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Abstract
Natural biogeochemical cycles of the macronutrient elements carbon (C), nitrogen
(N) and phosphorus (P) have been transformed by food and fuel production,
through atmospheric pollution and climate change. Further, land disturbance has
led to considerable losses of nutrients from terrestrial ecosystems. This
investigation aims to explore and address several barriers to understanding natural
organic matter cycling across terrestrial and aquatic ecosystems.
Soil organic matter (SOM) turnover models are often constrained by C and N,
while data on organic P is lacking. Twenty UK soils were used to provide the first
investigation of organic P in density fractionated SOM pools. Organic matter in the
mineral fraction was considerably more enriched in oP. Stoichiometric ratios
agreed with a new classification model, which provides important constraints for
models of nutrient cycles.
Radiocarbon (14C) measurements of aquatic OM indicates sources and turnover on
different timescales. Here, the first analysis of particulate O14C in UK rivers
suggested topsoil was the major source. Significantly depleted material was found
in a catchment with historical mining activity. Global, temporal analysis of
dissolved O14C enabled quantification of different OM sources, and highlighted the
importance of assessing the data against the changing atmospheric 14C signal. New
dissolved O14C data for rural, arable and urban catchments were more depleted
than the global averages.
In industry, there is a growing need to manage aquatic nutrient enrichment through
rapid and reliable monitoring. A model of UV absorbance was tested against
freshwaters that were biased towards eutrophic conditions. The results
8

demonstrated the weak absorbing components of algal DOM, and new variable
model parameters were introduced, which quantified the contribution of algal
DOM. This could have implications on model predictions of DOC concentration,
and a generally applicable spectroscopic model is questionable.
This investigation considerably expands the dataset available for modelling large
scale biogeochemical cycles, highlights the importance of an integrated approach,
and considers the implications involved with applied modelled predictions of
aquatic DOC.
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1. Introduction

The man-made production of food and fuel have modified virtually every major
global biogeochemical cycle (Falkowski et al., 2000). The synthesis of ammonia and
the mining of phosphorus manufactured into nutrient rich fertilizers has eradicated
the natural restrictions of food production, which has been one of the main drivers
of global population increase, reaching 7 billion in 2011. By 2050, the population is
expected to reach 9 billion, which will inevitably increase the pressure on the
management of land for fuel and food production, and of water for drinking,
sanitation and irrigation.
Terrestrial ecosystems that previously had near-closed cycles of nitrogen (N) and
phosphorus (P) now export considerable loads of these nutrients, which leads to
eutrophication and acidification of surface waters. Further, ecosystems that remain
nutrient limited are enriched and less biodiverse. Agricultural practices and managed
semi-natural systems has affected natural carbon (C) cycling through changes in net
primary productivity and carbon storage through N deposition. However, the effects
of these impacts, and how they interact between the different nutrient cycles over
large scales, is poorly understood (Vitousek et al., 1997) and it remains uncertain
how these processes will respond to future change. Simple, mechanistically based
integrated models of atmosphere, land and water can enhance understanding of past,
and therefore future pools and fluxes of C, N and P. Considerable gaps in the
knowledge of the processes involved across different ecosystems hinders further
development of this approach.
Therefore, in order to improve the sustainability of agriculture, preserve carbon
stocks, control eutrophication, reduce nutrient delivery to the sea and reduce
greenhouse gas emissions to the atmosphere, we need to understand the processes
24

and interactions between these nutrients, and the linkages between atmospheric,
terrestrial and aquatic environments.

1.1 Thesis Aims and Objectives
This project aims to explore several gaps in the knowledge of OM function across
different ecosystems, thus aiding more effective integrated model predictions of
macronutrient cycling. The thesis is structured using a sequence beginning with
exploring terrestrial nutrient stability and stoichiometry, followed by the transfer of
DOC and POC in freshwaters and ending with the application of spectroscopic
methods for different freshwater DOC components (Figure 1.1). In doing so, I will
gain a wider understanding of nutrient cycling, storage and the linkages between
terrestrial and freshwater ecosystems.
Thus, I will aim to address the following research questions:


How is organic phosphorus distributed between different soil organic
matter fractions, compared to the more widely researched
macronutrient elements? (Chapter 3).

Extensive information is available describing and quantifying the distribution of C
and N in soil organic matter (SOM) pools, which is mostly measured using the N
content (through C:N ratios). This data has been widely used to construct simple
models of long term SOM turnover (Jenkinson et al. 1990; Sohi et al. 2001).
However, no studies report the distribution of organic phosphorus (oP) in SOM
pools. Thus, a quantitative analysis of the distribution of oP in SOM is necessary for
further understanding and improved modelling of nutrient cycling and stability.
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What is the time elapsed between terrestrial C fixation and entry into
the water course? (Chapter 4 & 5)

Chapter 3 addressed some of the mechanisms involved in nutrient stabilization in
soil. Chapters 4 and 5 explores the terrestrial sources of particulate and dissolved
organic matter present in rivers using radiocarbon (14C), which is a powerful tracer
of the origins of C pools and organic matter (OM) turnover. To date, no data is
available on particulate organic carbon in UK rivers, and very little information is
available for dissolved organic carbon. Therefore, understanding the origins of the
terrestrial OM entering rivers should improve our ability to model the terrestrialfreshwater C cycle, and the mechanisms behind carbon transfer to the atmosphere
and oceans.


Using optical absorbance, how well does a multi-component model
algorithm predict DOC concentration in eutrophic waters, and what
modifications can be made? (Chapter 6)

In the water treatment industry, there is a growing need for rapid and reliable
measurements, largely due to the widespread observed increases in concentrations
and fluxes of dissolved organic carbon (DOC) (Monteith et al., 2007), which has
implications for ecology and water treatment costs. However, complex in stream
processing of terrestrially derived organic matter and algal production make it
difficult to quantify the different OM components and sources. This chapter explores
the efficacy of a multi-wavelength model of DOM absorbance in eutrophic waters,
and the feasibility of this approach for future in-situ measurements.
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This thesis addresses the scientific questions using a range of environments and
experimental design. Both laboratory and field simulations are used, and the thesis
consists of four experimental chapters to address the following objectives:


To develop a physiochemical fractionation method suitable for use across a
wider range of soils, semi natural, managed and arable areas of land. The
macronutrient elements of each fraction will be analysed, with a focus on
the distribution of organic P across the fractions, compared with C and N
(Chapter 3).



To carry out a yearlong river water sampling campaign across four major
UK catchments. Samples are to be collected at high flow, for the analysis of
dissolved and particulate radiocarbon by accelerator mass spectrometry
(Chapter 4 and 5).



To identify field environments and collect samples where algal derived
organic matter may dominate over terrestrially derived material. Two
measurements of DOC concentration using the algorithm and a
conventional laboratory analysis will be carried out to assess the
differences between the data generated. Controlled mesocosms are also
used to take samples at set time increments to monitor the changes in the
prediction of DOC concentration over time (Chapter 6).
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Atmospheric
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Agricultural
Nutrient stability Stoichiometry

Erosion
Sources, ages, quantification
Aquatic
In stream processes, detection.

Industrial water resources management

Figure 1.1: An illustration of the different elements of the thesis and how they fit
together. Each box represents an element of an integrated model of macronutrient
cycles. The processes explored in this thesis are shown in red. Nutrient stability and
stoichiometry are explored in chapter 3 and would aid better understanding of
nutrient retention and release in soils. Exploring sources and ages of dissolved
organic matter in rivers will aid our understanding of nutrient losses from soil
(chapters 4 and 5). Finally, instream processing and analytical detection of aquatic
organic matter will contribute towards a UV spectroscopic method that could be
applied to industrial water treatment strategies (chapter 6).
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2. Literature Review

2.1 Part I - Anthropogenic influences on terrestrial nutrient cycling
Soils represent both a significant source and sink of C within the global carbon
cycle, with an estimated 2157-2293 Pg C stored in the upper 100 cm (Batjes, 2014)
and an estimated flux of 76.5 Pg C a-1 to the atmosphere through soil respiration
(Raich and Potter, 1995). Plants add 50-60 Pg C a -1 to the soil pool through
litterfall and contributes 59 Pg C a-1 to the atmosphere through respiration, while
photosynthesis fixes 120 Pg C a-1 from the atmosphere. However, land disturbance
and clearance for agricultural practices, including livestock grazing and food
production was in the region of 5x109 ha in 2000 (1.5x109 ha for crops and 3.5x109
ha for pasture) (Tilman et al., 2001), which increases the total atmospheric flux by
1 Pg C a-1 (Schlesinger and Andrews 2000). Additionally, the combustion of fossil
fuels contributes an extra 6-7 Pg C a-1 to the atmosphere, all of which have
collectively contributed towards an increase in global temperature and atmospheric
CO2 emissions (Schlesinger and Andrews, 2000). Natural hazards contribute a very
small flux of C to the atmosphere, at 0.1 Pg C a-1. A diagram of the carbon cycle
can be seen in Figure 2.1, with the aquatic C cycling described further in section
1.7. Long term predictions indicate that by the end of the current century, global
mean temperatures will increase by approximately 2 - 7 oC due to atmospheric
greenhouse gas concentrations, CO2 especially (Wu et al., 2011). In semi natural
ecosystems, C cycling has also been altered through changes in net primary
productivity and the ability to store C, through the increase of N deposition
(Hagedorn, Spinnler and Siegwolf, 2003).
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Pre-industrial patterns of biologically fixed N were in the region of 3 Tg N a-1
(Galloway et al., 1995). Production of synthetic fertilizers, cultivation of N fixing
crops and the deposition of fossil fuel associated N are effectively in the same
order of magnitude as natural biological N fixation (Galloway et al., 1995;
Falkowski et al., 2000). Industry and fossil fuel combustion has contributed to
atmospheric NOx emissions of ~0.05 Pg a-1 and 0.11 Pg a-1 in methane (CH4)
emissions (Galloway et al., 2004). Phosphorus compounds are almost entirely
supplied by the parent material of unfertilized soils through weathering and is
mostly cycled in geological timescales, which leads to P limitation in terrestrial
systems (Walker and Syers, 1976). Thus, phosphorus compounds are also mined
for fertilizer, which has led to an approximately four fold increase in P inputs to
the biosphere (Falkowski et al., 2000; Elser and Bennett, 2011). However, P differs
from atmospheric emissions of C and N in that it does not have a stable gaseous
form. Thus, fluxes of P to the atmosphere are much less than C and N, and is
mostly in aerosol form (Mahowald et al., 2008) or fine biological debris
transported over shorter distances (Tipping et al., 2014). However, some changes
have been observed, as the result of biogenic and biomass burning (Mahowald et
al. 2008; Baker et al. 2006), though these fluxes are small in comparison to C and
N. Fluxes of biospheric P to the atmosphere are in the region of 0.001 Pg a-1, 5% of
which is anthropogenic (0.07 Tg a-1) (Mahowald et al., 2008). More recent
research by Tipping et al (2014) estimated a total annual transfer of P to and from
the atmosphere of 3.7 Tg a-1. In terrestrial ecosystems, P is accumulating at
between 10.5-15.5 Tg a-1 which will cause an increase in the rate of biological
processes such as primary productivity, which in turn can create N limitations
(Vitousek et al., 2010). Further, inputs of P from terrestrial diffuse (agricultural)
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and point sources (sewage effluent) are hazardous to freshwaters, with the latter
source providing the most significant risk of eutrophication in rivers (see part II)
(Jarvie, Neal and Withers, 2006; Withers and Jarvie, 2008). In turn, nitrogen inputs
have been found to accelerate phosphorus cycling rates across a range of different
terrestrial ecosystems (Marklein and Houlton, 2012).
Biotic sinks of CO2 and the rate of C sequestration into soil requires nitrogen and
phosphorus in addition to carbon, creating close linkages in the main macronutrient
elements. Limited availability of both nutrients are predicted to reduce future
carbon storage by natural ecosystems during the 21st century (Peñuelas et al.,
2013). Therefore, it is important to understand the linkages between C, N and P
over the long term, and on large scales.
2.2 The nature and formation of soil organic matter
Much of the organic carbon and nitrogen in soil is stabilised within soil organic
matter (SOM), with different plant functional types contributing towards the
distribution of soil organic carbon (SOC) with depth. Globally, SOC in the top
20cm averaged 33% 42% and 50% relative to the first meter of soil for shrublands,
grasslands and forests respectively, in a study of global terrestrial C storage
(Jobbágy and Jackson, 2000). Soil OM contains two thirds of the world’s terrestrial
C stores, which is more than twice the amount of atmospheric C (Simpson and
Simpson 2012; Schlesinger 1997; Batjes 2014), with the remainder stored as
inorganic C (Scharlemann et al., 2014). As well as being an important source of
soil C, SOM is a key functional component in soil, regulating contaminant uptake
by crops and leaching into groundwater (Lehmann and Kleber, 2015), pH and
conductivity, and influencing the cycling of other macronutrient elements. Organic
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matter retains plant available water and nutrients and promotes the formation of
soil structure, making it a central component in soil fertility, agricultural
productivity and global food security (Lehmann and Kleber, 2015). Structural
components of SOM are summarised in Table 2.1.
2.2.1 Biological processes of SOM
Microbes regulate the production of soil organic matter. They decompose plant
residues and organic compounds of animal or microbial origin, to access C, N, P,
sulphur (S) and other micronutrients, to fuel metabolism. A proportion of this C is
retained within microbial biomass whilst the rest is respired as CO2 or returned to
the soil as exudates or metabolites. Plant material is rapidly respired, with a
turnover of approximately 1 year, meaning that only a small proportion enters the
SOM pool (Mills et al., 2013). However, vascular plant material does account for a
major proportion of soil organic N (Kögel-Knabner, 2002). Microbial detritus is
also a major component of SOM, which accounts for around 60% of the total P in
the form of orthophosphate diesters from DNA and RNA (Turner et al., 2002;
Kögel-Knabner, 2006).
The non-living aspect of SOM – notably humic substances are formed by the
transformation of decomposing cellular material to non- cellular organic matter
(humus), through microbial activity, and can account for around 50% of the total
OM (Rice, 2001), and contains about 96% of the total organic N (Kögel-Knabner,
2006). Humic substances are extremely chemically heterogeneous and amorphous
in nature, perhaps the most complex natural mixture on earth, which confounds the
study of its structure and reactivity in the environment (Simpson et al. 2011;
Simpson and Simpson 2012; Schlesinger and Bernhardt 2013).
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2.2.2 The chemistry of SOM
Critical to understanding SOM formation and stability is the identification of the
molecular components of which it is comprised, with research commencing as far
back as the early 20th century (Waksman 1936). As a result, the main structural
components of soil organic matter are accepted as being principally comprised of
components from lignin, carbohydrates and sugars, cutin, suberin, peptides,
microbially derived decomposition by-products and black carbon. A summary of
the OM constituents, their origins and how they can be measured are summarised
in Table 2.1.
Technological advances in nuclear magnetic resonance (NMR), mass spectrometry
and biomarker techniques have led to a greater understanding of the composition
of SOM (Simpson and Simpson 2012). These methods provide basic structural
information on the sample and are widely favoured due to the lack of sample pretreatments (Kögel-Knabner, 2000). The 13C-NMR technique involves the
separation of active nuclei in a strong magnetic field, by the variation in nuclear
spin energy levels, which will refer to the different electron densities surrounding
each nucleus in the sample (Hatcher et al., 2001). The typical structural
information obtained for SOM by 13C-NMR methods include alkyl, 0-alkyl,
aromatic and phenolic compounds, and carboxylic and carbonyl components
(Simpson and Simpson 2012) (Figure 2.2).
Studies using the solid state 13C-NMR technique have shown that the humin
component contains similar functional groups to the sample from which it
originated, although the humin fraction tends to be higher in aliphatic carbon and
lower in aromatic carbon compared to other humic acids (Almendros and Guadalix
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1996). In peat soils for example, the bulk sample and the humin fraction vary as
little as 2% in terms of their composition (Simpson and Johnson, 2006). Kang et al
(2003) found 70% of aliphatic carbon in a sample of humin from Western
Massachusetts. Simpson and Johnson (2006) demonstrated the presence of an
amorphous, polymethylene - rich component in all of the six humin samples
analysed, indicating a high affinity for hydrophobic compounds. In grassland soils,
the insoluble SOM fraction showed some variation in comparison to the original
sample. Larger aliphatic signals were found in the humin fraction, which are
derived from components found in plant cuticles. This is thought to result from the
highly hydrophobic nature of cuticular components (Kögel-Knabner 2002;
Sachleben and Hatcher 2004; Simpson et al. 2002) although the preferential
adsorption of their aliphatic compounds to clays may contribute to their persistence
in some soils (Hayes et al 2009).
Biomarkers involve the fingerprinting of OM compounds that can be traced to a
specific plant, microbial or anthropogenic source due to the retention of their
specific carbon composition during decay (Simpson and Simpson 2012; Amelung
et al. 2008). This has greatly improved the understanding of OM composition and
the ecological responses to climate change (Simpson and Simpson 2012) and
provides an additional step in molecular characterisation of OM by NMR.
Biomarkers also provide information on the stage of decomposition, and thus the
turnover rates of OM components (Simpson and Simpson 2012; Otto and Simpson
2005; Feng et al. 2008). Some biomarkers that have been used for OM
characterisation include n-alkanes, n-alkanols, n-alkanolic acids and phospholipid
fatty acids (PLFA) sourced from plant waxes, bacteria and fungi (Simpson and
Simpson 2012) (Table 2.1). However, biomarker methods only capture a small
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proportion of the total OM composition in comparison to NMR methods, with
approximately 17% of the total OM characterized compared to 52-79%
respectively (Otto and Simpson 2007; Simpson and Simpson 2012).
Despite the recognised importance of the role of SOM in soil stability, a large
proportion of the molecular constituents of SOM remain uncharacterised, largely
due to the limitations associated with current analytical techniques (Hatcher et al.
2001; Hedges et al. 2000; Simpson and Simpson 2012).
2.3 The physical state of soil organic matter
The large reservoir of carbon sequestered in SOM has received widespread
research interest due to its potential vulnerability to climate change. Pool sizes may
be altered directly as a result of changes in temperature, soil moisture and pH, or
indirectly through vegetation and land use change which all have the potential to
alter atmospheric CO2 concentration and the global climate (von Lutzow et al.
2006). Despite this, the mechanisms by which the SOM pool is maintained are
poorly understood, making conceptual model simulations on ecosystem response
and management difficult and uncertain (Von Lutzow et al. 2006; Parton 1996).
Further, the term recalcitrance may hinder progress of SOM characterisation. For
instance, some definitions of recalcitrance are based on the material property,
while others refer to the specific turnover time or how it is operationally
decomposed during laboratory incubation experiments (Kleber and Johnson 2010).
The state at which SOM is maintained in the soil is largely dependent on the soil
type, and studies on single soil classifications cannot easily be related to others.
Von Lutzow et al. (2006) defined all stabilization mechanisms that have been
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suggested to occur in different temperate soils and identified three main categories
of stabilization discussed below.
2.3.1 Selective preservation
The process of selective preservation ultimately leads to the accumulation of
molecules that are resistant to degradation and are considered to be recalcitrant.
Several categories of preservation occur including primary, originating from above
and below ground litter decomposition, and secondary, which mostly includes
microbial products, but also humic polymers and charred material (Von Lutzow et
al. 2006). In primary preservation, the polymers most resistant to degradation are
largely regarded as aromatic in character including lignin, lipids and waxy residues
(Von Lutzow et al. 2006; Derenne and Largeau 2001). The aliphatic compounds
present in lignin are not readily decomposed, leading to an accumulation in the
initial phases of decomposition. Investigations in both the field and laboratory have
confirmed that such components are selectively preserved during degradation
(Kögel-Knabner et al. 2008; Kalbitz et al. 2003a; Kalbitz et al. 2003b). However,
the way in which lignin compounds are depolymerized is not entirely understood
and results are restricted to specific habitats, including forested soils (Von Lutzow
et al. 2006). In agricultural soils, lignin concentrations in topsoil are small,
indicating that lignin is decomposed more readily under these conditions (KögelKnabner, 2000). For clay soils, alkyl C compounds are generally more abundant in
comparison to whole soils and coarse soil fractions (Mahieu, Randall and Powlson,
1999). Studies on the accumulation of alkyl C in soils are inconclusive and it is not
certain which of the OM structural properties, hydrophobicity or association to
clay mineral surfaces are the main drivers (Von Lutzow et al. 2006).

36

Secondary selective preservation has previously been considered a minor aspect of
SOM stabilization, accounting for between 0.3 % and 7 % of the OC content
(Wardle 1992). However, more recent research has suggested a much greater input
of microbial biomass to SOM, with a contribution of >50 % to extractable SOM,
equating to >80 % of soil nitrogen (Simpson et al., 2007). Microbial residues that
accumulate in soils include murein, chitin and lipids (Kögel-Knabner, 2002; Kiem
and Kögel-Knabner, 2003). Fungi and bacteria also produce melanins which
persist in soils, although their fate and decomposition in soils is unresolved (Von
Lutzow et al. 2006). In some soils, labile microbial compounds including
polysaccharides and proteins have also been found in ‘old’ OM, indicating
stabilization, though the mechanisms behind this are still subject to debate (Kiem
and Kögel-Knabner, 2003; Knicker, 2011).
2.3.2 Stabilization by spatial inaccessibility
The fate of SOM is highly dependent on several soil characteristics, including the
location of OM in the soil profile and aggregate composition. In temperate soils,
much evidence exists that suggests soil structure is responsible for the protection of
OM against degradation (Six, Elliott and Paustian, 2000; Six et al., 2002). Soil
biota are also driving agents for occlusion, whereby microbial cells, secretions and
root exudates act as cementing agents, which are consequently occluded with the
soil aggregates (Six, Elliott and Paustian, 2000; Six et al., 2002). Occluded SOM is
therefore resistant to decomposition because of reduced access for microbial
decomposers, reduced enzymatic diffusion and restricted aerobic decomposition
due to reduced diffusion of oxygen, all of which are largely governed by soil pore
size (Von Lutzow et al. 2006). The stabilization of OM in aggregated soil is highly
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responsive to land management practices with continuous nutrient input, including
fertilizer application and cropping in agriculturally managed soils (Lutzow et al.,
2006). Labile components may also be resistant to degradation through
encapsulation by hydrophobic components of humic substances (Piccolo, 2002;
Knicker, 2011). However, limited evidence of this occurrence is available, due to
the difficulty of measuring encapsulation in situ (Von Lutzow et al. 2006).
2.3.3 Association with mineral matter
The resistance of labile OM substances to degradation is often the result of binding
with mineral surfaces through adsorption, and research supports the concept that
small molecules adsorbed to mineral surfaces cannot be utilized by
microorganisms (Chenu and Stotzky 2002; Kalbitz et al. 2005). The stabilization of
OM constituents in different soils is largely governed by the specific surface area
(Saggar et al., 1996), with preferential adsorption occurring on clay-sized particles
(<2μm), iron oxides (3-10nm) and amorphous aluminium oxides (<3nm). Kaiser
and Guggenberger (2003) also demonstrated that preferential sorption occurs at
sites such as rough surfaces and micro-pores where Fe and Al-OH groups are
exposed.
There are several mechanisms that are considered to be involved during the
interaction of OM with mineral surfaces, which includes ligand exchange, weak
interactions including hydrophobic interactions and complexation of metal ions
(Von Lutzow et al. 2006). Ligand exchange involves anion exchange between
hydroxyl (OH-) groups on the mineral surface, carboxyl and phenolic compounds
of OH- groups, and forms strong organo-mineral association (Fe-O-C bonds for
example) (Von Lutzow et al. 2006). These reactions have been observed to
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increase with decreasing pH, with maximum sorption occurring in mineral rich,
acidic soils at between pH 4.1 and 6.5 (Gu et al., 1994). Weak hydrophobic
interactions occur as the result of the absence of non-polar residues such as
aromatic compounds and alkyl-C in water, forcing non-polar groups together
through Van der Waals forces (Von Lutzow et al. 2006). Hydrophobic interactions
again favour lower pH soils where hydroxyl and carboxyl groups are protonated.
Stabilization of OM through complexation with metal ions is well known and has
been extensively researched, and it is accepted that interaction of soil aluminium
(Al) and iron (Fe) is the main driver of stable SOM in podzols (Lundström, van
Breemen and Bain, 2000; Zysset and Berggren, 2001; Nierop, Jansen and
Verstraten, 2002). However, a detailed, mechanistic understanding of why sorption
to minerals reduces decomposition and quantification of OM stability is lacking,
largely due to the lack of established methods available for in situ measurements.
2.4 Soil organic matter turnover
The turnover of soil organic matter is often quantified by the mean residence time
(MRT), which is the average time an element or compound resides in the pool at
steady state (Six and Jastrow, 2002). Quantifying the turnover of SOM,
conventionally through the SOM-C content can be estimated through several
techniques including simple first order modelling, natural abundance 13C and
radiocarbon (14C) dating.
Considerable technological advances in the 14C dating technique has greatly
improved the accessibility of OM measurements across all ecosystems, through the
development of the accelerator mass spectrometer. Early work by Libby et al
(1949) demonstrated 14C analysis by placing a modern source in a radiation
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detector and counting its counts per minute, scaling up to 1g samples for over 12
hours, giving a precision of 1%. Later work by Bennett et al (1979) demonstrated
that the analysis of 14C in natural samples could be done using a mass
spectrometer, coupled with a tandem electrostatic particle accelerator. Since then,
accelerator mass spectrometry has become a widely used and powerful technique
in the quantitative analysis of SOM turnover using 14C, by the measurement of
atom abundance.
Radiocarbon has a half-life of approximately 5700 years and naturally occurring
14

C is present in minute concentrations in the atmosphere (~1.2x10-10 %) (Hua,

2009), which gives the ability to measure turnover on centennial and millennial
timescales. During the atmospheric weapons testing period of the 1950s and 60s,
large quantities of 14C were produced in the atmosphere, in the region of 630x1026
14

C atoms (Hesshaimer, Heimann and Levin, 1994). This caused increases in the

14

C:12C ratio in atmospheric CO2 leading to disequilibrium in the atmosphere,

biosphere and oceans. Following the testing, 14CO2 changes were documented,
which has given the ability to use bomb 14C as a unique tracer on decadal
timescales (Hua, 2009) (Figure 2.3). Generally, 14C is presented as years BP,
although variations in units are frequently reported. Commonly, results are
presented in Δ14C (‰) or fraction modern carbon (fMC), although percent modern
(%, or pMC) has been used throughout this study (see chapters 4 and 5). The units
can be converted using the equations below, where x is the value of the dated
sample in ‰, λ = 1/8267 a-1 and y is the year of the sample collection:

𝑥‰

𝑓𝑀𝐶 = ((1000) + 1) 𝑒𝑥𝑝 𝜆(𝑦−1950)

(1)
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𝑥‰
𝑝𝑀𝐶 = 100 + (
)
10

(2)

Extensive research into SOM turnover has deduced that OM varies significantly in
its turnover and age (Trumbore, 2009; Mills et al., 2013), such that the
quantification of SOM by MRT will only ever provide an approximate value.
Detailed simulation models of SOM turnover now use a multi-compartmental
approach, with several organic matter pools, defined by different turnover rates
(Six and Jastrow, 2002). A more recent example of large scale analyses of soil C
turnover is that by Mills et al., (2013). In a synthesis of data from approximately
250 sites, a two pool, steady state model was applied for semi natural and forested
areas for both the UK and globally. It was found that forested soils are significantly
more enriched in radiocarbon than non-forested soils, indicating a faster turnover
of C in these areas, when steady state conditions are assumed. The mean residence
times for the topsoil samples included a slow pool of about 20 years and a passive
pool of 1000 years. A fast pool comprised of rapidly decomposing material with a
turnover of seconds to years includes recently deposited labile plant material
(Amundson, 2001; Trumbore, 2009). Wide scale results of soil C turnover as
described, can provide new constraints to quantitative models and complement
smaller scale investigations of soil C cycling.
With the exception of large scale studies such as Mills et al. (2013), investigation
into C cycling using 14C has largely dominated at the plot scale, where differences
in turnover has been characterised in terms of soil horizons (Richter et al. 1999;
Leifeld et al. 2009; Schulze et al. 2009). For more reliable models of global
nutrient cycles, quantification of soil carbon turnover needs to be characterised at
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regional and global scales and over a wider range of soil classifications (Mills et
al., 2013).
2.5 Soil organic matter Stoichiometry
The biogeochemical cycles of the macronutrient elements C, N and P are
interlinked with SOM turnover, due to the continual alteration of their
stoichiometric relationships. Since early research by Redfield (1958) observed an
average ratio of CNP 106:16:1 in marine planktonic biomass, similar elemental
ratios have been explored in terrestrial environments, with limited outcome.
However, more recent research suggests parallel interactions between terrestrial
biomass and the terrestrial environment (Cleveland and Liptzin 2007). While
quantifying the stoichiometric relationships of SOM provides important model
constraints, full understanding of the elemental relationships are lacking. This is
partly due to the lack of data available on the elements P and sulphur (S), whilst
information on the CN relationships across different soils is abundant. A diverse
range of soil types is also not available, or has not been included in past data metaanalyses. For instance, Kirkby et al. (2011) presented a meta-analysis of more than
500 different soils internationally, but restricted the analyses to data with lower
C:N ratios (16.5 or less) and to mineral soil. A similar approach was used by
Cleveland and Liptzin (2007). Earlier research by Walker and Adams (1958) only
focussed on grassland soils in New Zealand.
Improving the understanding of element stoichiometry in SOM is nevertheless
reflected in more recent research. From analysis of data obtained with the Hedley
fractionation procedure (Hedley et al, 1982), Yang and Post (2011) found that C
and N in SOM were closely linked, but that P was correlated to neither C nor N,
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and they concluded that OP is decoupled from OC and ON. However, Tipping et al
(2016) provided stoichiometric analyses of C, N, P and S in SOM for
approximately 2000 different soil samples globally. Strong negative correlations (P
<0.001) were observed for N:C, P:C and S:C ratios and % organic carbon, in all
soils that were not characterised as peat. Tropical soils also follow the same
pattern, but tend to have lower P:C ratios. This showed that SOM in soils with a
low OC content tends to be richer in N, P and S. Strong relationships occur
between C and N, due to their presence in many of the same molecules, including
proteins, while phosphorus originates from other sources including DNA and RNA
(Turner et al, 2002). Tipping et al (2016) therefore derived a simple mixing model
to describe this relationship, based on the parameters of nutrient poor SOM
(NPSOM) (≥ 50% C) and nutrient rich SOM (NRSOM) (≤ 0.1% C), which gave
rounded CNPS stoichiometries of 919:36:1:5 and 61:7:1:1 respectively. Therefore,
nutrient rich (mineral) SOM contains compounds preferentially selected based on
their strong adsorption to mineral matter, providing a new quantitative framework
for SOM classification and important constraints to conceptual SOM modelling.
2.6 Fractionated soil organic matter
The organo-mineral interactions and quantitative pools of SOM can be
operationally defined by the physical or chemical separation of different SOM
fractions; a technique which has been used for almost 50 years. The fractionation
procedure essentially separates the SOM into discrete fractions of differing
stability (Crow et al., 2007). These usually include an organic matter fraction
referred to as the light fraction (LF) or particulate organic matter (POM), and the
heavy fraction (HF), which is exclusive of OM bound to mineral matter (Golchin

43

et al., 1994; Six et al., 1998; Sohi et al., 2001). There are two common types of
fractionation procedure, which can also be used together in the same method.
Physical fractionation of soil according to particle size is generally achieved
through varying degrees of dispersion and separation to break aggregate bonds,
and can include dry or wet sieving to different aggregate sizes, or sonication of soil
suspensions (Kirkby et al., 2011). Density separation involves the dispersion of
aggregates using a heavy solution, commonly sodium polytungstate (Schrumpf et
al., 2013). Due to the diversity of fractionation techniques, there has been a steady
increase in the development and use of density fractionation methods over the past
two decades, applied to a range of chemical and ecological research areas (Crow et
al. 2007; Christensen 2001).
Fractionation methods have been commonly used to measure the transformations
of C and N ratios associated with SOM decomposition, to provide simple turnover
models based on the measurable, fractionated pools (Sohi et al., 2001). In an
analysis of 12 sites of varying land uses, Schrumpf et al (2013), coupled density
fractionation with 14C analysis of the fractionated SOM, which showed that the
mineral fractions are chemically more degraded and are older than that of the light
fraction, suggesting that association with minerals was the single most important
mechanism of SOM stabilization, and is more apparent in deeper soils. In an
analysis of global soils combined with new data from agricultural soils in
Australia, Kirkby et al (2011) demonstrated a relatively constant CNPS
stoichiometry for the stable portion of soil organic matter. Almost all studies report
low C:N ratios within the HF and high C:N ratios in the LF. However,
measurements of the distribution of oP in both the LF and HF are not readily
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available in the literature, although several studies report oP contents in the LF
(Rodkey et al. 1995; O’Hara et al. 2006; Wick & Tiessen 2008).
The study of Kirkby et al (2011) also made important comparisons of the different
methods available in soil fractionation, highlighting the implications involved with
the wealth of non-standardized methods available. While removal of the light
fraction with any of the stated methods produced similar CNPS ratios, the sieving
and winnowing method consistently produced a more complete removal of the
light fraction, as shown by the slightly lower C:N, C:P and C:S ratios of soils
fractionated using this method. These ratios were comparable to size fractionation
using wet dispersion and washing, as described in Crow et al (2007) and Kaiser et
al (2009), although it is likely that more nutrients are lost during this process.
Considerable differences have been observed during the isolation of organic
components, especially organic phosphorus; oP (Kirkby et al., 2011). As
highlighted in Agbenin et al (1998) analysis of oP from the same soil using two
different extraction methods (H2SO4 and Ethylenediaminetetraacetic acid – EDTA)
gave average C:oP ratios of 193 or 309 respectively, suggesting that careful
consideration is needed when analysing the stoichiometric relationship of C:oP in
SOM fractions (Kirkby et al., 2011).
Though the study of SOM function has expanded substantially in recent decades,
there are considerable gaps in the information available, which will inevitably limit
the efficacy of terrestrial nutrient cycling models. For instance, modelling SOM
turnover is restricted by the lack of soil types, and disregard the complete range of
the macronutrient elements present in SOM. While it is beneficial to have a range
of fractionation methods available for operationally defining SOM, a lack of
diversity in soil type, and variation between published results evidently limits the
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comparability of the studies (Cerli et al., 2012). Thus, for detailed and effective
large scale modelling of SOM dynamics, there is evidently a need for a
fractionation method that is tested over a range of different soil types and can be
applied to measuring soil P as well as C and N. Further, conceptual models of
SOM turnover are constrained by the terrestrial environment, raising fundamental
questions on the linkages between transfer of OM between terrestrial and aquatic
environments, and the important chemical transformations that occur.
In summary, advances in analytical technology has led to a wealth of information
on the composition of SOM, enhancing our understanding of SOM stability and
turnover. The macronutrient elements of SOM, including C, N and P are closely
linked with SOM turnover due to the constant changes involved in the elemental
stoichiometry. Thus, to improve large scale models of SOM turnover, quantitative
information is needed on the distribution of P in different soil organic matter pools,
and its relationship relative to C and N, which is lacking in the data currently
available in the literature.
2.7 Part II – Transport, fate and behaviour of natural organic matter in aquatic
ecosystems

2.7.1 Nutrient transfer from land to freshwater
The physical and chemical erosion of soil are the most widespread mechanisms of
soil degradation, with a global estimate of 1094 M ha of land affected by water
erosion (Lal, 2003), which equates to a flux of ~ 2.7 Pg C a-1 transported,
mineralized and buried by inland waters (Battin et al., 2008). Anthropogenic
stresses on the land have increased the global flux of carbon from land to
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freshwater ecosystems by 0.1 to 0.2 Pg C a-1, largely as a result of deforestation,
agricultural intensification and human wastewater effluent (Butman et al., 2015).
Inland waters carry multiple forms of carbon, including dissolved organic and
inorganic carbon (DOC and DIC), particulate organic and inorganic carbon (POC
and PIC) and dissolved CO2 (Meybeck and Vörösmarty 1999), which can occur at
almost all interfaces through drainage, erosion and overland flow. Rivers in
particular carry 0.8 Pg C a-1 to the oceans, contributing to the largest carbon sink of
38000 Pg C which also includes 92 Pg C a-1 from the atmosphere through
assimilation. Approximately 0.01 Pg C a-1, including that transported by rivers, is
buried within oceanic sediments, while oceanic loss through outgassing contributes
90 Pg C a-1 to the atmosphere. Outgassing of CO2 from inland waters to the
atmosphere is also an important component of the global C cycle, though
conventional ‘top down’ approaches to modelling carbon cycling is often
constrained to terrestrial ecosystem respiration (Battin et al., 2008), making it
difficult to predict the actual flux from inland waters alone. However, recent
research has placed the global CO2 flux at 2.1 Pg C a-1, larger than previous
estimates which frequently report values at only 1 Pg C a-1 (Cole et al., 2007;
Battin et al., 2008; Aufdenkampe et al., 2011; Raymond et al., 2013).
Agricultural and urban activities make up the two major sources of phosphorus and
nitrogen to aquatic ecosystems, with atmospheric deposition of N contributing a
much smaller source (Carpenter et al., 1998). Approximately 150 Tg N a-1 is
applied to the Earth’s land surface, predominantly by fertilizer application.
Research estimates show that approximately 23% of the N applied to land is lost to
inland waters (van Breemen et al., 2002) much of which is denitrified in the coastal
zone, returning to the atmosphere as N2 (Seitzinger et al., 2006). The four fold
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increase in P addition to the land has inevitably increased the losses to inland
freshwater systems, leading to an accumulation of P in freshwaters of
approximately 15.5 Tg a-1 (Bennett et al. 2001). As a consequence, growth and
reproduction of photosynthetic biota and large scale ecosystem primary production
are frequently limited by N and P, having considerable implications on biological
diversity and ecosystem function (Smith, Tilman and Nekola, 1998; Elser et al.,
2007). Over-enrichment further leads to eutrophication in freshwaters and coastal
regions, creating large coastal ‘dead zones’ such as in the Gulf of Mexico, which
averages more than 17,000 km2 (Elser and Bennett, 2011). While more recent
research has successfully identified the major molecular constituents (Lam et al.,
2007), understanding the linkages between the terrestrial landscape and inland
waters is essential in characterizing the impacts of climate and land use change on
freshwater biogeochemical functioning (Aufdenkampe et al., 2011).

2.7.2 Dissolved and particulate organic carbon: Rivers and Estuaries
Despite the prominence of organic carbon in aquatic systems, the pool is difficult
to characterize due to the heterogeneous mixture of molecules, some of which
remain unidentified (Fry et al., 1998). Common methods for determining the
isotopic composition of aquatic DOC include persulfate oxidation, hightemperature sealed-tube combustion (HTC) and total carbon analyzers, all of which
undergo continual development (Gandhi et al., 2004).
Analysis of the stable isotope 13C is commonly measured by elemental analysers,
coupled with isotopic ratio mass spectrometry (Gandhi et al., 2004; Bouillon et al.,
2006). Stable isotopic signatures are distinct and therefore give the ability to
estimate carbon sources of terrestrial material, owing to the differences in the
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isotope fractionation associated with photosynthetic pathways (Bouillon et al.,
2006). Photosynthetic pathways of major C4 plant fixers are commonly identified
by a δ13C range of between -13 ‰ and -10 ‰. Ancient OC can be in the region of 32 ‰ to 17 ‰, with signals from carbonate rocks in the region of -2.5 ‰ to 0 ‰
(Marwick et al., 2015). However, some δ13C signatures of different sources can
overlap, such as modern C3 plant fixers and recently assimilated soil OM (between
-32 ‰. and -24 ‰). One of the major advantages of characterizing the 14C content
of aquatic C reservoirs by AMS is that it provides an additional resolution in terms
of the sources, where overlapping δ13C signals cannot (Marwick et al., 2015).
In a recent synthesis of global riverine DO14C data, rivers and streams were found
to be enriched in 14C, with an average Δ14C enrichment of 22-46 ‰ (equivalent to
102-105 pMC) which indicates recently assimilated carbon originating from the
atmospheric weapons testing period (Marwick et al., 2015). At the catchment scale,
streams draining directly from urban areas have shown depleted 14C signals,
representing anthropogenic sources such as wastewater effluent (Griffith, Barnes
and Raymond, 2009a). In a global analysis of riverine DO14C data across 135
watersheds, DO14C was depleted, which can be attributed to an increased
mobilisation of aged carbon to rivers by anthropogenic disturbance, including land
use change to agriculture and urban settlements (Butman et al. 2015). Catchment
size dependency was also observed, with larger catchments typically transporting
more enriched 14C, but in situ mineralization and dilution of aged C with modern
sources make interpretation difficult (Caraco et al., 2010; Butman et al., 2015). In
contrast, global data for PO14C is almost always depleted, with an average of Δ14C
-204 ‰ (equivalent to ~80 pMC or 1800 years B.P), suggesting a different source
than DO14C, and one which originates from stable terrestrial C sources. However,
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interpreting depleted PO14C sources is complicated by the metabolism of labile
particulate matter, leaving an average overall depleted signal in the stream.
Further, variations in the atmospheric 14C signal through time, as the result of
atmospheric weapons testing, does not make individual 14C samples directly
comparable. Despite the growing use of 14C, the meta-analysis of Marwick et al
(2015) is only one of very few attempts to fully synthesise global DO14C and
PO14C data, although temporal variations were not addressed. However, substantial
bias in the selection of sites was found. Most of the available data are based on
areas of particularly high erosion including some of the largest rivers in the world
(Mayorga et al., 2005; Galy, France-Lanord and Lartiges, 2008; Spencer, Butler
and Aiken, 2012). Larger catchments with relatively moderate erosion rates, such
as the African catchments added to the synthesis by Marwick et al (2015), are
mostly overlooked.
In the UK, available data on both DO14C and PO14C are focussed on small, upland
catchments, draining predominantly peatlands. Here, all analyses of DO14C
draining from these upland streams were enriched during high flows (Billett,
Garnett and Harvey, 2007; Tipping et al., 2010). As argued in Butman et al.
(2015), additional research in lowland, urban catchments is important when
quantifying the proportion of aged carbon mobilized from the landscape and
understanding its impact on large scale carbon cycling and within river processes.
There are no known data on PO14C in larger, lowland catchments and the first such
dataset is presented in Chapter 4.
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2.7.3 Nutrient cycling in lakes and reservoirs

Inland waters store a significant stock of OC, with an estimated 820 Pg OC buried
in the sediment bed (Einsele, Yan and Hinderer, 2001; Cole et al., 2007). Lakes
and reservoirs generate approximately 0.65 Pg C a-1 in lake gross primary
production (Tranvik et al., 2009), although this is only a fraction of the global
primary productivity of 100–150 Pg C a-1 (Randerson et al., 2002). The exact
number of lakes around the globe quoted in the literature is variable (Downing et
al. 2006; Verpoorter et al. 2014). However, all studies show an abundance of lakes
within the smallest category by area (typically 0.001-0.01 km2) (Downing et al.
2006; Verpoorter et al. 2014; Messager et al. 2016). Therefore, most lakes are
typically shallow, allowing an abundance of light and nutrient sources, placing
them among the most productive systems on earth (Wetzel, 2001). However, the
mechanisms by which OM entering these systems is stabilized is subject to debate.
While the stabilizing factors of SOM are largely considered as extrinsic (Schmidt
et al., 2011), the same cannot be said for OM in lakes and reservoirs, as was found
in a novel study of 109 Swedish lakes (Kellerman et al., 2015). Using ultrahigh
resolution mass spectrometry, it was found that degradation processes
preferentially removed the oxidised aromatic compounds, whereas aliphatic
compounds rich in N were more resistant to degradation, described as a gradient of
decomposition from a high to low oxidation state of carbon. Anoxia in lakes also
suppresses the mineralization of allochthonous OC, stimulating sediment storage
and methanogenesis (Tranvik et al., 2009). Therefore, intrinsic properties of lake
systems dominate over the extrinsic factors in these cases, because constraints in
the terrestrial ecosystem including light and mineral sorption are not factors.
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Lakes and reservoirs are extremely sensitive to climate change; inland waters in
arid regions are likely to decrease with increased drought events. In temperate
regions, the total surface area of inland waters is likely to increase with the
construction of farm ponds and man-made structures for water supply (Tranvik et
al., 2009). Lakes have often been overlooked in many global climate models and
are often viewed as a passive, single pool. To improve model constraints, further
investigation is needed in the roles of freshwater molecular processing on nutrient
cycling, and the impacts of climate change on these processes.

2.8 Quantifying DOC in freshwater systems
Increasing concentrations of DOC in inland waters (Monteith et al., 2007), are a
cause for concern for the water treatment industry, as water elevated in DOC is
expensive and difficult to treat, and can result in a tainted colour and taste of the
drinking water supply (Nguyen et al., 2005). Further, algal blooms from the
increased runoff of N and P can interfere with the water treatment process by
reducing the filtering efficiency through clogging, and by the production of toxic
by-products such as trihalomethanes during the chlorination procedure.
Catchments sensitive to these increases are particularly important, such as upland
areas that are often used as gathering areas for water supply (Thacker et al., 2008).
Thus, there is an increasing demand for intensive monitoring with a high turnover
of data.
Optical components of the humic substances transported into inland freshwaters
provide aquatic organisms protection from harmful ultraviolet radiation (Blough
and Del Vecchio, 2002), and give the ability to optically measure dissolved organic
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carbon. Despite the importance of humic substances in freshwaters, their origins on
a molecular level are difficult to trace (Del Vecchio and Blough, 2004), though
developments in optical measurements have significantly contributed towards
greater qualitative understanding. Using laser-photobleaching, Del Vecchio and
Blough (2004) proved that the absorption- emission spectra of the chromophore
(the part of the molecule responsible for colour) arises from a continuum of
intramolecular charge-transfer interactions within the material. This disproved the
past theory of superposition, which speculated that the final spectra emitted was
the result of numerous independent chromophores (Goldstone et al. 2004 and
Coble 2000).
Traditionally, quantifying the concentration of DOC has been measured through
the use of ‘colour’, such as the Hazen scale. Recently, analytical techniques within
the laboratory have been using total carbon analysers, which involves the infra-red
analysis of DOC through the combustion to CO2 (Menzel and Vaccaro, 1964; Chen
et al., 2002). Both techniques are however, bound to laboratory conditions,
introducing complications around the transport of samples back into the laboratory,
and time taken for results to be obtained. Alternatively, absorption spectroscopy
involves the measure of an output based on the amount of light absorbed by the
sample, from a specific light source. Absorption in the UV-Visible range (400-800
nm) can also give indicators of the molecular properties. For example, specific
ultra violet absorbance (SUVA) (also defined as the extinction coefficient)
provides a measure of aromaticity (Weishaar et al. 2003). Fluorescence
spectroscopy differs from absorption in that it measures the amount of light
absorbed by a sample as a function of the photon wavelength, and can provide
temporal and spatial information of DOM (Chen et al., 2003). While these
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techniques are popular, the difference in DOM properties across different
environments means that calibration for each site is necessary, further making the
current methods time consuming and laborious.
The nature of organic components produced within the water body differs from
that of terrestrial organic matter on the molecular level. Laboratory simulations
such as Henderson et al. (2008) have shown that autochthonous material comprised
more than 57 % hydrophilic compounds and specific ultra violet absorbance
(SUVA) values of less than 2.0 L m-1 mg-1. This indicates that all aquatic organic
matter (AOM) was dominated by low absorbance at the 254 nm range, much lower
than that of terrestrially derived organic matter, such as plant, soil and microbial
detritus. Further, proteins aromatic in character were not detected by SUVA,
showing that this specific wavelength is only indicative of aromatic humic and
fulvic like substances (Henderson et al. 2008). In the natural environment, there are
few published examples of DOM dominant from autochthonous sources. One
interesting example is Lake Fryxell in Antarctica, where stream input is mostly
glacial meltwater and catchment soil is <0.1% OC, meaning that inputs of
terrestrial DOM is negligible (Aiken et al., 1996). Here, the analysis of fractionated
DOC through 13C NMR showed that the organic matter produced within the lake
and stream originated from the leaching of algal and bacterial biomass. However,
data from Lake Fryxell modelled by Gondar et al (2008) showed that material from
this lake does absorb some light. Mash et al (2004) found that autochthonous DOM
sources in Arizona reservoirs had the same characteristics. Therefore, measuring
autochthonous material by optical methods could lead to underestimations when
quantifying the organic matter present in natural freshwaters.
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The combined issue of constant calibration and underestimation has been
addressed by recent research involving the combination of two different
wavelengths through a two component algorithm approach (Thacker et al., 2008;
Tipping et al., 2009). First, Thacker et al. (2008) demonstrated a monotonic
increase in 23 concentrated DOM samples, suggesting that the concentration of
DOC can be calculated with only the absorption data, based on the ratio of the
extinction coefficient (or specific absorptivity) and the absorbance at two
wavelengths. Although the wavelengths 254 nm and 340 nm were chosen, the
extinction coefficient can be calculated at any given wavelength using ‘component
A’ and ‘component B’, where component A is referred to as easily absorbing
material such as lignin and component B refers to poorly absorbing material which
is assumed to be hydrophilic in nature (Figure 2.4). Further testing of this model by
Carter et al (2012) introduced a third component, component C, which represents a
small fraction of non-absorbing DOM at a constant concentration of 0.8 mg L-1.
Model testing using approximately 1700 freshwater samples collected
internationally, resulted in good predictions of DOC concentrations (r2 = 0.98),
without the need of recalibration for each site.
Where the model failed to give accurate estimations included 32 individual points
from samples in Lake Pitkjarv in Estonia (Selberg et al., 2011) and in shallow
lakes in the Yangtze basin (Zhang et al., 2005). In the latter case, the model
underestimated [DOC] by an average factor of 2.1. The reason behind this is
inconclusive, although it is noted that DOM in these areas absorbed light extremely
weakly (Carter et al., 2012). In systems that are highly eutrophic, it could be the
case that high concentrations of material that originate from the decay of algae are
not detected by the parameters set in the model, leading to the underestimation of
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the DOC concentration. Thus, there is a good possibility that this model could be
applied in intensive monitoring of freshwater systems both in situ and in the
laboratory.
To summarise, the radiocarbon content of rivers is a powerful tracer of the origins
of terrestrial C pools, and provides a quantitative analysis of OM turnover,
allowing for integrated modelling of terrestrial-aquatic nutrient cycling. However,
a recent global analysis of riverine PO14C and DO14C highlighted considerable bias
in the current dataset. We considerably expand the current dataset by providing an
analysis of riverine PO14C in lowland UK catchments, presented in chapter 4. In
chapter 5, we reassess the global dataset of DO14C, and expand this by presenting
new and previously unpublished data for rivers in the UK and Norway. Finally, we
carry out further testing of a multi-component model for measuring DOC
concentration using UV-Vis spectroscopy, focussing on areas that are dominant in
DOM of algal origin, as shown in chapter 6.
2.9 Overview
Understanding soil organic matter processing and its linkages between the
terrestrial, aquatic and atmospheric environments is important in global scale
climate modelling. The global terrestrial and aquatic database is extensive,
although fundamental questions have yet to be answered, including the processes
involved in the selective degradation of SOM on the molecular level, and the
transformations and origins of terrestrial OM on entry into the watercourse. Within
this review, three topics can be identified as important areas to address in the
progression towards conclusive research on the functioning of OM in aquatic and
terrestrial ecosystems. These are discussed below.
56

2.9.1 Quantification
For molecular level processing to be included in large scale models, quantitative
information on destabilization and transport is crucial (Rumpel and KögelKnabner, 2011). Early qualitative work on OM function included the mechanisms
behind recalcitrance, while more recent research has disproven this to be the
dominant function of SOM processing (Dungait et al. 2012; Schmidt et al. 2011;
Simpson and Simpson 2012). As criticised in (Kleber and Johnson 2010),
contradictory evidence can result in ambiguity in the definition OM
decomposition, and continuing the qualitative classification of organic matter may
in fact, adversely affect progress in carbon turnover modelling and soil
management. Therefore, extensive research into the quantitative behaviour of
different forms of OM may better contribute towards a more inclusive stance in
wider scale modelling of carbon. All results presented in this thesis have been
quantified for the purpose of providing necessary constraints in large scale,
integrated modelling.
2.9.2 Spatial scale
Though the database available for terrestrial and aquatic OM mechanisms is
extensive, there remains considerable gaps in terms of location, soil classification
and land use. In soil fractionation studies, methods are typically developed using a
very limited range of soil types, and the nature of the method used varies
considerably. Kirkby et al (2011) provides a useful comparison between the
commonly used methods of fractionation across an international dataset and
highlights a surprising difference in the values found for some components of OM,
including organic P. In the same study, an independent fractionation method based
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on past literature was used to measure the light fraction in agricultural soils only.
In Schrumpf et al (2013) and Zimmermann et al (2007), similar methods were used
across different soil types including grassland and forested soils. While method
development using multiple soils is beneficial, classification of the different
samples into land use area also conflicts across studies. As an example,
Zimmermann et al (2007) classifies agricultural land inclusive of pasture and
arable, whereas Schrumpf et al (2013) categorizes grasslands of any sort as a single
entity, whereas arable is a standalone category. This is not uncommon, making
cross-comparison increasingly difficult. Therefore, a standardized method for
processing and classifying soil is needed, coupled with a more diverse range of soil
types studied.
In rivers, data on PO14C and DO14C is available for some of the world’s largest
catchments, and those with high erosion. In temperate regions with a moderate to
low erosion rate, the data available is scarce. In Marwick et al (2015)
approximately 1134 individual data points for both dissolved and particulate
measurements were collated from around the globe. Much of these were focussed
on some of the largest rivers in the world, including the Amazon. In the UK,
riverine 14C measurements are confined to small, upland catchments. There is
surprisingly little data on lowland, larger catchments where industry and
urbanisation may dominate. As found in Butman et al (2015), DO14C in 135
watersheds was depleted, owing to the increased mobility of aged C through
anthropogenic disturbance. This is contrary to the average enriched DO14C values
found in the meta-analysis by Marwick et al (2015) and evidently a wider range of
conditions is necessary for a reliable global dataset of riverine 14C. Significant
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contributions to this global dataset have been demonstrated in chapters 4 and 5,
across lowland, larger watersheds in the UK.
2.9.3 Technology
Advances in analytical technology have undoubtedly contributed significantly
towards a wider understanding in molecular level SOM processing, and the
changes involved during erosion into inland waters. In terrestrial research,
advances in 13C NMR aided the development of the molecular understanding of
humic substances. The development of 14C analysis by accelerator mass
spectrometry has given the ability to simulate the turnover of terrestrial C across
different timescales. In aquatic ecosystems, the analysis of the 14C radioisotope has
contributed towards the understanding of SOM sources and the time elapsed from
entry into the water course. Despite the total area of lakes only covering a fraction
of the Earth’s land surface, significant research using ultra high resolution mass
spectrometry found that intrinsic properties of these systems governed the selective
degradation of allochthonous OM. Despite this, over half of the OM present in
soils remains to be characterized (Hedges et al., 2000). In large scale climate
predictions, quantifying the SOM using advanced analytical methods may prove to
be more effective in the future preservation of terrestrial carbon stocks in response
to global climate change.
In aquatic systems, the quantifiable difference between terrestrially derived OM
and material that was produced within the water body, is still developing. In most
cases, analysis of aquatic OC quantity has been carried out under laboratory
conditions using total carbon analysers and through optical measures using the
SUVA at the single wavelength of 254 nm. Organic matter that is largely the result
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of algal production and degradation has weaker light absorbing properties than
terrestrial material, which may lead to the underestimation of DOC using optical
absorbance alone. The development of a two-wavelength approach by Tipping et al
(2009) and the introduction of ‘component C’ by Carter et al (2012) has been
successful in predicting concentrations of aquatic DOC in global rivers and lakes,
without the need for repeated recalibration. However, the efficacy of the algorithm
approach needs to be established in highly eutrophic freshwaters, and potential use
in situ should be explored in the future. Further testing of the two component
algorithm approach is explored in chapter 6.
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Table 2.1: A summary of the main structural components of SOM, their sources
and how they are detected. Information was sourced from Simpson and Simpson
(2012) and Kögel-Knabner (2002).
SOM
structural
component
Lignin

Sources

Vascular plant tissue. Cell walls of
wood and bark.

Detection

Solid state
compounds.

13

C NMR: aromatic/phenolic

Solution state NMR: aromatic compounds
Biomarkers: lignin phenols, free phenols from
suberin.

Black carbon

Incomplete combustion of biomass and
biofuels.

Solid state 13C NMR: Aromatics (120-150
ppm).
Biomarkers: Levoglucosan, benzene
polycarboxylic acids, free sugars.

Cutin

Waxy, forming outer call walls of
leaves, stems, flowers and seeds.

Biomarkers: Alkanedioic acids.

Suberin

Forms inner cell wall in woody plants,
coarse grasses and cotton fibres.

Biomarkers: Di and trihydroxyalkanoic acids.

Microbially

Decomposition by-products of soil
microbes and fungi.

Solution state NMR: microbial peptides,
peptidoglycan

derived
compounds

Peptides

Biomarker: Amino sugars, Phospholipid fatty
acids.

Shorter chain amino acids compared to
proteins, found within the cells of
plants, roots, fungi, bacteria.

Solution state NMR: ratio of methyl groups
CH2 and CH3 distinguishes between peptide
and proteins.
Biomarkers: Free amino acids and amino acids
after acid hydrolysis.
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Figure 2.1: A simplified illustration of the global carbon cycle. Fluxes are shown
by the red arrows and red values, all presented in Pg C a-1 (1015 g C). Arrows are
approximately proportional to the magnitude of the flux. Pools are either shown in
the black or white writing, and are measured in Pg C (1015 g C). Values for land
use change, fossil burning, litter fall, rivers, atmospheric pools and oceanic pools
were quoted from Schlesinger and Andrews (2000). Soil pools and fluxes were
quoted from Batjes (2014) and Raich and Potter (1995) respectively. Sediment
storage was quoted from Cole et al. (2007).
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Figure 2.2: Examples of the carboxyl, carbonyl, aromatic and phenolic compounds
present in SOM. Illustrations are redrawn from (Kögel-Knabner, 2002).

Figure 2.3: Example of the radiocarbon bomb peak as the result of atmospheric
weapons testing. The figure has been redrawn based on (Hua, Barbetti and
Rakowski, 2013), up to the year 2010. Data was extrapolated to extend the values
to 2016.
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Figure 2.4: A schematic of the multi-component model of absorbance, redrawn and
modified from Carter et al (2012). The top column represents the sample being
analysed. The model apportions the sample into the two components. Component
A (bottom left) accounts for strongly absorbing material, which results in higher
extinction coefficients. Component B (bottom right) represents weakly absorbing
material, which has lower extinction coefficients. The model can then find the total
DOC concentration [DOC] of the sample, and the fraction of component A.
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3. Density fractionation of soil organic phosphorus

JL Adams, E Tipping, A Lawlor and JN Quinton
Abstract
Organic phosphorus (oP) is a key nutrient element of soil organic matter (SOM),
although its distribution with respect to SOM pools is lacking. Here, we used 20
soils from semi-natural and pasture ecosystems in the UK, to provide the first
preliminary investigation of oP distribution between free and mineral associated
SOM. A density fractionation procedure yielded 96% of the total mass. Mass
concentrations (g/100g soil i.e. %) of C and N were greater in the light fraction,
with very little variation between the different soils, while oP was slightly more
concentrated in the heavy fraction. In contrast, in terms of the total soil mass,
organic matter present in the heavy fraction was considerably more enriched in N
and P at 82 % and 90 % of the total, respectively. The oP:C and N:C ratios we
measured agreed with a new stoichiometric classification model, which
demonstrates that the ratios increase with increasing mineral matter content. Our
data considerably expands available information on oP in SOM pools, and is
consistent with the concept that its molecular constituents strongly adsorb to
mineral matter, even more so than N rich SOM components.

Keywords: Heavy fraction; light fraction; sodium polytungstate; stoichiometry;
carbon; nitrogen
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3.1. Introduction
Phosphorus (P) is the single major element in soil organic matter (SOM) that is
almost entirely supplied by the parent material of (unfertilized) soils through
weathering. Unlike the other macronutrient elements of SOM, including carbon
(C), nitrogen (N) and sulphur (S), P is cycled mostly in geological timescales,
which leads to P limitation in terrestrial ecosystems (Walker and Syers, 1976).
Organic phosphorus (oP) is a particularly important source for plants in both
natural environments and in land managed for food production. It is a key
component of plant cells including nucleic acids, phospholipids and adenosine
triphosphate (ATP), controlling plant growth and metabolism (Schachtman, Reid
and Ayling, 1998). Thus, P compounds play an integral role in intensive farming,
which has led to a four-fold increase in P inputs to the biosphere, largely from the
mining of P compounds (Falkowski et al., 2000; Elser and Bennett, 2011).
Understanding the behaviour of oP is therefore essential in understanding the wider
nature of terrestrial biogeochemical cycling.
Analytical limitations have restricted the information available on the quantity and
speciation of soil organic phosphorus. As an example, solid-state phosphorus-31
nuclear magnetic resonance (31P NMR) cannot be used for detecting oP due to its
low sensitivity (Turner et al., 2005). Thus, oP requires extraction from the soil into
solution, which can have implications on the integrity of the P extract. Chemical
sequential extraction procedures have been developed to partition organic
phosphorus fractions into discrete pools based on solubility. Hedley and Stewart
(1982) proposed a chemical fractionation method based on the idea that
bioavailable material would be present in sodium bicarbonate, strongly bound oP
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would be present in the sodium hydroxide extract and the most stable forms would
remain in the residual fraction. The Hedley fractionation scheme has been used
extensively, with considerable modifications for use in different soil types
(Johnson et al. 2003). Using this technique, Yang and Post (2011) found that C and
N were strongly correlated across different soils, while oP was not correlated to
either, concluding that oP is decoupled from C and N. However, the physical
fractionation of oP content, with regards to SOM pools has not been explored in its
entirety. Kirkby et al., 2011 remains one of few studies to include oP, in a study of
new and published density fractionated soil data, although their chosen methods do
not reflect other commonly used protocols.
The physiochemical fractionation of SOM involves separation through flotation,
sedimentation and aggregate disturbance. During fractionation, the organic debris
including plant and animal material, referred to here as the light fraction, but
sometimes referred to as particulate organic matter (Zimmermann et al., 2007), is
separated from organic material bound to mineral matter, referred to as the heavy
fraction (HF), using a dense solution. A range of fractionation methods are
available (Sohi et al. 2001; Kirkby et al. 2011; Zimmermann et al. 2007), such that
there is no standardised procedure, therefore research into the methodological
aspects continue (Cerli et al, 2012). In well drained soils, the HF is generally
regarded as the stable SOM pool, supported by stable isotope (𝛿13C) and
radiocarbon (14C) analyses, with the oldest organic carbon (OC) found within the
HF (Trumbore, 1993; Swanston et al., 2005; Tan et al., 2007; Kögel-Knabner et
al., 2008). Aggravation of the HF through ultrasound sonication releases
intermediate material called the occluded fraction (OF), which is commonly
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assumed to be more chemically degraded than the LF, and has smaller particle
sizes (Golchin et al., 1994).
The distribution of the nutrient elements across SOM fractions has mostly been
measured using the N content (through C:N ratio). Since C and N pools have been
widely used to construct simple models of long term SOM turnover (Jenkinson et
al. 1990; Sohi et al. 2001), information on the C and N content of SOM is
abundant. Studies involving the C and N composition of fractionated soil
frequently report correlations of varying strength in the C:N ratio within the heavy
fraction, supporting the theory that C:N consistency is only associated with organic
matter present in the heavy fraction (Kirkby et al., 2011). Almost all studies report
a low C:N ratio within the HF, whereas the LF mostly has a high C:N ratio,
although variation in the correlation strength is common (Kirkby et al., 2011). Clay
content and soil texture has also been found to be a determinant of the persistence
of OM in light and occluded soil fractions (Kölbl and Kögel-Knabner, 2004).
Available information of oP in fractionated soil is almost entirely restricted to the
light fraction, and is very limited in comparison to fractionated C and N. In
forested environments, analyses on the oP availability and enrichment with
respects to land management change has been rigorously studied (O’Hara, Bauhus
and Smethurst, 2006; Wick and Tiessen, 2008). Rodkey et al (1995) found
extensive pools of phosphorus and nitrogen in the light fraction of forested soil in
Indiana, the availability of which is related to the site productivity. In agricultural
ecosystems, mobilization of oP and the effects of fertilizer application and crop
rotation dominate the information available in the literature (Phiri et al., 2001;
Curtin, McCallum and Williams, 2003; Wick and Tiessen, 2008). Salas et al
(2003) also suggested the possible role of soil fungi in the oP immobilization in
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agricultural, acidic soils. In more recent research, Kirkby et al., 2011 reports a
variable relationship in the oP:C ratio, although this may arise from the variation in
density separation methods used. To our knowledge, there have been no
measurements yet of the distribution of oP between the LF and the HF and the
range of soil types presented are lacking.
In bulk soils, stable SOM pools are known to contain more N, P and S per unit
carbon, than its associated plant material, largely due to microbial reprocessing
(Bol et al., 1999; Kramer et al., 2003), which could lead to near constant ratios of
C:N:P:S (Kirkby et al., 2013). Kirkby et al. (2011) speculates that microbial
biomass is the main precursor of the stable SOM pool. However, recent research
by Tipping et al. (2016) proposed that the stable SOM fraction is more likely to be
the result of selective adsorption by mineral matter, which could explain the
enrichment of oP in mineral soils. Thus, a simple analysis of the distribution of oP
across both SOM fractions is needed for further understanding, and improved
modelling of SOM cycling for a range of ecosystems.
We aimed to investigate the distribution of oP between free and mineral associated
SOM. To do so, we applied a physiochemical density fractionation method based
on the procedure of Schrumpf et al. (2013), which in turn was derived from the
methods of Golchin et al (1994) and Sohi et al (2001). Our sample set consisted of
selected soils obtained in a survey of sites across the UK (Toberman et al, 2016),
favouring soils with a relatively high %C content.
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3.2. Methods

3.2.1. Sample selection
Soil samples were collected in a survey of the catchments of the rivers Avon
(Hampshire), Conwy (N Wales), Dee (NE Scotland), and Ribble (NW England)
carried out between 2013 and 2015 (Toberman et al, 2016). Samples included both
topsoil (0-15 or 0-20 cm) and subsoil (15-40 or 20-40 cm). Twenty soil samples
were chosen, covering a range of OM contents from 26.5% - 45.5% OC, and with
sufficient light material to analyse, which precluded the analysis of arable soils.
Samples were air dried and sieved to 2mm. Further information about the soil
samples is shown in Table 3.1. Bulk analyses of the soils were reported by
(Toberman et al. 2016).
3.2.2. Analysis of the bulk soil samples
Measurements of total C and N were performed using a Vario EL elemental analyser.
Repeated determinations by this method on three representative UK soils over the
period of this study gave relative standard deviations of between 2.1 and 3.6 % for
TOC and between 1.7 and 3.1% for TN. Total P was measured using aqua-regia and
microwave digestion based on EPA (2007). A 3:1 mixture of hydrochloric acid and
nitric acid was heated to 175 °C in sealed Teflon vessels, which covered a period of
7 minutes, with the target temperature held for 4.5 minutes. Once cooled, the sample
was filtered and diluted to volume using DI water. Total P was then measured by
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) using an
Optima 7300DV analyser. Inorganic P was extracted using a 25g subsample in 0.5
M sulfuric acid, which was shaken for 16 hours, centrifuged at 10000 rpm for 30
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minutes and filtered using Whatman 1573 1/2 (12-25 μm) filters. These were then
measured using a SEAL SQ2 discrete analyser. Organic P measurements were
obtained through the calculated difference of the total and inorganic P results.
3.2.3. Aggregate separation by density
A schematic of the fractionation method is shown in Figure 3.1. We distinguish
non-occluded and occluded light fractions (NLF, OLF) which were combined to
make the light fraction (LF), and the heavy fraction (HF). One fractionation was
performed for each soil. A 25 g subsample of each of the sieved soils were placed
in 400 mL centrifuge bottles, with 250 mL sodium polytungstate (NaPT) (Sometu,
Belgium) at a density of 1.6 g cm-3 (Cerli et al., 2012). The bottles were gently
shaken by hand, then centrifuged at 5500 rpm for 30 minutes. If the quantity of
floating material (NLF) was low, it was removed using a wide-tipped pipette and
placed into 60 μm nylon mesh bags. For samples of heathland and forest soil with
higher quantities of NLF, material was removed using a spatula and placed in 60
μm nylon mesh bags. The remaining suspension was brought back to its initial
volume with fresh NaPT of the same density, re-centrifuged, and then residual
light fraction was removed, this procedure being repeated until all NLF was
accounted for. To minimise the loss of material during rinsing, deionised water
was passed through the mesh bags, with all waste material collected in a plastic 1L
beaker. The leachate was repeatedly measured for conductivity using a Jenway
4510 probe. Complete removal of excess NaPT was assumed when the
conductivity fell below 50 μs cm-1, except that for calcareous soils, where < 200
μs cm-1 was considered acceptable, because of dissolution of carbonates (Schrumpf
et al., 2013). The rinsed samples were weighed, oven dried at 40 0C, weighed again
and once completely dried, were stored in a desiccator until further analysis.
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Extraction of the OLF was carried out using ultrasound sonication (Sonics
Vibracell CV18 probe). To avoid aggregate breakdown of the HF, a pilot test for
each of the soil types, based on data for the bulk soil texture (Toberman et al,
2016) was carried out to find an optimal sonication frequency, following the
procedure of Schrumpf et al. (2013). The samples were periodically checked for
complete aggregate disruption using a 0.1 mL subsample observed under a
microscope. Complete aggregate disruption was assumed when no further OLF
material could be seen attached to minerals under the microscope. During
sonication, the bottle was submerged in an ice bath and temperature measured and
maintained at < 40 0C (Schrumpf et al., 2013). Once fully sonicated, samples were
left to stand for 1 hour and then centrifuged again at 5500 rpm for 30 minutes and
the OLF extracted by pipette. The samples were repeatedly centrifuged to account
for any leftover OLF if necessary. The OLF was added to the NLF in the 60 μm
mesh bags, the resulting LF was rinsed again until conductivity was < 50 or < 200
μs-1, dried at 40 0C, weighed and ground to a fine powder using a Retsch MM400
mixer mill.
3.2.4. Extraction of the heavy fraction
The centrifuge bottles containing the remaining material (HF) were refilled with
ultra-pure deionised water and centrifuged at 5500 rpm for 10 minutes. After each
centrifugation, the supernatant was decanted into plastic beakers and measured for
conductivity. This process was repeated until the waste water had a conductivity of
< 50 or < 200 μs-1. The samples were then transferred into aluminium trays, oven
dried at 400C and weighed. The dried HFs were ground to a fine powder using a
ceramic pestle and mortar.
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3.3. Fractionated soil: Analyses.

3.3.1. C:N

Before analysis for C and N, any samples that might have contained inorganic
carbonate (bulk soil pH > 5.5) were treated with 0.1 M HCL and observed under a
microscope until all CO2 release had occurred. These samples were then re-dried at
40 oC. Single determinations of total carbon (C) and nitrogen (N) in milled
subsamples were made with a Vario EL elemental analyser, which was the same
method as the bulk soils reported in (Toberman et al, 2016). Repeated
determinations of three quality standards for the method over the period of this
study gave relative standard deviations of between 2.1 and 3.6 % for C and
between 1.7 and 3.1% for N.

3.3.2. P analysis

We used the same analyses as the bulk soils reported by (Toberman et al, 2016) for
IP, but a different method was used for TP. Resource limitations meant that we
were unable to determine soil TP by the same method for both bulk and
fractionated soils. However, tests on a reference sample (ISE sample 921 from
Wageningen University, Netherlands) and on several bulk soil samples showed
that the two TP methods gave closely similar results (within 3% of each other on
average). Our method for TP followed an ignition-extraction procedure as
described in Watanabe and Olsen (1965). First, 0.5 g subsamples were ignited in a
Pyrotherm muffle furnace at 550 0C for 1-2 hours, placed in 50 mL centrifuge
bottles with 25 mL 0.5 mol sulphuric acid and shaken for 16 hours. These were
then centrifuged at 10000 rpm for 30 minutes, filtered using Whatman 1573 1/2
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(12-25 μm) filter papers and refrigerated at 4 0C until further analysis. The extracts
were analysed for soluble reactive phosphorus using the molybdate method.
Organic P was obtained as the difference between TP and IP. These analyses were
replicated four-fold.
Statistical analyses (t-tests and linear regressions) were performed with Microsoft
Excel. Before conducting linear regression analyses, data were tested for normality
using quantile–quantile plotting. For t-testing the D’Agostino-Pearson test was
used to check for normality. Non-normal data were transformed using log
transformations where necessary.

3.4. Results

3.4.1. Composition of C, N and P in the fractions
There was very little variation between the elemental concentrations of the light
fraction, regardless of the different soil types and land uses. The heavy fractions
varied appreciably between the sites, which can be seen from the summary of the
elemental concentrations in Table 3.2. Overall, the concentration of C in the light
fraction was much higher than that observed in the heavy fraction with an average
of 36%, although it was expected to be ~ 50% (Tipping, Somerville and Luster,
2016). The heavy fraction was lower in C, with an average of 8.1 % (Table 3.2,
Figure 3.2). The light fraction contained over double the N content compared to the
heavy fraction, at 1.4% and 0.6% respectively (Figure 3.2). For most of the HF
samples, the P is predominantly oP, at 0.04 %, compared to 0.03 % in the light
fraction (Figure 3.2). Light fraction TP and IP were both slightly higher, at 0.06 %
and 0.03 % respectively. Based on relative standard errors (Figure 3.3), the average
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reproducibility was ± 14% for the LF forms of P, and ± 6% for the HF forms,
which can be considered satisfactory, bearing in mind the several steps that are
involved in the analytical procedure.
3.4.2. Element recovery and distribution
Recoveries were calculated by combining the mass data with measured element
concentrations in bulk soil and in the two density-separated fractions (Table 3.3).
The fractionation protocol resulted in an average recovery of 96 ± 4%, with a range
over the 20 soils of 90% - 105% measured by mass. Regression analyses indicated
that mass recovery depended upon neither the amount of material in the heavy
fraction, nor the carbon content of the bulk soil (data not shown). The small
standard deviations show that recoveries were consistent across all of the samples.
The method developed is therefore applicable to a range of different soil types and
land uses, as long as the light fraction is in sufficient quantity to analyse (i.e 1g).
Recoveries of OC and TN calculated as simple averages were each 91%, while the
average recoveries of TP, IP and oP were 62%, 117% and 56% respectively. For
all three P forms, the recoveries varied appreciably among the soils, more so than
for OC and TN, although recoveries did tend to be higher in the semi natural
(conifer, heathland and broadleaf woodland) sites.
To demonstrate the distribution of the nutrient elements, we calculated the fraction
of each element across both light and heavy fractions (Figure 3.4, Table 3.4). The
highest mass was always found in the heavy fraction, with an average of 93%
(Figure 3.4). In 18 of the 20 soils, C, N and oP are predominantly in the HF, and
the HF percentages are in the order oP>N>C. Organic carbon accounted for 75%
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of C and 82% of N, while oP was 90%. The TP in the HF was 85%, while the
fraction of inorganic P was 71%.
3.4.3. Stoichiometry
To explore the stoichiometric relationships, we assume the N in the samples to be
entirely organic. According to Stevenson and Cole, (1999) inorganic N comprises
10% of TN on average, while Schulten and Schnitzer (1997) estimated 5%.
Inorganic contribution is higher in deeper soils, and soils with low OM content,
whereas the soils studied here at relatively OM rich. We plotted N:C and oP:C
against % C (Figure 3.5), as carried out by Tipping et al. (2016) in a global
synthesis of > 2000 bulk soil data for C, N and oP. In the heavy fraction,
increasing % C content corresponds to a decreasing ratio of both N:C and oP:C.
The light fractions both have even higher ratios, due to their enrichment of % C.
For comparison, we plotted model fits of Tipping et al (2016) for the bulk soils
(Figure 3.5), with the data from the fractionated soils, which both agree. For our
fractionated dataset, the light fraction showed average N:C and oP:C of 0.04 and
0.0008 respectively. The average N:C ratio of the HF (0.07) is significantly (p
<0.001) higher than that of the LF, the HF N:C ratio exceeding the LF ratio for 19
of the 20 soils. Such a difference also applies for HF oP:C (p < 0.001) (oP:C =
0.005), again with 19 of the 20 soils fitting the pattern. Significant relationships
were observed between C and N in the heavy fraction (P = 6.8x10-9). While oP and
C were also significant (P = 0.04), they were considerably more scattered (Figure
3.5).
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3.5. Discussion
The chosen soil fractionation method was successfully applied to the range of soil
samples used, providing that there was enough light fraction to analyse. Only
minor adaptations were necessary where the proportion of the light fraction was
high, which included using a spatula to remove the light fraction, as opposed to
using a pipette. There were many similarities to the method of Zimmermann et al
(2007) which yielded fractions in agreement to the pools of the RothC model,
although this only covered arable and agricultural soils. Our method resulted in an
average sample recovery of 96% by mass. Recovery depended upon neither the
amount of material in the heavy fraction, nor the carbon content of the bulk soil.
The average recovery fell between the averages of 100% obtained by Swanston et
al. (2002) for 7 soils, and 83% obtained by Schrumpf et al. (2013) for 48 samples;
we used essentially the same method as these previous studies. The loss of some
material in these types of methods is probably from some soluble compounds
dissolving into the NaPT solution and even more likely that some material was lost
during rinsing and collection of the separate fractions (Cerli et al., 2012). As in
Cerli et al (2012), some samples had a recorded negative mass loss of soil,
reflective of the difficulties in weighing small quantities of fractions. In our sample
set, this included two rough grassland sites and one conifer plantation.
The concentration of C in the light fractions averaged 36%, indicating the
preponderance of organic matter. There was only modest variation in the LF which
was also observed in international soils synthesised by Kirkby et al (2011). The
concentration is lower than the widely accepted value of 50% OC (Tipping,
Somerville and Luster, 2016), indicating that the LF was predominantly but not
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entirely OM, thus containing some mineral matter. Crow et al. (2007) reported
values of 27% and 29% C in two soils and Swanston et al. (2002) obtained a mean
of 25% C from 7 soils. Cerli et al (2012) observed decreasing C content in the light
fraction with increasing sonication time and intensity, suggesting a higher content
of mineral matter through aggregate breakdown. Thus the fractionation procedure
certainly concentrates OM in the LF, but some mineral matter is retained. It is
possible that sonication did not adequately disperse the two and was not observed
in the sub-sample using a microscope. Pooling of the occluded fraction in with the
light fraction could also add some mineral matter back into the light fraction.
By concentration, the light fraction was considerably more enriched in C and N,
which is expected of organic matter absent of minerals. In contrast, the
concentration of oP was slightly higher in the heavy fraction, and although the
relationship between C and oP was significant, there was considerable scatter,
which might reflect the generally small proportion of molecules containing oP,
making it less strongly correlated to C and N. Similar patterns were also observed
by Tipping et al. (2016) in bulk soil, although a variation in oP extraction methods
may have contributed to the scattering in their dataset. The average concentration
for IP (0.01%) seemed high, and a possible explanation is that the strong acid
reagent used to extract IP caused hydrolysis of some of the LF OM, releasing IP.
However, Turner et al. (2005) considered this to apply to only a small fraction of
oP.
In contrast, in terms of the total soil mass, organic matter present in the heavy
fraction was considerably more enriched in N and P at 82% and 90% of the total,
respectively. This clearly shows an accumulation of N in fractions with high
mineral matter content, and even more so with oP. As suggested in Tipping et al.
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(2016) this could be due to adsorptive selection of individual molecules mobilized
during decomposition of microbial and plant biomass, by minerals abundant in the
heavy OM fraction.
There were definite losses of TP and oP, with recoveries of 62% and 56%
respectively. The loss of oP probably occurs because it was obtained as the
difference between TP and IP, because IP was a minor part of TP in the HF, and
because IP losses were small. Greater losses of P forms in the grassland soils
(rough grassland and improved grassland) could be the result of lower quantities of
LF in these samples and lower masses of P forms (Table 3.3), which could increase
the likelihood of material not being retained during the fractionation procedure. A
possible general explanation for the losses of both TP and IP is the displacement
by the NaPT of some OP adsorbed to mineral matter. It is known that
monotungstate can displace inorganic phosphate from ferrihydrite (Gustafsson,
2003) and the same is likely to apply to polytungstate and organic phosphates. The
concentration of NaPT used in the fractionation procedure is necessarily high, to
achieve a high liquid density, and this would favour competition with OP adsorbed
to mineral surfaces via ligand exchange with P ester groups. A smaller effect of
polytungstate on IP recovery might indicate that most of the IP was not present as
adsorbed inorganic phosphate. It is also possible that some of the oP in the
fractionated samples was not captured during ignition, thereby underestimating it.
In comparison to the procedure for measuring C and N, the steps involved in
obtaining P values are greater and concentrations generally smaller, which
inevitably leads to higher margins of (human) error involved during processing.
Increasing the starting mass of the sample during the fractionation may alleviate
this, although there would be cost and equipment implications involved with
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increasing the volume of NaPT. It is therefore important to carefully consider the
method, or combination of methods, used when determining the distribution of oP
and associated constituents, as variations in analytical methods used can cause
large variations in the results (Agbenin, Iwuafor and Ayuba, 1998; Kirkby et al.,
2011).
The stoichiometric trends demonstrated in the Tipping et al (2016) model
framework conform to two SOM end members, nutrient poor (≥ 50 % C) SOM
(NPSOM) and nutrient rich (≤ 0.1 % C) SOM (NRSOM). Therefore, NRSOM
dominates at low %C, which gradually decreases with increasing C content, and
thus increasing NPSOM. The plots of N:C and oP:C against C (Figure 3.5) agree
with the modelled outputs, confirming that the ratios change with decreasing C
content, thus it cannot be possible to have constant ratios of C:N:oP (Tipping,
Somerville and Luster, 2016). The LF P:C values are lower than predicted, and
they mostly fall below the cloud of points in the bulk data analysed by Tipping et
al (2016) (Figure 3.5), which were obtained predominantly from the organic
horizons of forest soils. Tipping et al (2016) reasons that material derived from
proteins is the likely source for mineralized N. This is supported by other research
that shows material enriched in N extracted from soils is protein derived, and is an
important determinant of SOM stabilization (Amelung, 2003; Rumpel, Eusterhues
and Kögel-Knabner, 2004; Knicker, 2011). Here, the main source of oP seems to
be independent of C and N. If, as suggested above, the low recovery of oP,
compared to C and N in the fractionation procedure is due to competition with
NaPT, then this would imply that adsorbed oP and N are in different molecules,
with different chemical groupings involved in the adsorption process. The
dominant source of oP is likely to be plant and microbially derived, in the form of
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inositol phosphates, mostly myo-inositol hexakiphosphate, IP6 (phytic acid)
(Turner et al., 2002) although the variation of oP components across different soils
is inconclusive (Turner et al., 2012; Jørgensen, 2015). The primary sources of oP
in our dataset cannot be verified and applying the Hedley fractionation scheme to
the different SOM fractions could provide a clearer indication of the distribution of
specific oP compounds (Yang and Post, 2011).
The key result of this work is that the N:C and oP:C ratios of the HF are
substantially lower than those of the LF. This is consistent with the preferential
adsorption by mineral matter of N and P rich compounds, proposed by Tipping et
al. (2016) as a principal mechanism by which NRSOM is formed. Thus, this work
supports a new quantitative framework for SOM classification and
characterisation, and provides important constraints to models of terrestrial nutrient
cycling. However, there are aspects of the methodology that are a cause for
concern, namely the loss of appreciable amounts of TP and oP. Further
investigation is required, for more robust constraints in the modelling the
distribution of all macronutrient elements across different SOM pools.
3.6. Conclusions


The density fractionation method yielded good recoveries of soil mass, OC
and TN for 20 semi-natural and pasture soils.



Recoveries of TP and OP were relatively low, which might be explained by
the displacement of adsorbed organic phosphates from mineral surface
adsorption sites by the sodium polytungstate used to create the dense liquid
for fractionation.
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For density separated soil organic matter, C and N were more concentrated
in the light fraction, whereas oP was more concentrated in the heavy
fraction.



Mass balances showed that oP was highly enriched in the heavy fraction,
containing 90 % of the total, followed by N and C, at 82% and 75%
respectively.



The variations with soil %C of stoichiometric ratios (P:C, N:C) in HF and
LF agree approximately with the predictions of the two end-member
mixing model of SOM advanced by Tipping et al. (2016) in which organic
molecules rich in P and N preferentially accumulate on mineral matter
surfaces through strong adsorption.
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Table 3.1: Information about the soil samples.
Sample
ID

Database
ID

Sampling
date

Lat
(deg)

Long
(deg)

MAP
(mm)

MAT
(oC)

Land use

Soil type

B1d
B1s
B2s
C1s
C2s
H1s
H2s
H3s
H4d
IG1s
IG2s
IG3s
R1s
R2s
R3d
R4s
R5s
R6s
R7s
R8s

CW1d
CW1s
RW1s
CC1s
RC1s
AH1s
CH1s
CM1s
RH1d
AIG4s
RIG4s
RIG5s
ACG1s
ACG2s
CAG1d
CAG3s
RAG1s
RAG2s
RCG1s
RCG2s

05/08/13
05/08/13
25/04/13
06/08/13
01/05/13
23/07/13
06/08/13
29/10/13
01/05/13
24/07/13
12/04/13
30/04/13
22/07/13
23/07/13
06/08/13
29/10/13
01/05/13
01/05/13
22/02/13
25/04/13

53.19
53.19
54.00
53.03
54.01
50.83
53.26
53.15
54.18
51.13
54.25
54.00
51.13
51.38
53.08
53.14
54.25
54.19
54.14
54.20

-3.85
-3.85
-2.39
-3.85
-2.40
-1.90
-3.90
-4.00
-2.29
-1.95
-2.32
-2.70
-2.00
-1.85
-3.97
-4.00
-2.32
-2.35
-2.32
-2.38

1391
1391
1614
2309
1614
863
862
2707
1827
865
2053
1220
865
868
3105
3105
2053
1943
1491
1943

9.9
9.9
7.9
7.3
7.9
10.1
10.4
5.3
5.9
9.5
5.7
8.4
9.5
9.2
6.1
6.1
5.7
6.8
6.8
6.8

Broadleaf woodland
Broadleaf woodland
Broadleaf woodland
Conifer plantation
Conifer plantation
Heathland
Heathland
Heathland
Heathland
Improved grassland
Improved grassland
Improved grassland
Rough grassland
Rough grassland
Rough grassland
Rough grassland
Rough grassland
Rough grassland
Rough grassland
Rough grassland

Podzol
Podzol
Surface water gley
Podzol
Surface water gley
Surface water gley
Ranker
Surface water gley
Ranker
Groundwater gley
Groundwater gley
Groundwater gley
Rendzina
Brown earth
Surface water gley
Ranker
Groundwater gley
Groundwater gley
Ranker
Ranker

Upper
depth
(cm)
15
0
0
0
0
0
0
15
20
0
0
0
0
0
20
0
0
0
0
0

Lower
depth
(cm)
33
15
20
15
20
15
15
26
38
15
20
20
15
15
44
15
20
20
15
20

MAP= mean annual precipitation. MAT = mean annual temperature.
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Table 3.1 (continued).
Sample
ID

Database
ID

n1

Clay
%

Silt
%

Sand
%

pH2

Bulk density3
g cm-3

OC
%

B1d
B1s
B2s
C1s
C2s
H1s
H2s
H3s
H4d
IG1s
IG2s
IG3s
R1s
R2s
R3d
R4s
R5s
R6s
R7s
R8s

CW1d
CW1s
RW1s
CC1s
RC1s
AH1s
CH1s
CM1s
RH1d
AIG4s
RIG4s
RIG5s
ACG1s
ACG2s
CAG1d
CAG3s
RAG1s
RAG2s
RCG1s
RCG2s

10
10
10
10
10
10
10
10
10
6
10
10
10
10
10
10
10
10
10
10

10.2
11.9
9.9
9.3
9.7
Nd
Nd
4.3
8.3
11.7
10.7
8.0
Nd
24.6
Nd
9.9
Nd
11.9
10.7
9.7

50.3
63.7
49.6
64.9
46.2
Nd
Nd
39.0
61.3
70.0
52.5
53.3
Nd
68.6
Nd
70.3
Nd
65.1
56.0
55.7

39.5
24.4
40.5
25.8
44.0
Nd
Nd
56.7
30.4
18.3
37.3
38.7
Nd
6.7
Nd
19.7
Nd
23.0
33.4
34.5

5.64
5.31
6.09
4.02
4.03
4.15
4.32
4.40
3.68
7.51
5.42
5.92
7.24
6.51
4.37
4.95
5.60
5.59
7.46
5.40

0.28
0.22
0.57
0.25
0.45
0.61
0.50
0.27
0.55
0.67
0.40
0.62
0.56
0.58
0.41
0.26
0.38
0.33
0.24
0.46

4.52
14.20
4.51
12.00
8.16
10.00
11.60
15.60
11.30
6.34
13.80
7.82
10.40
10.90
17.40
15.50
9.20
10.30
18.30
5.80

1

Number of cores (48mm diameter) that were combined to make a sample
pH determined in H2O
3
Bulk density of the fine earth (<2mm)
Nd = not determined.
Improved grassland sites were the only ones to be periodically treated with fertilizer.
2
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Table 3.2: Concentrations of the light fraction, heavy fraction and bulk soil for
carbon (C) nitrogen (N), total P (TP) inorganic P (IP) and organic P (OP). S and D
refer to shallow and deep respectively. Concentrations are presented as %. Data for
TP IP and oP are mean values (n=4).
Light fraction
Sample
ID
B1d
B1s
B2s
C1s
C2s
H1s
H2s
H3s
H4d
IG1s
IG2s
IG3s
R1s
R2s
R3d
R4s
R5s
R6s
R7s
R8s

Heavy fraction

C
33.80
38.80
36.00
34.60
33.60
40.80
38.20
38.80
36.70
34.00
45.50
39.40
26.50
34.30
35.50
30.80
43.60
31.30
33.00
35.80

N
1.15
1.79
1.87
1.56
1.11
1.14
1.20
1.91
1.73
1.16
1.23
1.61
1.26
0.96
1.93
1.52
1.93
1.23
1.11
1.32

TP
0.05
0.06
0.07
0.11
0.07
0.12
0.05
0.05
0.06
0.07
0.05
0.05
0.07
0.03
0.05
0.04
0.06
0.04
0.07
0.05

IP
0.03
0.04
0.02
0.06
0.04
0.05
0.03
0.02
0.04
0.03
0.02
0.02
0.02
0.01
0.02
0.03
0.03
0.03
0.03
0.03

oP
0.02
0.02
0.04
0.05
0.03
0.06
0.02
0.02
0.02
0.04
0.03
0.03
0.05
0.01
0.03
0.02
0.03
0.01
0.03
0.03

C
4.20
9.12
3.15
8.80
6.87
5.25
9.45
15.7
4.31
7.87
13.40
5.28
9.06
7.74
8.28
12.40
4.79
7.10
15.6
4.25

N
0.34
0.76
0.28
0.63
0.45
0.22
0.46
1.00
0.17
0.54
1.07
0.35
0.71
0.78
0.54
0.96
0.40
0.59
1.34
0.45

TP
0.08
0.13
0.03
0.05
0.02
0.01
0.02
0.07
0.004
0.08
0.11
0.04
0.06
0.02
0.04
0.03
0.05
0.02
0.08
0.03

IP
0.025
0.020
0.006
0.013
0.002
0.002
0.005
0.016
0.001
0.036
0.055
0.014
0.003
0.005
0.003
0.005
0.012
0.006
0.003
0.004

OP
0.058
0.107
0.020
0.034
0.021
0.008
0.014
0.053
0.003
0.046
0.056
0.030
0.053
0.020
0.036
0.025
0.039
0.017
0.080
0.026

Average 36.05
Std Dev 4.42

1.44
0.33

0.06
0.02

0.03
0.01

0.03
0.01

8.13
3.72

0.60
0.31

0.05
0.03

0.01
0.01

0.04
0.03

1

*Bulk soil TP values were obtained through aqua-regia, whereas the fractionated soils data
was obtained through ignition-extraction.
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Table 3.2 (continued)

*Bulk soil TP values were obtained through aqua-regia, whereas the fractionated soils data
was obtained through ignition-extraction
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Table 3.3: Masses and recoveries of soil, C, N and TP for the bulk soil, light and heavy fractions. Mass is presented in grams. Recovery of the
soil, C N, TP and corrected TP is presented in %. Shallow (s) and deep (d) are for depths of 0-15 cm and 15-40 cm respectively.

Bulk soil

Light fraction

Heavy fraction

Sample
ID
B1d
B1s
B2s
C1s
C2s
H1s
H2s
H3s
H4d
IG1s
IG2s
IG3s
R1s
R2s
R3d
R4s
R5s
R6s
R7s
R8s

Soil
25.17
25.03
25.01
25.00
25.07
25.06
25.22
25.09
25.04
25.03
25.11
25.11
25.09
25.70
25.03
25.11
50.02
25.08
25.06
26.39

C
1.14
3.55
1.13
3.00
2.05
2.51
2.93
3.91
2.83
1.59
3.47
1.96
2.61
2.80
4.36
3.89
4.60
2.58
4.59
1.53

N
0.09
0.22
0.08
0.18
0.11
0.09
0.13
0.25
0.08
0.18
0.26
0.12
0.26
0.24
0.21
0.29
0.30
0.17
0.38
0.14

TP
0.02
0.02
0.01
0.03
0.01
0.01
0.01
0.02
0.003
0.05
0.04
0.02
0.04
0.03
0.02
0.02
0.05
0.02
0.04
0.02

IP
0.006
0.005
0.002
0.005
0.001
0.001
0.001
0.01
0.001
0.002
0.008
0.002
0.004
0.002
0.002
0.001
0.007
0.004
0.002
0.002

OP
0.01
0.02
0.01
0.02
0.01
0.005
0.01
0.01
0.002
0.03
0.03
0.02
0.04
0.03
0.01
0.02
0.04
0.01
0.04
0.02

Soil
0.47
4.64
0.45
2.88
2.30
4.53
2.26
0.77
2.79
0.42
1.04
0.60
1.51
0.60
5.12
2.03
1.12
0.86
1.89
0.37

C
0.16
1.80
0.16
0.10
0.77
1.85
0.86
0.30
1.02
0.14
0.47
0.24
0.40
0.20
1.82
0.62
0.49
0.27
0.63
0.13

N
0.01
0.08
0.01
0.05
0.03
0.05
0.03
0.02
0.05
0.01
0.01
0.01
0.02
0.01
0.01
0.03
0.02
0.01
0.02
0.01

TP
0.000
0.003
0.000
0.003
0.002
0.005
0.001
0.000
0.002
0.000
0.000
0.000
0.001
0.000
0.002
0.001
0.001
0.000
0.001
0.000

IP
0.0001
0.0019
0.0001
0.0016
0.0010
0.0024
0.0007
0.0002
0.0011
0.0001
0.0002
0.0001
0.0003
0.0001
0.0008
0.0006
0.0003
0.0003
0.0006
0.0001

OP
0.0001
0.0007
0.0002
0.0014
0.0007
0.0029
0.0004
0.0002
0.0006
0.0002
0.0004
0.0002
0.0008
0.0001
0.0015
0.0003
0.0003
0.0001
0.0006
0.0001

Soil
23.76
18.88
23.73
23.35
21.78
18.29
22.10
22.64
20.66
23.71
21.91
23.53
22.83
25.17
18.81
23.59
48.02
24.61
20.62
25.07

C
1.00
1.72
0.75
2.06
1.50
0.96
2.09
3.55
0.89
1.87
2.94
1.24
2.07
1.95
1.56
2.93
2.30
1.75
3.22
1.07

N
0.08
0.14
0.07
0.15
0.10
0.04
0.10
0.23
0.04
0.13
0.23
0.08
0.16
0.20
0.10
0.23
0.19
0.15
0.28
0.11

TP
0.02
0.02
0.01
0.01
0.01
0.002
0.004
0.01
0.001
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.02
0.01
0.02
0.01

IP
0.0059
0.0038
0.0013
0.0031
0.0005
0.0003
0.0011
0.0036
0.0001
0.0086
0.0121
0.0033
0.0007
0.0010
0.0006
0.0012
0.0055
0.0016
0.0005
0.0010

OP
0.014
0.02
0.005
0.008
0.005
0.001
0.003
0.01
0.001
0.01
0.01
0.007
0.01
0.005
0.007
0.006
0.002
0.004
0.02
0.007

Average
Std Dev

26.42
5.56

2.85
1.09

0.19
0.09

0.02
0.01

0.004
0.005

0.02
0.01

1.83
1.50

0.67
0.57

0.03
0.03

0.001
0.001

0.0006
0.0007

0.0006
0.0007

32.65
6.08

1.87
0.81

0.14
0.07

0.01
0.01

0.0028
0.0031

0.009
0.006
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Table 3.3: continued

Recovery
Sample
ID
B1d
B1s
B2s
C1s
C2s
H1s
H2s
H3s
H4d
IG1s
IG2s
IG3s
R1s
R2s
R3d
R4s
R5s
R6s
R7s
R8s

soil
96
94
97
105
96
91
97
93
94
96
91
96
97
100
96
102
98
102
90
96

C
102
99
81
102
111
112
101
98
68
127
98
75
95
77
78
91
61
78
84
78

N
95
102
94
107
110
102
102
95
104
76
96
78
70
83
95
90
71
93
78
83

TP
116
122
56
50
59
131
80
65
78
41
61
54
35
19
61
45
55
36
46
34

IP
109
116
81
94
237
486
220
34
110
44
144
162
28
45
78
124
85
46
48
48

OP
120
124
51
41
49
90
60
90
63
38
39
41
35
17
59
38
48
33
46
32

Average
Std Dev

96
4

91
17

91
12

62
30

117
105

56
29

88

Table 3.4. Distribution of the soil mass, C, N, oP, TP and IP measured across the light fraction and heavy fraction, measured by %.

Sample ID
B1d
B1s
B2s
C1s
C2s
H1s
H2s
H3s
H4d
IG1s
IG2s
IG3s
R1s
R2s
R3d
R4s
R5s
R6s
R7s
R8s

Soil mass
2
20
2
11
10
20
9
3
12
2
5
2
6
2
21
8
2
3
8
1

C
14
51
18
33
34
66
29
8
53
7
14
16
16
9
54
18
18
13
16
11

Average
Std Dev

8
6

25
18

Light fraction
N
OP
6
1
37
3
11
3
23
15
21
13
56
67
21
12
6
1
58
46
4
1
5
3
10
2
10
6
3
2
49
19
12
5
10
2
7
2
7
4
4
1
18
18

10
17

TP
1
10
5
22
25
75
21
2
68
2
2
3
7
3
24
11
3
5
7
2

IP
2
33
5
34
67
88
38
5
94
2
2
3
26
7
56
32
6
14
56
8

Soil mass
98
80
98
89
90
80
91
97
88
98
95
98
94
98
79
92
98
97
92
99

C
86
49
82
67
66
34
71
92
47
93
86
84
84
91
46
82
82
87
84
89

15
21

29
29

92
6

75
18

Heavy fraction
N
OP
94
99
63
97
89
97
77
85
79
87
44
33
79
88
94
99
42
54
96
99
95
97
90
98
90
94
97
98
51
81
88
95
90
98
93
98
93
96
96
99
82
18

90
17

TP
99
90
95
78
75
25
79
98
32
98
98
97
93
97
76
89
97
95
93
98

IP
98
67
95
66
33
12
62
95
6
98
98
97
74
93
44
68
94
86
44
92

85
21

71
29
89

Figure 3.1 Schematic of the fractionation procedure. Abbreviations are as follows:
NaPT = sodium polytungstate, OLF = occluded light fraction, LF = light fraction,
HF = heavy fraction.
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Figure 3.2: Average concentrations of the elements C, N, and oP, for the light and
heavy fractions. The light fractionation is shown by the grey block and the heavy
fraction by the dotted block. Standard deviations are shown by the error bars.
Concentrations are shown in %.
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Figure 3.3.Concentrations of total P (TP), inorganic P (IP) and organic P (oP) for the light fraction (upper panel) and the heavy fraction (lower
panel). Standard errors are shown by the error bars.
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Figure 3.4: Soil mass and element distributions between the light and heavy
fractions. The light fractionation is shown by the grey block and the heavy fraction
by the dotted block.
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Figure 3.5: The N:C (upper plot) and oP:C (lower plot) against C for the light and
heavy fractions. The black line shows the modelled values for the entire bulk
dataset of the UK soil survey. Light fractions are shown by the hollow circles.
Heavy fractions are shown by the grey circles.
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4. Aged riverine particulate organic carbon in four UK catchments

JL Adams, E Tipping, CL. Bryant, RC. Helliwell, H Toberman, JN Quinton
Abstract
The riverine transport of particulate organic matter (POM) is a significant flux in
the carbon cycle, and affects macronutrients and contaminants. We used
radiocarbon to characterise POM in 9 rivers of four UK catchments (Avon,
Conwy, Dee, Ribble) over a one-year period. High-discharge samples were
collected on three or four occasions at each site. Suspended particulate matter
(SPM) was obtained by centrifugation, and the samples were analysed for carbon
isotopes. Concentrations of SPM and SPM organic carbon (OC) contents were also
determined, and were found to have a significant negative correlation. For the 7
rivers draining predominantly rural catchments, PO14C values, expressed as
percent modern carbon absolute (pMC), varied little among samplings at each site,
and there was no significant difference in the average values among the sites. The
overall average PO14C value for all 7 sites of 91.2 pMC corresponded to an
average age of 680 14C years, but this value arises from the mixing of differentlyaged components, and therefore significant amounts of organic matter older than
the average value are present in the samples. Although topsoil erosion is probably
the major source of the riverine POM, the average PO14C value is appreciably
lower than topsoil values (which are typically 100 pMC). This is most likely
explained by inputs of older subsoil OC from bank erosion, or the preferential loss
of high-14C topsoil organic matter by mineralisation during riverine transport. The
significantly lower average PO14C of samples from the River Calder (76.6 pMC),
95

can be ascribed to components containing little or no radiocarbon, derived either
from industrial sources or historical coal mining, and this effect is also seen in the
River Ribble, downstream of its confluence with the Calder. At the global scale,
the results significantly expand available information for PO14C in rivers draining
catchments with low erosion rates.
Keywords:

Particulate organic carbon, Radiocarbon, Rivers, Soils

4.1 Introduction

Particulate organic matter (POM) transported by rivers is defined as organic matter
that does not pass a filter with sub-micron pore size, and mainly comprises
allochthonous inputs from plant litter, soils and wastes, autochthonous
phytoplankton and macrophyte debris, and in situ production from dissolved
organic matter (Ittekot and Laane, 1991). It plays a significant role in the carbon
cycle, being a loss from the terrestrial environment, a source of C to the
atmosphere due to decomposition during transit, and ultimately a gain to the
marine environment (Raymond and Bauer, 2001; Rosenheim and Galy, 2012;
Worrall, Burt and Howden, 2014). Particulate organic carbon (POC) accounts for
approximately 50% of the riverine global organic carbon export of 0.4 Pg a-1
(Schlünz and Schneider, 2000; Aufdenkampe et al., 2011). Particulate organic
matter also governs the transport of the macronutrients nitrogen and phosphorus
(Meybeck, 1982; Walling, 2005), metals (Tipping et al., 1997) and organic
contaminants (Foster et al., 2000). To understand and quantify these POMassociated processes, and thereby predict how they might respond to changes in
land use, climate and other environmental drivers, we need to delineate the sources
of POM in different systems.
96

Because POM is part of suspended particulate matter (SPM), information about
sources can be obtained from more general investigations into SPM, which is
known to comprise a mixture of terrestrial material derived from both surface and
sub-surface materials including bedrock and mineral soil (Blair et al., 2003). The
SPM entering the river systems is generally the result of physical weathering and
physical disturbance through anthropogenic activity. Sediment sourcing
techniques, including mineralogy (Klages and Hsieh 1975), chemistry (Gaillardet,
Dupré and Allègre, 1999), magnetism (Gruszowski et al., 2003) and radionuclides
(Estrany et al. 2010; Lu et al. 2014; Rosenheim and Galy 2012) identify sources of
SPM as being primarily topsoil and sub-surface material including erosion of
exposed banks. Walling (2013) summarized sediment source information on 84
UK rivers, and showed that on average topsoil was the largest contributor of SPM,
with relative contributions from surface material and channel banks contributing
between 50% to 99% and <50% respectively.
The organic matter components of SPM have been studied by a variety of
analytical techniques and with stable isotopes and element ratios (da Cunha et al.
2000; Onstad et al. 2000; Kendall et al. 2001; Higueras et al. 2014), to obtain
information on molecular structure and insight into the materials from which the
POM is derived. Determination of the radiocarbon content of POM provides
further information, not only on sources but also apparent age. Radiocarbon gives a
measure of the time elapsed since C fixation into plants from the atmosphere,
providing an understanding of the residence time of plant-derived C and losses of
C through mechanisms including leaching and erosion (Trumbore, 2009).
Naturally occurring atmospheric 14C can be used for the measure of C turnover on
the centennial and millennial timescale due to the natural radioactive decay
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process, while “bomb carbon” originating from atmospheric weapons testing in the
mid-20th century, which almost doubled the atmospheric 14C levels (Hua, Barbetti
and Rakowski, 2013), provides information on decadal timescales. Radiocarbon
has been used in studies of POM in rivers in North and South America (Raymond
and Bauer 2001; Bouchez et al. 2014), Asia (Hilton et al., 2008; Rosenheim and
Galy, 2012), Europe (Megens et al., 2001; Cathalot et al., 2013), and Africa
(Marwick et al., 2015). Global PO14C (particulate organic radiocarbon) data
documented by Marwick et al. (2015) shows that SPM in highly-eroding
catchments is depleted in PO14C and low in OC (organic carbon).
The review of Marwick et al. (2015) shows that to date while there are many
PO14C data for catchments with high sediment loads, there are relatively few for
riverine PO14C in temperate, low-erosion European catchments and no known data
for catchments of this kind in the UK. In the wider context, UK data may be of
interest because UK soils tend to be rich in carbon, which may lead to differences
from global averages. Therefore, understanding UK sources should improve our
ability to model the terrestrial-freshwater C cycle, and its role in transferring
carbon to the atmosphere and ocean. To this end, we aimed to determine the time
elapsed between terrestrial fixation of C and entry into the watercourse, from four
differing UK catchments. In doing so, we carried out a programme of sampling and
analysis to determine the radiocarbon contents of the POM. Since SPM
concentrations, and therefore POM transport, are elevated at high flow, we focused
our sample collection on high-discharge events. To interpret the results, we made
use of the extensive soil radiocarbon data available for the UK.
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4.2 Methods

4.2.1 Field sites
Table 4.1 provides information on the individual rivers and their catchments, and
their locations are shown in Figure 4.1. Data on discharge and rainfall were taken
from the National River Flow Archive (NRFA) (http://www.ceh.ac.uk/data/nrfa/
accessed January 2015) and Met Office
(http://www.metoffice.gov.uk/industry/data/commercial/rainfall accessed March
2015) respectively. Catchment areas were obtained from the CEH River and
Catchment Query and Extraction Layer (Racquel)
(http://wlwater.ceh.ac.uk/racquel/ accessed March 2015). Geological information
was provided by the British Geological Society online map
(http://mapapps.bgs.ac.uk/geologyofbritain/home.html, accessed March 2015). Soil
types for England and Wales were obtained using soil maps (scale 1:250 000). For
the Dee catchments, soil information was obtained from The James Hutton
Institute online soils map (http://sifss.hutton.ac.uk/SSKIB_Stats.php accessed
March 2015). Land use data were obtained from the website
http://digimap.edina.ac.uk/ (accessed March 2015).
The Ribble catchment is situated in north-west England and has a population
density of 989 persons km-2. Two major sub catchments, the Rivers Hodder and
Calder drain from the north and south of the catchment respectively. Unlike other
tributaries of the Ribble, the Calder catchment contains extensive conurbations
including Burnley and Blackburn, with a history of industrial and mining activity.
The upper parts of the catchment are responsive to rainfall, exhibiting a flashy flow
regime.
99

The River Conwy is one of the major drainage systems in North Wales. The
catchment has a population density of 49 persons km-2. The topography is largely
mountainous, giving a high river response during storm events.
Situated in the south of England, the Hampshire Avon catchment has a population
density of 108 persons km-2. The catchment is largely groundwater dominated due
to the presence of chalk aquifers. Thus, the system at the tidal limit does not
significantly respond during rainfall events.
The River Dee catchment is situated in the north-east of Scotland. The catchment
is sparsely populated above the tidal limit, with a population density of 4 persons
km-2. The tributary of the River Gairn is situated in the upper western reaches of
the catchment. The upper mountainous areas respond rapidly to rainfall and
snowmelt, producing a flashy flow regime.
4.2.2 Sampling and analysis
To minimise risk of carbon contamination, all equipment used during sampling and
processing was new or acid-washed and all samples were managed in a
radiocarbon tracer-free laboratory. Water samples (5 L) were collected in highdensity polyethylene containers from the tidal limit of the four main catchments,
and additional upstream samples were taken in the Ribble and Dee catchments
(Figure 4.1). For the Ribble, Conwy and Dee sites, samples were collected during
high-flow events. For the Avon, which has a much less flashy flow regime, they
were taken at regular intervals throughout one year. High flow events were
identified from daily river levels measured at gauging stations near the sampling
sites, and made available on-line by the Environment Agency of England and
Wales and the Scottish Environment Protection Agency. During the period
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October 2013 – October 2014, four samples were taken for most of the sites, but
only three each at the Gairn and Dee A sites. Additional 500 or 1000 mL samples
were collected for the determination of SPM concentration and the carbon content
of the SPM.
The SPM was extracted from the water samples through repeated centrifugation (6
× 500 mL rotor spinning at 10000 rpm for 30 minutes), removal of supernatant and
pooling, until approximately 100 mL of suspended sediment and water remained.
To ensure the absence of inorganic carbonate, the concentrated suspended
sediment was acidified by adding 400 mL of 1M HCl to the extracted sediment and
left overnight. Samples were then twice rinsed and centrifuged with deionised
water, and sub-sampled for radiocarbon analysis. Remaining sediment was frozen
for further analysis.
Organic carbon content of the SPM was measured using two different techniques.
Firstly a known volume of the additional water sample was filtered through a preweighed, pre-combusted (500 oC) Whatman GF/F filter paper. This was dried at
105oC overnight and reweighed to determine [SPM], then analysed for total carbon
with a Vario EL elemental analyser at CEH Lancaster (Ribble, Conwy, Avon) and
a Thermo Flash 2000 elemental analyser at the James Hutton Institute. The values
obtained would include any inorganic carbon present in the samples. Secondly a
sub-sample of the concentrated SPM was captured on a pre-weighed and
combusted GF/F filter paper, and analysed. Results obtained by the two methods
were in good agreement, suggesting that little or no inorganic carbonate had been
present in the samples. Reported values are means from the two methods.
Graphite targets for 14C analysis by AMS were prepared by quantitative recovery
of carbon in sealed quartz tubes followed by cryogenic separation of CO2 (Boutton
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et al., 1983). Aliquots of CO2 were converted to an iron/graphite mix by iron/zinc
reduction (Slota et al., 1987). A sub-sample of CO2 was used to measure 13C
using a dual-inlet mass spectrometer with a multiple ion beam collection facility
(Thermo Fisher Delta V) in order to correct 14C data to –25 ‰ 13CVPDB. The mass
spectrometer was calibrated with international reference materials to a precision of
 0.03 ‰. For five samples, difficulties were encountered in the measurement of
C by mass spectrometry, and so instead values of δ13C were obtained during

13

AMS analysis, and used to correct to δ13C = -25 ‰ vPDB. In these cases the δ13C
values were not considered representative of the original combusted material.
In all but three cases 14C analysis was carried out at the Scottish Universities
Environmental Research Centre AMS Laboratory, East Kilbride (Xu et al. 2004);
these have publication codes starting SUERC. The other three measurements were
on sample sizes of less than 500 μg carbon and were made at the Keck Carbon
Cycle AMS Laboratory at the University of California Irvine (publication codes
UCIAMS). Size matched process background materials and known age standards
were prepared and analysed to check accuracy and precision. In keeping with
international practice, the results are reported as absolute % modern (pMC) which
involves a mathematical adjustment to account for ongoing radioactive decay of
the international reference standard (oxalic acid, provided by the US National
Bureau of Standards), since AD 1950 (Stuiver and Polach. 1997) with conventional
radiocarbon ages (based on radioactive decay and relative to AD1950) provided
where results are below 100 pMC. The 14C enrichment of a sample is measured as
a percentage (or fraction) of the 14C activity relative to the modern standard of
oxalic acid where 100% modern is defined as the value in AD 1950, in the absence
of any anthropogenic influences. Radiocarbon contents can exceed 100 pMC if
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they contain sufficient “bomb carbon”. Overall analytical precision is quoted at
1. Statistical analyses (t-tests, linear and power law regressions) were carried out
using Microsoft Excel. Data were tested for normality and t-tests were first
checked for equal or unequal variances. If data was not normally distributed, they
were first log transformed.
4.2.3. Soil radiocarbon data
To aid the interpretation of the PO14C data, we assembled soil radiocarbon data for
UK sites under different land use. These comprised 70 data points for agricultural
soils from Jenkinson et al. (2008), 132 values for semi-natural non-forested and
forested soils from Mills et al. (2013), and 87 of our own unpublished data (H
Toberman, JL Adams, E Tipping, CL Bryant) for semi-natural sites and improved
grassland. The results are summarised in Appendix 5.1. We used values of 14C
(pMC) for samples taken over the time-period 1999 to 2013. Average values were
calculated to simplify data presentation and provide an overall picture of
radiocarbon with depth. Because 14C is constantly changing, albeit slowly, the
combination of data taken in different years involves approximation, but the time
period for which data were taken was short in comparison to the turnover rate of
bulk soil carbon as estimated by Mills et al. (2013). Therefore, the averages
obtained will differ little from those that would apply had all the sampling been
simultaneous.
4.3 Results

At a UK level, the study catchments vary with respect to size, altitude range,
climate, soil type, and land use (Table 4.1). The Calder catchment stands out as the
only one with a substantial urban area, and it is also industrialised. The Avon
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catchment differs in that it lacks upland area and has more cultivated land.
Furthermore, the River Avon discharge varies relatively little, owing to the
dominant influence of groundwater. The other rivers display much more flashy
flow regimes. In the Avon, Conwy and Ribble catchments, the main land use is
livestock grazing, mainly on improved grassland in the Avon and Ribble, but
mainly on unimproved grassland or heather moorland in the Conwy. Much of the
Dee catchment is heather moorland and blanket bog, with significant but smaller
areas of coniferous plantation woodland and improved grassland. None of the
catchments contains extensive arable agriculture. In all cases, the dominant soil
types have organic-rich surface horizons.
High flow water samples collected across the catchments varied considerably in
average [SPM] and OC content (Table 4.2). The OC content (%) declines with
increasing [SPM], the relationship following the power law, OC(%) = 26.7 [SPM]0.22

, which accounts for 75 % of the variance in OC content (p < 0.005). This is

consistent with global-scale data collated by Marwick et al. (2015), and means that
under conditions of high sediment delivery the SPM is relatively poor in OC.
The δ13C values of the samples (Table 4.3) fall in the range -30 to -25 ‰, with all
but one value < -27 ‰. These indicate that the carbon is derived almost exclusively
from plants using the C3 photosynthetic pathway, which is normal for northern
temperate ecosystems like the UK (Still et al., 2003). The 14C contents of the
samples fell in the range 69-100 pMC, corresponding to conventional 14C ages of
3000 years to modern (Table 4.3). The overall mean is 909 14C years with a
standard deviation (SD) of 555 years. Comparison of the mean 14C values for the
individual rivers (Figure 4.2) shows that the only two rivers differing significantly
from the others were the River Calder (p < 0.01) and Ribble B site (p < 0.001).
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The markedly low 14C for the Calder is probably related to its urban and industrial
character, and the contribution of the Calder flow to that of the Ribble B is likely
the reason for the moderately low PO14C of the latter site. If the PO14C data for the
Calder and Ribble B are ignored, the overall average PO14C value is 91.2 pMC
(SD 3.0), and the average age of POC becomes 681 14C years (SD 246 years),
which can be taken as a representative value for predominantly rural rivers.
To put the results into context, the radiocarbon content of catchment soils must be
considered. A systematic survey of soil radiocarbon in proportion to land use or
soil type is not available for each catchment, but a substantial body of radiocarbon
data (Appendix 4.1) can be used to summarise land-use and depth variations for
the UK (Figure 4.3). The results show that the highest 14C contents are found for
topsoils under forest, then for soils under non-forest semi-natural vegetation, then
under agricultural land use. Sub-soil 14C shows a fairly regular pattern of decline
with depth (Figure 4.3). The average riverine PO14C of 91.2 pMC is lower than the
average soil organic 14C values for forest and non-forest semi-natural topsoils, but
only slightly less than the improved grassland average of 93.6 pMC, calculated
from the two topsoil depths of 7 and 11cm in Figure 4.3; note that none of our
catchments included significant areas of arable soil.
Secondly, our results can be compared with a global dataset published by Marwick
et al. (2015) (Figure 4.4). These authors identified [SPM] and the OC content (%)
of SPM as useful variables against which to compare the 14C values. In the global
context, the UK [SPM] values are comparably low and the OC contents are
comparatively high. The PO14C values are high compared with data for high-SPM,
low-OC systems, but lower than the previously reported data for the low-SPM,
high-OC range.
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4.4 Discussion
In attempting to interpret the PO14C data reported here, it must be borne in mind
that all the measured values arise from the mixing of organic matter from different
sources, and that any calculated ages are only apparent. Therefore, the mean of 680
14

C years must mean that both younger and older material is also present. An

especially clear effect of mixing is seen within the present data, for the River
Calder sub-catchment and Ribble B site (Table 4.3, Figure 4.2). The Calder PO14C
values (68 – 82 pMC) are lower than at any of the other sites due to industrial
and/or mining activity in the catchment; for example coal (14C ~ 0) may be present
in the samples. Mixing of River Calder water with water from the other two Ribble
tributaries (Figure 4.1) then leads to relatively low PO14C (84 – 89 pMC) in the
samples from the Ribble B site.
For the 7 rivers other than the Calder and Ribble B, the average value of PO14C
(91.2 pMC) could arise from the mixing of topsoil material with material from
subsoils, exposed at the bank or via field drains (Chapman et al. 2001; Deasy et al.
2009). For example, if we assume that average subsoil has a 14C value of 75 pMC
(from Figure 4.3, the value at a depth of about 50 cm), and adopt a mid-range value
of 100 pMC for the topsoil (Figure 4.3), then the value of 91.2 pMC would arise
from a mixture comprising 65% topsoil OC and 35% subsoil OC. But if a topsoil
value of 95 pMC were chosen, which might arise if soil under improved grassland
were the main source of riverine POM (Figure 4.3), the mixture would be 81%
topsoil OC and 19 % subsoil OC. These results bracket the average contributions
to riverine SPM of topsoil and subsoil (73%: 27%) obtained by Walling (2013)
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from a collation of data for 84 UK rivers. However, the analysis is complicated by
the fact that the OC content of soil decreases with depth, so that typically for UK
soils, the subsoil OC concentration is only about one-fifth of the topsoil (Appendix
4.2). This would mean that to achieve the required amount of bulk subsoil OC to
account for the PO14C values, the SPM fractions would have to be weighted
towards the subsoil, which would not agree with Walling’s results. A possible
explanation is that soil components that are rich in organic matter are preferentially
mobilised from the subsoil.
Another process that might explain why the riverine PO14C is depleted relative to
topsoil (i.e. the average value of 91.2 pMC in the 7 rural catchments) is preferential
mineralisation within the river channel of radiocarbon-rich topsoil organic matter
(Marwick et al., 2015). This could arise because topsoil contains organic matter
pools with different turnover rates, and therefore with different 14C contents. On
this basis, Mills et al. (2013) used a steady-state model with two main organic
carbon pools having mean residence times of 20 and 1000 years to interpret
observed topsoil 14C data, and estimated that the pools were present in roughly
equal proportions. At the present time, the faster turnover pool has a 14C content
greater than 100 pMC because of the presence of “bomb carbon”, while the longlived pool typically has a 14C content of about 90 pMC. Furthermore, the topsoil
contains plant litter deposited within the last few years, with a 14C content slightly
greater than 100 pMC. Both the litter and the 20-year major soil pool are
mineralised in the terrestrial environment much faster than the 1000-year pool, and
this difference would also be expected during riverine transport and temporary
storage in the river bed. Loss of the more labile carbon would then reduce the
PO14C value compared to that of topsoil. From regression analysis of UK-wide
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river data, Worrall et al. (2014) estimated that about 25% of POC is lost to the
atmosphere as CO2 during riverine transport. If so, then a substantial reduction in
the radiocarbon content of riverine POC could occur during transit. However,
comparisons of sediment storage and annual flux suggest that residence times of
SPM in UK rivers with catchment areas comparable to those of the present study
are short, rarely more than a year (Owens, Walling and Leeks, 1999; Collins and
Walling, 2007) and so to achieve the 25 % mineralisation loss suggested by
Worrall et al. (2014), rates of decomposition of POC in rivers would need to be
appreciably higher than is generally accepted for their turnover in the soil.
Dispersion of the material and exposure to light during riverine transport might
accelerate the mineralisation process.
A possible explanatory factor with respect to our results is the effect of parent
geology, the importance of which was highlighted by Longworth et al. (2007) to
interpret PO14C results for rivers draining small rural catchments in the HudsonMohawk watershed in upper New York State. Like our catchments, this is a lowerosion system as evidenced by the 5-year average (2004-2008) [SPM] of 22 mg L1

for the Mohawk River at Cohoes (http://waterdata.usgs.gov/nwis accessed April

2015). Longworth et al. (2007) did not report [SPM] and OC content of SPM, and
so their results are absent from the plotted values of Marwick et al. (2015) in
Figure 4.4. Generally, their PO14C values are higher than ours, falling in the range
89 to 109 pMC, but mostly they exceed 100 pMC. They explained the
geographical distribution of their data, i.e. spatial variations in PO14C values, in
terms of contributions to POM from the physical weathering of shale (containing
organic matter low in 14C). However, this is an unlikely explanation for the
relatively depleted PO14C reported in the present work, because the 7 rivers that
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provide the average of 91.2 pMC are in catchments free of rock types containing
ancient organic matter (Table 4.1). Therefore it seems unlikely that the presence of
ancient carbon sources provides a general explanation for depleted PO14C in lowerosion catchments.
The present results fit with and extend the data compiled by Marwick et al. (2015).
The plots in Figure 4.4 show that the global data fall into two zones. One occurs at
high [SPM] and low OC content, for which very low 14C values are observed, and
the data encompass highly eroding, unstable systems (Smith et al., 2013). As noted
by Marwick et al. (2015) this will reflect the strong dilution of topsoil-derived
POC with eroded mineral matter low in OC but highly-aged, possibly with nearzero 14C. This zone occurs for [SPM] greater than about 100 mg L-1 and for OC
contents less than about 2%. The other zone is for lower [SPM] and higher OC
content and there appears to be no true trend in the PO14C values with either [SPM]
or OC content in this range, especially after the addition of the new data presented
here (Figure 4.4). Thus we find a range of PO14C between about 80 and 110 pMC
in the low-SPM, high-OC zone. Based on the present study and the conclusions of
Marwick et al. (2015), variations in PO14C in low-erosion rivers can be attributed
to variations in a number of factors. In approximate order of general importance
these are (i) topsoil O14C variations across different land uses, (ii) catchment size
and bank erosion, (iii) decomposition of POM during riverine transport, (iv) inputs
of organic matter highly depleted in 14C (from coal, shale or industry) and (v) inriver carbon fixation. Different combinations of these factors between rivers, or in
the same rivers at different times, could generate the observed range of PO14C
values. Progress towards the precise attribution of POC sources will require all
these factors to be considered when designing field surveys and experiments. The
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fractionation of POM, e.g. by density or particle size, may also be a useful tool in
characterising the PO14C. In the meantime, modelling and forecasting future
change in POC fluxes will only be approximate. However, it seems certain that the
riverine transport of carbon fixed many centuries ago, arising from both topsoil and
subsoil, is contributing appreciably to carbon budgets in the UK and other lowerosion locations, and will continue to do so.
The high degree of consistency among the rivers (Figure 4.2) means that the results
presented here are probably representative of pasture and upland catchments of
similar size or greater across the UK and represents the first such samples to be
recorded. This significantly contributes to our understanding of aquatic carbon
cycling and nutrient dynamics, for the UK and globally. Catchments dominated by
arable agriculture are missing from this study and should be considered in future
research. We would expect that their rivers would have lower PO14C, in view of
the available data on arable topsoils showing them to be relatively low in 14C
(Figure 4.3). The likely lower PO14C values in arable-dominated catchments,
together with contributions of POC from catchments with coal mining and
industry, will tend to make the average age of POC entering the sea from the whole
UK, somewhat greater than the average value of 680 14C years derived for the rural
catchments of the present study.
4.5 Conclusions


Particulate organic matter transported at high flow by 7 UK rivers draining
pastoral rural landscapes had an average 14C content of 91.2 pMC,
corresponding to an apparent average age of 681 14C years. These rivers show
no significant difference (p > 0.05) in their average 14C values.
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Owing to industrial and mining activity in its catchment, the River Calder’s
POM was significantly more depleted in 14C (average 76.6 pMC). The Ribble
B site, of which the River Calder is a tributary, also showed depleted PO14C as
a result of the contribution from the Calder catchment.



Erosion of topsoil is an obvious major source of riverine POM. The most likely
explanations for the relatively low PO14C in the 7 rural rivers compared to
topsoil O14C (range 94 – 109 pMC depending upon land-use) are firstly, inputs
of older subsoil OC due to bank erosion and secondly, preferential
mineralisation of 14C-rich organic matter during riverine transport.



The present results are probably typical of other UK rivers with similar
catchment soils and land uses. We expect that catchments dominated by arable
soils would have lower PO14C values because of lower topsoil radiocarbon
levels.
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Table 4.1. Catchment information. Discharge data are from records of between 35 and 50 years up to the present. Geology, soil type and land
use are presented in order of importance.
2

Catchment drainage area (km )
Altitude range (masl)
Mean annual rainfall (m)
Mean annual air temperature (o C)
3

Calder

Hodder

Ribble A

Ribble B

Conwy

Avon

Gairn

Dee A

Dee B

317

258

446

1144

365

1713

146

2039

2080

50-560

40-480

20-420

15-560

10-1060

4-240

220-1100

30-1220

20-1220

1.1
8.9

1.5
7.7

1.2
8.8

1.2
8.6

2.1
8.4

0.8
9.6

1.1
5.1

0.9
7.6

0.8
7.7

8.6
1.9
19.5

8.8
1.1
22.0

13.5
1.1
34.4

33.2
4.6
81.2

18.9
1.4
45.8

20.2
6.2
39.0

3.9
0.8
7.4

47.0
8.7
94.6

no data
no data
no data

CM
MG

MG
SSM
L

MG
CM
SSM

MG
CM
SSM

SSM
SC

Ch
SSC

Ig
VS

VS
Ig

VS
Ig
N

CS
U
A

CS
SP
BE

Sg
CS
A

Sg
CS
A

Pz
SHG
SG

Rz
SG
SP

P
Gs
BE

BE
Rz
A

BE
Rz
A

IG
U

B
HG

IG
B

IG
U

IG
B

IG
W

MH
H

H
HG

MH
H

IG

HG

B

AG

SU

B

MH

HG

-1

River discharge (m s )
mean
95% exceedance
10% exceedance
a

Principal bedrock geology

b

Principal soil types

c

Principal land cover

Key to geology:
Ch chalk, CM coal measures, Ig igneous intrusion, L limestone, MG millstone grit, N Neogene rocks – gravel sand silt and clay, SC
sandstone and conglomerate, SSC sand silt and clay, SSM sandstone siltstone mudstone, VS volcanic and sedimentary rock.
a

b

Key to soil type:
A alluvisol, BE brown earth, CS cambic stagnogley, Gs gleysol, P peat, Pz podzol, Rz rendzina, SG stagnogley, SHG stagnohumic
gley, SP stagnopodzol, U urban, c Key to land cover:
AG acid grassland, B bog, H heathland, HG heather grassland, IG improved grassland, MH,
montane heathland, SU suburban, U urban, W woodland
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Table 4.2. Mean concentrations of SPM and OC contents of SPM. Values in brackets
are standard deviations, and reflect both natural variation and the averaging of results
obtained by different methods (Section 3.2.2).

River

[SPM]
-1

OC content

mg L

%

Calder

52.8 (±63.2)

8.8 (±4.7)

Hodder

13.4 (±6.8)

15.0 (±8.0)

Ribble A

13.8 (±7.6)

14.3 (±5.7)

Ribble B

21.3 (±19.0)

16.1 (±10.3)

Conwy

2.7 (±1.0)

24.6 (±10.3)

Avon

8.1 (±5.4)

19.1 (±6.3)

Gairn

0.8 (±0.2)

35.9 (±19.2)

Dee A

0.8 (±0.5)

14.4 (±14.2)

Dee B

0.9 (±0.5)

35.0 (±17.7)
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Table 4.3. Isotope data for POM in high-flow samples. Values are given of 14C
(pMC), δ13C (‰ vPDB) and conventional radiocarbon age (years BP). The errors in
C are expressed as +/- 1σ (pMC) where σ is the overall analytical uncertainty.

14

Bracketed values of δ13C are not necessarily representative of the original combusted
material (see Section 4.2.2).
River

Date

δ13C

14

C

+/-1σ

Age

Publication No.

Calder

4/10/13
22/10/13
2/1/14
7/1/14

-28.2
-27.5
-28.2
-28.5

75.06
68.86
81.80
80.58

0.35
0.30
0.36
0.37

2243
2935
1552
1672

SUERC-52256
SUERC-52262
SUERC-52267
SUERC-52274

Hodder

4/10/13
22/10/13
2/1/14
7/1/14

-28.6
-28.6
-28.8
(-28.6)

89.89
91.09
91.25
89.92

0.39
0.42
0.40
0.39

794
687
673
792

SUERC-52257
SUERC-52263
SUERC-52268
SUERC-52275

Ribble A

4/10/13
22/10/13
2/1/14
7/1/14

-25.2
-28.6
-29.1
-29.3

88.95
87.67
89.55
89.26

0.41
0.40
0.41
0.41

878
995
825
850

SUERC-52258
SUERC-52264
SUERC-52272
SUERC-52276

Ribble B

4/10/13
22/10/13
2/1/14
7/1/14

-28.6
-28.6
-28.7
-28.8

84.68
84.68
88.15
84.34

0.39
0.39
0.41
0.39

1274
1273
951
1306

SUERC-52261
SUERC-52265
SUERC-52273
SUERC-52277

Conwy

7/1/14
27/1/14
14/2/14
22/10/14

-28.5
(-23.0)
-29.2
-28.3

90.52
90.09
97.90
100.07

0.42
0.28
0.49
0.47

737
775
108
Modern

SUERC-52278
UCIAMS-144595
SUERC-53199
SUERC-58254

Avon

22/10/13
6/2/14
23/4/14
28/8/14

-28.2
(-28.4)
-29.9
-30.1

90.60
88.78
92.63
92.62

0.40
0.28
0.48
0.41

731
895
553
554

SUERC-52266
UCIAMS-144596
SUERC-54377
SUERC-57317

Gairn

7/1/14
26/2/14
16/3/14

-28.5
(-25.9)
-27.0

90.58
90.92
95.84

0.42
0.31
0.45

732
700
279

SUERC-52283
UCIAMS-144597
SUERC-54379

Dee A

7/1/14
26/2/14
21/3/14

-27.9
-28.2
-27.2

93.74
89.52
88.09

0.41
0.45
0.46

457
827
957

SUERC-52282
SUERC-53201
SUERC-54382

Dee B

7/1/14
26/2/14
16/3/14
21/3/14

-27.9
(-28.6)
-27.7
-27.6

93.04
88.88
88.95
91.76

0.41
0.45
0.44
0.44

517
885
878
628

SUERC-52281
SUERC-53200
SUERC-54378
SUERC-54383
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Figure 4.1. Location map showing the study catchments. For the Dee and Ribble, black triangles indicate sampling sites. The Avon and Conwy
sampling sites were at the tidal limit.
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Figure 4.2. Average PO14C (pMC) for suspended sediment collected at high flow at
the 9 sampling sites. Error bars represent standard deviations. Greyed bars show the
two sites for which the PO14C values differ significantly from the others.
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Figure 4.3. Soil radiocarbon plotted against soil depth for 296 samples of UK soils.
Depths are plotted as the weighted average of sampling depths. The horizontal bars
are standard deviations in 14C, the vertical bars are ranges of sampling depth. See
Appendix 5.1 for details.
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Figure 4.4. Radiocarbon contents of POM, i.e. PO14-C, plotted the against OC content
of SPM (%) and [SPM]. Global data collated by Marwick et al. (2015) are
represented by the open circles. Data for the 7 rurally-dominated UK sites are shown
by filled circles. Values for the Rivers Calder and Ribble B are shown by filled
triangles.
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5. Quantifying sources of dissolved organic radiocarbon in rivers
JL Adams, E Tipping, R Helliwell, N Pedentchouk, R Cooper, S Buckingham E
Gjessing, P Ascough, CL Bryant, M Garnett
Abstract
Radiocarbon measurements of riverine dissolved organic matter (DOM) provide
powerful modelling constraints on transport from terrestrial ecosystems, to freshwater
and the oceans. Currently, the global database of DO14C spans five continents,
although recent assessment of the dataset identified a paucity of information for
lowland catchments and those dominated by urban landscapes and arable agriculture.
We collated new and previously unpublished data for rural, urban and arable
catchments in the UK, with the urban and arable catchments significantly more
depleted in 14C than the rest of the UK data. The new UK data fitted within the trends
of the global data, which contained ~800 individual values, categorised by the
dominant land use of the catchments, although the urban UK samples were
appreciably higher in DOC concentration. To provide a temporal view of the DOC
sources, we applied a variable soil organic matter (SOM) turnover model with fast (~1
year) slow (~20 year) and passive (~2000 year) pools, which allowed for estimations
of the fractions of the pools to the riverine DO14C values. The model successfully
estimated the sources of 88% of the dataset, and provides a reasonable comparison of
data collected decades apart, using the most complete and up to date synthesis of
global riverine DO14C.
Keywords: Dissolved organic carbon, soil organic matter, turnover, sources, subsoil,
topsoil.
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5.1 Introduction
Riverine transport of dissolved organic carbon (DOC) is a considerable source of
atmospheric and oceanic C, with an export of 0.4 Pg C a-1, which is influenced by
complex in stream processing such as mineralization by microbial communities
(Aufdenkampe et al., 2011). Radiocarbon (14C) analysis of riverine DOC is a powerful
tracer of the origins of C pools and provides a quantitative analysis of organic matter
(OM) turnover. The long half – life of naturally occurring 14C (5730 years) can be
used to quantify the turnover of C on the centennial and millennial timescales, while
the 14C bomb spike of the atmospheric weapons testing period provides estimates of
turnover on the decadal timescale.
Since the development of accelerator mass spectrometry (AMS) and improvements in
sample size and cost, the database of aquatic 14C has increased considerably.
However, the interpretation of the dataset is complicated by the constantly changing
atmospheric 14C signal. While 14C sources are influenced by natural radioactive decay,
the “bomb peak” has decreased through time, largely due to assimilation into the
oceans (Heinze et al., 2015). Therefore, the constantly changing atmospheric 14C
signal means that samples taken decades apart would comprise different 14C contents,
such that they are not directly comparable. Thus, long term modelling of terrestrialaquatic C cycles must not consider individual measured values as ‘fixed’, and there
has been little attempt to synthesise this global dataset from a temporal perspective.
The most recent, comprehensive review of global riverine DO14C (Marwick et al.,
2015) reported an average of Δ14C 24‰ (102.4 pMC) for data between the period of
1990-2015, indicating some influences of 14C originating from the atmospheric
weapons testing period of the 1950s and 60s. The review highlighted a
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disproportionate number of studies focussed on either headwaters (Schiff et al. 1997;
Evans et al. 2007; Moore et al. 2013; Moyer et al. 2013; Tittel et al. 2013) or at the
basin outlet only (Raymond et al., 2007; Hood et al., 2009; Sickman et al., 2009;
Butman et al., 2012; Hossler and Bauer, 2012; Wang et al., 2012). In the UK, the
majority of the dataset represents small upland, peat dominated watersheds (Billett et
al. 2007; Palmer et al. 2001; Evans et al. 2007; M. F. Billett et al. 2012a). Further,
international data of riverine DO14C were assessed by Butman et al. (2015), who
found that the apparent age of riverine DOC increased with population density and the
proportion of human dominated landscapes in the basin area. From this, Butman et al.
(2015) estimated that 3-9% of riverine DOC is aged C mobilised by human
disturbance. It is therefore important to consider both lowland catchments and those
heavily influenced by arable agriculture and urbanisation, which may deviate from the
global averages. Understanding the processes involved in these systems should
therefore improve the ability to model the transport of C from terrestrial to freshwater
ecosystems.
However, the review of Marwick et al. (2015) did not consider the temporal changes
involved in the terrestrial 14C sources, and thus the composition of the bulk riverine
data. There were also publications on riverine DO14C not included in the dataset of
Marwick et al. (2015) and data from the pre-1990s is not considered. Therefore, we
aimed to estimate sources of DOC of global rivers over a changing timescale. In doing
so, we collated a revised global dataset and presented original and previously
unpublished data for the UK and Norway, some of which date back to the early
1960s. We applied the dataset against soil organic matter (SOM) pools constrained by
radiocarbon data, as shown in Mills et al. (2013), and the models of Tipping et al.
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(2012) and Davies et al. (2016), providing a time dependent interpretation of DOC
sources.
5.2 Methods

5.2.1 Original data for the UK and Norway
The previously unpublished UK data includes small streams that were sampled
between 1995 and 2007, which were all situated in upland areas of Northern England.
Nine samples were collected from two sites on Great Dun Fell (GDFA and GDFB),
situated in the north Pennines of England. These samples were collected at regular
intervals between 1995 and 1996. Gais Gill drains a catchment area of 1 km2 and is
situated in the west of the Yorkshire Dales National Park, draining into the upper
River Lune catchment. These samples were collected between 2005 and 2007. Doe
House Gill was sampled in 2006, which drains a small catchment area of 0.3 km2, and
is a tributary of the River Duddon (Tipping et al., 2007).
The next riverine DO14C survey ran between October 2013 and October 2014 and
included four large, lowland catchments of contrasting characteristics. The Ribble
catchment, situated in the North West of England drains an area of 1144 km2, mostly
dominated by improved grassland for pasture. Two major sub-catchments of the
Ribble catchment were included in the survey; the River Calder and the River Hodder
drain from the south and the north of the catchment respectively, with the Calder
catchment containing extensive conurbations and historical mining activity. In
contrast, the Hodder catchment is rural and drains mostly upland moorland areas. The
Conwy catchment, situated in North Wales has a high river response during storm
events, owing to the largely mountainous landscape. The Avon catchment in the south
of the UK is largely groundwater fed from the presence of chalk aquifers. Finally, the
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Dee catchment in the north-east of Scotland is sparsely populated above the tidal
limit, and contains extensive heathlands and conifer plantations. The River Gairn subcatchment of the Dee is situated in upper mountainous areas of the Cairngorm
National Park and responds rapidly to rainfall and snowmelt. More detailed
descriptions of these catchments are included in Adams et al. (2015) (chapter 4). We
collected between four and five surface water samples, in parallel with samples
collected for riverine PO14C (Adams et al., 2015) (chapter 4). These were collected at
high flows, identified by daily river level measurements by the Environment Agency
of England and Wales and the Scottish Environment Protection Agency which are
freely available on-line. The Avon catchment, which does not exhibit much variation
in flow regime, was instead taken at regular intervals throughout the sampling period.
We took an additional four low flow samples, collected from the River Hodder subcatchment.
Two catchments situated in North Yorkshire were sampled between March and
October 2015, both of which contained extensive arable and/or urban landscapes. The
River Aire serves several towns and cities including Leeds, which was upstream of
the sampling site. The River Derwent and three small tributaries – Barlam Beck,
Spital Beck and Throwmires Beck drain extensive arable landscapes. Additionally, we
obtained unpublished data from the University of East Anglia on two catchments. The
River Wensum, situated in the east of England, drains ~80% arable land, while the
Lymington River flows through the New Forest National Park and into the Solent
estuary on the south coast of the UK. Table 5.1 provides additional information on the
catchment characteristics, including drainage area, geology and land use.
In 1962, three samples were collected from three forested catchments in southern
Norway. One sample was taken from a small catchment, east of the town Sarpsborg.
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The other two samples were taken from catchments situated approximately 30km
north-west of Oslo, and 90km north of Oslo. Six samples were collected in the 0.4
km2 (Mulder et al., 1990) Birkenes catchment of southern Norway, between 2006 and
2007 (S. Buckingham, unpublished). This catchment is mostly undisturbed and is
dominated by spruce forests. The catchment lies on granitic bedrock, with the soils
dominated by shallow podzolised acidic brown earths.
5.2.2 Collection and analysis
Prior to collection, and to minimise risk of carbon contamination, all equipment used
was either new or acid washed and all samples were processed in a radiocarbon tracer
free laboratory. We carried out precautionary leak tests on high density polyethylene
bottles, using samples from the Hodder sub-catchment stored over a period of three
months, to determine whether artefacts from the plastic would leach into the sample.
No influences from the bottles were observed, thus we believe the measured DO14C
values to be true. Two litre surface samples were collected from each of the sites,
which were all situated above the tidal limit. The samples were filtered using precombusted (5000C for at least four hours) and pre-rinsed Whatman GF/F (0.7 μm)
filter papers. The supernatant was decanted into acid washed 2 L glass Schott bottles
and sent to the Scottish Universities Environmental Research Centre (SUERC)
accelerator mass spectrometry laboratory, East Kilbride, UK (Xu et al. 2004).
All water samples were purged to remove any inorganic carbon, followed by
quantitative recovery of C in sealed quartz tubes and cryogenic separation of CO2 for
the preparation of the graphite targets (Boutton et al., 1983). Subsamples of the CO2
were used to measure δ13C by dual-inlet mass spectrometry with a multi ion beam
collection facility (Thermo Fisher Delta V) for correction of the 14C data to -25‰
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δ13CVPBD. The mass spectrometer was calibrated with the international reference
materials to a precision of ± 0.03‰. There were three cases where purging did not
sufficiently remove all of the carbonate, reflected by the higher δ13C values. These
were re-analysed, purging down to pH 2, rather than 4. On some occasions there was
not sufficient material to re-analyse; these samples have been omitted from the
following data analysis, but are included in Appendix 5.1 for reference. We also
omitted samples that showed δ13C values higher than -24‰ (Marwick et al., 2015), as
these suggest the presence of residual carbonate, possibly not completely removed
during purging and acidification, which will deplete the overall 14C signal. Results for
the DO14C are reported as absolute % modern (pMC), with conventional radiocarbon
ages provided where results were below 100 pMC and ‘modern’ stated where samples
contain sufficient “bomb carbon”. Analytical precision is quoted at 1σ. Preparation of
samples for the analysis of 14C is detailed further in Adams et al. (2015) (chapter 4).
For the Ribble, Conwy, Avon, Dee, Aire and Derwent catchments, additional 500 mL
samples were collected for analysis of the DOC concentration, which were measured
using a Vario EL elemental analyser at CEH Lancaster, and a Thermo Flash 2000
elemental analyser at the James Hutton Institute for samples from the Dee catchment.
All statistical analyses (t-tests and linear regressions) were carried out using Microsoft
Excel. Data was first checked for normality and equal variances and log transformed
if necessary.
5.2.3 Collation of the dataset
We first assessed the entire dataset reported in Marwick et al. (2015). Where data
were initially reported as either Δ14C ‰ or fraction of modern carbon (fMC), we
converted to percent modern carbon (pMC), in line with international practice and to
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aid comparison with our new dataset, using equation 1 and 2 in chapter 2. We rereviewed the dataset of Marwick et al. (2015), making necessary corrections (Benner
2004; Billett et al. 2012b; Butman et al. 2012; Masiello and Druffel, 2001; Wang et
al. 2012; Evans et al. 2007). Additional screening of available literature was
conducted through web searches and citations. The NERC radiocarbon facility
(NRCF) also conducted screening of their dataset, which includes all data analysed at
the facility, from the point of recording. From these searches, we found an extra 78
data points from 13 studies. Two of these were published in the same year or after the
publication of Marwick et al. (2015). Our unpublished dataset added an extra 114 data
points, spread over 25 different sites in the UK and Norway.
The literature was restricted to bulk 14C values, except measurements made on
Suwannee River fulvic acid (SRFA) reference standards, which are highlighted in
Appendix 5.1. We did not include data that were obtained directly from the outlets or
processing stage of water treatment works. Samples collected below the tidal limit
were restricted to recorded salinities of < 1, in line with Marwick et al. (2015). The
study of riverine DO14C in the Chernobyl exclusion zone (Nagao et al. 2004) was not
included in our dataset, as the recorded DO14C was significantly influenced by the
nuclear accident, and is not considered representative in the global DO14C dataset.
5.2.4 Land classifications
To interpret the data, we categorised the dataset based on surface soil 14C and the
single dominant land use, which would have considerable influences on the 14C
signal. For example, Mills et al (2013) found global forested soils to be more 14C
enriched than semi natural landscapes. We accepted the dominant land use as
described by the authors, though if the publication referred to another study for
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catchment information, we collated the data from there. For studies that did not
include sufficient information, we accessed open source data freely available online
(http://www.waterandclimatechange.eu/land-cover: accessed March 2017).
Our classifications comprise wetlands (W), which includes upland peatlands, bogs,
fens and glacial tundra. Arable (A), is defined as farming of crops, with regular
fertilizer application and managed drainage. Forests (F) includes broadleaf woodland,
conifer plantation, boreal and tropical. Some catchments were not dominant in any
land use, which are categorised as not arable, forest or peatland (NWFA), which
comprised half of the UK catchments (Figure 5.2). The final category is the same as
the latter, but with considerable urban influence (NWFAU).
The year that the sample was collected was also important for our analysis. Where
studies only provided a range of years, for example 1990-1997 (Schiff et al., 1997),
we used the median year for the data analysis.
5.2.5 Application of modelled SOM pools
Radiocarbon data of soil organic matter provides powerful constraints when
determining soil carbon dynamics, with ages reflecting soil carbon stability and depth
(Trumbore, 2000). On entry into the watercourse, DOM from the different soil
organic matter (SOM) profiles will reflect these turnovers (Butman et al., 2015). On
this principle, we applied modelled 14C values for SOM based on three pools, as
identified by the database of Mills et al. (2013). Turnover rates of these pools are
quantified by the atmospheric 14C values up to 2010 (Hua, Barbetti and Rakowski,
2013); we extrapolated the dataset to extend the data to the year 2016 (Figure 5.1,
black line). Steady state input of C was chosen, which was multiplied by the given
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atmospheric 14C value to obtain the input of 14C to the soil, which is calculated on an
annual basis.
Litter C is assumed to enter a pool of rapid turnover of 1 year, defined as the fast pool,
while the slow pool reflects a turnover of 20 years. The fast and slow pools together
make the topsoil that produces DOM. The passive pool comprises approximately half
of the topsoil, though its turnover results in insignificant proportions of DOM. Here,
the fast and slow pools are assumed to be 50:50, to provide a simple way of
constraining the two topsoil sources. This is represented by the upper blue line in
Figure 5.1. The lower blue line represents the modelled OM pool for deep soil, which
has a mean residence time of 2000 years, with a 14C value of between 80 and 81 pMC,
depending on the year, and assuming steady state conditions. From these, we can
estimate the fractions of these pools to the sample collected for any given year, by:
𝑓𝑑 = (𝑝𝑀𝐶 − 𝑝𝑀𝐶𝑠 )/(𝑝𝑀𝐶𝑑 − 𝑝𝑀𝐶𝑠 )
𝑓𝑠 = 1 − 𝑓𝑑

(1)

(2)

Where 𝑝𝑀𝐶 is the bulk 14C content of the sample, 𝑝𝑀𝐶𝑠 is the average 14C content of
the fast and slow pools for any given year and 𝑝𝑀𝐶𝑑 is the 14C content of the subsoil
pool. The fractions of the sub-soil and topsoil are given by 𝑓𝑑 and 𝑓𝑠 respectively.
For our interpretations, we assume the turnover of different land classes to be the
same. The modelled OM turnovers are applied to the global dataset to obtain an
overall insight, but not to provide a precise interpretation of each data point.
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5.3 Results

5.3.1 Original data for the UK and Norway
We first consider the original dataset for the UK, which contained catchments that
were variable with respect to land use, catchment size, altitude and geology. The
samples collected varied considerably in DOC concentration, although only six data
points exceeded 10 mg L-1. The highest recorded DOC concentrations were all
situated in upland catchments, notably GDF A (22.3 mg L-1) and Gais Gill (14.8 mg
L-1) (Table 5.1). The values for δ13C mostly fell between a range of -25‰ to -31‰,
indicating a presence of carbon derived from plants with the C3 metabolic pathway,
which is typical of vegetation in the UK and the northern hemisphere (Still et al.,
2003).
When interpreting the 14C data, it is important to consider that the measured values
arise from the mixing of different sources of DOC. Highly enriched DO14C will
correspond to recently assimilated OC through either terrestrial or aquatic
photosynthesis, while depleted DO14C will likely arise from sub-surface soil and
parent material. In addition, rivers draining urban catchments will contain sources of
industrial effluent which often contain highly depleted 14C from household products
and fossil derived fuels. Thus, the reported ages are only apparent. Radiocarbon
contents of the UK samples fell in the range of 78-110 pMC (Table 5.2), which
corresponds to conventional 14C ages of 1855 years B.P to modern. The mean values
in Figure 5.2 show that nine sites were significantly (p = 1.9 x 10-5) more 14C
depleted, seven of which were categorised as arable and urban. Depleted DO14C in the
Wensum catchment and the Derwent including its tributaries – Throwmires Beck,
Barlam Beck and Spital beck - is probably the result of extensive arable activity.
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Managed drainage of arable sites encourages infiltration of water down to deeper soil,
rather than overland flow, which results in the mobilization of aged 14C. Arable
topsoils also tend to be slightly more 14C depleted than semi natural and forested soils
(Jenkinson, Poulton and Bryant, 2008; Adams et al., 2015) (chapter 4). The Calder
and Aire catchments contain extensive conurbations, meaning that the depleted signal
is likely from industrial effluent. The samples collected from the Calder may also
contain waste from coal mining, and the mixing of this river water with water from
the Hodder and the main River Ribble will lead to depleted 14C at the downstream
Ribble B site (categorised as NWFA). In the Avon catchment, the depleted DO14C
reflects passage through deeper soil. Chalk aquifers in the Avon catchment may
further deplete the DOC due to the longer residence times of the river water.
Figure 5.3 shows the DO14C content against DOC concentration for the UK data,
including the new results reported here. The majority of the data already published for
the UK include upland wetland areas, which tend to be more concentrated in DOC
(17.3 mg DOC L-1 average) and more enriched in DO14C on average (107.4 pMC),
suggesting the release of enriched OC from the surface of the basin profile. The most
concentrated DOC was found in a degraded bog (61.8 mg DOC L-1, 54.8 mg DOC L1

) (Evans et al., 2014) and an upland wetland site (43.0 mg DOC L-1) (Tipping et al.,

2010). Higher average DOC concentrations were also observed in the upland
catchments of GDFA (10.7 mg L-1) and GDFB (8.7 mg L-1), which were also
categorised as wetlands. Elevated DOC concentrations in the River Calder subcatchment (8.3 mg L-1) suggests some urban influences, possibly from the outlets of
several water treatment works present in the catchment. The lowest DOC
concentrations included arable catchments in the UK (data reported here), and sites
with mixed land uses in the Conwy catchment (Evans et al., 2007). These also
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contained the most depleted DO14C, and can be attributed to the release of aged subsurface sources, which are lower in OC content (Jobbágy and Jackson, 2000). The
most enriched DO14C found in our dataset was in the river Lymington (109.4 pMC
average), which mostly drains forested land. Our original dataset considerably
expands the information available for riverine DO14C in the UK, and provides new
information on lowland catchments of contrasting land uses.
5.3.2 Applying the UK data to the international data
The international dataset is dominated by catchments with mixed land uses, described
here as NWFA (Figure 5.4). Catchments disturbed by anthropogenic activity
including arable and urban systems are less well represented globally (n= 38 and 28
respectively). Both of these systems do not considerably vary in DOC concentration
and the UK sites tend to be lower than the international sites on average, with the
arable sites at 2.6 mg DOC L-1 and the urban dominant systems at 4.4 mg DOC L-1. In
contrast, DOC drained from wetlands is appreciably more variable, with
concentrations as low as 0.8 mg DOC L-1 from a catchment in Northern Alaska (Guo,
Ping and Macdonald, 2007) to 95 mg DOC L-1 found in a peatland catchment in
Finland (Evans et al., 2014). On average, DOC draining from wetlands was the most
concentrated at 28.4 mg DOC L-1, followed by forested catchments at 6.0 mg DOC L1

.

The distribution of DO14C is appreciably skewed towards modern contemporary
sources, with 65% of the samples greater than 100 pMC. The most depleted values
were found in catchments in Northern Alaska (Guo, Ping and Macdonald, 2007), in
the Yukon basin (Aiken et al 2014), and in the Kimberly region of North Western
Australia (Fellman et al., 2014). From our land use classifications, it seems that
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forested catchments drain more enriched DO14C, with an average of 108.2 pMC. In
contrast, both urban and arable dominated catchments drain more depleted DO14C
sources on average, at 92.5 pMC 84.5 pMC respectively. Generally, lower DOC
concentrations correspond to more depleted DO14C, though some wetland catchments
do not conform to this pattern, which is possibly the result of human modifications
(Evans et al., 2014). Our original dataset mostly fits with the general trend of the
global data, as sorted by land use. However, UK catchments dominated by urban
landscapes seem to be more concentrated in DOC than the global data points, though
this is based on only five separate samples.
5.3.3 Temporal analysis of riverine DO14C
We plotted the global dataset in terms of the land classification and the year that the
samples were collected, to indicate the scale that the data spans through time. The
collated data covers over five decades, from forested catchments collected in 1962
(data reported here) to the new UK data collected in 2015. 14C values that constrain
turnover of the fast, slow and passive pools used in the N14C(P) models of Tipping et
al. (2012) and Davies et al. (2016) were used to give a broad perspective on the
DO14C sources. Overall, 88% (n = 963) of the samples fell within the two modelled
pools (Table 5.3). Arable samples were situated closer to the subsoil pool, with 18%
(n=38) of the samples falling below this boundary, indicating the average depleted 14C
in relation to the global dataset (Table 5.3, Figure 5.5). Catchments dominant in urban
systems (NWFAU) were similarly closer to the subsoil boundary. In contrast, forested
samples were much closer to the boundary of the topsoil pool, indicating average
enriched DO14C. Wetlands were much more spread in terms of the DO14C and 4% (n
= 200) of the values fell below the 2000 year pool, possibly due to drainage and
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management, and climatic variations (temperate and tropical) (Evans et al., 2014).
Overall, 71 data points were more enriched than the modelled topsoil OM pool. In the
forested category, this was the case for 38 of the 201 samples. The wetland class had
15 samples above the topsoil OM pool, and one sample for the NWFA class. Since
the topsoil OM pool represents the most recently fixed atmospheric 14C, the riverine
DO14C should not exceed this, suggesting that the model does not acceptably fit these
points.
We estimated the sources of DOC by calculating the proportions of topsoil (upper
line, Figure 5.5) and subsoil (bottom line, Figure 5.5), such that any sample is a
mixture of the two pools. Examples of these estimations are listed below, though this
was carried out for the entire dataset (Appendix 5.1). Samples that were below the
2000 year pool contained a subsoil fraction of 1.0, showing that material was
exclusively from this pool. Samples that were on the boundary of the topsoil pool
contained a topsoil fraction of 1.0, including samples from pristine tropical forest in
the Congo basin (Spencer, Butler and Aiken, 2012) and blanket peatlands in the UK
(Billett, Garnett and Harvey, 2007). The Aire catchment, which contains extensive
conurbations had a calculated subsoil fraction of 0.8 for both DO14C measurements
(85.8 pMC, 84.9 pMC), compared to 0.4 for the other urban catchment in the UK
dataset (Calder). The samples collected in Norwegian forested catchments from 1962,
with 14C contents of 97.1 pMC, 99.7 pMC and 98.8 pMC contained subsoil fractions
of 0.6, 0.5 and 0.5 respectively. A forested sample collected in 2009, with a similar
14

C value (97.9 pMC) (Tittel et al., 2013) contained a subsoil fraction of 0.4.

Similarly, a sample collected in 2010, with an enrichment of 96.7 pMC (Tittel et al.,
2013) contained the same subsoil fraction. Thus, samples with similar measured 14C
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values, but sampled decades apart, may not contain the same fractions of topsoil and
sub-soil.
5.4 Discussion
The original data collected for lowland catchments considerably expands the
information available for the UK, and captures a far wider range of land cover. The
new data included measurements from urban dominated catchments and arable, with
the arable samples appreciably more depleted in DO14C. These data agree with the
global urban and arable dataset and suggest the release of aged 14C by human
disturbance. This was also suggested in Butman et al. (2015), though differences in
the type of human activity were not addressed. It is likely that the aged urban sources
will originate from the effluent of water treatment works (Griffith, Barnes and
Raymond, 2009b), while arable catchments are well drained, thus leaching older 14C
sources, rather than enriched sources through overland flow. Arable catchments may
also have more depleted topsoil 14C values, as crop cultivation removes the input of
litter to the fast pool (Adams et al., 2015), though this would be a minor effect
compared to deep soil drainage. Overall, the UK data fit within the scope of the global
data and do not considerably deviate from global measurements of the same land use
category. The urban samples collected in the UK had higher DOC concentrations than
the global data, which could indicate larger inputs of water treatment effluent from
densely populated areas in the catchments. The Calder sub-catchment accounts for a
large percentage of the population density of the Ribble catchment (989 persons km-2
(Adams et al., 2015)) while the Aire drains a major city with a population density of
4066 persons km-2. However, the available dataset for urban catchments is lacking,
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and further investigation into these may provide a clearer indication of any deviations
from the global dataset.
The modelled turnover of the SOM pools of Mills et al. (2013), Tipping et al. (2012)
and Davies et al. (2016) fitted well with the global dataset and although they are not
precise for any particular sample, the pools allow to scale the data in terms of its
sources. By quantifying the fractions of the pools to the samples for a given year, we
estimated the sources contributing to similar 14C values collected at different times.
This was the case for the forested values collected in 1962, compared with similar 14C
values collected for forests in 2009 and 2010 (Tittel et al., 2013), which showed slight
variations in the estimated 14C sources. However, 71 samples were above the topsoil
boundary and 47 for the subsoil boundary (Table 5.3). For the topsoil boundary, the
samples should not be more enriched, as the pool is based on the turnover of the most
recently assimilated C. The calculated average of the two topsoil pools (1 year and 20
year turnovers) is possibly an oversimplification. Better model constraints may be
achieved if riverine DO14C data from the 1960s, 70s and 80s were made available.
An important factor to consider when interpreting the data is the flow of the river at
the time of sampling. Though the flow is not frequently quoted in the literature, the
modelled fractions provide an indication of the conditions at the time of sampling. It
is known that the age of OC increases with increasing soil depth. At lower flows,
greater proportions of riverine DOC will be sourced from the interaction with parent
material and older OC from sub-surface soil horizons, resulting in an overall aged
bulk 14C sample and a higher modelled fraction of sub-soil (2000 year pool). The
global dataset shows that both small and large basins measured at baseflow tend to
give more depleted 14C signatures (Schiff et al., 1997; Neff et al., 2006; Raymond et
al., 2007). Higher flows, including storm runoff, will mobilize more enriched OC
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from the soil profile, which in turn dampens the depleted 14C signal, resulting in
enriched riverine DOC during these conditions (Schiff et al., 1997) and higher
fractions of the modelled topsoil pool. However, catchments draining glacial
meltwaters (Aiken et al. 2014; Hood et al. 2009) and those dominated by groundwater
sources (Fellman et al., 2014) do not conform to this pattern due to the abundance of
ancient OC sources and natural decay through storage.
Estimating the fractions by this means is further complicated by in river processing
that may lead to overestimations of the sub-surface (i.e 2000 year pool) soil input. It is
known that more enriched, labile C that would originate from the 1 and 20 year pools
can be preferentially mineralized, and was demonstrated experimentally by Raymond
and Bauer (2001). This process was also considered the dominant driver for CO2
outgassing in rivers of the humid tropics, though only for particulate OC (POC)
(Hilton, Galy and Hovius, 2008). Marwick et al. (2015) and Mayorga et al. (2005)
both suggested a link between preferential mineralisation of labile 14C and depletion
downstream, in large passive basins with extensive longitudinal gradient. Thus,
mineralisation will likely influence the measured DO14C in rivers, though this is
highly dependent on basin characteristics (Marwick et al., 2015).
The most recent global synthesis of riverine DO14C by Marwick et al. (2015)
highlighted important gaps in the dataset, though several studies were not included.
Our study therefore provides the most extensive and up to date analysis of global
riverine DO14C, categorised by different land uses, and considerably expands the data
available for the UK. Globally, the new data reported here considerably increases that
available for arable and urban systems, and thus will improve models of terrestrial –
aquatic carbon cycling and nutrient dynamics. Further, land disturbance by
anthropogenic activity has been identified as a potential driver of aged riverine DOC
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(Raymond and Bauer, 2001; Sickman, Zanoli and Mann, 2007; Moore et al., 2013).
Arable and urban dominated catchments are lacking in the global dataset and should
therefore be considered in future studies.
5.5 Conclusions


The new data reported here considerably expand the current dataset available
for both the UK and globally. DOC from catchments dominated by arable and
urban land uses was significantly more depleted in DO14C than the rest of the
new UK data.



Terrestrial sources of DO14C can be reasonably well estimated by the mean
residence time of the different SOM pools used in the models of Tipping et al.
(2012) and Davies et al. (2016), with 88% of the dataset falling between the
two modelled pools. Arable and urban land classes were mostly situated
towards the subsoil pool, while DO14C in the forested ecosystems were
dominated by the topsoil pool.



Catchments that are considerably influenced by anthropogenic activity are not
well represented by the global dataset and should be considered in future
research.
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Table 5.1. Catchment information. Discharge data are from records between 35 and
50 years up to the present. Geology, soil type and land use are arranged in order of
dominance. Information for Doe House Gill was obtained from Tipping et al. (2007).
GDFA
Aire

Derwent

Wensum

Lymington

Gais Gill

Doe
House Gill

GDFB
Catchment drainage area (km2)

282

1586

162

99

0.0004

1

0.3

Altitude range (masl)

87-582

10-452

34-93

6-118

480-848

321-587

240-730

Mean annual rainfall (m)

1.2

0.8

7.0

0.9

1271

1714

3250

Mean annual air temperature (oC)

9

9

10

11

6

7

6

Mean

6.5

16.7

0.9

1.1

N.D

N.D

4.8

95% exceedance

0.6

4.4

0.2

0.05

N.D

N.D

-

10% exceedance

17.0

35

1.7

2.8

N.D

N.D

-

LS

Cl

CH

S

LS

SS

SS

SS

MS

SS

SI

SS

LS

MS

CM

LS

Cl

MS

SIS

SIS

Gley

Gley

Brown earth

Gley

Blanket peat

Brown earth Gley

Brown earth Brown earth

Brown sand

Brown earth

Gley

Gley

Podzol

-

-

Gley

Rendzina

Brown earth

Podzol

Ranker

U

A

A

F

B

IG

RG

A

IG

IG

H

H

RG

IG

IG

F

F

IG

RG

H

B

River discharge (m3s-1)

Principal bedrock geology

Principal soil types

Principal land cover

Catchment information for the Ribble, Dee, Avon and Conwy catchments can be
found in Adams et al. (2015) (chapter 4).
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Table 5.2: Isotopic data for the original and unpublished UK dataset. Values are given
of 14C (pMC), δ13C (‰ vPDB) and conventional radiocarbon age (years B.P). Errors
of the 14C are expressed as ± 1σ(pMC) where σ is the analytical uncertainty.
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Table 5.2. (Continued)

River
Derwent

Barlam Beck
Spital Beck

Throwmires
Beck
Wensum

Lymington

Great Dun
Fell A

Great Dun
Fell B

Gais Gill

Doe House
Gill

Date
04/03/15
29/06/15
27/10/15
29/06/15
27/10/15
04/03/15
29/06/15
27/10/15
04/03/15
29/06/15
27/10/15
24/08/15
24/08/15
24/08/15
25/08/15
25/08/15
25/08/15
12/09/95
09/10/95
06/11/95
04/12/95
03/01/96
19/02/96
25/03/96
29/04/96
28/05/96
09/10/95
06/11/95
04/12/95
03/01/96
19/02/96
25/03/96
29/04/96
28/05/96
10/10/05
24/10/05
07/11/05
21/05/06
15/11/06
3/12/06
01/02/07
14/02/07
18/02/07
2006

δ13C
-24.40
-28.07
-28.25
-29.34
-29.50
-24.13
-28.55
-29.45
-26.97
-28.80
-28.79
-25.00
-23.90
-25.80
-28.9
-29.3
-28.9
-25.60
-25.30
-25.20
-26.70
-26.70
-26.40
-26.40
-25.40
-27.20
-26.90
-25.20
-28.40
-28.20
-27.10
-25.00
-26.90
-26.40
-29.10
-29.20
-29.10
-29.00
-28.30
-28.10
-27.80
-27.90
-28.50
-27.20

14

C
95.17
78.75
94.40
93.56
96.82
101.21
84.77
89.12
95.91
91.91
93.21
88.28
87.87
85.91
108.98
109.63
109.61
108.86
100.66
106.94
94.96
106.89
106.03
106.62
91.85
106.59
104.52
103.65
103.79
104.35
99.38
105.65
83.89
103.42
102.49
106.92
109.63
107.80
107.26
106.49
103.25
105.68
103.27
105.44

+/-1σ
0.44
0.70
0.44
0.43
0.45
0.47
0.39
0.39
0.43
0.38
0.41
0.40
0.40
0.40
0.50
0.48
~0.50
~0.50
~0.50
~0.50
~0.50
~0.50
~0.50
~0.50
~0.50
~0.50
~0.50
~0.50
~0.50
~0.50
~0.50
~0.50
~0.50
~0.50
0.31
0.32
0.48
0.47
0.47
0.47
0.45
0.49
0.45
0.49

Age
335
1855
399
471
196
Modern
1263
861
272
1549
500
1002
1039
1220
Modern
Modern
Modern
Modern
Modern
Modern
N.D
Modern
Modern
Modern
N.D
Modern
Modern
Modern
Modern
Modern
N.D
Modern
N.D
Modern
Modern
Modern
Modern
Modern
Modern
Modern
Modern
Modern
Modern
Modern

Publication No.
SUERC-63913
SUERC-69559
SUERC-68187
SUERC-68856
SUERC-68188
SUERC-63915
SUERC-68857
SUERC-68189
SUERC-63914
SUERC-68855
SUERC-68861
SUERC-68178
SUERC-68179
SUERC-68180
SUERC-63903
SUERC-63904
SUERC-63905
AA-22644
CAMS-38815
AA-22645
CAMS-38817
AA-22647
CAMS-38819
AA-22648
CAMS-38821
CAMS-38823
CAMS-38816
AA-22646
CAMS-38818
AA-22652
CAMS-38820
AA-22649
CAMS-38822
CAMS-38824
SUERC-8832
SUERC-8833
SUERC-9572
SUERC-11385
SUERC-12984
SUERC-14147
SUERC-14148
SUERC-14149
SUERC-14150
SUERC-14151
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Table 5.3. Number of samples in each of the land categories that fall above the 50:50
fast pool (1 year and 20 years) or fall below the 2000 year pool.
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Figure 5.1 Atmospheric 14C content (black line) (Hua, Barbetti and Rakowski, 2013),
extrapolated to 2016 and the two modelled SOM pools. The upper blue line represents
the average of the 1 year and 20 year pool. The lower line is the 2000 year SOM pool
assuming steady state conditions.
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Figure 5.2 Average DO14C content of the original and previously unpublished data for
rivers in the UK. The white blocks are arable sites (A), the dotted blocks are forested
sites (F), light grey blocks are not wetland, forest or arable sites (NWFA), dark grey
blocks are mixed sites with urban influence (NWFAU) and diagonally lined blocks
are wetland sites (W). Standard deviations are shown by the error bars. Starred bars
show the nine sites that were significantly different.
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Figure 5.3. DO14C and DOC concentration for all data available for the UK. The black
markers show the original dataset presented in this study. The grey markers show data
available in the literature.
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Figure 5.4 DO14C and DOC concentration for the global dataset, classified by land
use. A is arable, F is forested ecosystems, NWFA is catchments not dominated by
wetland, forest or arable, NWFAU is the latter but with considerable urban influences,
and W is wetland ecosystems. The black markers show the original UK dataset
presented in this study. The grey markers show the global data available in the
literature. New data on the forested UK catchment is not shown as DOC concentration
was not available.
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Figure 5.5. DO14C values for the global dataset, plotted by year and classified by land
use. The upper blue line represents the average of the 1 year and 20 year pool. The
lower line is the 2000 year SOM pool assuming steady state conditions. The black
markers show the original dataset presented in this study. The hollow grey markers
show data available in the literature. The filled grey markers show the previously
unpublished Norwegian forested data.
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6. The contribution of algae to freshwater dissolved organic matter:
Implications for UV spectroscopic analysis.
JL Adams, E Tipping, H Feuchtmayr, H Carter, P Keenan
Abstract
Dissolved organic matter (DOM) is an important constituent of freshwater. It controls
aquatic ecological and biochemical cycling, and can be problematic in the water
treatment process. Thus, the demand for rapid and reliable monitoring is growing, and
spectroscopic methods are potentially useful. A model with three components, two
absorbing in the ultraviolet (UV) range and one non-absorbing and present at a
constant concentration, was previously found to give good predictions of dissolved
organic carbon concentration, [DOC], across 1700 freshwaters (R2=0.98). However,
the model underestimated [DOC] in shallow, eutrophic lakes in the Yangtze Basin,
China, raising the possibility that DOM derived from algae might be poorly estimated,
and this is supported by new data for eutrophic British lakes. We estimated the
extinction coefficients in the UV range of algae-derived DOM, from published data
on algal cultures and new data from outdoor mesocosm experiments, in which high
concentrations of DOC were generated under conditions similar to those in natural
waters. The results demonstrate the weak UV absorbance of DOM from algae
compared to terrestrial sources. Introduction of the new extinction coefficients into
the three-component model allowed the contribution of algae-derived DOM to DOC
in surface water samples to be estimated. Concentrations of DOC due to algae ranged
from zero to 8.3 mg DOC L-1, and the fraction of algae-derived DOC ranged from
zero to 97%. Further work is required, using data from a wide range of contrasting
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waters, to determine whether a generally-applicable model can be established to
predict [DOC] from spectroscopic data.
Keywords: Absorption spectroscopy, algae, autochthonous, dissolved organic carbon
6.1. Introduction
Dissolved organic matter (DOM) is ubiquitous in surface, soil and ground waters, and
chiefly comprises partially decomposed plant and animal material. It provides a
source of energy for microbes, controls absorption of light and photochemical
activity, sorption of metals and other organic pollutants, and pH buffering. Reactions
of DOM with chlorine during drinking water treatment produce by-products including
trihalomethanes and haloacetic acids, which are a risk to human health (Nguyen et al.,
2005). The need to monitor the quality and quantity of DOM has increased
considerably in recent years, partly because of the widespread observed increases in
concentrations and fluxes of dissolved organic carbon (DOC) (Monteith et al., 2007),
which has implications for ecology and the costs of water treatment.
Dissolved organic matter is routinely quantified by the DOC concentration, [DOC],
for example by infra-red detection of CO2 after combustion. Significant correlations
between optical absorbance and [DOC] mean that approximate quantification can be
achieved from UV-visible absorption spectroscopy at a single wavelength. However,
temporal and spatial variation in the spectroscopic properties of DOM, exploited for
example in the use of specific ultra-violet absorbance (SUVA) as an indicator of
DOM quality (Weishaar et al. 2003), means that the single wavelength approach
cannot generally provide an accurate measure of [DOC] (Tipping et al., 2009).
Therefore, Tipping et al. (2009) developed a two-component model employing UV
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absorbance data at two wavelengths, and showed that it could provide precise
estimates of [DOC] in a variety of surface water samples.
The two-component model adopted the linear sum of the concentrations of component
A (DOCA) and component B (DOCB), representing strongly and weakly UVabsorbing material respectively. Further development of this modelling approach by
Carter et al. (2012) introduced a third component – ‘component C’ which represents
non UV-absorbing DOC assumed to be present at the same concentration in all
samples. Thus, the [DOC] was further represented by the linear sum of the
concentrations of the three components in the following equation:
[DOC] = [DOCA] + [DOCB] + [DOCC]

(1)

Testing the adapted model over 1700 surface water samples resulted in good,
unbiased predictions of [DOC] (r2 = 0.98) with fixed spectral characteristics of the end
members A and B, combined with a small constant concentration of component C at
0.8 mg L-1. Thus, the dual wavelength approach may give the ability to measure
[DOC] rapidly and cheaply, without the need for laboratory processing and
measurement.
However, for eutrophic shallow lakes of the Yangtze basin (Zhang et al., 2005), the
model underestimated [DOC] by an average factor of 2.1 (Carter et al., 2012). The
average extinction coefficient of 6.5 L g-1 cm-1 at 280 nm in these samples suggests
the presence of material that absorbs UV light more weakly than either component A
or B. Further, Zhang et al. (2005) found a positive relationship between DOM
fluorescence and eutrophication in the Yangtze basin lakes, which indicated possible
influences from phytoplankton production. Therefore, it appears that the threecomponent, dual wavelength (Carter) model may be effective only when the DOM
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under consideration is predominantly terrestrial in origin, and further investigation of
the optical properties of algae-derived DOM, and how they affect the performance of
the model is necessary.
UV spectroscopic data for DOM derived from different algal species have been
reported by Nguyen et al. (2005), who worked with axenic cultures, and by
(Henderson et al., 2008), who worked with non-sterilised cultures, both under
laboratory conditions. Nguyen et al. (2005) reported that the DOM produced
comprised labile carbohydrates and proteins, with low SUVA values compared to
those of terrestrially-sourced DOM. Henderson et al. (2008) also found the DOM to
absorb UV light weakly. De Haan and De Boer, (1987) concluded from field
observations of [DOC] and UV absorbance of the humic lake Tjeukemeer that water
entering from the neighbouring eutrophic lake Ijsselmeer brought weakly UVabsorbing DOM. Osburn et al., (2011) studied saline waters of the prairie lakes region
of the USA, which were rich in DOM of autochthonous (i.e. algal) origin, created by
bacterial processing of primary production, and reported optical absorption at 350 nm.
Their values were appreciably lower than those commonly observed for waters with
comparable [DOC] but with terrestrial sources of DOM (Carter et al., 2012).
These laboratory and field observations suggest that DOM derived from algae has
different absorption characteristics from terrestrially sourced material, but they do not
permit a general quantitative assignment of spectroscopic parameters. Therefore, we
aimed to quantify the contribution of algae-derived DOM to freshwater [DOC], and to
UV absorbance, in order to evaluate how the presence of such DOM in water samples
would affect estimation of [DOC] by UV spectroscopy. By this means, we made new
measurements on algal derived DOM, using outdoor mesocosms, which offer
conditions arguably more realistic than those in algal cultures. From the available
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data, we then derived representative extinction coefficients for algae-derived DOM.
The absorbance parameters were used to analyse the data for a new freshwater sample
set, biased towards eutrophic water bodies, to estimate concentrations of algaederived DOM and the fraction of total [DOC] that they account for.
6.2. Methods

6.2.1. Model explanation
The measure of optical properties used here is defined by the extinction coefficient of
the sample (E; also known as specific absorbance), which is the ratio of the
absorbance at a given wavelength to [DOC] and with units L g-1 cm-1 (Tipping et al.,
2009). The basis of the model of Carter et al. (2012) is that the DOM that absorbs UV
light can be represented as a mixture of two components, A and B, each with a
defined UV spectrum. The fraction of component A (fA) is derived from the extinction
coefficients of components A and B as given by:

𝑓𝐴 =

𝐸𝐵,ʎ1 − 𝑅 𝐸𝐵,ʎ2
𝑅(𝐸𝐴,ʎ2 − 𝐸𝐵,ʎ2 ) + (𝐸𝐵,ʎ1 − 𝐸𝐴,ʎ1 )

(2)

where EA and EB are the extinction coefficients of components A and B at two given
wavelengths (ʎ1 and ʎ2) and R is the measured ratio of absorbance at the same two
wavelengths. The value of fA can then be substituted into the following equation to
obtain a single extinction coefficient for the sample being measured:

EAB, λ = fA EA, λ + fB EB, λ

(3)

= fA EA, λ + (1 – fA) EB, λ
where EAB, ʎ is the extinction coefficient of the sample at either of the two chosen
wavelengths and fA and fB are the fractions of components A and B (fA + fB = 1).
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To calculate the total [DOC], the measured absorbance at the chosen wavelength is
divided by EAB, ʎ from equation 3, with the constant [DOCC] (0.8 mg L-1) added.

[𝐷𝑂𝐶] =

𝐴ʎ
+ [𝐷𝑂𝐶𝐶 ]
𝐸𝐴𝐵,ʎ

(4)

The choice of wavelengths for the calculation is flexible, as long as they differ
sufficiently. Carter et al. (2012) reported extinction coefficients for a number of
wavelengths in the range 254 – 355 nm, and used various combinations to analyse
published data. The model is best-applied to filtered samples (as used in the present
work) and is assumed to apply to all freshwaters irrespective of pH or ionic
composition. Henceforth, we shall refer to the three component model with fixed
[DOCC] as the Carter model.
6.2.2. Sample collection and processing
The mesocosms are part of the CEH aquatic mesocosm facility (CAMF)
(http://www.ceh.ac.uk/our-science/research-facility/aquatic-mesocosm-facility,
accessed May 2016). The facility contains 35 mesocosms, each of 2 metre diameter
and 1 metre depth, simulating shallow lakes. Of the 35 mesocosms used for a stressor
experiment, four were selected (mesocosms 4,7,15 and 20) to generate a range of
chlorophyll concentrations, [Chla]. As part of the stressor experiment, each of the
mesocosms had various climatic simulations implemented, including heating and
nutrient addition (DOM free). Mesocosms 4 and 20 were both unheated with
intermittent nutrient addition, 7 was heated with intermittent nutrient addition and 15
was heated without intermittent nutrient addition. Sampling took place on seven
occasions between February and August 2015. The dominant phytoplankton classes
for each of the four mesocosms were Chlorophyceae and Cyanophyceae, with a
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bloom of Euglenid in mesocosm 7 in the early summer. A 500 ml sample was
collected from the four mesocosms in pre-rinsed vessels. A 125 ml sub-sample was
filtered using a Whatman GF/F (0.7 µm) filter paper. Analysis of [DOC] and [Chla]
were performed as described in the analyses section below.
Surface water samples representative of different states of eutrophication and DOM
source were collected from catchments in the North of England (Figure 6.1, Table 6.1,
Appendix 6.1). The sample sites included the Shropshire – Cheshire meres region,
which are situated in the north-west midland outwash plains, and drain predominantly
small catchments of agricultural, urban and parkland catchments (Reynolds, 1979;
Moss et al. 2005). Fisher et al. (2009) showed a range of [Chla], from 2-68 μg L-1
across the meres region (Appendix 6.1). Ten of the samples taken were from sites
situated in the outer reaches of the Lake District national park and four samples were
from reservoirs in west Yorkshire, all of which drain predominantly upland moorland.
Ten further sites included small farm ponds in the Fylde area of Lancashire, and rivers
and small streams draining lowland arable farmland and urban areas in Yorkshire.
One 500 ml sample was collected from each site, after rinsing the vessel with the
surface water. The samples were taken back to the laboratory where they were filtered
using a Whatman GF/F (0.7 µm) filter, which was subsequently used for [Chla]
analysis. The filtered sample was then analysed for [DOC]. All samples were
processed within three days after collection.
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6.2.3. Analyses
The determination of phytoplankton [Chla] followed closely with the method of
Maberly et al. (2002). A known volume of the sample was filtered through a
Whatman GF/F (0.7 µm) filter paper and immediately submerged in 10 mL of
industrial methylated spirit (96% ethanol, 4% methanol). This was left overnight, in
the dark at 4 oC. Following centrifugation at 4500 rpm, absorbance was read using an
Agilent 8453 diode spectrophotometer with a 1 cm quartz cuvette. Absorbance
readings from 665 and 750 nm were used to calculate [Chla] following Marker et al.
(1978). The mesocosm samples were analysed for [Chla] by the CAMF team using a
Whatman GF/C (1.2 µm) filter paper, which was submerged in 10 mL 96% ethanol
and left overnight at 4 oC. Though different extraction methods were used, a
comparison between ethanol and methanol mix were found to be equally efficient
(Jespersen and Christoffersen, 1987). Mesocosm samples collected on the 12th August
2015 were analysed in situ using an AlgaeTorch (bbe moldaenke, Germany). The
AlgaeTorch was used for all 32 mesocosms during eight months of the prior
experiment alongside the above extraction method. The regression of all data was
used to calculate [Chla] for the 12th August 2015 (r2 = 0.67, p < 0.0001).
The filtered water from the field samples were analysed for pH and conductivity using
a glass probe with a Radiometer instrument and a Jenway 4510 probe respectively.
The pH electrode and conductivity meter were calibrated at the beginning of each
sample set. For the mesocosm experiment, pH and conductivity were measured in
situ, using a Hydrolab DS5X multiparameter data sonde (OTT Hydromet). For
samples collected on 12/8/2015 and 26/8/2015, pH and conductivity were measured
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using an EXO2 multiparameter data sonde (Exowater). Both multiparameter sondes
were calibrated in the laboratory before sampling the mesocosms.
A 3 mL sample was measured for absorbance in the UV-Vis range (200 nm – 900 nm)
using an Agilent 8453 diode spectrophotometer with a 1 cm path length quartz
cuvette. Prior to each sample batch, measurements were made on a blank using MilliQ water, which the spectrum of the samples are corrected against. A 10 mg L-1
solution of naphthoic acid was used as a quality control. Absorbance values at 270
nm, 350 nm and 700 nm were selected for [DOC] calculation following the model
described in Tipping et al. (2009) and Carter et al. (2012).
The remaining sample was acidified with 3 M hydrochloric acid and purged with zero
grade air for 4 minutes to remove any inorganic carbon. The sample was then
combusted at 905 oC with cobalt chromium and cerium oxide catalysts, which
converts all leftover carbon to CO2. The CO2 was measured for [DOC] through infrared detection using a Skalar Formacs CA16 analyser.
Calculations of standard deviations, t-tests, and regression analyses were carried out
using Microsoft Excel. The Solver function in Microsoft Excel was used to perform
minimisations in the apportionment calculations.
6.3. Results

6.3.1 Estimating extinction coefficients for DOM derived from freshwater algae
The four selected mesocosms were repeatedly sampled and represent enclosed
systems where allochthonous inputs are negligible. They therefore simulate conditions
where the dominant DOM component is algae-derived and includes subsequent
microbial processing. Measured and modelled [DOC], and absorbance data for the
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four mesocosms are shown in Figure 6.2. At 270 nm and 350 nm, the absorbance
increased slightly through time. The modelled [DOC] also slightly increased, but the
measured [DOC] increased considerably, from 8.2 mg L-1 to 48.2 mg L-1 in mesocosm
4 for example. The same pattern can also be seen in the mesocosms with lower [DOC]
such as mesocosm 15, which increased from 4.5 mg L-1 to 14.1 mg L-1. The [DOC]
and absorbance results presented in Figure 6.2 were plotted in terms of their
extinction coefficients over time (Figure 6.3). Here, it can be seen that the optical
properties of the DOM progressively declines over both wavelengths. Furthermore,
there was a significant relationship (P < 0.005) between measured [DOC] and [Chla]
for the mesocosm samples (see Appendix 6.2). The average pH for the mesocosms
was 9.7, and there was no significant relationship observed between measured [DOC]
and pH.
By considering the changes involved in the mesocosms during the sample period, the
extinction coefficients of the additional DOC produced were estimated. The increase
in [DOC] was firstly calculated for each of the mesocosms by finding the differences
between the first data point, and the last four. Then, the average between the four
mesocosms was determined. The same was done for the absorbance values at both
wavelengths. The ratio of the average absorbance and [DOC] increase was calculated
to provide average extinction coefficients, which were 4.90 L g-1 cm-1 at 270 nm and
1.09 L g-1 cm-1 at 350 nm. Average extinction coefficients of the laboratory
simulations of green algae, cyanobacteria and diatom cultures were also calculated
from the SUVA (254nm) values presented in Henderson et al. (2008) and Nguyen et
al. (2005), which gave similar values to the mesocosm experiments, at 4.2 L g-1 cm-1
and 4.8 L g-1 cm-1 respectively. Direct quantification of the optical properties of
oceanic DOM are not commonly quoted. Therefore, in view of the fact that DOM in
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the open ocean is also largely phytoplankton derived (Biddanda and Benner, 1997;
Jiao et al., 2010), we estimated extinction coefficients for marine DOM, for the MidAtlantic Bight region. This was calculated by combining absorbance data (Helms et
al., 2008), with a measured [DOC] of 0.9 mg L-1 (Guo, Santschi and Warnken, 1995).
The extinction coefficients at 270 nm and 350 nm for the open ocean were 6.4 L g cm1

and 1.0 L g cm-1 respectively, which are similar to the values obtained for the

mesocosms, lab cultures and Yangtze basin samples (Table 6.2). All of these values
are compared with the model parameters derived by Carter et al. (2012) (Table 6.2),
and show that all of the calculated values fall considerably below the modelled
parameters for components A and B.
6.3.2 Natural water samples
The field sites included arable farm ponds, small lakes, reservoirs and small streams,
with different extents of eutrophication, as indicated by the averages and ranges of
[Chla] (see Appendix 6.1). A range of [DOC], pH and conductivity was measured
across all of the field samples, and are summarised in Table 6.1.
Samples collected from the field sites showed the widest range of [DOC], from 1.7
mg L-1 in a soft water lake to 63.5 mg L-1 in a peat dominated lake (Figure 6.4,
Appendix 6.1). Overall, the field samples gave a relatively good fit, with an average
modelled:measured ratio of 0.96. However, model predictions for seven sites were too
low (average modelled:measured ratio = 0.7) and these were all situated in the
Shropshire-Cheshire meres region. In our judgement, the results from these seven
sites cannot be satisfactorily explained by the model. Combining the data from all of
the Shropshire - Cheshire meres sites with the Yangtze Basin samples identified in
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Carter et al. (2012) shows that the model fails with eutrophic lakes and this is worse
in samples with lower [DOC] (Figure 6.5).
6.3.3 Modification of the three-component model of UV absorption

We modified the three-component model of Carter et al. (2012) by replacing the nonUV-absorbing component C (equations 1 and 3), present at the same fixed
concentration in all samples, with a component, C2, that represents DOM originating
from algae, and has the extinction coefficients (Table 6.2) derived as described above.
First, we examined whether this affected application of the model to data from 426
UK surface water samples previously used by Carter et al. (2012) to derive model
parameters. This was done by re-optimization, assuming component C2, rather than
C, to be present at a fixed concentration. The derived parameters using component C2
were almost the same as the original values; the new fitted extinction coefficients for
components A and B differed by less than 0.5% from the original ones, and the fixed
concentration of C2 was greater by only 0.06 mg L-1. Therefore we concluded that the
substitution of the weakly UV-absorbing component C2 for the non-absorbing C does
not affect the model parameters when applying the model to samples with, on
average, little algae-derived DOM.
We next used the modified model to quantify the contribution of algae-derived DOM
to freshwater samples. In this application, the model is not being used to estimate
[DOC], but rather uses the measured value to estimate the fractions of components A,
B and C2 in the sample. The observed absorbance at a given wavelength is given by:
A = [DOC] {fAEA + fBEB + fC2EC2}

(4)
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Since fA, fB and fC2 must total unity, only two need to be specified, and therefore all
three values can be estimated from absorbance values at two appropriately-separated
wavelengths, for a known (measured) value of [DOC]. This was done for each sample
by minimizing the sum of the squared residuals between the measured and calculated
absorbance values. For the new data reported here, we used wavelengths of 270 nm
and 350 nm, while for the Yangtze basin samples (Zhang et al., 2005) the
wavelengths were 280 nm and 355 nm (Table 6.2). The calculation procedure yields
values of fA, fB and fC2, together with [DOCA], [DOCB] and [DOCC2]. For comparison,
we also set the modified C2 parameters with the assumption that C2 did not absorb at
all in the UV, by setting the C2 parameters to zero.

6.3.4 DOM derived from algae in freshwater samples

The results of the modified model showed that the proportion of [DOCC2] increased
with increasing fC2 (Figure 6.6), with over half of the sites showing high proportions
of fC2 (Table 6.3), which included the Shropshire – Cheshire meres sites and the
Yangtze Basin samples. Typically, the Shropshire – Cheshire meres sites were low in
fA, with the majority of the [DOC] made up of fA and fB. The exception is SCM7(a)
(Hanmer 1), which was almost entirely fA, despite being poorly predicted by the
model. The fC2 value shows that the contribution of algae-derived DOC can be as high
as 0.97 (97%). This was observed in one of the Yangtze basin samples (YB15), which
equated to 4.1 mg L-1 DOC out of 4.3 mg L-1. There was a wide range of fC2 values
across the sample set, from 0.7 - ≤ 0, but the average contribution of algal DOC
observed was 0.41 (41%), which equated to an average [DOCC2] contribution of 2.7
mg L-1. The results further suggested that the model will underestimate overall [DOC]
with fC2 values from as little as 0.35 (35%), which was observed in SCM7(b) (Hanmer
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2) (Table 6.3). The sites that had negligible fC2 values consisted of mainly the river
and tributary sites and sites from the Lake District, all of which were predicted well
originally and tended to have higher proportions of fA. In comparison, the average
contribution of algal DOC when the C2 parameters were set to zero, was 0.36 (36%),
with a [DOCC2] contribution of 2.3 mg L-1, making a difference of 0.05 and 0.38 mg
L-1 respectively. This therefore demonstrated that the small C2 values make little
difference to the outcome of the [DOCC2] and the fC2 values (Appendix 6.3).
6.4. Discussion
The mesocosm experiments provided a valuable simulation of a shallow lake system,
and our assumption is that the DOM produced during the observation period results
from the fixation of atmospheric CO2 by algae and its subsequent release. Although
some allochthonous sources could influence the mesocosm DOC, these can be
discounted for the following reasons. (1) The climatic simulation experiment
conducted by the CAMF team commenced in 2013, when sediment from a natural
lake was added to the mesocosms, and therefore there has been enough time for DOC
in the water column to come to equilibrium with the sediment. (2) An increase in pH
could provide a mechanism for releasing DOC from sediment (Tipping 2002), but
during our observation period there were no systematic changes in pH, and thus is
reasonable to assume that there was no net DOC release from the sediment during this
time. (3) Addition of allochthonous DOM into the mesocosms may have occurred
through rainfall, but rainwater [DOC] is typically low, around 0.6 mg L-1 for parts of
the UK (Wilkinson et al., 1997) and < 2mg L-1 globally (Willey et al., 2000),
insufficient to generate the large observed increases in [DOC] - and would not
drastically affect the results. (4) There was a significant relationship (P<0.005)
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between [DOC] and [Chla] for all of the observed mesocosms, supporting the fact that
DOC not explained by the model must be derived from phytoplankton sources.
However, this relationship is weak, as the measure of [Chla] is related to
phytoplankton production, which is not necessarily equal to the rate of decay, and
thus release of the algae-derived DOC.
When the mesocosm data are plotted in time series, the absorbances at 270 nm and
350 nm and the modelled [DOC] increased slightly (Figure 6.4). In contrast, the
measured [DOC] through time increased considerably, suggesting that the extra
material produced within the mesocosms can be detected in the UV-Vis range, but are
poorly absorbing. The Carter model therefore failed to accurately predict [DOC] in
the mesocosms because the DOM produced is below the lower limit set for
component B. The observed increase in absorbance values suggested that the material
is not completely invisible, thus would not be accounted for in component C either.
The production of weakly absorbing material is also reflected in the decrease in
extinction coefficients across both wavelengths through time (Figure 6.5). Since
DOM present in the open ocean is also largely phytoplankton derived, the calculated
extinction coefficients were compared and were found to be in strong agreement
(Table 6.2). At 254 nm, the extinction coefficients for the laboratory cultures of green
algae, cyanobacteria and diatoms were also compared and were found to be in
agreement. We therefore assume that a single representative set of extinction
coefficients for algae derived DOM for analysing freshwaters is reasonable.
The extinction coefficients of algae-derived DOM, calculated for the new component
C2 parameters (Table 6.2), represent very low light absorbing properties. This
therefore suggests that the constituent molecules lack conjugated or aromatic moieties
commonly associated with fulvic acids derived from lignin phenols (Del Vecchio and
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Blough, 2004), and thus terrestrially derived material. When the contribution of algaederived DOC was small, the model worked by assuming the low absorbing values
were zero and with constant concentration (0.8 mg L-1). However, this was not the
case when a substantial portion of the overall [DOC] was derived from [DOCC2].
Nevertheless, the similarities between the new C2 parameters and the zero values
demonstrate that the absorbance by C2 is considerably low.
By substituting the fixed component C parameter (0.8 mg L-1), to the algae-derived
DOM values, we were able to reasonably quantify the contribution of algae-derived
DOM to the overall [DOC] of the samples. By far the highest [DOCC2] concentration
was 8.27 mg L-1, which was observed in SCM2 (Blakemere Moss) (Table 6.3).
However, the fC2 value for this site was much lower in comparison to the rest of the
sites, reflective of the outstandingly large overall [DOC] (63.5 mg L-1). While the
overall concentration of algae-derived DOC may not be high, large fractions of fC2
were observed in samples with lower overall [DOC]. These also included the sites that
were unsatisfactorily predicted by the original model. Therefore, algae-derived DOM
does have the potential to account for large proportions of DOC in some freshwaters,
and it is particularly important in eutrophic waters with smaller overall concentrations
of DOC. This could have considerable effects on the direct monitoring of freshwater
[DOC] through absorbance spectroscopy and could lead to underestimations in highly
eutrophic freshwaters.
Thus, the current state of the model is that [DOC] is predicted well across a range of
optical properties, including material transformed through photodegradation (reflected
by fB in Table 6.3), which considerably reduces the absorbance (Donahue et al. 1998;
Waiser et al. 2000). For example, satisfactory model predictions were still achieved
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despite the longer residence time of DOM and high proportions of component B in a
series of lake samples from Ontario, Canada (Carter et al., 2012). This further
supports the fact that allochthonous material in any state can be managed by the
model, but when a significant fraction of algae-derived DOM is present, the model
will fail. However, the capability of the model cannot be solely determined by the
[Chla] as eutrophic and hypereutrophic systems can still be successfully modelled, if
the dominant source of DOC is allochthonous.
The quantification of algae-derived DOM through the new component C2 parameters
suggests that the non-absorbing fixed value of component C (0.8mg L-1) can be
replaced. In principle, this can be done to estimate the total [DOC] if the absorbance
at three wavelengths is used. However, the low light absorbance of the C2 parameters
will have implications on the prediction of [DOC] if high precision monitoring is not
used. What cannot be clear from the analyses is whether the algae-derived DOM
produced within the samples is homogenous. Realistically, the material produced is
likely to comprise a range of optical properties, such that the calculated extinction
coefficients are not absolute. However, the similarity between the extinction
coefficients for the mesocosms, the open ocean example, and the laboratory cultures
of Henderson et al. (2008) and Nguyen et al. (2005), suggest that assuming
homogenous spectral properties for algae-derived DOM is reasonable. For a validated
quantification of algae-derived DOM, further investigation into the material produced
from different species would be necessary.
Moreover, other instances where the Carter model have failed to predict DOC need to
be considered. Pereira et al. (2014) found that streams of tropical rainforests in
Guyana contained between 4.1% and 89% optically invisible DOM in response to
rainfall events. Here, the modelled [DOC] was also considerably less than the
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measured [DOC]. Therefore, large concentrations of natural DOM components not
detectable by UV-Vis are also possible, although the source of this material is likely
to differ from that observed in our sample set.
Intensive monitoring of DOC is becoming increasingly important, particularly for
water treatment purposes. This work considerably increases our understanding of
analysing multiple components of freshwater DOC and thus their origins and
behaviour, and demonstrates that accurate in situ monitoring could be a viable
commercial option. When applied to natural systems where terrestrial DOM is likely
to dominate, the Carter model in its current state provides a useful and reliable means
of measuring [DOC]. However, users of the current model should consider its efficacy
under circumstances where phytoplankton derived DOM is dominant and in these
situations, confirmatory direct DOC measurements are advised.
6.5. Conclusions


A previously developed 3-component model gave good predictions of [DOC]
for natural water samples containing terrestrially dominant DOM sources. In
shallow, eutrophic lake samples, the model gave unsatisfactory predictions of
[DOC].



The contribution of algal DOC to the overall concentration can be quantified,
by using the extinction coefficients derived from the mesocosm time series
experiments, to use as new parameters for a variable model component C
(C2).



The variable component C2 showed that algal DOC can account for up to 97%
of the overall [DOC] of highly eutrophic freshwaters, which could have
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considerable implications on the direct prediction of freshwater [DOC] using
UV-Vis.


The optical properties of algae-derived DOM in freshwaters are therefore
reasonably quantifiable, and consideration for a replacement, variable third
model component should be considered.
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Table 6.1. Summary of [DOC], pH, conductivity and [Chla] for the field sites.
Sample
type

Number
of samples
collected

SCM
LD
RES
FY
RIV
RTB

21
10
4
5
6
9

Average
[DOC]
measured
mg L-1
14.1
2.9
8.9
21.7
4.6
3.5

Average
[DOC]
modelled
mg L-1
11.7
2.9
10.4
22.6
4.4
3.7

Average
pH

Average
Conductivity
µs cm-1

Average
[Chla]
µg L-1

8.2
7.6
7.2
8.0
7.8
7.9

358.0
86.0
96.0
311.0
598.0
647.0

14.3
14.1
16.7
91.5
16.1
13.6

* SCM= Shropshire Cheshire meres, LD = Lake District, RES = Reservoirs, FY =
Fylde farm ponds, RIV = River, RTB= Tributary/small stream
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Table 6.2. Calculated extinction coefficients for phytoplankton derived material in the
mesocosms and the open ocean. Model extinction coefficients for components A and
B are parameters obtained from Carter et al. (2012). Mesocosm extinction coefficients
were derived from data in Figure 6.2. Open ocean extinction coefficients were derived
from data provided in Helms et al. (2008) and Guo et al. (1995). The Yangtze basin
samples were obtained from Zhang et al. (2005), the axenic culture from Nguyen et al.
(2005) and the non- axenic culture from Henderson et al. (2008).
Extinction coefficients (Eʎ nm) (L g-1 cm-1)
E270

E350

E254

E280

E355

Model component A

69.3

30.0

77.1

63.9

27.9

Model component B

15.4

0.0

21.3

12.0

0.0

Model component C

0.0

0.0

0.0

0.0

0.0

Algal derived DOM*

4.9 (±2.9)

1.1 (±1.1)

4.3 (±3.0)

3.2 (±4.1)

1.0 (±1.0)

Open ocean DOM

6.4

1.0

8.2

4.9

0.7

Yangtze Basin

-

-

-

6.5

1.5

Axenic lab culture

-

-

4.8 (±1.3)

-

-

Non-axenic lab culture

-

-

4.2 (±2.4)

-

-

* The algal derived DOM was derived from the mesocosm time series. These were the
parameters used for the new variable component C2.
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Table 6.3. Calculated fractions of A, B and C2 using the new parameters derived from
the mesocosm experiments and the corresponding proportions of [DOC] in mg L-1.
Samples are listed by their specific ID – site names and locations can be found in
Appendix 6.1.

Sample ID

[DOC] measured
mg L-1

fA

fB

fC2

[DOCA]
mg L-1

[DOCB]
mg L-1

[DOCC2]
mg L-1

RTB1(b)
RTB1(a)
RES2
RES4
FY3
RES3
RES1
SCM7(a) *
FY5
RIV2(a)
SCM9(a)
LD4
RTB3(a)
RTB2(a)
LD10
LD9
RIV2(b)
LD1
LD2
LD7
LD3
RIV2(c)
RTB1(c)
RTB2(c)
LD6
RTB2(b)
RTB3(c)
FY1
SCM6(a)
RIV1(c)
RIV1(a)
RTB3(b)
LD8
SCM13
FY4
LD5
YB8
SCM8
SCM14
SCM3
SCM16(a)
RIV1(b)
YB10
YB22

2.67
2.44
8.91
8.89
28.7
9.63
8.34
13.8
32.4
2.81
9.89
2.19
3.47
3.65
2.13
3.86
2.34
3.57
1.67
1.93
2.94
3.74
3.65
3.72
2.18
3.66
3.56
15.3
10
6.57
5.1
4.7
2.81
7.43
14.5
5.15
2.7
20.1
7.46
7.69
11.3
7.3
3.7
4.1

0.31
0.65
0.83
0.42
0.33
0.84
0.70
1.00
0.67
0.40
0.17
0.26
0.36
0.22
0.24
0.38
0.25
0.24
0.32
0.18
0.19
0.29
0.28
0.24
0.33
0.25
0.31
0.30
0.19
0.26
0.57
0.23
0.19
0.16
0.23
0.28
0.03
0.22
0.18
0.13
0.11
0.19
0.02
0.03

0.69
0.35
0.17
0.58
0.67
0.16
0.30
0.00
0.33
0.57
0.81
0.68
0.54
0.65
0.54
0.44
0.42
0.53
0.20
0.40
0.51
0.46
0.43
0.47
0.16
0.43
0.32
0.60
0.66
0.50
0.12
0.43
0.22
0.58
0.64
0.31
0.19
0.64
0.45
0.50
0.64
0.41
0.18
0.17

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.01
0.07
0.10
0.13
0.23
0.19
0.32
0.22
0.48
0.42
0.31
0.26
0.29
0.28
0.51
0.32
0.37
0.09
0.15
0.24
0.31
0.34
0.59
0.26
0.14
0.40
0.78
0.14
0.37
0.37
0.25
0.40
0.79
0.79

0.82
1.58
7.41
3.73
9.61
8.12
5.87
13.80
21.80
1.13
1.71
0.56
1.24
0.80
0.51
1.45
0.60
0.87
0.54
0.35
0.56
1.07
1.02
0.90
0.72
0.91
1.10
4.64
1.86
1.73
2.90
1.09
0.54
1.18
3.29
1.45
0.09
4.39
1.32
1.03
1.22
1.42
0.09
0.13

1.85
0.86
1.50
5.16
19.09
1.51
2.47
0.00
10.60
1.61
8.05
1.48
1.89
2.39
1.14
1.69
0.99
1.91
0.33
0.77
1.49
1.71
1.58
1.76
0.35
1.57
1.15
9.23
6.59
3.27
0.62
2.00
0.62
4.29
9.24
1.62
0.51
12.96
3.35
3.83
7.21
2.99
0.68
0.71

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.07
0.13
0.14
0.34
0.46
0.49
0.72
0.76
0.79
0.81
0.82
0.90
0.96
1.04
1.06
1.10
1.18
1.30
1.43
1.54
1.56
1.58
1.60
1.64
1.96
1.98
2.08
2.10
2.76
2.79
2.83
2.87
2.88
2.93
3.25
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Table 6.3. (Continued)

* Samples that were not satisfactorily explained by the original model.
**SCM= Shropshire Cheshire meres, LD = Lake District, RES = Reservoirs, FY =
Fylde farm ponds, RIV = River, RTB= Tributary/small stream, YB= Yangtze basin.
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Figure 6.1. Locations of the sites where surface water samples were collected. Site
Co-ordinates are provided in Appendix 6.1.
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Figure 6.2. [DOC] and absorbance plotted through time for A) mesocosm 4, B)
mesocosm 7, C) mesocosm 15 and D) mesocosm 20. [DOC] measured and [DOC]
modelled are shown on the primary axis and are represented by the hollow and filled
squares respectively. Absorbance at 270 nm and 350 nm are on the secondary axis and
are represented by the filled and hollow triangles respectively.
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Figure 6.3. Extinction coefficients (E) at 270 nm (upper panel) and 350 nm (lower
panel) against [DOC] measured across the entire sampling period for the mesocosms.
Mesocosm 4 is marked by the hollow triangle, the black triangle represents mesocosm
7, the black circle mesocosm 15 and the hollow circle mesocosm 20.
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Figure 6.4. Modelled [DOC] plotted against the measured [DOC] for all samples
collected in this study. Hollow circles represent the mesocosm samples and triangles
for the field sites. Filled triangles show seven Shropshire – Cheshire meres sites that
were not satisfactorily explained by the model. The 1:1 line is shown.
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Figure 6.5. Modelled [DOC] plotted against measured [DOC] for the Shropshire –
Cheshire mere water samples (triangles). Filled triangles show the seven sites that
were unsatisfactorily predicted. Data collected for Chinese lakes are shown by the
hollow squares (Zhang et al. 2005). The 1:1 line is shown.
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Figure 6.6. The fraction of the variable component C2 (fC2), vs the [DOCC2] for the
whole sample set, including the Yangtze basin samples.
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7. Discussion
In recent decades, there has been a burgeoning database regarding the composition
and behaviour of natural organic matter, which has enhanced our understanding of
NOM cycling. However, applying this knowledge on a larger scale, and linking
different ecosystems remains incomplete due to the lack of available information
across a wider range of nutrient elements, and a lack of breadth in land use, catchment
type and soil classification. This study aimed to increase the understanding of NOM
function over large scales, between terrestrial and aquatic ecosystems. Specifically,
the association of the macronutrient elements C, N and P with different SOM pools
was explored using a laboratory based density fractionation method. In rivers, the
enrichment of 14C in dissolved and particulate organic matter was investigated across
watersheds not well represented in the literature, providing necessary constraints in
the modelling of soil organic matter transport into freshwater ecosystems. Finally, the
efficacy of a multi component model for quantifying freshwater DOC through UVVis absorbance was tested, highlighting the implications involved in accurately
predicting DOC concentrations in highly eutrophic systems. Wider knowledge of the
processes involved in SOM formation, degradation, and transport to aquatic systems
is advantageous for future integrated modelling approaches to nutrient cycling.
Several key findings have emerged, all of which contribute towards the large scale
understanding of natural organic matter, and addresses three implications, as
described in the introduction:
7.1: Quantification of natural organic matter
Significant findings have recently emerged that qualitatively describe the physical
components of NOM on the molecular scale, particularly for plants, microbes and soil
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(Simpson & Simpson 2012; Kögel-Knabner 2002). However, quantifying the
processes involved in SOM cycling remains incomplete due a lack of information
available for macronutrients other than carbon and nitrogen. In chapter 3, we sought
to explore the distribution of organic phosphorus across density fractionated soil
organic matter, and its enrichment relative to C and N. Until now, the organic
phosphorus content of density fractionated soil has only been demonstrated in the
organic (light) fraction, which makes it difficult to model oP over different SOM
pools. The results in chapter 3 demonstrated that an average 90% of organic P was
present in the mineral (heavy) fraction of semi natural soils, showing that organic
phosphorus is favoured by mineral matter due to the strong adsorbing properties. This
confirmed the suggestions of a stoichiometric SOM model based on >2000
international soils (Tipping, Somerville and Luster, 2016), which provided a new
quantitative framework for SOM classification and characterisation. As argued in
Tipping et al. (2016), to improve models of SOM dynamics, it is important to
quantitatively account for different pool sizes, concentrations and turnover, and the
variation between different soil types. The findings in chapter 3 therefore contributes
to the wider understanding of SOM stability, and provides necessary constraints to
terrestrial models of soil carbon dynamics and nutrient cycles.
However, the low recovery of oP raises doubts over the use of sodium polytungstate
as the density separation matrix. This therefore highlighted potential implications in
applying common fractionation techniques to the oP pools, and gave important
suggestions for future methodological adaptations.
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7.2: Large scale data
For effective large scale modelling, it is important to consider the diverse range of soil
types, land uses and ecosystems, and considerable gaps in the literature still remain. In
density fractionation studies, most only focus on arable and agricultural soil (Kirkby
et al., 2011; Schrumpf et al., 2013), with limited information available on grassland
and forested soil (Zimmermann et al., 2007). Chapter 3 provided the first
investigation using a method that was adapted and applied to a range of different
soils, which were taken from an extensive UK soil survey, and included arable, semi
natural and managed land. The procedure yielded 96% of the total material. However,
there were implications involved in the recovery of material where the quantity of the
light fraction was low, which resulted in the arable soil being omitted from the sample
set. While the findings in chapter 3 contributed new information on macronutrient
cycling, the procedure should be adapted, to be applied over a wider range of soil
types. In doing so, samples sizes would have to be increased, which introduces
complications with the volume of sodium polytungstate needed, and the necessary
centrifugation equipment. Further discussion on future research needs are presented in
section 6.5.
Radiocarbon dating riverine OC gives information on the time elapsed between the
fixing of C by plants and entry into the water course, which gives the ability to model
the terrestrial-freshwater C cycle. Globally, there are approximately 466 published
data points of PO14C, as synthesised by Marwick et al. (2015), most of which were
exclusive to catchments with high particulate export and erosion rates. In the UK, no
data was available on lowland watersheds, and chapter 4 provided the first insight into
the 14C content of POC transported in four predominantly rural catchments. In line
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with the global dataset, the PO14C values for the UK catchments were mostly 14C
depleted, with the overall apparent age of the sample decreasing with decreasing OC
content. One catchment was particularly aged and was attributed to industrial and
mining activity in the drainage area, which contrasted the global average. Organic C
contents of the samples tended to be higher than the global average, which reflects the
typically higher OC contents of UK soil. The data presented in chapter 4 will
therefore contribute towards improved modelling of terrestrial-freshwater C cycling,
which is important for global measurements of C sequestration, terrestrial nutrient
losses and thus future ecosystem management.
While the dataset available for DO14C is more extensive, there were again significant
gaps in the breadth that the data covers. The global synthesis by Marwick et al. (2015)
revealed that arable and urban dominant catchments were lacking in the global
dataset, which could have implications when applying terrestrial-aquatic C cycles to
the world. However, data was missing from the synthesis, and a repeat of the global
literature search found data from an extra 13 studies, and showed a lack of lowland
watersheds from the UK. New data collected from arable watersheds were more
depleted than the global average, while urban catchments also contained depleted 14C.
The new data for the UK in Chapters 4 and 5 showed contrasting average
enrichments. PO14C tended to be depleted on average, while DO14C was enriched,
suggesting the release of OC from different sources. In semi natural ecosystems,
overland flow will release enriched DOC and POC from the upper areas of the
catchment soil profile, while the physical erosion of sub-surface soil and parent
material from exposed banks will contribute significantly aged 14C to the POC pool.
Globally, the contrasting 14C contents of POC and DOC follow the same pattern as
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the UK data on average. However, considerably depleted sources from catchments
draining arable and urban land are found in both DOC and POC.
Variation of atmospheric 14C resulting from the weapons testing period causes
complications when interpreting 14C data collected over several decades, as the
apparent ages and enrichments are not directly comparable. The most recent global
O14C synthesis of Marwick et al. (2015) did not consider temporal changes, which
complicates model constraining of OM turnover and transport. In chapter 5, we
applied modelled SOM pools to the global dataset, which enabled quantitative
estimates of topsoil and subsoil sources to the bulk DO14C, for each individual data
point. We added previously unpublished data from the 1960s, which provided a useful
comparison between samples of similar value collected decades apart, and revealed a
paucity of samples available for the 1960s, 70s and 80s. The modelled SOM pools
fitted 88% of the data, with some samples more enriched than the average topsoil pool
with fast turnovers (1 and 20 years). The modelled SOM pools could better constrain
the dataset if more data from previous decades were made available. The data
presented in chapter 5 therefore provides both a temporal and spatial perspective of
global 14C. Further development will enhance terrestrial-aquatic modelling of C
cycling as the data presented considerably expands the current dataset.
However, for both PO14C and DO14C, in stream processes may distort the true value
of the enrichment of material entering the river. Preferential mineralisation of labile
OC could make the material we measure seem more depleted, which could lead to the
conclusion that more of the material originates from sub-surface sources. Further, the
single 14C value of a sample will represent a mixture of OC from different sources in
the catchment. Therefore, any values measured can only be approximate, which
complicates the modelling of multiple SOM pools, cycles and timescales.
182

7.3: Technological advances: past, present and future
An underlying theme throughout this thesis is the opportunities that technological
advances have given to the field of NOM cycling. The development of the 13C NMR
techniques has dramatically improved our understanding of the properties of NOM,
and its origins. For the analysis of 14C, the accelerator mass spectrometer improved
the precision of radiocarbon dating, reduced the size of the sample needed, and
ultimately made the analysis more accessible. The data presented in chapters 4 and 5
were part of the NERC funded project LTLS (Long Term, Large Scale), which
gathered approximately 250 soil and water 14C values, making it one of the largest
surveys of its kind. However, there is an increasing demand for real time, reliable and
affordable monitoring of aquatic nutrient concentrations, that will benefit time and
cost efficient catchment management, especially in industry.
In chapter 6, a multi component model algorithm of UV-Vis absorbance by Carter et
al. (2012) was tested in freshwaters where algal derived DOM may be the dominant
producer of DOC. The model, if successfully applied to all freshwaters, could provide
in situ measurements of DOC concentration, eliminating the need for laboratory
analysis using total organic carbon analysers, thereby reducing labour, cost and data
delivery time. Previous analysis of ~1700 freshwater samples showed a good
agreement between the measured and modelled DOC concentrations (r2 = 0.98). New
measurements on controlled mesocosms and field samples in chapter 6, showed that
DOC concentration was considerably underestimated in areas where algal DOM was
the dominant producer of DOC. Sampling the mesocosms through time showed that
as the production of algal DOM increased, the ability to accurately predict the DOC
concentration decreased i.e, the difference between the measured and modelled DOC
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concentrations increased. This therefore demonstrates that autochthonous processing
of OM produces components with different characteristics to terrestrially derived
material. In an attempt to quantify the contribution of algal DOM, a third, variable
component replaced the fixed component C value, which showed that algal DOM can
account for up to 97% of the total, with high contributions also observed in Chinese
lakes of the Yangtze Basin (Zhang et al., 2005), which were previously identified by
Carter et al. (2012). Algal DOM in rivers and streams accounted for an average 22%
of the total, probably due to the shorter residence times of the river water. Though the
contribution of algal DOM to riverine DOC is not considerably high, DOC produced
within the water body could also have implications on the interpretation of the DO14C
in chapter 5, where only terrestrial sources were considered.
Testing of the multi component UV-Vis model in chapter 6 was carried out as part of
the NERC CLASPDOC project, which aimed to develop a UV miniaturised fourier
transform spectrometer that could eventually be field deployable, providing on
demand data with no need for laboratory analysis. However, the model in its current
state raises doubts on the feasibility of a universally applicable algorithm. At present,
the model could not be applied to highly eutrophic systems without confirmatory
analysis in the laboratory. Further testing of the model across different algal species
would give an indication of any species dependent variation of DOM, raising the
possibility of an expansion of the model to account for other wavelengths. Further
discussion of potential future research is presented in section 6.5.
7.4 Conclusions
This thesis identified several barriers to understanding the large scale function of
NOM, and provided new information for terrestrial and aquatic ecosystems. Organic
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phosphorus was found to be highly enriched, more so than carbon and nitrogen, in the
heavy SOM fraction of semi natural and managed soils. This is the first time that a
density fractionation method has been used to display the distribution of organic
phosphorus across both organic and mineral SOM pools. Enrichment of organic
phosphorus in mineral soil has previously only been suggested, and not proven in soil
fractions. This therefore provides valuable information and data for more complete
modelling of macronutrient cycles. Measurements of riverine PO14C and DO14C
measured in lowland, larger UK catchments, found a higher concentration of SPM
than the global average, and more depleted 14C values from industrial, urban and
agricultural catchments, which highlighted the importance of collecting data over
larger scales that covers a wider range of land uses and soil characteristics. Finally,
the testing of the multi compartment model of UV-Vis absorbance presented in
chapter 6 showed that the contribution of algae to the overall DOC concentration can
be considerable, raising doubts over the efficacy of the model when applied to
eutrophic freshwaters, and highlighted important areas for future development.
7.5 Future work
The findings presented in this thesis have raised several potential opportunities for
further research:


The density fractionation method presented in chapter 3 could not be applied
to arable soils, and the low recovery of oP throws into question the feasibility
of the procedure. Improving the density fractionation on larger quantities of
soil, and on a wider range of soil types, may reduce the uncertainty of the
method. Other dense solutions should be explored that may improve the
recovery of the P fractions. It was not possible to provide information on the
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forms of P present in the different fractions. Using a Hedley fractionation
procedure on the different fractions would provide a better indication of the
distribution of the different forms of oP.


In chapter 4, new information was provided on lowland, larger catchments in
the UK. There is no known PO14C data for arable catchments, which may
contain more depleted material, due to the typically more depleted surface soil
O14C. More data therefore needs to be collected on systems not well presented
in the database.



Globally, there is a wealth of data available on rivers with some of the largest
exports of DOC in the world. In the UK, almost all of the data available on
riverine DO14C were in small, upland, peat dominated catchments, and the
new UK data presented in chapter 5 significantly expanded the database. For
more effective large scale modelling for the UK, further sampling of arable
and urban catchments should be considered. Archived data for the 1960s, 70s
and 80s could be obtained to provide better constraints on the modelled SOM
turnover pools for estimating DO14C sources.



Quantifying the contribution of algal derived DOC in freshwaters provided
indication of the extent to which DOC could be underestimated by a multicomponent model of UV-Vis absorbance. More measurements are needed that
account for a wider range of systems. Further, variations between different
algal species needs to be measured, to determine any species dependent DOM
variation. If algal DOM had an identifiable spectrum at known wavelengths,
the model could be expanded to account for this. Re-testing of the model can
then be carried out.
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Testing the model of Carter et al. (2012) was carried out as part of the NERC
funded CLASPDOC project, which aimed to manufacture a miniaturised
fourier transform (FT) UV-Vis spectrometer that could be field deployable in
the future. Once fully tested and adjusted, the model algorithm of Carter et al.
(2012) should therefore be ultimately used to provide rapid measurements of
DOC concentration in situ. Further developments of the FT spectrometer in
future projects are therefore necessary for long term field deployment.
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