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Abstract

There have been several studies on soil carbon dynamics in estuarine floodplains.
However, little attempt has been made to examine the effects of heavy metal contamination
on these processes. This represents a knowledge gap that needs to be filled to understand
better soil carbon decomposition in contaminated estuarine floodplains and the implications

for carbon sequestration. The current work aims to close this knowledge gap.

Field and laboratory investigations were conducted to collect data. These include (a)
a soil survey to characterise heavy metal contamination in the study area, (b) seasonal
monitoring of key parameters (soil organic carbon, bulk density, plant biomass etc.) at three
selected sites with different land uses/land covers, and (c) a laboratory experiment to
evaluate the impacts of heavy metals on soil carbon content, characterisation of humic
substances, adsorption capacity, and microbial activities. The historically contaminated Upper

Mersey Estuarine floodplain was selected as the study site.

The results indicated that the study area has elevated concentration of heavy metals
with arsenic, chromium, copper, lead, and zinc being the major contaminants. Seasonal
variations in organic carbon content and bulk density showed that, grazing locations stored
more organic carbon and recorded high bulk density compared to non-grazing locations. The
presence of heavy metals inhibited the activities of soil microbes, impeded decomposition of
organic matter, resulting in incomplete carbon mineralisation and enhanced soil carbon

storage. The functional group composition of the soil humic substances was also affected.

The findings obtained from this study have implications for understanding the role of
soil carbon in limiting heavy metal mobilisation and the importance of microbial activity in
soil carbon budgets, the management of saltmarsh under grazing regimes, national carbon

budgets, and the design of future studies.
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1. Introduction

1.1 Background and significance
The importance of soil to sequester carbon is gaining greater attention globally

following the quest to mitigate climate change (Lal, 2004, Barreto et al., 2009; Ostle, Levy,
Evans, & Smith, 2009; Stewart, Paustian, Conant, Plante, & Six, 2009; Powlson, Whitmore &
Goulding, 2011; Burden, Garbutt, Evans, Jones, & Cooper, 2013; Mishra, Zakerinia, Yeh, Teter
& Morrison, 2014). Soil organic carbon storage in a given soil is determined by the balance
between the input of organic matter into the soil and the loss of soil organic matter through
decomposition and erosion (Andrews, Samways & Shimmield, 2008; Gonzdlez=Alcaraz et al.,
2012; He et al., 2013). Soil respiration (the mineralisation of organic carbon to carbon dioxide)
is the most important processes affecting the carbon balance of a terrestrial ecosystem
(Davidson et al., 2002). This is in both root and microbial respiration and can be measured
using chamber-based measurement (Anthony et al., 1995; Davidson et al., 2002; Pumpanen
et al.,, 2004). The balance between soil carbon storage and soil respiration determines
whether the soil is a sink of carbon or a source of atmospheric carbon dioxide (Whiting &
Chanton, 2001; Kayranli, Scholz, Mustafa & Hedmark, 2010). The factors affecting these
processes are temporally and spatially variable (Bruland, Grunwald, Osborne, Reddy &
Newman, 2006; Reddy & Delaune, 2008). Therefore, understanding the dynamics of soil
organic matter is of great importance in terms of evaluating carbon sequestration potential

of soils (Yang, Singh & Sitaula, 2004).

Saltmarsh ecosystems act as an important carbon sink. According to Reddy & Delaune
(2008), soil carbon is the primary driver for all biogeochemical processes in wetlands. In
addition to acting as a carbon sink, saltmarshes provide a wide array of benefits to coastal
populations, including shoreline protection, immobilisation of pollutants (Burden et al.,
2013), fishery support, water quality improvement, and wildlife habitat provision, (Wilson,
Lamb, Leng, Gonzalez, & Huddart, 2005a, 2005b; Lamparter, Bachmann, Goebel, & Woche,
2009; Hopkinson, Cai, & Hu, 2012; Chen, Chen, & Ye, 2015; Hansen & Reiss, 2015). However,
French (1997) and Martinez, Maun, & Psuty, 2004 reported that estuarine floodplains are at

risk and in decline across the world. This is due to urban and industrial development, coastal
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erosion, a rise in sea level, agriculture and tourism (Olsen et al., 2011). Boorman & Hazelden
(2017) state that saltmarsh losses are associated with rising sea levels and climate change
while French (1997) estimates that 25% loss of saltmarsh globally was due to agricultural or
industrial use. Cooper et al. (2001) and Baily & Pearson (2001) estimated that approximately
15% of the UK’s saltmarsh land has been lost because of land reclamation for agricultural
production and industrial development over the past 70 years. In the UK, there are now
approximately 47,000 hectares of saltmarsh (Burd, 1989), with thirty-four natural reference
saltmarshes (Mossman, Davy, & Grant, 2012). They include vegetated inter-tidal habitats
which are classified primarily by the frequency of tidal inundation (Cooper, Cooper & Burd,

2001; Baily & Pearson, 2001).

Saltmarsh soils are largely contaminated by organic and inorganic pollutants (Fox et
al., 2001). Several factors have been reported to influenced metals concentration in estuarine
floodplains (Salomons, De Rooij, Kerdijk & Bril, 1987; Du Laing, Rinklebe, Vandecasteele,
Meers & Tack, 2009; Violante, Cozzolino, Perelomov, Caporale & Pigna, 2010; Salomons &
Forstner, 2012). These include cation exchange capacity, clay or organic matter contents,
topography, pH, salinity, and plant species. According to Du Laing et al. (2009), iron and
manganese hydroxides are the main carriers for cadmium, zinc, and nickel under oxic
conditions, while soil organic matter fraction is most important for copper. A report from Du
Laing et al. (2008) suggested that mobility and availability of metals in estuarine floodplains
are significantly reduced due to the formation of metal sulphide precipitates under anoxic
conditions. Also, plants can affect the metal mobility in floodplain soils by oxidising their
rhizosphere, taking up metals, excreting exudates and stimulating the activity of microbial
symbionts in the rhizosphere (Chatterjee et al., 2013; Du Laing, Tack, & Rinklebe, 2013).
According to Wang et al. (2007), polymerase chain reaction-denaturing gradient gel
electrophoresis (PCR—-DGGE) analysis shows that heavy metal pollution has a significant
impact on bacterial and actinomycotic community structure. Landi, Renella, Moreno, Falchini
& Nannipieri (2000) reported that heavy metal concentration may reduce the availability of
substrate for soil respiration by forming complexes with the substrates or by killing
microorganisms. Hence, the presence of these contaminants could affect soil carbon

dynamics through their impacts on plant growth (organic matter input) and microbial
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activities (decomposition of organic matter). The net effect of the presence of organic matter

can either be a decrease or an increase in metal mobility (Du Laing et al., 2009).

The effects of soil properties on carbon dynamics have been extensively studied (A-
Isheikh et al., 2005; Steinbeiss, Gleixner & Antonietti, 2009; Wiesenberg, Dorodnikov &
Kuzyakov, 2010; Dorodnikov, Kuzyakov, Fangmeier & Wiesenberg, 2011; Gonzalez-Alcaraz et
al., 2012). Alsheikh et al. (2005) reported that small grains or fine soil particles contribute to
the conservation of soil organic matter (SOM) and/or sequester soil organic matter-carbon
and soil organic matter-nitrogen. According to Gao et al. (2014), carbon: nitrogen:phosphorus
ratios increase at the same proportion in response to heavy rainfall. According to Fisk, Fahey
& Groffman (2010), micro-arthropod abundance and microbial biomass carbon were
significantly positively correlated, but neither was related to forest floor mass or to annual
aboveground fine litter fall flux. Instead, a positive correlation with fine root biomass suggests
that carbon supply from roots plays a key role in the fungal channel of the detrital food web
of these forests (Fisk et al., 2010). According to Baldwin & Mitchell (2000), tidal impact in
estuarine floodplains will lead to the release of carbon, nitrogen and phosphorus from leaf
litter and soils. Several pathways of organic matter decomposition leading to soil carbon
accumulation have been reported (Lamparter et al., 2009; Berhe, 2011; Chenu, Rumpel &
Lehmann, 2015; Derenne & Quénéa, 2015; Gunina & Kuzyakov, 2014; Sandhu, Wratten &
Cullen, 2010). Gunina & Kuzyakov (2014) discussed the pathways of litter carbon by the
formation of aggregates and SOM density fractions as an implication of 3C abundance.
According to Lamparter et al. (2009), soil carbon mineralisation decreases with decreasing pH
and increasing carbon/nitrogen ratio with the same significance. Therefore, looking at
different soil properties becomes necessary to understand the variation that exists during soil

carbon storage.

1.2 Research gap

Although there has been some research on soil carbon biogeochemistry in estuarine
floodplains (Wilson et al., 2005a, 2005b; Andersson et al., 2008; Gao et al., 2014), in-depth
research into soil carbon dynamics in contaminated coastal wetland soils is rare. This
represents a knowledge gap that needs to be filled to develop appropriate strategies and

methods for better management of such estuarine floodplains, especially from a carbon
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sequestration perspective. Therefore, understanding carbon dynamics in saltmarshes
following different land uses/land covers will provide fundamental knowledge that can be

used to evaluate soil carbon status and predict future trends in soil carbon storage.

1.3 Research aim and objectives
The aim of this study is to assess the effects of heavy metal contamination during the

decomposition processes of soil organic matter under different land uses/land covers. This
will improve our understanding on how heavy metal contamination and soil organic matter
influence the amount of soil carbon stored or lost over time. To achieve this goal, the
following objectives are set:

1. To carry out a preliminary investigation to select appropriate sites for detailed

monitoring.

2. To monitor the seasonal variation in soil carbon storage within the study site.

3. To evaluate the effects of heavy metal contamination on soil carbon status using a

laboratory experiment.

4. To assess the soil microbial diversity through DNA next generation sequencing.

1.4 Thesis structure
This thesis will contain eight chapters, cited references and appendices. Chapter 1

contains a general introduction about soil carbon dynamics, estuarine floodplains, benefits
derived from soil carbon storage, heavy metal contamination and implication of this to carbon
sequestration as an option for mitigating global warming. Chapter 2 contains a critical
evaluation of literatures relating to soil carbon dynamics under different land uses/land
covers in a contaminated estuarine floodplain, and the implication for carbon sequestration.
Chapter 3 is an outline of the research paradigm used, reasons for selecting the study area,
field and laboratory experimental designs, the kind of data collection and laboratory analysis
with appropriate procedures/protocols and technique used for data analysis. Chapter 4
contains a presentation of the data obtained on the heavy metal contamination status in soil-
plant systems. There is also data presented on the bioaccumulation coefficient (BAC),
biological concentration factor (BCF) and the translocation factor (TF) of heavy metals from

the soil to plant roots and shoots. This will help to explain the phytoremediation potential of
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the plant species and to see if the cattle grazing in the saltmarsh are free from heavy metal
contamination or not. Chapter 5 contains data on the seasonal variation of soil organic carbon
and carbon emission/flux measurement. This will help to explain whether the different land
uses/land covers add to carbon storage and to determine if the Upper Mersey Estuary is a
sink or a source of carbon. Chapter 6 is a report of the laboratory incubation data to evaluate
the effects of heavy metal contamination on soil carbon storage. Chapter 7 contains data on
the microbial diversity results from 16S next generation sequencing (NGS), to examine the
effect of long—term contamination within the Upper Mersey Estuary. Chapter 8 is the general
discussion drawing together the strands of this investigation, implications of the research and

recommendations for future research.
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2. Literature Review

2.1 Soil carbon dynamics
Soil carbon dynamics can be defined as the variation of carbon within an ecosystem

(Sandhu, Wratten & Cullen, 2010; Powlson et al., 2011; Harrison-Kirk et al., 2014). Harrison-
Kirk et al. (2014) suggested that soil organic matter content and aggregate stability also
influence the dynamics of both carbon and nitrogen content because of different responses
to dry/wet cycles. The dynamic carbon mineralisation in soil depends on chemical properties
like pH and carbon: nitrogen ratio and physical properties such as aggregate distribution
under different moisture conditions (Plante & Parton, 2007; Teixeira et al., 2011; Hopkinson
et al., 2012; Vaccari et al., 2012; Kulawardhana et al., 2015). According to Lu & Cheng (2009),
elevated temperature and precipitation influenced the soil carbon dynamics, and significantly
increased the greenhouse gas emissions from the soil. Understanding the different turnover
rates from plant and animal residues, microbial biodiversity, and SOM will also help in the
monitoring of carbon, nitrogen, sulphur and phosphorous dynamics in the soil system (Plante

& Parton, 2007).

2.1.1 Factors affecting soil carbon dynamics
Several factors are linked to the dynamics of soil carbon (Chirinda, Elsgaard, Thomsen,

Heckrath & Olesen, 2014). These include topography, types of season, tide inundation, heavy
metal contamination, soil organic matter stabilisation with heavy metals, microbial
biodiversity and management practices, as shown in Figure 2 (Granberg & Selck, 2007; Olsen
et al., 2011; Spencer & Harvey, 2012; Chirinda et al., 2014; Edmondson, Davies, McCormack,
Gaston, & Leake, 2014; Garrard & Beaumont, 2014; Maillard et al., 2015; Wiesmeier et al.,
2015). Lal (2005) and Wiesmeier, et al. (2013) reported that both soil carbon accumulation
and turnover rates of soil organic carbon are influenced by factors such as climate,
topography, soil type, and land use/land cover, leading to large spatial variability of SOC
stocks at both regional and local scales. Increasing production of forest biomass per se may

not necessarily increase the soil organic carbon stocks (Lal, 2005).
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2.1.1.1 Topographic position
Topographic position or elevation is an important parameter in trying to quantify and

predict carbon budget in coastal wetlands (Spencer & Harvey, 2012; Chirinda et al., 2014;
Kulawardhana et al., 2015). According to Kulawardhana et al. (2015), carbon concentrations
and bulk densities showed significant and abrupt change at a depth of 10—-15 cm. Neumann-
Cosel, Zimmermann, Hall, van Breugel, & Elsenbeer (2011) reported that soil carbon stocks in
the top 10 cm did not change with young forest development. Topography and associated
texture variation can affect decomposition rates as well as soil nutrient transformations.
Using a digital elevation model (DEM), Chaplot, Bernoux, Walter, Curmi, & Herpin (2001)
showed that topographical attributes explained up to 75% of the profile organic carbon stock

variability. Thus, a large amount of organic carbon accumulates in hydric valley bottom soils.

According to Hook & Burke (2000), topographic position and soil texture each
explained much of the landscape-scale variation of carbon and nitrogen pools and vegetation
structure. Most lowland plots were enriched in silt, clay, carbon, and nitrogen relative to
adjacent upland plots, and topographic position affected most pools significantly. Carbon
concentrations in plant material were not significantly different among the three topographic
positions studied, resulting in higher carbon/nitrogen ratios in valley plots (Luizdo, et al.,
2004). Local topography (plateau, slope and valley) clearly was an influential factor in the
nutrient distribution along the central Amazonian forest. Lower rates of nitrogen cycling
processes in the valley are probably related to its sandy soil texture and seasonal flooding
(Luizdo et al., 2004). For temperate forests, it is well known that nitrogen mineralisation may
be highly variable within a forest ecosystem (Hill & Shackleton, 1989), and that nitrogen
transformation rates vary between different soil types within the same watershed (Cole,

Compton, Van Miegroet, & Homann, 1991).

2.1.1.2 Seasonal variation
Many studies have reported the influence of seasonal types on soil carbon

sequestration (Andrews et al., 2008; Granberg & Selck, 2007; Lu & Cheng, 2009; Ostle et al.,
2009; Sandhu et al., 2010; Spencer & Harvey, 2012; Stockmann et al., 2013; Zhang, Ricketts,
Kremen, Carney, & Swinton, 2007). Attention has been drawn to C turnover rates, dissolved

organic carbon (DOC), carbon dioxide emission (CO3), soil organic carbon and total organic

21



carbon (TOC). Dissoloved organicn carbon production increases under a warmer and drier

moisture regime (Chaplot & Cooper, 2015; Hoggart et al., 2015; Lorenz, Lal, & Jiménez, 2009).

Microbial decomposition rate varies from season to season. During the winter periods,
the decomposition rate is assumed to be insignificant in the annual cycling of carbon and
nutrients (Aber, Nadelhoffer, Steudler & Melillo, 1989). Grogan & Chapin Il (1999) and
Thomas et al. (2014) reported that, litter decomposition and soil respiration occur over winter
in both arctic and boreal ecosystems. Winter fluxes of carbon dioxide are substantial in annual
carbon budgets and likely influence both the magnitude and direction of annual carbon fluxes.
Other researchers have it that carbon dioxide released during the summer comes primarily
from root respiration and decay of plant biomass in the surface organic horizon (Mikan,
Schimel & Doyle, 2002), but during the winter it appears that microbial respiration may be
driven by soluble material remaining in water films or deeper in the profile or into the mineral
soils (Clein & Schimel, 1995). Thus, models of carbon dynamics developed for summer activity
would be fundamentally flawed in modelling winter activity (Segoli et al., 2013). Several
factors are considered when considering the seasonal variation of carbon dynamics. These
include litter mass and nitrogen loss, microbial activities and temperature, and dissolved
organic carbon fractions may also be more important than non—dissolved ones in supplying
carbon to microbes even within the organic horizons (Clein & Schimel 1995). According to
Coxson & Parkinson (1987), about 55% of overall winter soil respiratory activity can occur in
soils at temperatures in the range of -4 and +4 °C within the top 8 cm of the soil profile, with

the remaining respiratory activity largely occurring at temperatures up to 15 °C.

2.1.1.4 Land use/land cover
The effects of land use/land cover on soil organic carbon dynamics have been

extensively studied (Mendoza-Vega, Karltun & Olsson, 2003; Lal, 2005; Yadav & Malanson,
2008; Ordéiez et al., 2008; Ostle et al., 2009; Robson, Baptist, Clément & Lavorel, 2010;
Munoz-Rojas, De la Rosa, Zavala, Jordan & Anaya-Romero, 2011; Negrin et al., 2011; Vaccari
et al., 2012; Wiesmeier et al., 2013a; Wiesmeier et al., 2013b; Lavelle et al., 2014; Wiesmeier
et al., 2015). Walker & Desanker (2004) reported that soil carbon stock decreases with depth
within different land uses/land covers. Carbon emissions from deforestation and degradation

account for about 20% of global anthropogenic emissions (Mollicone et al., 2007). Anikwe
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(2010) and Vaccari et al. (2012) reported that, the single biggest loss of soil carbon in the form
of physically protected soil organic matter results from management such as tillage practice

or land use change (such as conversion of forestry to grassland).

Neumann-Cosel et al. (2011) reported that soil carbon stock from the Panama region
is not affected by the land-use transition from pasture to young secondary regrowth. Thus,
an increase of soil carbon storage might be possible over a longer period. Within the cattle
grazing saltmarsh in temperate regions, Olsen et al. (2011) reported that grazing had little
effect on the rates of mineralisation of *C used as a respiratory substrate, but a larger
proportion of #C was partitioned into microbial biomass and immobilised in long- and
medium-term storage pools in the grazed treatment. Grazing slowed down the turnover of
the microbial biomass, which resulted in longer turnover times for both leaf litter and root
exudates. Grazing may therefore affect the longevity of carbon in the soil and alter carbon
storage and utilisation pathways in the microbial community. Saltmarshes differ from other
terrestrial systems since they are inundated by tides that saturate the soil and limit oxygen

penetration.

The effects of land use and cover on carbon budget cannot be over emphasised.
Recent studies report conflicting results concerning soil carbon trends as well as multiple
confounding factors (e.g. soil type, topography and land-use history) affecting these trends.
Neumann-Cosel et al. (2011) measured organic carbon stocks in the mineral soil up to 20 cm
depth at 24 active pastures, 5-8 years old, and 12—15 years old secondary forest sites on
former pastures. Their data indicated that soil carbon stock was higher in older forests than
at the younger sites. According to Edmondson et al. (2014), the land cover did not significantly
affect SOC concentrations in non-domestic greenspace, but values beneath trees were higher
than under both pasture and arable land, whereas concentrations under the shrub and
herbaceous land covers were only higher than arable fields. Munoz-Rojas et al. (2011)
demonstrated the importance of land-cover change for carbon sequestration in vegetation
from Mediterranean areas, highlighting possible directions for management policies to

mitigate climate change and promote land conservation.
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2.1.15 Environmental factors
Temperature, soil pH and soil moisture condition affect the amount of carbon stored

in the soil and sediment (Anderson & Domsch, 1993). Seasonal changes in temperature play
a significant role in controlling the rates of biogeochemical processes regulating organic
matter decomposition, including enzyme activities, dead organic matter production, carbon
dioxide and methane emissions (Reddy & Delaune, 2008). Some studies using varieties of
plant matter and freshwater systems, show seasonal variations in decomposition rates with
faster breakdown during warmer periods (Webster & Benfield, 1986). Detrital matter from
Typha sp. was found to be less sensitive (1.5 times higher during summer months than winter
months) to seasonal temperature than that from Sagittaria (5.5 times higher during summer

months than winter months) (Reddy & Delaune, 2008).

Temperature is one of the key regulators influencing biogeochemical processes in
wetlands, by influencing the growth, activity, and survival of organisms (Reddy & Delaune,
2008). Chemical and enzymatic reactions regulating organic matter decomposition proceed
at a faster rate as the temperature is increased (Reddy & Delaune, 2008). Thus, soil microbial
activity and organic matter decomposition are enhanced by an increase in temperature. For
each microbial community, there is a maximum temperature above which growth is inhibited,
a minimum temperature below which growth no longer occurs, and an optimal temperature
range in which growth is most rapid (Reddy & Delaune, 2008). This meaning that above
certain temperatures, proteins, nucleic acids and other cellular components may be
irreversibly denatured. This may lead to a collapse in the plasma membrane and thermal lysis
of cells may occur. However, temperature response to biogeochemical processes is often
expressed in terms of Qio function (Reddy & Delaune, 2008), where Qi is the change in the

decay constant associated with a 10 °C change in temperature. It is reported as a coefficient.

Decomposition rate increases with temperature at 0 °C with a Qio coefficient as high
as 8, and the temperature sensitivity decreases with increasing temperature, as indicted by
the Qo coefficient decreasing to 4.5 at 10 °C and 2.5 at 20 °C (Kirschbaum, 1995; Davidson,
Duncan, Littlejohn, Ure & Garden, 1998). The Qip coefficient for peatlands and bogs were
reported to be in the range of 1.8—6.1 (Lafleur, Moore, Roulet, & Frolking, 2005). Earlier

studies have shown a prolonged lag phase in carbon dioxide production at low temperatures
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(7 °C) in soils amended with plant matter (Pal, Broadbent & Mikkelsen, 1975). Reddy &
Delaune (2008) reported that when the temperature was increased to 22 °C, the
decomposition rate increased by a Qio coefficient of 12 during the first 2 days, and a further
increase in temperature to 37 °C resulted in a Quo value of 1.5. The Qio coefficient were
highest during early stages of decomposition and decreased sharply and remained at a
constant value for the remaining 4-month decomposition period (Pal et al., 1975). Surface soil
temperatures were found to be better predictors of ecosystem respiration than temperatures
in deeper soil depths (Lafleur et al., 2005). Temperature sensitivity of organic matter
decomposition is much greater at a lower temperature and decreases with an increase in
temperature (Reddy & Delaune, 2008). Results from Fang, Smith, Moncrieff, & Smith (2005)
indicated that that temperature sensitivity for resistant organic matter does not differ
significantly from that of labile pools, and that both types of soil organic matter will therefore

respond similarly to global warming.

It is also suggested that temperature sensitivity is much greater for organic matter
decomposition than for net primary productivity. This has important implications for organic
matter storage in the ecosystem (Kirschbaum, 1995). Decomposition of labile soil carbon is
more sensitive to temperature than slowly degradable or resistant soil organic carbon. High
levels of labile organic carbon pools are present in soils at low temperatures, whereas at
higher temperatures relatively high levels of more recalcitrant organic matter are maintained
(Dalias, Anderson, Bottner & Co(teaux, 2001). Thus, recalcitrant soil organic materials

mineralise more efficiently at higher temperatures (Bol, Bolger, Cully & Little, 2003).

2.2 Soil organic matter distribution
Soil organic matter can be defined as all organic materials found in soil that are part

of or have been part of living organisms. It is a continuum of materials at various stages of
transformation due to both abiotic and biotic processes. Several studies have reported the
importance of soil organic matter, linking it with ecosystem services (Wu, Chen, Wang &
Wang, 2006; von Luetzow et al.,, 2007; Scheiter & Higgins, 2009; Erfanzadeh, Bahrami,
Motamedi & Pétillon, 2014; Harrison-Kirk et al., 2014; Wiesmeier et al., 2015). According to
Erfanzadeh et al. (2014), soil organic matter had a spatial variation which was probably

affected by the plant species. Soil organic matter is essential for soil physical fertility,
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increasing water retention, retaining organic pollutants and heavy metals, protecting and
reducing water quality, aggregating mineral particles, thus reducing soil erosion. Soil organic
matter consists of various functional pools that are stabilised by specific mechanisms and
have certain turnover rates (von Luetzow et al., 2007; Wiesmeier et al., 2014). Depending on
the authors, the pools are termed as active, intermediate or slow, and passive or inert (McGill,

1996; Smith et al., 1997).

The chemical constituents of soil organic matter are grouped into humic substances,
phenolic substances and non-humic substances (Stevenson, 1994). Humic substances consist
of heterogeneous mixtures of high-molecular-weight aromatic structures that result from
secondary synthesis reactions. Non-humic substances are carbohydrates, proteins and fats,
while phenolic substances are lignins and tannins. The relative proportion of the various
constituents within the humic, phenolic and non-humic substances varies with the type and
source of detrital matter, the degree of decomposition, and the age of the material
(Stevenson, 1994). Humic substances, or humin, are not soluble in alkali or acid (Stevenson,

1994).

Humic materials are colloidal in nature and exhibit a very large surface area and
negative charge due to exposed -COOH and -OH groups, which have H* ion available for
exchange with metals. Thus, they have a higher capacity to form complexes with metals and
hold water than clay. Insoluble high-molecular-weight humic acids are very effective in
immobilising most trace and toxic metals (Reddy & Delaune, 2008). Humic acids can also
reduce certain oxidised metal species in such a way that they make it easier for the metal to
be fixed to the humic matter and make it unavailable for further mobilisation or plant uptake
(Stevenson, 1982). According to Boulton & Boon (1991), tannins and lignins play an important
role in the decomposition of labile plant constituents by complexing with proteins, exhibiting
antibiotic activity, and forming an association with cellulose and hemicellulose. In wetland
ecosystems where aerobic and anaerobic interfaces play a major role in the soil and water
column and accumulation of organic matter, primary productivity often exceeds the rate of
decomposition processes, resulting in net accumulation of organic matter (Stevenson, 1994).

The net accumulation of organic matter is regulated by the activity of various decomposers,
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including benthic invertebrates, fungi and bacteria. In general, decomposition may be viewed
as a three-step process:
» Breakdown of particulate organic matter by fragmentation by grazers;
» Hydrolytic activity of extracellular enzymes involved in the conversion of particulate
organic matter (polymers such as polysaccharides);
» Microbial catabolic activities (conversion of monomers into carbon dioxide and

methane) (Stevenson, 1994).

According to Reddy & Delaune (2008), decomposition processes of soil organic matter in
wetlands is different from that in upland ecosystems. There is rapid decomposition of biomass
in upland soils due to the predominance of aerobic conditions, while the decomposition rate
is slower in wetland soils due to the predominance of anaerobic conditions (Reddy & Delaune,
2008). This results in a moderately decomposable organic matter accumulating along with
lignin and other recalcitrant fractions (Stevenson 1994; Reddy & Delaune, 2008). Thus, the
accumulation of organic matter in wetlands is typically characterised by a stratified build-up
of partially decomposed plant remains, with a low degree of humification (Reddy & Delaune,
2008). The biodegradability of organic matter decreases with depth and low soil temperature,
as the material accreted deep into the soil ages and undergoes humification compared to the

new material accumulating in the surface layers (Reddy & Delaune, 2008).

2.2.1 Transformation of soil organic matter
According to Leifeld, Franko & Schulz (2006), an absorbance of infrared bands

representing aliphatic C-H functional groups is a potential indicator of soil organic matter
transformations related to changes in its labile fractions. By quantifying relative changes in
functional groups, a Fourier-transform infrared (FTIR) spectrometer can be used to help
explain soil organic matter transformations and stabilisation (Margenot, Calderdn, Bowles,
Parikh & Jackson, 2015). In an organically managed systems, mineralisation of soil organic
matter is crucial for meeting crop nutrient demand. According to Margenot et al. (2015),
relating the functional group composition of soil organic matter to labile fractions can provide
insight into the degree to which the chemistry of soil organic matter can influence its lability.
Long-term experiments have shown that organic management can increase labile carbon in

the short term and total soil carbon in the longer term (Marriott & Wander, 2006). This is
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because labile soil organic matter responds more rapidly to management than total soil

organic carbon (Marriott & Wander, 2006).

The degree to which soil organic matter compositional changes are associated with
these increases in soil organic matter is largely unknown and may offer insight into observed
increases in labile soil organic matter. The differences in soil organic matter functional groups
characterised by diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) have
been implicated in stabilisation of carbon fractions under different input treatments (Verchot,
Dutaur, Shepherd & Albrecht, 2011). According to Wickings, Reed & Cleveland (2012), during
the decomposition of soil organic matter, decomposer community characteristics regulate
changes in litter chemistry, which could influence the functionality of litter-derived soil
organic matter and the turnover and stabilisation of soil carbon. Therefore, an on-farm
research across any landscape provides an opportunity to examine fields under different
management practices and with variation in soil organic matter quantity, allowing
determination of relationships between soil organic matter functional group composition

with differences in labile soil organic matter.

2.3 Soil carbon sequestration
Carbon sequestration is gaining wide attention with the quest to reduce greenhouse

gas (GHG) emissions (Brevik & Homburg, 2004; Barreto et al., 2009; Anikwe, 2010; Burden et
al., 2013; Beaumont, Jones, Garbutt, Hansom & Toberman, 2014). The term soil carbon
sequestration is often associated with sustainable management of our soil resources (Barreto
et al., 2009). Soil carbon sequestration is considered an important ecosystem service and the
enhancement of above-and below-ground carbon stocks have become a recognised forest
management strategy. According to Neumann-Cosel et al. (2011), there are growing
opportunities for such strategies to become economically profitable because of the increasing

implementation of clean development mechanism (CDM) projects.

In a study to examine the potential for restored saltmarshes to sequester carbon,
Burden et al. (2013) found that saltmarsh can provide a modest, but sustained, sink for
atmospheric carbon dioxide. Recently, there have been increasing amounts of attention paid

to the potential for saltmarsh ecosystems to sequester carbon (Burden et al., 2013; Chen et
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al., 2015; Hansen & Reiss, 2015). Thus, restoration of coastal wetlands such as saltmarshes
may contribute more to carbon sequestration, and therefore to climate regulation, than
peatlands (Burden et al., 2013). According to Hopkinson et al. (2012), climate change including
global warming, human engineering of river systems, continued agricultural expansion, and

sea level rise will also negatively impact carbon sequestration of coastal vegetated wetlands.

2.4 Effects of chemistry and contamination
Reports on how heavy metal contamination affects the distribution of soil organic

carbon dynamics are not fully documented (Hopkinson et al., 2012; Maillard et al., 2015;
Mukwaturi & Lin, 2015). However, Mukwaturi & Lin (2015) reported that reductive
dissolution of iron and manganese compounds was markedly enhanced by organic matter.
Assessing stabilisation of soil organic matter with heavy metals will invariably provide an
answer to whether heavy metal mobilisation affects the stability of soil organic matter
(Kumpiene, Lagerkvist & Maurice, 2008; Kumpiene, 2010). Zhang et al. (2014) reported that
under anoxic conditions, acid-volatile sulphides mainly reduce the solubility and toxicity of
metals, while organic matters, iron and manganese oxides, clay or silt can stabilise heavy
metals in elevated oxidative-reductive potential (ORP). Other researchers have investigated
the safety level of heavy metals when they enter the body through inhalation of dust, oral
ingestion of contaminated soil, and consumption of food plants harvested from contaminated
soil (Hawley 1985; Dudka & Miller, 1999; Pendergrass & Butcher, 2006). Some of the
organisations which deal with these safety levels are:

» European Commission (EC)
International Agency for Research on Cancer (IARC)
International Programme on Chemical Safety (IPCS)
US Environmental Protection (USEPA)

US Agency for Toxic Substance and Disease Registry (ATSDR)
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World Health Organization (WHO).

The chemical properties of metal pollutants also influence toxicity. The species of
metal or metal speciation determine the behaviour in aquatic and wetland environments.
Valence, the formation of oxyanions, sorption to the particulate or sediments, complexation

with organic matter, precipitation, and interaction with microorganisms are processed
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governing the availability or toxicity of heavy metals in wetlands (Reddy & Delaune, 2008).
Soils generally contain a low concentration of toxic metals from natural sources whereas
anthropogenic factors increase metal content in wetland soils, resulting in potential
ecological risks. However, elevated total concentrations of metals do not necessarily result in
problem releases to water or excessive bioavailability (Reddy & Delaune, 2008). The amount
of organic matter and clay minerals, the soil acidity (pH), and the sediment oxidation—
reduction status (Eh) of soils are very important physicochemical properties influencing the
mobility of toxic metals (Reddy & Delaune, 2008). According to Bryan & Langston (1992),
concentration and bioavailability of metals in estuarine sediments depend on the following
processes:
» Mobilisation of metals to the interstitial water and their chemical speciation.
» Transformation (e.g. methylation) of metals including arsenic, mercury, lead, and tin.
» The control exerted by major sediment components (e.g. oxides of iron and organics)
to which metals are preferentially bound.
» Competition between sediment metals (e.g. copper and silver; zinc and cadmium) for
uptake sites in organisms.

» The influence of bioturbation, salinity, redox or pH on these processes.

2.4.1 Inorganic contaminants
There have been several reports on the amount of heavy metals being added to soil

globally due to various anthropogenic activities, raising serious concerns for environmental
health (Babich & Stotzky 1985; Davis, Ruby & Bergstorm, 1994; Vig, Megharaj, Sethunathan
& Naidu, 2003; Wang et al., 2007; Wang, Li, Guo, & Ji, 2017). According to Babich & Stotzky
(1985), arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb) and zinc (Zn) are
toxic heavy metals and have effects on nitrification and denitrification in soil while the
ecotoxicologic