminant-degradation potential of the soil microbial
community is crucial for the successful application of phytoremediation. The plant species
selected should possess characteristics that enable them to grow on contaminated sites.
Simultaneously, they should be able to establish microbial associations that facilitate the

degradation of contaminants (Wang & Oyaizu, 2009).

Two wetland plants commonly used in phytoremediation studies are Phragmites australis
(common reed) and Typha latifolia (common cattail). These plants are found in shallow
water in marshes, bogs and the edges of shallow lakes, salt marshes and estuaries
throughout the world. P. australis have round, hollow stems which grow up to 1.5t0 6 m
in height and 8 to 32 mm in diameter (Clayton et al., 2002; Massacci, 2001). In the UK,
they flower in June/July with seed germination in late autumn (Massacci, 2001) after
which the stems harden and the leaves die. These stems remain standing for 2-3 years
before breaking near the surface. The underground rhizomes for the following year are
then formed before winter (Haslam, 1972; Rodwell, 1995). T. latifolia can grow up to 3 m

in height with spongy strap like leaves (Rook, 2002).

P. australis and T. latifolia are useful for the phytoremediation of eutrophic lakes and
waste waters, as well as contaminated soils (McNaughton et al., 1974; Taylor & Crowder,
1984) and possess the traits for an ideal phytoremediation crop: rapid growth; high

biomass and a high tolerance for contaminated soils (McDonald, 2006).
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Massacci (2001) calculated that a typical plant of P. australis has an average above ground
biomass dry weight of 50 g that includes about 13 g of leaves. As the number of plants per
square metre can be up to 300, an incredibly high above ground biomass per square metre
can be then accumulated in healthy and dense stands of P. australis. T. latifolia also
produces a large biomass from a stand (Wang et al., 1997) in similar amounts to P.
australis (Solano et al., 2004). This large biomass is advantageous for phytoremediation of
eutrophic systems because a large amount of nitrogen, phosphorus and other elements must

be invested in the shoots for their structure and function (Massacci et al., 2001).

Both P. australis (Muratova, 2003) and T. latifolia (Ciria et al., 2005) have demonstrated
an increased degradation rate of hydrocarbons. P. australis has been shown to decrease the
levels of bitumen tar in a 16 week laboratory study by 43% more than unplanted soil
(Tischer, 2002). T. latifolia was shown to remove 90% of hydrocarbons from a starting
concentration of 60 ppm in a wetland experiment over two years (Salmon et al., 1998) as
well as removing 100% TPH from a 14 day constructed wetland contaminated with 15 to

20 mg/L TPH (Moore et al., 1999).

Wetland soils are usually anaerobic due to water filling the air spaces of soil. Studies have
shown that aerated soils enhance hydrocarbon degradation (Dowty et al., 2001). Both T.
latifolia (Bendix et al., 1994; Brix et al., 1992) and P. australis (Brix et al., 1996) have
effective aeration systems based on internal convective through-flow of gases which give
them outstanding capacities to vent their underground tissues. Both plants have highly
developed gas aerenchymatous tissues (Armstrong, 1964; Callaway & King, 1996). During
the growing season (Armstrong et al., 1992), oxygen from the atmosphere can move
downwards through these tissues (Brix et al., 1996; Moorhead & Reddy, 1998) and
biogenic gas from the sediments can move upwards and into the atmosphere (Armstrong &

Armstrong, 1991). Plant roots can then transport oxygen to the surrounding rhizosphere
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(Armstrong et al., 1992; Boon & Sorrell, 1991; Brix et al., 1996, Jespersen et al., 1998;

WieRner et al., 2002; Wright & Otte, 1999).

A second type of pressurised gas flow in P. australis is venturi-induced convection. This
process can operate both during the growing season and in winter (Armstrong et al., 1992)
and involves oxygen being transported from the atmosphere to the rhizosphere when the
plants are senesced by a ‘venturi’ mechanism through the open ended (cut or broken)

culms (Ciria et al., 2005).

Plants with dense roots and/or greater specific surface area increase populations of soil
microorganisms due to greater concentrations of root exudates supporting their growth
(Kaimi et al., 2006; Keller et al., 2008). T. latifolia has rhizomes up to 3 cm in diameter
and 69 cm in length growing up to 10 cm below the surface (Rook, 2002). P. australis has
rhizomes up to 10 m long (Duke, 1979) which makes it an ideal plant to use for
remediation of contaminated soil, the long rhizomes have a large surface area per unit
volume of soil and fibrous root systems with extensive surface area for microbial

colonisation (Adam & Duncan, 2002; Kaimi, 2007).

The actual composition of the microbial community in the rhizosphere is dependent on
root type, plant species, plant age and soil type, as well as other factors such as exposure
history of the plant roots to xenobiotics (Anderson et al., 1993). Muratova (2003) showed
that when P. australis was grown in hydrocarbon contaminated soil, it stimulated the
development of heterotrophic microorganisms, significantly increasing the population of

bacterial degraders by 40 times the levels found in unplanted soil.

P. australis can thrive in shallow and almost stagnant water, where few others species can
survive, because its dense and vertically extended rhizome mat takes up nutrients and
oxygen (Massacci et al., 2001). It can also survive in water up to 2 m above its substratum

although optimal performance occurs at between 50 cm above substratum and 20 cm
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below (Armstrong, 1979). It can survive flooding for several months of the year due to it
having a low metabolic requirement of oxygen, but one third of its leaves need to be above
the water (Tyler-Walters, 2003). T. latifolia can only tolerate deep water up to 95 cm
(Callaway & King, 1996; Grace, 1988, 1989) and in drier areas of marsh P. australis may
be out-competed by T. latifolia (Tyler-Walters, 2003). T. latifolia has been shown to
allocate more of its biomass to leaves with increasing water depth and have decreasing
shoot density and flowering. This is because when all other factors are constant, the
dominant effect of increasing depth is light limitation. Since light penetration through
water has a negative exponential function, plants in deeper water will have less total
biomass capable of photosynthetic activity (less roots and flowers) and a larger proportion
of their biomass would contribute to the respiratory burden of the plant (leaf and stem

number and stem height) (Grace, 1989).

P. australis can tolerate a wide range of pH (4.8 to 8.2) and also a wide range of
temperatures with an optimum range of 6.6 to 26.6°C (Duke, 1979) which is similar to the

6 to 28°C reported for T. latifolia (Rook, 2002).

Although nitrogen is abundant in the atmosphere, combined nitrogen is generally a limiting
factor in plant growth (Shimp et al., 1993). Nitrogen is a critical component in the
mineralisation of hydrocarbon-contaminated soil (Adam & Duncan, 2002; Atlas, 1981).
The addition of N-P-K fertilisers has been found to accelerate hydrocarbon degradation
probably due to microbial enhancement (Leahy & Colwell, 1990). Many reports even state
that healthy P. australis plants tolerate the over-loading of nitrogen and phosphorus in the
aqueous environment (Comin et al., 1997) and exhibit enhanced growth of shoots and

rhizomes (Massacci et al., 2001).
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1.8 Site description

As discussed in section 1.1, TPH contamination originates from many sources. This study
is concerned with TPH contamination from a disused fire-training facility (FTF). Live fire
training is obligatory to meet the Health and Safety training needs of the Fire Service
(personal communication G. Coley, 2011). In England alone there are 46 Fire and Rescue
Services each of which have a FTF or contracted access to a neighbouring facility. FTFs
are also found at UK airports, military bases, ports, and police public order units in
addition to commercial training providers offering basic fire extinguisher training (Justice,
2011). As well as burning a wide variety of hydrocarbons many FTFs have historically
burnt solvents, wood, paints and many other combustibles. Combined with the fire fighting
foams used to extinguish these fires, there are many compounds in the fire debris sediment
that have arisen by pyrolysis, combustion and distillation of these substrates. These FTFs
have left a legacy of soil contamination at sites operated before environmental control

measures were legally required.

1.8.1 Site location

The study site is an old Royal Navy FTF and the contaminated lagoon is called Horsea
lagoon. It is a 25 m wide by 75 m long shallow lagoon, located on Horsea Island to the
immediate North East corner of Portsmouth Harbour, Hampshire, UK (Plate 1), its
National Grid Reference is SU 635 044. Portsmouth Harbour is a designated Site of
Special Scientific Interest (SSSI), Special Protection Area (SPA) and Ramsar site. This is
due to the unique tidal basin, mudflats and the wide range of flora and fauna. The site is
also in close proximity to a residential development and approximately 200 m from a large

shopping and leisure complex named Port Solent.
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Plate 1. Horsea lagoon: South of England (a), Portsmouth Harbour (b) and Horsea
Island (c) Google Earth, 2010

1.8.2 History of the site

Up until 2002, the lagoon received contaminated wastewater runoff from a large-scale
naval fire fighting facility which had operated for approximately 50 years. The FTF (Plate
2) used DRO as a fire accelerant and large quantities of fire fighting foams. As well as
burning DROs, many other combustibles were used including solvents, wood and paints.
Wastewater was discharged into the lagoon, which is directly adjacent to Portsmouth
Harbour. This discharge originally had a double rubble dam through which the lagoon
waters were filtered into the harbour. In 1998, a double sheet piled dam with a concrete
core with a sluice was constructed in place of the original dam, as a consequence water
depth within the lagoon could be controlled by means of a mechanically operated sluice
gate in the dam wall. In June 2000 the Environment Agency confirmed no further
discharge of effluent would be made into the harbour unless discharge conditions were

complied with.
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Plate 2. The fire training facility based on Horsea Island decommissioned in 2002,
Environmental Science Group, 2000

1.8.3 Ground conditions on the site

The UK MOD Environmental Science Group (ESG) carried out comprehensive site
characterisation investigations in 2001 and 2003. Their findings noted that the sediment
was generally comprised of black, fine-grained material. The underlying natural soil
generally comprised a soft to firm grey clay with occasional chalk fragments. The sediment
appeared to be anoxic from within a few millimetres of the surface. Hydrogen sulphide
(H2S) was between 3-58 ppm exceeding the occupational exposure limit of 15 ppm. This
level is up to 4 times higher than the UK occupational exposure limit and, coupled with the
proximity to residential lettings meant that an in situ method not requiring excessive

mechanical disturbance, such as phytoremediation, was attractive.

The site investigations identified the only contaminant of concern to be petroleum
hydrocarbons, in particular DRO. Sediment samples analysed at the Institute of Naval
Medicine, Gosport determined the levels of DRO to be approximately 53,000 mg/kg wet
weight. The samples tested at TES Bretby laboratory services, UK were slightly higher at
58,300 mg/kg wet weight. The remediation objective set by the MOD was to ensure the

total DRO concentration was lower than 2,000 mg/kg.
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2. SCOPE OF STUDY

2.1 Rationale

A large number of successful small-scale, ex situ studies have lead to the conclusion that
plants and their associated microorganisms have the ability to increase the rate of
hydrocarbon degradation in contaminated soils (Pradhan et al., 1998; Schwab et al., 1995).
However, large full-scale studies have been less frequent and have given mixed results
depending on the level of hydrocarbon contamination and the plants used. To date, no full-
scale study has been carried out in situ using non-homogenised hydrocarbon-contaminated
sediment, which would represent a ‘real-life’ phytoremediation operation to determine

whether it is an appropriate technique for cleaning up in situ sediments.

Horsea lagoon represents an extremely contaminated site with a mixture of hydrocarbons
comparable to the most contaminated sites ever investigated in phytoremediation studies.
This study will investigate whether ex situ, homogenised experiments are representative of
real life in situ, non homogenised experiments and also look at the sediment conditions
over time and how they affect phytoremediation rates. The mechanisms affecting the
numbers and types of microorganisms will also be investigated and compared between

planted and unplanted environments.

2.2 Aims

The aims of this study were:

e To determine the extent of hydrocarbon contamination in Horsea lagoon.

e To assess whether the addition of plants can affect the degradation of DRO from
non-homogenised sediment in a semi-aqueous environment compared to an
unplanted control.

e To study the microbial populations capable of DRO degradation
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e To determine whether phytoremediation is a suitable method for removing DROs

from Horsea lagoon.

2.3 Objectives of the study
Three experimental systems were set up to investigate different aspects of the research, ex
situ mesocosms; ex situ greenhouse microcosms and in situ full-scale study at Horsea

lagoon.

The objectives of the study were:

e To determine the levels and variation of DRO contamination in Horsea lagoon

e To determine the most suitable native plant species for phytoremediation of the
site.

e To investigate if nutrient supplements were required for the plant growth and the
affect on the rate of growth of the plants.

e To assess if plant growth affects levels of DROs.

e To assess if the plants significantly affect the overall numbers of microorganisms,
particularly the number and diversity of hydrocarbon-degrading bacteria.

e To investigate the environmental conditions which promote the hydrocarbon-
degrading populations.

e To compare the findings from ex situ and in situ studies.

e To assess the optimum site conditions for increased DRO degradation.

e To make recommendations concerning the feasibility and strategy for

phytoremediation of the site.

2.4 Research strategy
The three systems were used to address different objectives. The plant selection and
growth characteristics were initially investigated in the ex situ mesocosms, the ex situ

microcosms were primarily designed for investigations into microbial populations and the
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in situ field evaluation focused on the DRO concentrations. However, there was some
overlap between the monitoring parameters which allows comparison between the 3

systems.

2.4.1 EX situ mesocosms

An important aspect of the study was to determine the species of plant to be used for the
phytoremediation. It needed to be a native species in order to minimise its effect on the
local ecosystem and able to tolerate both semi-saline water and extremely high
concentrations of sediment DRO. The plants chosen for the initial trial were T. latifolia and
P. australis. Both of these plants have previously demonstrated high decontamination rates
of hydrocarbons in phytoremediation studies due to their rapid growth, high biomass, and a
high tolerance for contamination (McDonald, 2006). Growth of both plants was evaluated
in Horsea lagoon sediment, using mesocosms, with and without the addition of fertiliser.
This was assessed in controlled conditions as adding fertiliser to the lagoon could cause
algal blooms and affect the surrounding harbour, which is designated a SSSI, SPA and

Ramsar site.

2.4.2 Ex situ greenhouse microcosms

An ex situ greenhouse microcosm study was set up to closely examine the microbial
mechanisms of DRO degradation at a variety of depths in the highly contaminated,
homogenised Horsea lagoon sediment. The identity of the hydrocarbon—degrading bacteria
found in the planted and unplanted microcosms were determined and the results compared
with those species found in the in situ study. The greenhouse setting allowed some control
of environmental conditions comparable to the majority of previous phytoremediation
studies. Dismantling of the microcosms also allowed sediment samples to be removed
from the plant rhizosphere and also bulk soil for comparison after the routine monitoring

had been completed.
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2.4.3 In situ field study

An in situ study at Horsea lagoon was set up to determine whether phytoremediation was a
viable method for cleaning up highly contaminated sites under real-life environmental
conditions with non-homogenised sediment. The concentration of DRO in the planted and
unplanted sites were routinely monitored at a variety of locations and depths to determine
the optimum conditions for hydrocarbon degradation. The numbers of microbes present as
well as their identity were investigated and compared to the bacteria identified in the

greenhouse microcosms.

2.4.4 Monitoring methods

It was important to determine the fate of the total DRO concentrations over time in the
homogenised sediment in environmentally controlled greenhouse microcosms and in the

non-homogenised sediment at Horsea lagoon.

This was done using accelerated solvent extraction (ASE) and GC-FID. The height, shape
and position of the UCM on the chromatogram produced can help determine how degraded
the hydrocarbons present were. The total DRO was determined by drawing a line from the
baseline at the retention time for Cyg to the baseline at the retention time for C,s on the
chromatogram incorporating the UCM. This method was advised by the Total Petroleum
Hydrocarbon Criteria Working Group (1998) and was demonstrated in many published
papers investigating environmental samples (Mujis & Jonker, 2009, Bregnard et al., 2000,
Wang et al., 1995). This method of analysis was preferential to one involving the
measuring of each peak height due to the lack of distinct peaks found in the Horsea lagoon
sediment chromatograms. The results showed whether a small-scale study could accurately
represent an in situ site study and whether plants significantly increased the degradation of
DRO by comparing planted and unplanted sites. The GC-FID chromatograms could also

be qualitatively analysed to determine changes in maximum UCM height, UCM shape,
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start and end of the UCM and any resolved peaks to assess whether there had been a

change in the DRO patterns over time and between studies.

Environmental conditions including; moisture content, pH, air temperature, air humidity,
water salinity, sediment composition, submergence and distance from the waters edge were
all used to investigate seasonal variability and determine the optimum conditions for future

in situ phytoremediation studies.

To assess the influence of plants on microbial populations the total number of culturable
bacteria and fungi were examined using the most probable number (MPN) method. When
the ESG carried out their study of Horsea lagoon they noted that the sediment appeared to
be anoxic within a few millimetres of the surface. However, as aerobic bacteria have been
shown to be the primary hydrocarbon degraders, the aim of the study was to increase the
oxygen levels within the sediment with the addition of plants to monitor whether this

increased aerobic activity.

The hydrocarbon degradation ability of the bacteria, at various depths in the planted and
unplanted sites was also investigated. Previous studies such as Kirk (2005) and Wrenn
(1996) have defined presumptive ‘hydrocarbon-degrading’ bacteria as any bacteria able to
grow in or on minimal media with a hydrocarbon added as the sole carbon source. In this
study similar techniques were used but the results were referred to as ‘hydrocarbon-
tolerant” bacteria as they cannot be confirmed as to whether they are presumptive to be
degrading hydrocarbons without a colorimetric indicator added. Colorimetric hydrocarbon
degrading indicator plates allowed the identification of metabolic differences between
organisms by the colour of the colonies they produce (Hopwood, 1970). In this study, the
respiration activity of the bacteria was made visible by the redox stain 2,3,5-triphenyl
tetrazolium chloride (TTC), which when reduced produces a clearly visible red triphenyl

formazan (Olga et al., 2008).
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Once the hydrocarbon-degrading bacteria were detected they were characterised using an
activity assay or molecular techniques. Previously reported species found in hydrocarbon
contaminated environments include, Pseudomonas, Flavobacterium and Alcaligenes
(Euliss et al., 2008). Characterising the culturable bacteria found in Horsea lagoon
sediment allows the microbial population in these extreme levels of DRO to be compared
with hydrocarbon degrading bacteria encountered in other phytoremediation studies at

lower concentrations of contamination.
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3. MATERIALS AND METHODS

3.1 Systems

Three different trials involved in this work are described in the following sections:

3.1.1 Ex situ mesocosm

This initial trial had the aim of selecting the preferred plant species for future experiments.
In April 2007, approximately 450 L of the hydrocarbon-contaminated sediment was
removed from Horsea lagoon. This sediment was mixed thoroughly with 300 L of Horsea
lagoon water to provide a homogenous material both with respect to depth and location. It
was then transported to the research facility belonging to the University of Portsmouth in
Petersfield, Hampshire. It was divided equally into 15 large 100 L plastic bins and covered
with 20 L of Horsea lagoon water to simulate the conditions found at the lagoon site. Using
random number generation, six of these bins were then planted with equal numbers of
newly dug P. australis and six with T. latifolia from a nearby freshwater lake believed to
be marginally tainted with heavier hydrocarbon fractions. The remaining three bins
contained no plants and acted as controls (Plate 3). Using random number generation
again, three of the six bins containing each plant species received regular nutrient addition
(Phostrogen) and all the bins were topped up with water on a weekly basis to maintain

submerged conditions.

From April 2008 until October 2008, plant growth was monitored using bi-weekly shoot
height measurements taken on ten randomly selected shoots (if that number was present)

and counting the total number of shoots in each bin.
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Plate 3. Ex situ mesocosms, H. Pinchin, July 2008

In August 2010, one mesocosm planted with P. australis was dismantled. Sediment
samples were taken from three depths (0 cm, 15 cm and 30 cm) using an acrylic tube (1 m
long x 53 mm diameter x 3 mm wall thickness from Clear Plastic Supplies, U.K) This
process is shown in Plate 4a and b. In addition, samples were also taken from the same
depths in a control mesocosm. These samples were analysed for DRO concentration and

microbial counts.

Plate 4. Extractin am
July 2008
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3.1.2 Ex situ microcosm

The microcosms were mainly set up to allow examination of microorganisms in
environmentally controlled conditions. Three microcosms were set up in April 20009.
Perspex cylinders of 1 m height x 200 mm diameter (Clear Plastic Supplies, U.K) had four
27 mm diameter holes cut into the side of them and these were sealed with neoprene plug
stoppers (B&Q, U.K). These holes were cut at 72° angles from each other at 0 cm, 15 cm,
30 cm and 45 cm spiralling down from the surface of the sediment (Plate 5a). The
cylinders were then fastened to flat perspex bases, filled with sediment from Horsea lagoon
and then topped up with water weekly to simulate the conditions found at the lagoon site.
Two microcosms were planted with a small bunch of P. australis from the Gosport fuel
depot which is situated locally to Horsea lagoon and contains hydrocarbon-contaminated

sediments (PL1 and PL2) and one was left unplanted as a control (UP3) (Plate 5b).

Plate 5. Greenhouse microcosms (a) Empty (b) August 2009, H. Pinchin

From August 2009, samples were taken monthly through the holes in the side wall of the

cylinders using a sterile stainless steel 1 cm x 15 cm tube and used to investigate the
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microbial numbers present in the sediment. From January 2010, the DRO concentration at
each sample site was also determined. In January 2010, bacterial isolates were cultured
from the MPN culture plates and grouped according to morphology. Bacterial isolates were
then tested for their hydrocarbon degrading capabilities and identified using API, Biolog

and molecular techniques.

In August 2010, 17 months after construction, planted microcosm, PL1, was dismantled.
Sediment samples were then taken from four depths (10 cm, 20 cm, 40 cm and 60 cm) at
the centre and edges. Samples were also taken from the unplanted microcosm, which was

not dismantled. The DRO concentration and number of microorganisms was determined.

3.1.3 In situ Horsea lagoon field trial
An in situ trial was carried out to investigate the rates of hydrocarbon removal by plants in

non-homogenised sediment in an uncontrolled environment.

A survey of the slope of the lagoon sides (Figure 2) determined that the South West side
was best for planting. Here the bank slope into the water was gentler and the maximum

depth of water was only 0.6 m at a 4 m distance from the surrounding wall.
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Figure 2. Slope gradients from the North East (left) and South West (right) banks
of Horsea lagoon
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In situ planting in Horsea lagoon took place in April 2009. Eight 1 m? quadrats were set up
along the South West shore. Approximately 90 small bunches of P. australis were dug up
from the Gosport fuel depot and planted at a rate of 11 clumps/m® The planted sites
designated PL1 to PL4, descended down the slope, with site PL1 furthest from the edge of
the water and site PL4 in the water. Sites UP1 to UP4 were located parallel to the planted

sites but remained unplanted (Plate 6).

Lagoon

Planted Control

PL1 UP1
4m
PL2 upP2
PL3 upP3 Test Site

Sampling
g | P14 | UP4 Locations

2m
—

Plate 6. Horsea Lagoon site: (a) View from Dam, Environmental Science Group, 2009
(b) Schematic plan
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From May 2009, sediment cores were removed bimonthly from all positions using a 1 m x
53 mm acrylic corer (Clear Plastic Supplies, U.K) (Plate 7a). Sediment was pushed into a
new aluminium tray using a tight fitting plunger and sliced into depth ranges of 0-2 cm, 2-

7 cm, 12-17 cm (Plate 7b)

Plate 7. Collection of sediment cores from Horsea lagoon showing (a) the collection tube
(b) sectioning up the extracted sediment core, H. Pinchin, 2009

The sediment was then packed into labelled glass jars with no headspace and tightly closed
(Plate 8a). The jars were immediately wrapped in aluminium foil to block exposure to light
(Plate 8b) and then transported in cold boxes packed with freezer packs to slow microbial

growth rates (Plate 8c). They were then stored at 4°C and analysed for DRO content within

48 hours.

From March 2010, the microbial numbers at each sample site were also determined. In
March 2010, bacterial isolates were cultured from the MPN culture plates and grouped
according to morphology. Bacterial isolates were then tested for their hydrocarbon

degrading capabilities and identified using API, Biolog and molecular techniques.
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Plate 8. Sample collection bottles showing (a) a labelled collection jar (b) a jar
wrapped in foil (c) jars being transported, H. Pinchin, 2009

The sediment at Horsea lagoon was predominately sand (58-85%) with relatively large
amount of silt (10-38%) and a small proportion of clay (5-9%). PL1-PL3 and UP2-UP4
were classed as ‘sandy loam’” and PL4 and UP1 were classed as ‘loam sand’ (Figure 3).
Planted sites PL1 to PL4 had almost exactly the same mean levels of sand (70%), silt
(24%) and clay (7%) as the unplanted sites UP1 to UP4 (71%, 23% and 6% respectively)

making the sites suitable for comparison.

The water in the lagoon and the surrounding sea water was measured for pH and salinity
level to investigate whether this could be a limiting factor for the plants. The salinity of
Horsea lagoon water was found to be 7 g/L and the sea water was 39 g/L, P. australis can
tolerate salinity up to 65 g/L so these levels are well within this range. The pH of Horsea
lagoon water was found to be 8.4 which is a little more alkaline than desired as P. australis

requires a pH of between 4.8-8.2 for optimum growth.

46



(a) PL1

(e) UP1
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(b) PL2 (f) upP2

(c) PL3

(g) UP3

(d) PL4

(h) UP4

Clay (less than

Sand (0.05 mm- 2.00 mm)
Silt (0.002 mm-0.05 mm)

0.002 mm)

Figure 3. Sediment particle size in Horsea lagoon sample sites
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3.2 Site characteristics

3.2.1 Sediment particle size

The International Organisation for Standardisation (ISO, 2003) method for determination
of dry matter and water content on a mass basis-Gravimetric method was used. The
sediments were spread thinly over foil trays and dried for 24 hours at 60°C. 100 g of each
mixed, dried sediment was weighed and sieved down to 2 mm. The sieved sediments were
then placed in glass beakers containing 20 mL 1 M HCI (Fisher, UK). 5 mL 1 M HCI was
then added until the frothing stopped. The sediments were then filtered using QL 100 filter
paper (Fisher, UK). The sediments were again dried in a drying cabinet for 24 hours at
60°C. Sediment was weighed and 25 g of each sediment added to glass litre beakers. Then
25 mL of 30% hydrogen peroxide was added to each sediment sample. A large petri dish
was placed over the top to form a loose lid and samples were left for 12 h. The petri dishes
were then removed and the beakers were put on a hotplate and boiled for 30 min but not
allowed to dry out. Samples were all made up with 200 mL with distilled water and 10 mL
10% sodium hexametaphosphate (Fisher, UK) was added. Samples were poured into 1L
glass measuring cylinders and made up to 1L with distilled water. Cylinders were then
stirred thoroughly with plastic rods. After 46 s and 5 h, a soil hydrometer (model ASTM
152H, ERTCO, Cole-Palmer, UK) -5 to 60 Grams was placed into each suspension and a

buoyancy reading and the temperature taken.

The sediment particle size was then determined using the following formula once the
hydrometer readings were corrected by adding 0.3 units per 1°C above 20°C and

subtracting 0.3 units for every 1°C below 20°C.

Sand (%) =

first hydrometer reading (corrected for temperature)x 100

100 — - -
Inorganic sample weight
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second hydrometer reading (corrected for temperature)x 100

Cl %) =
ay (%) Inorganic sample weight

Silt (%) = 100 — (% sand + % clay)

3.2.2 Calculating the dry weight of sediment
Ten grams of each sediment sample was dried for 24 hours at 40°C in a drying cabinet

(Leec, UK). The sediment was then re-weighed.

Dry sediment mass (g) x 100

Sediment dry mass (%) = Wet sediment mass (g)

3.2.3 Sediment pH

Sediment pH was measured by a method developed by the Institute of Naval Medicine. 10
g of each sediment sample was dried for 24 h in a drying cabinet at 40°C (Lec, UK), re-
weighed and placed into centrifuge tubes containing 25 mL of distilled water and shaken
for 15 min on a flat bed rocker (model L520, Gerhardt Schuttelmaschine). The tubes were
then left to settle for one hour. The pH was read using a pH meter (Orion) after being

calibrated for pH 7, 9 and 10.

The pH in the lagoon was also tested on site using a pH probe (model HI9125, Hanna,

UK).

3.2.4 Measuring the amount of suspended solids of the waterlogged sediment

A suitable volume of mixed mesocosm sediment was vacuum filtered through a pre-
weighed GF/C Whatman filter paper. It was then dried in an oven at 105°C for 2 h, cooled
in a desiccator and re-weighed to 4 decimal places. Suspended solids in mg/L was then

calculated using the following formula:
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Suspended solids (mg/L)

final filter paper weight (mg) — Initial filter paper weight (mg) 1000
= X

Sample volume (mlL)

3.2.5 Organic and inorganic material in the sediment

Filter paper from the suspended solids test was placed in a crucible and put in a furnace at
550°C for 20 min. The filter paper was cooled in a desiccator and re-weighed.
Inorganic material was calculated using the following formula:

Inorganic material (mg/L)

_ |final filter paper weight (mg) — Initial filter paper weight (mg)

100
Sample volume (mlL) x

Organic material was calculated using the following formula:

Organic material (mg/L) = suspended solids (mg/L) — inorganic material (mg/L)

3.2.6 Chemical Oxygen Demand (COD) of the sediment

COD measures the amount of an oxidising agent that is consumed when the organic matter
in the water sample is oxidised completely to CO,. Two mL of a suitable dilution of
sediment was added to a COD vial (0-1500ppm) containing 86% sulphuric acid, mercury
sulphate and chromium trioxide. The lids were tightly sealed and gently mixed. The vials
were placed in a COD reactor block (DRB200, Hach, UK), preheated to 150°C, for two
hours, cooled then read in a colorimeter (DR890, Hach, UK). The colorimeter reading was

then multiplied by the dilution factor.

3.2.7 Biochemical oxygen demand (BOD) of sediment

BOD is an empirical test for determining the amount of biochemically degradable organic

material by measuring the oxygen used by the aerobic biological organisms to oxidise the
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organic matter and inorganic matter such as sulfides and ferrous iron (Liu, Bjérnsson, &
Mattiasson, 2000). A suitable dilution (1/F) of the sample was made with aerated distilled
water containing 1 mL/L of ferric chloride, calcium chloride, magnesium sulphate,
phosphate buffer and allythiourea. Initial dissolved oxygen concentration was taken using
an oxygen meter (50B, YSI, UK). The samples were then incubated for five days at 20°C in

the dark. Dissolved oxygen concentration was then re-taken.

BOD was then calculated using the formula:

BOD (mg/L) = 1/F [(S1-S»)-(B1-B5)]

Where S; = Initial dissolved oxygen concentration of sample

S, = Final dissolved oxygen concentration of sample

B, = Initial dissolved oxygen concentration of blank control

B, = Final dissolved oxygen concentration of blank control

1/F = Dilution factor

3.2.8 Measuring air temperature and humidity
Air temperature and humidity were measured hourly by the Solent weather station operated
by the Meteorological Office, Exeter, UK. The data was supplied via personal

communication (Jebson, 2010).

3.3 Analysis of Diesel Range Organics (DRO) in sediments

3.3.1 Extraction process

The amount of sediment sample used depended on the contamination. For these samples, 1
g sediment was mixed with equal parts Hydromatrix (Varian, UK) until a crumb like state
was reached. This was then added to an extraction vial (Dionex, UK) sandwiched between
acid washed sand (VWR, UK) and partitioned with disposable cellulose filters (Dionex,
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UK). The extraction was performed on an accelerated solvent extractor (ASE) 200
(Dionex, UK) using the method adapted from Dionex method 324 ‘accelerated solvent
extraction of hydrocarbon contaminants in soils’ and gave a mean 91% extraction

efficiency.

The ASE had the following settings:

solvent 1:1 hexane: acetone (Fisher Scientific, UK)
e heat=9 min

e static=5 min

e flush=60 % volume

e purge= 60 sec

e cycles=1

e pressure= 103.4 bar

e temperature=200°C

For every eight sediment samples extracted, 0.6 g of a standard 1,060 mg/kg DRO
contaminated clay loam (LGC Standards, UK) was extracted for quality control. The
resulting extract was then made up to 50 mL in 1:1 hexane: acetone and 1.5 mL was
pipetted into a gas chromatography (GC) auto sampler vial (Technopath, UK) and capped

using crimp caps (Technopath, UK).

3.3.2 Analysis of extracts for DRO
Before each run of samples, the GC-FID was calibrated using freshly made standards of:
1000 mg/L, 5000 mg/L, 20,000 mg/L, 30,000 mg/L, 40,000 mg/L and 50,000 mg/L diesel

in 1:1 hexane: acetone.

3.3.3 Measuring the levels of DRO in the sediment extract
The prepared extracts were analysed on a GC-FID using a method from Anatune (Turner,

2004). A GC-FID works by directing the gas phase output from the column into a
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hydrogen flame. The increased current due to electrons emitted by burning carbon particles
is then measured.
The GC (model 6890 Series, Hewlett Packard) had the following settings:

e Cycle time=3.52 min

e column=15m x 0.32 mmi.d. x 0.1 pm film

e carrier gas= helium

e column flow=5 mL/min

e inlet temperature = 300°C

o split flow ratio= 50 mL/min

e (Qassave=on

e saver flow= 20 mL/min

e saver time=2 min
The flame ionisation detector (model GCXLR8R, Anatune) had the following settings:

e Temperature= 300 °C

e Hydrogen flow= 40 mL/min

e Air flow= 400 mL/min

e Make up nitrogen= 30 mL/min
1 pL sample was injected using a cycle dual injection. The temperature cycle was: oven
temperature was 50°C (hold 0.6 min) to 250°C at rate 120°C/min, then to 300°C at
100°C/min, then to 350°C at 90°C/min. After every sediment sample, a blank comprising
1:1 hexane: acetone was run through the GC-FID to remove any remaining analyte from
the column. After every eight samples extracts were injected with a standard of 12,700
mg/L and 36,900 mg/L for quality control along with the sediment standard that had been
extracted by ASE (Figure 26). A chromatogram was produced for each sample (see
appendix Figure 27) with the resolvable hydrocarbons appearing as peaks and the

unresolvable hydrocarbons appearing as the area between the lower baseline and the curve
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defining the base of the resolvable peaks (EPA, 2003). Before each run of samples, 1 pL of
a hydrocarbon window-defining standard in chloroform (AccuStandard, UK) was run
through the GC-FID under the same conditions as the sediment extracts. The sum of all the
peaks eluting between Cyo9 and Cys was found by projecting a horizontal baseline between
these retention times (EPA, 2003). This area under the chromatogram including the UCM
was used to identify the DRO in the injected sample.

Results were then expressed as DRO concentration/dry weight using the following
calculation:

DRO dry mass (mg/kg)

100
Dry mass (%)

= amount of DRO in 1 pL injected sample (ng)x 50,000 (uL) x

3.3.4 Qualitative GC-FID chromatogram analysis

The chromatograms from the dismantled mesocosms and microcosms as well as day 0 and
day 437 in PL1, PL4, UP1 and UP4 from Horsea lagoon were qualitatively analysed to
determine the carbon number position of start of the UCM (Figure 4), the maximum height
of the UCM and any resolved peaks using the retention times of the DRO standards. The
total UCM area was calculated in pA? by tracing around the perimeter of the UCM hump

in ImageJ (National Institutes of Health, USA).

FID2 B, (100807AW20B2201.D)

pA
so

40

g Maximum UCM height

UCM area

~ Start of UCM

Figure 4. GC-FID chromatogram showing qualitative analysis
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3.4 Microbial analysis

3.4.1 General microbial counts

3.4.1.1 Most Probable Number (MPN) method

MPN allows the enumeration of culturable microbial numbers without having to count
every cell or colony. Numbers of bacteria and fungi were determined by culturing the
sediment dilutions on specific agar and incubating them at different temperatures and for

different lengths of time.

One gram of sediment was added to 50 mL Phosphate Buffered Saline (PBS). The MPN
method of Harris and Sommers (1968) was then followed using four different agars (Table

2).

Table 2. Incubation times, temperatures and agars used to culture the
microorganisms

Aerobic microbe Incubation Incubation time (days)
cultured temperature {C)

Total Bacteria TSA+75 ppm 25 7
cycloheximide

Total Fungi PDA 25 7

Hydrocarbon-tolerant Bushnell Haas agar 28 7
bacteria with 1% diesel

Hydrocarbon-tolerant Minimal salts 28 21

fungi agar+0.02%

diesel+100 ppm
chloramphenicol

The following media were used:

Trypticase soy agar (TSA) with 75 ppm cycloheximide

15 g casein peptone, 5 g soya peptone, 5 g sodium chloride and 15 g agar. 40 g TSA
(Oxoid, UK) was mixed with 1 L distilled water and 75 ppm cycloheximide (Oxoid, UK)
to inhibit fungal growth and autoclaved at 121°C for 15 min at 15 psi according to the

method of Kirk et al.(2005)
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Potato dextrose agar (PDA)
Four grams potato starch, 20 g glucose and 15 g agar. 39g PDA (Oxoid, U.K) was mixed

with 1 L distilled water and autoclaved at 121°C for 15 min at 15 psi.

Bushnell Haas agar with 1% diesel
The agar used by Kirk et al. (2005) contained: 1 g KH,PO,4, 1 g K;HPO,4, 1 g NH4NO3, 0.2
g MgS0,.7H,0, 0.05 g FeCls, 0.02 g CaCl,.H,0, 15 g technical agar and 990 mL distilled

water was autoclaved at 121°C for 15 min at 15 psi. 10 mL diesel was syringed through

Whatman 0.45 um filters (Fisher Scientific, UK) into the agar when it had cooled to 60° C.

Minimal salts agar with 0.02% diesel and 100 ppm chloramphenicol

From Kirk (2005) used the following agar: 250 mg KCI, 1 g NaH,PO,4, 1 g NH4;NO3, 0.5 g
MgSQ,, 20 g technical agar (Oxoid, UK) and 1 L distilled water was autoclaved at 121°C
for 15 min at 15 psi. 0.2 mL diesel was syringed through Whatman 0.45 um filters (Fisher

Scientific, UK) into the agar with 100 ppm chloramphenicol when it had cooled to 50° C.

3.4.2 Identification of isolates

3.4.2.1 Isolating of bacteria

Bacteria were isolated from the mixed colonies that grew on the Horsea and microcosm
January 2010 sample MPN plates. These were streaked using a flamed loop onto
corresponding agar plates and incubated (Table ). These plates were then re-streaked to
obtain single colonies until all plates contained pure isolated cultures. Bacterial plates were
stored in sealed bags in labelled boxes in a 4°C cold room and were re-streaked every two

weeks to maintain a pure culture.

All isolates were screened using a set of three tests: Gram stain, Schaeffer-Fulton

endospore stain and an anaerobic test.
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3.4.2.2 Gram stain

Gram staining divides bacteria into two classes- Gram positive and Gram negative
(Prescott, Hartley, & Klein, 1999). A few colonies of each bacterial isolate were heat fixed
onto glass microscope slides. Each slide had crystal violet pipetted on to it for 30 sec then
rinsed with distilled water. Gram’s iodine, acting as a mordant was pipetted on and left for
1.5 min and rinsed off with 95% ethanol, to de-colourise the Gram negative bacteria, then
rinsed with distilled water. Finally, safranin was pipetted onto the slide and left for 30 sec
to colour the Gram negative bacteria then rinsed with distilled water. Slides were viewed at
x1000 magnification with an oil immersion lens using a light microscope (Olympus).

Gram positive bacteria were stained violet and Gram negative were stained pink.

3.4.2.3 Schaeffer-Fulton endospore stain

Many bacteria produce endospores and this test was to screen whether they did or not. The
stain is called a Schaeffer-Fulton procedure and involved steaming the bacterial smear
whilst staining it with malachite green (Prescott et al., 1999). A few colonies of each
bacterial isolate found to be Gram positive rods were heat fixed onto glass microscope
slides. The slides were placed over a steam bath until droplets of water formed under them.
This allowed penetration of the dye to the endospores. Malachite green was pipetted onto
each slide and left for 5 min, reapplying malachite green if some evaporated. The slides
were placed on a staining rack and rinsed with distilled water. Safranin was pipetted onto
the slides and left for two min to stain the remaining vegetative cells before being rinsed
with distilled water. Slides were viewed at x1000 magnification with an oil immersion lens

using a light microscope.

3.4.2.4 Anaerobic growth

Not all bacteria can grow under anaerobic conditions. This will assess which bacterial

isolates are facultative anaerobes. A few colonies of each bacterial isolate were streaked
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using a flamed loop onto two sets of corresponding agar plates. One set was placed in a 2.5
L anaerobic jar with an AneroGen sachet (Oxoid, UK) and an anaerobic indicator (Oxoid,

UK). Both sets of plates were then incubated (Table ) and checked for growth.

3.4.2.4 Grouping of bacteria
All culture plates were separated into groups based on morphology. These groups were
then split into sub groups, to avoid duplication of plates, based on their Gram stain

appearance and given a letter and number code for identification.

3.4.3 Hydrocarbon-degrading bacterial isolates

3.4.3.1 Determining the hydrocarbon-degrading bacterial isolates

Hydrocarbon degradation ability was assessed using a novel colorimetric indicator culture
plate comprising mineral salts, 2,3,5-triphenyl tetrazolium chloride (TTC) and diesel as the
sole carbon source. TTC acts as an electron acceptor for many dehydrogenase enzymes.
When this compound is reduced by the catalytic effect of the soil dehydrogenase, it forms
triphenyl formazan which has a characteristic reddish colour (Page et al., 1982). Kliber et
al., (1995) determined that 90% of hydrocarbon-oxidising bacteria isolated showed the
ability to reduce TTC and Bochner & Savageau (1977) stated that a cell could not grow
without reducing the tetrazolium. However, previous studies have shown the growth of
colourless colonies as well as colonies with a red centre on plates containing limited or no

added carbon source and TTC (Olga et al., 2008).

A few colonies of each bacterial group were streaked using a flamed loop onto Bushnell
Haas agar with 0.0025% TTC and 1% diesel. Plates were incubated at 25°C for five days.
Hydrocarbon-degrading bacteria produced pink or red colonies, non hydrocarbon-

degraders did not grow or appeared white.
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The following media were used:

Bushnell Haas agar with 0.0025% tetrazolium chloride (TTC) and 1% diesel

Adapted from methods by Kirk et al. (2005) and Bochner & Savageau (1977), 1 g
KH,PO4, 1 g K:HPO4, 1 g NHsNO3, 0.2 g MgS04.7H,0, 0.05 g FeCls, 0.02 g CaCl,.H,0,
15 g technical agar and 990 mL distilled water was autoclaved at 121°C for 15 min at 15
psi. 10 mL diesel was syringed through Whatman 0.45 um filters (Fisher Scientific, UK)

into the agar with 0.025 mL TTC (Oxoid, UK) when it had cooled to 60°C.

3.4.3.2 Identifying the hydrocarbon-degrading bacterial isolates using API

API 20 NE (BioMerieux, UK) methodology is based on 20 biochemical tests was used as
an initial method to identify hydrocarbon-degrading bacteria. It is routinely used in
hospitals as a method of identifying bacteria responsible for an increasing number of
opportunistic infections. Substrates include: potassium nitrate, tryptophan, glucose,
arginine, urea, aeculin and gelatin. A few colonies of each hydrocarbon-degrading bacterial
isolate were tested using API 20 NE plates To determine whether the bacteria was oxidase
positive or negative, a few drops of oxidase reagent was pipetted onto a folded filter paper.
Each bacterial isolate was individually streaked across the wet filter paper using a flamed

loop. If the streak turned purple the bacteria was determined as oxidase positive.

The following media was used:

0.85% NacCl (isotonic saline)
8.5 g NaCl (Fisher, UK) was added to 1 L distilled water and autoclaved at 121°C for 15

min at 15 psi in 2 mL vials.

APl AUX medium
7 mL vials of API AUX medium were ordered pre-made from BioMerieux, UK. Each

consisted of 2 g ammonium sulphate, 1.5 g agar, 10.5 mL vitamin solution, 10 mL trace
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elements, 6.24 g monosodium phosphate, 1.5 g potassium chloride and 1 L demineralised

water.

Oxidase reagent
A small amount of N,N,N’,N’-Tetramethyl-p-phenylenediamine dihydrochloride (Sigma
Aldrich, UK) was added to a 5 mL vial of distilled water until a light purple colour was

reached.

One single colony of the hydrocarbon-degrading bacterial isolate was suspended into a 2
mL vial of 0.85% saline. Four drops of this suspension were then added to a vial of AUX
medium. The AUX medium suspension was then pipetted into each of the 20 wells on the
API 20 NE then incubated at 30°C for 24 h. After this time it was determined whether the
bacterial isolate had utilised NO3 and TRP. The strip was placed back in the incubator at
30°C for another 24 h and the remaining results determined. One single colony of the
hydrocarbon-degrading bacterial isolate was streaked across Whatman filter paper (Fisher,

UK) soaked in oxidase reagent. If the oxidase reagent turned purple the result was positive.

3.4.3.3 Identifying the hydrocarbon-degrading bacterial isolates using Biolog

Biolog plates have been developed to identify bacterial isolates based on their ability to
oxidize 95 different carbon sources (Smalla et al., 1998). The Biolog plates were placed
into a colorimetric plate reader and the identification was based on the colour change in

each plate well and is limited to the associated database.

A few colonies of each hydrocarbon-degrading bacterial group were streaked using a
flamed loop onto agar plates. Plates were incubated at 25°C for 24 h. A turbidity standard
(Table ) was inserted into a turbidity meter (Biolog, Technopath, Ireland) and a reading
taken. A sterile swab was moistened in a new vial of inoculating fluid. The swab was
rolled over the isolated colonies and then twirled into the inoculating fluid tube to release

the colonies. The inoculating fluid was inserted into the turbidity reader and more colonies
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were added until the turbidity was the same as the turbidity standard. The inoculating fluid
was poured into a sterile trough (Biolog, Technopath, Ireland) and 150 puL was pipette into
each well of a microplate (Biolog, Technopath, Ireland). The microplate was then sealed in
a bag and incubated (Table 3) and read using the Biolog MicroStation spectrophotometer

(Biolog, Technopath, Ireland) after 4-6 hours and 16-24 hours.

Table 3. Hydrocarbon-degrading bacterial isolate preparation for Biolog
identification

Organism type Turbidity Microplate Culture media Incubation

standard (%) temperature (°C)

Gram negative non- 52 GN2 Biolog universal 30
enteric growth media+5%
sheep blood
Gram negative 61 GN2 Biolog universal 37
enteric growth media+5%
sheep blood
Gram positive cocci 30 GP2 Biolog universal 30
and Gram positive growth media+5%
rods (non-spore sheep blood
forming)
Gram positive rods 28 GP2 Biolog universal 30
(spore forming) growth media
+0.25% maltose+
swabbed with
thioglycolate

The following media was used:

Biolog universal growth agar (BUG) with 5% sheep blood (B)
BUG+B plates pre-made from Biolog, Technopath, Ireland for the growth of Gram
negative enteric and non-enteric bacterial isolates as well as Gram positive cocci and non-

spore forming Gram positive rods.
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Biolog universal growth (BUG) agar with 0.25% maltose (Ma) and thioglycolate (T)

BUG+Ma plates pre-made from Biolog, Technopath, Ireland. Eight drops of concentrated
thioglycolate (Technopath, Ireland) was added to 3 mL sterile distilled water. A swab was
dipped in and gently stroked across the whole surface of each BUG+Ma plate and allowed

to dry. These were used to grow spore forming Gram positive rods.

Inoculating fluid

Inoculating fluid is ordered in pre-made from Biolog, Technopath, Ireland.

Biolog Turbidity standards
Biolog turbidity standards of 20%, 28%, 52%, 61% were pre-made from Technopath,

Ireland.

3.4.3.4 Identifying the hydrocarbon-degrading bacterial isolates using molecular
techniques

Molecular investigation was done on the hydrocarbon-degrading bacterial isolates to
definitively identify them with the help of Dr Joy Watts and the School of Biological
Sciences. Molecular identification is a reliable technique as it is based on extracting the
DNA from the hydrocarbon-degrading isolate, amplifying the sequence through
Polymerase Chain Reaction (PCR) and comparing the results to an extensive GenBank

DNA database.

DNA was extracted from all the culturable hydrocarbon-degrading bacterial isolates using
the Qiagen DNeasy blood and tissue kit using the protocols for Gram positive bacteria as
per the instructions from the manufacturer. The resulting DNA is used in the PCR to
amplify the 16S rRNA gene for sequencing and identification. After the PCR was
complete, samples were examined by gel electrophoresis in a 0.8% tetrabutoxytitanium
(TBT) gel containing ethidium bromide as a fluorescent tag dye to aid visualisation. The

PCR tubes which yielded bands were sent to Functional Biosciences (MI, USA) for
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sequencing. Sequences were then compared to those in the GenBank DNA database by

using the BLAST algorithm and the closest phylogenetic relatives checked.

3.4.4 P. australis roots and rhizomes

3.4.4.1 Hydrocarbon degrading bacteria around P. australis roots and rhizomes

In August 2010, root and rhizome samples were removed from a planted microcosm using
flamed tweezers and scalpel blade (Fisher Scientific, UK). Samples were transported in
new, labelled petri dishes (Fisher Scientific, UK) and kept at 4°C to be used within two
hours of removal. The roots and rhizomes were separated using sterilised tweezers and
scalpel blade and put into separate petri dishes. 60°C Bushnell Haas agar with 0.0025%
TTC and 1% diesel was poured over them and they were left to incubate at room
temperature for five days. Hydrocarbon-degrading bacteria appeared pink or red, non

hydrocarbon-degraders did not grow or appeared white.

3.4.4.2 Hydrocarbon degrading bacteria around intact P. australis

In August 2010, intact P. australis samples were removed from a planted microcosm using
a serrated knife. Samples were transported in new, labelled bags and kept at 4°C and used
within two hours of removal. One of the reeds was held upright in a glass vase whilst 60°C
Bushnell Haas agar with 0.0025% TTC and 1% diesel was poured over it. Aluminium foil
was wrapped around the top of the vase to prevent contamination. It was then left to
incubate at room temperature for five days. Hydrocarbon-degrading bacteria appeared pink

or red, non hydrocarbon-degraders did not grow or appeared white.

3.4.4.3 Preparation of P. australis roots and rhizomes for the scanning electron
microscope (SEM)

In October 2009, root and rhizome samples were aseptically removed from the microcosms

and stored at 4°C to be used within two hours of removal. Samples were fixed in 5%
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glutaraldehyde in 0.1 M HEPES buffer (Sigma, UK) and 0.25% sucrose for one hour at
room temperature in a rotator (Agar scientific). The samples were then washed twice in 0.1
M Phosphate Buffered Saline (PBS) buffer at 4°C on a rotator for five minutes. Samples
were then dehydrated by progressively placing them in 30% ethanol, 50% ethanol, 70%
ethanol, 90% ethanol, 100% ethanol and then 100% acetone for 15 min each. Samples
were then covered in hexamethyldisilazane (HDMS) (Fisher Scientific, U.K) and left
overnight. Samples were mounted onto metal stubs with double-sided carbon tape. Finally,
a thin layer of metals (gold and palladium) was applied over the samples using an

automated sputter coater for 15 min. Samples were viewed under a SEM and images taken.
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4. MESOCOSM STUDY

4.1 Introduction

In April 2007, a mesocosm trial was set up to help determine which native reed would
grow successfully in the highly contaminated Horsea lagoon sediment and would then be
used in the in situ lagoon study. The growth, height and number of shoots of P. autralis
and T. latifolia in Horsea lagoon sediment was monitored bi-weekly throughout the
growing season of 2008 to determine whether plants were able to survive in these
extremely high levels of contamination. From the appearance of new shoots in April to
senescence in October (Plate 9a and b) the effect of nutrient addition to the water was

studied.

Plate 9. Ex situ mesocosms (a) growing healthily in July 2008 (b) and in
senescence due to cold weather in October 2008, H. Pinchin

In August 2008 a homogenised sediment sample was extracted from an unplanted
mesocosm and tested for suspended solid and inorganic matter content. COD and BOD
were also determined on a submerged sediment sample. This was to determine the
percentage of volatile organics present in the sediment and how readily they would be

degraded by the native microorganisms.

In August 2010, one mesocosm planted with P. australis was dismantled. Final sediment
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samples were taken from different depths throughout the mesocosm: 0, 15 and 30 cm.
These sediment samples were then analysed to determine their DRO concentrations and

microbial numbers after the three year study.

All statistical analysis was carried out using Minitab software v15. Data was tested for
normality using the Ryan Joiner test. Microbial counts and DRO concentrations were
found to be significantly different to normal and were Logl0 transformed in order to
normalise the data. Comparisons between two groups were made using a 2-sample t-test
(reported as the t-statistic and the p-value) and when there were more than two groups one
way analysis of variance (ANOVA) was performed (reported as the F-value with the
degrees of freedom of the effect and error in brackets followed by the p-value) after
checking for equal variance. Pearsons correlation was performed to identify any trends

between variables and reported as the regression coefficient (r) and the p-value.

4.2 Results

4.2.1Biodegradability of Horsea lagoon sediment

The sample of mixed sediment and water was found to have a 10.3% moisture content with
36% volatile suspended solids (VSS) (Table 4). The overall BOD: COD was
approximately 1:20 indicating that the organics present in the sediment are extremely hard

to biodegrade.

Table 4. Physical and chemical characteristics of Horsea lagoon sediment

Parameter Concentration (mg/kg)
VSS 36,440
CcoD 125,350
BOD 6,162
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4.2.2 Growth of plants

Both P. australis and T. latifolia grew well in the homogenised Horsea lagoon sediment.
None of the planted mesocosms failed to grow and the numbers of shoots and shoot height

only decreased due to senescence in October.

4.2.2.1 Number of shoots in the mesocoms

P. australis produced a significantly higher number of shoots than T. latifolia (ANOVA
F=165.37, p=0.000), which is indicative of the growth habit (Figure 5a and b). The initial
mean number of shoots was 66 in the P. australis mesocosms and four in the T. latifolia
mesocosms. New shoots emerged at a mean rate of two shoots per day to reach a
maximum of 408 by 17" September in the P. australis mesocosms. This compared to an
average increase of only 0.2 shoots per day in the T. latifolia mesocosms reaching a
maximum of 41 by 2" September. This number then slowed down due to senescence at a
rate of 9.7 shoots per day to 70 in the P .australis mesocosms and 0.6 shoots per day to 12
in the T. latifolia mesocosms on the final monitoring occasion. There was no growth in the

unplanted control mesocosms.

4.2.2.2 Effect of nutrients on shoot number

The addition of nutrients significantly increased the number of shoots in both P. australis
(t(78) =-2.28, p=0.025) and T.latifolia (t(68) =-6.61, p=0.000) (Figure 5a and b). The rate
at which P. australis shoots emerged increased from 1.9 shoots per day to 2.4 shoots per
day when nutrients were added. An increase in the maximum total number of shoots was
also seen with nutrient addition, rising from 349 to 461 shoots by 17" September.
Nutrients also increased the shoot emergence rate for T. latifolia from 0.1 to 0.4 shoots per

day with densities also rising from 19 to 62.
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Figure 5. Mean number of shoots in (a) P. australis and (b) T. latifolia over time in the
mesocosms (SEM shown by error bars)
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4.2.2.3 Shoot height in the mesocosms

Not only did P.australis produce a greater number of shoots over time, they also grew
significantly taller than T. latifolia (ANOVA F=5.58, p=0.019) (Figure 6a and b). The
initial mean shoot height was 24.0 cm in the P.australis mesocosms and 17.3 cm in the T.
latifolia mesocosms. The height of the P. australis increased to a maximum of 115.9 cm by
2"! September whereas T. latifolia reached a maximum of 93.4 cm by 21% August showing
their different growth seasons and phenology. Their height then decreased to 78.9 cm for
the P. australis and 76.6 cm for T. latifolia on the final count due to strong winds breaking

off dead culms.

4.2.2.4 Effect of nutrients on shoot height

The effect of nutrient addition, with regard to shoot height, was varied. For P .australis
there was no significant difference in maximum shoot height (Figure 6), both sets grew to
115.4 cm and 119.6 cm although the microcosm with added nutrients reached this height in
only 152 days as opposed to 167 days without nutrients. However, the addition of nutrients
significantly increased the mean shoot height in T. latifolia (t(69)=-3.84, p=0.000) (Figure
6b). Without added nutrients the mean shoot height increased from 14.1 cm at a rate of 0.4
cm per day to a maximum of 70.6 cm by 21% August and when nutrients were added the
height increased from 20.4 cm at a rate of 0.6 cm per day to a maximum of 117.9 cm by

17" September.

In August 2010, a P. australis mesocosm was dismantled to examine microbial
communities and DRO concentrations. Plate 10 shows the extensive growth of roots and
rhizomes that P. australis produced. It also shows how P. australis has changed the
physical appearance of the contaminated sediment. The top 20 cm of the core was tightly

matted with roots and was light brown due to oxygenation. However, once the core had
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Figure 6. Mean shoot height of (a) P. australis and (b) T. latifolia over time in the
mesocosms (SEM shown by error bars)
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been sectioned, the inside was far less densely matted and was still black. The texture of

the black sediment was much more crumbly due to the lack of roots holding it together.

4.2.3 Dismantling of a mesocosm

15cm—

30 cm-

Plate 10. Dismantled mesocosm showing the brown oxygenated, densely
rooted sides, H. Pinchin, August 2010.

4.2.3.1 DRO concentration

There was no significant difference between the levels of DRO in the planted mesocosm
and the unplanted mesocosm (t(15)=0.41, p=0.687) (Table 5). There was also no
significant difference between the levels of DRO at different sample depths (ANOVA

F=0.86, p=0.444).

When the planted and unplanted mesocosms were examined individually the planted
mesocosm showed a significant decrease in the DRO concentrations with depth (ANOVA
F=8.34, p=0.018) (Figure 6a). Conversely, the DRO concentration in the unplanted

mesocosm increased with depth, but not significantly (Figure 6Db).
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Table 5. The mean levels of DRO (mg/kg) in planted and unplanted mesocosms (SEM
shown in brackets)

Depth Mean DRO in planted mesocosm Mean DRO in unplanted mesocosm
(cm) (mg/kg) (mg/kg)
0 2.45x10° 1.42 x10°
(5.5x10% (2.5x10%)
15 2.15 x10° 2.02 x10°
(5.8x10% (1.1x10°)
30 5.37 x10* 2.22 x10°
(1.7x10% (6.0x10%)

4.2.3.2 GC-FID chromatograms from the dismantled mesocoms

The chromatograms from dismantled mesocosms (see appendix and table 6) showed the
composition of residual hydrocarbons to be in the Cy0-C1; to Cys DRO range with a

symmetric distribution centred at C17-C19 and a high proportion of UCM.

Table 6. Summary of GC-FID chromatogram data analysis from planted (PL) and
unplanted (UP) dismantled mesocosms

Day Site Depth Totalarea UCM  Maximum Carbon number  Start

(pA? area UCM height  at UCM peak of

(%) UCM
1218 PL 0 1605 83 22 C18 C10
1218 PL 0 592 39 10 C18 Cl1
1218 PL 0 1072 79 16 C18 Cl1
1218 PL 15 5228 73 55 C17 C10
1218 PL 15 4723 84 50 Cl7 C10
1218 PL 15 2472 85 28 Cl7 C10
1218 PL 30 5271 76 56 C17 C10
1218 PL 30 3788 87 40 C17 C10
1218 PL 30 6655 79 70 Cl7 C10
1218 UP 0 1662 88 22 C18 Cl1
1218 UP 0 2190 80 27 C18 C10
1218 UP 0 2093 70 38 cis c10
1218 UP 15 6357 86 65 C17 C10
1218 UP 15 687 98 11 C19 C10
1218 UP 15 2389 89 32 C18 Cl1
1218 UP 30 3347 90 30 C17 C10
1218 UP 30 2946 88 30 C17 C10
1218 UP 30 2846 83 30 C17 C10
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Overall, the planted mesocosm chromatograms showed a 19% total area and 12% UCM
area increase when compared to the unplanted mesocosm chromatograms. However, at 0
cm the planted mesocosm showed a 52% lower total area and a 55% lower UCM area
when compared to the unplanted mesocosm and then a significant increase in total area
(p=0.014 ANOVA), UCM area (p=0.009 ANOVA) and UCM maximum height (p=0.021

ANOVA) with depth unlike the unplanted mesocosm (Figure 7).

There were no clearly resolved peaks before the start of the UCM and two clearly resolved
peaks in all the chromatograms at C15 and Cy7. The maximum UCM height was seen at Cyg

on all the 0 cm samples and Cy7 in all the 30 cm samples.

Figure 7. GC-FID chromatograms from the dismantled mesocosms at 0 cm (a) PT1
(b) UT1
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4.2.3.3 Numbers of culturable microorganisms in the mesocosms

Overall, there were significantly higher numbers of total bacteria (t(15)=-5.21, p=0.000),
hydrocarbon-tolerant bacteria (t(15)=-3.21, p=0.006) and hydrocarbon-tolerant fungi
(t(14)=-2.67, p=0.018) in the planted mesocosm compared to the unplanted mesocosm.
The number of total fungi was also higher in the planted mesocosm but was not

significantly different to the control (t(15)=-1.35, p=0.179) (Table 7).

There was a significant increase in the number of total bacteria (ANOVA F=7.99,
p=0.020), hydrocarbon-tolerant bacteria (ANOVA F=20.69, p=0.002) and total fungi
(ANOVA F=51.49, p=0.000) with depth in the unplanted mesocosm. In contrast to this the
planted mesoscosm had a significant decrease in the number of total fungi with depth

(ANOVA F=23.06, p=0.002) (Figure 8).

Table 7. Microbial counts in a planted and an unplanted mesocosm 3 years after
planting (SEM shown in brackets)

Microbial group Mean number in the Mean number in the

planted mesocosm unplanted mesocosm
(cfulg) (cfulg)

Total Bacteria 4.3x10’ 1.4x10°
(2.1x107) (6.5x10°)

Hydrocarbon-Tolerant 1.1x10’ 2.2x10°
Bacteria (3.5x10°) (1.6x10°)

Total Fungi 6.5x10° 1.1x10°
(3.3x10°) (1.1x10°)

Hydrocarbon-Tolerant Fungi 3.2x10* 1.3x10*
(7.4x10°%) (4.9x10%)
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Figure 8. DRO concentration (mg/kg) with depth in the (a) dismantled planted and
(b) unplanted mesocosms. The boxes represent the 1% and 3" quartiles (the
interquartile range) with the median shown as a horizontal line within the box.
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4.3 Discussion

4.3.1 Biodegradability of organics in the sediment

The results showed that there were high levels of hydrocarbon in the Horsea lagoon
sediment and the BOD: COD ratio was 1:20. The ratio of BOD: COD is used as a means of
determining how easily organic matter is biodegraded in an environment (Samudro &
Mangkoedihardjo, 2010). A high ratio of BOD to COD shows that the organics present are
relatively biodegradable whereas a low BOD to COD ratio indicates that the organics
present are either more slowly biodegraded or contain a significant fraction of
unbiodegradable material (Clesceri et al., 1998). This indicates that the organic compounds
present in Horsea lagoon are not degraded easily in the sediment by the native
microorganisms. This could be due to the concentration of hydrocarbons being too high for
the degrading microorganisms to survive or there could be too few microorganisms in the

sediment to degrade the large quantities of hydrocarbon.

4.3.2 Plant species selection

Encouragingly both plants in the trial grew successfully in the mesocosms. This was
encouraging as no previous studies have investigated growth in such highly contaminated
sediments although, P. australis has been shown to have the ability to penetrate through
3.5 cm of soil containing up to 350,000 mg/kg bitumen tar (Tischer, 2002). Although
nutrients did stimulate growth, the reeds grew well without them. Adding nutrients to the
sediment in the in situ study was felt to be costly and could also pose the risk of algal
blooms in the lagoon which could increase the pH and hydrogen sulphide levels during
decomposition (Jana et al., 2001). Nutrient addition was therefore ruled out of the next

stages of the study.

P. australis had significantly larger numbers and taller shoots, even in the trials with no
nutrient application. P. australis has also been described as the “prime temperate species’
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for phytoremediation in sediments due to its high tolerance to a wide range of pollutants
and high rate of oxygen transfer (Gawronski & Gawronska, 2007). It is also more robust
for transplanting and handling and was therefore chosen as the plant species used in the

microcosm and in situ studies.

4.3.3 The effect of P. australis on sediment 3 years after planting

The mesocosms containing homogenised Horsea lagoon sediment were set up to not only
determine whether plants could grow in such contaminated conditions but also to replicate
the large number of studies carried out using contaminated site sediment in ex situ
environments (Euliss et al., 2008; Kirk et al., 2005). However, this study differs from most
due to it being situated outdoors allowing the mesocosms to be exposed to environmental
conditions. Phytoremedation of highly contaminated sediments such as those found at
Horsea lagoon was not expected to be a fast process so the mesocosm trial, as the longest
running experiment in this study, was deemed the most likely to show the effects of
phytoremediation, including the influence on bacterial communities and the ability to

enhance hydrocarbon degradation.

These elevated microbial counts and the changed physical appearance of the sediment
indicate that P. australis rhizospheres modified conditions within the sediment and

promoted the growth of microbes potentially able to degrade DRO.

Rhizosphere soil has been shown to contain 10-100 times more microbes per gram than
unvegetated soil (Lynch, 1990). P. australis has an effective aeration system consisting of
internal convective through-flow of gases which gives it outstanding capacities to vent its
underground tissues (Brix et al., 1996) and highly developed gas aerenchymatous tissues
(Armstrong, 1964) as well as a venturi-induced convection system (Armstrong et al.,

1992). The observed changes in microbial populations may therefore have been affected by
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rhizosphere oxygen availability, although root exudates and physical changes may also be

important factors.

There were significant differences in overall DRO concentrations between the planted and
unplanted mesocosms. The GC-FID chromatograms for both had a large UCM baseline
hump, which is common for sediments with historical or repeated contamination with
TPH. The general pattern of n-alkane peaks found in the diesel standard chromatograms
were not seen presumably because they were preferentially lost by microbial degradation
or other weathering processes (Frysinger et al., 2003). However, all sites showed two
highly resolved peaks at Ci6 and Cy7 in all of the sites, which could be due to biomarkers.
Biomarkers are highly resistant oxidation products formed during hydrocarbon degradation
that can be grouped into sesqui-(Czs), di- (Cyo), sester- (Czs) and triterpanes (Csp) and are
collectively known as terpanes (Wang, 2004). Bycyclic sesquiterpanes including
eudesmane and drimane (Cys) are ubiquitous in weathered sediments containing diesel and
pristine (C17) is a highly branched n-alkane and known biomarker often found in field

studies due to its resistance to biodegradation (Mohanty & Mukherji, 2008).

Despite there being no significant difference in DRO concentrations and similar
chromatogram patterns between mesocosms, there is evidence that the reeds were
influencing sediment microbial populations. This was also observed in a 5 year
phytoremediation study in ElI Dorado, Arkansas by White et al. (2006). In Horsea lagoon
sediment, numbers of bacteria, hydrocarbon tolerant bacteria and hydrocarbon tolerant
fungi were significantly higher as well as the number of fungi being higher in the planted

mesocosm compared to the unplanted mescocosm (Table 5).

4.4 Summary

e The low BOD: COD ratio showed that the hydrocarbons in the Horsea lagoon
sediment were extremely hard to biodegrade.
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Both P. australis and T. latifolia grew well in the contaminated sediment however,
P. australis had a significantly higher number of shoots and shoot height.

The addition of nutrients significantly increased the number of shoots in both P.
australis and T. latifolia and significantly increased the shoot height in T. latifolia.
After three years, a mesocosm containing P. australis had significantly higher
numbers of total culturable bacteria, hydrocarbon-tolerant bacteria and
hydrocarbon-tolerant fungi, however, the DRO concentration was not significantly
different between a planted and unplanted mesocosm.

The GC-FID chromatograms showed a symmetrical shape between C1p-C1; to Cys
centred around Cj7-19.

There was a large symmetrical UCM on all the GC-FID chromatograms.

P. australis was chosen to be used in further phytoremediation studies.
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5. MICROCOSM STUDY

5.1 Introduction

There have been a large number of successful greenhouse studies of phytoremediation of
hydrocarbons using microcosms; some using spiked sediments (Aprill, 1990; Kaimi et al.,
2006) and some using contaminated site sediments (Euliss et al., 2008; Liste & Felgentreu,
2006). All showed an increased rate of hydrocarbon degradation in the planted microcosms
compared to the unplanted microcosms. All of these studies have involved the use of
homogenised sediment and controlled environmental conditions. In April 2009, a
microcosm study using homogenised Horsea lagoon sediment was undertaken to determine
the effect of plants on microbial populations and hydrocarbon levels on a smaller scale

with environmentally controlled conditions.

Two microcosms were planted with a small bunch of P. australis from the Gosport fuel
depot (PL1 and PL2) and one was left unplanted as a control (UP3). From July 20009,
sediment samples were taken monthly from: 0, 15, 30 and 45 cm depth for microbial
analysis. The number of culturable, aerobic bacteria, fungi, hydrocarbon-tolerant bacteria
and hydrocarbon-tolerant fungi were enumerated using the MPN method to determine the
influence of plants on increased microbial numbers. In January 2010, bacteria were
cultured from MPN plate counts and isolated into pure cultures, then held as stock cultures
at 4°C. Subsequently these isolates were screened using the Gram stain procedure and
assessed for their capacity to grow with and without oxygen (into aerobes and facultative
anaerobes). Bacteria found to be Gram positive rods were investigated for endospore
production and bacteria found to be Gram negative rods were tested using the APl method
of identification to help identify the bacterial characteristics of the microbial populations
throughout the microcosm. All of the isolated bacteria were grouped and tested for

hydrocarbon-degrading potential along with a section of P. australis rhizome and a small
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clump of P. australis roots (Plate 10). All bacteria found to be hydrocarbon degraders were
analysed using Biolog and molecular techniques for species identification. From January
2010, sediment was also analysed for DRO concentration to determine whether planted
microcosms had increased DRO degradation along with determination of moisture content

and pH.

Rhizome

Plate 11. Planted microcosm showing roots and rhizomes, H. Pinchin, August 2009

In August 2010, 17 months after planting, one planted microcosm was dismantled and
sediment samples were taken from the centre and edge at four depths (10, 20, 40 and 60
cm). Samples were also taken from the centre of the non-dismantled unplanted microcosm.
The DRO concentration and microbial numbers in these samples were analysed to see if
there was a difference between the planted and unplanted microcosms after 17 months in

controlled environmental conditions.

All statistical analysis was carried out using Minitab software v15. Data was tested for

normality using the Ryan Joiner test. Microbial counts and DRO concentrations were
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found to be significantly different to normal and were Log10 transformed in order to
normalise the data. Comparisons were made using one way analysis of variance
(ANOVA) was performed (reported as the F-value followed by the p-value) after checking
for equal variance. Pearsons correlation was performed to identify any trends between

variables and reported as the regression coefficient (r) and the p-value.

5.2 Results

5.2.1 DRO concentrations in the microcosms

5.2.1.1 Changes in DRO over time in the microcosms

P. australis grew well in both planted microcosms (Plate 11). They had a large shoot and

root density and grew to a similar height to the plants grown outside in the mesocosms.

Plate 12. Greenhouse planted (PL1 and PL2) and unplanted (UP3)
microcosms, H. Pinchin, June 2010

DRO concentrations in the microcosms were determined from January 2010-June 2010 on
3 sampling occasions. Overall the DRO concentrations significantly decreased over time
(r=-0.403, p=0.025) and comparison of the individual microcosms showed that the DRO
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concentrations were significantly different to each other (ANOVA F=6.04, p=0.007). At
the end of the study, the DRO concentrations were significantly higher in the planted
microcosms, PL1 and PL2 (ANOVA F=9.50, p=0.004) although on day 1, UP3 contained
lower levels of DRO (61,620 mg/kg) than the planted microcosm, PL1 (81,196 mg/kg).
However, microcosm PL2 had the highest rate of decline in DRO concentration after
sampling began (256 mg/kg per day) followed by microcosm UP3 (211 mg/kg per day)
and then microcosm PL1 (200 mg/kg per day) although the differences between

microcosms were very small (Table 8)

Table 8. DRO concentrations (mg/kg) in the microcosms (SEM shown in brackets)

Mean DRO (mg/kg)

Microcosm day 261 day 352 day 415

PL1 8.3x10° 5.7 x10° 5.3 x10°
(1.5x10% (5.3x10%) (3.9x10%)

PL2 7.1 x10* 4.1 x10* 3.1 x10*
(1.5x10% (1.3x10% (1.6x10%

UP3 - 3.4 x10* 2.0 x10*
(1.7x10% (4.1x10%)

5.2.1.2 Factors affecting DRO concentration in the microcosms

The planted microcosms were regularly watered to keep the plants alive and the unplanted
microcosm was periodically topped up when the sediment had dried out. During sampling

it was noted whether each microcosm was submerged or not.

The concentration of DRO significantly increased with moisture content (r=0.555,
p=0.001) (Figure 9) and there was significantly more DRO in submerged microcosms
(ANOVA F=9.50, p=0.004). The planted microcosms, PL1 and PL2, were submerged
100% of the time on all sample dates and the unplanted microcosm, UP3, was submerged

during only 57% of the sampling dates.
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Figure 9. Relationship between DRO concentration (mg/kg) and sediment moisture
content (%0)

There was no correlation between DRO concentrations and the depth of the sediment.
However, moisture content, which was shown to increase with DRO concentration,

significantly decreased with sediment depth (ANOVA F=3.93, p=0.011) (Figure 10).
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Figure 10. Moisture content of sediment at different depths in the microcosms. The
boxes represent the 1% and 3" quartiles (the interquartile range) with the median
shown as a horizontal line within the box. The extreme values (1.5 times the

interquartile range (IQR) from the upper or lower quartile) are the ends of the lines
extending from the IQR
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5.2.1.3 The final DRO concentration throughout the dismantled PL1 microcosm

In August 2010, after the sampling had been completed, sediment samples were taken from
the edge of microcosm PL1 where most of the roots were positioned and from the centre of

the same microcosm away from the root masses (Plate 13).

10 cm——

20cm—T [ .

40cm—T

60 cm—

Plate 13. Dismantled microcosm showing a high density of roots at the edges,
H. Pinchin, August 2010

The lowest DRO concentrations were seen in the upper layers of the microcosm (26,776
mg/kg DW and 29,173 mg/kg DW in the centre and edge samples respectively) where
volatilisation of the hydrocarbons is most likely to occur. Different patterns were then
observed with depth; DRO concentrations decreased in the centre samples but increased in

the edge samples (Figure 11).
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Figure 11. DRO concentrations at different depths in the middle and edge of the
planted microcosm PL1 (16 months after construction)

5.2.1.4 GC-FID chromatograms from the dismantled microcosms

The chromatograms from dismantled microcosms (see appendix and table 8) showed the
composition of residual hydrocarbons to be in the Cy0-C12 to Cys DRO range with a
symmetric distribution centered at C;7-Cig in the planted microcosm and Cig in the

unplanted microcosm and a high proportion of UCM.

Overall, the planted edge and middle microcosm chromatograms showed a 59% total area
and 61% or 53% UCM area increase when compared to the unplanted microcosm
chromatograms. The unplanted microcosm chromatograms had a lower total area and
UCM area at each depth except for 10 cm where the UCM area was lower in the planted

middle (Figure 12).

The chromatograms all showed a resolved peak before the start of the UCM hump at Cyp,

which was larger in the unplanted microcosm. The two highest resolved peaks present
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within the UCM were at C14-C17 and Cy7-15 in the planted microcosms and at C,6-C1g and

C17-Cyg in the unplanted microcosms.
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Figure 12. GC-FID chromatograms from the dismantled microcosms 60 cm (a) PL1
edge (b) PL1 middle (c) UP3
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Table 9. Summary of GC-FID chromatogram data analysis from planted (PL) and
unplanted (UP) dismantled microcosms.

Day Site Depth Total UCM Maximum Carbon Start of

area area UCM number at UCM
(pPA?) (%) height (pA) UCM peak

478 PL1 10 1054 14 C18 Cl1
Edge 95

478 PL1 10 821 13 C18 C12
Middle 35

478 PL1 20 1702 24 C18 Cl1
Edge 78

478 PL1 20 2321 30 C18 C10
Middle 80

478 PL1 40 1657 21 C17 C10
Edge 75

478 PL1 40 1691 23 C18 Cl1
Middle 70

478 PL1 60 1813 24 C18 C10
Edge 80

478 PL1 60 1393 18 C18 Cl1
Middle 63

478 UP3 10 616 73 9.5 C19 C12

478 UP3 20 507 97 8 C19 C11

478 UP3 40 993 62 14 C19 C11

478 UP3 60 463 77 8 C19 C12

5.2.2 Number of culturable microorganisms

5.2.2.1 Factors affecting microbial counts in the microcosms

The microcosms were sampled approximately monthly (n=7) from August 2009 to June
2010. The number of culturable bacteria, hydrocarbon-tolerant bacteria, fungi and
hydrocarbon-tolerant fungi were determined using the MPN enumeration technique.
Overall, there was no significant difference between the total number of culturable

microorganisms between the planted and unplanted microcosms.

The hydrocarbon-tolerant bacteria responded to environmental factors more than the other
microorganisms. Over time, both the number of hydrocarbon-tolerant bacteria (r=0.355,

p=0.000) and the number of hydrocarbon-tolerant fungi (r=0.357, p=0.001) increased. The
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number of hydrocarbon-tolerant bacteria increased steadily slowly over time, whereas the
number of hydrocarbon-tolerant fungi increased over the first three sampling occasions

then remained at this level for the rest of the study.

The number of culturable hydrocarbon-tolerant bacteria significantly decreased as the
DRO concentration increased (r=-0.390, p=0.030) however, none of the other

microorganisms had a significant linear relationship with DRO concentrations (Figure 13).
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Figure 13. The effect of DRO concentration on microbial numbers in the microcosms

The number of hydrocarbon-tolerant bacteria (r=-0.335, p=0.004), total fungi (r=-0.412,
p=0.000) and total bacteria (r=-0.621, p=0.000) significantly decreased with depth (Table

10).

This association was seen in all the microcosms and was most consistent for culturable
hydrocarbon-tolerant bacteria (Figure 14) however, there was no correlation between the

number of culturable hydrocarbon-tolerant fungi with sediment depth.
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Table 10. The mean number of microorganisms at each depth in the microcosms
(SEM in brackets)

Microcosm Depth Total Hydrocarbon- Total fungi Hydrocarbon-

(cm) bacteria tolerant bacteria (cfulg) tolerant fungi
(cfulg) (cfulg) (cfulg)

9.8x10° 1.7x10° 8.6x10° 1.7x10*

(3.0x10° (1.3x10° (3.5x10°) (6.4x10%)

PL1 15 8.6x10° 1.3x10° 1.8x10° 1.5x10*
(6.8x106) (1.2x10° (9.1x10% (3.0x10%)

PL1 30 1.1x10° 3.2x10° 1.5x10° 3.1x10*
(3.3x10°) (2.2x10°) (3.5x10% (6.0x10%)

PL1 45 9.0x10° 5.4x10° 2.0x10° 3.6x10"
(1.7x10°) (3.8x10°) (3.8x10% (7.0x10%)

PL2 0 2.5x10’ 3.7x10’ 7.6x10° 6.6x10*
(8.9x10°) (3.6x10") (2.3x10°) (2.4x10%

PL2 15 7.7x10° 3.6x10° 3.3x10° 2.1x10"
(1.4x10°) (3.2x10°) (2.6x10°) (6.3x10%)

PL2 30 2.9x10° 3.5x10° 2.7x10° 4.6x10"
(8.9x10°) (3.3x10° (8.6x10% (2.7x10%

PL2 45 2.7x10° 1.9x10° 1.9x10° 1.2x10°
(1.2x10° (1.3x10° (6.5x10% (3.6x10%)

UP3 0 2.8x10’ 1.8x10’ 9.1x10° 2.9x10"
(2.0x10") (1.3x10") (8.6x10°) (7.4x10%)

UP3 15 2.7x10° 2.3x10° 1.4x10° 1.4x10*
(1.5x10° (1.4x10° (1.2x10°) (4.5x10%)

UP3 30 1.1x10° 1.4x10° 1.9x10° 1.9x10*
(1.4x10°) (1.3x10°) (6.6x10% (1.1x10%

UP3 45 1.3x10° 1.5x10° 2.4x10° 2.6x10"
(2.2x10°) (1.4x10°) (6.6x10% (7.8x10%)
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Figure 14. Number of culturable hydrocarbon-tolerant bacteria at different depths
over time (SEM shown by error bars)

The number of culturable hydrocarbon-tolerant bacteria was inversely related to moisture
content (r=-0.306, p=0.009) (Figure 15). This was also apparent in submerged sediment
samples (ANOVA F=9.26, p=0.003) and in the unplanted microcosm UP3 when the
microcosms were looked at individually (r=-0.540, p=0.006). None of the other

microorganisms showed any correlation with moisture.

5.2.2.2 Culturable microorganisms throughout the dismantled microcosms

In August 2010, sediment samples were taken from four depths from the root dominated
edges and less dense root growth in the middle of PL1 as well as a combined middle and
edge sediment sample from the unplanted microcosm, UP3. These samples were analysed
for culturable microbial counts using the MPN enumeration method. There was no
significant difference between the number of culturable microorganisms in samples taken

at the edge of the planted microcosm and the centre (Table 11).
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Figure 15. Relationship between sediment moisture content (%) and number of
culturable hydrocarbon-tolerant bacteria

Table 11. Microorganisms in microcosms PL1 and UP3 with depth

Microcosm Sediment Site of Total Hydrocarbon- Total Hydrocarbon-

depth sample bacteria tolerant fungi tolerant fungi

(cm) collection bacteria

PL1 10 Edge  8.78x10 4.97x10 2.93x10°  3.34 x10'
PL1 10 Centre  1.89x10°  7.40x10° 3.22x10°  8.70x10’
UP3 10 Combined  8.12x10° 1.54x10° 459 x10°  1.62x10°
PL1 20 Edge ~ 9.90x10°  9.90x10° 3.30x10°  8.60x10"
PL1 20 Centre  4.97x10°  4.97x10° 1.67 x10°  2.43x10°
UP3 20 Combined  6.90x10° 5.24x10° 4.02x10°  8.05x10°
PL1 40 Edge 1.60x10°  1.60x10° 3.67x10°  1.26x10"
PL1 40 Centre  232x10°  2.32x10° 6.78x10°  2.51x10°
UP3 40 Combined  3.82x10°  1.21x10° 2.93x10°  1.76x10"
PL1 60 Edge 1.16x10"  2.14x10° 8.38x10°  1.68x10"
PL1 60 Centre  172x10°  9.05x10° 5.12x10°  4.61x10"
UP3 60 Combined  2.20x10°  3.75x10° 2.88x10°  5.75x10°
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There was also no difference in the number of culturable microorganisms in the planted
microcosm PL1 compared to the unplanted microcosm UP3 except for the number of
culturable fungi, which were significantly higher in the planted microcosm PL1 (ANOVA
F=7.45, p=0.021). However the number of culturable hydrocarbon-tolerant bacteria was
higher in the planted microcosm PL1 than the unplanted UP3, except at the 60 cm depth
where the roots were sparse. Overall, the number of culturable hydrocarbon-tolerant
bacteria decreased with depth (r=-0.761, p=0.004) as did the number of culturable fungi in

the planted microcosm PL1 (r=-0.830, p=0.011).

5.2.3 Culturable bacterial isolates

In January 2010, 256 culturable bacteria were isolated from the microcosm MPN
enumeration plate counts. After they were all Gram stained and the positive rods were stain
tested for endospores (Plate 13a and b), 64 visually different culturable bacterial isolates

were identified and given a code letter and number (see appendix).

Of the 256 culturable bacteria isolates, 95 were found in PL1, 83 in PL2 and 78 in UP3
(Table 12 and Table 13). When investigating the diversity of these bacterial isolates, out of
the 64 different bacterial isolates, 39 grew exclusively in the planted microcosms but only
10 grew exclusively in the unplanted microcosm. The highest number of total bacteria
isolates was found at the surface and at 30 cm deep in all three microcosms and the lowest

number were found in the deepest sample sites.

PL2 had the highest diversity of different bacterial isolates exclusively found in one
microcosm (n=17) with UP3 having the lowest number (n=10) indicating that the addition
of P. australis may have increased the number and diversity of the culturable bacterial

communities (Table 12 and table 13).
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Plate 14. An example of (a) Gram stained culturable bacterial isolate (b) Endospores
from a culturable bacterial isolate stained green, H. Pinchin

Nineteen out of the 64 bacterial isolates were facultative anaerobes. The overall number of
facultative anaerobes was very similar in PL1 (n=31), PL2 (n=40) and UP3 (n=34).
However there was a higher diversity of facultative anaerobes in the planted microcosms
with PL2 (n=13) having twice the number of different facultative anaerobes found in UP3

(n=6).

There were 64 different bacterial isolates found in the microcosm sediment: of these 38
were positive rods and 21 positive rods capable of forming endospores. UP3 had the
highest number of total endospore producing bacterial isolates (n=50) however PL1 had
only slightly less (n=46). Although PL2 had the lowest number of endospore producing
bacterial isolates (n=37) it had the highest diversity of different endospore producing

bacterial isolates (n=12) with UP3 having only one fewer (n=11).

The majority of bacterial isolates were found to be Gram positive rods. Bacterial isolate A
was the most abundant being found a total of 65 times across all the sampling sites. It was
a facultative anaerobe and endospore producer allowing it to survive in both anaerobic and

aerobic conditions and in times of unfavourable environmental conditions.
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Table 12. Summary of bacterial isolates unique to the planted microcosms
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Table 13. Summary of bacterial isolates unique to the unplanted microcosm

UP3
Bacterial | Gram Facultative| Endospore
isolate code| stain Shape | anaerobe | producing| Ocm |[15cm |30 cm |45 cm
I + R - + / /
N + R + - / /
A2 - R - /
H2 + R - - /
M2 + R - + /
R2 + R - + / /
V2 - R - /
W2 + R + + /
X2 - R - /
K8 + R + + /
Key: R=Rod
Colour |/ | /
Frequency | 1 | 2

5.2.2.4 Activity of hydrocarbon-degrading bacteria in the microcosm

Bacterial isolates grown from the microcosm MPN enumeration plate counts were tested
for their ability to degrade hydrocarbons (n=256). A small colony was streaked onto an
agar plate containing Bushell Haas agar with 0.0025% TTC and with or without the
addition of 10 mL/L diesel as the sole carbon source and incubated for five days at 25°C.
The bacterial isolates that grew pink or red on the plates were deemed hydrocarbon-

degrading (Plate 15).
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b

Plate 15. Bacterial isolates streaked onto hydrocarbon degrading indicator agar+10 mL/L diesel plates and incubated for 5 days at
25°C. Results: (a) No hydrocarbon degrading activity (b) One hydrocarbon degrading bacterium (left) (c) Two hydrocarbon
degrading bacteria, H. Pinchin
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Overall, 33% of the bacterial isolates were determined to be hydrocarbon-degraders
according to the colorimetric plates (Table 14). Three times as many different
hydrocarbon-degrading bacterial isolates were exclusively found in the planted
microcosms (n=12) than in UP3 (n=4). Planted microcosm, PL1, had the most
hydrocarbon-degrading bacterial isolates (n=39) as well as the highest diversity (n=12).
However, the other planted microcosm, PL2, had the lowest number of hydrocarbon-
degrading bacterial isolates (n=24) and the same number of different hydrocarbon-

degrading bacterial isolates as UP3 (n=9).

Approximately one third of the hydrocarbon-degrading bacterial isolates were facultative
anaerobes (29%) with the highest number of total hydrocarbon-degrading bacterial (n=6)

and the highest diversity (n=3) found in PL2.

Out of the 21 different hydrocarbon-degrading bacterial isolates, there were 13 Gram
positive rods, 54% of which produced endospores. The highest number of endospore-
producing hydrocarbon-degrading bacterial isolates was found in PL1 (n=20) however, the

highest diveristy (n=5) was found in UP3.

The three most commonly occurring hydrocarbon-degraders were L8 (n=29), E2 (n=14)
and M8 (n=10). They were all found to be Gram positive rods but only L8 and M8 were
able to produce endospores. L8 was found in all the depths in UP3 and three out of the four
depths in the planted microcosms. It was found predominantly in the upper layers of the

microcosms where oxygen may be more available, and was abundant in PL1.

The roots and rhizomes of the reeds are also sites for bacterial growth so these were
cultured on Bushnell Haas with 0.0025% TTC indicator plates with and without 10 mL/L
diesel. The plate containing diesel developed red areas around the P. australis roots and
rhizome indicating that hydrocarbon-degrading microorganisms were present; whereas the

plate
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Table 14. The location and frequency of the hydrocarbon-degrading bacterial isolates
in the microcosms at different depths

PL1 PL2 UP3

Bacterial

isolate | Gram Facultative | Endospore | 0 15 | 30 | 45 0 15 | 30 | 45 0 15 | 30 | 45
code stain | Shape | anaerobe | producing | cm [cm | ecm [ cm [ cm [ cm [ cm [ cm | cm | cm | cm | cm
s |+ [R[ - [ « 1.. [/ /!/ /
E2 + R - - / ANV VAN /
M8 | + R - + / / [/ / L]/
G8 - R - / / /
08 - CB - / |/ /

B | - | R - 1l

ke | + | R - - -

C + C + /

T2 + R - + / /

18 + C / |/

M9 + R + /

H - R - /

R + R - - /

T - | cB + /

Z + R - - /

B2 - R - /

D2 + R - - /
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without diesel did not develop any red colouring after five days at room temperature (Plate
16). On a larger scale a sterile glass vase was filled with warm Bushnell Haas with
0.0025% TTC indicator agar and 10 mL/L diesel and a small plant of P. australis. After
five days the area around the roots and rhizomes had become red in colour (Plate 17)

indicating hydrocarbon-degrading activity was concentrated around these areas.
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Plate 16. P. australis rhizome and roots in hydrocarbon degrading indicator agar (a) with 10 mL/L diesel after 5 days at
room temperature (b) without diesel after 5 days at room temperature, H. Pinchin
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Plate 17. P. australis in hydrocarbon degrading indicator agar+10 mL/L diesel at room temperature (a) day 0 (b) day 5, H. Pinchin
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5.2.2.5 Characterisation of the hydrocarbon-degrading cultural bacterial isolates from
the microcosms
One bacterial isolate from each of the 21 hydrocarbon-degrading bacterial isolate groups

was selected for genus and species identification and tested using the Biolog plate reader
and molecular techniques. The four Gram negative rod culturable bacterial isolates were

also API tested (Table 15)

Table 15. Selected hydrocarbon-degrading bacterial isolates found in the microcosms
identified by API, Biolog and molecular methods

Bacterial site  depth API id % Biolog id % Molecular id %
isolate code (cm)
L8 PL1 0 Pseudomonas 100
asplenii
E2 PL2 15
M8 PL1 0 Acidovorax spp. 85
G8 PL1 30 Aero.hydro./caviae 99 Aeromonas spp.
08 PL1 15 Pseudomonas 100
stutzeri
B PL1 30 Pseudomonas 99.4 Pseudomonas 100 Pseudomonas spp 92
stutzeri stutzeri
K9 PL2 0 Tsukamurella 100 Gordonia 99
inchonensis rubripertincta
C PL2 15 Pediococcus 95 Trichococcus 97
urinaeequi flocculiformis
T2 PL1 30
18 PL2 30 Tsukamurella 85 Rhizobium spp. 90
inchonensis
M9 PL2 0 Rhodococcus 82 Mycobacterium 98
coprophilus frederiksbergense
PL1 0
PL1 45
PL1 0 Exiguobacterium 95
spp.
Z PL1 45 Kurthia gibsonii 99 Bacillus spp. 90
B2 PL2 30 Pseudomonas 99.4 Pseudomonas 100 Pseudomonas 99
stutzeri stutzeri stutzeri
D2 PL2 30 Bacillus cereus 98
R2 UP3 45
w2 uP3 30
H2 uP3 15 Bacillus spp.
K8 UP3 0

There was a clear difference in bacterial identification results between the API, Biolog and
molecular methods. After API testing, three out of the four Gram negative rod bacterial
isolates were identified and two were found to be the same species, Pseudomonas stutzeri,

although they appeared morphologically different during earlier examination. This species
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identification (ID) was found with all the different methods for both isolate B and B2
indicating that these isolates were correctly identified and indeed the same species and
genus. Hydrocarbon-degrading bacterial isolate O8 was also found to be Pseudomonas
stutzeri and isolate L8 was found to be Pseudomonas asplenii making Pseudomonas spp.

the most abundant hydrocarbon-degrading species found in the microcosms.

Biolog analysis identified seven hydrocarbon-degrading bacterial isolates to species level
and two hydrocarbon-degrading bacterial isolates to genus level. Once again there were
four hydrocarbon-degrading bacterial isolates that were found to be the same two
hydrocarbon-degrading bacterial isolate: B and B2 were found to be Pseudomonas stutzeri
and K9 and 18 were found to be Tsukamurella inchonensis. Using a minimum of 97% ID
and above, the molecular analysis also identified seven hydrocarbon-degrading bacterial
isolates to species level but using a range of 80-96% ID it also identified five hydrocarbon-
degrading bacterial isolates to genus level. Seven hydrocarbon-degrading bacterial isolates

were not identified by any of the techniques used.

5.3 Discussion

5.3.1 DRO concentration in the microcosm

P. australis was grown in greenhouse microcosms to assess the influence of the microbial
communities on enhancing hydrocarbon degradation in environmentally-controlled
conditions when compared to an unplanted control. Although the sediment was thoroughly
homogenised before the start of the experiment, the DRO concentration varied
considerably with UP3 having the lowest initial DRO and in all the microcosm sites
throughout the study with the highest concentration being observed as 109,000 mg/kg in
PL1 at 15 cm depth on January 2010 and the lowest concentration being observed as 1,458
mg/kg in UP3 at 15 cm depth in April 2010. This could be because insufficient sediment
samples were analysed to confirm homogeneity or the possible migration of the

hydrocarbons into the lower depths due to settlement or through water flushing. This lack
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of homogeneity made determining the effect of P. australis on the contaminated sediment
very difficult to interpret as samples taken from just a small distance away sometimes had
very different DRO concentrations. It also appears that the microcosms did not start with
the same initial DRO concentration although this again could be due to insufficient
sampling. Campbell (1978) stated that the scale of special variability was an important
consideration when designing an environmental survey intended to monitor the changes in
contaminant concentrations. He also stated that the composition of natural materials is
typically heterogeneous on a small scale and homogeneous on a large scale for organic
contaminants in sediments which also appears to be the case in the Horsea lagoon

microcosm study.

Overall the DRO concentration decreased over time in all the microcosms and although the
planted microcosms had a significantly higher DRO concentration than UP3 it was PL2
that had the highest rate of decline. Many studies performed with soil microcosms have
reported the incomplete degradation of diesel oil, the lowest mean DRO concentration in
this study was 2.04x10% mg/kg. It is difficult to then predict a possible time scale for
complete DRO degradation especially as Marchal et al. (2003) claimed that commercial
diesel oil was only 60-73% biodegradable. They stated that only the lighter hydrocarbons
could be degraded and the heavier branches would be resistant to biodegradation. The
phytotoxicity of the DRO could prevent the plants growing and thereby inhibiting the
effects of phytoremediation (Banks et al., 1999) but this was not the case in the greenhouse
microcosm study. However Bystrom and Hirtz (2002) stated that theoretically all
hydrocarbons could be biodegraded but the time it took to degrade the substances differed
depending on treatment, microbial breakdown potential and molecule structure. Since there
are hundreds of different compounds in petroleum products, with a varying rate of
biodegradation, it could be difficult to predict the total rate of degradation. Furthermore the

levels of the different compounds in a petroleum product can vary between different
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manufacturers which make a prediction of the degradation rate even more difficult.
Considerable time could be needed to achieve regulated levels depending upon the initial
concentrations and the desired end point (Frick et al., 1999). Overall phytoremediation has
proven to be an effective method for cleaning up soils that have low or intermediate
contamination of petroleum hydrocarbons (Bystrom & Hirtz, 2002), unfortunately Horsea
lagoon sediment exceeds the concentration deemed ‘toxic’ by Riser-Roberts (1998b) of

100 pg/g soil, suggesting a very long time period will be required for remediation.

When looking at the factors affecting the DRO concentration, it was shown that DRO was
significantly higher in sediments with higher water content and in submerged microcosms.
Hutchinson et al., (2003) noted that aerobic microbial activity in soil rhizospheres,
increased from essentially zero at very low water content to an optimum level at 60%. In
this work, the sediment moisture content was predominantly between 30 and 70%,

therefore the range was suitable for enhanced aerobic activity if oxygen was available.

Moisture content tended to decrease with depth and although there was an association
between DRO increasing with moisture content, the association between DRO and depth

was not significant.

5.3.2 DRO in the dismantled microcosms

Fifteen months after planting, one planted microcosm (PL1) and the unplanted microcosm
(UP3) were dismantled and the sediments analysed. There was found to be no difference in
DRO concentration between edge samples extracted from an area with dense roots and
rhizomes and central samples with less roots. Although there was again no significant
correlation between DRO concentration and depth there was less DRO in the top sampling
sites, possibly due to either increased microbial degradation in the dense root zones or
hydrocarbon migration or volatilisation. There have been some reports on mobilisation of

DRO into the soil column but in most cases there has been little evidence for the
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significant downward leaching of DRO (Atlas, 1991). DRO generally increased with depth
in the samples taken from the root-packed edge samples and vice versa in areas that had
less roots. This seems to indicate there is an increased rate of DRO degradation in the areas
with more roots and oxygen and therefore a rhizosphere effect from microorganism
degradation, root exudates and oxygen transfer and sediment channels being created by the

roots.

The GC-FID chromatograms showed a large symmetrical UCM hump which differed form
the diesel control graphs that remained horizontal to the baseline with clearly defined
peaks. This symmetrical hump shape can be an indicator of weathering and other
environmental contaminants present in the sediment (Tam et al., 2005). The
chromatograms all showed a definite peak at C;o before the start of the UCM. This could
be due to a cyclic biomarker called adamantane, which belongs to the “diamondoid”
hydrocarbon group. Diamondoids are rigid, three-dimensionally fused cyclohexane-ring
alkanes that have a diamond-like (cage-like) structure and a high resistance to

biodegradation (Wang, 2004).

5.3.3 Microbial numbers in the microcosms

Analysis of the total heterotrophic counts and specific hydrocarbon-tolerant microbial
counts in the contaminated sediment can provide useful information on the biological
activities of the sediment and the extent to which the indigenous microbial population has
acclimatised to the site conditions (Hutchinson et al., 2003). These counts could also
indicate whether the soil contains a healthy indigenous microbial population capable of
supporting bioremediation and whether the addition of P. australis enhances the numbers

and degradation affect.

Overall, the number of hydrocarbon-tolerant bacteria and hydrocarbon-tolerant fungi

increased over time. Leahy and Colwell (1990) stated that hydrocarbons in the
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environment were biodegraded primarily by bacteria although the concept of a maximum
or threshold concentration for microbial degradation of hydrocarbons may apply in
sediment ecosystems. The DRO concentration could have reached a maximum threshold
for the microorganisms unable to tolerate hydrocarbons and hence they did not
significantly increase allowing the better adapted microorganisms to flourish. It was
important to determine whether this increase in microbial numbers was due to a
rhizosphere effect by comparing the numbers found in planted and unplanted microcosms.
During a study by Phillips (2009), rhizosphere heterotrophic communities in the planted
treatments maintained significantly higher levels than those in the control soil. This was
also shown in a study by Kirk et al. (2005) using Ryegrass and investigating the numbers
of bacteria, fungi, hydrocarbon “‘degrading’ bacteria and hydrocarbon “‘degrading’ fungi in
the rhizosphere and bulk soil at a decommissioned petroleum storage site. They found
elevated microbial numbers in the rhizosphere samples apart from hydrocarbon
‘degrading’ fungi compared to bulk soil. However, only the number of bacteria and fungi
increased significantly. In sediment from Horsea lagoon there was no significant difference
between the number of microorganisms found in the planted microcosms and those found
in UP3, although there was shown to be a rhizosphere effect on DRO concentration.
However, Hickman and Novak (1989) concluded that total microbial numbers were a poor
predictor for biodegradation potential because they did not take into account species

diversity or metabolic regimes.

In the unplanted microcosm, only the number of hydrocarbon-tolerant bacteria had any
associations with DRO levels. The number of hydrocarbon-tolerant bacteria was inversely
related to DRO concentration indicating the possibility of an increased degradation effect
or signifying a toxic effect of high DRO concentrations on microorganisms (Balba et al.,

1998).
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Microbial populations in unplanted sediment are usually found to be approximately ~1x10°
cells/g, whereas planted rhizosphere sediment usually has microbial populations of
approximately ~1x108 cells/g (Shimp et al., 1993). During this study, mean microbial
numbers for all the microorganisms were in the order of ~1x10° cells/g except for the
hydrocarbon-tolerant fungi which had only 2.8x10* cells/g. In soils containing large
volumes of roots, microbial populations can reach ~1x10* cells/g (Lynch, 1990) which is
much higher than the values seen here. When comparing planted and unplanted microcosm
numbers, Kirk et al. (2005) found numbers of bacteria in ryegrass-planted petroleum
contaminated soils of up to 3.5 x10° cells/g and only 4.5 x10’ cells/g in the unplanted soils
after a 7 week trial. In the Horsea lagoon sediment, bacterial numbers were similar in both
planted and unplanted sediment with a maximum of 5.7x10" cells/g and 1.3x10° cells/g
respectively. The same was found with the numbers of hydrocarbon-tolerant bacteria with
2.2x108 cells/g in planted sediment and 8.0x10 cells/g in the unplanted sediment. These
results are still not as high as the ryegrass planted soil possibly due to sediment structure or

the high DRO content.

The number of bacteria, hydrocarbon-tolerant bacteria and fungi significantly decreased
with depth. This may be due to the upper horizon containing better conditions for
microbial growth due to oxygen diffusion and warming from solar radiation (Shimp et al.,

1993).

Hydrocarbon-tolerant bacteria were the only type of microorganism affected by
environmental conditions. They were inversely related to moisture content and were also
found in significantly lower levels in submerged microcosms. All biochemical processes
require water. For microorganisms, water provides the essential medium for colony
formation and is a primary ingredient in a variety of cell processes such as hydrolysis and
hydroxylation (Tate, 1995). In soil systems moisture content is an important factor for
microbial activity generally increasing up to 60% (Hutchinson et al., 2003). When the
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sediment is very saturated the transfer of oxygen and other nutrients can be inhibited. In
this study, hydrocarbon-tolerant bacterial numbers were seen to increase at lower levels of
moisture content. This could be due to increased availability of oxygen especially when the
sediments were exposed. However, there were also lower levels of DRO with low moisture

content which could perhaps influence bacterial numbers due to decreased toxicity.

5.3.4 Microbial numbers in the dismantled microcosms

After 17 months there was no significant difference between microbial numbers found in
the densely root-filled edge site samples and the sparsely rooted samples taken from the
middle of the microcosm suggesting that there had only been a limited rhizobial effect in
the planted microcosm. When comparing the number of microbes in the planted
microcosm and the unplanted microcosm there was no significant difference except for the
number of fungi, which were higher in the planted microcosm. Extracting and diluting
fungi from sediment samples for enumeration can cause them to produce a number of
spores and fragment hyphae, giving an inaccurate result so this needs to be taken into
account (Curl & Truelove, 1986). Another explanation could be that the fungi have
attached themselves to the plant roots to take advantage of the exudates and increased
oxygen in the rhizosphere. The number of hydrocarbon-tolerant bacteria was also higher in
the planted microcosm at all but the deepest sample depths of 60 cm, the site furthest away
from the surface and root mass indicating that these bacteria had increased in areas with
dense roots and suggesting that there was a rhizobial effect on some of the

microorganisms.

Although overall there was a lower total area and UCM area seen on the unplanted GC-
FID chromatograms, the planted sites appeared to have had a bigger effect on breaking
down hydrocarbon chain lengths. This is shown in the planted microcosm by the start of
the UCM, the maximum UCM height and the two clearly defined resolved peaks all having

lower carbon numbers than those seen in the unplanted microcosm.
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This could be due to the Pseudomonas spp. found in the isolated planted sediment samples.
Pseudomonas spp. are the best known bacteria capable of utilizing hydrocarbons as carbon
and energy sources by producing biosurfactants. Biosurfactants are a heterogeneous group
of surface-active chemical compounds produced by a wide variety of micro-organisms that
enhance solubilization and bioavailability and in turn, the removal of contaminants. The
biosurfactants produced in Pseudomonas spp. are called rhamnolipids. Rhamnolipids cause
greater dispersion of water-insoluble n-alkanes in the aqueous phase due to their
amphipathic properties and the molecules consist of hydrophilic and hydrophobic moieties,
which reduce the interfacial tension of oil-water systems. This results in higher interaction
of cells with solubilized hydrocarbon droplets much smaller than the cells and rapid uptake

of hydrocarbon into the cells (Das & Chandran, 2011).

5.3.5 Bacterial isolates in the microcosms

A higher range and variety of culturable bacterial isolates were found in both of the planted
microcosms compared to the unplanted microcosm. This indicated that P. australis had a

positive effect on the diversity of bacteria found in the microcosms.

Out of the 64 different bacterial isolates, 30% were facultative anaerobes able to survive in
both aerobic conditions near the sediment surface and the rhizosphere and also in areas that
are likely to be anaerobic (e.g. the deeper sediment depth, areas of fine sediment particle
size such as clay or areas with waterlogged airspaces). Both aerobic and anaerobic bacteria
have been shown to degrade hydrocarbons although the predominant type are aerobic
(Ward & Brock, 1978). Although the overall number of culturable facultative anaerobes
found was very similar in each microcosm, there was a much higher diversity in the
planted microcosm, PL2 indicating again that the addition of P. australis increased

bacterial diversity.
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Gram positive rods made up about 60% of the distinct bacterial isolates and about 1/3
produced endospores, enabling them to survive during extreme environmental conditions
such as very high contamination levels encountered at Horsea lagoon. Although sediments
are thought to be colonised by a predominately Gram negative microbial community, this
view is changing with the more frequent use of molecular tools (Cattelan et al., 1998).
There were similar numbers as well as a similar diversity of endospore-producing bacterial
isolates in the planted and unplanted microcosms indicating that the addition of P. australis
had no effect on this category. Overall, no identification method could identify all the
hydrocarbon-degrading bacterial isolates so further analysis needs to be done on the

remaining unidentified isolates.

5.3.6 Hydrocarbon-degrading bacterial isolates in the microcosms

Hydrocarbon-degrading bacteria can be found in virtually all soils (Singer et al., 2004) and
they can adapt to degrade diesel (Wang et al.,, 2010). Communities exposed to
hydrocarbons adapt through selective enrichment and genetic changes resulting in
increased proportions of hydrocarbon-degrading bacteria and bacterial plasmids encoding
hydrocarbon catabolic genes. In unpolluted environments, hydrocarbon degraders
generally constitute less than 1% of the microbial community, whereas in hydrocarbon
polluted ecosystems hydrocarbon-degraders often represent 1-10% of microorganisms
(Atlas, 1981). In this study 30% of bacterial isolates were found to be capable of degrading
DRO according to the colorimetric plate test. P. australis was shown to increase the
diversity of the culturable hydrocarbon-degrading bacterial isolates in the planted
microcosms and this in turn could increase the rate of remediation. There were three times
as many different culturable hydrocarbon-degrading bacterial isolates uniquely found in
the planted microcosms compared to UP3. PL1 also had the most culturable hydrocarbon-

degrading bacterial isolates as well as the highest diversity of different culturable
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hydrocarbon-degrading bacterial isolates out of all the microcosms, and these were found

predominantly in the upper soil horizon.

The Biolog system was able to identify almost as many culturable hydrocarbon-degrading
bacterial isolates as the molecular techniques (43% and 57% respectively). However the
Biolog system is based on the ability of the bacterial isolate to oxidize 95 different carbon
sources and is limited by the range of bacterial species in the database. Molecular
techniques are based on extracted DNA and have a much larger database that is constantly

updated and is therefore more reliable.

Four of the different culturable hydrocarbon-degrading bacterial isolates from the
microcosms were identified as Pseudomonas spp. Two different hydrocarbon-degrading
bacterial isolates were found to be Pseudomonas stutzeri and one was found to be
Pseudomonas asplenii. Bacteria of the genus Pseudomonas are widely distributed in soil
and water (Rossello-Mora et al., 1994) and have been shown to degrade a variety of
hydrocarbons including phenanthrene (Zhao et al., 2009), naphthalene (Bosch et al., 1999),
toluene (Arenghi et al., 2001), quinoline (Shukla, 1989), fluoranthene, pyrene (Ben Said et
al., 2008) ethylbenzene, o-xylene, n-tetradecane, octanol, decanol (Ghazali et al., 2004) as
well as polychlorinated biphenyls (Ahamad & Kunhi, 1996; Tandlich et al., 2001). A study
by Rahman et al. (2002) showed that P. stutzeri degraded 1% Bombay High crude oil by
66% in 5 days and was found to be the best degraders out of the microorganisms tested.
Pseudomonas asplenii, also found in this experiment has been isolated from PAH-
contaminated soils before (Reed & Glick, 2005) and also been shown to degrade phenol

(Fuji et al., 2000).

Two of the different culturable hydrocarbon-degrading bacterial isolates from the
microcosms were identified as Bacillus spp. Bacteria of the genus Bacillus spp. are
primarily found in soil and are able to produce spores that are resistant to heat and
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desiccation and capable of remaining dormant for long periods (Madigan et al., 2008).
Bacillus have been found to degrade a variety of hydrocarbons including a 59%
degradation of both a 1% Bombay High crude oil (Rahman et al., 2002) and oily sludge
components of chain length C1,—C3p and aromatics (Verma et al., 2006). Diesel-degrading
Bacillus spp. have been isolated from soil samples collected from the llaje coastal area,
Nigeria (Boboye et al., 2010) and B. cereus was found to degrade 5% diesel in soil
(Nwaogu et al., 2008) and both 500 ppm and 1000 ppm by 87% and, 80% respectively
when isolated from oil refinery field soil samples in Tehran, Iran (Yousefi et al., 2009).

Bacillus cereus is a known pyrene degrader (Kazunga & Aitken, 2000).

Rhizobium spp. was only found in the planted microcosm PL2. Rhizobium spp. infects
legume roots and forms nodules which fix atmospheric nitrogen (Atlas, 1984). They have
been isolated from heavily PAH contaminated soil (Vinas et al., 2005) in previous studies.
P. australis is not a legume so they are likely to have come from sediment attached to the

P. australis or Horsea lagoon sediment during microcosm set up.

The remaining different hydrocarbon-degrading bacterial isolates that were identified were
also found to be known hydrocarbon-degraders. Gordonia rubripertincta has been shown
to degrade hydrocarbons (Pizzul et al., 2006) such as n-alkanes (Lo Piccolo et al., 2011),
Acidovorax sp. has been shown to degrade phenanthrene (Singleton et al., 2009),
Exiguobacterium sp. can degrade diesel range n-alkanes (Mohanty & Mukherji, 2008),
Mycobacterium frederiksbergense can degrade polycyclic aromatic hydrocarbons
(Willumsen et al., 2001) and Trichococcus flocculiformis can degrade monometric and

diametric carbon sources (Scheff et al., 1984).

5.4 Summary

e Both planted microcosms grew well.
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The concentration of DRO in the sediment significantly decreased over time with
the highest rate of decline being in the planted microcosm, PL2.

The DRO concentration in the sediment significantly increased as the moisture
content increased and in submerged microcosms.

There was no difference in microbial numbers between the planted and unplanted
microcosms.

The number of hydrocarbon-tolerant bacteria significantly increased with DRO
concentration and significantly decreased with moisture content and depth.

The GC-FID chromatograms showed a symmetrical shape between C19-C1, to Cys
centred around Ci7-1g.

Qualitative analysis showed the planted sites appeared to have had a bigger effect
on breaking down hydrocarbon chain lengths.

The number of hydrocarbon-tolerant bacteria and of hydrocarbon-tolerant fungi
significantly increased over time in the microcosms.

A total of 64 different bacterial groups were isolated from the microcosms based on
their morphology.

The majority of the bacterial isolates found were Gram positive rods.

There was an increased incidence and diversity of bacterial isolates in the planted
microcosms.

A novel colorimetric media for determining hydrocarbon-degrading potential was
developed and shown to identify known hydrocarbon-degrading bacteria.

There were three times as many hydrocarbon-degrading bacterial isolates in the
planted microcosms compared with the unplanted microcosm.

The most common hydrocarbon-degrading bacterial genus found in the microcosms

was Pseudomonas spp.
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6. HORSEA LAGOON STUDY

6.1 Introduction

Although phytoremediation of hydrocarbon-contaminated sediments has been studied
extensively in laboratory and microcosm demonstrations with encouraging findings (Euliss
et al., 2008; Palmroth et al., 2002; Paquin et al., 2002), only a few field-scale applications
have been tested (EPA, 2001). In 1997, a phytoremediation study of water-saturated
sediments contaminated with hydrocarbons from a vehicle wash facility was carried out in
Fort Riley, Kansas, USA. This involved removing the contaminated sediment,
homogenising it and then spreading it as a 30 cm deep layer over mowed grassland.
Fertiliser was then added to the field along with a grass mixture, a legume mixture and one
area was kept unvegetated as a control. Initial motor oil range total petroleum hydrocarbon
(TPH) concentrations found in the sediment were 904 mg/kg, 712 mg/kg and 846 mg/kg
respectively (Karthikeyan et al., 2000). After 24 months the TPH had decreased by 76% in
the grass mixture, 59% in the legume mixture and 73% in the unplanted site with no
significant differences between the treatments. The lack of clear evidence of the effects of
the plants was suggested as being due to low initial hydrocarbon conditions and that
treatment differences were more likely to be observed in sediments with higher initial

contamination levels.

All of the full scale experiments involving hydrocarbon contaminated sediments to date
have included removing and homogenising contaminated sediment before the initiation of
the study (King et al., 2006; Vervaeke et al., 2003), meaning the next phase in advancing
acceptance of phytoremediation as a regulatory alternative must be to demonstrate
sustained contaminant removal in situ (Williams, 2002), with non homogenised sediment

and a high initial TPH concentration.
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Horsea lagoon was chosen as an on-site study location due to the high levels of
hydrocarbon contamination acquired from the run-off from a FTF. A site assessment was
carried out to determine the most suitable location in the lagoon to be planted and whether
the lagoon water was of a suitable pH and salinity to allow plant growth. Sediment particle
size was measured and air temperature and humidity was also monitored to determine

whether environmental factors might affect sample results.

Sediment cores were taken from eight positions on the experimental site and from four
different depths approximately bi-monthly from April 2009 until July 2010 to determine
whether the addition of plants reduced DRO concentration compared to paired unplanted
control sites. The planted sites PL1 to PL4, descend down the bank, with site PL1 furthest
from the water’s edge and site PL4 in the water. Sites UP1 to UP4 are the paired unplanted
controls. Sediment sample chromatograms were qualitatively analysed to determine
whether there were any shifts in pattern over time and difference between planted and

unplanted sites.

From January 2010 these cores were also analysed for microbial numbers using the MPN
method to determine whether the addition of plants increased the number of microbes. In
March 2010, bacteria were cultured from MPN plate counts and isolated into pure cultures
and then held as stock cultures at 4°C. Subsequently they were Gram stained and assessed
for their capacity to grow aerobically and anaerobically. Bacteria found to be Gram
positive rods were investigated for endospore production and bacteria found to be Gram
negative rods were tested using the API method of identification to help identify the
bacterial characteristics of the microbial populations. All of the isolated bacteria were
grouped and tested for hydrocarbon-degrading potential to discover where they are found,
what they are and whether the addition of plants has had any effect. All bacteria found to
be hydrocarbon-degraders were analysed using Biolog and molecular techniques for

species identification.
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6.2 Results

6.2.1 Plant establishment

The plants grew well during the first season (Plate 18a) however, the lagoon suffered
damage from rabbits during season two (Plate 18b) as well as extreme flooding (Plate 19)
during October 2009 which damaged some plants and stunted growth. A rabbit exclusion

fence was constructed in May 2010.

Plate 18. P. australis (a) growing well in Horsea lagoon July 2009 (b) and showing
stunted flat tops caused by rabbits in May 2010, H. Pinchin

6.2.2 Horsea lagoon DRO concentrations

The mean DRO concentrations at each site over time are shown in Figure 16. All sites
were highly contaminated with visible black deposits of hydrocarbons and a noxious smell,
mean values by sampling occasion and site ranged from 1,292 to 145,365 mg/kg DRO
DW. The sites furthest down the bank (PL4 and UP4) had the highest concentrations and
these were almost an order of magnitude higher than the other sites. Generally there was a
great deal of variation between sampling occasions at each site, indicating that “hot spots”

of contamination existed over small distances in the sediment.
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Plate 19. Horsea lagoon plant growth during the phytoremediation
study showing the high water levels in October 2009, H. Pinchin
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Figure 16. Mean Log DRO at each site over time (SEM shown by error bars)

All sites had lower DRO concentrations at the end of the study compared to the start.
However PL1 was the only site to show a significant decrease (r=-0.455, p=0.009). An
overall comparison of planted and unplanted sites showed no significant difference in DRO
concentration (ANOVA F=0.70, p=0.404): DRO decreased by 56% in the unplanted sites
and 43% in the planted sites, although the heterogeneous nature of the DRO in the
sediment makes establishing a baseline for each site difficult. Even paired comparison of
planted and unplanted sites at the same distance down the bank (e.g. PL1 and UP1, PL2
and UP2) gave different results with either the planted or unplanted being higher or no

difference being seen.

6.2.3 GC-FID chromatograms from Horsea lagoon

The chromatograms from day O for planted sites PL1 and PL4 and unplanted sites UP1 and
UP4 (see appendix and table 16) showed the composition of residual hydrocarbons to be in
the Ci2-16 to Cp5 DRO range with a symmetric distribution centred at Ci9-0 and a high

proportion of UCM.
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Table 16. Summary of GC-FID chromatogram data analysis from planted (PL) and
unplanted (UP) sites at Horsea lagoon.

Day Site Depth Total UCM Maximum Carbon number  Start of

area area UCM at UCM peak UCM
(pA?) (%) height (pA)
0 PL1 02 939 50 25 C20 C13
0 PL1L 27 296 97 10 C19 C12
0 PL1L 7-12 187 51 55 C19 C13
0 PL1 12-17 190 86 6 C19 C13
0 PL4 02 1148 96 34 C19 C13
0 PL4 27 1821 96 51 C19 C12
0 PL4 T7-12 815 91 23 C19 C12
0 PL4 12-17 878 92 24 C19 C12
437 PL1 0-2 453 42 6.5 C19 C13
437 PL1  2-7 184 37 1.7 C19 C13
437 PL1 7-12 114 48 15 C19 C13
437 PL1 12-17 75 97 0.6 C19 C13
437 PL4 0-2 960 33 13 C18 Cl1
437 PL4  2-7 643 98 7 C18 C12
437 PL4 T7-12 2381 53 32 C18 Cl1
437 PL4 12-17 1670 79 22 C18 C10
0 UP1L 0-2 213 96 7 C20 Cl4
0 UuUP1L 27 120 97 4 C20 Cl4
0 UP1 7-12 69 99 2.5 C20 C16
0 UP1L 1217 103 97 35 C20 Cl4
0 UP4 0-2 452 97 14 C19 C13
0 UuUpP4 27 1467 44 38 C19 C12
0 UP4 7-12 1446 99 38 C19 C12
0 UP4 12-17 1539 84 48 C20 C13
437 UP1  0-2 291 99 3.7 C18 C13
437 UP1  2-7 368 100 3.8 C18 C13
437 UP1 7-12 274 100 2.4 C18 C13
437 UP1 12-17 91 0.5 C18 No distinct
98 hump
437 UP4  0-2 537 61 7 C18 C13
437 UP4  2-7 1995 80 24 C18 Cl1
437 UP4 7-12 770 73 8 C17 Cl1
437 UP4 12-17 495 99 6.5 C17 Cl1

However, the chromatograms from day 437 for planted sites PL1 and PL4 and unplanted

sites UP1 and UP4 showed the composition of residual hydrocarbons to be in the Cyo-13 t0

120



C2 DRO range with a symmetric distribution centred at Cy7-19 and a high proportion of

Unresolved Complex Mixture (UCM) (Figure 17).

Figure 17. GC-FID chromatograms for Horsea lagoon 0-2 cm PL4 day 0 (a) day 437
(b) and UP4 day 0 (c) and day 437 (d)

Overall, the unplanted sites UP1 and UP4 decreased equally in total area by 11% and in
UCM area by 11% however, in the planted sites PL1 and PL4 the UCM area decreased

more than the total area over time (12% and 3% respectively).
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Over time the maximum height of the UCM decreased at every site with a similar decline
in the planted (53%) and unplanted (64%) sites and when looking at the sites separately,
the largest UCM height decrease over time was in UP4 (67%). There was also a clear shift
in the maximum UCM height carbon numbers in all of the sites over time. The sites
furthest down the bank, PL4 and UP4, had a greater decrease in UCM area when compared

to the sites at the top of the bank, PL1 and UP1.

The chromatograms all showed a resolved peak before the start of the UCM hump at C1o-11
and the two highest resolved peaks present within the UCM were at C;7 and C;5 on day 0
and Cq-15 and Cy7-13 on day 437 in the planted sites and at Cy7-1 on day 0 and Cjs-15 On
day 437 in the unplanted sites indicating a shift in the UCM hump. This shift is also clearly
seen in all the sites in the start of the UCM hump from day 0 to day 437 in all of the sites;
PL1 shifted from C;1,-Cy3 to Ci3, PL4 shifted from C12-Ci3 to Cig-12, UP1 shifted from Cis-

Cisto Cy3 and UP4 shifted from C1p-Cqi3t0 C11-Cys.

6.2.4 Factors affecting DRO concentration in Horsea lagoon

The DRO concentration in the sediment significantly increased with sediment depth
(r=0.233, p=0.001) (Figure 18 and Figure 19) increased moisture content (r=0.549,
p=0.000) and when the sites were submerged (ANOVA, F=60.19, p=0.000). Moisture
content was shown to increase with sediment depth (r=-0.176, p=0.009) and followed a
similar pattern to DRO concentration with the highest values seen further down the bank

(Figure 20).
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Figure 18. The DRO concentration at different sediment depths in the four planted
sites at Horsea lagoon
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Figure 19. The DRO concentration at different sediment depths in the four unplanted
sites at Horsea lagoon
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Sites PL1 and UP1, the two sites furthest up the lagoon bank, were submerged 25% of the
time and sites PL3 and UP3, the two sites midway up the lagoon bank, were submerged for
about half of the time (43%) both showed no significant difference between DRO
concentrations and whether the site was submerged or not. However, sites PL4 and UP4,
the two sites furthest down the lagoon bank, were submerged for the most amount of time
(86%) and showed a significant increase in DRO when the sites were submerged (ANOVA

F=6.37, p=0.015).
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Figure 20. DRO concentration (mg/kg) verses moisture content (%) in Horsea lagoon

The pH of the sediment samples was generally alkaline, with mean values at each site
ranging from 7.8 to 8.5 (Figure 21). The pH tended to increase down the bank as sample
sites become more waterlogged giving significantly different pH values at the various sites

(ANOVA F=11.24, p=0.000).
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Figure 21. The pH of the sediment at each sampling site at Horsea lagoon. The boxes
represent the 1% and 3™ quartiles (the interquartile range) with the median shown as
a horizontal line within the box. The extreme values (1.5 times the interquartile range
(IQR) from the upper or lower quartile) are the ends of the lines extending from the

IQR

The mean air temperature on sampling days is shown in Figure 22 reflecting typical values
of the temperature climate in Southern England. There was a range between 2.2°C in

January 2010 to 19.7° C in July 2010.

20+

[EnY
o1
1

Air Temperature (oC)
=
<

[é)]
1

o sl

T T T T T T
May09 July09 August09 October09 Januaryl0 Marchl10 May10 July10

Figure 22. The air temperature at each sampling occasion



6.2.5 Number of culturable microorganisms

6.2.5.1 Microbial counts in Horsea lagoon

Horsea lagoon was sampled bi-monthly from March 2010 to July 2010. The number of
total culturable bacteria, culturable hydrocarbon-tolerant bacteria, total culturable fungi
and culturable hydrocarbon-tolerant fungi were determined using the MPN enumeration

technique. The results are shown in Figure 23.

Different patterns were seen in the planted and unplanted sites. In the planted sites the
total culturable bacteria significantly increased down the bank (r=0.336, p=0.022)
corresponding to the higher levels of DRO and moisture content. The total culturable
fungi numbers and hydrocarbon-tolerant bacteria also increased down the bank, however
total culturable hydrocarbon-tolerant fungi counts showed variations between sites in the
planted sites. The unplanted sites showed a mixed response with a small increase in total

culturable bacteria but general decreases in the other microorganisms down the bank.

There were significantly higher counts of total culturable hydrocarbon-tolerant fungi in the
unplanted sites compared to the planted sites (ANOVA F=6.70, p=0.011) however, there
were no significant differences between any of the other microorganisms. On the last
sample, the number of culturable hydrocarbon-tolerant bacteria had significantly decreased
(r=-0.601, p=0.000). This was the case in every individual site (Figure 24) but this could be

influenced by the dry conditions on the last sampling occasion.
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Figure 23. Mean microbial numbers at each site in the lagoon (SEM shown
by error bars)
The number of total culturable bacteria and culturable hydrocarbon-tolerant bacteria
significantly increased with DRO concentrations (r=0.267, p=0.010 and r=0.280, p=0.007
respectively). Culturable hydrocarbon-tolerant bacteria also significantly increased with
moisture content (r=0.365, p=0.000) (Figure 25) whereas the number of culturable

hydrocarbon-tolerant fungi significantly decreased (r=-0.320, p=0.002)

127



days after

~ 84 il planting
J M | | 318
qg _ _ O 381
o - _ - ] 437
(@] M i

c —

g 71 |

8 |

5 i

-

= i

@

o]

E

@ 6

H -

Q

(@]

iy

c

o

=

@ 57

o

(@]

f -

2

4 T T T T T

Site PL1 PL2 PL3 PL4 UP1 up2 UP3 UP4

Figure 24. The Log number of culturable hydrocarbon-tolerant bacteria at each site
on each sampling occasion

6.2.5.2 Culturable bacterial isolates

In March 2010, 504 cultures of bacteria were isolated from the Horsea lagoon MPN
enumeration plate counts. After Gram staining all the isolates and endospore staining the
positive rods, 157 visually different bacterial isolates were identified and given an

identifying code letter and number.

Of the 504 total bacteria isolates, 62 were found in PL1, 72 in PL2, 65 in PL3, 45 in PL4,
73 in UP1, 64 in UP2, 60 in UP3 and 63 in UP4. Both the planted and unplanted sites had
similar numbers of total bacterial isolates and no correlation with depth (Table 17 and

Table 18).
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Table 17. The occurrence of different bacterial isolates in Horsea lagoon sediment
sections in planted sites
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Table 18.The occurrence of different bacterial isolates in Horsea lagoon sediment
sections in unplanted sites
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Looking at the diversity of these bacterial isolates, out of the 157 different bacterial
isolates, 50 grew exclusively in the planted sites and 55 grew exclusively in the unplanted
sites. When the sites were looked at individually, the number of different bacterial isolates
was very similar in all the sites indicating that the addition of P. australis had no influence

on either the total number of bacterial isolates or the diversity.

Thirty two out of the 157 bacterial isolates were facultative anaerobes. The overall number
of culturable facultative anaerobes found was very similar in all the sites (PL1=10,
PL2=12, PL3=7, UP2=11, UP3=11, UP4=10) except for PL4 (n=18) and UP1 (n=25)
where the number was higher. There was a no significant difference in the diversity of
culturable facultative anaerobes between the planted sites (n=29) and the unplanted sites

(n=32).

There were 86 Gram positive rods out of the 157 different culturable bacterial isolates, 11
of which formed endospores. The overall number of total culturable endospore-producing
bacterial isolates was very similar in all the sites (PL1=3, PL2=5, PL3=7, PL4=3, UP1=7,
UP2=9, UP3=6, UP4=3) as was the number of different culturable endospore producing

bacterial isolates although the diversity was slightly higher UP1 (n=4) and UP2 (n=5)

The majority of bacterial isolates were found to be Gram positive rods. However, Gram
negative culturable bacterial isolate X8 was the most abundant being found a total of 46

times across all the sampling sites.

6.2.5.3 Activity of culturable hydrocarbon-degrading bacteria

The 157 morphologically different bacterial isolates were tested for their ability to degrade
hydrocarbons. A small colony was streaked onto an agar plate containing hydrocarbon-
degrading indicator agar with and without the addition of 10 mL/L diesel as the sole
carbon source and incubated for five days at 25°C. The bacterial isolates that grew pink or

red on the plates were assumed to be hydrocarbon degraders (Table 19 and table 20).
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Twenty seven morphologically different bacterial isolates were identified as hydrocarbon-
degraders according to the colorimetric plates. Twice as many different hydrocarbon-
degrading bacterial isolates were exclusively found in the planted sites (n=13) than were
found exclusively in the unplanted sites (n=5). Although the highest number of
hydrocarbon-degrading bacterial isolates was found in UP1 (n=17), the planted sites
generally had higher numbers (PL1=16, PL2=14, PL3=16, PL4=8, UP2=10, UP3=3,
UP4=10). The planted sites had a higher number of different hydrocarbon-degrading
bacterial isolates (n=34) than the unplanted sites (n=24). When the sites were looked at
individually the numbers were all similar to each other (PL1=9, PL2=8, PL4=6, UP1=7,
UP2=9, UP4=6) except for adjacent sites PL3 (n=11) which had almost four times as many

different hydrocarbon-degrading bacterial isolates as UP3 (n=3)

It was determined that 37% of the hydrocarbon-degrading bacterial isolates were
facultative anaerobes. The highest number of facultative anaerobes were found in UP1
(n=12) although there were only 2 morphologically different hydrocarbon-degrading
bacterial isolates present. The facultative anaerobes were evenly spread throughout the
planted sites (PL1=5, PL2=7, PL3=7, PL4=5) but were concentrated in the upper layers of

sediment in the unplanted sites (UP1=12, UP2=4, UP3=1, UP4=1).

Out of the 27 different hydrocarbon-degrading bacterial isolates, there were nine Gram

positive rod producing hydrocarbon degraders, two of which produced endospores.
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Table 19. The location and frequency of the hydrocarbon-degrading bacterial isolates
in Horsea lagoon planted sites at different depth
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Table 20. The location and frequency of the hydrocarbon-degrading bacterial isolates
in Horsea lagoon unplanted sites at different depth
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The two most abundant hydrocarbon-degrading bacterial isolates were E9 (n=29) and S8
(n=10). They were both found to be Gram positive rods but only E9 was found to be a
facultative anaerobe able to survive in areas with no or little oxygen. It was found in all the

sites but predominantly in the top layers of UP1.

6.2.5.4 Characterisation of the hydrocarbon-degrading bacterial isolates from Horsea
lagoon

One of each of the 21 morphologically different hydrocarbon-degrading bacterial isolates
were selected for genus and species identification and tested using the Biolog plate reader
and molecular techniques. The four Gram negative rod bacterial isolates were also API
tested. After API testing, one of the two Gram negative rod bacterial isolates were
identified (Table 21). Biolog analysis identified eight hydrocarbon-degrading bacterial
isolates to species level. Three of these were identified as the same bacteria, Pseudomonas
stutzeri and one was identified as Pseudomonas fluorescens. Using a minimum of 97% ID
and above, the molecular analysis also identified eleven hydrocarbon-degrading bacterial
isolates to species level but using a range of 80-96% ID it also identified eleven
hydrocarbon-degrading bacterial isolates to genus level. Five hydrocarbon-degrading
bacterial isolates were not identified by any of the techniques used. Four of the eleven
hydrocarbon-degrading bacterial isolates were found to be Pseudomonas spp. and another
identified as P. stutzeri. Three were also identified as different Bacillus spp. making these

two species the most commonly occurring in the Horsea lagoon samples.

6.2.5.5 SEM images

Scanning Electron Microscopy (SEM) images were taken of P. australis root and rhizome
to determine their surface structure. The SEM images of the root and rhizome show the
root has a much more textured, rough surface where as the rhizome has a smooth, ridged
surface (Plate 20 and Plate 21). The rough root surface would allow for easier bacterial

attachment as well as acting as a surface for fungi to coil around. These attached bacteria
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and fungi would benefit from the exudates and higher oxygen concentrations found in the

rhizosphere.

Table 21. Selected hydrocarbon-degrading bacterial isolates found in Horsea lagoon
identified by API, Biolog and molecular methods

Bacterial API ID % Biolog ID Molecular ID %
isolate %
E9 Pseudomonas spp. 89
S8 Stenotrophomonas 100
terrae
V8 Rhodoccus 67 Ancylobacter 97
coprophilus dichloromethanicus
F3 Pseudomonas 100 Trichococcus spp. 93
stutzeri
M3 Tsukamurella 99 Bacillus 100
inchonensis hwajinpoensis
B4 Paenisporosarcina 99
quisquiliarum
B5 Cellulomonas 100
flavigena
Q8 Pseudomonas 90 Pseudomonas spp. 85
fluorescens
biotype A
T4
ug Exiguobacterium 99
aestuarii
D4 Bacillus spp. 95
E4 Exiguobacterium 92
spp.
G4 Pseudomonas 100 Pseudomonas spp. 95
stutzeri
S5
us Pseudomonas 99
stutzeri
V5 Citricoccus spp. 82
W5 Pasteurella 94.2 Paenisporosarcina 98
spp. macmurdoensis
Y5 Exiguobacterium 98
aurantiacum
V6 Rhodococcus 98
erythropolis
W6
17 Tsukamurella 100 Bacillus cereus 100
inchonensis
us Pseudomonas spp. 85
B3 Oerskovia spp. 82
P4
M5 Arthrobacter spp. 96
N9 Stenotrophomonas 99
maltophilia
Q3 Pseudomonas 100 Pseudomonas spp. 92
stutzeri
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Plate 20. P. australis roots surrounded by fungal hyphae under a SEM, H. Pinchin
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Plate 21. P. australis rhizome under a SEM, H. Pinchin
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6.3 Discussion

6.3.1 DRO concentration

During DRO analysis of Horsea lagoon sediment, the sum of all the peaks found between
C10-C25 was generated by projecting a horizontal baseline between the retention times. It
was found to be one of the most polluted sites to be assessed in phytoremediation studies
reaching DRO concentrations of 145,364 mg/kg. The highest concentrations of
hydrocarbon contamination reported in previous studies are 40,000 mg/kg (Shirdam et al.,

2005) and 147,000 mg/kg (Greenberg et al., 2006).

The GC-FID chromatographs also showed a clear shift in chromatogram shape from a
symmetrical hump centred at Cyg-50 at day O to Cy7-19 at day 437 and all of the sampling
sites showed lower DRO concentrations at the end of the study, with an overall decrease of
56% in the unplanted sites and a 43% decrease in the planted sites. This result is not
unique, as other studies into the phytoremediation of sediments contaminated with oil have
also reported no significant differences in removal rates between planted sites and controls
(King et al., 2006; White et al., 2006). King (2006) investigated homogenised, dredged
TPH contaminated sediments in Warrington, UK. Sites planted with Willow, Poplar and
Alder were compared to unplanted sites that were weeded and left untouched. After 32
months the overall levels of TPH had significantly decreased but there was no significant
different between treatments. In Horsea lagoon, the monitoring may have disturbed the
sites but also the last sampling occasion corresponded to a hot summer day and low water
levels resulting in drying of the sediments which may have affected the pattern as DRO
tended to decrease with moisture content. This raises a question as to whether less
saturated sediments promote DRO removal processes i.e. volatilisation of lower molecular
weight hydrocarbons or increased aeration increasing microbial biodegradation or if the
association is an artefact of sediment deposition patterns. The lowest values at most sites

were seen on the last sampling occasion when all sites were exposed to the air, suggesting
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that exposure to air and low moisture content does influence DRO concentrations
independently of any underlying pattern of deposition. This could be due to hydrocarbon
volatilisation and the higher oxygen levels increasing microbial numbers and degradation

rates.

The pollutant levels at Horsea lagoon are highly variable, even within the 1 m? sampling
sites. Generally the unplanted sites had a lower DRO concentration than the planted sites,
even at the start of the study although the chromatograms showed that UP1 and UP4 had
hydrocarbons with a higher chain length than those found in PL and PL4, which makes
interpretation of the treatment performance difficult. Many ex situ studies use homogenised
samples that overcome this difficulty (King et al., 2006; Phillips et al., 2009), but this risks
disturbing the sediment structure and therefore the results may not be representative of site

conditions.

The varying water levels, caused by the need to gain regulatory consent for discharges, is
another factor that makes interpretation of this study difficult as sites could either be
submerged or exposed depending on the balance of runoff, inflow and discharge. The
distribution of DRO also showed significant variation with position, with a general trend
for higher pollutant levels down the bank. This may either be due to the historic pattern of

sediment deposition or because these sites were submerged more often.

pH is an important factor affecting adsorption and desorption of contaminants in soils, the
availability of contaminants to plant roots and the transport of contaminants into root cells
(Huang & Chen, 2003). The majority of fungi and bacteria extracted from UK soil, grow in
an optimum pH range of 5-9 and bacteria 6-9 (Atlas, 1984). During this study there was a
significant difference between the pH at each site ranging from pH 6.5 to pH 9.2, all within
this optimum microbial range. The pH of the sediment tended to increase as the sites
became more waterlogged, site UP4 was the exception. The alkaline pH found in Horsea

lagoon sediment, could be caused by the large quantities of chalk in the lower sediments
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used to join together Great and Little Horsea to form Horsea Island in 1889. A highly
alkaline sediment means nutrients are less available to the plants possibly hindering their
growth,

Although biodegradation of hydrocarbons has been shown to decrease with increasing
sediment depth, the relationship between plant enhanced bioremediation of hydrocarbons
in sediment and depth has not been fully assessed (Keller et al., 2008). In Horsea lagoon,
the DRO concentration increased with depth indicating that there is possibly downward
leaching of the hydrocarbons or that there is increased volatilisation in the upper horizons
of the sediment due to the clay-silt layers drying out, cracking and exposing more

sediment.

Most ex situ, microcosm experiments have been performed at moderate temperatures
between 20 and 30°C, which reflects the situations on shorelines and beaches (during the
summer period) or in some tropical habitats (Berthe-Corti & Nachtkamp, 2010). However,
in situ environments such as Horsea lagoon, have periods of moderate temperature in the
summer months (20°C) and periods of low temperature during the winter months (2°C).
Temperature influences both the rate of biological activity and the physco-chemical
behaviour of hydrocarbons. In Horsea lagoon, when the air temperature is low, generally
the DRO concentrations are high although the DRO concentrations were highest in August
2009 when the air temperature was at its second highest in both planted and unplanted
sites. Increased temperatures can lead to an increase in hydrocarbon degradation, explained
by increasing oxygen diffusion in the sediment improving microbial activity and increased
surface volatilisation of the hydrocarbons. The increased temperatures can also lower
moisture content in sediment like on the last sample date dramatically reducing the levels
of DRO. Stainken et al. (1983) found that hydrocarbon contamination was highest during
fall-winter and lowest in spring-summer. This could be explained by there being higher

values of contaminated sediment particulate matter in winter resulting from re-suspension
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of surface sediment due to increased turbulence in the lagoon due to high winds and long

periods of rain as found in a study by lturriaga (1979).

P. australis was able to grow well in the highly contaminated sediment. This was
encouraging as phytotoxins (such as acetic, propionic, n- and iso-butyric and n-caproic
acids) have been shown to significantly inhibit P. australis growth (Armstrong &
Armstrong, 2001) and hydrocarbons in particular have been reported to reduce nutrient
mobility (Kirk et al., 2005) and pass across cell walls and into plant roots inhibiting growth

(Adam & Duncan, 2002; Kaimi, 2007).

The ability of P. australis to grow in these highly contaminated conditions has many
benefits for the sediment; the incorporation of organic plant matter and development of
passageways for aeration of the sediment is likely to provide long term improvements for
pedogenisis and prevent re-suspension of sediments. Reeds have also been effectively
used to dry off sewage sludge by maintaining drainage routes and evapotranspiration
(Cooper et al., 2004), this may have remediation benefits due to the link seen between
moisture content and DRO during this study. The reeds also provide habitat improvement
and can aesthetically enhance areas that had limited amounts of wildlife and had become

unsightly.

6.3.2 Microbial numbers in Horsea lagoon

Despite there being a decrease in DRO concentrations in Horsea lagoon, the number of
microorganisms did not increase over time and the numbers of hydrocarbon-tolerant
bacteria significantly decreased. This could be due to a combination of lack of substrate
and low water levels during the last sampling occasion as numbers of hydrocarbon-tolerant
bacteria significantly increased with DRO concentration and moisture content. There was

no correlation between microbial numbers and depth due to regular flooding preventing
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oxygen transfer and volatilisation and tidal motions possibly leading to sediment

deposition and erosion of the lagoon bank.

However, when the GC-FID chromatographs were analysed the sediment samples were all
found to have a large UCM baseline hump that decreased after 437 days. The prominent
UCM humps result from the chromatographic overlap of thousands of compounds
(Frysinger, 2003) often representing the majority of the petroleum hydrocarbons present in

sediments (Scarlett, 2007).

Although petroleum hydrocarbon compounds bind to soil components and become hard to
remove or degrade, many bacteria, such as Pseudomonas fluorescens that was isolated
from the planted sites, are capable of emulsifying hydrocarbons in solution by producing
surface-active agents such as biosurfactants (Barathi, 2001). Biosurfactants reduce surface
tension by accumulating at the interface of immiscible fluids, increasing the surface area of
insoluble compounds, which leads to increased bioavailability and subsequent
biodegradation of the hydrocarbons. During microbial biodegradation the hydrocarbon
molecules are destroyed by sequential oxidation reactions that start with the formation of
alcohols and proceeds to various organic acids, and ultimately to CO, and water;
intermediate metabolites are phenols, aldehydes and ketones (Zemo & Foote, 2003). These
polar compounds are structurally different from the hydrocarbons and have different
chemical properties but are very water-soluble, especially compared to the precursor
hydrocarbons (Melbye et al., 2009). The total area and UCM area was found to be lower in
the last four samples once the lagoon water had receded after extreme flooding. This
flooding may have removed some of the UCM polar compounds due to their high aqueous

solubility.
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6.3.3 Bacterial isolates in Horsea lagoon

There were 157 different bacterial isolates found to be morphologically different from a
total of 504 bacterial isolate culture plates from Horsea lagoon sediment. 55% were found
to be Gram positive rods of which 11 were able to produce endospores enabling them to
survive during extreme environmental conditions such as very high contamination levels
encountered at Horsea lagoon. 20% of the bacterial isolates were facultative anaerobes able
to survive in both aerobic conditions near the sediment surface and the rhizosphere and

also in areas that are likely to be anaerobic.

Both the planted and unplanted sites had similar numbers of total bacterial isolate plates
and diversity of total bacterial isolates. There was no correlation with depth indicating that
the addition of P. australis had little influence on the sediment microbial communities

possibly due to the roots not penetrating very deeply.

6.3.4 Hydrocarbon-degrading bacterial isolates

In this full scale in situ study only 15% of the total number of bacterial isolates were found
to be capable of degrading hydrocarbon. Only 6% were able to form endospores but a
much higher number were facultative anaerobes (37%) with the remaining bacterial
isolates being strict aerobes. These were found predominantly in the upper sediment layers

of UPL.

All of the hydrocarbon-degrading bacterial isolates that were identified were found to be

known hydrocarbon degraders (Table 22).

Six of the different culturable hydrocarbon-degrading bacterial isolates from Horsea
lagoon were identified as Pseudomonas spp. One was identified to species level as
Pseudomonas stutzeri. Three of the different hydrocarbon-degrading bacterial isolates from

the microcosms were identified as Bacillus spp. Two were identified to species level as
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Bacillus cereus and Bacillus hwajinpoensis. Both of these species are also known
hydrocarbon-degraders confirming that the isolated bacteria identified as hydrocarbon-

degraders using the novel Bushnell Haas agar with 0.0025% TTC and 10 mL/L diesel

plates were reliable.

Table 22. Examples of hydrocarbon-degrading ability in the identified bacterial

isolates

Species
Stenotrophomonas terrae

Reported to degrade
phenol and PAHs

Reference
(Vermaetal., 2011)

Ancylobacter
dichloromethanicus

dichloromethane

(Muller, Bringel, &
Vuilleumier, 2011)

Trichococcus spp.

hydrocarbons

(Aislabie, Saul, & Foght,
2006);

Paenisporosarcina

variety of organic

(Shivaji et al., 2011)

quisquiliarum compounds
Paenisporosarcina variety of organic (Shivaji et al., 2011)
macmurdoensis compounds
Exiguobacterium aestuarii phenanthrene (Tan, Qu, Zhou, Li, & Gou,

2000);

Citricoccus spp.

alkaliphilic and halophilic
hydrocarbons

(Al-Awadhi, Sulaiman,
Mahmoud, & Radwan,

2007)
Exiguobacterium diesel range n-alkanes (Mohanty & Mukherji,
aurantiacum 2008)
Rhodococuccus erythropolis range of hydrocarbons (de Carvalho & ds Fonseca,
2005)

Oerskovia spp.

range of hydrocarbons

(Lazaroaie, 2010)

Arthrobacter spp. range of hydrocarbons (Efroymson & Alexander,
1991)
Stenotrophomonas PAHSs (Boonchan et al., 1998)
maltophilia
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6.4 Summary

P. australis grew well in year one, but grew poorly in year two due to flooding and
predation.

All the sites had lower DRO concentrations at the end of the study but only PL1
had a statistically significant decrease with time.

The highest DRO concentrations corresponded to the deeper water levels found at
the sites further down the bank and were found to significantly increase with depth.
In the planted sites the numbers of bacteria and hydrocarbon-tolerant bacteria
increased down the bank corresponding to the higher DRO and moisture levels.

In the unplanted sites the numbers of bacteria increased down the bank but the
other microorganisms generally decreased.

Numbers of hydrocarbon-tolerant bacteria were found to significantly increase with
DRO and moisture levels

The GC-FID chromatograms showed a symmetrical shape between C;,-Cy6 10 Cys
centred around C;9-Cy at day 0 and between C10-C13 to Cys centred around C;7-Cig
at day 437

The UCM hump was much smaller in both planted and unplanted systems over the
last few sampling occasions. This coincided with a very dry period and the
exposure of sediments. Aqueous phase transport of polar compounds, with non-
polar compounds perhaps mobilised by microbial biosurfactant production may be
the predominant process affecting this observation.

There were 504 bacteria isolated from Horsea lagoon, 157 were morphologically
different bacterial isolates with similar amounts found in the planted and unplanted
sites

The majority of the bacterial isolates found were Gram positive rods.
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27 out of the 157 morphologically different bacterial isolates were found to be
hydrocarbon-degraders.

There were twice as many different hydrocarbon-degrading bacterial isolates in the
planted sites and had higher total numbers compared to the unplanted sites.
Facultative anaerobes were found throughout all the depths in the planted sites but
were concentrated in the upper horizons of the unplanted sites.

The most common hydrocarbon-degrading bacterial species found in Horsea

lagoon were Pseudomonas spp. and Bacillus spp.

The molecular identification technique identified the most hydrocarbon-degrading
bacterial isolates.

SEM observation confirmed that fungal hyphae attach themselves to plant roots.
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7. GENERAL DISCUSSION

The study lagoon is one of the most polluted sites that has been examined in
phytoremediation studies. The pollution levels studied previously have been up to 40,000
mg/kg (Shirdam et al., 2008) and 147,000 mg/kg (Greenberg et al., 2006). The pollutant
levels at Horsea lagoon are highly variable, even within the 1 m? sampling quadrats which
makes interpretation of the performance difficult. Many ex situ studies use homogenised
samples to overcome this problem (Euliss et al 2008, Liste & Felgentreu, 2006) but this
risks disturbing the sediment structure and results may therefore not be representative of
site conditions. The varying water levels caused by the need to gain regulatory consent for
discharges is another factor that makes interpretation of this study difficult as sites could be
submerged or exposed depending on the balance of runoff, inflow and discharge. The
distribution of DRO also showed significant variation with position, with a general trend
for higher pollutant levels down the bank. This may either be due to the pattern of

sediment deposition or because these sites were submerged more frequently.

7.1 Plant growth and nutrient addition

Both wetland plant species were able to grow in the highly contaminated sediment. P.
australis grew well in the greenhouse microcosm, outdoor mesocosms and in Horsea
lagoon. This was encouraging as phytotoxins have been shown to significantly inhibit P.
australis growth (Armstrong & Armstrong, 2001) and hydrocarbons in particular have
been reported to reduce nutrient mobility (Kirk et al., 2005) and pass across cell walls and
into plant roots inhibiting growth (Adam & Duncan, 2002; Kaimi, 2007). The only factors
that reduced the growth of P. australis during the Horsea lagoon sediment studies was
herbivory and site flooding. Competition between microorganisms and plants for nutrients
such as phosphorus has been implicated in similar outcomes in other studies (Unterbrunner

et al., 2007). The microorganisms maximising hypothesis states that when microorganisms
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and plants are competing for nutrients the microorganisms allocate sufficient inorganic
nutrients to maximise their population biomass and leave the remainder for plant uptake
(Harte & Kinzig, 1993). Although nutrients were shown to increase shoot density in the
microcosms, it was felt that the risk of algal blooms and their consequences in an area
surrounded by an SSSI was too great so the addition of nutrients in to Horsea lagoon was

rejected.

7.2 Concentrations of DRO

All the GC-FID chromatograms showed a clear UCM hump even at the end of the studies
making the interpretation of results difficult. UCM can be an indicator of hydrocarbon
degradation with the UCM accounting for nearly all of the total mass of a highly degraded
oil depending on the amount of high molecular-weight polar compounds and asphaltenes
that were initially present in the non-degraded petroleum (Prince & Walters, 2007). In
environmental sediments, the UCM can be made up of biogenic organic compounds
(BOC) such as alkanes, sterols, sterones, fatty acids, fatty alcohols, waxes and wax esters
which have been biosynthesized by living organisms such as vascular plants, algae,
bacteria and animals. Many solvent-extraction methods for assessing soil hydrocarbons do
not differentiate between DROs and BOCs. The naturally occurring organics present in
soils and wet sediments can be easily misidentified and quantified as regulated DROs
during analysis using such methods. In some cases, biogenic interferences can exceed
regulatory levels resulting in remediation of petroleum impacts that are not actually present
(Wang et al., 2009). Run—off from areas with banked soil or end of pipe sources like those
seen in Horsea lagoon, have been shown to have the largest sources of anthropogenic
background hydrocarbon contamination due to the deposition of dust, dirt, particulate

matter, soot and solid wastes.
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The GC-FID chromatograms from the dismantled mescosoms, dismantled microcosms and
Horsea lagoon all showed a large amount of UCM present in the sediment with a
symmetrical shape starting at C,0-13 and ending at Cys indicating that all the hydrocarbon
contamination in Horsea lagoon remained unaltered from the diesel range. A similar
symmetrically humped chromatogram was seen in previous sediment studies between Ci3
and Cys (Tolosa et al., 2009) and between C;4 and Cys (Tam et al., 2005) indicating
partially weathered diesel fuel. Stiver & Mackay (1984) noted that typically all
hydrocarbons below C;5 are removed by evaporation with hydrocarbons below C;, being
evaporated within 24 hours of release into the environment. However, when hydrocarbons
are released into waters and emulsified, this can severely hinder their ability to evaporate

(Fingas, 1995), which may be what has happened in the Horsea lagoon sediment.

In both the microcosms and in Horsea lagoon, there was a decrease in DRO concentrations
over time, however, only the decrease in the microcosms was significant. This may be due
to the sediment sampling disturbing the sites in Horsea lagoon allowing an increase of
hydrocarbon volatilisation. 1t could also be due to the last sampling occasions
corresponding to a hot summer and low water levels as the results showed a relationship

between DRO concentration and moisture content.

Results from Horsea lagoon and the microcosm studies showed no significant difference in
DRO concentrations between the planted and unplanted controls. This is not unique as
other studies into phytoremediation of sediments contaminated with oil have also reported
no significant differences in removal rates between planted sites and controls (King et al.,
2006; White et al., 2006). However, a qualitative review of the GC-FID chromatograms
showed the planted microcosm had an increased effect at breaking down the hydrocarbon
chains present compared to the unplanted microcosm. This was indicated by the UCM
hump being centred at a lower carbon chain number in the planted microcosms (C17-Cysg)
compared to the unplanted microcosms (Cig).
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The only factor shown to affect the DRO concentration was moisture content. The DRO
concentration was significantly higher in sediment with high water content and in
submerged sites in both the microcosms and Horsea lagoon. This raises a question as to
whether less saturated sediments promote DRO removal processes (i.e. volatilisation or
increased aeration and therefore microbial activity) or if it is an artefact of sediment
deposition patterns in Horsea. However the lowest values at most sites were seen on the
last sampling occasion when all sites were exposed to the air, suggesting that exposure to

air and low moisture content does influence DRO concentrations.

7.3 Microbial numbers

At the end of the microcosm and Horsea lagoon study there were no differences between
microbial numbers in planted and unplanted sites. However, there is evidence that the
reeds do affect sediment microbial populations if given a longer time period. The
dismantled mesocosms that had been growing for three years showed significantly higher
numbers of bacteria, hydrocarbon-tolerant bacteria and hydrocarbon-tolerant fungi as well
as elevated numbers of fungi in the planted container compared to the unplanted container.
The factors affecting microbial numbers were DRO and moisture although they affected
the microcosm and full scale Horsea lagoon trial in different ways. In the microcosm the
number of hydrocarbon-tolerant bacteria decreased with an increased DRO concentration
and increased moisture content. In Horsea lagoon, the number of hydrocarbon-tolerant
bacteria increased with increasing DRO concentration and increased moisture content
indicating that homogenised and non-homogenised sediment can act in a different manner.
The decision was made to investigate only aerobes and facultative aerobes due to their
increased ability to degrade hydrocarbons when compared to anaerobic microorganisms

however this does affect the total microbial counts.
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7.4 Hydrocarbon-degrading bacterial isolates

The types of bacterial isolates cultured from Horsea lagoon and the microcosms showed
some similarities. Both contained Gram positive rods as the predominant bacterial type and
identified Pseudomonas spp. as the most frequently occurring hydrocarbon-degrading
bacterial isolate. This supports the findings of Karrick (1977), who stated that
Pseudomonas spp. was the most dominant and widespread hydrocarbon-utilising microbe

found in the marine environment.

There were twice as many different hydrocarbon-degrading bacterial isolates as well as a
higher diversity of hydrocarbon-degrading bacterial isolates in planted sites of Horsea
lagoon compared to the unplanted sites. This increased number of hydrocarbon-degrading
bacterial isolates was also found in the microcosms where there were three times as many
in the planted compared to the unplanted sites. This indicates that the addition of P.
australis to the sediment increases the number of hydrocarbon-degrading bacteria and

therefore may increase the rate of hydrocarbon degradation given a longer period of time.

153



8. RECOMENDATIONS FOR HORSEA LAGOON

If phytoremediation is to be applied at Horsea lagoon it is likely to require very long time
periods in the flooded site. It is recommended that:

a. The surface runoff entering the lagoon is redirected to the harbour avoiding
contamination of the water from the sediment. This is because the DRO
concentration was shown to be significantly higher in sediment with a high
water content and in submerged sites in both the microcosms and Horsea
lagoon. It will also lower water levels in the lagoon drying out the sediment
and increasing volatilisation and oxygen transfer.

b. The exposed sediments are planted with a large number of reeds. The
extensive roots and rhizome growth were shown in both the mesocosms and
the microcosms and will help to promote development of soil structure.

c. Rabbits are excluded from the vegetation until it is established due to the
damage they were seen to cause to the young reeds in the second growing
season.

d. Regular monitoring of the site is then undertaken to determine whether a
longer period of time will show increased effects of phytoremediation. The
mesocosms that were planted for the longest period, showed significantly

increased numbers of microorganisms indicating that this will be the case.
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9. CONCLUSIONS

The pollutant levels in Horsea lagoon are highly variable, even within the 1 m?
sampling sites which makes interpretation of the performance difficult. It is
recommended that multiple sample repeats are taken with in a small area and time
is taken to fully homogenise them before analysis.

Both wetland plant species were able to grow in the highly contaminated sediment
without nutrient addition making them both suitable for future phytoremediation
studies in areas of high contamination even in ecologically sensitive areas where
the addition of nutrients is not appropriate.

DRO was affected by moisture content. The DRO concentration was significantly
higher in sediment with a high moisture content and in submerged sites in both the
microcosms and Horsea lagoon.

In both the microcosms and in Horsea lagoon, there was a general decrease in DRO
concentrations over time however, only the decrease in the microcosms was
significant and there was no difference between the planted and unplanted plots
indicating that phytoremediation does not have an effect on highly contaminated
sediment in only 15 months and more time may be required.

Another indicator that more time could be needed is the significantly higher
numbers of bacteria, hydrocarbon-tolerant bacteria and hydrocarbon-tolerant fungi
as well as elevated numbers of fungi in the planted sites compared to the unplanted
sites in the mescosms that had been growing for three years.

The factors affecting microbial numbers were DRO and moisture although they
affected the microcosm and full scale Horsea lagoon trial in different ways
indicating that these both factors should be considered when devising a

phytoremediation plan.
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Using the novel colormetric indicator plates developed during this study, there were
found to be twice as many different hydrocarbon-degrading bacterial isolates as
well as a higher diversity of hydrocarbon-degrading bacterial isolates and almost
four times as many hydrocarbon-degrading bacterial isolates found exclusively in
the planted sites at Hosea lagoon and the microcosms respectively compared to the
unplanted sites. This shows that although P. australis had a positive effect on the
hydrocarbon-degrading bacterial community however this did not effect the DRO
concentration and the novel plates can be used in future studies as a rapid screening
method.

Both Horsea lagoon and the microcosms contained Gram positive rods as the
predominant bacterial type and identified Pseudomonas spp. as the most frequently
occurring hydrocarbon-degrading bacterial isolate which will provide useful for
future bioaugmentation experiments. It also increases the knowledge base on
hydrocarbon-degraders found in highly contaminated sediments.

The GC-FID chromatograms from the dismantled mescosoms, dismantled
microcosms and Horsea lagoon all showed a UCM starting at Cy0-13 indicating that
the short chain hydrocarbons had been lost due to volatilisation. The large
symmetrical UCM hump indicated that the hydrocarbons present had suffered from

extensive weathering processes.
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10. FUTURE WORK

Future studies carried out on Horsea lagoon sediment could include:

Determining the amount of DRO lost via volatilisation to discover how much
degradation is by sediment microorganisms. This could be done in a laboratory
study using GC analysis of the head space above a sealed container containing
contaminated sediment as demonstrated by Zhou & Crawford (1995).

Determining the optimum sediment moisture content for volatilisation of DRO and
microbial degradation. This is because the moisture content was found to
significantly affect the amount of DRO in the sediment. This could be done using
uncontaminated sediment of different sediment moisture contents, spiked with a
known amount of DRO. Samples of each sediment could then be analysed using a
GC-FID over time.

Determining and comparing which hydrocarbons are being degraded in planted
sites and in unplanted control sites using GC-MS.

Using micro-electrodes to determine the radial distribution of oxygen from the P.
australis roots and whether this corresponds to the area that contains hydrocarbon-
degrading bacteria. A small plant of P. australis can be placed in a flask containing
Bushnell Haas agar with 0.0025% TTC and 1% diesel. The agar will turn red in the
areas around the roots containing the hydrocarbon-degrading bacteria. A variety of
distances from the roots can be monitored over time using a micro-electrode to

measure the oxygen levels present as shown in a study by Armstrong et al., (1994).
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12. APPENDIX
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Figure 26. QC charts from GC-FID during Horsea lagoon sampling
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The following are reproduced from the hard copy out puts which have been manually
adjusted to be on similar X and Y scales so they can be visually compared.
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Figure 27. Dismantled mesocosm chromatograms showing UCM hump and n-alkane
peaks in planted A (0 cm), B (15 cm), C (30 cm) and unplanted D (0 cm), E (15cm), F
(30 cm)
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Figure 28. Dismantled microcosm chromatograms showing UCM hump and n-alkane
peaks in planted edge A 10 cm (1), 20 cm (2), 40 cm (3), 60 cm (4), planted middle B (0

cm), B 10 cm (1), 20 cm (2), 40 cm (3), 60 cm (4) and unplanted C 10 cm (1), 20 cm (2),
40 cm (3), 60 cm (4)
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Figure 29. Bacterial isolates from the microcosms
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Figure 30. Bacterial isolates from Horsea lagoon
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