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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; González=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 

мр҈ ƻŦ ǘƘŜ ¦YΩǎ ǎŀƭǘƳŀǊǎƘ ƭŀƴŘ Ƙŀǎ ōŜŜƴ ƭƻǎǘ 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 & 

Förstner, 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 (PCRςDGGE) 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-

lsheikh et al., 2005; Steinbeiss, Gleixner & Antonietti, 2009; Wiesenberg, Dorodnikov & 

Kuzyakov, 2010; Dorodnikov, Kuzyakov, Fangmeier & Wiesenberg, 2011; González-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 13C 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 longςterm 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 10ς15 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 (Luizão, 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 

(Luizão 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 (CO2), soil organic carbon and total organic 
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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 III (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 nonςdissolved 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; Ordóñez 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 14C used as a respiratory substrate, but a larger 

proportion of 14C 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, 5ς8 years old, and 12ς15 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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2.1.1.5 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 Q10 function (Reddy & Delaune, 2008), where Q10 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 Q10 coefficient as high 

as 8, and the temperature sensitivity decreases with increasing temperature, as indicted by 

the Q10 coefficient decreasing to 4.5 at 10 °C and 2.5 at 20 °C (Kirschbaum, 1995; Davidson, 

Duncan, Littlejohn, Ure & Garden, 1998). The Q10 coefficient for peatlands and bogs were 

reported to be in the range of 1.8ς6.1 (Lafleur, Moore, Roulet, & Frolking, 2005). Earlier 

studies have shown a prolonged lag phase in carbon dioxide production at low temperatures 



25 
 

(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 Q10 coefficient of 12 during the first 2 days, and a further 

increase in temperature to 37 °C resulted in a Q10 value of 1.5. The Q10 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 & Coûteaux, 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: 

ü Breakdown of particulate organic matter by fragmentation by grazers; 

ü Hydrolytic activity of extracellular enzymes involved in the conversion of particulate 

organic matter (polymers such as polysaccharides); 

ü 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, Calderón, 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 

ŎƘŀƴƎŜǎ ƛƴ ƭƛǘǘŜǊ ŎƘŜƳƛǎǘǊȅΣ ǿƘƛŎƘ ŎƻǳƭŘ ƛƴŦƭǳŜƴŎŜ ǘƘŜ ŦǳƴŎǘƛƻƴŀƭƛǘȅ ƻŦ ƭƛǘǘŜǊπŘŜǊƛǾŜŘ ǎƻƛƭ 

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: 

ü European Commission (EC) 

ü International Agency for Research on Cancer (IARC) 

ü International Programme on Chemical Safety (IPCS) 

ü US Environmental Protection (USEPA)  

ü US Agency for Toxic Substance and Disease Registry (ATSDR) 

ü 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 oxidationς

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: 

ü Mobilisation of metals to the interstitial water and their chemical speciation. 

ü Transformation (e.g. methylation) of metals including arsenic, mercury, lead, and tin.  

ü The control exerted by major sediment components (e.g. oxides of iron and organics) 

to which metals are preferentially bound. 

ü Competition between sediment metals (e.g. copper and silver; zinc and cadmium) for 

uptake sites in organisms. 

ü 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 

ecotoxicological assessment of heavy metals and the impact on soil organisms was reported 

by Giller, Witter & McGrath (1998), Obbard (2001), and Giller, Witter & McGrath (2009). 

According to Panagos, Van Liedekerke, Yigini & Montanarella (2013), 34.8% and 30.8% of 

heavy metals have been reported to be affecting soil and groundwater, respectively, in 

Europe due to several factors, with municipal and industrial waste disposal topping the list. 

Introduction of heavy metals in the soil could have effects on soil carbon status due to their 

interaction with soil organic carbon.  
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According to the National River Authority (NRA) (1995), the rise in the importance of 

zinc as an anticorrosion agent in the 20th century and the output of arsenic as a by-product 

of smelting copper concentrates from south-west England and the Americas in the early 

1900s are matched by increased levels in the sediments. Jemmett (1991) also reported the 

saltmarsh here to be contaminated with elevated concentrations of the heavy 

metalscadmium, copper, lead, and zinc comparison with a saltmarsh at Foryd Bay on the 

Menai Strait in North Wales. According to Jemmett (1991), saltmarshes on the northern bank 

of the estuary near Hale Head had undergone continuous, but variable rate, accretion since 

1911. A decline in metal concentrations was observed, in line with reducing inputs; 

remobilisation of previously consolidated saltmarsh sediments was considered responsible 

for significant perturbations in the overall reduction trend (NRA, 1995; Harland, Taylor, & 

Wither, 2000).  

 

2.4.2 Heavy metal and organic matter complex formation 
One major characteristic of heavy metals is the formation of complexes with organic 

matter due to the binding action of soil organic matter and the speciation of the trace 

element. For example, monovalent cations (K+, Na+, etc.) are held by cations exchange 

through the formation of the salt with carboxyl groups (R-COO-K+ and R-COO-Na+) whereas 

multivalent cations (Cu2+, Zn2+, Mn2+, Fe3+, etc.) form coordinate linkages with organic matter 

(Stevenson 1994). Other researches have reported positive correlation of heavy metals with 

soil organic matter (Stevenson 1994; Reddy & Delaune, 2008). Generally speaking, the level 

of significance of correlation depends on the type of extractant used, soil depth, the 

concentration of the heavy metal, and sampling periods. In surface and sludge amended soils, 

nickel may be increasingly bound to organic matter, a part of which forms easily soluble 

chelates (Kabata-Pendias & Mukherjee, 2007).  

 

In the presence of fulvic and humic acids, these complexes are much more mobile and 

may be more important than the hydrated divalent cation in soil solution chemistry (ATSDR, 

2008). Studies have reported that cadmium concentration in soil is found in the topsoil, most 

likely due to the combination of the sources of pollution and the higher near-surface levels of 

organic matter to which it readily binds (Alloway, 1995; ATSDR, 2008). 
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Soluble and insoluble complexes with organic matter can also be important, although 

cadmium forms less-stable complexes with humic and fulvic acids than those formed by 

copper and lead (Alloway, 1995; Kabata-Pendias & Mukherjee, 2007). Surface adsorption 

processes rather than precipitation appear to control the distribution of cadmium between 

soil solution and soil-bound forms at the concentrations relevant to most polluted soils 

(Alloway, 1995). There are several general chemical forms of metals in soils and these differ 

in their mobility and bioavailability (Gambrell & Patrick, 1991; Wuana & Okieimen, 2011). A 

listing of some of the common chemical forms of metals ranging from most available to least 

available is as follows: (a) readily available: dissolved and exchangeable forms; (b) potentially 

available: metal carbonates, metal oxides and metal hydroxides, metals adsorbed on or 

occluded with iron and manganese oxides, metals strongly adsorbed or chelated with 

insoluble high-molecular-weight humic materials and metals precipitated as sulphide; and (c) 

unavailable: metals within the crystalline lattice structure of clay and other residual minerals.  

 

Metals dissolved in pore water are the most mobile and bioavailable. Adsorbed 

(exchangeable) metals are also bioavailable due to equilibrium between exchangeable and 

dissolved metals. Both dissolved and exchangeable metals are readily mobilised and 

bioavailable. At the opposite extreme are metals bound with the crystalline lattice structures 

of clay and other residual minerals. Metals in this form are essentially permanently 

immobilised and thus unavailable. Only under a long period of mineral weathering, would 

residual metals become mobile and bioavailable. Between these two extremes are potentially 

available metals. In metal-contaminated soils, excess metals become primarily associated 

with these potentially available forms rather than the readily available soluble and 

exchangeable forms (Feijtel et al., 1988). By contrast, in uncontaminated soils or sediments, 

only background levels of metals exist in these forms.  

 

2.5 Cycles of soil 
Cycles of soil show the various interactions that exist between soil biota, soil and 

atmosphere. This effect is seen in the ability of the soils to provide food and fibre for humans 

(Stevenson & Cole, 1999). Different cycles, like carbon, nitrogen, phosphorus, sulphur, and 

the micronutrient cations (boron, copper, iron, manganese, molybdenum, and zinc) are of 
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importance in soil as a medium of plant growth, for natural use of organic and inorganic 

fertilisers, for disposal of waste in soil, and prevention of soil-derived pollution of air and 

water (Stevenson & Cole, 1999). As plant biomass undergoes microbial transformation or 

decay in the soil, it releases nitrogen, phosphorus, sulphur and micronutrient cations. 

According to Stevenson & Cole (1999), the carbon cycle acts as a driving force for other cycles. 

 

2.5.1 Carbon cycle 
The carbon cycle results from the interaction or transformation of plant detritus and 

animal materials by microorganisms within the soil to release carbon dioxide (CO2) to the 

atmosphere while nitrogen is made available as ammonium (NH4
+) and nitrate (NO3-), nitrite 

(NO2
-), phosphorus, sulphur and various micronutrients appear in inorganic forms required 

by higher plants (Stevenson & Cole, 1999). According to Stevenson & Cole (1999), during the 

cycling process of carbon, some nutrients are assimilated by microorganisms and the formed 

part of microbial biomass. Mineralisation occurs when carbon, nitrogen, phosphorus, and 

sulphur are converted to inorganic minerals while the reverse is immobilisation (Figure 2.1). 

 

 

Figure 2. 1 Compartments of the global carbon cycle and interchanges between them 
adapted from Stevenson & Cole (1999).  
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The carbon cycle shows the flow of carbon starting from the photosynthetic organism 

(plant and algae) undergoing breakdown either by the death of the photosynthetic organism 

or consumption which leads to an organic substrate like proteins, nucleic acids, etc. They are 

further broken down to smaller units. The death and degradation of monomers through 

assimilation results in a further breakdown of proteins, nucleic acids, etc. through the process 

of mineralisation to inorganic nitrogen, phosphorus, sulphur and carbon dioxide (Figure 3). 

Assimilation of inorganic carbon, nitrogen, phosphorus, and sulphur by green plants revolves 

the cycle around. During monomer degradation, soil humic substances are formed (Stevenson 

& Cole, 1999). Humic substances represent the most active fraction of humus, consisting of a 

series of highly acidic, yellow-to-black humic acid and fulvic acid (Stevenson & Cole, 1999). 

 

2.6  Microbial biodiversity 
Significant spatial variability has been reported relating microbial biodiversity with soil 

carbon dynamics (Prescott, 2005; Fisk et al., 2010; Huang, Hendrix, Fahey, Bohlen, & 

Groffman, 2010; Olsen et al., 2011). Fisk et al. (2010) reported a positive correlation with fine 

root biomass, suggesting that carbon supply from roots plays a key role in the fungal channel. 

Increased microbial biomass and soil respiration were observed in grazed saltmarsh by Olsen 

et al. (2011) as a factor that influences the variation in soil carbon storage. Allison, 

Wallenstein, & Bradford (2010) show how microbial enzyme activities affect carbon storage 

in Figure 2.2. The decomposition of organic matter is the primary ecological role of 

heterotrophic microflora in soils (Reddy & Delaune, 2008). Microbial decomposers derive 

their energy and carbon for growth from detrital and soil organic matter and facilitate 

recycling of energy and carbon within and outside the wetland ecosystem. Reddy & Delaune 

(2008) shows how soil microbes exert a significant influence on ecosystem energy flow in the 

form of feedback, because mineralisation of organically bound nutrients is a regulator of 

nutrient availability for both primary production and decomposition.  

 

During the heterotrophic breakdown of particulate organic carbon (POC) and 

dissolved organic carbon (DOC), a portion of labile organic compounds hydrolysed by enzymes 

is assimilated into microbial biomass (Reddy & Delaune, 2008). Under aerobic conditions, 

approximately 50% of the monomers formed can be assimilated into cell biomass, whereas 

the remainder is oxidised to carbon dioxide (Reddy & Delaune, 2008; Allison et al., 2010). Due 
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to the competition for available nutrients among microbes and macrophytes, nutrients may 

be held tightly within the microbial biomass (a small fraction of plant detritus and soil organic 

matter) because of efficient recycling of re-mineralised organic compounds. Thus, 

environmental perturbations such as alterations in redox conditions may result in microbial 

mortality, resulting in a significant remineralisation of nutrients (Reddy & Delaune, 2008). 

 

Soil microbial communities contain the highest level of prokaryotic diversity of any 

environment, and metagenomic approaches involving the extraction of DNA from soil can 

improve our access to these communities (Delmont, Robe, Clark, Simonet, & Vogel, 2011). 

According to Delmont et al. (2011), most analyses of soil biodiversity and function assume 

that the DNA extracted represents the microbial community in the soil, but subsequent 

interpretations are limited by the DNA recovered from the soil. Unfortunately, extraction 

methods do not provide a uniform and unbiased subsample of metagenomic DNA, and 

therefore, accurate species distributions cannot be determined (Delmont et al., 2011). 

Moreover, any bias will propagate errors in estimations of overall microbial diversity and may 

exclude some microbial classes from study and exploitation (Delmont et al., 2011).  

 

 

 Figure 2. 2 Simplified flow diagram for microbe growth and enzyme kinetic models 
(adapted from Allison et al., 2010). 
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Increased attention has been given to DNA extraction methods for most of the 

microbial diversity studies conducted in complex ecosystems, such as soil (Hugenholtz, 

Goebel, & Pace, 1998; Martin-Laurent et al., 2001; Sagova-Mareckova et al., 2008; Edet et al., 

2017). This is because there has been biased essentially due to the unculturability of many 

microorganisms and the lack of sensitivity of traditional microbiological methods (Martin-

Laurent et al., 2001). Tsai and Olson (1991) investigated new methods to improve extraction, 

purification, amplification, and quantification of DNA from soils. This new molecular biology 

method provides more understanding of the composition, richness, and structure of microbial 

communities (Hill et al., 2000). The impact of three different soil DNA extraction methods on 

bacterial diversity was evaluated using PCR-based 16S ribosomal DNA analysis by Martin-

Laurent et al. (2001). Generally speaking, the results of molecular analysis of microbial 

communities rely both on the extraction of DNAs representative of the indigenous bacterial 

community composition, and factors related to PCR, such as the choice of primers, the 

concentration of amplified DNA, errors in the PCR, or even the method chosen for analysis.   

 

Nucleotides, RNA, single-stranded DNA (ssDNA), and double-stranded DNA (dsDNA) 

all absorb at 260 nm. Thus, they contribute to the total absorbance of the sample. Therefore, 

to ensure accurate results, nucleic acid samples will require purification prior to measurement 

(Wilfinger, Mackey & Chomczynski, 1997). The ratio of absorbance at 260 nm and 280 nm 

(260/280) is used to assess the purity of DNA and RNA. A ratio of ~1.8 is generally accepted 

ŀǎ ΨǇǳǊŜΩ ŦƻǊ 5b!Τ ŀ Ǌŀǘƛƻ ƻŦ ϤнΦл ƛǎ ƎŜƴŜǊŀƭƭȅ ŀŎŎŜǇǘŜŘ ŀǎ ΨǇǳǊŜΩ ŦƻǊ wb! όManiatis, 1989).  If 

the ratio is appreciably lower in either case, it may indicate the presence of protein, phenol 

or other contaminants that absorb strongly at or near 280 nm (Wilfinger et al., 1997). Thus, 

change in sample acidity, the wavelength accuracy of the spectrophotometers and nucleotide 

mix in the samples affects the 260/280 ratios.  

 

2.7 Types of Estuarine floodplains 
Estuarine floodplains can be defined as places of transition between land, sea and 

fresh water. According to a Natural Environment Research Council (NERC) (1975) report, an 

estuary is a partially enclosed body of water, open to saline water from the sea and receiving 

fresh water from rivers. Estuaries all over the world are known for their potential to act either 

as a source of carbon, thereby contributing to global carbon emission, or as a carbon sink, 
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hence mitigating global warming mitigation. Redox potential, nitrification, immobilisation and 

mineralisation are all biogeochemical processes that influence soil carbon storage in wetland 

ecosystems (Stevenson, 1994; Stevenson and Cole, 1999; Reddy & Delaune, 2008). According 

to Davidson et al. (1991) estuaries are among the most fertile and productive ecosystems in 

the world because of continual input, trapping and recycling of sediments and nutrients; thus, 

supporting large numbers of animals, such as invertebrates, fish and birds.  

 

9ǎǘǳŀǊƛŜǎ ŀǊŜ ŀ ƳŀƧƻǊ ŎƻƳǇƻƴŜƴǘ ƻŦ .ǊƛǘŀƛƴΩǎ Ŏƻŀǎǘŀƭ ȊƻƴŜΦ hǾŜǊ мрр ŜǎǘǳŀǊƛŜǎ ƘŀǾŜ 

been identified around the whole coastline (Davidson et al., 1991).  Estuaries are grouped into 

nine types based on their geomorphology and topography: bar-built, barrier beach, coastal 

plain, complex, embayment, fjard, fjord, linear shore and ria (Davidson et al., 1991). The most 

extensive of these are bar-built estuaries (47 sites) where sedimentation has kept pace with 

rising sea levels, and coastal plain estuaries (35 sites) with wide sandy mouths. Fjards (20 

sites) and fjords (6 sites) are both glacial features, fjards are shallower inlets, found mostly 

within the west and north Scotland. There are 15 rias (narrow drowned river valleys) in southς

west England and south Wales, and 10 estuaries are of complex origin. There are 13 

embayments, often with rivers discharging into them, 7 shallow linear shores, found at the 

outer parts of the Greater Thames estuaries and 2 barrier beach systems (the North Norfolk 

Coast and Lindisfarne) (Davidson et al., 1991). The 9,320 km of estuarine shoreline is almost 

half (48%) of the longest estimate of the British shoreline. According to Davidson et al. (1991), 

British estuaries are greater in number, size and diversity of form than any other estuaries in 

Europe. The estuaries comprise 28% of the entire estuarine area of the Atlantic and North Sea 

Coastal states. British estuaries freeze less often than estuaries of The Gulf Stream, bring 

warm water, and their tidal flats are exposed more consistently due to the large tidal ranges 

in Britain (Davidson et al., 1991). 

 

2.7.1 Vegetation types within estuarine floodplains 
Saltmarshes, couch-grass (Elytrigia repens) and the reed bed (Phragmites australis) 

are the most dominant plant species in many estuaries (Davidson et al., 1991; Saltonstall, 

2002; Skelcher, 2003; Boon et al., 2015; Imentai, Thevs, Schmidt, Nurtazin, & Salmurzauli, 

2015). According to Davidson et al. (1991) saltmarshes can be defined as vegetation 

developed in a series of characteristic zones on fine sediments on the upper shore in sheltered 
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parts of estuaries. Saltmarshes are found to dominate in areas where there is an abundance 

of sediment. Saltmarshes larger than 0.5 ha are found in over 135 estuaries. This makes up 

over 95% of the British saltmarsh resource and almost 14% of the total inter-tidal area of 

estuaries (Davidson et al., 1991). The largest saltmarshes are found in the Greater Thames 

estuaries of Essex and Kent, and Liverpool Bay. Saltmarshes are used extensively for livestock 

grazing, and provide space for scientific interest, as well as having other conservation values 

for different types of estuarine wildlife.  

 

There have been many studies on the benefits and harmful effects of Phragmites 

australis grown mostly in wetlands (Cronk & Fuller, 1995; Lissner & Schierup, 1997; van der 

Putten, 1997; Chambers, Meyerson & Saltonstall, 1999; Windham & Lathrop, 1999; Batty, 

Baker, Wheeler & Curtis, 2000; Mauchamp, Blanch & Grillas, 2001). The advance of 

Phragmites australis beds into tidal wetlands of North America may have been facilitated by 

widespread coastal changes since European settlement, including disturbance of hydrologic 

cycles and nutrient regimes (Chambers et al., 1999). Ecosystem services, such as support of 

higher trophic levels, enhancement of water quality and sediment stabilisation are associated 

with any tidal wetland dominated by Phragmites australis (reed bed) However, Phragmites 

australis has the potential to decrease plant diversity in areas where it has spread and as such 

is a nuisance species in North America, due to this form of biological pollution (Cronk and 

Fuller, 1995). In Europe, scientific efforts are being designed to understand and reverse 

Phragmites australis decline.  

 

According to van der Putten (1997), increased eutrophication, changed water table 

management, temperature, reduced genetic variation and their interactions may contribute 

to reed dieςback. Phragmites australis in comparison to neighbouring estuaries grasses, were 

found to have nearly 10 times the live aboveground biomass during the growing season. They 

also had lower soil salinity at the surface, a lower water level, less pronounced 

microtopographic relief, and higher redox potentials (Windham & Lathrop, 1999). Lissner & 

{ŎƘƛŜǊǳǇΩǎ ό1997) salinity study along the eastern and western coasts of Jutland, Denmark, 

reported that Phragmites australis (reed bed) have adapted to saline conditions by adjusting 

the level of osmotically active solutes in their leaves. Wetland plant species, including 

Phragmites australis and Typha latifolia (common bulrush), are used to remove potentially 
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toxic metals from contaminated drainage (Batty et al., 2000). According to Mauchamp et al. 

(2001), the Phragmites australis level of tolerance to submergence increases with age. 

However, very little is known about the Phragmites australis contribution to soil carbon 

storage within the estuarine floodplain. However, the reports on die-back and high 

aboveground biomass may suggest increased soil organic matter (van der Putten, 1997).  

 

The different literature reviewed shows that estuaries are very useful ecosystems to 

mankind with benefits such as means of transportation, fisheries, potential to store soil 

organic, and global warming mitigations. On the other hand, estuaries around the world have 

suffered organic and inorganic contamination since the beginning of the Industrial Era. The 

literature review also looks at the concepts of soil carbon dynamics and soil carbon 

sequestration and the factors affecting them such as topography, types of season, tide 

inundation, heavy metal contamination, soil organic matter stabilisation with heavy metals, 

microbial biodiversity, environmental factors, anthropogenic factors, interactions that exist 

between soil biota, soil and atmosphere, and management practices.  
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3.   Materials and Methods 
 

3.1 Introduction to the chapter 
This chapter is a general overview of the research flow charts, fieldworks, laboratory 

incubation and analyses carried out to actualise the desired research objectives detailed in 

Chapter 1. This chapter also tries to justify the reasons for the selection of the Upper Mersey 

Estuary, north-west England as the study area.  

 

3.2 Selection of study area 
The study site was selected to collect data that were needed to address the aim and 

objectives of the study. Estuarine floodplain benefits cannot be over emphasised even though 

the threats are enormous. According to McLusky (1987), estuaries has been very useful to 

mankind from the beginning of time; thus, becoming places for human settlement, markets 

and industrial centres (Kron, 2013). Several benefits have been listed in Chapter 1 (Section 

1.1) of this thesis. Although, there are still some dis-benefits such as poor underground water 

quality, especially in estuaries that have links with organic and inorganic pollutants.  

The selection of the study area was based on the following considerations: 

ü Should be located within an area with potential to store soil organic carbon  

ü An estuarine floodplain with a known history of environmental contamination  

ü An estuarine floodplain with diverse land uses/land covers  

ü In close proximity to the university  

ü Physically accessible and safe for field work  

 

Globally estuarine floodplains are known for their potential to store a large amount of 

soil organic carbon (Mitra, Wassmann, & Vlek, 2005; Zedler & Kercher, 2005; Bernal & Mitsch, 

2012; Mitsch et al., 2013). Also, the history of contamination of organic and inorganic 

pollutant of these habitats is common to others (Bia et al., 2011). However, some of the 

estuarine floodplains are more contaminated compared to others due to the different impact 

from the industrial revolution and other anthropogenic factors (Heim et al., 2004; Heim & 

{ŎƘǿŀǊȊōŀǳŜǊΣ нлмоΤ .ƛƎǳǎΣ ¢ƻōƛǎȊŜǿǎƪƛΣ ϧ bŀƳƛŜǏƴƛƪΣ нлмпΤ 5ǎƛƪƻǿƛǘȊƪȅ ϧ {ŎƘǿŀǊȊōŀǳŜǊΣ 

2014). The estuarine floodplains are also known for diverse land use/land cover types. In 



41 
 

terms of the proximity of the research to the University of Salford, Dee, Mersey and Ribble 

estuarine floodplains are the closest and, hence, possible alternative.   

 

The Mersey estuarine floodplain was chosen because of the access through Ψliving 

laboratoryΩ as part of the Mersey Gateway Project to collaborate with other researchers.  The 

first site visit was undertaken during February 2015. A series of walkovers across the site was 

conducted and a decision was made on the feasibility of the site for research given the listed 

considerations. Observations from the first visit included evidence of cattle grazing and 

historical evidence or confirmed previous chemical industries located within the study area. 

Before any work took place, consent from the landowner, Mersey Gateway Crossing Board 

was sought and granted. They Mersey Gateway Crossing Board also provide field vehicle, 

protective clothes and accompanying staff during field sampling which makes the field 

sampling safe.  

 

As the River Mersey is similar to other esturaties in terms of it containing stored soil 

organic carbon, having a history of environmental contamination and being surrounded by 

diverse land uses/land covers, the findings of the research reported here are transferable to 

other estuarine floodplains around the globe. 

 

3.3 The Upper Mersey Estuary  

3.3.1 Study site description 
According to Davidson et al. (1991) and Dyer (2002), the Mersey Estuary is classified 

as a ria. The estuary was formed by drowning of the river valley and a rise in sea level during 

the last marine transgression (Davidson et al., 1991). The tidal periods within the Upper 

Mersey Estuary have been described in Chapter 2. According to Pye & Blott  (2014), an estuary 

which has a wide mouth, narrows and becomes shallower towards the head is likely to be 

flood dominated, especially if it has a large tidal range, while an estuary which has a narrow 

mouth and widens and/or becomes deeper towards the head is more likely to display ebb 

dominance, especially if it has a relatively small tidal range. Wide-mouthed estuaries are 

influenced to a greater degree by wave processes than estuaries with a narrow mouth (Pye & 

Blott, 2014). The Upper Mersey Estuary shares the same menace to varying degrees by the 
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embanking, land claim, dredging, sea wall breaching and managed realignment found in UK 

estuaries. 

 

The Mersey Estuary is generally divided into four main sections (NRA 1995) (see Figure 

3.1): the Upper Mersey Estuary, between the tidal limit at Howley Weir, Warrington 

(occasionally overtopped during high tides) and Runcorn Gap; the Inner Estuary, between 

Runcorn Gap and Otterspool (on the northeast bank); the Narrows, between Otterspool and 

Egremont (on the SW bank); and the Outer Estuary, seawards of Egremont and taking in part 

of Liverpool Bay. The distance from Howley Weir to the opening into Liverpool Bay is 

approximately 47 km and in the Inner Estuary a maximum width of approximately 5 km is 

attained. With a mean maximum tidal range of almost 9 m, the estuary is macrotidal. In terms 

of the mixing of fresh and saline waters, the estuary is considered partially mixed (Dyer, 2002). 

 

Figure 3. 1 The Mersey Estuary (adapted from Mersey Gateway Project Delivery Phase 
Chapter 4 page 4.9). 

 

The Mersey River drains into Liverpool Bay in the south-east of the eastern Irish Sea. 

It covers an area of around 5,000 km2, including Merseyside, Greater Manchester, Cheshire, 

Derbyshire and Lancashire, with the port of Liverpool lying on its north-eastern bank, near 

the estuary mouth. Along or adjacent to the banks of the estuary, major manufacturing 
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centres are found at Liverpool, Birkenhead, Bromborough, Ellesmere Port, Stanlow, Runcorn, 

Widnes and Warrington (Ridgway & Shimmield, 2002). The Mersey catchment has a 

population of over 5 million people and more than 830,000 people live within 1 km of the 

estuary shoreline (NRA, 1995). Further inland, the industrial centres of south-east Lancashire, 

including Manchester, Rochdale, Bury, Bolton, Stockport and St Helens, are drained by rivers 

which feed into the Mersey (NRA, 1995; Jones, 2000).  

 

The geology of the study area indicates that the site is underlain by sandstone bedrock 

from the Upper Mottled Sandstone and Pebble Beds while the British Geological Survey (BGS) 

drift geology map shows glacial till (formerly known as boulder clay) overlying the bedrock 

(Griffiths, Shand & Ingram, 2003; Mersey Gateway project, 2011). The glacial till is described 

as comprising clay interbedded with discontinuous horizons of sand or sand and gravel 

(Ridgway et al., 2012). This is shown to form an extensive sheet, which varies in thickness 

from the north to the south side of the river. The glacial deposits are shown as being overlain 

by marine and estuarine alluvium on the BGS drift geology map. Alluvium is shown beneath 

Widnes Warth saltmarsh (Ridgway et al., 2012). The general topography of the Mersey Basin 

reflects its underlying geology (Ridgway et al., 2012). The Mersey valley is eroded in relatively 

low-lying Triassic marls and sandstones. Most of the area, except Liverpool and some parts of 

the Wirral, is covered by glacial till and postglacial alluvial deposits, which serve to mantle the 

underlying geology and produce a smooth or gently undulating topography. The Wirral 

peninsula has a generally smooth topography, with low hills in the north and west, reaching 

65 m at Bidston Hill and 110 m at Poll Hill (Ridgway et al., 2012). On the Liverpool side of the 

Mersey, the land rises smoothly to about 50 m above sea level (Wedd, Smith, Simmons, & 

Wray, 1923). 

 

Geomorphology can be defined as the study of the land formation, its processes, form, 

and sediments at the surface of the Earth (and sometimes on other planets). According to 

Dyer (2002), estuaries in the UK originated from glaciated valleys, drowned river valleys and 

drowned coastal plains. The present-day estuary geomorphology probably reflects the 

influence of the pre-Pleistocene bedrock geology and the Pleistocene deposits (Ridgway & 

Shimmield, 2002). Davidson et al. (1991) reported that coastlines are transient in geological 

time, and the precise physical location of estuaries and other coastal landforms depends 
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strictly on the sea level and it changes over time. Thus, the estuaries we have today are a 

result of glaciation ς the process in which lands are covered by glaciers (a huge mass of ice 

that moves slowly over land). According to Buck (1993), the Mersey Estuary is classified as a 

coastal plain geomorphological type, whereas Dyer (2002) said it is a ria (a coastal inlet formed 

by the partial submergence of an unglaciated river valley) without spits, because of the 

ƎŜƻƭƻƎƛŎŀƭ ŎƻƴǎǘǊŀƛƴǘ ƻŦ ǘƘŜ ƴŀǊǊƻǿ ƳƻǳǘƘ ōŜǘǿŜŜƴ ǊƻŎƪȅ ǎƘƻǊŜǎΦ ¢ƘŜ ŜǎǘǳŀǊȅΩǎ ǳƴǳǎǳŀƭ 

banana-shaped profile does not conform to the typical funnel shape common to estuaries in 

England and Wales (e.g. Severn, Thames). Therefore, it is unlikely that its present course is a 

purely a result of marine incursion into incised valleys. The saltmarsh in the Upper Mersey 

Estuary becomes inundated when the high tide is at or above the 10-metre prediction. From 

the community knowledge perspective, the saltmarsh is unlikely to have been totally covered 

with water at 9.3 m and 8.7 m tides unless there was a mixture of strong winds and 

atmospheric pressure (MGET, 2017 report).  

  

The Upper Mersey Estuary, the study area, stretches from the Runcorn Gap in Halton 

(British National Grid SJ 511 835) to Howley Weir in Warrington (SJ 616 876). The Upper 

Mersey Estuary comprises 1,655 hectares of mud flats, salt marsh, open water, and reed bed. 

It is a narrow, meandering channel that widens from less than 100 m near Warrington to just 

over 1 km near Widnes before being constricted to 250 m at the Runcorn Gap, by a north-

south trending sandstone ridge. For much of this 12 km distance, the Upper Mersey Estuary 

is constrained to the south by the Manchester Ship Canal (MSC) and to the north by the St 

Helens Canal. Extensive sand and mud banks are exposed at low water. A disposal ground for 

material dredged from the MSC is located on both sides of the river, near the confluence with 

Sankey. Within the study area, there are significant areas of managed, homogeneous 

saltmarsh found on the northern and southern banks. Figure 3.2 shows the land cover within 

the study area and are include saltmarshes, rough grassland and horticulture, natural 

grassland, broadleaved woodland, Phragmites australis and brownfieldsς formed because of 

the demolition of factories associated with the late 20th century. Figure 3.3 shows the soil 

types across the Mersey estuarine floodplain, indicating that the study area is classified as 

gleysol according the World Reference Base system (2014).  The land cover and soil types in 

the present study are marked in yellow and red colours in the Figures 3.2 and 3.3 respectively.  
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Figure 3. 2 Showing the different land use/land cover types within the study area 

 

  Figure 3. 3 Showing the different soil types within the study area 

(Sources for Figures 3.2 and 3.3): Esri, HERE, Garmin, Intermap, increment P Corp., GEBCO, 

USGS, FAO, NPS, NRCAN, GeoBase, IGN, Kadaster NL, Ordnance Survey, Esri Japan, METI, 

Esri China (Hong Kong), swisstopo, UKSO: NERC, James Hutton Institute, Cranfield University 

NSRI, Agri-Food and Biosciences Institute, Forest Research, Forestry Commission and 

Natural Resources Wales and Ordnance Survey) 
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Recently, there have been serious efforts to conserve wildlife in the estuary and 

provide areas for recreation (Mersey Gateway Project), but considerable quantities of organic 

and inorganic contaminants are still present in the estuarine sediments (Jones, 2000). The 

Mersey Gateway Environmental Trust (MGET) started saltmarsh management after the 

purchase of Widnes Warth saltmarsh by Halton Borough Council from a private landowner in 

2011. To put the saltmarsh into a favourable condition through restoration and management 

ŀƴŘ ǊŜǎŜŀǊŎƘ ŎƻƭƭŀōƻǊŀǘƛƻƴ ǘƘǊƻǳƎƘ ǘƘŜ Ψ[ƛǾƛƴƎ [ŀōƻǊŀǘƻǊȅΩ ŎŀǘǘƭŜ ƎǊŀȊƛƴƎ ǿŀǎ ƛƴǘƻǊŘǳŎŜŘ 

(MGET, 2011 report). This will habitat management intervention will increase both habitat 

and species diversity, especially breeding and wintering birds. This is because in an ungrazed 

condition, the saltmarsh was unable to sustain a regular breeding population of redshank, 

skylark, meadow pipit and reed bunting, along with an increase in wintering species such as 

teal, dunlin and other wading birds, as the grass sward is too high during the breeding season 

(MGET, 2011 report). The grazing is carried out with conservation breeds of cattle (Belted 

Galloway and English longhorn) that are suitable for a saltmarsh habitat rehabilitation. The 

grazing density used is between 1 and 1.25 cows per hectare, in line with generally accepted 

conservation grazing guidelines. However, the death of four cows was reported in the third 

year of grazing due to salt poisoning, from drinking water from the estuary, or maybe because 

of high lead poisioning (MGET, 2012 report). If the deaths were caused by lead, this leads to 

serious concerns in the case of the animal being on the table as food. However, the strategy 

adopted was based on decontamination; where any cattle to be sent for slaughter for human 

consumption should have a period of at least 16 weeks away from this grazing to allow 

decontamination. This suggests there are no major obstacles to the biodiversity management 

plan using cattle grazing as the main management tool, provided safeguards are met should 

the cattle end up in the food chain in the future (MGET, 2012 report). 

 

3.3.2 Contamination history of Mersey Estuary 
The Mersey Estuary is arguably one of the most contaminated (both inorganic and 

organic pollutants) estuarine systems in Europe (NRA, 1995; Collings, Johnson, & Leah, 1996; 

Jones, 2000; Fox et al., 2001; Vane et al., 2009; Hurley, Rothwell, & Woodward, 2017). The 

history of contaminaton dates back to the beginning of the Industrial Revolution in the early 

18th century. The level of contamination was probably at its worst in the mid-1960s, when 

sewage effluent was combined with a complex mixture of inorganic and organic chemicals 
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originating from factories in the Mersey catchment and along the estuary shores (Fox et al., 

2001).  The origin/sources of the contamination level of the Mersey Estuary have been a topic 

of considerable debate over the past 40 years (Ridgway & Shimmield, 2002).  Figure 3.4 shows 

how historical contamination of major chemicals entered the Mersey and Irwell estuarine 

floodplains.  

 

  

Figure 3. 4 Map of historical points as an indicator of possible contamination sources 
within a 1km corridor of river channels during the peak in Manchester Industrial 
Revolution in 1890 (adapted from Hurley, 2017) 
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Major changes due to the Industrial Revolution begin as far back as 1700. During the 

Industrial Revolution, industrial activities such as textiles, paper and printing, chemicals, 

metal, mining and quarrying, products and materials manufacturing from Manchester, 

Bolton, Rochdale, Oldham, and Stockport (see Figure 3.4). The waste products from these 

industries drained to river Mersey and its tributaries (Hurley et al., 2017).  Many research 

findings show that several chemical industries, for dying, bleaching and printing, and the gas 

industry were linked alongside the textile industry (Ridgway & Shimmield, 2002 and Jones, 

2006). There has been a series of reports of early chemical industries for the production of 

ammonia, chlorine, sodium carbonate, caustic soda, and the smelting of copper (Fox et al., 

1999 and Fox et al., 2001). Fox et al. (1999) described Widnes Warth as the dirtiest, ugliest 

town in England. There was a serious situation leading to vegetation being lost, mounds of 

chemical waste covering the landscape, and noxious seepings polluting the rivers and brooks. 

 

At Widnes, an alkali industry which was developed in the middle of the 19th century 

used the Leblanc process and chemical waste was dumped on the salt marshes beside the 

estuary (Fox et al., 1999). A major chemical works was also established at Weston Point, 

Runcorn, starting in 1885, and in 1897 the Castner Keller works, using the electrolysis process, 

was opened beside the Manchester Ship Canal (Bennett, Curtis, & Fairhurst, 1995). Widnes 

also had a copper industry based on the extraction of copper from the pyrites used at the 

Leblanc works, whilst Warrington was a base for iron-founding, wire-working, brewing and 

tanning, all contributing pollutants to the estuarine system (Porter, 1973). Although, the 

Environment Agency (EA) and the National Monitoring Programme (NMP) carry out 

monitoring work on estuarine contamination in England and Wales, the overall distribution 

of contaminants, thickness of contaminated sediment and relationships to the sedimentary 

regime and naturally varying background concentrations are inadequately documented 

(Ridgway & Shimmield, 2002). A systematic survey approach, such as that described here for 

the Mersey, provides a way to remedy these deficiencies and aid the authorities concerned 

in compliance with international agreements, such as the OSPAR Action Plan 1998ς2003 with 

regard to Hazardous Substances (OSPAR, 1998) and the EU Water Framework Directive, which 

sets out standards for water quality and aquatic habitats (Ridgway & Shimmield, 2002). 
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A study of heavy metals in surface sediments of the Mersey Estuary, monitored over 

a period of 25 years, has shown that metal concentrations are strongly correlated with organic 

matter and particle size (Harland et al., 2000). This results in distribution patterns which 

reflect sediment characteristics and dynamics rather than the position of input sources 

(Harland et al., 2000). As part of their efforts to examine the contamination history of the 

Mersey estuary, Fox, Johnson, Jones, Leah, & Copplestone (1999) determined 

dichlorodiphenyltrichloroethane (DDT) and a series of heavy metals and radionuclides in 3 cm 

slices of 1 m cores of saltmarsh sediments from Widnes Warth and Ince Banks. The 

contamination histories of the two marshes appeared different with core depth alone but 

using the event dating technique the similar lengths of the core at the two sites were shown 

to represent different periods of sedimentation in which contamination histories were 

compatible (Fox et al., 1999). The Widnes Warth core covers a 120-year time span, whilst that 

from Ince Bank represents a little over the last 50 years of sedimentation (Fox et al., 1999). 

NRA (1995) linked contamination profiles for selected metals in the Widnes Warth to specific 

industrial activities. For example, copper smelting in NW England in 1870 and the use of 

mercury cathodes in the production of chlorine from 1897 are clearly shown in the gradual 

rise in concentrations of these elements after the late 19th century.  Figure 3.5 shows how 

heavy metal from urban and industries that entered Mersey estuarine floodplains. According 

to Deepali & Gangwar (2010) textiles production is the major sources of chromium, copper, 

lead, and zinc while Calace et al. (2005) reported that paper manufacturing is the major 

sources of arsenic, chromium, copper, lead, and zinc. 
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Figure 3. 5  Sources of metaloid and metals from urban and industrial sources (adapted 
from Hurley, 2017) X= Heavy metals associated with the different sources of 
contamination. 

 

An environmental impact assessment (EIA) carried out by The Mersey Gateway Project 

(2011) during its delivery phase, shows that concentrations of heavy metals (arsenic, lead, 

chromium, copper, and zinc) along with hydrocarbons exceeds the water quality standards in 
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the study area. Concentrations of polycyclic aromatic hydrocarbons (PAHs) including 

naphthalene that exceeded the water quality standards were also obtained from the ground 

on the Wigg Island Landfill, and alluvium on the saltmarshes (Mersey Gateway Project, 2011). 

Therefore, further investigation within the study area will be important in order to examine 

the recent concentration of heavy metal and how the relate to the present research 

objectives detailed in Chapter 1 (Section 1.3). 

 

3.4 Overview of data collection and analysis 
The general overview of the data collection and laboratory analysis is shown in the 

research flow charts (Figures 3.6 and 3.7). Full details of the different methods and laboratory 

procedures are presented in different experimental chapters (Chapters 4, 5, 6, and 7).  The 

research flow charts were in three phases. Phase one was to prove the research concept and 

is reported on in Chapter 4 where the sampling locations are   identified and possible sources 

of variability such topographic position, seasonality are reported, and the kind of samples to 

be collected and the different laboratory analyses conducted anre described. Here, nine 

sampling locations were selected covering 1,653 hectares of lands across the lowland and the 

upland of the estuarine floodplain. Soil and plant samples were collected and analysed for 

physical and chemical properties (see Figure 3.6). Phase two of the research, presented in 

Chapter 5, was to expand on the research and reduced the sources of variability due to 

topographic position. Here, more seasonal monitoring was carried out compared to phase 

one: phase three of the study was more detailed in terms of seasonal monitoring, soil and 

plant samples collected, and laboratory analysis conducted. The methods for phase three are 

detailed in chapters 5, 6, and 7 of this thesis. 
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 Figure 3. 6 Research flow chart for different phases. 



53 
 

 

 Figure 3. 7 Field and laboratory flow chart showing different sampling depths and soil 
parameters analysed following different research phases  
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3.5 Laboratory experimental design 
Soils from the study area were incubated in the laboratory with selected heavy metals 

(arsenic, chromium, copper, lead, zinc, and control). The reasons for the selection of these 

metals have been outlined in Section 3.3.2. Arsenic, cadmium, chromium, copper, lead, and 

zinc are toxic heavy metals and have effects on nitrification and denitrification activities in soil 

(Babich & Stotzky, 1985). The incubation was important to be able to constrain things to 

ensure that the level of heavy metal contamination is controlled. This will help to address one 

of the research objectives: To evaluate the effects of heavy metal contamination on soil 

organic carbon status. Full details of the procedures are presented in Chapter 6.    

 

The period of incubation was 200 days at about 20 °C. Data collection was carried out 

at three intervals (60, 120, and 200 days) and data collected are shown in Figures 3.6. 

Incubation periods of 130 days at 20 °C to monitor soil respiration rates were reported by 

Rawlins, Bull, Ineson & Evershed (2007). De Nobili, Contin, Mahieu, Randall & Brookes (2008) 

reported 215-day soil laboratory incubation at 25 °C for the assessment of chemical and 

biochemical stabilisation of organic carbon in soils. The choice for incubation periods and 

temperature depends on the research objectives. 

 

Laboratory procedures and statistical tests are detailed in different experimental 

chapters. Physical, chemical and biological properties were carried out using different 

laboratory protocols. The laboratory analysis was carried out at every phase and season of 

the research (see Figures 3.6 and 3.7) using the University of Salford laboratory in which 

different soil parameters were analysed. However, some analysis was sent to external 

laboratories to compare with the results obtained at Salford University. The DNA sequencing 

was done at Macrogen laboratory, South Korea. All statistical tests were completed in 

triplicate and analysed using one-ǿŀȅ ŀƴŀƭȅǎƛǎ ƻŦ ǾŀǊƛŀƴŎŜ ό!bh±!ύΣ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴΣ 

multivariate analysis, and DunŎŀƴΩǎ ƳǳƭǘƛǇƭŜ ǊŀƴƎŜ ǘŜǎǘ ό5aw¢). Full details of the laboratory 

analysis and statistical tests are discussed in Chapters 4, 5, 6, and 7. Laboratory safety 

measures stated on the risk assessment submitted to the University of Salford were strictly 

adhered to. 
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4.  Heavy Metal Contamination Status in Soil-plant System in 

the Upper Mersey Estuarine Floodplain 
 

4.1 Introduction to the chapter 
Despite the series of debates and background information (fully documented in 

Chapters 2 and 3) on the contamination level of heavy metal pollution within the Mersey 

Estuary, it was identified that there is a strong need to investigate the most recent heavy 

metal contamination status, especially in the soil-plant system. This is because estuarine 

floodplains all over the world are known for their rapid changes in geomorphological 

properties particularly those that are characterised by deposition of materials from sea level 

rise (Davidson et al., 1991 and Ridgway et al., 2012).  According to Gwynne (2004), short-term 

spatial differences exist in heavy metal sorption and mobility in sediments. This may be due 

to changes in the physical environment with regard to factors like water level, tidal 

inundations and the sedimentation rates (Gwynne, 2004). According to Williams, Bubb & 

Lester (1994), saltmarshes have the potential to act as very efficient sinks for metal 

contaminants although metal concentrations in halophytes do not generally reflect 

environmental contamination levels. Bryan, Langston & Hummerstone (1980) and Bryan & 

Langston (1992) reported higher concentrations of mercury and manganese and suggested 

that Mersey bird kill (in 1979, 1980, 1981) was attributable to alkyl-lead pollution from 

industry.  

 

The objective of the chapter is linked to the phase one of the present research (see 

Section 3.4), to identify potential sites with elevated concentration of heavy metals to 

conduct detailed monitoring in line with the overall aim and objectives of the study. This will 

be necessary to see if there are any effects of heavy metal contamination on soil organic 

carbon, heavy metal concentration, and transfer and accumulation of heavy metals from soil 

to roots and shoots.  

 

4.2  Material and methods  
This section will be looking at field sampling, sample preparation, and laboratory 

analyses carried out to achieve the aim and objectives. An overview of the methods is 
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presented in this sub-section. Different sampling depths have been reported by several 

scientists. Kalbitz & Wennrich (1998) reported 25 cm depth sampling in their study on 

mobilisation of heavy metals and arsenic in polluted wetland soils. Imperato et al. (2003) used 

30 cm depth sampling to assess the spatial distribution of heavy metals in urban soils. The 

sampling depth adopted was within 0ς15 cm and 15ς30 cm to compare the distribution of 

heavy metals at different depths. Sequential extraction procedures have been reported by 

several authors (Tessier, Campbell & Bisson, 1979; Davidson et al., 1998; tǘƛǎǘƛǑŜƪΣ aƛƭŀőƛőΣ ϧ 

Veber, 2001; Gwynne, 2004) to measure heavy metal concentration. Tessier et al. (1979) used 

five stages or fractions to partition desired trace metals while Davidson et al. (1998) and 

tǘƛǎǘƛǑŜƪ Ŝǘ ŀƭΦ όнллмύ ǳǎŜŘ ǘƘŜ ǘƘǊŜŜ-stage procedure recommended by Community Bureau 

of Reference (Van der Eijk, 1977). The purpose of the different steps is to extract the trace 

metals found to be existing in the soil solution, carbonates, exchangeable metals, 

iron/manganese oxyhydroxides, organic matter and sulphides, and residual form. This will 

help to determine heavy metal bioavailability and mobilisation. Alvarez, Mochón, Sánchez & 

Rodríguez (2000) and Sneddon, Hardaway, Bobbadi & Reddy (2006) used acid digestion 

involving the use of oxidising agents (hydrogen peroxide) and mineral acids to affect the 

dissolution of a sample. Hydrofluoric acid (HF) is for dissolving silicates. The heavy metal 

analysis in the present study was carried out using heavy metal fractionation involving four 

different procedures to identify different fractions of heavy metals:  

ü Fraction one (F1) is H2O extractable - identifying the soluble fractions. 

ü Fraction two (F2) is 1 M HNO3 extractable - identifying carbonates, iron/manganese 

oxides and oxidizable fractions. 

ü Fraction three (F3) is 1 M NH4Cl extractable - identifying soluble plus exchangeable 

fractions.  

ü Fraction four (F4) is HF- HNO3-H2O2 microwave digestion - identifying residual 

fractions. 

 

Microwave digestion in this research was measured using a little modification of 

Sandroni, Smith & Donovan (2003) procedures. One molar (1 M) nitric acid (HNO3) extractable 

and ammonium chloride (NH4Cl) extractable were measured according to Mukwaturi & Lin 

(2015) and Nworie, Qin & Lin (2017) procedures. The water extractable fractions were 

measured according to Nworie et al. (2017) procedures. Metal recovery was calculated using 
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the equation: % Recovery = (metal extracted by different fractions/metal extracted by total 

fraction) * 100. Other methods used for the determination of the heavy metal concentration 

included an X-ray Fluorescence analyser (XRF). This method determines the total 

concentration of heavy metal without looking at any form or fraction of heavy metal.  

 

4.2.1  Field sampling 
Fifty-four composite soil samples were collected at different depths in the ranges 0ς

15 cm and 15ς30 cm (three replicates for the nine locations (shown in Figure 4.1) respectively)  

as detailed in phase one of the research (see Section 3.4). Twenty-seven plant samples 

collected were roots and shoots at each soil sampling point (three replicates for the nine 

locations) (see phase one in Figures 3.2 and 3.3). Nine sampling locations were selected from 

a recently designed land cover map for the Mersey Gateway Crossing Board 2015. Within the 

locations, different land use/land cover types (grazing saltmarsh, non-grazing saltmarsh, reed 

bed, broadςleaved woodland, natural grassland and rough grassland) were studied. The 

selection adopted was based on a stratified randomised design from a recently designed land 

cover map for the Mersey Gateway Crossing Board 2015, considering the considerations listed 

in the second paragraph in Section 3.2. The soil and plant samples were collected during 

summer 2015 sampling period (2nd July 2015, 8th July 2015, and 23rd July 2015). At each 

sampling time field data were collected for analyses such as: 

ü  Soil organic carbon  

ü heavy metal concentration  

ü Soil pH, redox potential, electrical conductivity  

ü soil bulk density etc. 
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Figure 4. 1 Sampling Location Map showing mean values of % SOC distribution at 0-15 cm 
and 15-30 cm depths (SM= Salt Marsh, GSM= Grazing Salt Marsh, GSM-N= Non-Grazing 
Salt Marsh, RB= Reed Bed, WD= Woodland, NGD= Natural Grassland, RGD = Rough 
Grassland, % SOC= Percentage Soil Organic Carbon). 

 

4.2.2  Sample preparation 
Samples were manually and mechanically prepared. The soil and plants samples were 

sorted out from the field sampling bags into the paper bags, labelled and air dried on plastic 

tray and oven dried using paper bags. The samples were dried after a constant weight was 

obtained using a weighing balance. Soil samples were crushed manually using a mortar, 

sieved mechanically using a mechanical shaker and were passed through 63 µm and 2 mm 

sieves for laboratory analysis. Plants samples were oven dried at a maximum temperature of 

70 °C and pulverised using an electrical blender. The samples were stored for laboratory 

analysis. 
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4.2.3  Laboratory analysis 
 

4.2.3.1 Soil pH, redox potential (Eh), and electrical conductivity (EC) 
Meters were used to measure soil pH, redox potential (Eh) and electrical conductivity 

(EC). pH and Eh were measured using an HI-2020 edge meter and EC was measured with a 

Mettler Toledo EC meter. The procedure involves the weighing of 5 g of 2 mm sieved soil into 

150 ml bottles. Twenty-five millilitres of deionised water were added and shaken with a 

mechanical stirrer for 5 minutes before inserting the pH, Eh and EC probes.  

 

4.2.3.2 Soil organic matter determination 
Soil organic matter content was determined using the loss on ignition and Walkley-

Black methods. The loss on ignition method was carried out as follows: crucibles were 

selected, washed and dried in an oven at 105 °C for 24 hours. The crucibles were placed in a 

desiccator to avoid absorption of atmospheric pressure. The empty weight was taken before 

placing back in the desiccator. Five grams of 2 mm sieved samples were measured into the 

crucibles and placed in the oven at 105 °C for another 24 hours to completely remove the 

water moisture from the soil. The samples were then transferred to the furnace at a 

temperature of 550 °C for 4 hours. The weights of the samples were taken and recorded. 

 

4.2.3.3 Heavy metal determination by H2O extraction   
Five grams of each soil sample were weighed into 125 ml plastic bottles and 25 ml of 

deionised water were added and shaken for 1 hour using an electrical shaker. Fifteen 

millilitres of the supernatant solution were transferred into a 15 ml centrifuge tube and 

centrifuged for 5 minutes. The samples were stored at 4 °C in the fridge prior to inductively 

coupled plasma optical emission spectrometry (ICP-OES) measurement.  

 

4.2.3.4 Heavy metal determination by 1 M HNO3 extraction  
Sixty-three millilitres of concentrated HNO3 was diluted into 1 l of water; or 94.5 ml in 

1.5 L water, and the solution was shaken for 1 minute. Twenty-five millilitres of the solution 

were added to 5 g of soil in 125 ml plastic bottles and was shaken for 1 hour using an electrical 

shaker. Fifteen millilitres of the supernatant solution were transferred into a 15 ml centrifuge 

tube and centrifuged for 5 minutes, filtered using Whatman paper (grade 93, pore size 125 
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mm) and then transferred into a clean centrifuge tube. The samples were stored at 4 °C in the 

fridge prior to ICP-OES measurement. Four times dilution (2.5 ml stock + 7.5 mL ICP deionised 

water) was carried out before introduction to the ICP machine. 

 

4.2.3.5 Heavy metal determination by 1 M NH4Cl extraction 
About 54 g (53.491 g) of NH4Cl was dissolved into 1 l of ICP grade water and the 

solution was shaken for 1 minute. Twenty-five millilitres of the solution were added to 5 g of 

soil in 125 mL plastic bottles and was shaken for 1 hour using an electrical shaker. Fifteen 

millilitres of the supernatant solution were transferred into a 15 ml centrifuge tube and 

centrifuged for 5 minutes, filtered using Whatman paper (grade 93, pore size 125 mm) and 

then transferred into a clean centrifuge tube. The samples were stored at 4 °C in the fridge 

prior to ICP-OES measurement. Four times dilution (2.5 ml stock + 7.5 ml ICP deionised water) 

was carried out before introduction to the ICP-OES machine. 

 

4.2.3.6 Metals and metalloids in soils using microwave digestion 
Six millilitres of concentrated HNO3, 2 ml HF and 2 ml H2O2 were added to about 0.3 g 

of dry soil that passed through a 63µm sieve in microwave digestion tubes. Digestion lasted 

for 1 hour at a maximum temperature of 180 °C. The digest was filtered with Whatman filter 

paper (grade 93, pore size 125 mm) and diluted with deionised water to 25 ml and stored at 

4 °C in the fridge prior to ICP-OES measurement. Four times dilution (2.5 ml stock + 7.5 ml ICP 

deionised water) was carried out before introduction to the ICP machine.  

 

4.2.3.7 Heavy metals in plant tissues using microwave digestion 
Microwave digestion by concentrated HNO3 and H2O2, followed by ICP-OES 

measurement was carried out. Half a gram of pulverised plant samples was weighed into 

digestion tubes and 9 mL of NHO3 and 1 ml of H2O2 were added, this was then digested in a 

microwave digester for about 1 hour at a maximum temperature of 180 °C. The digest was 

filtered with Whatman filter paper (grade 93, pore size 125 mm) and diluted with deionised 

water to 25 ml and stored prior to ICP-OES measurement. Four times dilution (2.5 ml stock + 

7.5 mL ICP deionised water) was carried out before introduction to the ICP machine. 
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4.2.3.8 XRF method  
Air-dried soil was prepared and passed through a 63 µm stainless steel sieve. Five 

grams of each subsample was weighed and transferred to the XRF sampling cup and covered 

with a thin cling film. The XRF was calibrated with standard certified material to ensure results 

accuracy. The samples were analysed in duplicate at 240 s (4 min).  

 

4.3 Statistical analysis/metal uptake calculation 
Statistical analyses were carried out using IBM SPSS 24.0 version to test for significant 

differences using multivariate analysis, one-ǿŀȅ !bh±! ŀƴŘ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ 

to test the interaction between the data. A Post hoc multiple comparison for observed means 

from the IBM SPSS 24.0 was carried out using Duncan Multiple Range Test to further separate 

the mean to test for significant differences using lower case letters (a, b, c, d etc.), were the 

letters indicates different degree of significance (at P < 0.05). For example, letter a is more 

significant compared to other letters. Heavy metals uptake from soil to roots and shoots was 

calculated using the following equations according to Malik, Husain & Nazir (2010);  

ü BCF= [Heavy metal]root/ [Heavy metal]soil. 

ü TF= [Heavy metal]shoot/ [Heavy metal]root. 

ü  BAC= [Heavy metal]shoot/ [Heavy metal]soil. 

Where, BAC= Bioaccumulation Coefficient; TF= Translocation Factor; and BCF= Biological 

Concentration Factor. 

 

4.4 Results 
4.4.1  Soil pH, redox potential (Eh) and electrical conductivity (EC) 

The soil pH of the study area indicated that variation exists across sampling locations 

(Table 1). Locations GSM, GSM-N, SM2 and RB were neutral to slightly alkaline ranging from 

(pH 6.6 to 8.1) while WD2-upland of the estuary was slightly acidic (pH 5.8 to 6.3). Based on 

the Duncan Multiple Range Test at 0.05 level of confidence, GSM and GSM-N were 

significantly different compared to WD2. The Eh values across the sampling locations were 

negative except for the upland location. Based on the Duncan Multiple Range Test at 0.05 

level of confidence, GSM and GSM-N were significantly different compared to SM1, WD2, 

NGD and RB locations. This may reflect an increase in the amount of soil organic matter and 
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the anaerobic condition or hydrologic fluctuation of the study site. The EC mean and standard 

error values indicated that locations SM1, GSM and GSM-N (lowland samples) were highest 

compared to locations WD1, WD2 and NGD (upland samples), see Table 4.1. Based on the 

Duncan Multiple Range Test at 0.05 level of confidence, there were significance different in 

GSM, GSM-N and SM1 compared to other locations. This may reflect the level of salinity 

ǿƛǘƘƛƴ ǘƘŜ ǎŀƳǇƭƛƴƎ ƭƻŎŀǘƛƻƴǎΦ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ ό¢ŀōƭŜ 4.2) indicated that EC 

has both positive and negative correlation with heavy metal concentration at different 

sampling locations. SM1 and SM2 were positively correlated with arsenic, chromium, copper, 

iron, manganese, lead, and zinc concentration compared to other sampling locations. NGD, 

RGD, WD1 and WD2 show a general significant negative correlation with arsenic, chromium, 

copper, iron, manganese, lead, and zinc concentration compared to other sampling locations. 

This may be due to the influence of tidal inundation experienced within the lowland sampling 

locations.  

 

Table 4.1 Mean and SE of selected chemical properties at 0ς15 cm and 15ς30 cm depth  

Sites 
 

0ς15 cm 
  

15ς30 cm 
 

 pH Eh (mV) EC (mS/cm) pH Eh (mV) EC (mS/cm) 

       
GSM 7.6±0.1a -37.9±4.0b 5.6±1.2a 7.5±0.2ab -29.1±12.2a 3.1±0.5ab 

GSM-N 8.0±0.3a -63.0±15.4b 3.4±1.2b 7.8±0.3ab -51.4±16.0a 2.6±1.0b 

NGD 7.1±0.9ab -10.1±56.8ab 0.1±0.0c 7.5±0.8ab -27.3±55.2a 0.1±0.0d 

RB 7.2±0.6ab -13.7±35.9ab 0.9±0.4c 7.8±0.3ab -46.0±17.4a 0.8±0.3cd 

RGD 6.9±0.1ab 8.9±7.5ab 0.1±0.0c 7.1±0.1ab 0.0±5.5a 0.1±0.0d 

SM1 6.6±0.6ab 12.7±29.4ab 6.1±1.2a 7.1±0.3ab -7.3±17.2a 4.1±0.7a 

SM2  8.1±0.1a -69.9±5.3b 2.0±0.5bc 8.0±0.1a -64.7±6.8a 2.0±0.4bc 

WD1 7.7±0.3a -42.0±18.7b 0.2±0.1c 7.8±0.3ab -57.2±17.6a 0.2±0.0d 

WD2 5.8±0.74b 74.4±43.9a 0.2±0.1c 6.3±1.0b 42.1±61.3a 0.1±0.0d 

 

SM= Salt Marsh, GSM= Grazing Salt Marsh, GSM-N= Non-Grazing Salt Marsh, RB= Reed Bed, 

WD= Woodland, NGD= Natural Grassland, RGD= Rough Grassland, SE= Standard Error, abc= 

Duncan test at 0.05 level of confidence 
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Table 4.2 tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ ŦƻǊ ǎŜƭŜŎǘŜŘ ƘŜŀǾȅ ƳŜǘŀƭ concentration (mg/kg) 
correlated against EC (mS/cm) across the sampling sites 

Sites Arsenic Chromium Copper Iron Manganese Lead Zinc 

    (mg/kg)    

GSM 0.969 0.940 -0.918 0.951 0.933 0.512 0.980 

GSM-N   1.000** -1.000** 1.000** 1.000** 1.000** 1.000** 1.000** 

NGD -0.435 0.482 0.702 -0.482 0.978 0.955 0.537 

RB 0.561 1.000** 0.389 0.920 .998* 0.690 0.996* 

RGD -0.909 -0.941 -0.508 -.996* -0.92 -0.807 -0.214 
SM1  -0.538 -0.184 -0.662 -.998* -.999* -0.401 0.371 
SM2 0.638 0.543 -0.102 0.498 -0.799 0.022 -0.958 
WD1  -0.007 -0.212 -0.032 -0.456 0.109 0.242 -0.090 
WD2 -0.597 0.505 0.908 -0.592 0.185 1.000** 0.999* 

 

* Correlation is significant at the 0.05 level (1-tailed). ** Correlation is significant at the 0.01 

level (1-tailed). SM= Salt Marsh, GSM= Grazing Salt Marsh, GSM-N= Non-Grazing Salt Marsh, 

RB= Reed Bed, WD= Woodland, NGD= Natural Grassland, RGD= Rough Grassland. 

 

4.4.2   Bulk density  
There was a significant difference across the sampling locations in soil bulk density. GSM had 

the highest values (1.0776±0.07 g/cm3), see Figure 4.2. This reflects the impact of cattle 

grazing on soil compaction. Grazing could also increase the input of plant biomass into the 

soil, which is likely to affect the accumulation of soil organic matter. The potential use of 

chemical fertilisers in the grazing land can also have impacts on the soil processes. 
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Figure 4. 2  Bulk density (g/cm3) of selected sampling locations (SM= Salt Marsh, GSM= 
Grazing Salt Marsh, GSM-N= Non-Grazing Salt Marsh, RB= Reed Bed, WD= Woodland, 
error bars are presented as standard error of the mean (n= 3), statistical significance are 
presented as a, ab, bc, cd, d= Duncan test at 0.05 level of confidence) 

 

4.4.3  Soil organic carbon (SOC) content 
The content of soil organic carbon is shown in Figure 4.3 and its relationship with 

heavy metal concentration is presented in Table 4.3 ǳǎƛƴƎ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘΦ 

Soil organic carbon content varied across the sampling location. Soil organic content ranged 

from 4.0 to 9.4%. SM, GSM and GSM-N have the highest values (Figure 4.2). This may be 

attributed to waterlogging or poorly drained conditions, which create an anaerobic 

environment resulting in the accumulation of organic matter in the soils. Results indicated 

that arsenic, chromium, copper, iron, manganese, and zinc were positively correlated with 

percentage SOC in GSM and GSM-N compared to other sampling location. NGD, RB, RGD, 

SM1, SM2, WD1 and WD2 shows negative correlation with percentage SOC compared to 

other sampling locations (see Table 4.3). This may be an indication that sampling location 

GSM and GSM-N SOC content is more highly influenced by the concentration of heavy metals 

compared to other sampling locations. Figure 4.4 shows a relationship between grazing 
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saltmarsh and the heavy metal contamination within the study area. The relationship 

indicates that soil organic carbon increases with increasing level of heavy metal 

contamination (Figure 4.4). Within this land use/land cover, the soil characteristics except for 

the concentrations of heavy metals and plant biomass were relatively uniform (see Tables 4.1 

and 5.4 and Figures 4.2, 4.3, 5.4, 5.5, 5.6, 5.7, 5.9, and 5.11). This gives an opportunity to 

examine the effects of heavy metal contamination on the soil carbon storage under field 

conditions. 

 

 

 Figure 4. 3 Percentage soil organic carbon distribution under different land uses/land 
covers (SM= Salt Marsh, GSM= Grazing Salt Marsh, GSM-N= Non-Grazing Salt Marsh, RB= 
Reed Bed, WD= Woodland, NGD= Natural Grassland, RGD= Rough Grassland, error bars 
are presented as standard error of the mean (n= 3), statistical significance are presented 
as a, b, ab= Duncan test at 0.05 level of confidence) 
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Table 4.3 tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ ŦƻǊ ǎŜƭŜŎǘŜŘ ƘŜŀǾȅ ƳŜǘŀƭ concentrations 
(mg/kg) correlated against SOC (%) across the sampling sites 

Sites Arsenic Chromium Copper Iron Manganese Lead Zinc 

 
   

(mg/kg) 
   

GSM 0.994* 1.000** -0.716 0.999* 1.000** 0.783 0.987 

GSM-N 1.000** -1.000** 1.000** 1.000** 1.000**     1.000** 1.000** 

NGD 0.686 0.991* 0.917 0.644 0.545 0.621 0.980 

RB -0.941 -0.808 -0.857 -0.974 -0.841 -0.984 -0.856 
RGD -0.980 -0.961 -0.916 -0.858 -0.975 -1.000** -0.746 
SM1  -0.646 -0.313 -0.756 -0.980 -0.983 -0.52 0.243 
SM2 -0.654 -0.738 -0.998* -0.772 -0.726 -0.982 -0.443 
WD1  -0.543 -0.36 -0.522 -0.108 -0.637 -0.735 -0.471 
WD2 -0.859 0.91 -0.329 0.744   0.996* 0.084 0.140 

 

* Correlation is significant at the 0.05 level (1-tailed). ** Correlation is significant at the 0.01 

level (1-tailed). 

 

  

 

Figure 4. 4 Relationship between the sum of heavy metals in the soils and the soil organic 
content within the grazing saltmarsh 
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4.4.4  Heavy metal concentrations in soil 

Arsenic (As)  

The concentration of arsenic indicated that there was a significant variation of arsenic 

at different depths across the sampling locations, following different methods of analyses 

used. There was a general increase in the concentration as the depths of sampling increased 

(that is 15ς30 cm > 0ς15 cm depth). XRF shows significantly higher concentration of arsenic 

at GSM, SM1, RB and RGD at 0.05 level of confidence (see Table 4.4) (compared to the 

different fractions of arsenic from the different metal fractionation methods.  

 

The percentage recovery from the different fractions indicates that F4 > F2 > F1 > F3 

except at WD2 sampling location were F4 > F3 > F2 > F1 (see Table 5). The high percentage of 

recovery shown from F3 indicates that arsenic is easily exchangeable and soluble at the WD2 

location. However, F2 within GSM, GSM-N, RB, SM1 and SM2 (see Table 4.5).  
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Table 4.4 Mean and SE of arsenic concentration (mg/kg) across the study site at different depth using heavy metal fractionation and XRF 
methods 

Methods Depth GSM GSM-N NGD RB RGD SM1 SM2 WD1 WD2  
(cm) 

   
mg/kg 

     

H2O 0ς15 0.33±0.11c 0.52±0.17c 0.12±0.02c 0.68±0.15b 0.15±0.05b 2.00±1.20c 0.38±0.10c 0.52±0.34a 9.46±4.2b 
 

15ς30 0.17±0.02c 0.22±0.02b 0.10±0.03b 0.43±0.20b 0.12±0.02c 0.28±0.08c 0.32±0.12b 11.30±3.40b 2.82±1.7b 

HNO3 0ς15 21.29±1.00bc 13.77±0.86b 1.93±0.24c 14.73±6.14b 8.32±2.72b 24.12±8.06bc 13.61±1.92b 4.14±4.14a 0.02±0.0b 
 

15ς30 40.94±4.77b 8.32±8.32b 1.80±0.34b 27.42±10.76b 7.31±1.57c 45.08±1.35b 29.57±8.52ab 0.20±0.15b 0.03±0.0b 

NH4Cl 0ς15 6.02±1.00c 3.02±0.57c 0.03±0.02c 7.50±4.48b 0.02±0.02b 14.32±7.90bc 2.00±1.41bc 1.85±0.21a 32.73±5.6b 
 

15-30 0.15±0.03c 0.12±0.02b 0.05±0.00b 0.13±0.02b 0.05±0.00c 0.15±0.03c 0.47±0.39b 63.73±13.06b 52.72±9.2b 

HF-HNO3 0ς15 33.63±14.69ab 34.88±1.33a 37.62±4.97a 69.12±13.34a 43.38±7.29a 34.75±5.85ab 39.38±5.08a 74.47±30.84a 32.85±8.8a 
 

15ς30 71.92±16.38a 60.60±21.70a 38.42±6.60a 41.92±21.77ab 37.70±4.58b 50.17±4.77b 63.73±22.24a 60.26±13.31a 54.87±19.7a 

XRF 0ς15 44.38±3.20a 28.12±4.81a 28.24±4.39b 60.44±5.34a 47.30±7.96a 52.14±9.12a 36.97±6.77a 80.10±43.68a 15.04±4.4a 
 

15ς30 84.11±6.77a 48.79±0.42a 27.94±4.04a 71.35±17.15a 49.01±5.71a 89.68±8.46a 72.80±23.69a 27.18±8.32a 22.11±7.8a 

 

SM= Salt Marsh, GSM= Grazing Salt Marsh, GSM-N= Non-Grazing Salt Marsh, RB= Reed Bed, WD= Woodland, NGD= Natural Grassland, RGD= 

Rough Grassland, SE= Standard Error, abc= Duncan test at 0.05 level of confidence. 
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Table 4.5 Percentage recovery of arsenic across the study site at different depths 

Sites F1 

0ς15 cm  

F2 

0ς15 cm 

F3 

0ς15cm 

F4 

0ς15cm 

F1 

15ς30cm 

F2 

15ς30cm 

F3 

15ς30cm 

F4 

15ς30cm 

   %     

GSM  1.0 63.3 17.9 100 0.2 56.9 0.2 100 

GSM-N  1.5 39.5 8.7 100 0.4 13.7 0.2 100 

NGD  0.3 5.1 0.1 100 0.3 4.7 0.1 100 
RB  1.0 21.3 10.9 100 1.0 65.4 0.3 100 
RGD  0.3 19.2 0.0 100 0.3 19.4 0.1 100 
SM1  5.8 69.4 41.2 100 0.6 89.9 0.3 100 
SM2  1.0 34.6 5.1 100 0.5 46.4 0.7 100 
WD1  0.7 5.6 2.5 100 18.8 0.3 5.8 100 
WD2  28.8 0.1 99.6 100 5.1 0.1 96.1 100 

 

F1= soluble fraction, F2= oxidisable phase, F3= soluble + exchangeable, and F4= residual 

phase, SM= Salt Marsh, GSM= Grazing Salt Marsh, GSM-N= Non-Grazing Salt Marsh, RB= Reed 

Bed, WD= Woodland, NGD= Natural Grassland, RGD= Rough Grassland. 

 

Cadmium (Cd) 

Results from Table 4.6 indicate that the concentrations of cadmium from different 

fractions were mostly in the oxidisable and residual phase within GSM, GSM-N, RB, SM1 and 

SM2 at 0ς15 cm depths (7.48 mg/kg, 6.00 mg/kg, 6.35 mg/kg, 7.79 mg/kg and 4.52 mg/kg, 

respectively). The concentration of cadmium in the oxidisable phase was lower in 0ς15 cm 

depth at GSM, SM1 and SM2, while the concentration of cadmium was higher in 0ς15 cm 

depths at GSM-N and RB when compared to the 15ς30 depth, respectively (see Table 4.7). 

However, GSM shows 66.4% recovery in the oxidisable phase while no percentage of Cd was 

recovered at GSM-N, RGD and SM2 after different methods of analyses (Table 4.7).  
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Table 4.6 Mean and SE of cadmium concentration (mg/kg) across the study site at different depths using using heavy metal fractionation 
and XRF methods 

Methods Depth GSM GSM-N NGD RB RGD SM1 SM2 WD1 WD2 

 (cm) 
    

mg/kg 
    

H2O  0ς15  0.05±0.00a 0.05±0.00c 0.05±0.00a 0.05±0.00b 0.03±0.02a 0.05±0.00a 0.03±0.02b 0.05±0.00b nd 
 

15ς30 0.05±0.00b 0.05±0.00a 0.05±0.00a 0.05±0.00b 0.05±0.00a 0.03±0.02b 0.03±0.02b nd nd 
           

HNO3  0ς15  7.48±0.93a 6.00±0.16a nd 6.35±3.18b nd 7.79±1.63a 4.52±2.26a nd 0.10±0.00a 
 

15ς30  8.91±0.83a 3.96±3.96a nd 5.64±2.83a nd 10.53±0.27a 4.90±2.52a 0.07±0.02b 0.13±0.02a 
           

NH4Cl  0ς15 0.17±0.04a 0.08±0.03ab 0.10±0.00a 0.20±0.06b 0.08±0.02a 0.28±0.13a 0.13±0.06b 0.08±0.02b nd 
 

15ς30  0.57±0.07b 0.17±0.02a 0.12±0.02a 0.28±0.07b 0.10±0.03a 1.12±0.12b 0.33±0.26b nd nd 
           

HF-HNO3 0ς15  11.26±10.14a nd 2.70±2.70a nd nd 5.72±5.72a nd nd 0.67±0.67a 
 

15ς30  nd nd 9.14±9.14a 0.20±0.20b nd 1.39±1.09b nd 1.89±0.56b 1.00±1.00a 
           

XRF  0ς15 0.71±0.34a 0.58±0.32b 1.73±0.45a 0.79±0.16a 0.05±0.05a nd 0.65±0.34b 1.56±0.12a 0.16±0.13a 
 

15ς30  0.47±0.00b 2.14±0.54a 1.39±0.26a 1.87±0.59ab 0.25±0.25a 1.19±0.60b 1.09±0.48b 0.40±0.22a 0.24±0.20a 

 

SM= Salt Marsh, GSM= Grazing Salt Marsh, GSM-N= Non-Grazing Salt Marsh, RB= Reed Bed, WD= Woodland, NGD= Natural Grassland, RGD= 

Rough Grassland, SE= Standard Error, abc= Duncan test at 0.05 level of confidence, nd= not detected.
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Table 4.7 Percentage recovery of cadmium across the study site at different depths 

Sites 

F1 

0ς15 cm 

F2 

0ς15 cm 

F3 

0ς15cm 

F4 

0ς15cm 

F1 

15ς30cm 

F2 

15ς30cm 

F3 

15ς30cm 

F4 

15ς30cm 

    (%)     

GSM 0.4 66.4 1.5 100 0.0 0.0 0.0 0.0 
GSM-N 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
NGD 1.9 0.0 3.7 100 0.5 0.0 1.3 100.0 
RB 0.0 0.0 0.0 0.0 25.0 2820.0 140.0 100.0 
RGD 0.0 0.0 0 0.0 0.0 0.0 0.0 0.0 
SM1 0.9 136.2 4.9 100 2.2 757.6 80.6 100.0 
SM2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WD1 0.0 0.0 0.0 0.0 0.0 3.7 0.0 100.0 
WD2 0.0 14.9 0.0 100 0.0 13 0.0 100.0 

 

F1= soluble fraction, F2= oxidisable phase, F3= soluble + exchangeable and F4= residual phase, 

SM= Salt Marsh, GSM= Grazing Salt Marsh, GSM-N= Non-Grazing Salt Marsh, RB= Reed Bed, 

WD= Woodland, NGD= Natural Grassland, RGD= Rough Grassland. 

 

Chromium (Cr)  

Table 4.8 and Table 4.9 show the concentrations of chromium and percentage 

recovery of chromium using metal fractionation and XRF methods of analysis across the 

sampling locations, respectively. Results obtained by the XRF method was statistically 

significantly higher at 0.05 level of confidence at GSM, GSM-N, NGD, RB, RGD, SM1 and SM1 

compared to the different fractions of chromium obtained from metal fractionation 

procedures (see Table 8). The distribution of chromium seems to follow the trend of arsenic, 

where the concentrations increase with increasing sampling depths. For example, GSM, GSM-

N, SM1 and SM2 at 0ς15 cm depth (73.42 mg/kg, 81.37 mg/kg, 116.50 mg/kg and 116.35 

mg/kg, respectively) and GSM, GSM-N, SM1 and SM2 at 15ς30 cm depth (162.98 mg/kg, 

157.78 mg/kg, 124.48 mg/kg and 122.18 mg/kg, respectively) in the residual fractions. 

However, the RB location shows higher concentration of chromium at 0ς15 cm than 15ς30 

cm depth (137.62 mg/kg and 88.22 mg/kg, respectively). 






































































































































































































































































































































