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Abstract 

The Great Barrier Reef (GBR), situated off the coast of Queensland, is Australia’s most 

remarkable natural gift with more than 3000 coral reefs covering an area of 348,000 km2. 

The GBR contains a huge and marvellous natural habitat for different organisms and plays 

a critical role in conservation of biological diversity. Besides its environmental aspects, 

this wonder of nature has a substantial contribution to Australian economy as well. 

Despite the economic and environmental importance of the GBR, a number of menaces 

have recently emerged that potentially threaten the future of this beautiful testament. 

Elevated levels of sediments and nutrients discharged from adjacent coastal river systems 

have been considered as one of the main threats to the ecosystems of the GBR. While 

research has been mainly focused on the impact of agricultural activities on dissolved 

inorganic nitrogen (N) load of rivers in the GBR catchment, the origin and the fate of 

organic nutrients in both terrestrial and marine environments are not well understood. The 

overall purpose of this study was to provide insights into the key biogeochemical 

processes governing the movement and dynamics of soil, sediment and associated 

particulate organic nutrients in both terrestrial and marine ecosystems, and to improve 

our understanding of the main origin and fate of sediment and organic nutrients in the 

GBR catchment.  

In order to fulfil the aims of this study, four specific objectives were designed for this 

PhD project including a) investigating the key biogeochemical properties of soils as well 

as the chemical nature of soil organic matter (SOM) in the main land uses of the Johnstone 

River catchment; b) identifying the most discriminative group of elements for 

discriminating between the main land use sources of sediments and particulate nutrients 

to the Johnstone River; c) estimating the contribution of different land uses including 

grazing, sugarcane, rainforest and bananas in discharging bed and suspended sediments 
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and associated particulate N to the Johnstone River; and d) investigating the potential 

change in the composition and bioavailability of terrestrially-derived organic matter 

(OM) along the transportation pathway from upstream catchments to the marine 

environment, as well as exploring the origin and fate of organic nutrients in the GBR 

lagoon. 

In this study, soil and plant materials (leaf, litter and root) were collected from the four 

main land uses (grazing, sugarcane, rainforest and bananas) of the Johnstone catchment 

in the Wet Tropics- northeast Queensland, Australia in July 2016. Bed sediment samples 

also were collected from the Johnstone River at the same time. Flood plume sediments 

were collected along the salinity gradient transect of the Johnstone, Tully and Burdekin 

rivers, where freshwater meets sea water, in January and February 2017 and 2018. In 

order to collect the fine particles that are most likely to reach the GBR through the 

resuspension event, the sediment traps (Sedisampler®) were designed and installed in 

Cleveland, Halifax and Rockingham Bays along the longitudinal gradient across the inner 

GBR shelf from the Burdekin River mouth, and at Dunk Island in the path of the Tully 

River. 

Results from the solid-state 13C Cross Polarisation Magic Angle Spinning Nuclear 

Magnetic Resonance (13C CPMAS NMR) spectroscopy showed that plant materials had 

the highest percentage of total integral intensity (TII) for labile fractions (di-O-alkyl, O-

alkyl and methoxyl) ranging from 57% of TII in banana leaf samples to 70% of TII in 

sugarcane litter. However, decomposition of plant litter in soils under different vegetation 

types resulted in a dramatic decline in the %TII of O-alkyl-C functionality and an increase 

of %TII for aromatic as well as aliphatic functional groups. Results for the key 

biogeochemical properties of soils under different lands showed that total carbon (TC) 

and N (TN) and microbial biomass carbon and N (MBC and MBN) of the soils under 
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rainforest and grazing were significantly higher than banana plantations and sugarcane 

farms, while banana soils had the highest electrical conductivity (EC) and nitrate content 

among the investigated land uses. Results from this study indicated the impact of land 

use, vegetation type and soil type on the spatial patterns of soil biogeochemical properties 

and the chemical nature of SOM on the Johnstone catchment as one of the key catchments 

of the GBR. 

Identifying the sources of sediments and associated nutrients from terrestrial to aquatic 

environments is critical for managing the detrimental impacts of soil erosion and loss of 

nutrients from terrestrial into aquatic environments. However, tracing the source of 

particulate nutrients from different land uses has not been adequately carried out due to 

methodological difficulties in separating sources, particularly in the GBR catchment. In 

order to select a discriminative group of signatures, all soil samples collected from each 

of the land use areas were fractionated to obtain the <63 µm size fraction, which was 

analysed for both isotopic (δ13C, δ15N) and acid extractable geochemical properties (e.g. 

Zn, Pt and S). Results from this study, for the first time, showed that the combined use of 

isotopic and geochemical signatures enable the stable isotope analysis in R (SIAR) 

mixing model to provide an accurate estimation of source apportionment where a variety 

of land uses need to be investigated and could be considered as a valuable new sediment 

and particulate nutrient tracing tool.  

Based on the provided approach (combine isotopic and geochemical signatures) the 

contribution of different land uses to the bed and suspended sediments and associated 

particulate N delivered to the Johnstone River was evaluated. Results showed that 

rainforest with 33.1% was the main source of both suspended sediment (SD=19.4) and 

bed sediment (SD=14.5) to the Johnstone River estuary. Grazing contributed 18.7% (SD= 

13.4) and 25.1% (SD=13.9) of suspended and bed sediment in the river estuary, 
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respectively, while Banana land use accounted for 26.7% (SD=15.2) of the suspended 

sediments and 20.4% (SD=13.2) of the bed sediments delivered to the coast. Sugarcane 

land use also with 21.5% (SD=14.5) and 21.4% (SD=13.5) had almost the similar 

contribution in discharging suspended and bed sediments to the Johnstone River estuary. 

Considering the area covered by rainforest (52%), the contribution of this land use in 

delivered sediment to the Johnstone River estuary is disproportionately small, while 

banana and sugarcane land uses had the highest contribution to both bed and suspended 

sediment delivered to the coast per unit of area.  

Furthermore, the shift in the biochemical composition of organic fraction associated with 

mineral particles during their transportation from different catchments (Johnstone, Tully 

and Burdekin) to the marine ecosystem of the GBR was evaluated using solid-state 13C 

CPMAS NMR and isotopic properties (δ13C and δ15N). Results showed that, the %TII of 

aromatic and carbohydrate (di-O-alkyl and O-alkyl) functionality were high in the 

freshwater sediments which was distinctive of vascular plants. However, these 

terrestrially-derived OM became more enriched in N and aliphatic compounds toward the 

marine environment. It is attributable to biological recalcitrance of terrestrially-derived 

OM as well as the biological capability of microorganisms in mineralising organic 

nutrients during their transportation toward the marine ecosystem. Results from both 

isotopic and chemical composition of OM suggested that the dominant part of OM in the 

GBR lagoon are most likely produced locally by the marine phytoplankton. Eventually, 

the relative contribution of terrestrial and marine source materials and the extent of 

physical protection provided by mineral fraction define the character of sedimentary OM 

in the marine ecosystem of the GBR. 

In summary, the GBR marine and terrestrial ecosystems are connected via transfers of 

sediment and nutrients in river discharges. The OM constitutes an important fraction of 
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marine and freshwater sediments and play a critical role in the biogeochemical cycling in 

both terrestrial and marine ecosystems. This study has provided more insights into the 

origin and fate sediments and nutrients during their transportation along the river from 

upstream catchments to ocean. It also improves our understanding of main 

biogeochemical processes in different ecosystems as well as the transition zones 

(terrestrial-freshwater-marine environment) from catchment to the GBR lagoon. Such a 

conceptual model would also have significant implications for developing a long-term 

sustainability framework to protect and manage the GBR. 
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Chapter 1: Introduction and Literature Review 

 

1.1 The importance of the Great Barrier Reef (GBR) 

The Great Barrier Reef (GBR), situated off the coast of Queensland, is Australia’s most 

remarkable natural gift with more than 3,000 coral reefs covering an area of 348,000 km2 

(GBRMPA, 2014). The GBR has been considered as an Outstanding Universal Value 

(OUV) since 1981 due to its outstanding natural beauty as well as being a magnificent 

example of Earth’s evolution over time. It also represents a mutual interaction of different 

organisms and natural environment through several biological and ecological processes. 

Moreover, the GBR contains a huge and marvellous natural habitat for different 

organisms and plays a critical role in conservation of biological diversity (GBRMPA, 

2014). Besides its environmental aspects, this wonder of nature has a substantial 

contribution (around $6 billion annually) to the Australian economy. It is estimated that 

more than 69,000 jobs are related to the GBR through which a variety of services are 

provided for different industries such as fishing, tourism, agriculture, defence, etc 

(GBRMPA, 2013). Tourism with over 90% is the main direct economic activity in the 

region, and this follows throughout the Australian economy. It has been reported that 

more than 2 million tourists visit the GBR every year. Such large numbers of tourists 

inject more than $5.7 billion annually to the Australian national economy through 

recreational activities such as fishing, boating, sailing and visiting islands. (GBRMPA, 

2013).  

1.2 What is damaging the GBR? 

Despite the economic, environmental and cultural importance of the GBR, a number of 

menaces have recently emerged that potentially threaten the future of this beautiful 

testament. The progressive degradation of the world’s coral reefs has been mainly 
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attributed to destructive human activities on the upstream catchments as well as rising 

seawater temperatures as a result of global warming (De’ath et al., 2012). The 

anthropogenic threats to the GBR are various and are mainly caused by terrestrial runoff 

and its impact on downstream water quality, overfishing in the GBR lagoon, acidification 

of seawater and development of coastal area (De’ath et al., 2012). Moreover, an 

interaction of human activities and other natural factors such as tropical storms and the 

outbreaks of the crown-of-thorns starfish can result in more frequent and more intense 

impact on the GBR health and resilience (De’ath et al., 2012). Below some of the largest 

factors and threats that have been introduced as main factors influencing the health and 

future of GBR are briefly explained. 

1.2.1Physical factors and threats 

1.2.1.1 Cyclones and wind 

Cyclones can affect coral reefs and coastal/inshore ecosystems in different ways. On the 

one hand powerful waves generated during cyclones can damage tropical marine, 

terrestrial habitats and landforms in shorelines and regional scales (Hutchings and Hoegh-

Guldberg, 2008, Devney et al., 2009, Fuentes et al., 2011). As a result, cyclones and wind 

can substantially change marine ecosystems by changing the shape of coast-lines, islands 

and ocean currents (Hutchings and Hoegh-Guldberg, 2008). On the other hand recent 

changes in wind patterns (e.g. increase in wind power across Australia, Troccoli et al. 

(2012)) can lead to sediment re-suspension events (Verspecht and Pattiaratchi, 2010) 

which increase turbidity of water in the GBR lagoon and change the distribution of 

microorganisms in the marine environment (Poloczanska et al., 2009).  

1.2.1.2 Sea temperature 

The distribution and variety of marine life is dependent on some environmental factors 

such as water temperature (Poloczanska et al., 2007). Therefore, coral reef structure, 
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distribution of coral system and its north and south borders in this area is highly related 

to sea temperature (Bellwood et al., 2005). Any increase in water temperature can affect 

physiological processes. For example, there is a symbiotic relation between corals and 

algae. Based on this association, corals provide habitats for algae which live within their 

tissues, in return algae provides much of their energy through photosynthesis. When water 

temperature exceeds certain limits, this symbiotic association breaks down (Lough and 

Gupta, 2009, Hale et al., 2011) and these algae is expelled — an effect known as bleaching 

(Van Oppen and Lough, 2008). 

1.2.1.3 Sedimentation and resuspension event 

The European settlement in the region (from ~1850s) is known as a turning point which 

increased the exposure of the GBR lagoon to sediments coming from both terrestrial and 

resuspension events (Day and Dobbs, 2013). It has been reported that suspended sediment 

loads are now more than twice as high as before European settlement in the 1850s (Kroon 

et al., 2013). Areas close to coast line (e.g. river estuary) are more likely to be exposed to 

terrestrial sediments while, suspended sediments within the river flood plumes can be 

carried long distances (>100 km) in the wet season (Bainbridge et al., 2012, 

Margvelashvili et al., 2018). Strong winds and longshore currents in the region also can 

lead to redistribution of sediment and cause more resuspension events in shallow water 

and across the continental shelf (Margvelashvili et al., 2018). Although a significant 

investment has recently been made in upstream catchment management, greater effort is 

still required to progress improving water quality in downstream using novel and effective 

solutions (Waterhouse et al., 2017). Considering the possibility of a lag time between 

starting management practices and measurable water quality parameters, the effects of 

these investments can be seen continuously in coming decades (Brodie et al., 2012, 

GBRMPA, 2014). Recent investigations suggest resuspended sediment can potentially 
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travel considerably further than previously understood (Brodie et al., 2012, Huber et al., 

2013). 

1.2.1.4 Light 

The symbiotic association between corals and associated algae and the health and 

productivity of seagrasses are highly related to the availability of light in different depths 

(Collier and Waycott, 2009, Weeks et al., 2012). The rate of available light is dependent 

on both turbidity and depth of sea water. As inshore water is more likely to be turbid, 

shallow parts of sea (closer to river estuary) are subject to light limitation more than 

offshore habitats with less turbidity. There are a number of factors leading to water 

turbidity such as sediment resuspension events caused by strong wind and sea currents; 

human activities along the shoreline such as vessel anchoring, dredging and upstream 

catchment nutrients delivered to the GBR lagoon through the rivers and streams. Any 

increase in nutrients from land-based run-off can increase the growth of phytoplankton 

resulting in a decrease in the ambient light levels (Fabricius et al., 2013, Grech et al., 

2013, Erftemeijer et al., 2012). Recent investigations have shown that due to the 

substantial increases of nutrients and sediments exported to the GBR, light availability 

has dropped in more than two-thirds of the inshore region and this situation can 

potentially extend up to 80 km from the coast (Fabricius, 2005, Fabricius et al., 2014). 

1.2.2 Chemical factors and threats 

1.2.2.1 Nutrient cycling 

Concentrations of different nutrients such as nitrogen (N) and phosphorus (P) play a 

critical role in ecosystem health and particularly in plant productivity. Despite the low 

concentration of nutrients such as N and P in coral reefs (‘oligotrophic conditions’), they 

can survive in this sort of environment due to having a high level of nutrient cycling 

(Hoegh-Guldberg and Dove, 2008). On the other hand, huge amounts of nutrient inflow 
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to the GBR lagoon can lead to increased macro-algal growth and algal blooms which can 

put the health of the coral reef ecosystem in danger by changing the ecological balance in 

the marine environment (McCook et al., 2007). According to the reports, nutrient loads 

(e.g. N and P) discharging to the region from adjacent catchments have been almost 

doubled since European settlement (Kroon et al., 2013). Most inshore areas of the 

southern two-thirds of the region are now exposed to nutrients at elevated concentrations, 

disrupting nutrient cycling in the ecosystem (Brodie et al., 2013). Recent investments in 

catchment management and conservation programs, has reduced the amount of annual 

dissolved inorganic N load delivered to the region from adjacent catchment by 16 per cent 

(GBRMPA, 2014).  

1.2.2.2 Ocean salinity and acidity 

Besides water temperature and turbidity, there are some other parameters such as pH and 

salinity which their stability can be vital for many marine animals and plants. Although 

the possible effects of pH reduction on chemistry of ocean water is just started to be 

understood, an increase in water acidity can reduce the ability of some animals to grow 

strong calcium carbonate shells or skeletons in the marine environment (De'ath et al., 

2009, Orr et al., 2005). Moreover, water salinity of the aquatic environment can range 

from zero in freshwater and river mouth to 36 to 37 parts per thousand (PPT) in open 

ocean with an average of 35 PPT in the GBR lagoon (Devlin et al., 2011). In river flood 

plumes at thin layer of fresh water sits on top of seawater due to the different densities. 

This less dense layer of fresh water can be extended further offshore to reach coral reefs 

as a result of flood plumes, strong winds and tides (Schroeder et al., 2012, Devlin et al., 

2001, Berkelmans et al., 2012, Devlin et al., 2012). Moreover, a huge load of fresh water 

to the GBR lagoon, as it has been experienced many times before, can have negative 
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effects on the health of coral reefs. It is known as salinity bleaching and mortality of corals 

(Berkelmans et al., 2012).   

1.2.3 Ecological factors and threats 

A wide range of habitats in oceans are occupied by different microorganisms such as 

bacteria and fungi which are a key driver of microbial processes and have significant 

effects on many other forms of life in the marine environment (Fuhrman et al., 1989). For 

example, microbial activities can change climate by altering the composition of the 

atmosphere. They can also have an active role in pollutant decomposition and nutrient 

cycling in both marine and terrestrial environments (Amaral-Zettler et al., 2010). Despite 

their importance, microbial processes in the marine environment are poorly understood 

(Poloczanska et al., 2009). Any change in microorganisms living environment can 

substantially change their ability in biological processes. In fact, the efficiency of 

microbial activities changes in environments with changes to nutrient concentration, pH, 

EC, temperature and oxygen concentration (Stat et al., 2009).  

The symbiosis between corals and microscopic algae is known as the most important 

mutual relationship in the GBR. Based on this symbiosis, the algae provide up to 95 per 

cent of the host coral energy requirements through photosynthesis like other green plants 

(Stat et al., 2009, Endean, 1973). In return the coral provides the algae with a safe habitat. 

Despite the importance of symbiotic relationships in the GBR, very little is known about 

the effect of external stresses and conditions on the trend of most symbiotic relationships 

in the region. Among many factors recognized as potential threats to coral–algal 

symbiosis, thermal stress and decline in hard corals population are considered as the most 

serious factors leading to coral bleaching. In a short-term stress such as thermal stress, 

corals prefer to leave the symbiotic connection with algae, and expel the algae from their 

structure. They can recover the relationship with algae later when they are not under stress 
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anymore. However, the coral will eventually die, if the stressful conditions persist for 

longer period (Stat et al., 2009, van Oppen et al., 2009, Jones et al., 2008, Csaszar et al., 

2010). On the other hand, over-growth of macro algae can lead to a highly competitive 

environment for settlement and growth of juvenile corals, which are important for the 

future and maintenance of coral reefs in the GBR region (Norström et al., 2009, McCook 

et al., 2001, McCook, 2001). This recruitment may be hampered if a reef becomes 

overgrown by algae (Birrell et al., 2008). The GBR region can be dominated by macro-

algae as a result of nutrient rich water inflow in this region (Cheal et al., 2010). It has 

been reported that pH reduction can destruct chemical competitive mechanism of coral 

reefs and change the current ecological balance of the region from a coral-dominated to 

a macroalgae-dominated one (Anthony et al., 2011, Diaz‐Pulido et al., 2011). 

Human activities on upstream catchment can change the current ecological balance in the 

GBR lagoon. The unusual outbreaks in populations of Crown of Thrown starfish is an 

example of human activities impact on both macro and microorganisms in the GBR 

region. As crown-of thorns starfish is considered the main predator of coral reefs, its 

population has a substantial impact on the future of the GBR. While, population outbreaks 

for this creature is expected to happen every 50 years, unusual human activities have 

increased the frequency and severity of these outbreaks (Fabricius et al., 2010). Increasing 

nutrient loading into this region has been reported as the main reason of crown-of-thorns 

starfish outbreaks as they (and their larvae) are more likely to reproduce and survive in a 

nutrient rich environment (Fabricius et al., 2010, De’ath et al., 2012, Brodie and Mitchell, 

2005). Among different possible causes, outbreaks of crown-of-thorns starfish are mainly 

responsible for severe reductions in coral cover on a regional scale, particularly in the 

central area of the region (De’ath et al., 2012). 
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1.3 Transport of sediments and key nutrients within the GBR catchments 

The area adjacent to the GBR lagoon is composed of thirty-five catchments which cover 

an area of approximately 424,000 km2. All these catchments are situated in a wide range 

of climates across more than 1500 km of the Queensland shoreline including tropical and 

subtropical climates (Authority, 2014). Therefore, a variety of climatic differences within 

and between catchments is expected which results in a variety of geological, hydrological 

and rainfall patterns in different catchments. Consequently, estimated loads of pollutants 

originated from different catchments are significantly different between catchments and 

years (Furnas et al., 1997, Devlin and Brodie, 2005, Joo et al., 2012, Smith et al., 2012, 

Turner et al., 2012). Of these 35 catchments, some of them are more important in terms 

of sediment, nutrient and pesticide loads including:  

➢ Wet Tropics region – Barron, Johnstone (including North Johnstone and South 

Johnstone Rivers), Russell-Mulgrave, Tully and Herbert catchments 

➢ Burdekin region – Burdekin and Haughton catchments. 

There are a variety of land uses within the GBR catchments such as horticulture (e.g. 

bananas), rainforest and other cropping (e.g. sugarcane). However, cattle grazing makes 

up the greatest size among different land uses in the GBR catchments. Within the Wet 

Tropics region including Tully and Johnstone (including North and South Johnstone) 

catchments, a big area is dedicated to conservation and forestry purposes, sugarcane 

mostly can be seen on the coastal area while western parts of this region is dominated by 

grazing (beef and dairy grazing) land uses. A minority of horticulture (e.g. bananas) also 

is cultivated on the coastal flood plains of the Wet Tropics region (Carroll et al., 2012).  

1.3.1 Total suspended solids (TSS) 

According to recent reports, European settlement in catchments adjacent to the GBR 

lagoon has increased the mean annual total suspended solids loads by 3.2 (Waters et al., 
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2014) to 5.5 (Kroon et al., 2010, Kroon et al., 2012) times compared to pre-European 

loads. It is estimated that, on average, 6000 (Waters et al., 2014) to 14,000 (Kroon et al., 

2010, Kroon et al., 2012) kt per year of current sediment load is due to human activities 

on upstream catchments. Since the estimated suspended solids loads discharging annually 

to this region is highly variable over time and in different sub-catchments, some reports 

may over estimate or underestimate compare to 5- to 10-fold increase in sediment delivery 

estimated based on coral cores and catchment loads (McCulloch et al., 2003, Joo et al., 

2012, Turner et al., 2012). 

Among the key catchments of the GBR, the Burdekin (40%) and Wet tropics regions 

(15%) are dominant sources anthropogenic fine sediment load to the GBR lagoon (Waters 

et al., 2014). Within the GBR catchment, grazing was the largest source of total suspended 

solid load at 3,816 kt per year or 45% of total export load (Waters et al., 2014). However, 

the total suspended solids load per unit area is higher from inland cropping lands 

compared to grazing (Packett et al., 2009, Murphy et al., 2013). Regarding the suspended 

sediments, investigations have shown that particles smaller than 16 micrometres (fine 

sediments) are more likely to move further enough to reach the GBR lagoon (Douglas et 

al., 2006, Smith et al., 2008, Bainbridge et al., 2012). Because fine particles can pass 

dams on their way through the river to marine environment, while coarse sediment 

particles (more than 30 micrometres) are more likely to be totally trapped (Lewis et al., 

2013). However, coarser fractions could also be transported offshore during flood plumes 

and wind-driven re-suspension events (Orpin et al., 2004). 

1.3.2 Nitrogen load 

The European settlement in catchments adjacent to the GBR lagoon has increased the 

mean annual total N loads by 2 (Waters et al., 2014) to 5.7 (Kroon et al., 2010) times 

compared to pre-European loads. It is estimated that 18,000 (Waters et al., 2014) to 
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66,000 (Kroon et al., 2012) tonnes per year of the current N load is due to human activities 

on upstream catchments. Total N loads discharging annually to this region is highly 

variable over time and in different sub-catchments. Recent reports show that the current 

monitoring system may underestimate annual total nitrogen loads for individual 

catchments compared to the previously reported range of 31 to 36000 tonnes, and it might 

be due to not accounting for the contribution of overbank flooding discharges (Wallace 

et al., 2012, Wallace et al., 2009, Joo et al., 2012, Turner et al., 2012).  

Particulate nitrogen makes up a huge part (40 to 76 per cent) of anthropogenic total N 

load to the GBR region. This readily available form of N in marine ecosystems is mainly 

derived from fine sediments following delivery to the GBR area (Webster et al., 2006, 

Waters et al., 2014, Kroon et al., 2010, Kroon et al., 2012). Relative contribution of 

different land uses to mean annual particulate N load to the GBR lagoon is still not well 

understood (Waters et al., 2014, Kroon et al., 2010, Kroon et al., 2012). Dissolved 

inorganic N makes up about one-fifth (16 to 29 per cent) of the mean annual 

anthropogenic total N load to the GBR region (Waters et al., 2014, Kroon et al., 2010, 

Kroon et al., 2012). According to the recent reports, more than 80 per cent of the mean 

annual anthropogenic dissolved inorganic N load to this area comes from three main 

regions of the Wet Tropics, Burdekin and Mackay Whitsunday. Moreover, the proportion 

of dissolved organic N from the mean annual anthropogenic total N load to the GBR 

region has been predicted to have a range of 10 (Kroon et al., 2010, Kroon et al., 2012) 

to 32 per cent (Waters et al., 2014).  Recent studies based on Source catchment modelling 

also has revealed that grazing, nature conservation and sugarcane are the main 

contributors to the total dissolved organic N load to the GBR lagoon by 48, 24 and 14 per 

cent, respectively (Waters et al., 2014).  
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1.3.3 Within-Stream factors affecting nutrients 

Generally, sediments and associated nutrients are generated on land and transported to 

the ocean through the streams and eventually buried in the marine environment. Through 

this pathway, several chemical and biological interactions occur such as nutrient 

transformation, uptake, mobilization, immobilisation etc. Streams form just a small 

proportion of catchment area (about 1 per cent), however all the catchment runoff must 

pass through the streams to open oceans. The nutrients originated from soil can come into 

streams through both channel interception and surface (or subsurface) runoff. 

All the forms of nutrients and sediments originated from adjacent catchments go through 

a transition part (hot spots) composed of soils, riparian zones, freshwater, estuaries and 

coastal marine areas before reaching the GBR lagoon. The hydrological, ecological and 

biogeochemical processes are strongly coupled through these transition hot spots, and 

together act like successive filters in which a significant fraction of the nutrients is 

retained and transported from catchment to marine environment (Billen et al., 1991). Any 

changes in primary form of nutrients and sediments along this transition part can strongly 

affect all other organisms within an ecosystem and thus may change the whole ecosystem 

structure (Richardson and Qian, 1999). 

A variety of biotic and abiotic interactions impact different chemical forms of nutrients 

within a stream. For examples, primary production of different organisms such as fungi, 

algae and bacteria immobilise and take nutrients out of the water column. These nutrients 

are subsequently returned to the stream by plant materials, particulate organic matter and 

through the various chemical and biological processes such as decomposition and 

mineralisation. The main abiotic processes within a stream include adsorption onto 

sediments (Bencala et al., 1984), leaching from organic materials, formation of 

particulates from dissolved materials, and deposition of particles (Mulholland, 1981). 
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Dynamical structure of an aquatic ecosystem is dependent on environmental factors such 

as geographical position, precipitation and temperature. Any change in dynamical 

structure of an ecosystem can affect absolute amount of nutrients and the chemical form 

of nutrients reaching to the GBR lagoon by influencing physical forces, or the balance 

among organisms living in that ecosystem. Because river networks link terrestrial 

landscapes to oceans, perturbations to river ecosystems can have large consequences for 

biogeochemical cycling at local, regional, and global scales. It can also change the ratio 

in which C, N and P, in both dissolved and particulate organic matter, are being 

transferred from terrestrial ecosystems to ocean environment (Ensign and Doyle, 2006). 

For instance, marine derived organic matter is more enriched in N compared to the 

terrestrial organic matter (Baldock et al., 2004). Any change in absolute amount of 

nutrients and the chemical form of each element reaching to the GBR lagoon can 

influence the whole rates of photosynthetic and heterotrophic productivity and lead to 

fundamental changes to the aquatic food web (Vollenweider et al., 1992).  

To take all the above-mentioned factors into account, an in-depth study of conceptual 

models for nutrient transportation along the river from upstream catchments to the ocean 

is necessary. It improves our understanding of the main biogeochemical processes in 

different ecosystems as well as the transition hot spots from catchment to reef. Such a 

conceptual model would also help us to find out about the way that organic nutrients 

behave through transition zones from terrestrial to marine ecosystems. 

1.4 Tracing the main sources of nutrients and sediments to the GBR 

Sediment fingerprinting is a technique that has been frequently used in recent studies to 

distinguish the main sources of pollutants (nutrients and sediments) discharging into the 

GBR lagoon. The fingerprinting technique is based on natural properties of pollutants in 

an ecosystem. It is assumed that physical and (bio) geochemical properties of sediments 
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and associated organic fractions will reflect its source, and therefore can be used to 

identify the origin(s) of the sediments and nutrients in an inferential way where the 

contribution from potential sources is unknown. In the fingerprinting methods a number 

of unique physical, chemical and biological properties, classified in three basic 

characteristics of natural soil and sediment such as nuclear resonances, orbital electron 

characteristics and molecular identification are measured in both the source and sediment 

samples and possible contribution of each potential source of pollutants is estimated using 

statistical analysis and modelling (for an overview of the methodology see (Foster and 

Lees, 2000, Gellis and Walling, 2011)). The main biogeochemical signatures employed 

for the fingerprinting technique are as follows: 

1.4.1 Geochemical signatures 

According to the literature, geochemical properties are considered as the most popular 

signatures in sediment fingerprinting. Selected geochemical properties such as inorganic 

elements, radionuclides and mineral magnetism usually can be traced from catchment to 

ocean through the surface streams. For example, some radionuclides coming into the 

surface soil through atmospheric fallout (e.g. 7 Be, 10Be, 137Cs, 210Pb, 239Pu and 240Pu) can 

adsorb to the active fraction of soil with high specific surface area such as clay minerals 

and organic fractions. Therefore, on the one hand the concentration of radionuclides 

declines substantially with depth and hence trace the difference between surface and 

subsurface erosion sources, and they can stay chemically reactive for a long time 

(Walling, 2005, Mabit et al., 2008, Horowitz, 1991). The adsorption ability of 7Be and 

137Cs with respect to their possible implication for fingerprinting technique has recently 

been discussed in the studies by Parsons and Foster (2011) and Foster (2011) and Taylor 

et al. (2012).  
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Magnetic properties of some minerals in soil is another potential geochemical fingerprint 

to find the main source of sediments originating from different sub-catchments (Yu and 

Oldfield, 1993, Hatfield and Maher, 2009, Walling et al., 1999, Gruszowski et al., 2003). 

The magnetic signature of soils is highly related to both magnetic susceptibility and 

remnant magnetism of specific minerals in soil. These minerals have two main origins 

including; mineralogy of parent material (e.g. the presence of iron oxides) and those 

formed as secondary minerals as a result of biogeochemical processes such as weathering, 

paedogenesis, anthropogenic inputs, bacterial activities and fire (Dearing et al., 1996). 

Other inorganic signatures can also be considered in geochemical fingerprinting including 

concentrations of heavy metals and trace elements and base cations which are unequally 

distributed across the catchment as well as vertically through the soil profile. This 

significant variation is mainly caused by differences in parent material, soil forming 

processes and land use. The analysis of heavy metals and trace elements in both soils and 

sediments is commonly used in fingerprinting studies. It is because of the fact that 

measuring geochemical signatures are relatively quick, simple and widely available. 

Depending on the analytical instrument, more than 50 different geochemical signatures 

can be provided for both soil and sediment samples in a short time.  

1.4.2 Biochemical signatures 

Biochemical properties have been used in recent studies to discriminate between potential 

sediment sources with different land uses, vegetation species, management systems and 

microbial communities. Few studies have also used DNA based techniques (Evrard et al., 

2019) as well as compound- specific stable isotopes and biomarkers, especially aliphatic 

(saturated straight-chained) compounds such as n-alkanes and n-carboxylic acids (fatty 

acids) for attribution of sediment and organic matter sources to specific land uses, such 

as forest, arable and pasture (Glendell et al., 2018, Alewell et al., 2016, Reiffarth et al., 
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2016, Blake et al., 2012). The δ13C’s ability to discriminate between sources is due to the 

different photosynthetic pathways resulting in distinct δ13C fractionations (Bahadori et 

al., 2019). Most of tree species follow the Calvin-Benson cycle (C3) photosynthetic 

pathway with a mean δ13C of −28‰ (Boutton, 1991, Fry, 2006). Some cropping plants 

and dominant grass species in warmer climates, on the other hand, mainly follow the 

Hatch-Slack cycle (C4) pathway with a mean δ13C of −13‰ (Coleman, 2012, Werth and 

Kuzyakov, 2010). Therefore, δ13C can be considered as a signature to discriminate 

between the sources of organic matter derived from C3 and C4 plants in tropical and 

subtropical environments. Generally, δ15N fractionation is much more complex than δ13C 

due to multiple N sources and different potential internal transformations which can affect 

N isotopic ratios in derived organic matter from different plant materials. The atmospheric 

N (N2) is the major form of N in the biosphere with δ15N of 0‰ (Peterson and Fry, 1987). 

The majority of N in the rest of the biosphere also has δ15N values between −10‰ and 

+10‰ (Evans, 2007, Finlay and Kendall, 2007). Several studies have used isotopic 

signatures to differentiate between subsoil and topsoil as the potential sources of 

sediments and particulate nutrients to the rivers (Garzon-Garcia et al., 2017, Laceby et 

al., 2016, Mukundan et al., 2010). 

1.4.3 Composition of organic nutrients in terrestrial and aquatic environments 

Different nutrients such as C, N and metals are subject to different processes such as 

mineralisation, transformation and mobilisation in biogeochemical cycles. Soil organic 

matter is composed of different pools which are different in stability and resistance to 

decomposition over time. The active fraction is the most unstable part and can be 

decomposed by microbial activities easily in a short time. The passive fraction is the most 

stable part of organic matter which can resist microbial decomposition for a long time, 

and the slow pool which lies between these two categories and has moderate susceptibility 
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to microbial activities (Brady, 1984). This becomes important as organic matter is 

composed of many different compounds at different proportions such as lignin, 

carbohydrates, polyphenols and amino acids which have different resistance to microbial 

decomposition. Some fractions of organic matter are more likely to be totally degraded 

due to microbial activities, and consequently change the quantity as well as the 

composition of organic matter (e.g. C/N ratio, organic compounds) in the marine 

environment (Brady, 1984). During the transportation of sediments to the GBR lagoon 

through the surface streams, organic compounds can be depleted due to chemical and 

biological processes so that sediments and associated organic matter acquire new 

properties which may no longer reflect their terrestrial origin. It could be due to microbial 

activities along the river to ocean through which the bioavailability of nutrients 

significantly changes by transforming from organic to inorganic forms (Thayer, 2002). 

Furthermore, algae, bacteria and phytoplankton are also locally responsible for 

synthesizing and supplying a significant part of organic matter to marine environment in 

addition to the terrestrial derived organic matter that are delivered to the coast from rivers 

(Zhang et al., 2015, Meyers, 1994, Watanabe and Kuwae, 2015, Baldock et al., 2004). 

1.5 Knowledge gaps, research questions and hypotheses 

1.5.1 Knowledge gap 

Through the literature review, the following knowledge gaps are identified: 

1. There is a lack of knowledge about the main biogeochemical properties of soils under 

different land uses (grazing, sugarcane, rainforest and bananas) in the key catchments 

of the GBR (e.g., Johnstone River catchment), and the way that these differences affect 

the chemical nature of soil organic matter throughout the GBR catchment.  

2. Different fingerprinting signatures have been proposed for tracing the source of 

sediments and particulate nutrients, however, currently these methods are not able to 
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differentiate among different land use sources under different vegetation types, 

including grazing, sugarcane, rainforest and bananas in the GBR catchment. The new 

fingerprints are required for developing effective tracing methods. 

3. To develop a novel fingerprint technique for tracing the sources of sediments and 

nutrients from different land uses in a catchment, thorough understanding of soil 

chemical, physical and biological properties under different land uses is needed. 

However, little is known about the shifts in key soil properties in response to different 

land uses (grazing, nature forest, banana and sugarcane) in the key catchments of GBR 

(e.g. Johnstone River catchment).  

4. There is little information available on the quantitative contribution of different land 

uses (grazing, sugarcane, rainforest and bananas) in discharging sediments and 

particulate N to the Johnstone River catchment of the GBR due to lack of suitable 

technologies. 

5. Although the organic matter is the critical component of the sediment, its chemical 

nature in different catchments of the GBR (Wet and Dry Tropics), and origins, 

dynamics and recycling in both terrestrial and marine ecosystems of the GBR are 

largely unknown. 

1.5.2 Research questions 

In this PhD study, the following research questions are proposed: 

1. What are the main differences of the key biogeochemical properties of soils, and the 

chemical nature of the organic fraction in different land uses of the Johnstone 

catchment of the GBR? 

2. What are the most discriminative group of elements and chemical signatures for 

discriminating between the main land use sources of sediments and particulate 

nutrients to the Johnstone River catchment of the GBR? 
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3. What is the quantitative contribution of different land uses including grazing, 

sugarcane, rainforest and bananas in discharging bed and suspended sediments and 

particulate nitrogen to the Johnstone River? 

4. What is the main origin of organic matter in the GBR lagoon? And how does the 

composition and bioavailability of terrestrial derived organic matter change along the 

transportation pathway from catchment to the GBR lagoon? 

 

 

 
 

Figure 1.1 Experimental design and thesis structure 

1.5.3 Hypotheses 

To identify the main sources of sediments and particulate nutrients that are exported to 

the GBR lagoon, as well as to obtain a quantitative estimate of the relative contribution 
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of different land use sources, the entire catchment including terrestrial, freshwater, 

estuary and marine ecosystem should be investigated together (Figure 1.1). In this regard, 

it is crucial to take all the possible environmental factors affecting sediments and 

associated nutrients throughout the GBR catchment from soil to the marine environment. 

Specifically, in this study we hypothesize that: 

1. The main biogeochemical properties of soils, and the chemical nature of soil organic 

matter are significantly different among main land uses of the GBR catchment, and 

these differences are the consequence of vegetation type, soil type, management 

practices as well as other human activities. 

2. In catchments where potential land use sources of sediments and associated nutrients 

are under vegetation with different photosynthetic pathways (C4 vs C3 plants) and 

situated on different geological structures with different management practices, the 

land use sources would most likely be completely discriminated using a combination 

of stable isotopes (δ13C and δ15N) and geochemical signatures. 

3. The Stable Isotope Analysis in R (SIAR) mixing model can provide an accurate 

estimation of the contribution of different land uses (grazing, sugarcane, rainforest and 

bananas) in discharging bed and suspended sediments into the Johnstone River 

catchment of the GBR using the most discriminative group of elements. 

4. The chemical composition of organic matter in soils and sediments would be different 

in the Wet and Dry Tropics catchments due to the different vegetation types and 

transformation pathways at different moisture and temperature regimes. In addition, 

the origin and chemical nature of organic matter in the sediments in fresh water and 

marine environments would change significantly along the transportation pathway 

from catchment to the GBR lagoon. These changes are particularly sharp in the 
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interface between the freshwater and marine environments (i.e. estuary) as the 

microbial community significantly changes in this hot spot. 
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Chapter 2: Materials and methods 

In this chapter the study area and the key materials and methods commonly used across 

different experiments are described. More details about the specific procedures used for 

the four major experiments in this PhD has also been described in their respective chapters 

(chapters 3, 4, 5 and 6). 

2.1 Materials 

2.1.1 The study area 

2.1.1 .1 The Wet Tropics region 

The Johnstone and Tully catchments are the main catchments of the Wet Tropics region 

(Figure 2.1). The Johnstone River catchment is in the Wet Tropical area of north 

Queensland with a population of 15,000 people living in an area of 2,624 km2. The 

Johnstone River is divided into two branches including South and North Johnstone which 

merging into a single stream in the Innisfail town. 

The Johnstone catchment comprises two parts including the upper and lower sections. 

The upper section is composed of a mixture of different land uses, such as rainforest, 

which is listed as of a World Heritage, grazing pastures, sugarcane farms and a minority 

of township including Millaa Millaa and Malanda. The lower part is dominated by banana 

cropping and sugarcane fields with a concentration of population in the townships of 

Innisfail and South Johnstone. 
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Figure 2.1 Sampling sites within the Wet Tropics region (Johnstone and Tully 

catchments). 

The Johnstone catchment is dominated by native vegetation and national conservation 

which cover around 52% of this area. While 15.4% of this catchment is allocated to 

grazing pastures, sugarcane with 14 % is the dominated agricultural land use followed by 

dairy (5.5%) and irrigated horticultural system which is mainly bananas with 4.3% of 

total area. Defence lands also comprise 3.5% of the area and a minority of urban area with 

1.5% of the catchment (other land use 3.8%) are the main land uses in the Johnstone 

catchment (Lewis and Brodie 2011). In this study sampling sites were selected to 

represent the major land uses of the region, and were classified as sugarcane, grazing, 

banana and rainforest. 

The Wet Tropics region is renowned for receiving the highest rainfall in Australia. The 

Johnstone catchment, as a part of the Wet Tropics area, is highly influenced by tropical 

depressions especially in wet season and receives a high rate of rainfall within December 

to April. The Wet Tropics region receives regular rain throughout the year in comparison 

to the Dry Tropics (Burdekin catchment). In general, the coastal plain receives more 

rainfall than the upper tableland, where the annual average varies from 1,154 mm in the 
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upper catchment to 3,552 mm at Innisfail in the lower catchment (1881-2019) (BOM 

2019).  

The Johnstone River, comprising the North Johnstone River and the South Johnstone 

River, is a river system located in North Queensland, Australia. The headwaters of the 

river system rise in the Atherton Tablelands. The north branch of the Johnstone River 

system rises below Merivale, flows over the Malanda Falls and through the town of 

Malanda and then flows generally south by east, around Francis Range and over the Jones 

Falls, before flowing east, covering a distance of 114 km. The south branch of the 

Johnstone River system rises below Mount Father Clancy and generally flows east over 

Binda Falls, through the settlement of South Johnstone, before flowing north, covering a 

distance of 88 km. The two rivers reach their confluence to form the Johnstone River east 

of the town of Innisfail, and just 5 km west of the river mouth.  

The Tully catchment is another major catchment of the Wet Tropics and is in southern 

part of this region north Queensland, Australia. This catchment covers around 8 per cent 

of the Wet Tropics area (1,680 km2) and is composed of different land forms from steep 

mountainous areas in the west to the floodplain in the east. Different rivers and creeks 

such as the Tully, Murray and Hull Rivers, their tributaries and several creeks drain the 

whole catchment directly to the GBR lagoon. The climate of the Tully region has a mean 

annual rainfall of 2,000 to over 4,000 mm depending on the location. This area is 

generally characterised by wet summers and mild relatively dry winters. Most of the 

rainfall (60- 80%) occurs during a distinct wet season (December to April) Furnas (2003).  

Most of the suspended sediment in the Tully River are transported to the coast, and it is 

due to the high-energy hydrological regime of this relatively small coastal river 

(McKergow et al. 2005). Moreover, the Tully River also has the highest discharge per 

unit area of any Australian drainage basin (Furnas 2003). Native forest is the dominant 

https://en.wikipedia.org/wiki/North_Queensland
https://en.wikipedia.org/wiki/Queensland
https://en.wikipedia.org/wiki/Atherton_Tablelands
https://en.wikipedia.org/wiki/Malanda_Falls
https://en.wikipedia.org/wiki/Malanda,_Queensland
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land use in Tully catchment by 71% of total area, followed by sugarcane (13%), grazing 

(5%), forestry (4%) and horticulture (mainly bananas) (3%). The remaining land use 

categories are urban and water (4%) (Lewis and Brodie 2011).  

2.1.1.2 The Dry Tropics region 

The Burdekin catchment is situated in the Dry Tropics region (catchment area 133,432 

km2) and receives an average rainfall of ∼900 mm annually (Cavanagh et al. 1999; 

Bainbridge et al. 2012). Most of the rainfalls are related to the cyclones and mainly fall 

between January and April. These annual rainfalls usually occur with a high intensity and 

causes flashy flood plumes following by a period of low rainfall with no surface flow. On 

the other hand, these precipitations are not evenly distributed all over the catchment, as a 

result a large part of this catchment is relatively dry while, restricted areas receive 

frequent falls (Amos et al. 2004). There are different geological structures on different 

parts of the Burdekin catchments including sedimentary rocks in the southern part, 

palaeozoic rocks in the northern and central parts and other geological structures such of 

basalts and recant sediments in the other parts of this catchment (Amos et al. 2004; 

Fielding, Alexander, and McDonald 1999). The Burdekin River with 25% of the total 

annual discharged load to the GBR, is considered as the main source of suspended 

sediments into the lagoon (Bainbridge et al. 2012; O’reagain et al. 2005). Given that most 

of this catchment is covered by grazing pastures (92%) and a minority of forest, 

management of this land use is believed to play a critical role in controlling sediments 

and nutrients originated and delivered to the coastal area through soil loss and runoff 

(Roth et al. 2003). 
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Figure 2.2 The Wet Tropics region (Johnstone and Tully catchments) and the 

Burdekin catchment (Dry Tropics region). 

The Burdekin catchment (Figure 2.2) is divided into five main sub-catchments extending 

from the upper Burdekin, north-west of Townsville to the Cape and Belyando river sub-

catchments on the west. The southernmost part of the Burdekin catchment also reaches 

the Suttor and Bowen rivers sub-catchments. Bowen sub-catchment, comprising 50% of 

the Lower Burdekin area, is the only main sub-catchment that directly discharges into the 

Burdekin River below the Burdekin Dam and then flows through the Lower Burdekin 

floodplains and Burdekin delta to the coast. The other four Burdekin sub-catchments 

including the Upper Burdekin River, the Cape River, the Belyando River and the Suttor 

converge above the Burdekin Dam to form Dalrymple Lake (Bainbridge et al. 2016). 

Recent annual reports have shown that the Bowen River (2.3 Mt) sub-catchments with 

approximately 90% of the monitored annual Burdekin River end-of-system load has the 

highest monitored annual load of suspended solids within the Burdekin catchment 

(Wallace et al. 2015). This significant difference between the Bowen and other sub-

catchments of the Burdekin in delivering suspended sediments to the marine 

environments is most likely due to relatively higher average rainfall being received in the 
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Bowen River sub-catchment compared to other sub-catchments in the Burdekin 

catchment, as well as the higher yield of total suspended solids compared to all other sub-

catchments monitored as part of the GBR Catchment Loads Monitoring Program 

(Wallace et al. 2015). 

2.2 Methods 

2.2.1 Sampling method 

In order to investigate the possible impact of upstream catchments on the chemical and 

biological composition of nutrients and sediments delivered to the GBR lagoon, soil and 

plant samples were taken from four main land use sources under banana, sugarcane, 

grazing and rainforest vegetation. A total of 54 terrestrial sampling sites were selected for 

this project, including 14 sampling sites from Tully catchment, 40 from the Johnstone 

catchment (Figure 2.1). Besides, the Johnstone River basin was chosen to gain the new 

information on the river’s chemistry, the biogeochemical composition of nutrients and 

sediments at different points along the river.  

The Johnstone River catchment was also investigated in detail to estimate of the 

contribution of different land uses in delivering sediments and particulate nutrients along 

the waterway from the upper catchment to the river estuary. In order to have a 

representative group of samples from potential land use sources of sediments, surface soil 

samples (0-10 cm) were collected within the Johnstone catchment. All the sampling sites 

were marked by GPS coordinates for future reference. The fresh soil samples were passed 

through a 2 mm sieve and stored at 4℃ and -20℃ prior to analysis of microbial parameters 

and DNA extraction, respectively. A subsample of each soil was also obtained and air-

dried for chemical analysis. 

Due to the heterogeneous nature of soil and the non-random and non-uniform distribution 

of roots in different vegetation types, 4 cores of soil samples with root were taken from 
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each sampling site, stored in plastic bags at (4 oC) and then shipped to laboratory in 48 

hours. To separate soil and root, all the samples passed through 2 mm sieve then dumped 

into a 0.5 mm sieve and washed out as much soil as possible from the roots using tap 

water. Leaf samples were also taken from different plant types following standard 

procedures. Leaf samples were stored in paper bags, protected from heat, and placed in a 

refrigerator for 48 hours before being shipped to laboratory. A subsample of fresh plant 

materials was finely ground after oven drying for 2 weeks at 65 ◦C. 

Bed sediment samples also were collected along the Johnstone River from the upper 

catchment to the river mouth as well as creeks following through land use sources with 

different vegetation types. All samples were taken from the shallow parts of the rivers 

and creeks for safety reasons and from spots that are representative of different land uses. 

Suspended sediment samples were taken along the salinity gradient where the Tully, 

Johnstone and Burdekin Rivers freshwater meets the sea in a flow event. Sampling sites 

also were marked by GPS coordinates for future reference. Subsamples of each sediment 

sample were stored at 4 and -20 ℃ prior to microbial analysis and DNA extraction. A 

subsample of each sediment sample was also air-dried for further chemical analysis. 

2.2.2 Soil texture, pH, electrical conductivity (EC) and moisture  

The particle size distribution of the soil samples was determined by Low Angle Laser 

Light Scattering (LALLS), also called the laser diffraction technique, using the laser 

diffraction particle size analyser Master sizer 3000 (Malvern Instruments), allowing for a 

measurement range of 10 nm–3500μm (Figure 2.3). Soil pH and electrical conductivity 

(EC) were determined in 1:5 (w/v) soil/water extracts using a glass electrode.  
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Figure 2.3 Particle size analyser (Malvern Mastersizer 3000). 

Briefly, soil samples were weighed, put into falcon tubes and placed into an end-to-end 

shaker for one hour after adding distilled water. After shaking, the soil slurry was allowed 

to stand for 30 mins and then pH and EC were read by a pH/EC meter. With respect to 

soil moisture, at each sampling time fresh and air-dried soil samples were weighed into 

tin trays and dried at an oven (105 °C) for 48 hours. 

2.2.3 Soil mineral N (NH4
+ and NO3

-)  

The dissolved inorganic nitrogen (DIN) content of soil and sediment samples including 

NH4
+ and NO3

- were extracted by 2M KCl at 1:10 (soil: solution ratio) and shaken at 70 

RPM on an end-to-end shaker for 1 h (Keeney and Nelson 1982). The extracts were 

filtered through Whatman 42 paper after being spun at 4000 rpm for 5 mins. 

Concentrations of NH4
+-N and NO3

--N in the extracts were determined by Segmented 

Flow Analyser (SFA) (SEAL Analytical) (Figure 2.4). 
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Figure 2.4 Segmented Flow Analyser (SFA) (SEAL Analytical). 

2.2.4 Microbial biomass C and N  

In order to measure the microbial biomass C and N (MBC and MBN), chloroform 

fumigation extraction method was used (Brookes et al. 1985).  

 

Figure 2.5 Shimadzu TOC-VCPH/CPN analyser fitted with a TN unit. 

Briefly, 10 g fresh weight of fumigated and non- fumigated soils were extracted by 40 

mL of 0.5 M K2SO4 (soil/extractant ratio of 1:4). Soil samples were shaken at 70 rpm on 

an end-to-end shaker for 30 mins and filtered through Whatman 42 paper. The MBC and 
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MBN were measured by a TOC-VCPH/CPN analyser fitted with a TN unit (Shimadzu 

Scientific Instruments, Japan) (Figure 2.5). 

2.2.5 Hydrofluoric acid (HF) pre-treatment of soil and sediment samples and solid-

state 13C Cross Polarisation Magic Angle Spinning Nuclear Magnetic Resonance 

(13C CPMAS NMR) spectroscopy. 

In order to reduce the quantity of paramagnetic species present in the soil and sediment 

samples, e.g. Fe3+ and Mn2+, and to concentrate the organic matter of the whole soil and 

sediment samples, the samples were pre-treated with hydrofluoric acid (HF) prior to 

solid-state 13C CPMAS NMR spectroscopic analysis. 

In this pre-treatment stage, 5 g of each sample was weighed into a Nalgene high speed 

centrifuge tube and 30 ml of 10% HF then added to each centrifuge tube. The tubes were 

shaken on an end-to-end shaker (2 h), and then centrifuged (10,000 rpm, 15 min). 

Following the centrifugation step, the supernatant was separated from the solid residue, 

neutralised to pH 6-8 with CaCO3 powder and then discarded. The HF treatment 

procedure was repeated a further four times for each sample, however for the final 

extraction the mixture was shaken for 16 hours (overnight). Following the final HF 

extraction, the shaking/centrifugation procedure was repeated (six times) for each of the 

treated samples using distilled water, to ensure any residual HF was removed. The 

resulting treated/washed organic residues were then dried (60 C, 48 h), affording the 

samples used in the 13C CPMAS NMR analyses. 

Solid-state 13C CPMAS NMR spectroscopy was used to characterize the soil, sediment 

and plant materials (leaf, root and litter). 13C CPMAS NMR spectra of soils, sediments 

and litters were acquired using a 300 MHz Varian VNMRS spectrometer (Varian Inc., 

CA) operating at a frequency of 75.4 MHz. Samples were packed in a 7 mm diameter 

silicon nitride rotor and spun at 5 kHz at the magic angle. The cross polarisation sequence 
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tancpx, contained within the VnmrJ 3.1A software package was used. 20000 transients 

were collected for soil and sediment samples and 2000 transients were collected for litter 

samples. A contact time of 1.2 ms, an acquisition time of 20 ms, a recycle delay of 2.5 s 

and a sweep width of 36 kHz was used in all cases. Spectra were processed using the 

MestReNova v11.0 software package (Mestrelab Research S.L.). Lorentzian line 

broadening functions of 50 Hz were applied to all spectra. 13C chemical shift values were 

referenced relative to external hexamethylbenzene (HMB; CH3, 17.4ppm). 13C CPMAS 

NMR spectra of leaf and root samples were acquired using a 400 MHz Varian INOVA 

spectrometer (Varian Inc., CA) operating at a frequency of 100.6 MHz. Samples were 

packed in a 7 mm diameter silicon nitride rotor and spun at 5 kHz at the magic angle. The 

cross polarisation sequence xpolar1, contained within the VnmrJ 2.1B software package 

was used. 2000 transients were collected for leaf and root samples. A contact time of 2 

ms, an acquisition time of 14 ms, a recycle delay of 2.5 s and a sweep width of 50 kHz 

was used in all cases. Spectra were processed using MestReNova v11.0 and lorentzian 

line broadening functions of 20 Hz were applied to all spectra. 13C chemical shift values 

were referenced relative to external hexamethylbenzene, as above. 

It is common practice in the analysis of solid state 13C NMR spectra of soils, sediments 

and plant materials to divide the 13C spectral window into the seven common chemical 

shift regions: aliphatic C (0-45 ppm), methoxyl C (45-60 ppm), O-alkyl C (60-90 ppm), 

di-O-alkyl (90-110 ppm), aryl C (110-140 ppm), O aryl C (140-160 ppm) and carboxyl 

C (160-190 ppm). In the present study, however, the distribution of signal intensity within 

spinning side bands (SSB), in the spectra of some samples, necessitated data correction. 

Therefore, data were initially analysed using smaller integral subregions (see Figures 2.6 

and 2.7), to facilitate the necessary SSB compensation.  
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Figure 2.6 Illustration of the integral regions chosen to account for the intensities 

of the spinning side bands consistently observed in the 13C CPMAS NMR spectra 

(75 MHz) obtained for the soil, sediment and litter samples in the study. 

 

 

Figure 2.7 Illustration of the integral regions chosen to account for the intensities 

of the spinning side bands consistently observed in the 13C CPMAS NMR spectra 

(100 MHz) obtained for the leaf and root samples in the study. 

We used MestreNova software to measure the peak areas for the following chemical shift 

subregions for spectra acquired at 75MHz: δ -50-0, 0-45, 45-60, 60-90, 90-110, 110-145, 

145-160, 160-180, 180-210, 210-220 and 220-245 ppm. Similarly, we used the following 
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chemical shift subregions for spectra acquired at 100 MHz: δ -50-0, 0-45, 45-60, 60-90, 

90-110, 110-145, 145-160, 160-180, 180-210 and 210-230 ppm. # 

In the case of 75 MHz data, consistent evidence of SSBs associated with carboxylate and 

aromatic functionality were observed in the low field regions of the spectra. Accordingly, 

peaks observed 67 ppm (i.e. 5 kHz) downfield of the regions δiso 160-180 and 110-145 

ppm (i.e. peaks in the regions δ 220-245 and 180-210 ppm respectively) were assigned to 

SSBs of the isotropic chemical shifts of the carboxylate and aromatic regions (δiso’s). The 

intensity of the expected corresponding, but unobservable, high field SSBs were 

approximated as being equal to the intensity of the observed low field SSBs and all 

intensity data consolidated. To this end, intensity values equivalent to twice the observed 

intensities of each of the observed low field SSBs were added to the intensities of the 

corresponding δiso resonance regions, while equivalent intensities were subtracted from 

the observed intensities of regions 67 ppm to low field and to high field of the 

same δiso resonance regions, to correct for the distributed intensities. 

In the case of 100 MHz data, consistent evidence of SSBs associated with carboxylate 

functionality was observed in the low field regions of the spectra. Accordingly, peaks 

observed 50 ppm (i.e. 5 kHz) downfield of the region δiso 160-180 ppm (i.e. peaks in the 

region δ 210-230) were assigned to the SSBs of the isotropic chemical shifts of the 

carboxylate region (δiso). The intensity of the expected corresponding, but unobservable, 

high field SSBs were approximated as being equal to the intensity of the observed low 

field SSBs and all intensity data consolidated. Thus, intensity values equivalent to twice 

the intensity of the observed low field SSBs were added to the intensities of the 

corresponding δiso resonance regions, while equivalent intensities were subtracted from 

the intensities of regions 50 ppm to low field and to high field of the same δiso resonance 

regions, to correct for the distributed intensities. 
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For both 75 MHz and 100 MHz spectra, after SSB correction, partial spectral subregions 

were consolidated to provide appropriate estimates of the integral intensities of the 

common/diagnostic functional group chemical shift regions, to facilitate comparison to 

data from other literature sources. Where chemical shift region cut offs chosen in this 

work vary from previously published region cut offs, these variations reflect our choice 

to ensure that arithmetic SSB/δiso intensity corrections were conducted using regions that 

fully encompassed the intensities being added and subtracted. No attempt was made to 

apportion observed intensities across chemical shift region boundaries.  

Hence, in this work the consolidated intensity data for the 75 MHz 13C CPMAS NMR 

spectra of soils, sediments and litters were divided into the seven chemical shift regions : 

aliphatic C (0-45 ppm), methoxyl C (45-60 ppm), O-alkyl C (60-90 ppm), di-O-alkyl (90-

110 ppm), aryl C (110-145 ppm), O aryl C (145-160 ppm) and carboxyl C (160-180 ppm). 

The same regions were used in the analyses of the consolidated intensity data for the 100 

MHz 13C CPMAS NMR spectra of leaf and roots. However, an additional minor region 

was included in the 400 MHz case. Small, but non-negligible, intensity was inconsistently 

observed in the low field region 180-210 ppm. While unexpected, it is tentatively 

assigned as minor concentrations of “carbonyl” functionality. The relative intensities of 

all C functional group regions were calculated and expressed as a percentage of the total 

observed intensity, i.e. the sum of all integrated intensity across the spectral sweep width. 

# It is note-worthy that although additional regions were chosen at the high field (δ -50-0 

ppm; 75 MHz and 100 MHz) and low field (δ 210-220 ppm, 75 MHz; δ 210-230 ppm, 

100 MHz) extremities of the spectral windows, in these cases the intensities observed in 

these regions was negligible in all spectra and therefore these regions were not used in 

the summations of total integral intensities (i.e. no evidence of SSB intensity was 
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observed in these regions and therefore they were omitted in SSB compensation 

calculations.) 
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Chapter 3: The chemical nature of soil organic matter under different land uses in 

the Johnstone River catchment, Wet Tropics, north-eastern Australia 

Abstract 

In this study, the key biogeochemical properties and the chemical composition of organic 

matter taken from soils under the main land uses of the Johnstone River catchment, Wet 

Tropics, north-eastern Australia were investigated. The soil samples and plant materials 

including leaf, litter and root samples were collected from lands under grazing, sugarcane 

farms, rainforest and banana plantations in July 2016. Bed sediment samples also were 

collected from the Johnstone River at the same time. Solid-state 13C cross polarisation 

magic angle spinning nuclear magnetic resonance (13C CPMAS NMR) spectroscopy was 

used to investigate the chemical composition of organic matter during decomposition of 

the plant materials collected from different land use regions. Results showed that the 

labile fractions of organic matter (di-O-alkyl, O-alkyl and methoxyl C) had the highest 

spectral representation in plant materials (leaf, litter and root) ranging from 57% of total 

integral intensity (TII) acquired for banana leaf samples, to 70% of TII for sugarcane 

litters. However, decomposition of soil organic matter under different vegetation types 

resulted in a dramatic decline in the %TII of O-alkyl C as well as increase in the %TII of 

aromatic and aliphatic regions. As an index of the extent of decomposition, rainforest and 

sugarcane had the highest (0.66) and the lowest (0.51) alkyl C/O-alkyl C (A/O-A) ratio, 

respectively. Results for the key biogeochemical properties of soils under different land 

uses showed that the total C and nitrogen (N) and microbial biomass C and N (MBC and 

MBN) of the soils under rainforest and grazing were significantly higher than banana and 

sugarcane farms. Banana soils, however, had the highest electrical conductivity (EC) and 

nitrate content amongst the land uses investigated. Results from this study indicated the 

roles of land use, vegetation type and soil type on the spatial patterns of biogeochemical 
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properties and chemical composition of soil organic matter in one of the main catchments 

of the Great Barrier Reef (GBR).  

Keywords: Soil organic matter, land use, nuclear magnetic resonance (NMR).  

3.1 Introduction 

Plants fix carbon (C) and convert that into biochemical compounds through their 

photosynthesis system and eventually deposit organic residues in soil that in turn becomes 

a primary source of energy for a wide range of organisms (Baldock et al., 1997). The soil 

organic matter is composed of different organic fractions in various stages of 

decomposition (Mathers et al., 2007, Helfrich et al., 2006). Different physical and 

chemical procedures have been applied in order to identify soil organic matter (SOM) 

pools demonstrating stabilities and transformation pathways within a range of land uses. 

The solid-state 13C Cross Polarisation Magic Angle Spinning Nuclear Magnetic 

Resonance (13C CPMAS NMR) spectroscopy is one of the most successful methods in 

characterising plant materials, and furthermore can be used to assess and monitor the 

influence of external environmental processes on changes of SOM structure, for example, 

during organic matter decomposition under different vegetation types (Preston and 

Trofymow, 2000, Quideau et al., 2000, Kögel-Knabner, 2002, Wang et al., 2004, Mathers 

et al., 2007). As a traditional view, SOM is gradually decomposed by soil organisms to 

synthesise their own tissues and metabolic products. During this process, the most readily 

available nutrients of plant residues (e.g., proteinaceous and carbohydrate materials) are 

utilised first, while the more recalcitrant proportion of organic matter, such as aromatic-

C, tend to accumulate in soil in relative terms (Baldock et al., 1997). 13C CPMAS NMR 

spectroscopic analysis has revealed that the aromatic-C, presumably derived from lignin 

structures, is decomposed with further degradation of organic matter to leave a residue 

with high contents of alkyl-C in soil (Baldock et al., 1997). 
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In addition to the chemical nature of organic matter, the variation in soil biogeochemical 

properties are a consequence of interactions between environmental factors (i.e. climate, 

parent material, vegetation, and topography) and management practices (cultivation 

system, fertiliser application) (Rezaei and Gilkes, 2005). Therefore, an increasing amount 

of knowledge is being assembled regarding the shifts in key soil biogeochemical 

properties in response to different factors such as plant species, management practices, 

fertiliser use and change of land use between pasture, forestry or cropping (Garbeva et 

al., 2004).  

The overall purpose of this study was to investigate the chemical nature of plant materials 

(leaf, litter and root) and SOM under different land uses (sugarcane, grazing, rainforest 

and bananas) for samples taken from the Johnstone catchment using 13C CPMAS NMR 

spectroscopy. Moreover, we sought to investigate the influence of the different land uses 

(including their various vegetation types, soil types, and management practices) on the 

resultant biogeochemical properties of the soils located on one of the key catchments of 

the Great Barrier Reef (GBR). 

3.2 Materials and methods 

3.2.1 Catchment description 

The Johnstone River catchment is in the Wet Tropics area of north Queensland with a 

population of 15,000 people living in an area of 2624 km2. The Johnstone River is divided 

into two branches including the South and North Johnstone Rivers which merge into a 

single stream at the township of Innisfail. The Johnstone catchment comprises two parts 

including the upper and lower sections. The upper section comprises a mixture of 

different land-uses such as World Heritage listed rainforest, grazing pastures, sugarcane 

farms and small townships including Millaa Millaa and Malanda. The lower part is 
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dominated by banana plantations and sugarcane fields with a concentration of population 

in the townships of Innisfail and South Johnstone (Figure 3.1). 

 

Figure 3.1 Location of the study region, soil, plant materials and river bed 

sediment sampling sites (Johnstone catchment, Queensland, Australia). 

The Johnstone catchment is dominated by native vegetation and nature conservation lands 

covering around 52% of the area. The grazing land use (beef and dairy) comprises 20.9% 

of this catchment. Sugarcane land use (14%) dominates the intensive agricultural lands, 

while horticulture (mainly bananas) cover 4.3% of the total area. A minority of the 

Johnstone catchment is also devoted to defence (3.5%), urban area (1.5%) and other 

(3.8% e.g. water bodies) areas (Lewis and Brodie, 2011). In this study sampling sites were 

selected to represent the major land uses of the region, and were classified as sugarcane, 

grazing, banana and rainforest (Figure 3.1). 



Chapter 3 

56 

 

3.2.2 Soil and river bed sediment sampling and laboratory analyses 

Four dominant land uses including grazing (beef and dairy have been combined), 

sugarcane, rainforest and bananas were identified and sampled in July 2016 after an 

extensive literature review (Lewis and Brodie, 2011, Hunter et al., 2001, Wallace et al., 

2015) and field investigations. These land uses are unequally distributed all over the 

catchment with grazing of cattle (for beef) occurring throughout the catchment, while 

dairy farming cattle are restricted to the upper parts of catchment. The sugarcane farms 

(except a few small farms in upper catchment) and banana plantations are only in the 

lower catchment (Hunter et al., 2001). To achieve a representative group of soil samples, 

27 sampling points were randomly selected throughout the Johnstone catchment. The 

grazing (8 samples) and forest (5 samples) soil samples were exclusively collected from 

the upper catchment, while banana (5 samples) soil samples were collected from lower 

catchment. The sugarcane (9 samples) soil samples were collected from both the upper 

and lower parts of the Johnstone catchment. Sampling locations for different sources were 

selected using maps prepared by ArcGIS (10.0) (Desktop, 2011). Surface soil samples (0-

10 cm) were collected with an auger after vegetation was removed. At each location, a 

composite sample of five points was taken. All soil samples were packed in plastic bags 

and transported on ice to the laboratory for analysis. Bed sediment samples also were 

collected along the Johnstone River from the upper to the lower part as well as creeks 

following through land use sources under different vegetation types. All river bed 

sediment samples were taken from the shallow parts of the rivers and creeks and from 

spots representing different land uses. 

Procedural detail of the soil biogeochemical analyses including electrical conductivity 

(EC), pH, particle size distribution, dissolved inorganic nitrogen (DIN), microbial 

biomass C and N (MBC and MBN) and solid-state 13C CPMAS NMR spectroscopy were 



Chapter 3 

57 

 

described in detail in the Chapter 2 (Materials and Methods). The results of the analyses 

are presented in the following sections. 

3.3 Results 

3.3.1 Characterisation of organic matter in plant materials and soils under different 

land uses using solid-state 13C CPMAS NMR spectroscopy 

In this study the resonance regions assignments for both plant materials and soil samples 

(Tables 3.1 and 3.2) follow closely those used in previous 13C CPMAS NMR studies of 

plant materials and SOM (Kögel-Knabner, 2002, Chen et al., 2004, Mathers et al., 2007).  

Where chemical shift boundaries were moved in this work, in comparison to previous 

studies, this has been due to facilitate intensity corrections necessitated by the observation 

of spinning side band (SBB) in the spectra acquired in this work. These corrections have 

been described in detail in section 2.2.5. 

In this work, the following chemical shift regions were extracted from the 13C CPMAS 

NMR spectra: aliphatic C (0-45 ppm), methoxyl C (45-60 ppm), O-alkyl C (60-90 ppm), 

di-O-alkyl C (90-110 ppm), aryl C (110-145 ppm), O-aryl (145-160 ppm) and carboxylic 

C (160-180 ppm). The labile fraction was calculated as ∑%TII for %TIIs of di-O-alkyl 

C, O-alkyl C and methoxyl C (45-110 ppm), while the A/O-A ratio was the ratio of %TII 

of alkyl C region (0-45 ppm) to %TII of O-alkyl C region (45-110 ppm). This was 

calculated as an index of the extent of decomposition and changes in organic matter 

composition from plant materials to different SOM fractions (Chen et al., 2004). 

Representative solid-state 13C CPMAS NMR spectra for leaf, root and soil collected from 

grazing land and bed sediment taken from the Johnstone River adjacent to grazing land 

are provided in Figure 3.2. The general chemical shift regions for 13C functionality are 

illustrated in Figure 3.2 d.  
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Figure 3.2 13C CPMAS NMR spectra acquired for sediment adjacent to grazing 

land (a) (75 MHz, 20000 scans, 5 kHz), grazing soil (b) (75 MHz, 20000 scans, 

5 kHz), grazing root (c) and leaf (d) materials (100 MHz, 2000 scans, 5 kHz). 

Assignments of the 13C chemical shift regions are illustrated (d). An example of 

an observed spinning side band (ssb) is illustrated (b). 

A comparison of signal intensities of organic C functional groups obtained for plant 

materials collected from different land uses show that O-alkyl C is the dominant form of 

organic C in all leaf, litter and root samples in different vegetation types (Table 3.1). 

Although the O-alkyl C %TII is significantly higher in leaves of grass species (grazing 

and sugarcane) compared to tree species (forest and bananas), there were no significant 

differences in the %TII observed for this functional group type in litter and root samples 

collected for different vegetation types. Leaf samples collected from rainforest showed 

greater O-aryl C compounds compared to other plant species. However, the %TII for O-

aryl C was not significantly different amongst litter and root samples collected for the 

four land uses. Leaf samples collected from banana plantations had higher %TII of 

aliphatic and carboxyl functional groups compared to other land uses (Table 3.1); the 

same trend was observed for the litter samples. Additionally, there were no significant 

differences in the %TII of carboxyl C and %TII of aliphatic C compounds across root 

samples sourced from different land uses. 
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Table 3.1 Total C (TC), total nitrogen (TN), total carbon to total nitrogen ratio (TC/TN), dissolved organic carbon (DOC) and nitrogen 

(DON), as well as composition of organic C functionality (%) of plant materials collected from the grazing, sugarcane, rainforest and banana 

land uses as characterized by solid-state 13C CPMAS NMR spectroscopy. 

 

Labile fraction of %TII = ∑ %TII for di-O-alkyl, O-alkyl and methoxyl C; A/O-A ratio = the ratio of alkyl C %TII (0–45 ppm) to O-alkyl C 

%TII (45 –110 ppm) as an index of the extent of decomposition.   
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The principal component analysis (PCA) also showed that percentages of total integral 

intensity (%TII) acquired for these functional groups (carboxyl, O-aryl, aliphatic and O-

alkyl C) are different among leaf samples collected from different land use regions 

(Figure 3.3). The first principal component, which corresponds with discrimination by 

aliphatic C and carboxyl C, largely represents the difference between bananas and grass 

species (sugarcane and grazing). The second principal component tends to capture the 

difference between sugarcane and grazing with forest land use and largely corresponds 

with discrimination by O-aryl C and O-alkyl C functional groups (Figure 3.3). Therefore, 

these four compound types in combination (carboxyl, O-aryl, aliphatic and O-alkyl C) 

showed good discrimination amongst leaf samples collected from all the investigated land 

uses, however these differences were less significant in grass species compared to other 

vegetation types. 

 

Figure 3.3 Principal component analysis (PCA) of different organic matter 

components in leaf samples collected from grazing (G), sugarcane (C), rainforest 

(F) and banana (B) land uses as characterized by solid-state 13C CPMAS NMR 

spectroscopy. 
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A comparison of %TII obtained for SOM compound types collected from different land 

uses showed that O-aryl C %TII under grazing land was significantly lower than other 

land uses while there was no significant difference in the O-aryl C %TII of SOM collected 

from other land uses. The aryl C %TII was significantly higher under sugarcane than 

under rainforest and grazing, however, there was no significant difference between 

rainforest and grazing and between bananas and sugarcane. Rainforest and sugarcane 

soils, respectively, had the highest and the lowest %TII for aliphatic compounds (Table 

3.2). Moreover, in the soils sampled under the four land uses, the %TII calculated for 

labile fractions of SOM (di-O-alkyl, O-alkyl and methoxyl C) decreased compared to 

the %TII calculated for labile fraction in plant materials (Table 3.2). Under all land uses, 

the reduction in the %TII of labile fraction of the soils continued to the point that this 

fraction accounted for a similar %TII of SOM. While, the relative reduction varied across 

all land use types, the accounted %TII for the labile fraction of SOM was similar in all 

land use cases (Table 3.2). In contrast, the A/O-A ratio of %TII of SOM was higher in 

soils compared to the plant materials collected from corresponding sites, and this index 

was significantly higher in soils collected from forest land use compared to the sugarcane 

(Table 3.2). Despite the clear discrimination among plant leaf samples, the principal 

component analysis (PCA) showed that different functional groups (e.g. O-aryl, aryl and 

aliphatic C) of SOM under grazing, sugarcane, rainforest and bananas were not able to 

clearly differentiate amongst samples sourced from the various land uses (Figure 3.4). 
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Table 3.2 Composition of organic carbon (C) functionality (%) in Hydro fluoric acid (HF)-treated soil samples under grazing, sugarcane, 

rainforest and banana land uses as characterized by solid-state 13C CPMAS NMR spectroscopy. 

Land uses carboxyl O-aryl aryl di-O-alkyl O-alkyl methoxyl aliphatic Labile 

fraction 

A/O-A 

Grazing 10.6± 0.5a 3.7± 0.4a 18.8± 1.6a 8.8± 0.8a 26.2± 1.1a 8.3± 0.7a 23.5± 2.5ab 43.3± 1.8a 0.5± 0.1ab 

Sugarcane 9.8± 1.3a 4.5± 0.5b 23.9± 3.6b 9.4± 1.2a 24.5± 2.5a 7.1± 2.0a 20.8± 3.1a 41.0± 4.8a 0.5± 0.1a 

Rainforest 9.6± 0.7a 3.9± 0.5ab 18.6± 1.9a 9.3± 0.8a 24.4± 1.1a 7.3± 0.7a 26.9± 3.4b 41.0± 1.9a 0.7± 0.1b 

Banana 10.3± 0.6a 4.3± 0.5ab 22.3± 2.3ab 9.2± 0.8a 24.2± 1.6a 7.2± 0.6a 22.5± 2.3ab 40.6± 2.1a 0.6± 0.1ab 

Labile fraction of %TII = ∑ %TII for di-O-alkyl, O-alkyl and methoxyl C; A/O-A ratio = the ratio of alkyl C %TII (0–45 ppm) to O-alkyl C 

%TII (45 –110 ppm) as an index of the extent of decomposition.
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Figure 3.4 Principal component analysis (PCA) of different soil organic matter 

components under grazing (G), sugarcane (C), rainforest (F) and banana (B) land 

uses as characterized by solid-state 13C CPMAS NMR spectroscopy. 

3.3.2 Soil biogeochemical properties in different land uses 

Total C (TC), total N (TN), dissolved organic C and N (DOC and DON) differed 

significantly among land uses with different vegetation types, while soil pH and bulk 

density did not vary significantly across the different land uses (Table 3.3). The soil TC, 

and TN under rainforest and grazing land uses were significantly higher than under 

sugarcane and bananas, while sugarcane and rainforest soils had higher C/N ratios 

compared to grazing land use. The C:N ratio of dissolved organic matter (DOC/DON) 

did not vary significantly among land uses, but soils collected from rainforest and grazing 

land uses had higher DOC and DON compared to sugarcane and bananas (Table 3.3).
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 Table 3.3 The biogeochemical properties of soil samples under grazing, sugarcane, rainforest and banana land uses (EC: electrical conductivity; 

TC: total carbon; TN: total nitrogen; C/N: carbon to nitrogen ratio; DOC: dissolved organic carbon; DON: dissolved organic nitrogen). 

Land uses pH EC 
(µS.cm-1) 

Soil moisture 
% 

Bulk density 
(gr.cm-3) 

Clay 
(< 2µm) 

Silt 
(2-50 µm) 

Sand 
(50-2000 µm) 

Grazing 4.7± 0.5a 105.9± 59.4a 29.8± 8.7a 1.0± 0.2a 13.0± 4.7a 64.6± 6.2ab 22.4± 8.6ab 

Sugarcane 4.5± 0.6a 68.5± 47.4a 25.9± 8.4a 1.0± 0.1a 12.1± 3.2a 69.6± 9.4b 18.4± 9.4a 

Rainforest 4.3± 0.3a 70.3± 20.7a 40.2± 4.5b 0.8± 0.1a 9.9± 5.3a 53.8± 18.3a 36.2± 23.4b 

Banana 5.2± 0.7a 333.9± 206.6b 28.1± 5.2a 0.9± 0.1a 14.8± 1.9a 69.2± 3.0b 16.0± 3.6a 

 

 NH4 
(mgN.kg-1) 

NO3 
(mgN.kgl-1) 

TC 
% 

TN 
% 

C/N DOC 
(mgC.kg-1) 

DON 
(mgN.kg-1) 

DOC/DON 

Grazing 1.0± 0.6a 2.1± 1.4ab 5.2± 1.8b 0.4± 0.2b 11.4±   0.9a 1246.8± 375.3b 221.0± 116.0b 6.4±1.8a 

Sugarcane 0.9± 0.5a 0.8± 0.4a 2.3± 0.4a 0.2± 0.0a 13.6± 1.8b 322.4±    93.1a 50.8± 15.7a 6.5±1.4a 

Rainforest 0.7± 0.1a 0.1± 0.0a 7.9± 1.8c 0.5± 0.1b 14.5±   1.7b 2036.4± 534.7c 333.0± 163.9b 6.9±2.9a 

Banana 0.5± 0.1a 3.9± 2.2b 3.0± 1.1a 0.2± 0.1a 12.5± 1.7ab 450.9± 237.0a 96.7± 86.5a 5.6±1.5a 
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The electrical conductivity (EC) in soils collected from banana plantations was 

significantly higher than other land uses. Banana soils had significantly higher nitrate 

(NO3
-) content compared to rainforest and sugarcane, while there was no significant 

difference in the concentration of ammonia in soils under all vegetation types. Soil clay 

content was not significantly different among the land uses and was consistent across all 

land uses while rainforest and grazing had higher sand contents compared to sugarcane 

and banana land uses (Table 3.3). Rainforest and grazing soils also had significantly 

higher microbial biomass C and N (MBC and MBN) compared to intensive agricultural 

farms (sugarcane and banana land uses), while there was no significant difference in 

microbial biomass C:N ratio among all land uses (Figure 3.5).  

 

  

 

Figure 3.5 Microbial biomass carbon (MBC), microbial biomass N (MBN) and 

MBC/MBN ratio of soils under grazing, sugarcane, rainforest and banana land 

uses. 
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The PCA graph provided a representation of the soils under different vegetation types 

according to their biogeochemical properties over the two axes (explaining 80.5% of the 

variation) (Figure 3.6). The primary separation (60.2%, axis 1), based on variation in soil 

TC, TN, C/N, DOC, DON, MBC and MBN, largely represents the difference between 

intensive agricultural farms (bananas and sugarcane), rainforest and grazing land uses. 

The second principal component, accounting for 20.4% of the variation, separating soils 

mainly by EC and NO3
-
, tended to capture the difference between bananas and other land 

uses (Figure 3.6). The PCA results showed that the biogeochemical properties of soils in 

different land uses significantly vary and different land uses can be distinguished based 

on their biogeochemical properties (Figure 3.6). 

 

Figure 3.6 Principal component analysis (PCA) of different soil biogeochemical 

properties including total carbon (TC), total nitrogen (TN), dissolved organic 

carbon (DOC) and nitrogen (DON), microbial biomass carbon (MBC) and 

nitrogen (MBN), total carbon to total nitrogen ratio (TC/TN), nitrate content (NO3) 

and electrical conductivity (EC) under grazing (G), sugarcane (C), rainforest (F) 

and banana (B) land uses. 



Chapter 3 

67 

 

3.3.3 Organic matter composition and biogeochemical properties of bed sediments 

collected from the Johnstone River  

In order to have a better understanding of the possible shift in the chemical nature of 

organic matter and properties of mineral particles as they pass through the terrestrial-

freshwater interface, the same laboratory analyses were conducted on the bed sediment 

samples collected from the Johnstone River adjacent to each specific land use (Tables 3. 

4 and 3.5). 13C CPMAS NMR spectroscopic analysis showed that the aromatic component 

(O-aryl C and aryl C) of bed sediment samples collected from the Johnstone River next 

to sugarcane farm is higher than other land uses (Table 3.4). This result is similar to soil 

organic matter under sugarcane with higher percentage total integral intensity (%TII) for 

aromatic functionality compared to other land uses (Table 3.2). The labile fraction %TII 

(di-O-alkyl, O-alkyl and methoxyl C) of organic matter associated with river bed 

sediments collected next to sugarcane land use was lowest compared to river bed sediment 

samples collected adjacent to other land uses (Table 3.4). The labile fraction %TII or 

organic matter decreased in bed sediment sample collected from the Johnstone River 

relative to the labile fraction %TII observed in soil sample collected from the adjacent 

sugarcane farms (Table 3.4). However, the labile fraction associated with soil samples 

under grazing, rainforest and bananas was not significantly different from the river bed 

sediments that originating from these land uses (Tables 3.2 and 3.4). The A/O-A ratio 

was similar in bed sediment samples collected from the Johnstone River adjacent to land 

uses covered with grass (grazing and sugarcane) and the values were higher than the 

equivalent ratios obtained for sediment samples collected next to land uses under tree 

species (forest and banana) (Table 3.4).
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Table 3.4 Composition of organic carbon (C) functionality (%) in Hydrofluoric acid (HF)-treated bed sediment samples collected from different 

parts of the Johnstone Rive adjacent to grazing, sugarcane, rainforest and banana land uses as characterized by solid-state 13C CPMAS NMR 

spectroscopy. 

Bed sediments collected 

adjacent to the land uses 

carboxyl O-aryl aryl di-O-alkyl O-alkyl methoxyl aliphatic Labile fraction A/O-A 

Grazing 6.3 4.2 15.8 8.0 22.2 10.8 32.7 41.0 0.8 

Sugarcane 8.4 6.5 37.5 5.7 18.5 2.2 21.1 26.4 0.8 

Rainforest 8.2 4.8 19.9 10.1 26.0 7.0 24.2 43.1 0.6 

Banana 9.3 4.5 23.0 9.0 24.0 7.2 23.0 40.3 0.6 

Labile fraction of %TII = ∑ %TII for di-O-alkyl, O-alkyl and methoxyl C; A/O-A ratio = the ratio of alkyl C %TII (0–45 ppm) to O-alkyl C %TII 

(45 –110 ppm) as an index of the extent of decomposition.  

 

Table 3.5 The biogeochemical properties of bed sediment samples collected from different parts of the Johnstone Rive adjacent to grazing, 

sugarcane, rainforest and banana land uses (EC: electrical conductivity; TC: total carbon; TN: total nitrogen; C/N: carbon to nitrogen ratio; DOC: 

dissolved organic carbon; DON: dissolved organic nitrogen). 

Bed sediments 

collected 

adjacent to the 

land uses 

pH EC 

(µS.cm-1) 

TC 
% 

TN 
% 

C/N DOC 
(mgC.kg-1) 

DON 
(mgN.kg-1) 

DOC/DON NH4 
(µgN.Ll-1) 

NO3
- 

(µgN.L-1) 
Clay 

(< 2µm) 

Silt 
(2-50 µm) 

Sand 
(50-2000 

µm) 

Grazing 6.4 47.2 0.8 0.06 14.8 269.6 72.2 3.7 22.5 190.0 6.0 35 59 

Sugarcane 6.2 71.0 0.1 0.01 14.4 89.0 4.2 21.2 27.6 284.3 0.0 3 97 

Rainforest 6.4 46.4 15.3 0.81 18.9 N/A N/A N/A 25.6 106.3 9.0 64 27 

Banana 6.1 60.7 4.5 0.30 15.0 616.4 204.0 3.0 22.5 94.9 7.0 54 39 

*N/A-Not enough mass of sample for hot water extraction. 
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 The TC and TN contents of river bed sediment samples collected next to the banana 

plantations and rainforest land uses were much higher than bed sediment samples 

collected from the Johnstone River adjacent to sugarcane and grazing land uses (Table 

3.5). The river bed sediment originating from rainforest had the highest C/N ratio 

compared to other river bed sediment samples, and this trend was similar to the soil 

samples collected from the corresponding land uses (Tables 3.3 and 3.5). The river bed 

sediment sample next to the sugarcane land use had lower DOC and DON compared to 

those adjacent to banana and grazing. There was not enough bed sediment collected next 

to rainforest land use for hot water extraction (Table 3.5). The EC and concentration of 

NO3
- in the water sample collected from the Johnstone River next to sugarcane land use 

was higher than those obtained for water samples collected adjacent to other land uses 

(Table 3.5). 

3.4 Discussion 

3.4.1 Changes in the chemical nature of organic matter from plant materials to soil 

under different land uses 

The solid-state 13C CPMAS NMR spectroscopy has been successfully used in different 

studies to identify different soil organic matter pools, their chemical composition and 

stability as well as to show the changes in the structure of organic matter during 

decomposition process in soil (Baldock et al., 1997, Golchin et al., 1994a, Skjemstad et 

al., 1997, Kölbl and Kögel‐Knabner, 2004, Helfrich et al., 2006). In this study the labile 

%TII (di-O-alkyl, O-alkyl and methoxyl C) acquired for organic matter dramatically 

decreased from the plant materials to soil, and this decline has mainly occurred in the 

%TII of O-alkyl C functionality. On the other hand, the %TII for aliphatic compounds in 

SOM increased compared to the plant materials (Tables 3.1 and 3.2). In many studies, a 

decrease of O-alkyl C and an increase of alkyl-C %TIIs for SOM has been attributed to 
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cross-linking of the long-chain alkyl-C compounds during the humification processes 

(Golchin et al., 1994b, Baldock et al., 1997, Kögel-Knabner et al., 1992). These changes 

in the structure of organic matter from plant materials to soil is due to the decomposition 

of organic matter that initially deplete polysaccharides, selectively preserve resistant 

aliphatic macromolecules, and also due to in-situ synthesis of some organic compounds 

in soil (Kölbl and Kögel‐Knabner, 2004, Helfrich et al., 2006, Golchin et al., 1994b, 

Winkler et al., 2005). In this study the alkyl C/O-alkyl C ratio (A/O-A), as an indicator 

of the extent of decomposition, dramatically increased in soil samples compared to plant 

materials (Baldock et al., 1997) (Tables 1 and 2). 

Results also showed that the proportions of total integral intensity (%TII) acquired for 

carboxyl, O-aryl, aliphatic and O-alkyl C are significantly different in leaf samples 

collected from different land uses (grazing, sugarcane, rainforest and bananas). However, 

the composition of organic matter is similar in the soils under different land uses (Figures 

3.3 and 3.4). This similarity of SOM composition has been related to the cellulose and 

hemicellulose decomposition, and to the selective preservation of aromatic C (O-aryl and 

aryl C) compounds (Quideau et al., 2001). A review by Mahieu et al. (1999) regarding 

the soil organic matter composition using 13C NMR has revealed that land use and 

management practices have no significant effect on the composition of soil organic 

matter. 

The higher alkyl C/O-alkyl C ratio (A/O-A) in rainforest SOM indicate an extensive 

decomposition of the original plant materials, suggesting that this land use has more 

intense microbial activity and rapid nutrient release from decomposition processes 

compared to other land uses. Moreover, the enrichment of recalcitrant alkyl C under this 

vegetation is illustrative of the low bioavailability of the accumulated soil organic matter 

(Table 3.2) (Leifeld and Kögel-Knabner, 2005). These results also show an enrichment 
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of aromatic C (e.g. aryl C) in SOM relative to the plant materials. This is the consequence 

of carbohydrate degradation in soil (Tables 3.1 and 3.2). The changes in the %TII of 

aromatic compound is in a good agreement with the aliphatic %TII, indicating that both 

functional groups are mainly composed of remaining, more resistant plant tissues that 

have already lost part of their polysaccharide- C structures, and this trend is consistent 

with general plant-derived nature of SOM postulated by Golchin et al. (1994a). 

3.4.2 The effects of different land uses on soil biogeochemical properties  

The differences in soil chemical and biological properties among different land uses 

located across the catchment may be due to the landform, soil type, vegetation type as 

well as various soil management practices across different land uses (Hao et al., 2014). 

Results showed that TC and TN contents of rainforest and grazing are significantly higher 

than intensive agricultural farms (sugarcane and bananas) (Table 3.3), and it is most likely 

because of more accumulation and incorporation of grass and litter fall into the soils under 

these land uses (Billings, 2006, McLauchlan et al., 2006). The higher soil MBC and MBN 

under rainforest and grazing land uses compared to the banana and sugarcane farms are 

also generally in agreement with previous studies (Acosta-Martínez et al., 2003, Acosta-

Martínez et al., 2004). The difference between the microbial biomass in cultivated and 

uncultivated soils is dependent on management practices and the amount of organic input 

to the soils and can be considered as indicators of ongoing, dominant soil bio-

transforming processes in surface soil (McKinley et al., 2005, Hao et al., 2014). 

The higher NO3
- contents of banana plantations compared to other land uses (Table 3.3) 

may be caused by the amount of fertilisers, and how the fertilisers have been applied on 

this land use. The annual application rates for nitrogen fertilizer on banana farms can 

exceed 300 kg N/ha which is much higher than application on other land uses (Sing, 

2012). The high NO3
- content of soil in the grazing land use can also be attributed to the 
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N-rich plant residues with lower C/N ratios (e.g. legumes) compared to other land uses 

(Macdonald et al., 2007). As a result of lower C/N ratios, faster decomposition of organic 

matter and higher net N mineralisation in the grazing land use is expected compared to 

other land uses (Thorup-Kristensen, 1994). In contrast to the grazing land use, the soil 

organic matter under rainforest land use had the highest C/N ratio, indicating significant 

presence of lignified material in this land use, which can lead to higher N immobilisation 

and lower net N mineralisation in soil (Rahn and Lillywhite, 2002, Mendham et al., 2002, 

Macdonald et al., 2007). 

In this study DOC and DON (hot water extraction) were significantly higher in soil 

samples collected from rainforest and grazing land uses compared to sugarcane and 

bananas (Table 3.3). On the other hand, the DOC and DON in soil samples are in 

agreement with the MBC and MBN in grazing, sugarcane, rainforest and banana land 

uses. It is most likely due to the potential of the hot water extraction method in extracting 

both soluble organic C and the microbial components of soil (Table 3.3) (Chen et al., 

2004). In addition to MBC and MBN, the lower DOC and DON in soils under sugarcane 

farms compared to rainforest might be because of the impact intensive agricultural 

practices on increasing soil aggregate disruption and decreasing physical protection of 

SOM (Chen et al., 2004). 13C CPMAS NMR spectroscopic analysis of soil samples 

collected from different land uses also revealed that the alkyl C %TII in sugarcane is 

significantly lower than rainforest, resulting a significantly lower Alkyl C/O-alkyl C 

(A/O-A) ratio of %TII for sugarcane soils compared to rainforest soils (Table 3.2). This 

is assumed to be due to less physical protection of SOM under sugarcane land use which 

favoured the degradation of alkyl C %TII in soils under sugarcane farms compared to 

rainforest land use (Chen et al., 2004). 
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3.4.3 The effects of different land uses on chemical nature of organic matter and 

biogeochemical properties of the Johnstone River bed sediment 

The biogeochemical properties of river bed sediment are heterogeneous within the river 

system across the catchment. In general, the variation in properties of river bed sediment 

across a catchment has been partially attributed to the chemical nature of organic matter 

derived from land uses with different vegetation types (Morita et al., 2017, Sakamaki et 

al., 2010). The final characteristics of river bed sediments, particularly where mineral 

particles and associated organic matter pass through the interface of soil-freshwater, is 

dependent on the chemical nature of plant-derived organic matter as well as ecosystem 

functioning in the transition zones (i.e. terrestrial to river system) (Grimm et al., 2003). 

The higher alkyl C/O-alkyl C ratio (A/O-A) in the river bed sediment samples sourced 

from grazing and sugarcane land uses compared to the river bed sediments originating 

from rainforest and bananas may be due to low organic matter content of these sediments. 

It suggests that the sediments collected from the parts of the Johnstone River adjacent to 

grazing and sugarcane may have more intense microbial activity and rapid nutrient 

release, resulting in more intense organic matter degradation compared to other river bed 

sediments (Table 3.4). These results indicate an enrichment of aromatic C (e.g. aryl 

C %TII) in organic matter associated with river bed sediment originating from sugarcane 

farm. It also shows an increase in the %TII of aliphatic functionality in the river bed 

sediment samples originating from grazing land use relative to the soil samples. This is 

the consequence of carbohydrate degradation, indicating that the organic matter 

associated with bed sediment is mainly composed of remaining, more resistant organic 

matter which has already lost part of their easily decomposable fractions. In addition to 

environmental factors, human activities such as farming can influence the 

biogeochemical properties of soil and sediment in a large catchment. These sediments 
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can harm the ecosystems of the GBR by carrying nutrients and toxic chemicals into the 

water (Fraser et al., 2017, Webster et al., 2009). Our results showed that, the water sample 

collected from the Johnstone River next to the sugarcane farm has more NO3
- content 

compared to other land uses (Table 3.5). It is because sugarcane farms are fertilised 

annually with nitrogenous fertilisers in the order of 135+ kg N/ha (Webster et al., 2009). 

Not all applied N is utilised by the sugarcane crop, and a part of these fertilisers are 

leached out to water systems through surface water and groundwater (Thorburn et al., 

2003, Webster et al., 2009). 

3.5 Conclusions 

Our results provide more insights into the biogeochemical properties of soils under 

different land uses in a Wet Tropical catchment, and particularly the composition of 

organic matter in plant materials and soils under grazing, sugarcane, rainforest and banana 

plantations. The 13C CPMAS NMR spectroscopic analysis revealed that the composition 

of organic matter (e.g. O-alkyl, O-aryl, aliphatic and carboxyl C) are significantly 

different among the plant materials collected from different land uses. However, the 

change in composition of organic matter during the humufication of plant materials in 

soil leads to a similar SOM composition in different land uses. The resultant SOM contain 

lower O-alkyl C %TII and higher aromatic and aliphatic %TIIs compared to the original 

plant materials. The decomposition process is dependent on vegetation type, the intensity 

of soil microbial activity as well as biogeochemical properties of soils in different land 

uses. Further investigations are required to provide more insights into the effect of 

different land uses on microbial communities, diversity and their role in the 

biogeochemical cycling of nutrients across different land uses. 
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Chapter 4: A novel approach of combining isotopic and geochemical signatures to 

differentiate the sources of sediments and particulate nutrients from different land 

uses 

Abstract 

Determining the source of sediments and associated nutrients from terrestrial to aquatic 

environments is critical for managing the detrimental impacts of soil erosion and loss of 

nutrients from terrestrial into aquatic environment. However, tracing the source of 

particulate nutrients from different land uses has not been adequately carried out due to 

methodological difficulties in separating sources, particularly in the Great Barrier Reef 

(GBR) catchment. The objective of this study was to develop a method to differentiate 

the sources of particulate nutrients from soils collected from different land uses 

(combination of beef and dairy grazing, sugarcane, forest and banana) using both 

geochemical and isotopic signatures. In order to select a discriminative group of 

signatures, all soil samples collected from each of the land use areas were fractionated to 

<63 µm size fraction and were analysed for both isotopic (δ13C, δ15N) and acid extractable 

geochemical properties (e.g. Zn, Pt and S). Considering the fact that the outcome of 

tracing models often depend on the type and robustness of the methods used, here we 

have employed a stable isotope mixing model (SIAR) to evaluate if the suite of selected 

elements could be used to estimate the relative contribution of different sources for a 

series of five virtually created sediment mixtures. For the five groups of virtual sediments, 

the SIAR model provided close estimates to the contribution values of sediment sources 

with the Mean Absolute Error (MAE) varying from 0.30 - 2.88%. Results from this study 

show for the first time that the combined use of isotopic and geochemical signatures 

enable the SIAR model to provide an accurate estimation of source apportionment where 
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a variety of land uses needs to be investigated and shows promise as a valuable new 

sediment and particulate nutrient tracing tool. 

Keywords: Sediment; Fingerprinting; Mixing models; Nitrogen; Stable isotopic 

abundance 

4.1 Introduction 

Various issues of poor water quality in the Great Barrier Reef (GBR) lagoon have been 

identified as being due to increasing delivery of terrestrial sediments and associated 

particulate nutrients over the last century (Brodie et al., 2012). Particulate nitrogen (N) is 

considered the particulate nutrient of most concern and comprises the largest proportion 

of the total N load delivered to the GBR (Hunter and Walton, 2008, Joo et al., 2012, 

Brodie et al., 2017). In order to develop sound strategies to manage particulate nutrients 

discharge and its subsequent environmental impacts on the GBR lagoon, it is necessary 

to identify the main sources of sediments and associated nutrients delivered from the GBR 

catchment. The sediment fingerprinting technique utilises a combination of field 

sampling, biogeochemical analyses in laboratory and statistical modelling to allocate the 

contribution of each source for sediments and nutrients delivered to the rivers. In this 

technique, a number of biogeochemical properties are measured in both soil samples of 

potential sources within the upstream catchment and sediment mixtures collected at the 

river outlets (Haddadchi et al., 2013). A stepwise discriminant statistical analysis is used 

to select a suite of elements which distinguished between the sources, and then a mixing 

model is employed to determine the specific contributions from the discrete sources 

(Collins et al., 2017). However, the accuracy of these mixing models have rarely been 

tested (Haddadchi et al., 2014b). The accuracy and robustness of mixing model outputs 

highly depends on the discriminative power of selected tracers and the type of model used 

in fingerprinting techniques (Haddadchi et al., 2013, Collins et al., 1997).  
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All the potential signatures for fingerprinting techniques need to be accurately 

measurable and have a discriminative power in separating different sources. They also 

need to behave conservatively with respects to time and distance along the transport 

pathway from source to sink (Haddadchi et al., 2013). A variety of tracers such as colour 

(Grimshaw and Lewin, 1980), clay mineralogy (Bainbridge et al., 2016) and mineral 

magnetic characteristics (Motha et al., 2003, Hatfield and Maher, 2009), organic matter 

content (Walling and Amos, 1999) and radionuclide characteristics (Estrany et al., 2010, 

Wilkinson et al., 2015) have been used in recent studies. Few studies have also used 

compound- specific stable isotopes and biomarkers, especially aliphatic (saturated 

straight-chained) compounds such as n-alkanes and n-carboxylic acids (fatty acids) for 

attribution of sediment and organic matter sources to specific land uses, such as forest, 

arable and pasture (Glendell et al., 2018, Alewell et al., 2016, Reiffarth et al., 2016, Blake 

et al., 2012). Sediment geochemistry has been widely used to quantitatively trace the 

source of sediments and nutrients on the catchment scale (Collins et al., 1997, Collins et 

al., 2010a, Collins et al., 2012, Walling et al., 2008, Davis and Fox, 2009, Furuichi et al., 

2016). In this approach, different inorganic signatures such as major, trace and rare earth 

elements as well as stable and radioactive inorganic isotopes are employed to identify the 

spatial sources of sediments discharged to the rivers (Davis and Fox, 2009, Collins et al., 

2010b, Haddadchi et al., 2014a). Moreover, the composition of stable isotopes of organic 

matter (δ13C and δ15N) and elemental content of soil (e.g., carbon (C) and N) are also 

considered as a powerful combination of signatures in tracing the origin of sediments and 

associated nutrients (Coplen and Kendall, 2000). In that regard, they can specifically 

reflect different vegetation types across different land uses in the upstream catchment and 

hence have the ability to trace the source of particulate organic matter (Coplen and 

Kendall, 2000, Papanicolaou et al., 2003).  
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While there has been a rapid growth in studies undertaking sediment source fingerprinting 

in a range of environments and applications, there are still aspects of the approach that 

warrant further improvement in order to increase its robustness and acceptability 

particularly in cases where a number of different land uses in a large scale catchment need 

to be investigated and none of the above mentioned fingerprints can properly differentiate 

between sources (Owens et al., 2016, Guzmán et al., 2013) 

The objective of this study was to develop a novel approach for combined use of isotopic 

(δ13C and δ15N) and geochemical signatures to differentiate the sources of particulate 

nutrients from different land uses (e.g., grazing including beef and dairy, sugarcane, forest 

and banana) using soil samples from the Johnstone River catchment, Queensland as an 

example. Firstly, a discriminative combined group of fingerprints were selected using 

Kruskal–Wallis H-test and stepwise Discriminant Functional Analysis (DFA), and then 

Principal Component Analysis (PCA) was used to evaluate whether the selected 

fingerprints are able to distinguish between sediments and associated particulate organic 

matter originated from the four primary land uses. These sources were identified as the 

most likely to contribute to sediment and nutrient export during flow events in this area 

as they collectively comprise > 95% of the catchment area. Secondly, an analytical 

approach was used to test the accuracy and robustness of the novel methodology and 

widely used Stable Isotope Analysis in R (SIAR) mixing model by applying virtual 

mixtures of the four potential sources. 

4.2 Background and theoretical consideration 

To trace the sources of particulate organic matter in food webs in aquatic environments, 

a combination of stable isotopes such as δ13C and δ15N have been widely used (Bunn et 

al., 2003, Finlay, 2001, Hein et al., 2003). Similarly, they also have been used to 

determine the contribution of different sources of particulate organic matter (Garzon-
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Garcia et al., 2017, Cooper et al., 2015, McCorkle et al., 2016) and sediments (Garzon-

Garcia et al., 2017, Mukundan et al., 2010, Laceby et al., 2015) in streams. The δ13C’s 

ability to discriminate between sources is based on the fact that different photosynthetic 

pathways result in distinct δ13C fractionations. The majority of tree species follow the 

Calvin-Benson cycle (C3) photosynthetic pathway with a mean δ13C of −28‰ (Boutton, 

1991, Fry, 2006). Some cropping plants and dominant grass species in warmer climates, 

on the other hand, mainly follow the Hatch-Slack cycle (C4) pathway with a mean δ13C 

of −13‰ (Coleman, 2012, Werth and Kuzyakov, 2010). Therefore, δ13C can be 

considered as a signature to discriminate between the sources of organic matter derived 

from C3 and C4 plants in tropical and subtropical environments. Generally, δ15N 

fractionation is much more complex than δ13C due to multiple N sources and different 

potential internal transformations which can affect N isotopic ratios in derived organic 

matter from different plant materials. The atmospheric N (N2) is the major form of N in 

the biosphere with δ15N of 0‰ (Peterson and Fry, 1987). The majority of N in the rest of 

the biosphere also has δ15N values between −10‰ and +10‰ (Evans, 2007, Finlay and 

Kendall, 2007). Several studies have used isotopic signatures to differentiate between 

subsoil and topsoil as the potential sources of sediments and particulate nutrients to the 

rivers (Garzon-Garcia et al., 2017, Laceby et al., 2016, Mukundan et al., 2010). However, 

these signatures are not able to differentiate the land uses covered with the vegetation that 

follows the same photosynthetic pathways. 

The potential of geochemical signatures in separating sources is based on the theory 

that rock types can influence the geochemical properties of soils during the process of 

soil formation and development (Klages and Hsieh, 1975, Olley et al., 2001). Therefore, 

soils lying over different geological structures usually reflect a distinct group of 

geochemical fingerprints which is highly dependent on their source lithology (Douglas et 
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al., 2009, Motha et al., 2002). As a result, the origin of discharged and transported 

sediments in a water way can be traced back using these distinct geochemical fingerprints, 

if they retain the distinguishable signatures (major, trace or rare earth elements) of their 

original rock parents (Hughes et al., 2009). Despite the popularity of geochemical 

fingerprinting, this technique is usually used to differentiate sources with different 

geological properties, and not able to distinguish between different land uses on the same 

geological structures. Therefore, it is necessary to have a combination of several 

diagnostic soil and sediment properties through which we can have a more discriminative 

approach in identifying the origin of sediments and associated nutrients, specifically when 

a great number of sources needs to be investigated (Collins and Walling, 2002), and if the 

objective of the study is to determine contributions from different land uses. 

Figure 4.1 summarizes the basis for combining stable isotopes and geochemical 

properties of different land uses in cases when potential sources of sediments and 

associated nutrients cannot be completely separated on the basis of their geochemical or 

isotopic fingerprints alone. Then the same group of fingerprints can be measured in the 

mixture sediments originated from different land uses. In the end, a mixing model needs 

to be used to quantitatively determine the contribution of different sources to the mixture 

sediments. 
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Figure 4.1 The conceptual framework of the combined geochemical and isotopic 

fingerprinting technique used to separate particulate nutrient sources. 

Using artificial mixtures with known contributions of sources has gained increasing 

popularity for testing the accuracy of the methods used to separate sources and mixing 

models prior to using them for field application (Haddadchi et al., 2014b). It provides an 

opportunity to test the robustness of widely used mixing models in estimating the relative 

contribution of sources in a mixture of sediments. This approach is also able to evaluate 

the strength of the final combination of fingerprinting properties in discriminating sources 

in cases where a wide range of sources needs to be investigated. Lees (1997) conducted 

one of the earliest studies on artificial mixtures to identify any non-linear additivity 

associated with the use of the frequently used mineral magnetic tracing properties in 
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sediments. Following that, Small et al. (2004) used five artificial mixtures to explore the 

uncertainties related to source sampling in a Bayesian modelling approach.  Recent 

studies have used synthetic mixtures based on Monte Carlo routines as an alternative to 

avoid laboratory work associated with generating and analysing specific properties of 

artificial source mixtures (Sherriff et al., 2015). Moreover, virtual sample mixtures have 

also recently been used to minimize uncertainties related to preparation and analysis of 

artificial mixtures (Palazón et al., 2015). In this study an analytical approach is used to 

evaluate the power of combined geochemical and isotopic signatures in differentiating 

sources and also to test the accuracy and robustness of the widely used Stable Isotope 

Analysis in R (SIAR) mixing model to determine the contribution of different sources to 

the virtually created mixtures. 

4.3 Methods 

4.3.1 Study region 

The study was conducted in the Johnstone River catchment which is located in the wet 

tropical area of north-east Queensland and covers an area of 2624 km2 (Innisfail; 17◦31′S, 

146◦02′E). Two branches of this river, including south and north Johnstone, merge into a 

single stream at the Innisfail Township. The Johnstone River drains three main 

geographic sections of the catchment including upper, middle and lower sections. The 

upper section is composed of a mixture of different land-uses such as rainforest, cattle 

grazing pastures (including dairy and beef), horticulture, sugarcane farms and a minority 

urban input from the township in Malanda. The middle part is mainly covered by 

rainforest which is the dominant land use in the Johnstone catchment with 52.0% of the 

whole catchment area (Lewis and Brodie, 2011). The lower part is dominated by banana 

cropping (4.3% of total area) and sugarcane fields with a concentration of population in 

the townships of Innisfail and South Johnstone. While 15.4% of the whole catchment is 
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covered by grazing pastures, sugarcane (14.0%) is the main intensive cropping land use 

in this area. Previous studies in the Johnstone Basin highlighted that increased erosion 

had occurred particularly after the 1970s (up to 3 fold increase in suspended sediment 

export) and coinciding with the expansion of the sugarcane industry (Kroon et al., 2010). 

Although this extra erosion caused more sedimentation in the main stream, analysis of 

sediments in the Johnstone River channel has shown that a mean suspended sediment 

load of 318,000 tonnes per year was exported out of the catchment into the Great Barrier 

Reef lagoon (Kroon et al., 2010, Lewis and Brodie, 2011). In this study sampling sites 

were selected to represent the dominant land uses of this catchment including: sugarcane, 

grazing (combination of beef and dairy), banana and forest (Figure 4.2).  

 

Figure 4.2 Location of the study region and sampling sites (Johnstone catchment, 

Queensland, Australia). 

Land uses on the Johnstone catchment are located on different soil types and geological 

structures. The dominant part of upper catchment is comprised of basalt, while other 

geological units such as granite and alluvial sediments also can occur in different parts of 

the catchment.  Red ferrosol, which is derived from basaltic rocks, comprises the main 
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part of the upper catchment, while other soil types such as red dermosols (metamorphic 

rocks) and red kandosols (granite) are also considered to be the main soil type for steep 

to moderate slopes on the upper Johnstone catchment. Brown dermosols and redoxic 

hydrosols were observed to occur on the floodplain of this catchment. Agricultural farms 

are dominantly located on the basalt and alluvium soil units within the Johnstone 

catchment (Bain and Draper, 1997, Isbell, 2016, Hunter and Walton, 2008). 

4.3.2 Soil sampling 

In this study, soil samples were collected from possible land use sources that may 

potentially contribute sediments and particulate nutrients into the river during rainfall 

events and transport them downstream. Four potential sources were identified and 

sampled in July 2016 including grazing (beef and dairy have been combined), sugarcane, 

forest and banana. These sources were selected after an extensive literature review (Lewis 

and Brodie, 2011, Hunter et al., 2001, Wallace et al., 2015) and field investigations. 

Considering the unequal distribution of land-uses along the Johnstone River, the whole 

river catchment was divided into two geographical sections including the upper and lower 

Johnstone in order to select sampling sites. Grazing of beef cattle occurred throughout the 

catchment, while dairy farming was restricted to the upper, more elevated areas, while 

sugarcane (except a few small farms in upper catchment) and bananas were grown only 

in the lower catchment (Hunter et al., 2001). For representative soil sampling, 20 

sampling points were selected throughout the catchment (Figure 4.2). Grazing and forest 

soil samples were exclusively collected from the upper catchment, while banana soil 

samples were collected from lower catchment. Sugarcane soil samples were collected 

from both sections including two samples from the lower and three samples from the 

upper Johnstone catchment. Sampling locations for different sources were selected using 

maps prepared by ArcGIS (10.0) (Desktop, 2011). Soil samples were collected from 
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surface soil (0-10 cm) with an auger after vegetation was removed to ground level. Each 

source was sampled at five locations (Figure 4.2). At each location, a composite sample 

of five points was taken. All samples were taken using a stainless steel trowel which was 

regularly cleaned to avoid inter-sample contamination. All soil samples were packed in 

plastic bags and transported on ice to the laboratory for analysis. In total, 20 soil samples 

from different sources were analysed with preparation methods described below. 

4.3.3 Sample preparation 

To ensure that collected samples represent the potential sources, physically visible 

organic matter (not bound to soil particles) were removed before passing soils through 4 

mm sieve. Samples were air-dried and sieved (< 2 mm) to remove large roots, litter 

fragments and gravel. Then a subsample (20–30 g) was taken, gently disaggregated using 

a pestle and mortar and dry sieved through a 63 µm mesh to ensure sample consistency. 

4.3.4 Virtual sediments 

Five source samples were selected from each of four land use sources of Johnstone 

catchment. These samples were then mixed to create a group of mixtures with known 

source contributions. Figure 4.3 shows diagrammatically the processes involved in 

preparing virtual sediments. Five groups of virtual mixtures of known source 

contributions were created: For group A, the same proportion of randomly selected soils 

from each land use were mixed to make five virtual sediment samples (S1 to S5). The four 

sources, grazing, sugarcane, forest and banana, each made a contribution of 25% to the 

five virtual sediments. Each of the sources had five subsamples. To create a virtual 

mixture, one randomly selected sample from each of the sources was mixed in the same 

proportion. For example, the same proportions of grazing soil from sample number 

grazing-2, sugarcane soil from sample number sugarcane-4, forest soil from sample 

number forest-3 and banana farm soil from sample number banana-5 were mixed together 
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to make the S1 virtual sediment. This mixing procedure was repeated five times to create 

the sample mixtures S1 to S5. The same process was used in creating the four other groups 

of virtual mixtures (B, C, D and E) with different contribution from the potential sources 

as described in the Figure 4.3. 

 

Figure 4.3 The process of creating virtual sediments using given source 

proportions to test the accuracy of combined geochemical and isotopic signatures 

and SIAR mixing model. 
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4.3.5 C and N stable isotope and elemental analysis  

In accordance with the procedure for measuring the stable isotope ratio of N (δ15N), all 

soil samples were pelletized in tin capsules. For δ13C, first inorganic carbonates were 

removed by shaking the small aliquot (2–5 g of each sample) with 2 ml of 10% 

hydrochloric acid (HCl) and allowing the suspension to stand overnight. More HCl was 

added to the samples until no further effervescence occurred. The sample was finely 

ground in a mortar and pestle after being dried at 60°C for 48 h. Then the samples were 

pelletized in silver capsules and weighed for analysis with a Sercon Hydra 20-22 Europa 

EA-GSL isotope-ratio mass spectrometer. Stable isotope ratios are reported in standard 

delta (δ) notation per mil (‰) as: δX = [(Rsample/Rstandard)-1]×1000 where X is 13C or 15N 

and R=13C/12C or 15N/14N, respectively. Standard reference materials were PDB limestone 

for C and air was the standard for N (Garzon-Garcia et al., 2017). In this study, in order 

to find the geochemical signatures, a total of 21 chemical elements (Na, K, Mg, Ca, Mn, 

Zn, Al, Cu, Sn, Ni,, Co, Cr, Pt, Pb, As, Hg, Fe, Ag, S, P and Au) were analysed in soils, 

using ICP-OES; Perkin Elmer; Optima 8300, after direct digestion with nitric and 

perchloric acid (Miller, 1998, Haddadchi et al., 2014b). 

4.3.6 Statistical analysis and modelling 

The most discriminative group of geochemical elements ( acid extractable Zn, Pt and S) 

were selected after a stepwise discriminant statistical analysis, and the discriminative 

power of isotopic signatures (δ13C, δ15N) were assessed using paired t-tests for the 

comparisons of data with equal means and variance (Garzon-Garcia et al., 2017, Collins 

and Walling, 2002). The principal component analysis (PCA) was used to separate the 

different land uses using geochemical or isotopic signatures alone or combined 

signatures. Then, for the first time a combination of isotopic and selected geochemical 

properties were modelled with SIAR V4 (Parnell et al., 2010) to evaluate this approach 
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in differentiating the dominant land uses of the Johnstone River catchment by predicting 

the contribution of each land use to the virtual mixture of sources. SIAR was initially 

developed to infer the consumers’ diet by isotopic analysis of sources. However, it has 

recently been widely used in sediment fingerprinting with omission of concentration 

dependency and the enrichment factor (set to 0) within the SIAR model (Dutton et al., 

2013, Koiter et al., 2013). SIAR uses Bayesian mixing models and model fitting with 

Markov Chain Monte Carlo (MCMC) simulations of plausible values consistent with the 

data (n = 30,000) (Parnell et al., 2010). The uncertainty of this approach and the accuracy 

of the SIAR model were tested based on Mean Absolute Error (MAE) for different groups 

of virtual sediment mixtures: 

MAE =
∑ |𝑋𝑗−𝑌𝑗|𝑚

𝑗=1

𝑚
                                (1) 

Where, Xj is actual percentage of sources in virtual mixtures, Yj is the estimated 

contribution of each source (j) and m is the number of sources (m = 4). 

4.4 Results 

4.4.1 Source discrimination 

4.4.1.1 Stable isotopic properties 

The discriminative power of isotopic signatures were tested prior to modelling. In 

combination, δ13C and δ15N discriminate between all the different sources (Table 4.1). 

The δ13C discriminates between all sources (p<0.001), except grazing and sugarcane as 

both of them follow the Hatch-Slack cycle (C4) photosynthetic pathway. In contrast, δ15N 

was just able to discriminate between grazing and sugarcane (p<0.05).  
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Table 4.1 Paired T-Tests results for δ13C and δ15N signatures of the sources (grazing, 

sugarcane, forest and banana). 

Source  n SD Grazing  Sugarcane Forest 

 δ13C (‰)      

Grazing -15.74 5 0.46    

Sugarcane -15.35 5 0.65 -   

Forest -27.42 5 0.40 *** ***  

Banana -23.61 5 0.94 *** *** *** 

 δ15N (‰)      

Grazing 6.66 5 0.97    

Sugarcane 5.17 5 0.84 *   

Forest 6.26 5 1.48 - -  

Banana 5.48 5 1.33 - - - 

(−) not significant, (*) significant at p < 0.05, (**) significant at p < 0.01, (***) 

significant at p < 0.001 

Principal components analysis (PCA) was also used to analyse the potential of δ13C and 

δ15N, as isotopic properties, in discriminating between sources (Figure 4.4-A). The PCA 

plot highlights the distinctive source discrimination achieved for separating C4 plants 

(grazing and sugarcane) and C3 plants (forest and banana). However, it is obvious that 

isotopic signatures have not been able to completely separate sugarcane and grazing from 

each other. The score and loading plots were also used to examine which signature had 

the largest effect on variance of the data. The first principal component largely represents 

the difference between C4 plants (grazing and sugarcane) from C3 plants (forest and 

banana). Discrimination between these two vegetation types was dependent on the 

differences in δ13C among these four land use sources (Table 4.1). The second component 

tends to capture the difference between grazing and sugarcane sources, and largely 

corresponds with discrimination by δ15N, which has formed part of the fingerprint for this 
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catchment. However, this component (δ15N) had a poor discrimination of grazing and 

sugarcane sources for this catchment (Figure 4.4-A).  

 

Figure 4.4 Principal Components Analysis (PCA) plot of isotopic signatures (A), 

geochemical signatures (B) and combined isotopic and geochemical signatures (C) for 

four land use sources (G: grazing, C: sugarcane, F: forest, B: banana) in the Johnstone 

River catchment. 

Therefore, these two isotopic signatures (δ13C and δ15N) in combination provide a good 

discrimination amongst all the sources, however they are not able to completely separate 

C4 plants (grazing and sugarcane) from each other and accordingly more fingerprint 

properties are required before sediment properties can be modelled in the SIAR. 
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4.4.1.2 Geochemical properties 

Statistical analysis of geochemical signatures first involved using the nonparametric 

Kruskal–Wallis H test to identify those fingerprints that are able to significantly 

discriminate between different land uses (Collins and Walling, 2002). In this step, thirteen 

elements (P-values higher than 0.05) failed to exhibit significant differences between 

different sources (Table 4.2). 

Table 4.2 Kruskal–Wallis H-test for identifying significant differences between sources. 

Tracer H-value (Chi-square) P-value 

Na 9.58 0.022* 

K 13.88 0.003* 

Mg 15.55 0.001* 

Ca 13.75 0.003* 

Mn 15.44 0.001* 

Zn 16.23 0.001* 

Al 6.74 0.081 

Cu 5.03 0.170 

Sn 4.78 0.190 

Ni 3.06 0.383 

Co 4.66 0.198 

Cr 0.33 0.954 

Pt 12.77 0.005* 

Pb 3.95 0.267 

As 13.27 0.004* 

Hg 5.25 0.154 

Fe 1.22 0.747 

Ag 3.73 0.292 

S 16.97 0.001* 

P 7.45 0.059 

Au 1.59 0.662 

Pd 1.35 0.717 

*Statistically significant at P < 0.05. 



Chapter 4 

98 

 

Table 4.3 Stepwise Discriminant Function Analysis (DFA) for selecting the most 

discriminant group of elements. 

Step Tracer Wilk's 

lambda 

% of sources classified 

correctly 

Cumulative % of sources 

classified correctly 

1 Pt 0.278 50 50 

2 S 0.121 60 75 

3 Zn 0.065 60 80 

 

 Then, stepwise Discriminant Function Analysis (DFA) was used to identify an optimum 

group of geochemical fingerprints with the highest discriminatory power comprising the 

minimum number of geochemical signatures. The DFA indicated the most discriminative 

group of fingerprints based on the entry or removal of unique signatures from the analysis 

of sources. The selection of this discriminative group is based on the minimization of the 

variability within sources relative to the variability between sources and minimising 

Wilks' lambda (Collins and Walling, 2002). Results of the DFA are used to examine the 

proportion of samples that were accurately classified into the correct source groups. In 

this study Pt, S and Zn were able to assign 80% of the samples to their known sources 

(Table 4.3). 

The PCA plot, demonstrates the first two principal components of geochemical properties 

in differentiating between the four studied sources (Figure 4.4-B). The first two 

components account for 94.8% of the total variance in the source fingerprinting data 

throughout the Johnstone River catchment. Moreover, the PCA score plot highlights that 

the first principal component largely represents the difference between banana and forest 

sources as well as it is responsible for discriminating between grazing and sugarcane land 

uses. Overall, discrimination between these four sources was mainly represented by Pt 

and Zn with a total variance of 62.4% in the first component. In contrast, the second 

component was not able to completely separate forest and grazing sources. This 
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component largely corresponds with discrimination by S and Pt with a total variance of 

32.3% (Figure 4.4-B).  

4.4.1.3 Combined stable isotope and geochemical signatures 

PCA results presented in the Figure 4.4-C shows that a combination of both geochemical 

and isotopic signatures are able to differentiate between all potential land use sources of 

sediments in the Johnstone River catchment. The PCA has revealed two principal 

components with a cumulative variance of 77.3 %. PC1 was responsible for 46.7 % 

variance and is best represented by Pt, Zn and δ15N. These properties can be used to 

separate grazing and sugarcane as well as to discriminate between banana and forest land 

uses. PC2 is best represented by δ13C and S, accounting for 30.6% of total variance. These 

specific properties also had a notable role in differentiating between land uses covered 

with tree species (banana and forest) and other land uses on this catchment (Figure 4.4-

C). 

4.4.2 Accuracy of the combined isotopic and geochemical approach and SIAR 

modelling 

The first group of virtual sediments (Figure 4.5-A), which were created from five 

randomly selected samples from each source with equal proportion of contribution, the 

SIAR model estimates were 24.5% for grazing, 25.5% for sugarcane, 25.1% for forest 

and 24.9% for banana sources with the MAE = 0.3%. In the 5 virtually made sediments 

with 40% proportion of grazing and sugarcane and 10% of forest and banana (Figure 4.5-

B), the mixing model had an estimate of 38.9%, 40.6% 10% and 10.5% for grazing, 

sugarcane, forest and banana sources, respectively. These estimates are 1.1% lower than 

the actual contribution of grazing and 0.6% and 0.5% higher than the actual contribution 

from sugarcane and banana sources, respectively. The estimated contribution from forest 

soil is equal to its actual contribution in virtual sediments.  
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Figure 4.5 SIAR model estimates of the contribution of different sources to each 

group of virtual mixtures (A, B, C, D and E). Mean percent contributions of 

sources to virtual mixtures, as obtained from model outputs, are reported. 

The MAE for the second group of sediments was 0.55%.  In group C including S11 to S15 

virtual mixtures with 10% from grazing and sugarcane and 40% from forest and banana, 

the SIAR mixing model had an estimate of different source contribution to the virtual 

sediments (grazing = 9.8%; sugarcane = 11.5% forest= 40.5% and banana=38.2%) with 
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the MAE=1% (Figure 4.5-C). The estimated contribution for each source in group D (S16 

to S20; grazing=10%; sugarcane = 40% forest = 10% and banana=40%) was 10.8% for 

grazing; 40.3% for sugarcane, 11.4% for forest and 37.5% for banana with the 

MAE=1.25% (Figure 4.5-D).  . In the last category, group E, created mixture of sediments 

with 40% proportion of grazing and forest and 10% of sugarcane and banana (Figure 4.5-

E), the mixing model has an estimate of 36%, 13.2%, 38.4% and 12.4% for grazing, 

sugarcane, forest and banana land uses, respectively. This model underestimated the 

actual contribution of grazing and forest, while the estimated contribution of sugarcane 

and banana were 3.2% and 2.4% higher than the actual contribution of these sources, 

respectively. In this group of sediments the MAE of estimates was 2.8%.  

4.5 Discussion 

4.5.1 Isotopic and geochemical signatures in different land uses 

Results from this study have highlighted the possibility of using combined isotopic and 

geochemical properties for tracing sediments and nutrients sources from catchments 

containing different land uses. In this study, δ13C, δ15N and acid extractable Zn, Pt and S 

were successfully used as complementary signatures in discriminating potential sources 

of sediments and nutrients from different land uses (grazing, sugarcane, forest and 

banana) in the Johnstone River catchment. Results have shown that Zn, Pt and δ15N are 

the key elements that clearly discriminates between the land uses covered by the plants 

with the same photosynthetic system (Figure 4.4-C). It is assumed that a combination of 

both geological properties and management systems on each land use has led to such 

discriminative power for these key elements. For example, a substantial amount of 

different metals (e.g., Cu, Cd, Zn, Pb and Mn) are being transferred into soils by farmers 

through application of chemical fertilisers (Wong, 1985) and pesticides which may be 

present as impurities (Omwoma et al., 2010). For instance, phosphorus fertilisers are 
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considered as the main source of metals and metalloids (e.g. Cd, Mo, Cu, Sr, Th, Ni, and 

Zn) in soils due to the presence of such active compounds in the phosphate rocks which 

are the original materials used for producing phosphate fertilisers (McBride and Spiers, 

2001, Lottermoser, 2009, Carnelo et al., 1997, Nziguheba and Smolders, 2008). The 

enrichment of trace metals such as Zn in sugarcane and banana land uses (Table 4.4) in 

north Queensland could be due to the high rate of fertiliser application on these intense 

agricultural farms over time (Lottermoser, 2009, Omwoma et al., 2010, Lin et al., 2010). 

Table 4.4 Paired T-Tests results for geochemical signatures of sources (grazing, 

sugarcane, forest and banana).  

Source  n SD Grazing Sugarcane Forest 

 Zn (mg.kg-1)      

Grazing 95.34 5 32.77    

Sugarcane 143.86 5 15.09 *   

Forest 72.58 5 14.60 - ***  

Banana 183.60 5 46.14 ** - *** 

 Pt (mg.kg-1)      

Grazing 7.88 5 2.32    

Sugarcane 1.20 5 1.06 ***   

Forest 8.02 5 3.27 - **  

Banana 2.04 5 1.48 *** - ** 

 S (mg.kg-1)      

Grazing 309.04 5 65.61    

Sugarcane 240.28 5 22.39 -   

Forest 415.40 5 103.06 - **  

Banana 405.60 5 54.29 * *** - 

(−) not significant, (*) significant at p < 0.05, (**) significant at p < 0.01, (***) significant 

at p < 0.001 

The abundance of δ15N reflects the effect of management practices of each land use on 

the N cycle processes. For instance, the long term application of different types of 

fertilisers is considered as an effective factor in altering δ15N patterns in different land 

uses (Robinson, 2001, Choi et al., 2003, Antil et al., 2005, Bol et al., 2005). Moreover, 

this pattern reveals more details about the quantitative importance of the main N 
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transformation processes and N losses from different land uses. Indeed, the processes, 

through which the different forms of N (e.g. NH3, N2, NO, N2O, NO3 ) are lost to the 

environment, eventually leading to the enrichment of δ15N in the residual pool (including 

NH4
+, NO3

- and organic N) that remain in the soil (Robinson, 2001, Högberg, 1997). 

Although δ15N has been widely used in different studies as a discriminative factor in 

isotope modelling approaches, it has always been complicated to interpret the abundance 

of δ15N in different land uses (Zhou et al., 2013). It is due to the fact that the discriminative 

power of this signature highly depends on the type and the amount of N input or in other 

words, the N input-output balance in different land uses (Högberg and Johannisson, 

1993).  Researchers have recently examined the effect of long-term application of 

different fertilisers on the δ15N abundance of soil and plant materials (Choi et al., 2003, 

Nakano et al., 2003, Bateman et al., 2005). It has been reported that soil and plant tissues 

in the farms with application of composts and other organic fertilisers are more enriched 

in δ15N compared to those in the farms treated with urea and inorganic fertilisers such as 

ammonium nitrate (Choi et al., 2003, Nakano et al., 2003, Bateman et al., 2005). 

Platinum plays a key role in differentiating between land uses in this study (Table 4.4 and 

Figure 4.4-C). Concentration of Pt group elements in soils mainly depend on geology and 

parent materials, while other biogeochemical factors can also affect the concentration of 

Pt in soils (Mudd, 2012). Microbial communities play a key role on transformation, 

concentration and movement of Pt on the soil surface in different environments (Reith et 

al., 2016). In fact, studies have shown that the soil microbial community composition and 

biodiversity is highly affected by management practices applied on different land uses 

due to the fact that microorganisms have a complex interaction with the environment that 

they reside, and they play a critical role in most of the soil ecological processes (Tian et 

al., 2017). 
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Table 4.4 also shows that land uses covered with trees (banana and forest) are more 

enriched in S compared to other land uses. Figure 4.4-C demonstrates that S (and δ13C) 

are responsible for separating banana and forest land uses from sugarcane and grazing. It 

could be attributed to the critical role of S in nutrition of tree species (Johnson, 1984). In 

fact, S is required in larger quantity for trees, as they need it for the synthesis of amino 

acids. It is reported that there is a strong correlation between S and N in tree tissue, and 

more than 80% of S in tree tissues is used for producing amino acids such as cysteine, 

and methionine (Johnson, 1984). 

4.5.2 Source discrimination and uncertainties in mixing model 

A limitation of fingerprinting research is the difficulty in developing a robust and widely 

applicable source tracing technique by selecting independent properties that are able to 

properly differentiate between sources, followed by a mixing model (Collins and Walling, 

2002). Therefore, the use of artificial mixtures of known contribution of sources has 

gained increasing popularity in recent years and represents an important component for 

the development of the fingerprinting techniques (Haddadchi et al., 2014b, Palazón et al., 

2015). Previous studies have shown that with the uncertainties within the process of 

selecting the proper fingerprints and modelling output, it is recommended to test the 

accuracy and robustness of methods in differentiating among sources and employing 

mixing models prior to applying them to field samples (Brosinsky et al., 2014, Haddadchi 

et al., 2014b). A study on artificial laboratory mixtures where source contributions were 

known revealed high levels of uncertainty in discriminating sources thus suggesting a 

better selection of fingerprinting properties to achieve a better and more robust estimation 

of source contributions by mixing models. (Brosinsky et al., 2014). Moreover, Haddadchi 

et al. (2014b) reported high uncertainties in predicting the contribution of different 

sources to the artificially-made sediments using different mixing models. In their study 
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the modified Hughes and Collins models were evaluated as the most robust and the 

weakest source contribution predictor with the MAE= 5.4% and 28.3%, respectively 

(Haddadchi et al., 2014b). 

In this study the mixing model results are consistent with the PCA results in terms of 

source discrimination. It indicates that the SIAR model is able to give reliable outputs 

based on the new approach in discriminating among different land uses. The relative 

changes in the accuracy of the SIAR model in estimating the contribution of sources to 

the different group of virtual mixtures highlight the importance for selecting the most 

discriminative group of fingerprints in cases when different land uses need to be 

investigated (Figure 4.5). The most accurate estimation by the model was given to the 

group of mixtures with the same contribution from each source (MAE= 0.3%) (Figure 

4.5-A). While the SIAR had the lowest accuracy in predicting the contribution of sources 

to the group E of virtual mixtures (40% contribution from Grazing and forest with 10% 

contribution from sugarcane and banana) with MAE= 2.8% due to the high contribution 

of grazing and forest land uses to this mixture (Figure 4.5-E). Because, on the one hand 

there is a similarity between isotopic signatures of grazing and sugarcane land uses (Table 

4.1), and on the other hand geochemical fingerprints were not able to clearly separate 

forest and grazing sources from each other (Figure 4.4-B). The discriminative power of 

these group of signatures has allowed us to use this approach in tracing the source of 

sediments to the Johnstone River. 

4.6 Conclusions 

This study for the first time demonstrated that a combination of both geochemical (acid 

extractable Zn, S and Pt) and isotopic signatures (δ13C, δ15N) are able to differentiate the 

sources of sediments and particulate nutrients among grazing, sugarcane, forest and 

banana land uses from the samples collected from the Johnstone River catchment.  Zn, Pt 
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and δ15N are the key fingerprints contributing to the discrimination between the 

vegetation with the same photosynthetic systems. Results have also highlighted that S and 

δ13C are responsible for separating banana and forest from sugarcane and grazing land 

uses. The δ13C is considered as a discriminative signature in separating C4 plants (grazing 

and sugarcane) from C3 plants (forest and banana) and S provides another key signature 

in separating tree species (banana and forest) from sugarcane and grazing. This study has 

also demonstrated that SIAR mixing model is able to provide accurate source attributions 

(MAE= 0.3%-2.8%) for virtual mixtures of sources with known contributions of each 

source applying the selected group of fingerprinting properties. It is also necessary to 

make sure that the selected group of signatures, in a sediment tracing study, behave 

conservatively along transport pathways throughout the catchment and potentially in the 

interfaces of freshwater-marine environment to ensure the robustness of the selected 

signatures in tracing the source of sediments and nutrients to the marine environment. 

More examination is necessary to further validate these results including a wider 

distribution of source samples along with examining more vegetative signatures which 

have the potential to differentiate sources of dissolved organic nutrients to the Great 

Barrier Reef lagoon. 
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Chapter 5: Tracing the sources of sediment and associated particulate nitrogen from 

different land uses in the Johnstone River catchment, Wet Tropics, north-eastern 

Australia 

Abstract 

Elevated levels of sediment and nutrients discharged from adjacent coastal river systems 

have threatened the ecosystems of the Great Barrier Reef (GBR), northeast (NE) 

Australia. While research has mainly focused on the impact of agricultural activities on 

the dissolved inorganic nitrogen load of rivers in the Wet Tropics region, the relative land 

use contributions of sediment and particulate nitrogen (PN) are not well understood. The 

main aim of this study is to estimate the contribution of different land uses to the river 

bed sediment, suspended sediment and associated PN delivered to the Johnstone River. 

The bed sediment samples were collected in July 2016, and suspended sediment samples 

were collected during the wet season in 2017 and 2018. All sediment samples were 

analysed for isotopic (δ13C, δ15N) and geochemical (e.g. Zn, Pt and S) properties, 

followed by the SIAR mixing modelling. Results showed that rainforest with 33.1% was 

the main source of both suspended sediment (SD=19.4) and bed sediment (SD=14.5) to 

the Johnstone River estuary. Grazing contributed 18.7% (SD= 13.4) and 25.1% 

(SD=13.9) of suspended and bed sediment in the river estuary, respectively, while banana 

land use accounted for 26.7% (SD=15.2) of the suspended sediments and 20.4% 

(SD=13.2) of the bed sediments delivered to the coast. Sugarcane land use with 21.5% 

(SD=14.5) and 21.4% (SD=13.5) had almost the same contribution in discharging 

suspended and bed sediments, respectively, to the Johnstone River estuary. Considering 

the total catchment area covered by rainforest (52%), the contribution of this land use to 

delivered sediment to the Johnstone River is disproportionately small, while bananas and 

sugarcane land uses had the highest contribution to both bed and suspended sediments 
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delivered to the coast per unit of area. Results in this study are useful to help managers to 

prioritise on-ground activities to improve water quality in the GBR lagoon. 

Keywords: Sediment, Fingerprinting, Mixing models, Particulate nitrogen, Stable 

isotope, Land use. 

5.1 Introduction 

The Great Barrier Reef (GBR) of Queensland, Australia, is the largest protected coral reef 

ecosystem on Earth and is bordered by a catchment of 423,000 km2 (Furnas, 2003). The 

ecosystem of the GBR is threatened by increasing levels of nutrients and sediment 

discharged from adjacent coastal river systems (Brodie et al., 2012). Recent modelling 

has shown that on average 9,398 kt of fine sediment and 48.3 kt of total nitrogen (TN) 

are discharged to the GBR annually, with estimated 7,399 kt and 23.4 kt of these loads, 

respectively, being considered anthropogenic (McCloskey et al., 2017). In order to 

improve the health and resilience of the GBR, the Australian and Queensland 

Governments have implemented the Reef Water Quality Protection Plan designed to 

reduce loads of fine sediment and nutrients (with a specific focus on N) exported to the 

GBR through improved management practices and the development of end-of-basin 

targets for pollutant loads (Department of Premier and Cabinet, 2013).  

The Wet Tropics region contributes a large proportion of TN loads (31%) exported to the 

GBR despite comprising only 5.1% of the total GBR catchment area (McCloskey et al., 

2017, Hateley et al., 2014). Catchment modelling also suggested that the Wet Tropics 

region contributed the highest proportion of both dissolved inorganic N (DIN: 42.5%) 

and particulate N (PN: 31.5%) discharged to the GBR (McCloskey et al., 2017). While 

the enhanced DIN loading has been well-related to losses from fertilised cropping in the 

Wet Tropics region (Bainbridge et al., 2009, Mitchell et al., 2009, Hunter and Walton, 

2008, Hateley et al., 2014), the relative land use contributions of PN are less certain. 
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Recent modelling suggested that the grazing (including dairy and beef: 32%) and 

sugarcane (28%) land uses contributed the highest proportions of PN in the Wet Tropics 

region (Hateley et al., 2014) whereas the available monitoring data place sugarcane and 

rainforest (natural) as the dominant contributors with grazing a comparatively minor 

source of PN (Hunter and Walton, 2008). Ascertaining the key land use sources of PN is 

critical so that management efforts can prioritise investment to reduce loads to the GBR. 

While water quality monitoring has occurred in the basins of the Wet Tropics region to 

determine end-of-river loads (Wallace et al., 2015, Wallace et al., 2016, Garzon-Garcia 

et al., 2015, Huggins et al., 2017) as well as targeted monitoring to examine specific land 

use contributions of fine sediments and PN (Hunter and Walton, 2008, Bainbridge et al., 

2009), further lines of evidence are required to determine the contributions of sediment 

and nutrients from different land uses in the Wet Tropics region. In that regard, the Source 

Catchment Modelling for the region is somewhat constrained by a general lack of 

empirical data to assist with model validation. Recent research has shown that applying a 

combination of stable isotopes (δ13C and δ15N) and geochemical elements (e.g. Zn, Pt and 

S) within the Stable Isotope Analysis in R (SIAR) mixing model can clearly distinguish 

the key land uses (rainforest, grazing including dairy and beef, sugarcane and bananas) in 

the Johnstone River basin of the Wet Tropics region (Bahadori et al., 2019). If this tracing 

approach can be applied to bed and suspended sediments in the Wet Tropics region, then 

another line of evidence can be developed to quantify land use contributions of sediment 

and nutrients in the GBR catchment area. 

The key objective of this study is to quantify the contribution of different land use sources 

(grazing including dairy and beef, sugarcane, rainforest and bananas) to the Johnstone 

River bed and suspended sediments and associated PN. These sources are the dominant 

contributors to sediment and nutrients exported during flow events in this area (Hunter 
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and Walton, 2008, Lewis and Brodie, 2011). In this study, the widely used SIAR mixing 

model is employed to allocate the contribution of each land use source to the mixture of 

sediments collected from both the river bed and suspended in flow events during 2017 

and 2018 based on a novel approach developed to differentiate between sources (Bahadori 

et al., 2019). 

5.2 Methods and materials 

5.2.1 Catchment description 

The Johnstone catchment is located in the Wet Tropics region of NE Queensland covering 

an area of 1602 km2, with relatively dry winters and hot, humid and wet summers (Hunter 

and Walton, 2008).  

 

Figure 5.1 Location of the study region, soil and sediment sampling sites in the 

upper and lower Johnstone catchment as well as the Johnstone River estuary, 

north-east Queensland, Australia (DPI: department of primary industries). 
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Considering the size of this catchment as well as the unequal distribution of land uses 

throughout the catchment, for sampling purpose, the whole catchment was divided into 

three geographical sections consisting of the upper Johnstone, the lower Johnstone and 

the Johnstone River estuary (Figure 5.1).  

The upper Johnstone section is composed of a mixture of different land-uses such as 

grazing pastures, rainforest, sugarcane farms and small townships including Millaa Millaa 

and Malanda (population <3000). The lower Johnstone catchment is dominated by 

sugarcane fields and banana cropping and hosts the townships of Innisfail and South 

Johnstone (population <8000). Overall, the dominant land uses in the Johnstone 

catchment are native rainforest covering around 52% of the area followed by grazing 

pastures (combined beef cattle and dairy) at 20.9%. Sugarcane (14% of area) and banana 

farming (4.3%) are mainly located on the lower section of the catchment, with a few of 

sugarcane farms in the upper catchment. Defence lands comprise 3.5% of the area and 

urban-related land makes up 1.5% of the basin area (other land uses 3.8%) (Lewis and 

Brodie, 2011). The rainfall, which is sometimes intense and associated with tropical 

lows/cyclones and the monsoon, dominantly occurs during the summer-autumn months 

(December to April) where the annual average varies from 1154 mm in the upper 

catchment to 3552 mm at Innisfail in the lower catchment (1881-2019) (BOM, 2019). 

There are two major arms of the Johnstone River: the North Johnstone River headwaters 

start in the north-western part of the catchment, while the South Johnstone River starts in 

the south-western section where both rivers pass through different land uses on their upper 

and lower sections before merging into a single stream at Innisfail (Figure 5.1).  

5.2.2 Soil sampling 

After an extensive literature review, four key land uses including grazing (beef cattle and 

dairy), sugarcane, rainforest and bananas were identified as the most likely contributors 
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to sediment and nutrients exported during flow events in this area (Wallace et al., 2015, 

Hunter and Walton, 2008, Lewis and Brodie, 2011, Hateley et al., 2014).  The main 

challenge in selecting the sampling sites was the unequal distribution of these land-uses 

throughout the Johnstone River catchment. Therefore, a systematic sampling strategy was 

designed to clarify the contribution of different land uses to the bed sediment along the 

Johnstone River with a particular focus on the contribution of each land use to the 

sediments collected from the River estuary. All the sampling sites for grazing and 

rainforest land uses were selected from the upper catchment, as these land uses are 

concentrated within this section of the catchment. Conversely, banana farms were 

sampled exclusively from the lower catchment section as no banana farm exists on the 

upper part of the catchment. Sugarcane sites were selected from both the upper and lower 

catchment sections. Each land use source was sampled at five locations and at each 

location, a composite sample of five points was taken, see (Bahadori et al., 2019) for more 

details. 

5.2.3 River bed and suspended sediment collection 

For bed sediment sampling, it is expected that collected sediment and associated 

particulate organic matter along the Johnstone River reasonably reflect the signatures of 

dominant land uses on each geographical section. All river bed sediment samples were 

collected along the Johnstone River from different geographical sections including the 

upper catchment, the lower catchment as well as the river estuary in July 2016. All 

samples were taken from the top 10 cm using a stainless steel trowel which was regularly 

cleaned with milli-Q water to avoid inter-sample contamination. At each location, a 

composite mixture of 5 sampling points was made to ensure that the collected samples 

were representative of the river sections.  
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Suspended sediment samples were collected from the Johnstone River estuary in January 

2017 and February 2018, during elevated river flow. One suspended sediment sample was 

also collected from the South Johnstone River during elevated catchment flows in 

February 2018, representing a discrete parcel of water/source during the flow hydrograph. 

One of the main analytical challenges in tracing the source of sediments during flood 

events is collecting enough mass of suspended sediments for biogeochemical analyses. 

In this study, the SediPump® system (Stevens, 2018) was utilised to collect the required 

amount of suspended sediment during flood events in 2017 and 2018. In this system, a 

large known volume of water was pumped through a filter cartridge (sediment filter 

cartridge-wound GW011) using a water pump, and then all the sediment retained in the 

filter carousel were either recovered by backwashing into a bucket at each site or for the 

string filter cartridge was cut to release the sediment (Stevens, 2018). The SediPump® 

system allowed us to collect a considerable amount of sediment which enabled us, for the 

first time, to conduct detailed biogeochemical analysis.  

All soil and sediment samples were packed in plastic bags and transported on ice to the 

laboratory for analysis. In total, 20 soil samples from the four different land use sources, 

9 river bed (including 4 samples from the upper catchment, 2 samples from the lower 

catchment and 3 samples from the river estuary) and 3 suspended sediment samples 

(including 2 samples from estuary collected in 2017 and 2018 plume events, and one 

suspended sediment sample from the South Johnstone River) were analysed with 

preparation methods described below.  

5.2.4 Sample preparation and laboratory analyses 

In order to ensure consistency and to facilitate the direct comparison of soil and river bed 

sediments, all the collected samples were air dried, gently crushed using a pestle and 

mortar and then passed through a 63 µm sieve. Prior to this, the collected samples were 
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passed through sequential 4 mm and 2 mm sieves, and all physically visible organic 

fragments such as root and leaf litter were removed from samples. Suspended sediment 

samples were centrifuged upon their arrival at the laboratory to recover as much sediment 

as possible, and then freeze dried prior to chemical analyses. The geochemical properties 

including major, trace and rare earth elements (Na, K, Mg, Ca, Mn, Zn, Al, Cu, Sn, Ni,, 

Co, Cr, Pt, Pb, As, Hg, Fe, Ag, S, P and Au) were analysed in all the soil and sediment 

samples collected using ICP-OES; Perkin Elmer; Optima 8300 after direct digestion with 

nitric and perchloric acid (Miller, 1998). For the stable isotope ratio of nitrogen (δ15N), 

all soil and sediment samples were pelletized in tin capsules. For analysis of δ13C, firstly 

inorganic carbonates were removed by shaking the small aliquot (2–5 g of each sample) 

with 2 ml of 10% hydrochloric acid (HCl) and allowing the samples to stand overnight. 

Further HCl was added as required until no further effervescence occurred. Each sample 

was finely ground in a mortar and pestle after being dried at 60°C for 48 h. The samples 

were then pelletized in silver capsules and weighed for analysis with a Sercon Hydra 20-

22 Europa EA-GSL isotope-ratio mass spectrometer. Stable isotope ratios are reported in 

standard delta (δ) notation per mil (‰) as: δX = [(Rsample/Rstandard)-1]×1000 where X is 13C 

or 15N and R=13C/12C or 15N/14N, respectively (Garzon-Garcia et al., 2017, Bahadori et 

al., 2019). 

5.2.5 Statistical analysis and modelling 

A combination of isotopic and geochemical properties were modelled with stable isotope 

analysis in R (SIAR) V4 (Parnell et al., 2010) to quantify the contribution of different 

land use sources to the bed and suspended sediment of the Johnstone River (Bahadori et 

al., 2019). SIAR uses Bayesian mixing models and model fitting with Markov Chain 

Monte Carlo (MCMC) simulations of plausible values consistent with the data (n = 

30,000). The model outputs include posterior distributions that represent a true 
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probability density for the mixing contribution of the sources and an overall residual term 

(Parnell et al., 2010). Source contributions to both river bed and suspended sediment 

exported from the Johnstone catchment were modelled in SIAR using δ13C, δ15N, Zn, Pt 

and S with omitting concentration dependency and enrichment factor (set to 0) within the 

SIAR model (Bahadori et al., 2019). Then, the relative contributions to PN from the 

different sources were calculated with the SIAR model outputs as follows: 

           %E Sourcei =
𝐸 𝑆𝑜𝑢𝑟𝑐𝑒 𝑖 ×% 𝑐𝑜𝑛𝑡

∑ 𝐸 𝑆𝑜𝑢𝑟𝑐𝑒𝑖 ×% 𝑐𝑜𝑛𝑡4
1

 ×100               (1) 

with %E sourcei being the contribution of source i to PN with i varying from 1 to 4 to 

include all the 4 sources evaluated; E sourcei, the mean PN content of source i obtained 

from elemental analysis of source samples and %cont the mean percent contribution of 

source i to sediment export as obtained from SIAR model outputs. Statistical analyses 

were performed using R.3.0.1 and SPSS 11.0 with statistical significance determined at 

the α = 0.05 level. The propagated standard deviation for each source TN contribution 

was calculated using SGUM (Hall, 2010). In order to find the proportional contribution 

of different land use sources to the exported sediment and PN to the Johnstone River 

estuary, the proportion enrichment (PE) factor was calculated as follow:  

𝑃𝐸 =
%contribution to the river estuary

%land use area
              (2) 

5.3 Results 

5.3.1 Bed sediments in the upper and the lower Johnstone River 

Contributions of different land use sources to the river bed sediment are expected to 

change along the Johnstone River from the upper to the lower catchment, where banana 

and sugarcane farms dominantly exists in the lower catchment, while grazing and 

rainforest land uses cover the main part of the upper Johnstone catchment (Figure 5.1).  
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Figure 5.2-A shows that rainforest was the largest contributor to the bed sediment in the 

upper Johnstone River with a mean sediment contribution of 83.4% (SD=13.2), followed 

by grazing and sugarcane soils with mean sediment contributions of 9.4% (SD=10.2) and 

7.2% (SD=7.5), respectively. As there are no banana farms in the upper Johnstone 

catchment, this source was omitted from the model to avoid any overestimation and 

miscalculation by the SIAR model for the upper catchment (Figure 5.2).  

 

Figure 5.2 Mean percent contributions to exported bed sediments (A) and 

particulate nitrogen (PN) associated with bed sediment (B) to the upper and lower 

Johnstone River catchments from the land uses of grazing, sugarcane, rainforest 

and banana (there was no banana land use in the upper Johnstone catchment). 

Rainforest was not only the dominant source of bed sediment but also was the main 

contributor to the PN (91.7%, SD=9.6) associated with the bed sediment in the upper 

Johnstone River (Figure 5.2-B). This reflects the higher organic matter content of 

rainforest soils compared to the other sources (Table 5.1). Grazing and sugarcane soils 
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only contributed 6.3% (SD=8.2) and 2.0% (SD=1.4) of the PN as attached to the bed 

sediment in the upper catchment, respectively (Figure 5.2-B).  

Towards the lower section of the Johnstone River, the estimated contribution of land use 

sources to the river bed sediment and associated PN changed considerably (Figures 5.2-

A and B). Banana land use was the largest source to the bed sediment in the lower 

Johnstone River with a mean sediment contribution of 31.8% (SD=14.5), followed by 

sugarcane and rainforest soils with mean sediment contributions of 25.2% (SD=12.7) and 

24.8% (SD=14.6), respectively. Grazing with 18.2% (SD=12.6) had the lowest 

contribution of the four major land uses to the river bed sediments of the lower Johnstone 

catchment (Figure 5.2-A). Banana land use contributed 25.4% (SD=1.8) to the PN which 

was the second highest contribution after rainforest land use (43.9%, SD=1.9) in the lower 

catchment. Sugarcane had the lowest contribution to PN in the bed sediments of the lower 

catchment with 11.1% (SD=5.9) whereas grazing lands accounted for 19.6% (SD=6.1) 

(Figure 5.2-B). 

5.3.2 Bed and suspended sediment at the Johnstone River estuary 

Rainforest was the largest source of bed sediment for the Johnstone River estuary with a 

mean sediment contribution of 33.1% (SD=14.5) followed by grazing land use with a 

mean sediment contribution of 25.1% (SD=13.9) (Figure 5.3-A). The mean proportional 

contributions of sugarcane and bananas were 21.4% (SD=13.5) and 20.4% (SD=13.2), 

respectively. The contributions from rainforest (33.1%, SD=19.4) and sugarcane (21.5%, 

SD=14.5) to the suspended sediment delivered to the river estuary were similar to the 

river bed sediments, with  rainforest as the dominant source of suspended sediment during 

the elevated river flows sampled in the wet season (Figure 5.3-A). While the contribution 

of banana farms (26.7%, SD=15.2) to the suspended sediment were higher compared to 

the river bed sediment, grazing lands with 18.7% (SD=13.4) had a lower contribution to 
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the suspended sediments collected during the elevated river flows in the wet season 

compared to the bed sediment collected from the estuary (Figure 5.3-A). 

 

Figure 5.3 Mean percent contributions to exported bed and suspended sediments 

(A) and particulate nitrogen (PN) associated with bed and suspended sediments 

(B) to the Johnstone River estuary from the land uses of grazing, sugarcane, 

rainforest and banana. 

 The trend in the contribution of different land uses to the PN associated with suspended 

sediment discharged to the GBR lagoon were similar to those attached to the river bed 

sediment with rainforest being the main source of PN to both suspended (53.5%, SD=7.3) 

and bed sediment (52.6%, SD=11.4). Sugarcane with 8.6% (SD=1.9) and 8.5% (SD=0.9) 

had the lowest contribution to the PN in the suspended and bed sediments, respectively. 

Grazing lands with 18.4% (SD=5.2) and 24.3% (SD=5.5) were the third and second major 

land use source of PN to the estuary as attached to the suspended and bed sediment, 

respectively (Figure 5.3-B). Banana farms with 19.5% (SD=3.7) had a higher contribution 
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to PN in the suspended sediment compared to the bed sediment (14.6%, SD=7.1) at the 

Johnstone River estuary (Figure 5.3-B). 

5.3.3 Bed and suspended sediments collected from the South Johnstone River 

The modelling results for the suspended sediment sample collected from the South 

Johnstone River next to the Department of Primary Industries (DPI) South Johnstone 

Research Station shows that rainforest was the largest source of suspended sediment for 

the South Johnstone River with a mean sediment contribution of 96.6% (SD=1.6). The 

three other  land use sources including grazing (1.0%, SD= 0.8), sugarcane (1.0%, SD= 

0.7) and bananas (1.4%, SD=1.3) had a low cumulative contribution to the ‘point in time’ 

suspended sediment sample collected from the South Johnstone River during elevated 

river flow in the 2018 wet season (Figure 5.4-A).  

 

Figure 5.4 Mean percent contributions of different land uses (grazing, sugarcane, 

rainforest and banana) to the suspended and bed sediment (A) and particulate 

nitrogen (PN) associated with suspended and bed sediments (B) collected from 

the South Johnstone River next to the DPI (department of primary industries) 

research station. 



Chapter 5 

132 

 

However, the contribution of different land use sources to the bed sediment were 

markedly different from the suspended sediment sample, with bananas being the largest 

contributor (72.6%, SD=12.1) followed by rainforest (24.9%, SD=13.2). Grazing and 

sugarcane sources with 1.3% (SD=0.9) and 1.2% (SD=0.8), respectively, had the lowest 

contributions to bed sediment of the South Johnstone River (Figure 5.4-A). Rainforest 

with 98.5% (SD=2.0) was the largest contributor to the PN associated with suspended 

sediment in the South Johnstone River, while bananas (55.8%, SD=6.3) and rainforest 

(42.4%, SD=5.1) were the main land use sources of PN as attached to the bed sediments 

in the South Johnstone River. The cumulative contributions of other land uses to the PN 

associated with both bed and suspended sediments were less than 2% (Figure 5.4-B). 

5.4 Discussion 

5.4.1 Influences of the upper and the lower catchment land uses on river bed and 

suspended sediments  

Recent Source Catchments modelling has revealed that river bank and hillslope erosion 

are mainly responsible for supplying bedload and suspended sediment to the Wet Tropic 

region including the Johnstone River catchment (McCloskey et al., 2017, Hateley et al., 

2014). The contribution of different land uses to the PN and sediments in streams are 

highly influenced by the proportion of different land uses covering the upstream 

catchment (Bartley et al., 2017). Hence, the higher contribution of rainforest and grazing 

sources to the process of generation and deposition of bed sediment to the upper part of 

the Johnstone River is attributed to dominance of these two land uses in the upper 

Johnstone catchment (Figure 5.2-A). In the lower Johnstone catchment, increased areas 

of sugarcane and banana crops explain their increased contributions to bedload sediment 

in the lower Johnstone catchment with relatively smaller contributions of sediment and 

PN from the other sources predominately located on the upper catchment. The relatively 
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low contribution of grazing land use in bed sediment in the upper Johnstone River may 

be explained by the high levels of grass cover typically observed in beef and dairy 

pastures throughout the year in the Johnstone catchment (Hunter and Walton, 2008). This 

is in contrast to the other GBR catchments situated in the Dry Tropics region where the 

grass cover dramatically reduces during the dry season (Kuhnert et al., 2012). 

The contribution of different land uses to the sediment delivered to the estuary is of the 

greatest interest to guide catchment management programs that aim to reduce sediment 

and PN delivery to the GBR lagoon. In this study, results showed that rainforest was the 

main source of both suspended and bed sediments to the river estuary which is consistent 

with the result reported by Hunter and Walton (2008) (Figure 5.3-A). Moreover 

contributions of bananas and sugarcane farms to suspended sediments at ‘point in time’ 

samples were higher than their contributions to river bed sediments, while grazing had 

moderately higher contributions to river bed sediments compared to the suspended load 

(Figure 5.3-A). This could be attributed to the effect of agricultural practices and 

management systems (tillage, row cropping etc.) on sugarcane and banana farms on 

generation and transportation of fine particles through sheet and rill erosion (Hateley, 

2014). In addition, banana and sugarcane farms are largely concentrated in the basalt 

geologies of the catchment area which would produce relatively finer sediment particles 

which in turn would be preferentially transported through the catchment largely in 

suspension (McCulloch et al., 2003). Alternatively, the ‘point in time’ suspended 

sediment samples may have been collected when the flow passing through the system 

was predominantly concentrated in these land use areas. 

The 46 ha South Johnstone Research Station is located 10 km south-west of Innisfail, 

North Queensland. It is situated on low hills on Barron River Metamorphic rocks with 

banana plantations and dominantly surrounded by rainforest on the western side (Heiner 
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and Smith, 1990) (Figure 5.1). This site could be considered as the point that land use 

changes from the intact world heritage area to agricultural farms. It is clear that the bed 

sediment collected from the South Johnstone River (next to the DPI Research Station) 

has shown the signatures of banana farms, representing runoff from cropping lands 

combined with a small contribution of sediment and PN from rainforest land use located 

on the upper catchment (Figures 5.4-A and B). However, during the elevated river flow 

in the wet season, suspended sediment collected at a ‘point in time’ of flow from the 

South Johnstone River dominantly carried the signatures of rainforest land use (Figures 

5.4-A and B). In fact, the suspended sediment in the South Johnstone River was collected 

over a 2-hour period when water flowing through the river at that time came mostly from 

the rainforest part of the catchment. Hence, in contrast to the bedload, suspended 

sediments in that water would expect to reflect a predominant rainforest signature 

(Figures 5.4-A and B). These results are further line of evidence to show the 

discriminative power of the selected group of elements in differentiating between sources, 

and the suitability of the SIAR mixing model to quantify the contribution of different 

sources in delivering sediment and PN to the Johnstone River estuary (Figure 5.1) 

(Bahadori et al., 2019).  

5.4.2 Aggregated effects of land uses on bed sediment, suspended sediment and 

associated particulate nitrogen export to the Johnstone River estuary 

The modelling and monitoring results have already revealed that some land uses in the 

GBR catchment have much higher flux contributions (i.e. kg. Ha-1) of sediment and 

particulate nutrients (DERM, 2011b, McCloskey et al., 2017, Hateley et al., 2014, Hunter 

and Walton, 2008). It has been attributed to the differences in land use and land 

management practices, as well as the natural features and environmental factors in 

different areas with similar land uses (DERM, 2011b, Hunter and Walton, 2008). 
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Therefore, it is necessary to find and prioritize the land uses with higher rates of 

contaminant loads moving off-site, and to adopt the land management practices with the 

key environmental characteristics in different land uses.  

In this study, similar to suspended and bed load sediments to the Johnstone River estuary, 

PN associated with these sediments are also dominantly sourced from native rainforest 

(Figure 5.3-B). This relatively large contribution of the rainforest source to sediment and 

PN is due to its larger coverage area of the Johnstone catchment (52%) as well as the 

higher organic matter content in rainforest soils compared to other sources (Table 5.1). 

Despite that, the contribution of rainforest is disproportionately small by land use area, 

since this land use covers 52% of the catchment land area.  

Results show that, rainforest and grazing had the lowest proportional enrichment (PE) in 

the bed and suspended sediment delivered to the Johnstone River estuary. Importantly, 

once PE was factored, bananas and sugarcane had the highest contribution to both bed 

and suspended sediment delivered to the coast (Table 5.1). These results are consistent 

with results reported by Hunter and Walton (2008) regarding the influence of different 

land uses on the fluxes of sediment and nutrients from the Johnstone catchment. They 

highlighted that the relative influence of land uses differ from those estimated on a unit 

area basis. According to their results, although rainforest had the highest contribution to 

the mean annual fluxes of suspended sediment and nitrogen, this land use had a 

disproportionally small contribution to the generated suspended sediment per unit of area 

covered by this land use. By contrast, banana and sugarcane farms had higher 

contributions per unit of area.
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Table 5.1 Total organic carbon (TOC) and total nitrogen (TN) content of soils collected from different land uses in the Johnstone catchment with 

standard deviation (STDEV) reported in parentheses, and the proportion enrichment (PE=%contribution to the river estuary / %land use area) for 

the contribution of different land uses to suspended sediment, bed sediment and associated particulate nitrogen (PN) collected from the Johnstone 

River estuary. 

 

Land use Land area 

(% total) 

 

%TOC 

(STDEV) 

%TN 

(STDEV) 

Proportion enrichment (PE) 

(%contribution to the river estuary / %land use area) 

 

  Bed sediment PN 

(associated with bed 

sediment) 

  Suspended 

sediment 

PN 

(associated with 

suspended sediment) 

        

Grazing 20.9 4.1 (1.1) 0.3 (0.1) 1.2 1.2 0.9 0.9 

Sugarcane 14.0 1.9 (0.6) 0.1 (0.0) 1.5 0.6 1.5 0.6 

Forest 52.0 7.3 (1.6) 0.5 (0.1) 0.6 1.0 0.6 1.0 

Banana 4.3 3.3 (1.2) 0.2 (0.1) 4.7 3.4 6.2 4.5 
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The sustainability of farmlands and their impact on downstream water quality are highly 

related to the crop type, the specific nature of cultivation, the slope/contour of the paddock 

and also the management systems applied on such areas including N fertiliser regimes 

(Arnhold et al., 2014). The severity of the erosion on a farmland is controlled by root 

system and also the extent that vegetation types protect their soil from the impact of runoff 

and raindrops (Arnhold et al., 2014). The row-cropping system in the banana farms results 

in a high ratio of exposed ground to raindrops and runoff and can lead to considerable 

erosion management challenges on this land use (Armour et al., 2013). To address this 

issue, a plantation design needs to be considered to provide a favourable condition for 

soil protection and also to ease the access for harvest and farm operations. In cases where 

a banana farm is located on gentle slopes, it is recommended to use a “grassed inter-row” 

system. This system provides benefits such as retaining soil cover, building up soil 

organic matter and allowing nutrient cycling by concentrating litter and trash between the 

rows (Akehurst et al., 2008, Bagshaw and Lindsay, 2009). In a similar manner, the 

sugarcane industry has taken effective actions towards minimal tillage systems and also 

trash blanketing methods in order to reduce soil erosion rate and the delivery of sediment 

to the rivers (Rayment, 2002, Prove et al., 1995). Despite that, the mean erosion rate from 

sugarcane land use is 1.2 t/Ha/yr which is the second highest rate after bananas with 1.8 

t/Ha/yr (Hateley et al., 2014). 

In order to determine the further causes of such high PE (table 5.1) in agricultural farms 

(sugarcane and bananas) in the Johnstone River catchment, it is also important to consider 

the environmental characteristics in the area covered by sugarcane and banana farms in 

parallel with the current land management practices that are being used on these land uses 

(Liu et al., 2018, Chang, 2008). Soils that are susceptible to erosion may not actually 

erode under an effective management system, while a poor management practice may 
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lead to a high rate of erosion in a soil with a lower inherent erosion potential (DERM, 

2011b, Rose, 2017). For instance, it is critical to consider the suitability of lands for 

intensive agricultural systems, and the way that soil erosion can affect the productivity of 

agricultural farms, as much as it may impact the water quality downstream (DERM, 

2011b, McDowell et al., 2018).  Although much of Queensland’s horticulture occurs on 

flat alluvial soils of the narrow coastal plain where erosion risk is relatively low, some 

agricultural farms are located on slopes and foothills that are vulnerable to water erosion 

(DERM, 2011b, Carey et al., 2015). Some of these intensive agricultural farms and a 

major part of land uses on the upper Johnstone catchment (rainforest and grazing) are also 

located on red ferrosols associated with volcanic landscapes (Hunter and Walton, 2008). 

Basaltic soils such as red ferrosols are well known for having developed structures and 

physical characteristics that are less susceptible to water erosion compared to other soil 

types on the comparable slopes and vegetation types (DERM, 2011a). Although 

significant rainfall usually occurs throughout the year in the Johnstone catchment, 

intensive rainfall events associated with low pressure systems and the monsoon 

dominantly occur during the summer months and they are not evenly distributed over the 

whole catchment (Hunter and Walton, 2008). The mean annual rainfall of 1154 mm has 

been reported for the upper Johnstone catchment, while the Innisfail station in the lower 

Johnstone has recorded an average rainfall of 3552 mm on the coast (1881-2019) (BOM, 

2019). Therefore, environmental factors such as spatial rainfall distribution should be 

taken into account for interpreting the main causes of higher PE in the sugarcane and 

banana land uses (the lower catchment) compared to the rainforest and grazing sources 

(the upper catchment) (Table 5.1). 
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5.4.3 The strengths and limitations of the novel approach of combined isotopic and 

geochemical signatures and SIAR mixing model 

The Australian and Queensland Governments have recently released an update of the 

Reef 2050 Plan to provide a long-term sustainability framework to protect and manage 

the GBR until 2050 (Australia, 2018). This comprohensive plan highlights the actions 

that need to address the key threats to this area, and also to the health and resilience of 

the GBR in the face of different environmental and anthropogenic pressures. The Reef 

Water Quality Protection Plan is one of the main themes of this long-term plan which 

aims to improve agricultural management practices by developing a conceptual 

understanding of the link between land condition, management practice standards and 

water quality outcomes (Government, 2018). In this context, identifying the main land 

use sources of sediment in a catchment is a key requirement for the application of targeted 

mitigation measures.  

Several studies have used isotopic signatures to differentiate between subsoil and topsoil 

as the potential sources of sediment and particulate nutrients to the rivers (Garzon-Garcia 

et al., 2017, Laceby et al., 2016, Mukundan et al., 2010). However, these signatures alone 

are not able to differentiate the land uses covered with the plants that follow the same 

photosynthetic pathways (grazing and sugarcane as C4, and rainforest and bananas as C3 

plants). Bahadori et al. (2019), for the first time developed a novel approach of combined 

isotopic and geochemical properties for discriminating between different land uses as 

well as estimating the contribution of each land use to sediment and particulate nutrients 

using the SIAR mixing model. This new tool enabled us to have a discriminative group 

of signatures for the SIAR mixing model to estimate the contribution of different land 

uses (grazing, sugarcane, rainforest and bananas) in delivered sediment and PN to the 

Johnstone River. It provides a useful tool for the GBR authorities to fulfil their catchment 
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management targets in reducing diffuse source pollution and minimising the risk to the 

GBR from a decline in the quality of water entering the reef from adjacent catchments. 

In order to limit particle size effects on the tracers used for fingerprinting, the <63 µm 

fraction of soil and sediment was used for measuring isotopic and geochemical signatures 

in this study. Analysing the <63 µm fraction is the most common practice in published 

fingerprinting studies as the dominant proportion of fluvial suspended sediment loads is 

represented by this size fraction (Collins et al., 2017). However, some variability in the 

concentration of different signatures can still exist within the <63 µm fraction (Hatfield 

and Maher, 2009, Pulley and Rowntree, 2016). Alternatively, a narrower particle size 

fraction (<10 µm) has been suggested in other studies to reduce the impact of particle size 

variability in the traced fraction (Collins et al., 2017). Although the selection of this 

narrower particle size has benefited when providing more robust source discrimination 

(Haddadchi et al., 2015, Laceby and Olley, 2015), the finer fractions are more 

geochemically active and more susceptible to transformation, with non-conservative 

behaviour during transport (Collins et al., 2017). 

In order to have an accurate estimation of the contribution of different sources in sediment 

and PN delivered to a river system, it is fundamental to obtain representative samples of 

suspended sediment. It is well known that a bulk of the suspended sediment transported 

in Tropical River systems occur within a short time of high rainfall during the wet season. 

Therefore, there is a need to focus sampling activity on the main periods of suspended 

sediment transport. In this context, individual instantaneous sediment samples collected 

at the elevated flow event can be assumed to be representative of sediment transported 

during a longer period (Phillips et al., 2000). The results of this exploratory study show 

the potential of a single flood event in representing of sediment originating from a large 

spatial area of the catchment.  

https://www.sciencedirect.com/topics/engineering/size-effect
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sediment
https://www.sciencedirect.com/topics/engineering/common-practice
https://www.sciencedirect.com/topics/engineering/suspended-sediment
https://www.sciencedirect.com/topics/social-sciences/statistical-dispersion
https://www.sciencedirect.com/topics/social-sciences/discrimination
https://www.sciencedirect.com/topics/social-sciences/transformation
https://www.sciencedirect.com/topics/social-sciences/transport
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5.5 Conclusions 

This study has provided a quantitative estimation on the contribution of different land 

uses (grazing, sugarcane, rainforest and bananas) to the sediment and PN discharged to 

the GBR through the Johnstone River in the Wet Tropics region of north-eastern 

Australia. Rainforest was the dominant source of sediment and PN to the Johnstone River, 

while intensive agricultural farms (bananas and sugarcane farms) had the highest rates of 

sediment and PN delivered to the Johnstone River estuary per unit of area. These results 

highlight the required investigations and improvement in the current land-management 

practices and provide useful information for managers to fulfil their targets to improve 

the water quality in the GBR by 2050. In particular, this study highlights the importance 

of adopting the current best management practices in the intensive agricultural farms 

where the high rates of soil erosion result in several water quality issues downstream in 

the GBR lagoon, although the type and scale of our sampling did not permit us to identify 

the key erosion processes that export the sediment from these land uses. Further 

investigations are also required to examine more vegetative signatures which have the 

potential to differentiate sources of dissolved organic nutrients to the GBR lagoon. 
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Chapter 6: Evidence for the origin and fate of organic matter in the Great Barrier 

Reef 

Abstract 

The Great Barrier Reef (GBR) marine and terrestrial ecosystems are connected via 

transfers of sediment and nutrients in river discharges. Organic matter constitutes an 

important fraction of marine and freshwater sediments. The nature of organic matter in 

sediments is related to the origin of organic matter, as well as the impact of local 

environmental factors in different ecosystems. In this study solid-state 13C cross 

polarisation magic angle spinning nuclear magnetic resonance (13C CPMAS NMR) and 

isotopic signatures (δ13C and δ15N) were employed to determine the origin of organic 

matter and to assess the changes in the chemical composition of organic fractions 

associated with mineral particles during their transportation from different catchments 

(Johnstone, Tully and Burdekin) into the marine ecosystem of the GBR, Queensland, 

Australia. Results showed that the proportion of carbon existing as aromatic and 

carbohydrate (di-O-alkyl and O-alkyl) were high in organic fractions associated with 

sediments in the freshwater. This is distinctive for vascular plants. However, the organic 

matter of sediment became more enriched in nitrogen (N) and aliphatic compounds as 

they progress toward the marine environment. The increase in the N and alkyl-C  is due 

to biological recalcitrance of terrestrially derived organic, although it is also attributed to 

the biological capability in mineralising organic nutrients during its transportation 

towards the marine ecosystem. Results from both isotopic and chemical composition of 

organic fraction, suggested that the dominant part of organic matter in the GBR lagoon 

are most likely produced locally by marine phytoplankton and these organisms get 

continously stimulated by the influx of the riverine nutrients. Eventually, the relative 

contribution of terrestrial and marine source materials, and the extent of physical 
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protection provided by mineral fraction, define the character of sedimentary organic 

matter in the marine ecosystem. 

Keywords: Terrestrial, Organic matter cycling, GBR, Marine ecosystem, Sediment. 

6.1 Introduction 

The ecosystem of the Great Barrier Reef (GBR) is threatened by different environmental 

and anthropogenic factors (Hunter and Walton, 2008, Fabricius et al., 2005, Brodie et al., 

2012). The reasons are complex and not completely understood, but increasing siltation 

and turbidity, caused by enhancing level of sediments and nutrients discharged into the 

GBR from adjacent catchments alongside with other environmental factors, such as 

global warming and cyclones, are considered to be the major causes of local degradation 

of coral reefs (Lewis and Brodie, 2011, Bainbridge et al., 2009, Wilkinson, 1999, 2014, 

Hughes et al., 2017). Moreover, algal blooms and eutrophication caused by the nutrient 

enrichment in the GBR lagoon, and also extreme climate change, have slowed the 

regeneration of coral reefs (Hughes et al., 2017, Hoegh-Guldberg, 1999, Wilkinson, 1999, 

Fabricius et al., 2005). Algae, in particular, has widely been considered one of the main 

contributors to reef degradation (Miller and Hay, 1998, McCook, 1999). They 

successfully compete with corals for space and light due to increased nutrient availability 

and decreasing herbivory (McCook et al., 2001). 

The amount of sediments discharged to the GBR from the adjacent catchments (with a 

total area of 426, 000 km2) have increased ~5.5-fold since European settlement (Kroon et 

al., 2012, Bainbridge et al., 2016). While only a fraction of the total sediments discharged 

to the rivers’ mouth are likely to reach the coral reefs, these fine particulates and 

associated nutrients are the most detrimental terrestrial pollutants that can affect the 

ecological balance in the GBR lagoon (Bainbridge et al., 2012, Lewis et al., 2014). 

Therefore, it is important to identify the main sources of these fine suspended sediments 
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in the GBR catchments and to gain a better understanding of how these sediments and 

their associated organic matter (OM) are generated and what biogeochemical processes 

they undergo during their transportation through the catchments and their subsequent 

dispersion within the GBR coastal waters (Bainbridge et al., 2016, Baldock et al., 2004).  

Due to the complex biogeochemical processes that OM are undergoing at the interface of 

the terrestrial-freshwater-marine environments (hot spots), during their transportation 

from catchment to reef, it has always been challenging to find the origin of OM in the 

marine environment (Zhou et al., 2006). There are three main sources of OM associated 

with estuarine sediment, including terrestrial detritus, river-born and marine inputs. 

Terrestrial run-off are the primary origin of OM, while algae, bacteria and phytoplankton 

are locally responsible for supplying OM to the rivers and coastal environments (Zhang 

et al., 2015, Meyers, 1994, Watanabe and Kuwae, 2015). Before taking any steps in 

evaluating the ecological effects of OM on the GBR lagoon, it is crucial to identify the 

main origin of OM within the marine environment. The OM originated from the upstream 

catchments are mainly made of carbohydrate (di-O-alkyl and O-alkyl) and aromatic 

compounds such as lignin. Both these OM are nitrogen (N) poor and aromatic materials 

are also resistant to degradation, however, biologically synthesized OM in the marine 

environments are mainly rich in nitrogen, because they are recycled and synthesized by 

N-rich microorganisms (Golding et al., 2004, Sanderman et al., 2015, Meyers and Lallier-

Vergès, 1999). Considering the differences between the characteristics of biologically 

synthetized and terrestrially-derived OM, solid-state 13C cross polarisation magic angle 

spinning nuclear magnetic resonance (13C CPMAS NMR), stable C and N isotope 

analysis (δ13C and δ15N) and C/N ratio have widely been used to differentiate between 

the marine and terrestrial origins of OM in the coastal area (Golding et al., 2004, Meyers, 

1994, Watanabe and Kuwae, 2015, Sanderman et al., 2015). In this study, we have 
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examined the potential connection between the biogeochemical signatures of freshwater 

sediments collected within the three catchments of the GBR (the Johnstone and Tully 

catchment in Wet Tropics, and Burdekin catchment in Dry Tropics regions) during the 

flood plume events with marine sediments collected from sediment traps located off the 

shoreline of the Burdekin (Dry Tropics) and Tully (Wet Tropics) catchments. We also 

aimed to evaluate the changes in the composition of OM through the hot spots (terrestrial-

freshwater-marine environment interfaces) from catchment to reef using 13C CPMAS 

NMR, stable isotope analysis (δ13C and δ15N) with a specific focus on the main origin of 

OM in the fresh water and marine environments. 

6.2 Methods and materials 

6.2.1 Catchment description 

The area adjacent to the GBR lagoon is composed of thirty-five catchments covering an 

area of approximately 424,000 km2. All these catchments are situated in a wide range 

climate across more than 1500 km of the Queensland shoreline including tropical and 

subtropical climates (Authority, 2014). Therefore, a variety of climatic differences, within 

and between catchments is expected. This results in a variety of geological, hydrological 

and rainfall patterns within the different catchments. Consequently, loads of pollutants 

originating from the different catchments will not be the same for all catchments each 

year (Furnas et al., 1997, Devlin and Brodie, 2005, Joo et al., 2012, Smith et al., 2012, 

Turner et al., 2012). There are a variety of land uses within the GBR catchments including 

horticulture (e.g. bananas), native forest and other cropping (e.g. sugarcane). However, 

grazing accounts for the majority of land use in these GBR catchments. Within the Wet 

Tropics region catchments, including Tully and Johnstone catchments, a large area has 

been set aside for conservation and forestry purposes. Sugarcane mostly can be seen on 

the coastal area, while the western parts of this region are dominated by grazing (beef and 



Chapter 6 

153 

 

dairy grazing) land uses. There is minor horticulture (e.g. banana) on the coastal flood 

plains of the Wet Tropics region (Carroll et al., 2012).  

 

Figure 6.1 The Great Barrier Reef (GBR) catchments including Wet tropics 

(Johnstone and Tully catchments), and Dry Tropics (Burdekin catchment) as well 

as sediment traps locations along the shoreline. 

The Burdekin River catchment is situated in the dry tropics (catchment area 133,432 km2) 

and receives an average rainfall of ∼900 mm annually (Cavanagh et al., 1999, Bainbridge 

et al., 2012). The majority of the rainfall is related to the cyclone activity and mainly 

occurs between January and April. As this rainfall usually occurs with high intensity, it 

causes flash flood plumes. Plumes are followed by a period of low rainfall with little 

surface flow. Additionally, the precipitation are not evenly distributed on the entire 

catchment area. For example, it is quite common to see that a large part of this catchment 

is relatively dry, while restricted areas receive frequent rainfall (Amos et al., 2004). There 

are different geological structures on different parts of the Burdekin catchments; 

including sedimentary rocks in the southern part, Palaeozoic rocks in the northern and 

central parts and also other geological structures including basalts and alluvial in the other 

parts of this catchment (Amos et al., 2004, Fielding et al., 1999). The Burdekin River with 
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25% of the total annual discharged load, is considered as the main source of suspended 

sediment for the GBR lagoon (Bainbridge et al., 2012, O’reagain et al., 2005). Given that 

the majority of this catchment is covered by grazing pastures (92%), management of this 

land use is believed to play a critical role in controlling sediment and nutrients delivered 

to the coastal area through soil loss and runoff (Roth et al., 2003).  

6.2.2 Soil sampling 

Soil samples were collected from the Johnstone catchment, situated in the wet tropics- 

northeast Queensland, Australia. Four potential sources were identified and sampled in 

July 2016, including grazing and sugarcane, which are classified as C3 plants, and also 

land uses covered by C4 plants including rainforest and banana. These sources were 

selected after an extensive literature review (Lewis and Brodie, 2011, Hunter et al., 2001, 

Wallace et al., 2015) and field investigations.  

For soil sampling, locations were selected throughout the catchment. Grazing and 

rainforest samples were all collected from the upper catchment, while banana samples 

were collected from lower catchment. Sugarcane soil samples were collected from both 

the upper and lower Johnstone catchment. Sampling locations for different sources were 

selected using maps prepared by ArcGIS (10.0). Soil samples were collected from surface 

soil (0-10 cm), with an auger, after vegetation was removed. Each source was sampled at 

five locations. At each location, a composite sample of five points was taken. All samples 

were taken using a stainless-steel trowel. At each location, five replicates were 

composited for analysis. All soil samples were packed in plastic bags and transported on 

ice to the laboratory for analysis (more details of sampling points are presented in chapters 

4 and 5). 
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6.2.3 Sediment sampling 

Flood plume sediments were collected along the salinity gradient transect of the 

Johnstone, Tully and Burdekin rivers’ estuary in January and February 2018. In this study, 

we used a SediPump® system to collect the required amount of sediments during flood 

plume events in 2018. In this system, a known volume of water was pumped through a 

filter cartridge using a water pump, sediments collected in the filter carousel were then 

recovered by backwashing into a bucket at each site (Stevens, 2018). The SediPump® 

system allowed us to collect a notable amount of sediment compared to other sampling 

systems, and this enabled us to have more detailed biogeochemical analysis on plume 

sediment samples. 

 

Figure 6.2 sediment trap (Sedisampler®) for collecting resuspension samples 

(Stevens, 2018) (Image: Ian McLeod). 

In order to collect suspended sediment in resuspension events, the sediment traps (Figure 

6.2) (Sedisampler®) (Stevens, 2018) were designed and installed in the Cleveland, Halifax 

and Rockingham Bays along the longitudinal gradient across the inner GBR shelf from 

the Burdekin River mouth and at the Dunk Island site in the path of the Tully River 

(Figure 6.1). These newly designed sediment traps allowed us to capture individual 

resuspension events in the Tully and Burdekin Rivers triggered by weather, winds and 
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other environmental conditions. A total of nine sites were established in the Burdekin 

rigion (Dry Tropics) including Middle Reef (off Townsville), Cleveland Bay, Orchard 

Rocks (Magnetic Island), Geoffery Bay and Florence Bay were selected in the Cleveland 

Bay region as well as Orpheus Island, Pelorous Island and Havannah Island in Halifax 

bay region. These sites enabled us to capture the re-suspended sediments during the big 

flood plumes across the Burdekin River catchment. A further sediment trap was also 

installed and continuously deployed in the Rockingham bay (Dunk Island) site to collect 

the Tully River inputs into the region during the re-suspension events. These samples 

were considered representative of the Wet Tropics region sediments. Every sediment trap 

was surrounded by a nephelometer which measures turbidity, sea pressure, light, 

temperature and modified deposition, and a current meter, which measures current speed 

and direction. 

6.2.4 Geochemical and isotopic analysis 

The plume and trap sediments were centrifuged upon arrival at laboratory to recover as 

much sediment as possible from the buckets, and then were freeze dried prior to chemical 

analyses. Geochemical properties such as major, trace and rare earth elements (Na, K, 

Mg, Ca, Mn, Zn, Al, Cu, Sn, Ni,, Co, Cr, Pt, Pb, As, Hg, Fe, Ag, S, P and Au) were 

analysed in the plume sediments collected from the Johnstone, Tully and Burdekin Rivers 

and also sediments collected from sediment traps located off the coast of the Burdekin 

(Middle Reef, Cleveland and Orchard Rocks) and Tully (Dunk Island) catchments using 

ICP-OES; Perkin Elmer; Optima 8300 after direct microwave-assisted digestion with 

nitric acid (Sandroni and Smith, 2002). 

For the stable isotope ratio of nitrogen (δ15N), all soil and sediment samples were 

pelletized in tin capsules. For δ13C, first inorganic carbonates were removed by shaking 

the small aliquot (2–5 g of each sample) with 2 ml of 10% hydrochloric acid (HCl) and 
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allowing the suspension to stand overnight. Further HCl was added as required until no 

further effervescence occurred. The sample was finely ground in a mortar and pestle after 

being dried at 60°C for 48 h. Then the samples were pelletized in silver capsules and 

weighed for analysis with a Sercon Hydra 20-22 Europa EA-GSL isotope-ratio mass 

spectrometer. Stable isotope ratios are reported in standard delta (δ) notation per mil (‰) 

as: δX = [(Rsample/Rstandard)-1]×1000 where X is 13C or 15N and R=13C/12C or 15N/14N, 

respectively. Standard reference materials were PDB limestone for carbon and air was 

the standard for nitrogen.  

6.2.5 Analysing the composition of organic matter in soil and sediment samples using 

solid-state 13C CPMAS NMR spectroscopy 

Hydrofluoric acid (HF) pre-treatment and 13C CPMAS NMR spectroscopic analysis of 

soil and sediment samples were described in detail in chapter 2 (2.2.5). 

6.3 Results 

6.3.1 Geochemical connection between plume and sediment trap samples 

Plume sediments collected from the Johnstone, Tully and Burdekin River estuaries were 

analysed for geochemical properties to identify the most discriminative group of elements 

for differentiating among plume sediments originating from these rivers. First, the 

nonparametric Kruskal–Wallis H test was employed to find the geochemical elements 

that are able to significantly differentiate among plume sediments discharged from the 

Johnstone, Tully and Burdekin Rivers (Collins and Walling, 2002). In this step, ten 

elements (P-values lower than 0.05) were significantly different between the plume 

sediments collected from different rivers (Table 6.1). Then, a stepwise Discriminant 

Function Analysis (DFA) was used to find the most discriminant group of geochemical 

elements comprising the minimum number of signatures (Table 6.2). The selecting 

process of DFA is based on the minimization of the variability within sources, relative to 
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the variability between sources (minimising Wilks' lambda), by the entry or removal of 

unique signatures from the analysis of sources (Collins and Walling, 2002).  

Table 6.1 Kruskal-Wallis H-test for geochemical elements that are able to significantly 

differentiate among plume sediments collected from the Johnstone, Tully and Burdekin 

Rivers. 

Tracer H-Value 

(Chi-square) 

P-value Tracer H-Value 

(Chi-square) 

P-value 

K 6.133 0.047* Ni 6.533 0.038* 

Ca 6.533 0.038* Ti 4.573 0.102 

Na 1.493 0.474 Al 2.160 0.340 

Mg 6.133 0.047* Co 5.693 0.058 

Li 0.133 0.936 Ba 6.533 0.038* 

As 0.773 0.679 Zn 4.293 0.117 

Cd 5.693 0.058 Mn 5.040 0.080 

Pb 4.200 0.122 Cr 6.533 0.038* 

B 3.773 0.152 Sb 4.293 0.117 

Gd 1.373 0.503 P 6.533 0.038* 

Be 6.533 0.038* S 6.000 0.050* 

Ga 3.333 0.189 Fe 5.040 0.080 

Ce 6.533 0.038* Au 0.240 0.887 

Cu 4.293 0.117 Pd 0.573 0.751 

*significant difference (P-values lower than 0.05). 

The selected elements were then examined to show their discriminative power in 

differentiating between sediments delivered to the GBR lagoon through different rivers. 

Results indicated that Cr, K, Ca and Be were able to accurately classify 100% of plume 

sediments to their correct river sources (Table 6.2). 
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Table 6.2 Stepwise Discriminant Function Analysis (DFA) for selecting the most 

discriminant group of geochemical signatures in the plume sediments collected from the 

Johnstone, Tully and Burdekin Rive estuaries. 

Step Tracer Wilk’s lambda Percent of sources 

classified correctly 

Cumulative percent of 

sources classified correctly 

1 Cr 0.045 100 100 

2 K 0.002 89 100 

3 Ca 0.000 89 100 

4 Be 0.000 100 100 

The PCA plot, showing in Figure 6.3, demonstrates the first two principal components of 

the geochemical properties for differentiating among plume sediments collected from the 

three river estuaries. The first two components account for 94.7% of the total variance in 

the river sources of plume sediments to the GBR lagoon. Moreover, the PCA score plot 

highlights that the first principal component, with 52.9%, largely represents the difference 

between Tully and other two river sources, while the second component with 41.7% was 

mainly responsible for discriminating the Johnstone River’s plume sediments from Tully 

and Burdekin Rivers’. 

 
Figure 6.3 Principal Component Analysis (PCA) for geochemical signatures of 

plume samples collected from the Johnstone (J), Tully (T) and Burdekin (Bu) river 

estuaries. 
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The suspended sediments collected by sediment traps off the coast of Tully catchment 

(Dunk Island site) and Burdekin catchment (Middle Reef, Cleveland and Orchard Rocks 

sites) were also analysed for the most discriminative group of geochemical signatures (Cr, 

K, Ca and Be) to improve our understand of the biogeochemical processes that suspended 

sediments underwent during their transportation from river estuary to the GBR lagoon. 

Results showed that the spatial and temporal variabilities during the transportation and 

accumulation of sediments, along the salinity gradient from fresh water to marine 

environment, does not change the geochemical properties of terrestrially originated 

sediments. The sediments delivered to the GBR lagoon though the Tully River (Dunk 

Island site) have significantly different geochemical signatures compared to the sediments 

collected from different sediment traps located off the coast of Burdekin catchment (Table 

6.3). On the other hand, all the sediments captured by sediment traps in the Middle Reef, 

Cleveland bay and Orchard Rocks sites (next to the Burdekin catchment) showed similar 

geochemical signatures. 
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Table 6.3 Paired t-tests results for geochemical signatures (Cr, K, Ca and Be) of the 

sediments captured by sediment traps off the coast of Tully River (Dunk) and Burdekin 

River (Middle Reef, Cleveland Bay and Orchard Rocks). 

Sediment trap  n SD 

Significance of differences in the 

regional elemental compositions 

of sediments  

    Dunk (D) Middle 

Reef (M) 

Clevelan

d (Cl) 

 Cr (mg.kg-1)      

Dunk (D) 47.4 6 4.4    

Middle Reef (M) 60.9 4 3.8 HS   

Cleveland (Cl) 59.4 4 5.0 S NS  

Orchards (Or) 64.4 3 2.1 HS NS NS 

 K (mg.kg-1)      

Dunk (D) 7345.5 6 708.8    

Middle Reef (M) 9730.5 4 636.1 HS   

Cleveland (Cl) 9212.6 4 519.6 S NS  

Orchards (Or) 9554.0 3 635.7 S NS NS 

 Ca (mg.kg-1)      

Dunk (D) 51178.3 6 10448.5    

Middle Reef (M) 24770.4 4 3059.2 HS   

Cleveland (Cl) 17588.3 4 1896.4 HS NS  

Orchards (Or) 21412.2 3 1529.1 S NS NS 

 Be (mg.kg-1)      

Dunk (D) 1.02 6 0.3    

Middle Reef (M) 0.87 4 0.3 NS   

Cleveland (Cl) 0.67 4 0.1 S NS  

Orchards (Or) 0.67 3 0.4 NS NS NS 

(NS) not significant, (LS) significant at p < 0.05, (S) significant at p < 0.01, (HS) 

significant at p < 0.001 
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Figure 6.4 Principal Component Analysis (PCA) for different plume samples 

collected from the Johnstone (J), Tully (T) and Burdekin (Bu) rivers and sediment 

traps next to the Tully catchment (Dunk Island (D)) as well as sediment traps next 

to the Burdekin catchment (Middle Reef (M), Cleveland (Cl) and Orchard Rocks 

(Or)) using geochemical signatures. 

Importantly, the PCA analysis (Figure 6.4), demonstrated that the sediment traps 

deployed at the Dunk Island site showed similar signatures to those of the Tully River 

plume sediments, and therefore this river is most likely the river source of sediments 

captured by the sediment taps at the Dunk Island site. Additionally, there is a clear 

similarity between the geochemical properties of Burdekin River plume sediments and 

the sediments captured by sediment traps in the Cleveland Bay region (Middle Reef, 

Cleveland and Orchard Rocks) sampling sites which is off the coast of Burdekin 

catchment. For the first component, with a total variance of 46.6%, Ca, Be and Cr are 

mainly responsible for differentiating between plume and trap sediments originated from 

the Tully and Johnstone catchments. While the second component completely separated 
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plume and trap sediments originated from the Burdekin catchment from sediments 

sourced from Johnstone and Tully catchments (Wet Tropics). The second component 

largely corresponds with discrimination by K with a total variance of 27.1% (Figure 6.4). 

6.3.2 Isotopic connection between plume and sediment trap samples 

In addition to the geochemical properties, the discriminative power of isotopic signatures 

was also evaluated prior to further investigation of the origin of organic nutrients into the 

GBR lagoon. Results showed that the δ13C and δ15N values were significantly different 

in plume sediments sourced from the Wet Tropics (Tully and Johnstone catchments) and 

the Burdekin catchment (Dry Tropics region). There was no significant difference 

between the isotopic signatures of plume sediment collected from the Johnstone and Tully 

River estuaries during the elevated river flow in the wet season (Table 6.4).  Principal 

components analysis (PCA) was also used to demonstrate the potential of δ13C and δ15N, 

as isotopic properties, in discriminating between the studied river sources of sediment and 

organic nutrients. The PCA plot (Figure 6.5) highlights the distinctive discrimination 

achieved for separating the Burdekin River (Dry tropics) from the rivers in the Wet Tropic 

regions (Johnstone and Tully Rivers). However, isotopic signatures were not able to 

separate the plume sediments discharged into the marine environment through the Tully 

and Johnstone Rivers. 
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Table 6.4 Paired t-tests results for isotopic (δ13C and δ15N) signatures of suspended plume 

sediments collected from different river estuaries (Johnstone, Tully and Burdekin), and 

the sediments captured by sediment traps in the Dunk Island (next to the Tully catchment) 

and Burdekin traps (including Orpheus Island, Pelorus Island, Havannah Island, Middle 

Reef, Cleveland Bay, Orchard Rocks, Geoffrey Bay and Florence Bay sites next to the 

Burdekin catchment). 

sediment  n SD 

Significance of differences in the regional 

isotopic signatures of sediments 

 

Johnstone 

Plume 

(J) 

Tully 

plume 

(T) 

Burdekin 

plume 

 (Bu) 

Dunk traps 

 (D) 

 δ13C       

Johnstone 

plume (J) 

-26.42 2 0.44     

Tully Plume 

(T) 

-25.25 2 1.22 NS    

Burdekin 

Plume (Bu) 

-21.82 5 0.52 HS S   

Dunk traps 

(D) 

-21.10 15 1.00 HS HS NS  

Burdekin 

traps (BT) 

-20.57 58 1.02 HS HS LS NS 

 δ15N       

Johnstone 

Plume (J) 

3.80 2 0.88     

Tully Plume 

(T) 

3.97 2 0.18 NS    

Burdekin 

plume (Bu) 

2.84 5 0.27 NS S   

Dunk traps 

(D) 

2.58 15 0.42 S HS NS  

Burdekin 

traps (BT) 

2.41 58 0.47 HS HS NS NS 

(NS) not significant, (LS) significant at p < 0.05, (S) significant at p < 0.01, (HS) 

significant at p < 0.001. 
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Figure 6.5 Principal Component Analysis (PCA) for isotopic (δ13C and δ15N) 

signatures of plume samples from the Johnstone (J), Tully (T) and Burdekin (Bu) 

Rivers. 

Despite the discriminative power of isotopic signatures in differentiating the river sources 

of plume sediments from the Dry and Wet tropics regions in the GBR lagoon, there was 

a similarity between the isotopic properties of sediment samples collected from Dunk 

Island sediment traps (Dunk traps off the coast of Tully catchment) and the other sediment 

traps that were intended to capture the sediments originating from the Burdekin River 

(Burdekin traps (BT) including Orpheus, Pelorus, Havannah, Middle Reef, Cleveland, 

Orchard Rocks, Geoffrey and Florence Bay sites off the coast of Burdekin catchment) 

(Table 6.4). In contrast to the geochemical signatures, the isotopic signatures of 

particulate organic matter will be affected by biochemical processes on the pathway from 

terrestrial to marine environment (terrestrial-freshwater-marine hot spots). The variability 

of isotopic signatures (δ13C and δ15N) within different rivers, and between freshwater and 

marine sediments was evaluated by PCA analysis (Figure 6.6).  
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Figure 6.6 Principal Component Analysis (PCA) of isotopic (δ13C and δ15N) for 

different plume samples from the Johnstone (J), Tully (T) and Burdekin (Bu) 

Rivers and the resuspension sediments captured by sediment traps in the Dunk 

Island (D) (next to the Tully catchment) and Burdekin traps (BT) (including 

Orpheus Island, Pelorus Island, Havana Island, Middle Reef, Cleveland Bay, 

Orchard Rocks, Geoffrey Bay and Florence Bay sites next to the Burdekin 

catchment). 

Results revealed that isotopic (δ13C and δ15N) signatures of suspended sediments 

delivered to the coastal area from the Tully river change as they enter the marine 

environment (Table 6.4 and Figure 6.6). The sediments deposited in the sediment traps 

located off the coast of Burdekin catchment (Burdekin traps (BT)) showed significantly 

different δ13C signatures compared to the suspended sediments collected from the 

Burdekin river estuary during the flood plume event. In contrast, the δ15N signature of 

suspended plume sediments delivered to the coast during a flood plume did not change 

along the salinity gradient from the Burdekin River estuary to the sediment traps in the 

marine environment.  
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6.3.3The chemical composition of organic matter fraction associated with suspended 

plume sediments and sediment trap samples revealed by 13C CPMAS NMR 

The chemical composition of OM (13C CPMAS NMR spectroscopic analysis) associated 

with suspended plume sediments delivered to the river estuary in a flood plume event 

could be considered as vegetative signatures for terrestrially-derived OM. These 

signatures have the potential to be used in differentiating the river sources of organic 

matter to the marine environment, before taking any step toward investigating the origin 

of organic nutrients into the GBR lagoon. Results showed that the percentage of total 

integral intensity (%TII) for di-O-alkyl, O-alkyl and aliphatic compound types were 

significantly different in plume sediments sourced from the Wet Tropics (Tully and 

Johnstone catchments) and the Burdekin catchment (Dry tropics) (Table 6.5). The %TII 

of di-O-alkyl and O-alkyl was higher in the plume sediments originating from the Wet 

Tropic regions and %TII of aliphatic compounds was higher in the Burdekin River 

compared to the Tully river catchment. There was no significant difference between the 

%TII for O-aryl, aryl and methoxyl functionality in organic matter associated with plume 

sediments discharged to the coast through the Johnstone, Tully and Burdekin Rivers 

during a flood plume in the wet season. Within the Wet Tropics region, the %TII for 

carboxyl functional group was significantly higher in the organic fraction of plume 

sediment collected from the Tully estuary compared to the Johnstone River’s (Table 6.5). 
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Table 6. 5 Paired t-tests results for composition of organic matter associated with plume 

sediments collected from the Johnstone (J), Tully (T) and Burdekin (BU) Rivers, and 

sediment traps off the coast of Tully (Dunk traps (D)) and Burdekin catchments (Burdekin 

traps (BT)), as revealed by 13C CPMAS NMR. 

Sediment  %TII n SD 

Significance of differences in 13C chemical 

shift region intensities for plume and 

sediment traps 

Johnstone

Plume (J) 

Tully 

Plume 

(T) 

Burdekin 

Plume 

(Bu) 

Dunk 

Traps 

(D) 

 
carboxyl 

      

Johnstone 

Plume (J) 

8.76 2 0.26     

Tully 

Plume(T) 

11.21 2 0.18 S    

Burdekin 

Plume (Bu) 

9.03 4 2.1 NS NS   

Dunk Traps 

(D) 

10.70 6 0.99 LS NS NS  

Burdekin 

Traps (BT) 

10.68 25 1.60 NS NS NS NS 

 O-aryl       

Johnstone 

Plume (J) 

4.30 2 0.56     

Tully 

Plume(T) 

4.61 2 0.27 NS    

Burdekin 

Plume (Bu) 

5.21 4 0.89 NS NS   

Dunk Traps 

(D) 

3.68 6 0.53 NS NS S  

Burdekin 

Traps (BT) 

3.82 25 0.78 NS NS S NS 

 aryl       

Johnstone 

Plume (J) 

19.86 2 3.8     

Tully 

Plume(T) 

22.79 2 0.55 NS    
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Burdekin 

Plume (Bu) 

23.69 4 2.22 NS NS   

Dunk Traps 

(D) 

19.69 6 4.81 NS NS NS  

Burdekin 

Traps (BT) 

21.93 25 5.44 NS NS NS NS 

 di-O-alkyl       

Johnstone 

Plume (J) 

10.34 2 0.37     

Tully 

Plume(T) 

9.06 2 0.49 NS    

Burdekin 

Plume (Bu) 

6.89 4 0.45 HS S   

Dunk Traps 

(D) 

5.95 6 0.32 HS HS S  

Burdekin 

Traps (BT) 

6.05 25 0.76 HS HS LS NS 

 O-alkyl       

Johnstone 

Plume (J) 

26.71 2 0.78     

Tully 

Plume(T) 

23.89 2 1.15 NS    

Burdekin 

Plume (Bu) 

21.34 4 0.83 S LS   

Dunk Traps 

(D) 

19.77 6 0.95 HS S LS  

Burdekin 

Traps (BT) 

19.43 25 2.00 HS S NS NS 

 methoxyl       

Johnstone 

Plume (J) 

8.85 2 1.71     

Tully 

Plume(T) 

6.76 2 0.66 NS    

Burdekin 

Plume (Bu) 

6.47 4 1.21 NS NS   

Dunk Traps 

(D) 

8.50 6 2.04 NS NS NS  

Burdekin 

Traps (BT) 

7.52 25 1.93 NS NS NS NS 

 aliphatic       
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Johnstone 

Plume (J) 

21.17 2 3.54     

Tully 

Plume(T) 

21.65 2 1.62 NS    

Burdekin 

Plume (Bu) 

27.34 4 2.51 NS LS   

Dunk Traps 

(D) 

31.71 6 3.35 S S NS  

Burdekin 

Traps (BT) 

30.56 25 3.57 HS S NS NS 

(NS) not significant, (LS) significant at p < 0.05, (S) significant at p < 0.01, (HS) 

significant at p < 0.001. 

 

Principal components analysis (PCA), showing in the Figure 6.7, was also used to 

demonstrate the potential of organic compounds in discriminating between the plume 

sediment collected from the studied rivers. The PCA plot highlights the distinctive 

discrimination achieved for separating plume sediments discharged to the coast through 

the Burdekin, Johnstone and Tully rivers based on the composition of organic fraction 

associated with plume sediments. For the first component, with a total variance of 52.0%, 

the O-alkyl, di-O-alkyl and aliphatic functionality are mainly responsible for 

differentiating between plume sediments originated from the Burdekin and Johnstone 

catchment rivers. The second principal component, with a total variance of 31.0%, 

completely separated plume sediments delivered to the coast through the Tully River from 

the others. This component largely corresponds with discrimination by carboxyl. 
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Figure 6.7 Principal Component Analysis (PCA) for the composition of organic 

fraction associated with different plume sediments collected from the Johnstone 

(J), Tully (T) and Burdekin (Bu) rivers, as revealed by 13C CPMAS NMR. 

Although the percentage total integral intensity (%TII) for some organic compounds such 

as aliphatic, O-alkyl and di-O-alkyl were significantly different in the organic fraction 

associated with plume sediment delivered to the GBR lagoon through the Tully and 

Burdekin Rivers, there was no significant difference between these organic compounds 

as attached to the sediment trap samples collected from Dunk Island (next to the Tully 

catchment) and the other sediment traps off the coast of Burdekin River catchment 

(Burdekin traps (BT) sites including Orpheus , Pelorus, Havannah, Middle Reef, 

Cleveland, Orchard Rocks, Geoffrey and Florence Bays) (Table 6.5). The PCA was also 

used to show any possible changes in the composition of organic matter during their 

transportation along the salinity gradient from river mouth to the marine environment 

(Figure 6.8).  
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Figure 6.8 Principal Component Analysis (PCA) for composition of organic matter 

associated with plume sediment samples collected from the Johnstone (J), Tully (T) 

and Burdekin (Bu) Rivers and the sediments captured by sediment traps in the Dunk 

Island sediment traps (D) (next to the Tully catchment) and Burdekin traps (BT) 

(including Orpheus Island, Pelorus Island, Havannah Island, Middle Reef, 

Cleveland Bay, Orchard Rocks, Geoffrey Bay and Florence Bay sites next to the 

Burdekin catchment) as revealed by 13C CPMAS NMR. 

Results, presented in the Table 6.5 and Figure 6.8, revealed that the %TII of different 

organic functionality (aliphatic, O-alkyl and di-O-alkyl) of plume sediments, have been 

delivered to the coastal area from the Tully River, change as they passed through the 

interface of freshwater-marine environment. The %TII of O-alkyl and di-O-alkyl 

functionality in sediments collected from Dunk Island sediment trap site (next to the Tully 

catchment) significantly decreased, while the %TII of aliphatic compound increased 

compared to the Tully plume sediments. Similarly, the %TII of di-O-alkyl functionality 

in sediments captured by Burdekin traps (BT) were significantly lower than Burdekin 

plume sediments. However, the %TII of aliphatic and O-alkyl compounds did not change 

along the salinity gradient from the Burdekin River estuary to the GBR lagoon. In fact, 
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the organic matter delivered to the coast as attached to plume sediments collected from 

the Burdekin River already showed low %TII value for O-alkyl and high for aliphatic 

compounds. 

6.4 Discussions 

6.4.1 The origin of sediments to the Great Barrier Reef lagoon 

Satellite images were used to explain the geochemical connection between plume 

sediments collected from the Tully and Burdekin River estuaries during a flood plume 

and the re-suspended sediments captured by sediment traps located off the coast of Tully 

and Burdekin catchments (Figure 6.9). Images collected by satellite, when they were not 

obscured by cloud, clearly demonstrated the extent of sediments discharged into the 

marine environment through the Tully and Burdekin Rivers in March 2018. The available 

satellite image of the Burdekin plume on March 6 (1 day after peak discharge) showed 

the extent of the plume largely confined within Upstart Bay and beginning to extend into 

the Cleveland Bay (Cleveland bay, Geoffrey Bay, Florence Bay and Middle Reef sites) 

(Figure 6.9-A). The next available image from the March 29 (Figure 6.9-B) showed the 

plume now extending well northwards past Magnetic Island (Orchard Rocks) and into the 

Palm Island Group (Pelorus, Orpheus and Havannah) within the Halifax Bay. 

Importantly, satellite images also showed the extent of the Burdekin plume was largely 

confined to the inner shelf of the GBR and did not impinge on the mid shelf.  Similarly, 

the flood plumes generated by major flows from the Tully and Herbert Rivers are shown 

in satellite imagery to be mainly confined on the inner shelf with perhaps some influence 

on parts of the mid shelf (Figure 6.9-C and D).  Importantly, these images highlighted the 

influence of the Tully River plume on the Dunk Island site, where we had our sediment 

traps and logger deployed. Indeed, the image from the March 29 shows a particularly 

turbid area in the vicinity of our sampling site (Figure 6.9-D).   
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Figure 6.9 Satellite images of the Burdekin (A and B) and Tully (C and D) Rivers 

flood plume from 6th to 29th March 2018 (Lewis et al., (2018), showing the extent of 

sediments discharged into the coastal area, and the sediment traps locations (Dunk 

Island next to the Tully catchment, and Halifax and Cleveland Bay next to the 

Burdekin catchment). 

The selected group of geochemical signatures (Cr, K, Ca and Be) were able to clearly 

discriminate the suspended sediments delivered to the coastal area through the Johnstone, 

Tully and Burdekin rivers during a flood plume (Figure 6.3). They also showed the low 

variability of the geochemical composition during their re-suspension from river mouth 

to the marine environment (Table 6.3 and Figure 6.4). In the scale of the GBR catchment, 
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it could be attributed to the variation in geological structures in different parts of this 

catchment. Based on this theory, clay mineral fingerprinting has previously been used to 

understand the implication of sediment mineralogy in characterizing discharges from 

large Australian rivers. It has also been used to understand the effect of re-suspension 

events on fractionation of the mineral composition of sediments delivered to the marine 

environment (Bainbridge et al., 2016).  

Basalt is the dominant rock type in the Western and Upper Burdekin catchment, while 

igneous and sedimentary rock are largely found near the coastal lower hills of this 

catchment (Bainbridge et al., 2016). Comparing to the geology of the Burdekin 

catchment, Atherton Basalt is the dominant rock type of the Johnstone catchment which 

mainly form the upper catchment. The other geological structures such as Barron River 

metamorphic, alluvial sediments and a small area of Mareeba Granite also can be seen in 

different parts of the Johnstone catchment (Hunter et al., 2001, Bahadori et al., 2019). 

Dominant geology of the Tully River catchment consists of old highly weathered granites 

and limited amounts of basalt. The red soils largely occur on the basalt lithology which 

is the oldest geological structure in this catchment. In the floodplain, alluvium is dominant 

which vary from coastal sand to silt depositions. Alluvium is the richest area in the GBR 

catchments which have been altered extensively for agricultural activities since European 

settlement (Furnas, 2003). 

6.4.2 Cycling and composition of organic matter in terrestrial, freshwater and 

marine environments 

As described in the first chapter of this thesis, the difference in accumulation and 

decomposition rate of organic components in different land uses is attributable to the 

heterogeneity in the physical and chemical (e.g. organic structure and solubility) 

properties of soil organic matter (SOM) under different land uses (Baldock et al., 2004). 
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This is because different pools of OM are highly dependent on the turnover time required 

for change in the content of each component (Anderson and Paul, 1984). However, the 

impact of physical and chemical properties on the existence and variation of organic pools 

is not easily extendable to marine sediments, due to the complexity of costal margins. The 

majority OM in the marine environment is produced locally by phytoplankton, however, 

the terrestrially-derived OM is continuously flushed into the coast, through the flood 

plumes, and mixed with marine derived OM prior to deposition into the sea floor (Hedges 

and Oades, 1997). The fractions of OM in both terrestrial and marine ecosystems are a 

function of different inputs (primary production and other external inputs) and also the 

mineralisation of carbon in both initial inputs and secondary products of the initial OM 

decomposition (Baldock et al., 2004). The biological stability is a key parameter 

responsible for the extent that various organic components are mineralized in terrestrial 

and marine ecosystems. This critical parameter is a function of biochemical recalcitrance 

of organic compounds and also biological capability (and capacity) in both terrestrial and 

marine ecosystems (Baldock et al., 2004).  

Photosynthesis is the main pathway through which OM are synthesized and enter both 

terrestrial and marine ecosystems (Oades, 1993, Kögel-Knabner, 2002). Plant and 

phytoplankton are dominant input source of decomposable OM in soil and marine 

systems, respectively (Kögel-Knabner, 2002, Baldock et al., 2004). However, a part of 

the OM in the coastal area are sourced from the adjacent catchments that are eroded, 

transported and delivered to the coastal margins through the rivers (Hedges and Keil, 

1995, Hedges and Oades, 1997, Baldock et al., 2004). Fauna and microorganisms in both 

terrestrial and marine ecosystems play a critical role in decomposing the primary sources 

of organic carbon, as well as synthesizing the secondary sources of decomposable OM. 

The primary and secondary sources are made of various organic compounds, and they are 
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generally divided into classes of biomolecules such as polysaccharides, protein, aliphatic 

and lignin, based on their chemical composition (Kögel-Knabner, 2002). Although the 

OM in both terrestrial and marine ecosystems have similar classes of biomolecules, it has 

been evidenced that marine OM are more aliphatic and more nitrogen rich compared to 

the terrestrially-derived OM. It has also been stated that the marine organisms do not 

require the carbon rich polymeric materials (e.g. cellulose and lignin) that terrestrial 

plants usually produce to physically support their structure (Hedges and Oades, 1997). In 

this work, organic fraction associated with plume sediments originating from the Wet 

Tropics region (Johnstone and Tully Rivers) demonstrated compositional and isotopic 

signatures reflecting their terrestrial origin (Figures 6.10 and 6.11). In contrast, the marine 

sediments had high %TII of aliphatic and low %TII of labile fractions. This is in accord 

to a typical characteristic of marine-derived OM. The plume sediments generated from 

the Dry Tropics region (Burdekin River) showed the compositional characteristics (13C 

CPMAS NMR) of both terrestrial and marine derived OM, however, these plume 

sediments had the isotopic signatures of marine sediments (Figures 6.10 and 6.11). This 

is presumably attributable to the, vegetation type and the nature of OM in the Dry tropics 

compared to the Wet Tropics region.  
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Figure 6.10 The Principal Component Analysis (PCA) for composition of OM in 

soils collected from different land uses including grazing (G), sugarcane (C), Forest 

(F) and banana (B) of the Johnstone catchment, as well as plume samples collected 

from the Johnstone (J), Tully (T) and Burdekin (Bu) Rivers and the sediments 

captured by sediment traps in the Dunk Island (D) (next to the Tully catchment) and 

Burdekin traps (including Orpheus  (O), Pelorus (P), Havannah (H), Middle Reef 

(M), Cleveland Bay (Cl), Orchard Rocks (Or), Geoffrey Bay (Ge) and Florence Bay 

(Fl)) as characterized by 13C CPMAS NMR spectroscopy. 

In fact, the biochemical recalcitrance of different organic compounds are dependent on 

different factors such as the degree of polymerization, the aliphatic and aromatic 

functional group content and also the inter- and intra-molecular bonds presents in the 

decomposing organic matter in both terrestrial and marine environments (Baldock et al., 

1997, Gleixner et al., 2001). Any complexity in large polymeric molecules decreases the 

rate of decomposition compared to the simple and monomeric molecules (van Veen and 

Paul, 1978, Baldock et al., 2004). Moreover, an increase in the molecular complexity of 
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a series of carbohydrates (glucose, dextran, cellulose and a fungal polysaccharide) has 

been reported to decrease the rate of carbon mineralisation (Oades, 1989). 

 
 

Figure 6.11 The Principal Component Analysis (PCA) of isotopic (δ13C and δ15N) 

signatures of organic matter in soils collected under different land uses including 

grazing (G), sugarcane (C), Forest (F) and banana (B), as well as plume samples 

from the Johnstone (J), Tully (T) and Burdekin (Bu) Rivers and the sediments 

captured by sediment traps in the Dunk Island (D) (next to the Tully catchment) and 

Burdekin traps (including Orpheus  (O), Pelorus (P), Havannah (H), Middle Reef 

(M), Cleveland Bay (Cl), Orchard Rocks (Or), Geoffrey Bay (Ge) and Florence Bay 

(Fl)). 

The biological stability of organic compounds in both terrestrial and marine ecosystems 

can also result from the difference in the chemical composition of plant derived OM in 

different land uses (Edmonds and Thomas, 1995, Ågren and Bosatta, 1996). The stability 

of organic fraction to the biological activities has widely been evaluated by indices such 

as N concentration, C/N ratio (Heal, 1997), the labile fractions of organic compounds and 

Alkyl/O-alky ratio (Baldock et al., 2004). It also could be due to the interaction between 
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the OM and mineral particles (Baldock et al., 2004). The strength of organic-mineral 

interaction increases with decreasing particle size and the formation of complexes with 

multivalent cations in the cation exchange complex and various oxides and hydroxides. 

In fact, these aggregation process adsorb and bury the organic compounds within mineral 

particles and physically protect the organic material from biological attack by decreasing 

the solubility (Baldock and Skjemstad, 2000, Boudot et al., 1988). 

Results, as shown in Table 6.6, demonstrated that the OM generated in the Dry tropics 

and delivered to the coast through the Burdekin River have a significantly lower %TII of 

labile fraction compared to those sourced from the Wet Tropics (Tully and Johnstone 

catchments) this is most likely due to the nature of organic matter in the Burdein 

catchment (Dry tropics). As a result, there are less bioavailable fractions for 

microorganisms to decompose as they transport with sediments from the Burdekin 

catchment to the GBR lagoon. Moreover, there was no significant difference between the 

labile fraction of the organic matter associated with the Burdekin plume sediments and 

organic matter associated with marine sediments captured by Burdekin sediment traps 

(BT). In contrast to the Burdekin, plume sediments collected from Wet Tropics (Tully 

and Johnstone) have lost a significant amount of their labile fraction as they enter the 

marine ecosystem (Table 6.6). 
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Table 6.6 Paired T-test for the composition of organic matter in plume samples collected 

from the Johnstone (J), Tully (T) and Burdekin (Bu) Rivers estuaries and the sediment 

traps located next to the Tully catchment (Dunk Island sediment traps) and Burdekin 

catchment (Burdekin traps) as characterized by 13C CPMAS NMR spectroscopy. 

sediment  n SD 

Significance of differences in labile fraction 

and A/O-A ratio for plume and sediment 

traps 

Johnstone 

Plume 

(J) 

Tully 

Plume 

(T) 

Burdekin 

Plume 

(Bu) 

Dunk 

traps 

(D) 

 
Labile 

fraction 

(%TII) 

      

Johnstone 

Plume (J) 

45.91 2 0.56     

Tully Plume 

(T) 

39.72 2 0.98 LS    

Burdekin 

Plume (Bu) 

34.70 4 1.55 HS LS   

Dunk traps 

(D) 

34.22 6 2.49 HS LS NS  

Burdekin 

Traps (BT) 

33.00 25 3.77 HS LS NS NS 

 A/O-A 

ratio 

      

Johnstone 

Plume (J) 

0.46 2 0.07     

Tully Plume 

(T) 

0.55 2 0.05 NS    

Burdekin 

Plume (Bu) 

0.79 4 0.04 S S   

Dunk traps 

(D) 

0.92 6 0.05 HS HS S  

Burdekin 

Traps (BT) 

0.93 25 0.11 HS HS S NS 

(NS) not significant, (LS) significant at p < 0.05, (S) significant at p < 0.01, (HS) significant at p < 0.001 
Labile fractions = sum of %TII for O-alkyl, di-O-alkyl and methoxyl C; n = number of samples; A/O-A 

ratio = the ratio of alkyl C region intensity (0–45 ppm) to O-alkyl C region intensity (45 –110 ppm) as an 

index of the extent of decomposition. 

 

 The alkyl/O-alky ratio has also been proposed as an index to show the extent of OM 

decomposition in different environments (Chen et al., 2004). The increase in the alkyl/O-
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alky ratio during the process of OM decomposition is due to more highly cross-linked 

rigid alkyl components of plant derived organic matter and the hydrophobic nature of 

alkyl-C which consequently increases the biological stability of plant residues (Kögel-

Knabner et al., 1992a, Kögel-Knabner et al., 1992b). The higher alkyl/O-alky ratio 

evidences the higher biological stability of organic compounds originated from the 

Burdekin catchment compared to the Johnstone and Tully catchments (Table 6.6).  The 

significantly higher alkyl/O-alky ratio in marine ecosystem compared to terrestrially-

derived OM is because of the higher stability of cross-linked alkyl materials for OM in 

marine environment compared to terrestrial ecosystems in which protein, polysaccharide 

or simple lipid materials are more highly represented (Table 6.6) (Hwang and Druffel, 

2003). 

In addition to the chemical and molecular composition of organic matter, the biological 

capability and capacity of the group of decomposers are also important actors in utilizing 

the added organic matter in both terrestrial and marine environments. In fact, the 

interaction between the microbial community present in an environment and the nature 

of synthesized or added OM determine the rate and the extent that organic compounds 

are decomposed.  

The biological capability indicates the ability of microbial community present in an 

ecosystem in providing genetic codes required for producing a variety of enzymes that 

can decompose the various types of organic compounds that are either synthetized or 

added to the ecosystem. Biological capability refers to the presence or absence of the 

required genetic codes but does not show the quantity or the activity of these codes. 

Therefore, in an ecosystem scale, the biological stability of organic materials is dependent 

on the biological capability in that ecosystem, and the absence of any capability lead to 

the accumulation of a particular type of organic compound (Baldock et al., 2004). 
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Biological capacity is another parameter that shows the ability of the microbial 

community in an ecosystem in degrading various organic compounds. It specifically 

expresses the rate at which the organic fraction can be decomposed, while it does not 

address the question whether a particular organic compound in an environment could be 

utilized or not. Environmental factors and the possible interaction between different 

species, may be limited factors for the microbial community to express their capability in 

decomposing different organic materials in an ecosystem, however they may have the full 

capability for this process (Baldock et al., 2004). 

6.4.3 The origin of organic matter in the Great Barrier Reef 

Identifying the origin of OM associated with sediments in freshwater and marine 

environment is an important step in controlling the impact of particulate organic nutrients 

on the ecosystem of GBR lagoon. The C/N ratios have extensively been used to 

differentiate between algal and terrestrial origins of particulate OM associated with the 

sediments (Meyers, 1994, Yamamuro, 2000, Meyers, 1997, Limoges et al., 2015). The 

discriminative power of C/N ratio is due to the absence of cellulose in algae and its 

abundance in terrestrial plants. As a result, terrestrial plants typically have C/N ratios >10, 

while algae have C/N ratio 4-10 (Meyers, 1994, Meyers, 1997, Limoges et al., 2015). The 

13C/12C ratio, however, is a useful signature to discriminate between marine and terrestrial 

origin of sedimentary OM and also to allocate the particulate OM to the terrestrial 

vegetation types with different photosynthetic systems (C3 and C4 plants). The δ13C 

fingerprint of freshwater-derived OM is hardly indistinguishable from that of OM derived 

from the surrounding catchment. This is because of the fact that freshwater algae 

consumes dissolved CO2 in the freshwater which is in an isotopic equilibrium with 

atmospheric CO2, whereas, bicarbonate (δ13C ~ 0%0) is the main source of inorganic 

carbon for marine algae (Meyers, 1994, Meyers, 1997). Consequently, the OM in the 
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sediment that have been synthesized locally by marine algae typically have δ13C values 

between – 22 and -20%o while freshwater algae (lacustrine algae) synthesize the 

particulate OM with a 13C value between -22 and -30%o (Meyers, 1994, Meyers, 1997, 

Limoges et al., 2015). Despite these differences, the situation can be complicated where 

the terrestrially derived OM mixes with algae-derived organic nutrients in the hot spots 

such as freshwater-sea water interfaces. Therefore, a combined C/N ratio and δ13C 

signature can provide a better and clearer discrimination of potential sources. Because 

these bulk identifiers of OM are a better representative of the whole mixture of OM 

components in complicated hot spots such as found in coastal margins (Meyers, 1994, 

Meyers, 1997, Limoges et al., 2015). Results for this study clearly show the shift in δ13C, 

δ15N and C/N ratios of the organic fraction associated with plume sediments collected 

along the salinity gradient from Burdekin River’s mouth to marine environment (Figure 

6.12). The organic fractions in freshwater (salinity=0 ppt) mainly carry the isotopic 

signatures of their terrestrial origin (δ13C<-22 and C/N=15). As the sediments reach into 

the marine environment (salinity=26ppt), the isotopic properties of OM gradually change 

and the marine derived OM becomes dominant (δ13C= -21 and C/N=10). In addition to 

the role of mineral particles and surface area in protecting OM from decomposition, other 

biochemically recalcitrant biomolecules such as algaenan, have also been proven to 

enhance biological stability of organic compounds, by encapsulation of labile 

biomolecules (Baldock et al., 2004, Knicker and Hatcher, 2001). More details about the 

N contained in the algaenan was revealed, in other research, by solid state 15N NMR, 

where it was shown that N in this material is dominantly found in amide structures which 

is consistent with the presence of potentially labile protein in the algaenan (Knicker et al., 

1996). In fact, algaenan has the capability to protect labile proteinaceous material from 
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the enzyme activity during the decomposition process (Knicker and Hatcher, 1997, 

Baldock et al., 2004). 

 

Figure 6.12 Isotopic properties (δ13C and δ15N) and C/N ratio in plume sediment 

samples along the salinity gradient from Burdekin River estuary to marine 

environment. 

The Table 6.4 and Figure 6.6 showed that there was no significant difference between 

δ15N values in Burdekin plume sediments and sedimentary OM captured by sediment 

traps next to the Burdekin catchment. However, it would be ill-advised to conclude that 

the sedimentary OM must have terrestrial origins, because of the algal uptake processes 

that are continuously being carried out during the sediment transportation from the 

terrestrial to the marine ecosystems. The δ15N value for the freshwater varies and could 

range from -6‰ to 12‰, depending on vegetation, management, human activities, etc. 

(Zhang et al., 2015, Derse et al., 2007) (Table 6.4). The gradual increase in the δ15N value 
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of organic fraction along the salinity gradient from Burdekin River mouth to marine 

environment could be due to the shortage of N in seawater (Figure 6.12) (Zhang et al., 

2015, Viana et al., 2011). In such an environment, marine algae fix atmospheric N 

(δ15N=0‰) to synthesize organic N compounds (Derse et al., 2007, Zhang et al., 2015, 

Viana et al., 2011). However, in coastal margins, marine algae are more likely to be 

exposed to the intensive discharge of anthropogenic N that from land use regions resulting 

an increase to this area, and result in marine OM with relatively lower δ15N isotope values 

in comparison to those marine OM that are being produced locally (in further into the 

seas) (Zhang et al., 2015, Viana et al., 2011) (Figure 6.12).  

 
Figure 6.13 The Principal Component Analysis (PCA) for composition of OM in 

plume sediments collected from three river estuaries (Johnstone (J), Tully (T) and 

Burdekin (Bu)) along the salinity gradient from freshwater (f) and seawater (s). 

Moreover, plume sediments were also collected along the salinity gradient (surface of 

freshwater as well as surface of sea water) to examine the possible shift in the composition 

of OM in the interface of freshwater and marine environments (Figure 6.13). Results 



Chapter 6 

187 

 

showed that, the freshwater and marine organic materials were compositionally very 

different. The nature of the plant materials largely determines the dominant character of 

organic fraction in freshwater sediments, while algaenans have been identified as the 

dominant source of OM in marine environment and indicative of a planktonic origin 

(Baldock et al., 2004, Hedges et al., 2001). Algaenans are derived from microalgae cell 

walls and are dominantly made of aliphatic biomacromolecules (Figure 6.13) (Nguyen et 

al., 2003, Deshmukh et al., 2001, Golding et al., 2004). The terrestrially-derived residues 

initially exhibit low protein and high carbohydrate, and molecular compounds such as 

cellulosic material are gradually removed from the vascular plant residues during their 

transportation from catchment to coast, while other degradation-resistant biomolecules, 

such as lignin, tannin and suberin are left behind (Golding et al., 2004). These 

biomolecules are distinctive of vascular plants and require specific bacteria with the aid 

of exoenzymes to be decomposed (Golding et al., 2004). In contrast, phytoplankton, the 

main source of marine OM, do not need an extensive network of structural polymers and 

concentrate N within their cell structure (Baldock et al., 2004). Thus, the main organic 

compounds present in the two ecosystems are different because carbohydrates dominate 

in terrestrial systems while aliphatic compound dominate in marine systems (Figure 

6.13). Such a big shift in the composition of OM at the interface of freshwater-marine 

environment could be either due to capability and capacity of marine ecosystem in a fairly 

rapid decomposition of terrestrially-derived OM or because of the enormous amount of 

plankton-derived organic carbon in this ecosystem (Baldock et al., 2004, Deshmukh et 

al., 2001). 
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Figure 6.14 Elemental (C/N ratio) and isotopic (δ13C value) of soils under C3 and 

C4 plants, sediment traps, plume sediments from the Burdekin, and the Wet 

Tropics (Tully and Johnstone Rivers) and marine sediments collected from 

surface of seawater off the coast of Burdekin (2 samples), Tully (2 samples) and 

Johnstone (2 samples). Identifiers of bulk organic matter produced by marine 

algae and lacustrine algae are from Meyers (1994). 

As a mineral particle and associated Om shifts from transportation phase to deposition 

phase, the activity of resident decomposer microorganisms begins to convert the resident 

OM, and additional OM derived from phytoplankton during surface transportation, into 

cellular structures and carbon dioxide (Hernes et al., 2000). Since, heterotrophic 

microorganisms prefer to utilise more N from particulate OM relative to organic C, a 

higher C:N ratio (as a remineralization index) is expected for the sediment traps compared 

to the marine sediments collected from surface of seawater (Figure 6.14 and Table 6.7) 

(Hernes et al., 2000, Knauer et al., 1979). 
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Table 6.7 Paired t-tests results for organic composition, as characterized by 13C CPMAS 

NMR spectroscopy, TOC, TN and isotopic (δ13C and δ15N) signatures of the marine 

sediments collected from the surface of seas water off the coast of Tully and Burdekin 

catchments (Tully marine and Burdekin marine) and sediment traps off the coast of Tully 

River (Dunk traps) and Burdekin River (Burdekin traps). 

sediment  n SD 

Significance of differences in 

organic fraction of plume and 

sediment traps 

Tully 

marine 

Burdekin 

marine 

Dunk trap 

(D) 

 %TOC      

Tully 

marine 

2.70 2 0.27    

Burdekin 

marine 

2.20 2 0.72 NS   

Dunk 

trap (D) 

1.42 15 0.46 S LS  

Burdekin 

trap (BT) 

1.50 58 0.42 HS LS NS 

 %TN      

Tully 

marine 

0.37 2 0.05    

Burdekin 

marine 

0.31 2 0.07 NS   

Dunk 

trap (D) 

0.12 15 0.03 HS HS  

Burdekin 

trap (BT) 

0.14 58 0.04 HS HS NS 

 δ13C      

Tully 

marine 

-21.32 2 0.05    

Burdekin 

marine 

-20.83 2 0.52 NS   

Dunk 

trap (D) 

-21.10 15 1.00 NS NS  
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Burdekin 

trap (BT) 

-20.58 58 1.02 NS NS NS 

 δ15N      

Tully 

marine 

2.78 2 0.34    

Burdekin 

marine 

3.32 2 0.69 NS   

Dunk 

trap (D) 

2.58 15 0.42 NS LS  

Burdekin 

trap (BT) 

2.41 58 0.47 NS LS NS 

 carboxyl      

Tully 

marine 

13.92 2 1.74    

Burdekin 

marine 

14.63 2 0.40 NS   

Dunk 

trap (D) 

10.70 6 0.99 LS S  

Burdekin 

trap (BT) 

10.68 25 1.60 LS S NS 

 O-aryl      

Tully 

marine 

2.38 2 0.33    

Burdekin 

marine 

2.45 2 0.69 NS   

Dunk 

trap (D) 

3.68 6 0.53 LS LS  

Burdekin 

trap (BT) 

3.82 25 0.79 LS LS NS 

 aryl      

Tully 

marine 

13.84 2 3.11    

Burdekin 

marine 

20.61 2 1.92 NS   

Dunk 

trap (D) 

19.69 6 4.81 NS NS  

Burdekin 

trap (BT) 

21.93 25 5.45 NS NS NS 
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 di-O-

alkyl 

     

Tully 

marine 

5.44 2 1.00    

Burdekin 

marine 

5.57 2 0.53 NS   

Dunk 

trap (D) 

5.95 6 0.32 NS NS  

Burdekin 

trap (BT) 

6.05 25 0.76 NS NS NS 

 O-alkyl      

Tully 

marine 

18.71 2 3.40    

Burdekin 

marine 

17.90 2 1.10 NS   

Dunk 

trap (D) 

19.77 6 0.95 NS NS  

Burdekin 

trap (BT) 

19.43 25 2.00 NS NS NS 

 methoxyl      

Tully 

marine 

11.28 2 0.97    

Burdekin 

marine 

8.26 2 0.43 NS   

Dunk 

trap (D) 

8.50 6 2.04 NS NS  

Burdekin 

trap (BT) 

7.52 25 1.93 NS NS NS 

 aliphatic      

Tully 

marine 

34.42 2 5.12    

Burdekin 

marine 

30.58 2 1.81 NS   

Dunk 

trap (D) 

31.70 6 3.35 NS NS  

Burdekin 

trap (BT) 

30.56 25 3.57 NS NS NS 

(NS) not significant, (LS) significant at p < 0.05, (S) significant at p < 0.01, (HS) significant at p < 0.001. 
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Despite the variation in the C:N ratio of organic fraction associated with sediments 

captured by the sediment traps, the composition of marine derived organic matter in 

source (surface ocean layers) and sink (sea floor as captured by sediment traps) are similar 

in both sampling sites next to the Tully and Burdekin catchments (Figure 6.14 and Table 

6.7). The composition of OM (%TII, 13C CPMAS NMR) associated with marine sediment 

collected from the surface of ocean exhibited a typical structure of marine derived organic 

matter with a high aliphaticity and the rest of the organic carbon being distributed among 

aromatic, O-alkyl, and carboxyl functionality (Table 6.7) (Deshmukh et al., 2001). It is 

due to a high contribution of aliphatic residues from algal activity. The algal biopolymer 

algaenan is resistant to biodegradation and is often preserved in the sediment with minor 

alterations as they undergo deposition (Hatcher et al., 1983). 13C CPMAS NMR spectra 

indicated that in addition to their aliphatic nature, the OM associated with sediments 

collected from the surface ocean also contain ̴14% (TII) of carboxyl carbon and relatively 

high level of O-alkyl ̴ 19% (TII). This is likely due to the input of terrestrial OM from 

adjacent catchments (Table 6.7). Except for carboxyl, the rest of OM compounds were 

recycled, during deposition of sediment from surface to sediment traps, with little or no 

significant change (Table 6.7) (Hedges et al., 2001).  

 As deposition continues, the ratio of organic to inorganic fractions decrease, and it is 

likely that physical protection mechanism (e.g. physical shielding) account for the 

biological stability of carbon in the deep traps. Inorganic matter such as minerals particles 

can protect molecules within or between their components, therefore with further sinking 

and decomposition the amount of available substrate becomes limiting and eventually a 

point will be reached at which the remaining decomposers do not have the ability to 

degrade remaining organic fraction by their extracellular enzymes (Hedges et al., 2001, 

Baldock et al., 2004). At this stage, the remaining decomposer organisms can no longer 



Chapter 6 

193 

 

survive, cell walls may lyse, leaving resistant cell wall material (e.g. peptidoglycans, 

lipopolysaccharides and algaenans) as remnants on sinking particles (Baldock et al., 

2004).  

6.5 Conclusions 

Results from this study have provided clear evidence to show the origin of OM in different 

ecosystems and demonstrate the complexity of biogeochemical interactions in terrestrial-

freshwater-marine environment interfaces. Results showed the chemical composition of 

organic materials, and the way that they are synthesized, decomposed and transformed 

during their transportation from catchment to reef. Such a complexity is the consequence 

of environmental variables and the interaction between biological activities and physical 

mechanisms of protection in different ecosystems. Particularly, in the interface of 

freshwater to marine environments, biological recalcitrance of terrestrially-derived OM 

alongside with biological capability in transforming organic nutrients define the rate and 

the extent through which organic fractions are decomposed and resynthesized. 

Solid-state 13C CPMAS NMR used in conjunction with the isotopic signatures (δ13C and 

δ15N) of organic fraction in this work showed that while the upstream catchment was the 

dominant source of organic materials in the plume sediments delivered to the coastal area, 

they are not the dominant source of OM in the GBR lagoon. Results indicated that, marine 

algae are most likely the dominant source of OM in the GBR lagoon. A better 

understanding of organic and mineral components association is required to show the way 

that organic matter is decomposed by microorganisms as they are depositing in the ocean. 
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Chapter 7: Summary, conclusions and future work 

7.1 Summary 

Various issues of poor water quality in the Great Barrier Reef (GBR) lagoon have been 

identified as being due to increasing delivery of terrestrial sediment and associated 

particulate nutrients over the last century. Particulate nitrogen (N) is considered the 

particulate nutrient of most concern and comprises the largest proportion of the total N 

load delivered to the GBR. The Australian and Queensland Governments have recently 

released an update of the Reef 2050 Plan to provide a long-term sustainability framework 

to protect and manage the GBR until 2050. This comprehensive plan highlights the 

actions that need to address the key threats to this area, and also to the health and resilience 

of the GBR in the face of different environmental and anthropogenic pressures. The Reef 

Water Quality Protection Plan is one of the main themes of this long-term plan which 

target to improve agricultural management practices by developing a conceptual 

understanding of the link between land condition, management practice standards and the 

downstream water quality.  In order to develop sound strategies to manage particulate 

nutrients and its subsequent environmental impacts on the GBR lagoon, it is necessary to 

identify the main sources of sediment and associated nutrients in both terrestrial and 

marine ecosystems of the GBR. The fingerprinting technique utilises a combination of 

field sampling, biogeochemical analyses and statistical modelling to allocate the 

contribution of each land uses source for sediment and nutrients delivered to the rivers 

and eventually the GBR lagoon. 

In this PhD thesis, four main experiments (the biogeochemical properties and the 

chemical composition of SOM under different land uses, developing a novel approach for 

differentiating land use sources of sediments, quantifying the contribution of different 

land uses sources of sediments to river system, the origin and fate of organic nutrients in 
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the GBR lagoon) was carried out to improve our understanding of the impact of 

biogeochemical processes on sediment and organic nutrients during their transportation 

from catchment to the GBR lagoon. The findings of these four result chapters (3, 4, 5 and 

6) are summarised and discussed below: 

Firstly, the soil biogeochemical properties and the chemical composition of organic 

matter was investigated in plant materials and soil samples collected from different land 

uses including grazing, sugarcane, rainforest and bananas (chapter 3). The 13C cross 

polarisation magic angle spinning nuclear magnetic resonance (13C CPMAS NMR) 

spectroscopic analysis showed that SOM collected from grazing, sugarcane, forest and 

banana had lower labile fraction of total integral intensity (%TII) compared to the plant 

materials. Moreover, this labile fraction of %TII comprises the similar proportion of the 

SOM under different vegetation types. These changes in the chemical composition of 

organic matter from plant materials to soil has been attributed to the decomposition of 

SOM that initially deplete polysaccharides, selectively preserve resistant aliphatic 

compound types, and also because of in-situ synthesis of some organic compounds in 

soil. The chemical and biological properties of soils also significantly varied in different 

land use regions located across the catchment. The differences were mainly due to the 

soil type, vegetation type as well as various soil management practices under different 

land uses. The higher microbial biomass C and N (MBC and MBN) in soils under 

rainforest and grazing land uses compared to the banana plantations and sugarcane farms 

is attributed to the intensive agricultural practices on cultivated land uses and higher input 

of organic matter in land used under rainforest and grazing vegetation. The higher NO3
- 

contents of soils under banana plantations compared to other land uses is due to higher 

rates of fertiliser application in banana plantations compared to other land uses. 
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Secondly, considering the differences in the key biogeochemical properties of soils under 

different land uses, a novel technique of combining isotopic and geochemical signatures 

was developed in order to differentiate amongst the main land use sources of sediment 

and particulate N to the Johnstone River (chapter 4). According to this approach, the 

δ13C’s ability to discriminate between sources is based on the theory that different 

photosynthetic pathways result in distinct δ13C fractionations. While, the majority of tree 

species follow the Calvin-Benson cycle (C3) photosynthetic pathway with a mean δ13C of 

−28‰, some cropping plants (e.g. sugarcane) and dominant grass species in warmer 

climates mainly follow the Hatch-Slack cycle (C4) pathway with a mean δ13C of −13‰. 

The potential of geochemical signatures in separating sources is based on the theory that 

rock types can influence the geochemical properties of soils during the process of soil 

formation and development. Therefore, there is a potential to have a combination of 

several diagnostic soil properties through which we can have a more discriminative 

approach in differentiating among the land use source of sediment and associated 

nutrients, specifically when a great number of sources needs to be investigated. In this 

study sampling sites were randomly selected to represent the dominant land uses of this 

catchment (sugarcane and grazing as C4 plants vs rainforest and bananas as C3 plants) 

located on different soil types and geological structures all over the Johnstone catchment. 

The most discriminative group of geochemical elements and isotopic signatures (δ13C, 

δ15N) were selected after a stepwise discriminant statistical analysis with minimization of 

the variability within sources relative to the variability between sources. Results showed 

that combination of both geochemical (e.g. Zn, Pt and S) and isotopic signatures (δ13C, 

δ15N) are able to differentiate among all potential land use sources of sediments in the 

Johnstone River catchment. This group of signatures provide the most suitable group of 
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fingerprints for stable isotope analysis in R (SIAR) mixing model to estimate the 

contribution of different land use sources to a mixture of sediment. 

Thirdly, following the novel approach (combined isotopic and geochemical signatures), 

contributions of the land use sources to bed and suspended sediments and particulate N 

of the Johnstone River was estimated using SIAR mixing model (chapter 5). All river bed 

sediment samples were collected along the Johnstone River from different geographical 

sections including the upper catchment, the lower catchment as well as the river estuary 

in July 2016. Suspended sediment samples were collected from the Johnstone River 

estuary, during elevated river flow, in January 2017 and February 2018. Results showed 

that rainforest land use was the dominant source of sediment and particulate N to the 

Johnstone River estuary. However, considering the area covered by rainforest (52%), the 

contribution of this land use in delivered sediment to the Johnstone River was 

disproportionately small, while banana and sugarcane land uses had the highest 

contribution to both bed and suspended sediment delivered to the coast per unit of area. 

The row-cropping system in the banana plantations results in a high ratio of exposed 

ground to raindrops and runoff and can lead to considerable erosion management 

challenges on this land use. To address this issue, a plantation design needs to be 

considered to provide a favourable condition for soil protection and to ease the access for 

harvest and farm operations. In cases where a banana farm is located on gentle slopes, it 

is recommended to use a “grassed inter-row” system. This system provides benefits such 

as retaining soil cover, building up soil organic matter and allowing nutrient cycling by 

concentrating litter and trash between the rows. In a similar manner, the sugarcane 

industry is required to take effective actions towards minimal tillage systems and also 

trash blanketing methods in order to reduce soil erosion rate and the delivery of sediment 

to the rivers. 
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Fourthly, the main origin of sediment and organic matter as well as the change in the 

composition and bioavailability of of organic fraction associated with mineral particles 

during their transportation from different catchments (Johnstone, Tully and Burdekin) to 

marine ecosystems of the GBR was investigated in chapter 6. In this study the fine 

sediment particles, that are most likely to reach the GBR, were collected through the 

resuspension even using sediment traps (Sedisampler®). The sediment traps were 

installed in Cleveland, Halifax and Rockingham Bays along the longitudinal gradient 

across the inner GBR shelf from the Burdekin River mouth, and at Dunk Island site in the 

path of the Tully River. 13C CPMAS NMR spectoscopic analysis showed that the 

percentage of total integral intensity (%TII) acquired for functionality (e.g. aliphatic, O-

alkyl and di-O-alkyl C) of organic matter significantly change at the inteface of freshwater 

(the Johnstone, Tully and Burdekin river estuaries) and marine environment. The %TII 

of labile fractions (di-O-alkyl, O-alkyl and methoxyl C) of the organic matter associated 

with sediments captured by sediment traps was significantly lower tcompared to the %TII 

for organic matter in freshwater. However, the %TII of aliphatic compound was higher 

compared to the suspended sediments collected from the freshwater. Such a big shift in 

the composition of organic matter at the interface of freshwater-marine environment is 

most likely due to the enormous amount of plankton-derived organic carbon in marine 

ecosystem. 

7.2 Conclusions  

The major conclusions from this study are shown as follows: 

A) The chemical composition of organic matter, e.g. O-alkyl, O-aryl, aliphatic and carboxyl 

C, are significantly different among the plant materials collected from different land 

uses. However, the composition of SOM changed during decomposition of plant 
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material in soil under different vegetation types leading to a similar SOM composition 

with lower %TII observed for carbohydrate and higher %TII for aromatic and aliphatic 

functionality compared to plant material. These differences in soil and plant materials 

have provided excellent fingerprints for differentiating the sources of sediments and 

associated nutrients from different uses. 

B) A combination of isotopic (δ13C, δ15N) and geochemical (Zn, S and Pt) signatures was 

successfully developed to trace the land use sources of sediments and particulate N to 

the Johnstone River, where there were vegetation types with different photosynthetic 

systems (C4 and C3 plants) situated on different parent material and geological 

structures. 

C) The application of combined isotopic (δ13C, δ15N) and geochemical (Zn, S and Pt) 

fingerprints and SIAR model has demonstrated that rainforest land use was the 

dominant source of sediment and particulate N to the Johnstone River estuary. 

However, intensive agricultural farms (bananas and sugarcane farms) had the highest 

rates of sediment and particulate N delivered to the Johnstone River estuary per unit 

of area.  

D) The chemical composition of organic matter shifted during their transportation from 

catchment to the GBR lagoon. This change is the consequence of environmental 

variables and the interaction between biological activities and physical mechanisms of 

protection organic matter in different ecosystems. Particularly, in the interfaces of 

freshwater to marine environment, biological recalcitrance of terrestrially derived 

organic matter alongside with biological capability and capacity of the marine 

ecosystem define the rate and extent through which organic fractions are decomposed 

and resynthesized. Such a big shift in the composition of organic matter at the interface 
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of freshwater-marine environment is most likely due to the enormous amount of 

plankton-derived organic carbon in marine ecosystem. 

7.3 Future work 

This PhD work has provided important information about the origin and the fate of 

sediment and associated organic fractions from different land uses of the upstream 

catchments to the GBR lagoon. This research has also provided more insights into the 

key biogeochemical processes of soil, sediment and associated nutrients in different land 

uses as well as at the interface of terrestrial-freshwater-marine environments. However, 

further studies are required to have a better understanding of the biogeochemical 

mechanisms driving changes in the chemical composition and structure of organic 

matter in both terrestrial and marine ecosystems. There is a particular need for further 

investigation in the following areas: 

1. Microbial community and biodiversity in soils under different land uses as well as 

sediments collected from freshwater and marine environments. Any changes in the 

environmental factors (e.g. pH, EC) can impact the soil microbial community and 

diversity, particularly fungal/bacterial (F/B) ratio. Since bacteria and fungi comprise the 

major proportion of microbial community attached to soil and sediment, the F/B ratio is 

considered as a useful index of microbial community composition as well as potential 

changes in the ecosystem structure and function. However, it remains to be determined 

how soil and sediment microbial community composition change as a function of 

quantity and chemical composition of organic matter in soils and sediments. It is 

particularly hypothesized that land use and ecosystem change (terrestrial-freshwater-

marine environments) would affect the microbial community, which in turn alter the 

composition of organic carbon associated with soil and sediment, thus influencing the 

rate and extent of ecosystem restoration. 
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2. The fingerprinting technique is designed based on natural properties of soil and 

sediment in a catchment. It is assumed that biogeochemical properties of sediment and 

associated organic fraction will fairly reflect their origin, and therefore can be used to 

identify the quantitative contribution of sources to a mixture of sediment. Therefore, 

more fingerprints including vegetative and genetic properties may need to be 

investigated as potential novel signatures in discriminating among different land uses. 

A discriminative group of vegetative signatures can be identified using 13C CPMAS 

NMR and a mixing model. Therefore, more insights into the molecular composition 

of a diverse range of natural organic materials would be extracted as potential 

vegetative fingerprints. The genetic fingerprinting is also considered as the next 

generation fingerprint through which potential of environmental DNA is considered in 

providing more detailed information on the plant species found in sediment sources. 

3. Organic matter plays a major role in both terrestrial and oceanic biogeochemical 

cycles. In this study 13C CPMAS NMR was employed to determine the composition 

and transformation of organic matter in different land uses as well as in the interface 

of terrestrial-freshwater-marine environment. It is estimated that the substantial part of 

organic matter in the ocean is produced locally through photosynthetic microalgae and 

bacteria. Therefore, more investigations are required to reveal various aspects of the 

marine C cycle and provide new insights into the composition and transformations of 

organic matter in the marine environment. 

 

 


