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Using optical tools to improve understanding of dissolved organic carbon fluxes along the 

land-ocean aquatic continuum  

by 

Stacey Louise Felgate 

The transport of terrigenous dissolved organic matter (tDOM) from land to sea is a significant and 
changing component of the global carbon cycle. This thesis uses optical tools (absorbance and 
fluorescence spectrometry) to investigate the composition and fate of tDOM across a range of 
aquatic settings. 

Results show that agricultural expansion within the Belize River Watershed has increased 
tDOM overlying an adjacent portion of the world’s second largest barrier reef system, with the 
potential for deleterious effects. A substantial decoupling of ‘coloured’ DOM (cDOM) and 
dissolved organic carbon (DOC) is identified, likley the result of a sizeable optically ‘invisible’ DOC 
fraction (iDOC). In the same watershed, iDOC was found to represent 52 % of the total DOC pool. 
The molecular properties which render iDOC optically invisible should, in theory, render it more 
bioavailable than cDOC, but cDOC was positively correlated with bioavailable DOC (BDOC) and 
biodegradation rate (k) whereas iDOC was positively correlated with refractory DOC (RDOC). This 
suggests that it is cDOC rather than iDOC which drives biodegradation rates in this system.  

 A new method is proposed with which to further partition the cDOC fraction according to its 
fluorescent properties. This method is demonstrated within the Belize River Watershed, where a 
traditional approach whereby changes in cDOM fluorescence were extrapolated to the DOC pool 
was deemed appropriate for the qualitative assessment of relative concentration shifts, but 
yielded unrealistic results in terms of the contribution of each fraction to the DOC pool.    

In Great Britain (GB), iDOC accounted for 21 % of the annual riverine flux (0.23 Tg C yr-1) and 
was primarily explained by rainfall, base flow index, and dairy cattle density. These results were 
placed in a wider context using a collated data set of ~ 3,000 samples obtained from a wide range 
of aquatic, geographic, and climatic settings across five continents where, on average, iDOC 
represented 26 % of the DOC pool (range = 0 – 97%).  cDOC and iDOC were estimated across 12 
GB estuaries at quarterly intervals (n = 60 transects) to investigate the influence of each fraction 
on estuarine DOC export, and cDOC transport was almost universally conservative whereas iDOC 
transport was almost universally non-conservative. Shifts in iDOC concentration therefore appear 
to be the dominant control over bulk DOC behaviour within these estuaries. 

The overarching conclusion of this thesis is that iDOC is a globally significant carbon pool, the 
broad-scale importance of which has yet to be studied in earnest. Large uncertainties exist with 
regards the source, behaviour, and fate of iDOC. It is critical that these uncertainties are 
addressed in order to better constrain the land-ocean carbon flux and, more broadly, the global 
carbon cycle. 
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Chapter 1 

1 

 Introduction 

Sections of this text are based on a report which has been published as: 

Felgate, Stacey L. et al., “Requirements for the monitoring of land-ocean carbon fluxes at pan-

European scale” ICOS (2020). Full report available here. 

 The global carbon cycle 

The global carbon (C) cycle distributes C between the lithological, terrestrial, oceanic, and 

atmospheric reservoirs (Figure 1-1) and can be conceptualised as having two components: the ‘fast’ 

biological cycle and the ‘slow’ geological cycle. 

 

Figure 1-1. Diagram of the global C cycle. Black numbers and arrows indicate pre-industrial 

‘natural’ stocks (boxes) and fluxes (arrows). Red stocks represent cumulative changes during the 

https://www.icos-cp.eu/sites/default/files/2020-12/D1.4.%20Requirements%20for%20the%20monitoring%20of%20land-ocean%20carbon%20fluxes%20at%20pan-European%20scale.pdf
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Industrial Period (1970 – 2011). Red fluxes represent anthropogenic perturbation (averaged 

between 2000 and 2009). Uncertainties are reported as 90% confidence intervals. Note that these 

values represent best estimates at time of publication and have since been updated. Values 

quoted in the text may therefore differ from those shown. Figure taken from (Stocker et al., 2013). 

The geological cycle operates at millennial time scales and processes between 0.1 and 1.0 Pg C yr-1 

(Friedlingstein et al., 2020), most of which is inorganic (non-biological). When CO2 dissolves in water 

(H20) it forms carbonic acid (H2CO3), which rapidly dissociates into HCO3
- and a hydrogen ion (H+). If 

conditions are favourable, further dissociation produces a carbonate (CO3
2-) ion and a second H+ 

(Equation 1-1). These ions exist in equilibria, their speciation determined by environmental variables 

including pH, alkalinity, and water temperature (Doney et al., 2009). 

𝐶𝑂2 +𝐻2𝑂 
            
↔    𝐻2𝐶𝑂3  

            
↔    𝐻𝐶𝑂3

−  + 𝐻+
            
↔     𝐶𝑂3

−2 + 2𝐻+                                           𝑬𝒒𝒏. 𝟏 − 𝟏 

When this reaction occurs in the atmosphere, it produces rain which is acidic enough to induce 

chemical weathering of carbonate and silicate rocks. This produces bicarbonate (HCO3
-) and calcium 

(Ca2+) ions (Equation 1-2), which are typically washed into aquatic systems via surface runoff. 

2 𝐶𝑂2 +𝐻2𝑂 + 𝐶𝑎𝑆𝑖𝑂3  
             
→    𝐶𝑎2+ + 2 𝐻𝐶𝑂3

− + 𝑆𝑖𝑂                                                               𝑬𝒒𝒏. 𝟏 −  𝟐 

Much of the Ca2+ produced via chemical weathering is then transformed into carbonate (CaCO3) 

(Equation 1-3), a critical building block for a range of calcifying organisms including corals, 

foraminifera, cocolithophores, and molluscs. When these organisms die, their calcified structures 

either undergo dissolution back into the ion pool or are sedimented out for eventual lithification and 

storage on millennial time scales.  

𝐶𝑎2+ + 2 𝐻𝐶𝑂3
−  
            
↔    𝐶𝑎𝐶𝑂3 + 𝐶𝑂2 +𝐻2𝑂                                                                                 𝑬𝒒𝒏. 𝟏 − 𝟑 

The biological cycle operates at sub-centennial time scales and processes between 100 and 1000 Pg 

organic (biological) C yr-1 (Friedlingstein et al., 2020). Photosynthesising organisms (i.e. plants and 

phytoplankton) draw CO2 from the atmosphere and combine it with water to produce carbohydrates 

((CH20)n) and oxygen (O2) (Equation1-4): 

𝐶𝑂2 +𝐻2𝑂  
𝑙𝑖𝑔ℎ𝑡 𝑒𝑛𝑒𝑟𝑔𝑦
→          (𝐶𝐻2𝑂)𝑛 + 𝑂2                                                                                          𝑬𝒒𝒏. 𝟏 − 𝟒 

The C stored within these carbohydrate molecules supports growth and the formation of more 

complex organic molecules. The majority of these molecules will be broken down by the plant or a 

consumer species to produce energy, decomposed upon death, or consumed by fire, whether 
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naturally or as a fuel source. When this happens, the organic C is converted into inorganic C via 

remineralisation, much of which will return to the atmosphere as CO2 (Equation 1-5): 

(𝐶𝐻2𝑂)𝑛 + 𝑂2   
                       
→        𝐶𝑂2 +𝐻2𝑂 + 𝐸𝑛𝑒𝑟𝑔𝑦                                                                         𝑬𝒒𝒏. 𝟏 − 𝟓 

A small organic C fraction avoids this fate, typically because supply exceeds demand, or because 

decomposition is retarded by ambient environmental conditions such as those found in the wet, 

anoxic sediments of peat bogs, coastal wetlands, and lake and marine environments. Such material 

undergoes sedimentation, compaction, and eventual lithification to produce e.g. shale or fossil fuels 

as part of the geological cycle. 

Since the industrial revolution, humans have emitted an extra ~ 460 Pg C into the atmosphere as 

CO2, ~ 50 % of which remains there today (Friedlingstein et al., 2019). The rate of emission is 

increasing: last year’s anthropogenic CO2 emissions were estimated at 37.4 ± 2.9 Pg, equivalent to 

10.2 Pg C yr-1 (Friedlingstein et al., 2020). 

CO2 is a greenhouse gas (GHG), meaning that its presence in the atmosphere has a warming effect on 

the planet’s surface. It is not the most potent GHG: methane and nitrous oxide both have a greater 

warming effect per mole; but its abundance and the fact that it can persist for 1000s of years makes 

it the most climate-relevant greenhouse gas (GHG) on Earth (Lacis et al., 2010). Increasing 

atmospheric CO2 emissions have been linked to increasing global temperatures and climate 

instability, with wide ranging social (Sofuoğlu and Ay, 2020), economic (Albu and Albu, 2020; Hall 

and Behl, 2006), and environmental consequences (Parry et al., 2008). Our ability to predict and/or 

mitigate those consequences is hampered by knowledge gaps and large uncertainties in the global C 

budget (Stocker et al., 2013). We must therefore improve our understanding of the C cycle, including 

the wide range of complex processes and feedback mechanisms within it, as a matter of urgency.    

 The land-ocean carbon flux 

Freshwater systems are linked to the ocean via the land ocean aquatic continuum (LOAC), a complex 

fluid network which links aquatic environments of every kind, and provides a conduit through which 

C is transported laterally (Cole et al., 2007; Drake et al., 2018; Regnier et al., 2013). It includes 

headwater streams, groundwaters, rivers, lakes, wetlands, transitional waters (i.e. estuaries, fjords, 

deltas, lagoons, and coastal waters), constructed water bodies (i.e. ponds, reservoirs, and ditches), 

shelf seas, and the open ocean. The flux of terrigenous C via the LOAC consists of three components, 

where ‘aquatic’ covers the full spectrum of observed salinities. These are: 
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1. Lateral C fluxes (land – aquatic) 

2. Vertical C fluxes (aquatic – atmosphere) 

3. Vertical C fluxes (aquatic – sediment) 

These fluxes are comprised of a number of different C species, including: dissolved organic C (DOC); 

particulate organic C (POC); dissolved inorganic C (DIC), which itself consists of: aqueous CO2 (CO2 

(aq)); carbonic acid (H2CO3), carbonate (HCO3
-) and bicarbonate (CO3

2-) ions; particulate inorganic C 

(PIC); and gasses (carbon dioxide (CO2 (g)); and methane (CH4 (g)), a GHG with ~28 fold higher global 

warming potential than CO2 (Myhre et al., 2013). In this thesis, CO2 and CH4 are discussed in gaseous 

form unless otherwise stated. 

1.2.1 Inorganic carbon fluxes 

Terrigenous inorganic C (IC) has two possible sources. It can be produced during the geological C 

cycle via the chemical and/or physical weathering of carbonate rocks and mineral soils, or during the 

biological C cycle via root and soil respiration. The fate of IC within the LOAC is not notably different 

from IC derived from other sources (i.e. atmospheric or biogenic IC). It is determined by the local 

carbonate cycle (Figure 1-2) and by the environmental conditions which control it, particularly pH, 

hydrology, weather, water temperature, and the balance of respiration vs. photosynthesis.  

 

Figure 1-2. Diagrammatic representation of the aquatic carbonate cycle. Figure taken from Felgate 

et al. (2021a). 



Chapter 1 

5 

1.2.2 Organic carbon fluxes 

The size of the terrigenous OC flux is largely controlled by the balance of gross photosynthesis (GPP) 

and total ecosystem respiration (RECO), which presents as the difference between net primary 

production (NPP; the amount of C assimilated by plants during photosynthesis) and net ecosystem 

production (NEP; net C exchange between the ecosystem and the atmosphere) (Figure 1-3). 

 

Figure 1-3. Diagrammatic representation of the transport of terrigenous OC along the land-ocean 

aquatic continuum (LOAC). Figure taken from Felgate et al, (2021a). 

In low-latitude regions, increased DOC export is thought to be linked to high rates of NPP, which 

makes the total amount of terrestrial OC available for entrainment and delivery to aquatic systems 

greater than in other global biomes (e.g. high latitudes; Li et al. (2019)). In Boreal systems, 3 % - 5 % 

of terrestrial NPP is transported into the aquatic continuum (Hastie et al., 2018). Conversely, in some 

high latitude regions NPP is significantly lower and high DOC export is sustained by much higher soil 

organic carbon (SOC) stores, particularly in peatland and permafrost environments where 

decomposition rates are constrained by waterlogging or freezing, so that NEP rather than NPP 

controls export. A similar imbalance between NPP and decomposition also occurs in tropical 

peatlands, which generate some of the highest DOC export fluxes in the world (e.g. Moore et al., 

(2013). In human-influenced systems, additional organic C (OC) results from anthropogenic sources, 

typically from animal faeces and sewage outflows.  As this terrigenous OC moves along the LOAC, 

the majority will undergo aggregation/flocculation and burial within lacustrine and fluvial sediments 
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(Kirschbaum et al., 2019) or remineralisation, which may stimulate the flux of CO2 or CH4 to the 

atmosphere (Sawakuchi et al., 2017). 

Heterotrophic metabolism results in the remineralisation of both DOC and POC and the evasion of C 

into the atmosphere as CO2, along with CH4 produced by the breakdown and/or fermentation of 

organic substrates, in particular detrital POC. A proportion of DOC is converted into the POC pool by 

flocculation, some of which is incorporated into sediments following sinking (Sholkovitz 1976). 

Photodegradation acts upon the coloured fraction of DOC, breaking up larger molecules and often 

resulting in transformations to the gaseous form (either chemically or via enhanced 

remineralisation). Each of these processes is influenced by a range of factors including temperature, 

the concentration and bio-lability of the organic substrate, microbial community activity, water 

residence time, salinity, and light attenuation (Soares and Berggren, 2019; Vähätalo and Wetzel, 

2004).  

1.2.3 Anthropogenic perturbation 

The flow of terrigenous C into the LOAC is thought to have increased by ~ 1.0 Pg C yr-1 since the start 

of the industrial revolution, almost all of which has occurred as OC. This is mostly the result of 

increased soil export following land use change (0.9 Pg C yr-1), with sewage and wastewaters also 

contributing significantly (0.1 Pg C yr-1) (Regnier et al., 2013). As well as an increase in the quantity of 

terrigenous OC entering the LOAC, its molecular composition has also changed due to anthropogenic 

perturbations, including changing land use (Chapter 2) and climate (Briones et al., 2010; Rousk et al., 

2016). These shifts in the quantity and composition of the terrigenous OC flux can have wide-ranging 

biogeochemical and ecological effects. Alterations in OC concentrations have been shown to 

influence the physical, photochemical, biochemical, and biological processes that control the 

metabolism and functioning of aquatic environments (Queimaliños et al., 2019). Increased 

allochthonous (externally produced) OC inputs can lead to increased light attenuation and altered 

thermal structure, which can inhibit primary production (Sandberg et al., 2004), increased benthic 

OM loadings, which can both stimulate and smother benthic communities (Frouin, 2000), and alter 

the composition of microbial communities (Lindh et al., 2015). More broadly, changes to the organic 

matter (OM) within which OC is typically bound (both in terms of concentration or composition) can 

alter aquatic nutrient dynamics with wide-ranging knock-on effects for ecosystem function (Heinz et 

al., 2015; Stutter et al., 2018). The consequences of increased terrigenous nutrient input can be 

eutrophication, algal and microbial blooms, and deoxygenation resulting from increased 

remineralisation of the associated autochthonous OM (Dagg et al., 2008). Such degradation leads to 
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an increase in IC as respiring microorganisms produce CO2. When biodegradation rates are high, this 

can amplify the effect of increasing atmospheric CO2 uptake in many aquatic systems, which can be 

compounded by underlying geology. Ocean acidification is thought to contribute towards the 

declining resilience and health of coastal ecosystems (Bates et al., 2014; Carstensen and Duarte, 

2019; Doney et al., 2009, 2009; Sabine and Feely, 2004), and this can be compounded by river 

outflows. Additional but less significant IC inputs are also likely to occur due to the dissolution of 

biogenic structures and/or suspended matter. Combined, these local factors determine aquatic CO2 

concentrations and drive a vertical flux, the direction of which varies in space and time. What is not 

evaded to the atmosphere as CO2 will become entrained within local carbonate structures or 

undergo downstream transport. 

The cumulative effect of downstream movement of fresh waters can exert a negative influence in 

transitional and coastal waters, where pollution from upstream human activities (i.e. agricultural 

runoff and untreated sewage) via riverine discharge is recognised as a major driver of change 

(Regnier et al., 2013). Each of these effects has the potential to dramatically restructure the local 

ecosystem, and each is intrinsically linked to the flow of terrigenous C from land to sea. Changing 

land-ocean C fluxes can also have significant social, economic, and human-health implications. For 

example, over the last 50 years headwater DOC concentrations across Northern Europe and 

Northeast America have increased significantly (Monteith et al., 2007). Evidence also points towards 

an increase in DOC concentrations in larger rivers (Kritzberg and Ekström, 2012). This has made the 

extraction of potable water more expensive, increased greenhouse gas (GHG) emissions associated 

with water treatment plants, and resulted in potentially deleterious human health impacts as a 

result of carcinogenic by-products of DOC removal from drinking water (Jones et al., 2016; Lavonen 

et al., 2013). Increases in the amount of POC flowing down major rivers has been linked to a 

shallowing of estuaries and an increased financial burden in terms of maintaining shipping routes. 

Acidification driven by increasing aquatic DIC concentrations has been linked to decreasing yields 

from freshwater and coastal fisheries, resulting in increased fish and shellfish mortality, decreased 

livelihoods, and increasing consumer cost (Fernandes et al., 2017).  

Despite these and myriad other biogeochemical, ecological, social, economic, and human health 

implications associated with changing land-ocean C fluxes, we currently lack understanding of the 

spatio-temporal variability associated with the input, processing, and removal of terrigenous C 

across the LOAC. As a result, we cannot adequately predict how changes to land-ocean C fluxes will 

influence aquatic C cycling or atmospheric CO2 levels. Quantifying these fluxes is made particularly 
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difficult by the degree of variability observed across the varied environments that compose the 

LOAC, a description of which follows. 

1.2.4 Environments of the land-ocean aquatic continuum 

1.2.4.1 Soil water and groundwater 

The transfer of C from land to sea begins with subsurface soil and groundwater flows. These flows  

occur along a residence time continuum which operate at a variety of temporal and spatial scales, 

determined by a range of hydrogeological processes (Tóth, 1963). This can be generalised in terms of 

deep, intermediate, and shallow flow paths (Figure 1-4).  

 

Figure 1-4. Shallow, intermediate, and deep groundwater (GW) flow baths bring C to fluvial 

systems on differing temporal and spatial scales. This excludes the short-circuiting effects of 

groundwater withdrawals. Figure taken from (Felgate et al., 2021a). 

Deep and intermediate flows operate at regional to continental scales and exhibit residence times 

ranging from decades to millennial (Lapworth et al., 2018). Shallow flow paths operate at hillslope or 

smaller resolution and exhibit much shorter residence times, typically in the order of days to years 

(Gooddy et al., 2006; Laudon and Sponseller, 2018). These shallow flows generally pick up DOC as 

they pass through organic soils and sub-surface deposits, and that DOC undergoes transformation 

via oxidation, microbial utilization, adsorption and metal co-precipitation (Shen et al., 2015; 

Wassenaara et al., 1991), partitioning into a relatively labile DOC pool which is rapidly remineralized, 

and a relatively recalcitrant DOC pool (including humic and fulvic acids; Regan et al., 2017) which 

persists in the organic soil, but is prone to precipitation and adsorption as it passes through the 

mineral soils and porous bedrock associated with deeper flows. As a result, most DOC input to 

surface waters derives from shallow subsurface flow through organic soils, whereas DIC tends to be 
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transported via deeper groundwater flow. The more dominant DIC species in groundwater are 

geologically mediated via bedrock weathering, and soil-mediated via heterotrophic activity and root 

respiration, which elevates soil pCO2 and produces dissolved (bi)carbonate ions (Winterdahl et al., 

2016). Deirmendjian et al. (2018) found that approximately 75% of the DIC exported into streams in 

this manner degassed rapidly as CO2, providing the pathway for a groundwater mediated vertical 

land-aquatic-atmosphere flux. 

Subsurface inflows contribute relatively persistent inputs of dissolved C to surface waters and 

control CO2 evasion patterns, but episodic events (i.e. heavy rainfall/drought) can move flow paths 

between mineral and organic soil layers, generating occasional large pulses of DOC input (Lupon et 

al., 2019; Rawlins et al., 2014). An added complication is the significant anthropogenic use of 

groundwater e.g. for drinking water and irrigation (Evans, 2007). Through this process a significant 

amount of C held as DIC and DOC in groundwaters is redistributed to the surface, where it can enter 

the fluvial water system. Global groundwater withdrawals are estimated to be ~ 980 km3 yr-1 

(Margat and Gun, 2013; Siebert et al., 2010), and in the UK this is estimated to account for a small 

but significant 0.05 % of all CH4 emissions (Gooddy and Darling, 2005), yet groundwater withdrawals 

are never accounted for in C budget and flux estimates.  

Groundwater also transfers DOC and DIC directly to surface water bodies such as lakes, wetlands 

and oceans (Downing and Striegl, 2018). This can be particularly relevant in areas such as the 

Mediterranean Sea, where submarine groundwater discharge is a major source of dissolved 

inorganic nutrients, comparable to riverine and atmospheric inputs (Rodellas et al., 2015). 

Submarine springs can be a significant source of nutrients for the ocean (Slomp and Van Cappellen, 

2004), but DIC and DOC fluxes are currently unknown. Groundwater therefore represents a 

potentially significant factor in the regional C balance, and excluding it from land-ocean C budgets 

(as is common practice) almost certainly biases balance estimates. 

1.2.4.2 Lakes 

Lakes are strongly influenced by the surrounding catchment, and inputs from land are often 

considerably larger than internal lake production via photosynthesis (Cole et al., 1994). Lake 

sediments accrue at an estimated 0.6 Pg C yr-1 globally (Kortelainen et al., 2004; Stallard, 1998; 

Tranvik et al., 2009), and this store is relatively stable, being protected from fire and subject to 

limited disturbance. Lakes modify the flux and composition of DOC. The dominant removal process is 

usually bacterial remineralisation (Berggren et al., 2017; Koehler et al., 2012), but photochemical 

breakdown can be important within the upper photic zone, where the highly coloured humic 
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fraction of the DOC pool may be preferentially degraded (Osburn et al., 2011). Rates of DOC 

processing tend to decrease over time as the more biologically labile and photochemically reactive 

fractions become depleted (Catalán et al., 2016; Evans et al., 2017). As a result, rates of removal will 

tend to be highest in lower-residence time lakes receiving fresh inputs from their catchments. 

However, this general decline in removal rates is counterbalanced by very long residence times in 

some lakes (years, decades, or even centuries in the largest waterbodies) which allow a very high 

fraction of the total input to be remineralized. The importance of internal processing in lakes was 

recently highlighted by a land-ocean modelling study which found that the inclusion of an ‘average’ 

UK lake (residence time = 109 days) reduced the amount of DOC that reaches the ocean from 5 to 

3 % (Anderson et al., 2019). 

Estimates of GHG emissions from lakes range from 0.3 – 1.2 Pg C yr-1 (Raymond et al., 2013; Tranvik 

et al., 2009), although some discrepancy exists as to the inclusion (or otherwise) of reservoirs in 

these figures. Approximately ~ 75 Tg C yr-1 of the upward vertical lake flux occurs as CH4 (Bastviken 

et al., 2011), much of which originates from sediment ebullition (bubbling). This is regulated by e.g. 

water depth and the amount of organic substrates supplied by the surrounding catchment, with the 

presence of labile OC favouring CH4 production (Duc et al., 2010). Due to the depth dependency, 

regions near the shore and mostly in wind shadow can account for ~ 50 % of the total lake CH4 fluxes 

(Natchimuthu et al., 2016). Any CO2 and CH4 not emitted from the lake will follow the outflowing 

water into the fluvial system. 

1.2.4.3 Modified (constructed) water bodies 

Modified or ‘constructed’ water bodies, defined as “water bodies where human activities have 

changed the hydrology of existing natural water bodies thereby altering water residence times and/or 

sedimentation rates… and water bodies that have been created by excavation, such as canals, ditches, 

and ponds” (Lovelock et al., 2019), have been shown to make significant contributions to land-ocean 

C processing. Any emissions from such water bodies must be considered to be, at least partly, 

anthropogenic in origin. Their inclusion in lateral and vertical C flux calculations is therefore important 

for C and GHG accounting, especially as these systems are disproportionately large sources of CH4 

(Bastviken et al., 2011). 

Globally, reservoirs are reported to bury ~60 Tg C yr-1 (Mendonça et al., 2017). This storage is 

greatest in tropical and subtropical regions, but it is also likely to be significant across Europe. 

However, these large water bodies are also estimated to produce 770 Tg CO2 eq yr-1, with CH4 being 

the prime contributor to this flux (18 Tg CH4 yr-1 / 504 Tg CO2 eq yr-1; (Deemer et al., 2016) using CO2 
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eq value from (Myhre et al., 2013). The nutrient status of reservoirs has been suggested as the main 

driver of CH4 emissions (Deemer et al., 2016; DelSontro et al., 2018) although latitudinal patterns 

also exist in the GHG emissions from these environments (Barros et al., 2011; Deemer et al., 2016). It 

should be noted that untangling the full C/GHG budget of reservoirs requires extensive monitoring. 

This is because of potentially high emissions from outflowing rivers, turbines, and spillways which 

arise as a result of elevated GHG concentrations in discharging reservoir hypolimnion waters (Guérin 

et al., 2006). 

Compared to reservoirs, significantly less research has been conducted on constructed ponds, 

although similar patterns of biogeochemistry have been found for these small waterbodies. 

Specifically, diffusive emissions of CH4 and CO2 can be considerable (Holgerson and Raymond, 2016; 

Ollivier et al., 2019; Peacock et al., 2019; Webb et al., 2019), but ebullitive emissions of CH4 tend to 

be larger still (Grinham et al., 2018; Natchimuthu et al., 2016; Panneer Selvam et al., 2014; van 

Bergen et al., 2019). Like reservoirs, C burial in these systems can also be sizeable (Taylor et al., 

2019), but it is likely that burial is not large enough to offset their C/GHG emissions (van Bergen et 

al., 2019). Recent work has demonstrated that the combination of high C fluxes and cumulatively 

large surface area can result in constructed ponds being significant sources of GHGs on a national 

scale (Grinham et al., 2018; Ollivier et al., 2019). Globally, the area occupied by constructed ponds is 

similar to that occupied by large reservoirs (Downing, 2010; Saunois et al., 2019) and a coarse 

estimate of global CH4 emissions from ponds is 3 - 8 Tg yr-1 / 84 – 224 Tg CO2 eq yr-1 (Saunois et al., 

2019) Numerous studies have measured GHG emissions from ditches, although the majority of 

studies have focused on ditches in organic soils (Evans et al., 2016). Synthesised data suggests that 

ditch CH4 emissions are larger than those from ponds and that, as for reservoirs and ponds, CH4 is 

the largest contributor to climatic warming from these systems (Lovelock et al., 2019). Additionally, 

ditches can have impacts on fluvial OC dynamics; fluxes and concentrations of DOC and POC have, in 

some cases, been shown to increase following drainage of organic soils (Evans et al., 2016) and the 

effect of this increase has been observed downstream in large rivers (Asmala et al., 2019). In some 

heavily drained countries (e.g. The Netherlands, Finland, the UK) the total length of ditches can 

exceed that of natural watercourses (Brown et al., 2006; Verdonschot et al., 2011), suggesting that 

the contribution of ditches to C and GHG cycling could be extensive. 

1.2.4.4 Fluvial waters 

Headwaters are the first part of the LOAC to receive C inputs from the surrounding land, giving them 

a unique association with the terrestrial surface environment. As a result, allochthonous (externally 

supplied), terrigenous material dominates OC cycling in these upstream environments (Royer and 
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David, 2005). Further downstream, this allochthonous OC combines with various autochthonous 

(locally produced) forms, resulting from algae, submerged vegetation, as well as other allochthonous 

inputs from anthropogenic sources such as sewage and agricultural runoff. As OC moves 

downstream, the proportion of relatively recalcitrant material increases as labile material is 

preferentially utilised (Catalán et al., 2016). Some evidence exists of the so-called ‘priming effect’ 

whereby the local microorganism community are able to metabolise highly recalcitrant OC in the 

presence of specific labile compounds (e.g. agricultural associated compounds; marine DOC), and so 

rivers have the potential to act as hotspots for the remineralisation of terrigenous OM (Blanchet et 

al., 2017). Increased concentrations of autochthonous C may lead to an increase in aquatic 

respiration and photolysis, whilst increasing residence time with distance downstream promotes the 

photooxidation of allochthonous C, both of which produce CO2. Coupled with DIC inputs from 

groundwater sources, streams are typically supersaturated with CO2 and the associated degassing 

represents a significant fraction of catchment scale CO2 losses (Butman and Raymond, 2011). 

Indeed, fluvial waters are disproportionately large sources of both CO2 and CH4 to the atmosphere 

given their area, and global emissions have been estimated at 3.9 Pg C yr-1 (Drake et al., 2018). 

River floodplains often behave similarly to wetlands during flood periods, exporting significant 

amounts of OC as surface soil C and vegetation contribute to aquatic DOC concentrations (Abril and 

Borges, 2019; Raymond and Spencer, 2015). Similarly, intermittent (seasonal or episodic) wetting 

imposes physical disturbance and alters the biogeochemistry (i.e. oxic status) of soils with knock-on 

effects on C cycling. Ephemeral events can have disproportionate influence on C export to the LOAC 

(Raymond et al., 2016; von Schiller et al., 2019, 2017) are rarely captured during monitoring 

activities. 

1.2.4.5 Transitional waters 

Fluvial waters can strongly influence the coastal zone, transferring large amounts of dissolved and 

particulate C across a range of environments known collectively as ‘transitional waters’ (i.e. 

estuaries, fjords, deltas, lagoons, coastal waters) and the vegetated habitats which surround them.  

Estuaries are thought to act as ‘dynamic filters’, exchanging material and energy with the ocean to 

varying degrees according to physical, hydrological, and biogeochemical conditions. They tend to be 

net heterotrophic (Heip et al., 1995), and can be strong sources of CO2 and CH4 to the atmosphere. 

The atmospheric flux of CO2 from European estuaries is thought to represent a sum equal to 5 – 

10 % of Western Europe’s anthropogenic emissions (Frankignoulle et al., 1998). However, a great 

deal of uncertainty surrounds degassing rates as they vary in space and time, with the relative 
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abundance of pelagic (i.e. phytoplankton dominated) versus benthic (i.e. seagrass or benthic algal 

dominated) production, both of which are influenced by land-ocean OM flows, playing a major role. 

Organic matter inputs from catchments (Raymond and Bauer, 2001) and/or adjacent tidal wetlands 

(Bauer et al., 2013; Wang and Cai, 2004) vary from system to system, and the processing of these 

inputs determines the trophic balance in estuarine waters.  

Estuaries can also serve as significant long-term organic C sinks through sedimentation of terrestrial 

inputs and, where present, the burial of vegetation, particularly seagrass and saltmarsh organic 

matter originating from coastal wetlands (Duarte et al., 2004; McLeod et al., 2011; Nellemann et al., 

2009). Coastal wetland environments themselves represent only a small fraction of the global 

coastline (<1%) but are amongst the world’s most intense C sink habitats per unit area (Duarte et al., 

2005; Luisetti et al., 2019; Nellemann et al., 2009). Their small total area means that these vegetated 

habitats make small contributions to global C budgets, but their inclusion in land-ocean C budgeting 

is appropriate given their potential to sequester significant portions of C from incoming fluvial 

and/or estuarine waters, and their tendency to export significant fractions of their above-ground 

biomass beyond the immediate environment (e.g. seagrass, ~ 50 %). The extent of European 

saltmarsh and seagrass has been estimated at 330 thousand and 2.5 million ha, respectively (Luisetti 

et al., 2013), with global sequestration and burial values generally used in lieu of regional ones. 

Coastal inlets such as fjords are recognised as globally important sites for C burial, and their 

proximity to the terrestrial environment renders them effective ‘traps’ for terrigenous matter before 

it can reach the ocean. A study of the fjordic Loch Sunart in Scotland found that 42 % of sediment OC 

was terrigenous, making it a more effective C store per unit area than the surrounding catchment 

(Smeaton and Austin, 2017). The mud-flat sediments characteristic of deltaic and lagoon systems are 

also very effective C storage environments, but can also be intense sites of C processing (Mayor et 

al., 2018). Little or no CO2 flux data are available for fjords, deltas, or coastal lagoons, and so these 

environments represent an important knowledge gap. Other coastal inlets, such as the Rias Baixas 

on the west coast of the Iberian Peninsula, are influenced by seasonal near-shore upwelling of 

nutrient-rich deep-waters. This pulse input of nutrients fuels high levels of primary production and 

the sedimentation of organic matter. In turn, this drives respiration and methanogenesis in 

sediments with substantial efflux of CH4 to the atmosphere through diffusion and direct ebullition 

(de Carlos et al., 2017; Kitidis et al., 2007). 

Evidence suggests that the delivery of terrigenous C to these transitional waters (and beyond) via 

the LOAC is a significant term, with approximately 30 % of terrigenous OC thought to survive to the 

shelf, contributing ~ 30 % of oceanic sedimentary burial (Burdige, 2007; Kandasamy and Nagender 
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Nath, 2016). However, the transfer efficiency of OC through these systems is highly variable (Dürr et 

al., 2011). Whilst estuaries tend to be net CO2 sources and shelf seas tend to be net CO2 sinks, it has 

been suggested that riverine OC might effectively bypass the estuarine zone in some cases (Cai, 

2011). In such instances, greater riverine OC inputs would therefore mean greater marine rather 

than estuarine CO2 emissions. This may explain variability observed between regional estimates of 

terrigenous OC export. For example, a study of the North Sea found little evidence of terrigenous 

material beyond coastal waters (Painter et al., 2018), whilst a study of the Celtic Sea found that up to 

30 % of the DOC at the shelf edge is terrigenous (Carr et al., 2019) and on the Western Adriatic shelf, 

OC burial is equivalent to ~60 % of the associated terrigenous OC inputs (Tesi et al., 2013). Legge et 

al. (2020) estimated that rivers deliver approximately 60 % of the total C input onto the North West 

European Shelf (NWES), but Kitidis et al. (2019) found that the majority of terrigenous OC entering 

the NWES is microbially and photochemically transformed to CO2 before reaching the shelf, as with 

the North American shelf (Fennel et al., 2019).  

1.2.5 Factors controlling land-ocean carbon transport 

The quantity and composition of terrigenous C entering the LOAC is driven by a diversity of factors 

including regional climate, soil type, hydrology, geology, vegetation, and human activities, and its 

behaviour and fate therein controlled by a range of intrinsic (molecular) and extrinsic 

(environmental) factors including water chemistry, light attenuation, temperature, and the 

composition of the local microbiome (Hansen et al., 2016; Nebbioso and Piccolo, 2013; Raymond 

and Spencer, 2015; Wagner et al., 2020). 

1.2.5.1 Physical catchment characteristics 

A number of physical attributes have been shown to strongly influence land-ocean C fluxes. Geology 

is an important consideration, with some rock forms being more prone to weathering than others, 

and more permeable and calcareous geology resulting in higher concentrations of DIC in surrounding 

waterbodies (Shin et al., 2011). This is particularly true in intermediate and deep GW flows where 

water flows through bedrock before resurfacing supersaturated with DIC picked up in transit. 

Catchment scale has an effect on regional C budgets, with larger catchments producing larger fluxes 

of dissolved and particulate matter (Laudon and Sponseller, 2018). Mean catchment slope has been 

identified as a potential driver of global land to ocean C fluxes (Ludwig et al., 1996; Raymond and 

Spencer, 2015). Slope is inversely related to DOC flux, as catchments with steeper morphologies are 

suggested to have a higher proportion of surface runoff where water contact time with soil horizons 

is restricted (Ludwig et al., 1996), as well as tending to have thinner and less organic-rich soils. 
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Leaching of organic material from soils enriches runoff with DOC, therefore water leaving 

catchments with shallower slopes and a higher proportion of through flow relative to surface runoff 

will to be more concentrated in DOC, all other factors being equal. Shallower slopes also allow for 

more extensive wetlands and riparian zones, which can influence OC export (Mulholland, 2003). 

Physical catchment characteristics are relatively stable (i.e. not subject to ongoing, large scale, rapid 

change). 

1.2.5.2 Hydrology and residence time 

Hydrology influences the source of aquatic OC, with higher discharge resulting in a greater portion of 

terrigenous material being transferred into the LOAC (Li et al., 2019). This is because periods of 

higher discharge typically co-occur with periods of increased surface runoff and/or increased 

leaching of organic-rich soil horizons and surface litter (Raymond et al., 2016; Raymond and Spencer, 

2015). On the other hand, during periods of lower discharge the water flowing through the LOAC 

typically contains more geogenic (rock-derived) IC and experiences longer flow paths and/or 

residence times which increase the potential for active biogeochemical cycling of what OM is 

present.  

Residence time (the length of time C spends within a given environment or, more broadly, the 

LOAC), provides a powerful control on C processing. Headwater streams generally have short 

residence times. Water moves quickly through them into larger streams and rivers. Hence, whilst 

they receive large volumes of organic material directly from the catchment, there may be limited 

potential for biogeochemical processing to occur. The increasing residence time of downstream 

aquatic systems, as streams drain into rivers, lacustrine, and coastal environments, may mean that C 

cycling becomes a more important control on overall C budgets with distance downstream. 

Conversely, the extent to which the material has already been degraded in the upstream aquatic 

environment may mean that further processing is limited (Catalán et al., 2016). The construction of 

water bodies (i.e. reservoirs, ponds, and ditches) increases the residence time of water in the LOAC, 

resulting in downstream OC contributions that are older and, as a result of prior processing, more 

recalcitrant. This can have significant spatio-temporal implications for C processing (Evans et al., 

2017; Müller et al., 2013). 

As described in Section 1.2.4.1, groundwater C influx to surface waters via baseflow contributes a 

significant amount of C with long residence times. The composition of the resultant C has been 

modified due to subsurface processes and has different reactivity compared to surface and in-situ 

derived C in surface water bodies (Lapworth et al., 2009; Tye and Lapworth, 2016). 
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1.2.5.3 Land use and land use change 

Changing land use and land cover is a primary driver of changing fluvial organic C exports to the 

coastal ocean (Bauer et al., 2013), influencing soil OC stocks (Li et al., 2019) and the age, composition 

and bio-lability of exported DOC (Butman et al., 2015; Parr et al., 2015; Wilson and Xenopoulos, 

2009). Natural forested watersheds typically export aromatic, structurally complex DOC that is 

biologically recalcitrant compared to DOC exported from anthropogenically modified agricultural 

watersheds that is characterised by reduced structural complexity and increased microbial 

degradation (Butman et al., 2015). However, this aromatic DOM also tends to be highly coloured, 

and susceptible to photodegradation, to the extent that overall rates of reactivity may be similar 

between these contrasting DOM pools (Anderson et al., 2019).  

 

Globally, deforestation and agricultural expansion are major factors influencing LULC change 

(Chapter 2). Expansion of cropland and pasture continues to be the principle driver of deforestation 

in the developing world (Houghton, 2003; Song et al., 2018), and between 1980 and 2000, ~80 % of 

all new agricultural land originated from the world’s tropical and subtropical forests (Gibbs et al., 

2010). This agricultural expansion has been associated with declines in water quality, including those 

related to shifts in the composition of the DOM pool such as reduced water clarity, eutrophication, 

and deoxygenation (Mello et al., 2018; Singh et al., 2017; Yang et al., 2012). However, much of the 

developed world is undergoing afforestation. A number of European studies have linked the 

presence of forestry with higher DOC concentrations in freshwaters. Sobek et al. (2007) found that 

conifer boreal forest positively related to lake DOC concentrations in a study of 7,500 global lakes. In 

a 75-year data set collected from a river in Sweden, long-term change in water colour was partly 

explained by an increased presence of Norway spruce (Picea abies) in the catchment (Škerlep et al., 

2019). A study of fluvial DOC fluxes in North America found that export was higher in forests than in 

pasture or cropland, and that fluxes were greatest from coniferous forest relative to broadleaf 

(Lauerwald et al., 2012), whilst another found a significant positive correlation between CO2 in 

boreal lakes and the percentage of needle-leaved evergreen trees (Hastie et al., 2018). Drainage of 

peatland also appears to contribute to the mobilisation of higher (and typically older) DOC fluxes 

from deeper horizons (Moore et al., 2013). In headwater streams in the blanket bog of the Flow 

Country, Northern Scotland, DOC concentrations were 30 % higher in drained afforested catchments 

relative to both drained and undrained controls (unpublished data). The driving mechanism(s) 

behind this relationship remain unclear, although it is now largely established that planting 

coniferous forestry on organic-rich soils, particularly peatlands, can precipitate a destabilisation of 

the soil C store (Williamson et al., 2021).  
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Large-scale expansion of tree planting is not anticipated in areas with historically stable forest cover 

such as Fenno-Scandia, yet other countries in Europe are increasing tree planting in line with 

national scale C reduction and climate change mitigation strategies. To broaden our mechanistic 

understanding of forestry-related DOC increases, more extensive monitoring is required. Conversely, 

we have no reason to expect mass-deforestation at a pan-European scale, however where it does 

occur it will likely lead to increased delivery of OC to the LOAC, increased stream metabolism, and 

higher rates of CO2 evasion to the atmosphere, at least in the short-term due to soil disturbance. 

Other human activities also have an effect on land-ocean C fluxes, for example dam construction has 

decreased sediment and OC delivery to the LOAC, whilst fertiliser use has increased nutrient fluxes, 

leading to an increase in autochthonous DOM production (Bianchi and Allison, 2009; Galloway et al., 

2008). A long-term (1970 – 2015) study of the Seine River found that in-stream CO2 was closely 

related to urban water pollution (Marescaux et al., 2018). The overall effect of these changes may be 

a moderate increase in CO2 emissions across the LOAC, and a possible decrease in OC delivery to the 

coastal ocean, but much uncertainty surrounds this assessment. Land use change is an ongoing 

process, operating at global scale according to human needs (e.g. requirement for farmland and 

urban housing) and values (e.g. desire for conservation), and acts in concert with other drivers, 

including climate change, making prediction of future trajectories challenging. 

1.2.5.4 Climate and climate change 

1.2.5.4.1 Temperature  

Increasing temperatures have the potential to drive myriad effects in relation to the LOAC. This 

includes decreased GHG drawdown, for example the world’s oceans have absorbed ~ 41 % of all 

anthropogenic C emitted as a result of fossil fuel burning and cement manufacture (Khatiwala et al., 

2009), but an increase in sea surface temperature and eventual CO2 saturation of surface waters may 

reduce the efficiency of the ocean sink (McKinley et al., 2016). In the medium to long term, this uptake 

is limited by changes in the overturning circulation which entrains C into deep waters with residence 

times in the order of hundreds to thousands of years. In the shorter term, however, models predict 

enhanced thermal stratification of the upper layers of the ocean, including continental shelf waters 

(Gröger et al., 2013; Holt et al., 2012). This would increase the residence time of terrestrial OC in the 

sunlit surface mixed layer, promoting enhanced photolysis in coastal and shelf waterspotentially 

reducing the amount of C entering the longer term deep water sink and increasing oceanic CO2 

emissions.  
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1.2.5.4.2 Precipitation 

The duration, intensity, and frequency of rainfall influence the transfer of terrigenous C into the LOAC. 

Short periods of rainfall are usually absorbed by soils and vegetation, whilst long (or particularly 

intense) periods of rainfall can lead to saturated soils and increased runoff. When seasonality leads to 

dry and wet periods, soil surfaces can become baked hard and lose the capacity to absorb rains, thus 

the first rains of the season can also cause enhanced runoff. When runoff is high, a greater volume of 

terrigenous C is carried into the LOAC. In some cases, precipitation is the major explanatory variable 

for DOC export (Pumpanen et al., 2014). 

Precipitation can also influence the supply of DIC into the LOAC. Acid rain enhances carbonate rock 

weathering, and as atmospheric C concentrations continue to increase, the transport of DIC into the 

LOAC is also increasing. Increased precipitation also increases GW flows, which can strengthen and 

dissipate in response to variations in precipitation patterns (Laudon and Sponseller, 2018). For 

example, elevated DIC concentrations are associated with base flow conditions when surficial water 

flow paths are inactive (Wallin et al., 2010), or in winter when precipitation is highest and flows are 

therefore maximal, driving DIC exchange between these deep flows and overlying streams/rivers 

(Lyon et al., 2010). In lake systems, upwelling of C rich deep water is precipitation-driven and 

coupled with associated seasonal increases in lateral OC inputs (Denfeld et al., 2015) and a resultant 

increase in remineralisation and surface CO2 concentrations. In boreal systems, these seasonal 

emission peaks generally occur in spring and autumn when rains are maximal. However, Nydahl et 

al. (2017) found either a negative or no relationship between CO2 and precipitation in boreal lakes 

over a 17-year period in Sweden, and suggested that this may be due to the dilution of CO2 rich 

groundwater by increased surface water runoff, demonstrating the mitigation potential of prevailing 

environmental conditions. For example, a recent study (McDonough et al., 2020) found that global 

changes in groundwater DOC are in part driven by changes in climate, including temperature and 

precipitation, as well as urbanisation. Flooding can temporarily convert flood plains and surrounding 

land into what are essentially wetland systems, increasing the wetted area and therefore 

contributing additional terrigenous OC to the LOAC during episodic events. Conversely, a lack of 

precipitation can lead to drought conditions which lead to elevated OC concentrations and fluxes in 

subsequent years (Lepistö et al., 2014).  

1.2.5.4.3 Wildfire 

Incidences of wildfire have been shown to influence aquatic C cycling, and are linked to a preceding 

lack of precipitation/drought spell. Due to the dynamic and unpredictable nature of wildfire, there 
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are limited before-after data sets to assess the potential influence on aquatic C concentrations and 

export, and there remains a lack of consensus as to the directional effect of wildfire on DOC. A study 

of a wild fire in Northern Ireland found that DOC concentrations were considerably lower after a fire 

which had caused increased acidity of the soil (Evans et al., 2017). Increased prevalence of wildfire 

may facilitate further study of this soil acidity affect. A substantial proportion of the biomass C is 

converted into pyrogenic C (charcoal) during wildfires which is resistant to degradation over 

centuries-millennia (Kuhlbusch and Crutzen, 1995; Santín et al., 2015). Therefore, pyrogenic C 

represents a substantial long-term sink for C in terrestrial ecosystems and the LOAC, accounting for 

12 % of direct emission to the atmosphere globally (Jones et al., 2019). Recently a 3 year time-series 

from the Flow Country measured peatland DOC quantity and composition in rivers during a drought-

wildfire-recovery cycle. DOC did not increase significantly post-fire, although it is of note that no 

samples were taken in the 2 months immediately following the fire due. However, the aromaticity 

and humification of peatland OC exported into nearby rivers increased at sites which had been 

classed as ‘degraded’ prior to the fire (unpublished data). Recent work has highlighted aerial 

transport of nutrients from wildfires as a potential trigger of significant phytoplankton blooms in the 

ocean (Tang et al., 2021). 

1.2.6 A changing perspective on land-ocean carbon transport 

Historical depictions of the C cycle considered the two biologically active reservoirs, land and ocean, 

as being connected via gas exchanges with the atmosphere (Figure 1-5a). A significant flux between 

land and the ocean was not introduced until the 1970’s, as a way to balance the C budget in the face 

of rapidly increasing anthropogenic CO2 emissions. Since the start of the industrial revolution, CO2 

emissions have increased, mainly as a result of fossil fuel combustion, but atmospheric levels have 

not kept pace. Some authors postulated that the terrestrial C sink must have increased to account 

for this (Broecker et al., 1979) whilst others suggested that human activities had transformed the 

terrestrial C sink into a net source of CO2 to the atmosphere (Woodwell et al., 1978).  

A significant lateral flux of C from land to the ocean was proposed as a way to balance the 

contemporary carbon budget. Initially, the environments which comprise the LOAC were seen as 

‘passive pipelines’ which transported material from land to sea without significant alteration or loss 

(Figure 1-5a), and so estimates of the land-ocean C flux focussed on riverine export (Equation 1-6): 

𝑇𝑒𝑟𝑟𝑖𝑔𝑒𝑛𝑜𝑢𝑠 𝑖𝑛𝑝𝑢𝑡 = 𝑅𝑖𝑣𝑒𝑟𝑖𝑛𝑒 𝑒𝑥𝑝𝑜𝑟𝑡                                                                                        𝑬𝒒𝒏. 𝟏 −  𝟔 

Almost 30 years later, an alternative model was proposed in which inland waters were viewed as 

‘active conduits’ rather than ‘passive pipes’ (Cole et al., 2007), conceptualising them as dynamic sites 



Chapter 1 

20 

of transformation which could lose carbon to sediments and the atmosphere (Figure 1-5b) (Equation 

1-7): 

𝑇𝑒𝑟𝑟𝑖𝑔𝑒𝑛𝑜𝑢𝑠 𝑖𝑛𝑝𝑢𝑡 = 𝑂𝑢𝑡𝑔𝑎𝑠𝑠𝑖𝑛𝑔 + 𝑆𝑡𝑜𝑟𝑎𝑔𝑒 + 𝑅𝑖𝑣𝑒𝑟𝑖𝑛𝑒 𝐸𝑥𝑝𝑜𝑟𝑡                                     𝑬𝒒𝒏. 𝟏 − 𝟕 

The riverine export flux proposed in earlier studies (0.9 Pg C yr-1) was retained, and new estimates of 

outgassing and sedimentation were applied which accounted for an additional 1 Pg C yr-1 

anthropogenic emissions. The estimate of terrigenous export therefore increased from 0.9 to 1.9 Pg 

C yr-1 (Table 1-1). 

 

Figure 1-5. Schematic representation of (a) the passive aquatic pipeline vs. (b) the ‘active’ aquatic 

conduit. Image adapted from Drake et al. (2018). 
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Table 1-1. Inland water fluxes, as calculated by Cole et al. (2007). Input from land is calculated as 

the sum outgassing, storage in sediments, and export to the coastal ocean. 

 Organic Carbon (Pg C yr-1) Inorganic Carbon (Pg C yr-1) 

Outgassed Stored Exported Input Outgassed Stored Exported Input 

Lakes 0 0.05 0 0.05 0.11 NA 0 0.11 

Reservoirs 0 0.18 0 0.18 0.28 NA 0 0.28 

Rivers 0 NA 0.45 0.45 0.23 NA 0.26 0.49 

Estuaries 0 NA NA NA 0.12 NA 0.19 0.31 

Groundwater 0 0 0 0 0.01 0 0 0.01 

Total 0 0.33 0.45 0.78 0.75 0 0.45 1.20 

 

Cole et al. (2007) explicitly stated that this was likely an underestimate with large uncertainties. For 

example, the study lacked any data from small streams and did not account for organic carbon 

storage within riverine and estuarine sediments. They also highlighted a great deal of uncertainty 

around the outgassing flux, primarily due to a lack of data from underrepresented regions. A decade 

later, Drake et al. (2018) were able to reassess this flux in light of improved outgassing estimates. 

Using the estimate from Cole et al. (2007) as a starting point, they applied a similar mass balance 

approach (Equation 1-8; Table 1-2):  

𝑇𝑒𝑟𝑟𝑖𝑔𝑒𝑛𝑜𝑢𝑠 𝑖𝑛𝑝𝑢𝑡 = 𝑂𝑢𝑡𝑔𝑎𝑠𝑠𝑖𝑛𝑔 + 𝑆𝑡𝑜𝑟𝑎𝑔𝑒 + 𝑅𝑖𝑣𝑒𝑟𝑖𝑛𝑒 𝐸𝑥𝑝𝑜𝑟𝑡 + 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛       𝑬𝒒𝒏. 𝟏 −  𝟖 

 

Table 1-2. Estimates of aquatic carbon fluxes (Pg) as compiled by Drake et al. (2018). Black text 

indicates independent estimates. Grey italic text indicates values taken from other studies. 

 Outgassed to 
atmosphere 

Stored in 
sediments 

Exported to 
ocean 

Photosynthetic 
Production 

Terrigenous 
Input 

Cole et al. (2007) 0.8 0.2 0.9 0.3 1.6 

Battin et al. (2009) 1.2 0.6 0.9 0.3 2.4 

Tranvik et al. (2009) 1.4 0.6 0.9 0.3 2.6 

Bastviken et al. (2011) 1.5 0.6 0.9 0.3 2.7 

Regnier et al. (2013) 1.2 0.6 1.0 0.3 2.5 

Raymond et al. (2013) 2.2 0.6 1.0 0.3 3.4 

Borges et al. (2015) 2.8 0.6 1.0 0.3 4.0 

Holgerson and Raymond (2016) 3.1 0.6 1.0 0.3 4.3 

Sawakuchi et al. (2017) 3.9 0.6 1.0 0.3 5.1 

 

Whilst this reassessment reached a considerably higher estimate of 5.1 Pg C yr-1, it is important to 

note that this does not represent an increase in the flux itself, but a decreased uncertainty around 

CO2 and CH4 outgassing due to the addition of data from historically underrepresented regions 
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including Africa (Borges et al., 2015) and the Amazon (Sawakuchi et al., 2017). Additionally, an 

increase in the estimated global lake area and the identification of high burial rates in small 

impoundments increased the sedimentation estimate from 0.2 Pg C yr-1 (Cole et al., 2007) to 0.6 Pg C 

yr-1 (Regnier et al., 2013; Tranvik et al., 2009) but did not reflect an actual increase and still carries a 

high level of uncertainty (range = 0.2 to 1.6 Pg C yr-1; Regnier et al., 2013), rendering it poorly 

constrained.  

The riverine export flux, on the other hand, increased by just 0.1 Pg C yr-1 and is generally accepted 

as being well constrained. Our estimate of this term has not varied substantially (0.9 – 1.0 Pg C yr-1) 

since Kempe (1979) and Schlesinger and Melack (1981) estimated the inorganic and organic 

components at 0.45 Pg C yr-1 and 0.37 – 0.41 Pg C yr-1, respectively (~ 0.9 Pg C yr-1 in total). Drake et 

al. (2018) attribute this to reliable discharge measurements, high stability of fluxes over time, and 

robust modelling in major rivers. However, the foundational papers used by Cole et al. (2007) rely 

heavily upon estimates which draw upon the same core data set: either SCOPE-CARBON1 or data 

obtained from the large rivers which comprise that study set (Table 1-3).  

 

Table 1-3. Key foundational papers which underpin the contemporary estimate of riverine export 

of organic carbon to the ocean alongside estimates of DOC, POC, and/or TOC (Pg C yr-1), and the 

main data source used. 

  DOC POC TOC Main data source 

Schlesinger and Melack (1981) 1 NA NA 0.37 - 0.41 Literature review 

Meybeck (1982) 2 0.22 0.18 0.40 Literature review 

Ittekkot (1988) 3 NA 0.23 NA SCOPE-CARBON 

Degens et al. (1991) 4 NA NA 0.38 SCOPE-CARBON 

Spitzy and Leenheer (1991) 5 0.22 NA NA SCOPE-CARBON 

Sarmiento and Sundquist (1992) 6 0.20 0.25 0.40 Synthesis of 1 – 5 

Meybeck (1993) 7 0.20 0.02 0.22 SCOPE-CARBON 

Meybeck (1993b) 8 0.21 0.17 0.38 SCOPE-CARBON 

Meybeck and Ragu (1996) 9 0.22 0.18 0.38 SCOPE-CARBON 

Ludwig et al. (1996) 10 0.21 0.17 0.38 SCOPE-CARBON 

Stallard (1998) 11 0.23 0.30 0.53 Literature review 

Aitkenhead and McDowell (2000) 12 0.36 NA NA Literature review 

 

It is noteworthy that the DOC flux proposed by Aitkenhead and McDowell (2000) is almost double 

previous estimates, the main difference being the inclusion of data from a broad range of systems, 

including many smaller rivers not previously considered (0.36 Pg C yr-1 vs. 0.20 – 0.23 Pg C yr-1). 

                                                           
1 SCOPE-CARBON was part of a United Nations funded effort to construct a budget of riverine nutrient fluxes at 
global scale (SCOPE-UNEP).  
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Stallard (1998)’s review of POC export was also higher than previous values, and this was again 

based on a much broader range of rivers.   

Almost all of the studies listed in Table 1-3 refer to a sub-set of data which were explicitly excluded 

because they did not fit with the overriding pattern. Excluded samples were most commonly 

associated with anthropogenic influence (e.g. eutrophication, damming, and land use change). For 

example:  

“I have chosen not to use some data from the Colombia and Indus rivers because of extensive 

damming; the Rhine and Seine rivers, because of eutrophication; and other rivers, because of organic 

pollution” (Meybeck, 1993)” 

and  

“The most striking exceptions to this trend are the Indus and the Changjiang Rivers. Both have high 

average DOC concentrations but the soil carbon values are low to medium... This is the reason we did 

not include them” (Ludwig et al., 1996).  

With this in mind, it is unsurprising that estimates of the riverine export flux have remained broadly 

similar. It may not be the global land-ocean carbon flux that is well constrained as much as it our 

ability to derive similar estimates from similar data. At best then, our estimate of the riverine C flux 

is well constrained for a specific sub-set of rivers which are large, drain near-natural catchments, and 

are absent significant anthropogenic influence.  

1.2.7 Data bias, sampling issues, and knowledge gaps 

Geographical biases exist across a range of scales. There is a literature focus on large rivers (Dai et 

al., 2012), despite the fact that smaller rivers and headwater streams draining mountainous 

catchments and organic-rich soils can be important conduits for fluvial C export (Milliman and 

Syvitski, 1992; Worrall et al., 2012), and may make a disproportionately large contribution to land-

ocean C fluxes (Williamson et al., 2021). The majority of relevant research has been conducted in 

North America and Central / Northern Europe; areas which have historically been strongly 

influenced by industrialisation, land use change, and acid deposition. There is a notable absence of 

studies involving the quantification of groundwater C stores and fluxes in large-scale C flux 

estimates, or the impact of anthropogenic use and redistribution of groundwater at the surface. 

Temporal bias also exists, with sampling occurring more frequently in fair-weather (i.e. 

spring/summer). This is particularly notable in high latitude systems where ice-cover makes aquatic 

systems inaccessible during the winter months and where storms make seagoing more treacherous, 
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but is also observed in low latitude systems where rainfall and flooding can render some aquatic 

systems inaccessible during peak wet season months.  

As well as large-scale geographical and seasonal biases, there are also problems relating to sampling 

frequency. Long-term, high-frequency measurements of C concentration and water discharge are 

now possible and provide valuable insights into fine-scale C dynamics (Kirchner, 2003; Kyung Yoon et 

al., 2016) but can be very expensive and are thus typically beyond the budget of, and/or precluded 

by the 3 - 5 year funding model typically used to support academic studies. This reduces capacity to 

adequately account for changes over time, especially during storm events when failing to account 

for changes to organic C dynamics can lead to both under- and over-estimation of annual exports 

(Clark et al., 2007; Dhillon and Inamdar, 2014, 2013).  

There are further issues arising from divergences in analytical methods, such as varying pore sizes 

being used for filtering water samples between different research disciplines (e.g. marine vs. fresh 

water), different analytical methods for quantifying C, and the use of indirect rather than direct 

measurement techniques (Abril et al., 2015; Karanfil et al., 2002; Sugimura and Suzuki, 1988; 

Vodacek et al., 1995). The traditional use of 0.45 µm as a filter pore size for DOC analysis has 

resulted in a significant fraction of colloidal OC (COC) being classified as DOC (Yan et al., 2018). DOC 

has a key role in binding and transporting harmful trace metals (Dai et al., 1995), and the form of OC 

directly affects its reactivity (Attermeyer et al., 2018). Thus, accurate quantification of OC form is 

necessary for modelling C degradation and effects on aquatic ecosystem health. Similarly, issues 

exist around sample preservation, with different disciplines preferring e.g. acidification or freezing 

over chilling of samples, despite evidence that freezing significantly alters measured DOC 

concentrations in some systems (e.g. Peacock et al., 2015). Divergence across disciplines can make 

comparison of data problematic. In the case of this thesis, a single sample collection, preservation, 

and analysis methodology was selected to avoid these issues. Details of decision making in this 

regard are given in Appendix A. 

Finally, issues arise from the divergent paradigms adopted by different research communities 

(Kothawala et al., 2020; Marín-Spiotta et al., 2014). Studying the land-ocean export of terrestrial C 

necessitates collaboration across the disciplines of soil, freshwater and marine sciences. This is made 

fundamentally more difficult because the different research communities favour different 

understandings of OC processing (Figure 1-6). The contemporary paradigm in soil science is that 

environmental and biological controls mediate OC stability (Schmidt et al., 2011), although this is not 

yet reflected in many soil carbon models, which typically define turnover rates based on organic 

matter bio-lability. For aquatic systems, molecular composition is considered key (Kellerman et al., 
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2015). Thus, separate communities have used different methods to investigate similar questions. 

Furthermore, the diversity of aquatic environmental typologies around the world has resulted in the 

development and implementation of a range of strategies for aquatic C flux monitoring. 

Understanding and integrating data generated via different methodologies in different components 

of this continuum represents a major challenge for generating land-ocean C flux budgets at every 

scale (i.e. local, regional, continental, and global).  

 

Figure 1-6. Illustration of how our conceptualisation of the dominant controls on organic matter 

degradation has developed across the freshwater, soil, and marine literature. Examples of studies 

driving these diverging conceptualisations are given. Figure taken from Kothawala et al. (2020). 

The cumulative effect of all these issues is that estimates of the land-ocean C flux carry large 

uncertainties, the scale of which varies depending on which component part is being quantified 

and/or discussed. The estimated transfer of C from the LOAC to the open ocean, ~ 1.0 Pg C yr-1; 

henceforth referred to as the marine flux, has not varied significantly in > 40 years and is considered 

to carry low uncertainty. On the other hand, estimates of the transfer of C from land into the LOAC, 

~ 5.1 Pg C yr-1; henceforth referred to as the terrigenous C flux, have steadily increased over the last 

decade (Table 1-1. Inland water fluxes, as calculated by Cole et al. (2007). Input from land is 

calculated as the sum outgassing, storage in sediments, and export to the coastal ocean.Table 1-1). 

This does not reflect a change in real terms, but instead reflects the high degree of uncertainty 

around this estimate, and the incorporation of data from regions for which there none was 

previously available. In light of this uncertainty, the Intergovernmental Panel on Climate Change 

(IPCC) have highlighted the importance of better constraining the land-ocean C flux, particularly in 

the context of the Earth System Models (ESMs) which underpin our understanding of the C cycle: 

“many of the key processes relevant to decomposition of [terrigenous] OM are missing in models… 
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despite their vulnerability to warming and land use change” (IPCC, 2013). For example, the UK ESM 

contains a land surface module (JULES) which does not transfer terrigenous C to the ocean, and a 

marine ecosystem module (MEDUSA) which does not cycle the dissolved organic carbon (DOC) 

which makes up ~ 50 % of the land-ocean flux (Nakhavali et al., 2018; Yool et al., 2013). Thus, if we 

are to quantify the fate of terrigenous C flux in global biogeochemical models, we must improve our 

understanding of the processes which act upon it.   

 Dissolved organic matter (DOM) 

DOM is a complex mixture of thousands if not millions of compounds and the predominant source of 

organic macronutrients to aquatic systems, including C, nitrogen (N), and phosphorous (P). As a 

result, its concentration and composition have implications for a range of critical parameters 

including in-stream metabolism, ecological and biological function, and C cycling (Nebbioso and 

Piccolo, 2013). It is therefore critical that we have the means and understanding with which to 

adequately quantify and characterise it.   

1.3.1 Coloured and non-coloured DOM 

DOM can be classified as either ‘coloured’ (cDOM) or optically ‘invisible’ (iDOM), depending on 

whether or not it absorbs light in the visible (400 – 700 nm) range. Broadly speaking, cDOM tends to 

be more dominant in freshwaters, whereas iDOM tends to be more dominant in the marine 

environment. The wavelength range that a DOM molecule can absorb is determined by the amount 

of energy required to excite one of its electrons to a higher energy level (Figure 1-7). The lowest 

amount of energy required to do this is equal to the difference in energy (ΔE) between the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), otherwise 

known as the HOMO-LUMO gap. The less energy required, the longer the wavelength of light that 

can be absorbed. Exciting electrons in a single sigma (σ) bond requires the most energy and so single 

bonded molecules typically have a large HOMO-LUMO gap. Exciting an electron within a double or 

triple pi (π) bond requires less energy, decreasing the HOMO-LUMO gap. The π bond effect is 

cumulative and the wavelength range a molecule can absorb increases each additional conjugation 

(Figure 1-8). Carbonyl groups (C to O double bonds) also increase the wavelength a molecule is 

capable of absorbing when electron pairs held within non-bonding (n) orbitals are excited to π or σ 

orbitals. A molecule becomes coloured when it is sufficiently conjugated and/or contains enough 

carbonyl groups to lower the HOMO-LUMO gap enough that low energy, visible light can be 

absorbed. As a result, molecules with a simpler structure only absorb light in the ultraviolet (UV) 
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range (10 – 400 nm) and appear invisible to the naked eye, whilst complex molecules absorb in the 

visible range and appear coloured. 

 

Figure 1-7. Diagram showing all possible electron transitions within a molecule. Electron 

transitions occur between bonding and anti-bonding orbitals. Arrows show the energy required to 

excite an electron from one orbital to another. 

1.3.1 DOM absorbance 

DOM absorbance is measured in decadic units with respect to transmission via the common 

logarithm (log 10), and presented per cm (cm-1) or per m (m-1). Measurements are made using a 

spectrophotometer which measures the absorbance of a sample across the UV and visible portion of 

the light spectrum. This typically produces absorbance values at a range of pre-programmed 

wavelengths, the number of which varies according to (a) the capability of the instrument and (b) 

the aims of the study. Where sufficient wavelengths are captured, an absorbance spectra is 

produced (Figure 1-9). It is important to note that absorbance in natural samples refers to the total 

absorbance of the sample, rather than any specific molecule with it; DOM absorbance is a net result. 

Decadic absorbance is sometimes converted into Napierian units with respect to transmission via 

the natural logarithm (ln), with no change to the units used. Naperian absorption coefficients (α) are 

derived from decadic absorbance according to Equation 1-9: 

𝛼 =
2.303 𝑎 

𝑙 
                                                                                                                                              𝑬𝒒𝒏. 𝟏 − 𝟗  
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where α = Naperian absorbance (cm-1), a = decadic absorbance (cm-1), and l = the path length of the 

measurement cuvette (m).  

 

Figure 1-8. Diagram of CH4, C2H4, and CH20 molecules, which contain bonds between sigma (σ), pi 

(π), and non-bonding (n) orbitals. The wavelength range at which each molecule absorbs increases 

with complexity. 
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Figure 1-9. Two absorbance spectra produced from samples collected in the Belize River and 

coastal zone, measured at 1 nm intervals. These example spectra are typical of those expected in 

such environments. 

1.3.2 DOM fluorescence 

Whilst absorbance measures the amount of light absorbed by a molecule, fluorescence measures 

emission of light in response to that absorbance.  This occurs when incident light energy is absorbed 

and then reemitted, often at a different wavelength, as the molecule returns to its ground state. 

DOM fluorescence is measured in terms of its intensity. This is typically expressed as standardised 

Raman Units (RU), but can also be expressed relative to a quinine sulphate standard as Quinine 

Sulphate Units (QSU). Fluorescence measurements carry more specificity and sensitivity than 

absorbance measurements do, and fluorescent DOM (fDOM) accounts for a high proportion of 

cDOM. Thus, fDOM is often used to further interrogate the cDOM pool. 

An excitation-emission matrix (EEM) is a three-dimensional (3D) image produced via fluorescence 

spectrophotometry, where absorbance or ‘excitation wavelength’ (Ex), emission wavelength (Em), 

and fluorescence intensity are plotted simultaneously (Figure 1-10). Each fluorescence scan contains 

a huge amount of information which can be difficult to interpret. EEMs can provide a relatively 

simple way with which to visually assess the composition of the scanned pool. Broad classes of 

compounds (e.g. humic-like vs. protein-like) exhibit characteristic peaks in specific areas (i.e. Coble 

Peaks (Coble 1996; Table 1-4). EEMs also form the basis of Parallel Factor (PARAFAC) analysis, a tool 

commonly used to decompose the DOM pool according to its fluorescent properties (Stedmon et al., 

2003a).  
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Figure 1-10. Fluorescence excitation-emission matrix (EEM) obtained from the Belize River (left) 

and coastal zone (right) during field work for Chapter 2, being dominated by humic-like and 

protein-like fluorescence, respectively. Colour bar indicates fluorescence signal intensity in Raman 

Units (RU).  

 

Table 1-4. Excitation and emission peaks associated with major fluorescence components present 

in seawater, as identified by Coble (1996) and commonly referred to as ‘Coble Peaks’. 

Peak Ex (nm) Em (nm) Characterisation 

B 275 310 Tyrosine-like (Protein) 

T 275 340 Tryptophan-like (Protein) 

A 260 380 - 460 Humic-like 

M 312 380 - 420 Marine humic-like 

C 350 420 - 480 Humic-like 

1.3.3 DOM degradation 

The degradation of DOM can be conceptualized as being driven by molecular and/or environmental 

conditions (Figure 1-6), with the balance of these drivers varying in space and time. At a more basic 

level, however, DOM degradation is driven by two processes: biodegradation (alteration via the 

microbial community) and photodegradation (alteration via light; Figure 1-11).  

Biodegradation occurs when microorganisms alter the molecular structure of a DOM molecule 

(Lucas et al., 2008). Photodegradation occurs when incoming light photons alter the molecular 

structure of a DOM molecule (Kaplan and Cory, 2016). Photodegradation mostly affects cDOM due 

to its much greater absorption of light, but iDOM can also be altered, being oxidised directly by high-
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energy UV light or indirectly by the by-products of cDOM oxidation (Cory et al., 2010a, 2010b; 

Goldstone et al., 2002; Pullin et al., 2004; Scully et al., 2004). 

 

Figure 1-11. Diagram showing the photochemical degradation of DOM through direct and indirect 

pathways. Image based on Kaplan and Cory (2016). 

Additionally, there are interactions between photodegradation and biodegradation which must be 

understood. How do light exposure, water residence time, and DOM residence time interact? How 

and on what time scales are photo-products utilised by the microbial community? Does 

photodegradation rate influence biodegradation rate? (Cory and Kling, 2018). For example, some 

studies find biodegradation to be the dominant form of DOM removal in aquatic systems, with 

microbes removing e.g. 6 to 14 % of the available DOC pool whilst light exposure has little or no 

significant effect, whilst other studies find that photochemical degradation to be dominant (see 

Wiegner and Seitzinger, 2001 and references therein). Photodegradation appears to be particularly 

influential in humic waters where up to 50 % of DOC can be removed under natural light conditions 

whilst non-coloured OM such as sugars exuded by algae tend to exhibit much lower rates of 

photodegradation (0.2 %) (Wiegner and Seitzinger, 2001). 
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 Dissolved organic carbon (DOC) 

DOC is an intrinsic part the DOM pool, contributing ~ 50 % DOM by molecular weight. As a result, 

DOC and DOM are often studied in parallel. DOC is operationally defined as the OC which passes 

through a specific filter pore size, typically in the 0.22 – 0.70 µm range, and in this thesis a definition 

of 0.45 um is used. DOM is the primary food source underpinning aquatic food webs, and its 

remineralisation produces DIC, contributing to acidification in low alkalinity, poorly buffered 

systems, and to CO2 and CH4 outgassing in saturated and/or highly turbulent systems. Recent C 

budgets do not partition the terrigenous C flux into its component parts, but if we assume that DOC 

accounts for ~ 25 % of terrigenous C entering aquatic systems (OC = ~ 50 % C flux; DOC = ~ 50 % OC 

flux) and use Drake et al. (2018)’s total C flux estimate of 5.1 Pg C yr-1, the land-freshwater DOC 

export can be estimated at ~ 1.3 Pg yr-1. Downstream, an estimated ~ 0.45 Pg DOC yr-1 is exported 

out of rivers and into the coastal ocean each year (Cole et al., 2007). 

1.4.1 Direct DOC quantification  

A number of different DOC quantification methods exist, the most common of which are the 

automated quantification of DOC as either non-purgeable organic carbon (NPOC) or total organic 

carbon (TOC). Both methods operate on the principle of separating total carbon (TC) into its 

inorganic (IC) and organic (OC) fractions via acidification and/or catalytic oxidation into CO2, which 

can then be quantified via infrared gas analysis (IRGA) (Figure 1-12).  

The NPOC method is analogous to wet oxidation methods whereby IC is converted into CO2 via 

acidification and then sparged into the atmosphere. Catalytic oxidation converts the remaining (non-

purgeable) OC into CO2, which is quantified via IRGA. Using the TOC method, one aliquot of sample 

water is acidified to convert IC to CO2, and another is subjected to subsequent catalytic oxidation 

and acidification to convert OC + IC (TC) into CO2. The CO2 produced in each step is sparged into a 

closed system, allowing IC and TC to be quantified via IRGA and OC to be derived as TC – IC.   

Neither method is without caveat: TOC analysis is prone to DOC overestimation due to incomplete 

sparging in high DIC samples, whereas NPOC analysis, which is insensitive to DIC concentration, is 

prone to DOC underestimation due to the loss of weakly acidic DOC compounds via flocculation, and 

of volatile organic carbon (VOC) species (Findlay et al., 2010). VOCs are a potentially important part 

of the DOC pool (Dachs et al., 2005), comprised of low molecular weight, hydrophobic molecules 

including small hydrocarbons and alkanes, which typically account for < 10 % of the DOC pool 

(Urbansky, 2001; Wangersky, 1993). Aquatic VOCs are predominantly anthropogenic in origin and 
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VOC concentrations tend to be highest in urbanized and/or polluted systems (Liu et al., 2008). This 

thesis required the analysis of DOC samples from fresh and saline waters spanning a wide range of 

DIC concentrations, none of which were from heavily urbanized or polluted systems, and so the 

NPOC method was selected. 

 

Figure 1-12. Typical analytical scheme for quantification of DOC via NPOC and TOC methods, 

adapted from Findlay et al. (2010). OC = organic carbon; IC = inorganic carbon; TC = total carbon; 

IRGA = infrared gas analysis. 

1.4.2 Indirect DOC quantification 

Indirect quantification of DOC is an integral part of this thesis, and so a greater level of detail is given 

in this section.  

DOC concentrations can also be inferred from DOM absorbance. For more than 50 years, 

researchers have been proposing methods by which a relationship between cDOM absorbance and 

DOC might be used to provide an inexpensive alternative to direct analytical quantification of DOC. 

Initially, these methods used a linear regression approach and absorbance at a single wavelength (λ; 

Equation 1-10): 

[𝐷𝑂𝐶] =  (𝑏 ∗ 𝑎λ + 𝑐)                                                                                                                    𝑬𝒒𝒏. 𝟏 −  𝟏𝟎 
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where [DOC] is the DOC concentration, aλ is absorbance at the wavelength in question, b is the 

model coefficient, and c is the y axis intercept. Variations on this method remain popular (Table 1-5).   

 

Table 1-5. Examples of studies which derive a relationship between cDOM absorbance at a single 

wavelength and DOC concentration. Environment, wavelength (λ; nm), number of samples (n), 

and the R2 value of the best-fit linear regression model are given. 

Source Environment λ R2 

Forsberg (1967) Lake 420 0.80 

Dobbs et al. (1972) Waste water 254 0.85 

Banoub (1973) Lake 260 0.55 

Lewis and Canfield (1977) River 360 0.69 

De Haan (1977) Lake 250 0.80 

Moore (1985) Peat water 330 0.96 

Timperley (1985) River 270 0.79 

Grieve (1986) Stream 360 0.92 

Collier (1987) Stream 360 0.94 

Moore (1987) River, Soils, Stemflow 330 0.75 

Osburn et al. (2011) Marine 300 0.78 

Asmala et al. (2012) Estuaries 375 0.90 

Spencer et al. (2012) River 254, 350, 440 0.89, 0.81, 0.61 

Brezonik et al. (2015) Inland waters 440 0.93 

Massicotte et al. (2017) Land-ocean continuum 350 0.92 

Song et al. (2017) Inland waters 275 0.85 

Griffin et al. (2018) Lakes 440 0.81 

 

However, single wavelength predictions of DOC are only reliable where the composition of the DOM 

pool is relatively consistent, and can exhibit a high degree of spatiotemporal variability, and the 

majority of studies listed in Table 1-5 show data for specific systems and/or occasions where the 

headline relationship does not hold. For example, Spencer et al. (2012) found significantly weaker 

relationships in four of their study rivers: the Colorado, Colombia, Rio Grande, and St Lawrence; 

noting that these are atypical systems which exhibited evidence of autochthonous or anthropogenic 

sources, or photochemically degraded allochthonous DOM. Song et al. (2017) highlighted the fact 

that samples from urban settings exhibited highly variable R2 and slope values due to complex inputs 

and processing of sewage and nutrients. Asmala et al. (2012) found that the relationship between 

DOC and cDOM absorbance was strongest in autumn (R2 = 0.98) and weakest in summer (R2 = 0.36). 

The fact that so many studies find instances where the relationship between cDOM absorbance and 

DOC concentration is weaker than expected is not wholly surprising: variations in cDOM composition 
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are routinely characterised using the ratio of absorbance at a specific wavelength (e.g. 254 nm) to 

DOC (as DOC specific absorbance or SUVA254; Weishaar et al. (2003)).  Site- and season-specific 

calibrations are therefore required, and no ‘global’ model exists with which to predict DOC from 

absorbance using a single wavelength. Recognising this, Fichot and Benner (2011) proposed the 

addition of a second wavelength term, deriving log-linearized DOC via regression against log-

linearized absorbance at 275 and 295 nm (a275 and a295; Equation 1-11): 

ln[𝐷𝑂𝐶] = (𝑎 ∗ (ln 𝑎275)) + (𝑏 ∗ (ln 𝑎295))                                                                              𝑬𝒒𝒏. 𝟏 − 𝟏𝟏 

This approach yielded predictive relationships which were less sensitive to seasonal variation than 

those produced via single wavelength regression (Figure 1-13). 

 

Figure 1-13. DOC concentrations estimated using (a) a single wavelength approach using a355 and 

(b) a two-wavelength approach using a275 and a295. In both cases, all data were log-transformed 

prior to regression. Figure taken from Asmala et al. (2012) 

However, collinearity across a narrow wavelength range calls the appropriateness of this method 

into question.  More complex regressions which avoid this issue are available, but these do not 

typically produce better results. For example, Downing et al. (2009) applied a least squares 

regression analysis to wetland DOC concentrations against 17 optical parameters, including 

absorbance at multiple wavelengths, to produce a more complex model with an R2 of 0.90. Tipping 

et al. (2009) took an entirely different approach, splitting DOC into two components: one strongly 

absorbing (DOCA) and one weakly absorbing (DOCB), based upon their DOC specific absorbance at a 
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given wavelength, otherwise known as their extinction coefficient, Eλ. First, the relative contribution 

of each component to total DOC was established via Equations 1-13 and 1-14:  

[𝐷𝑂𝐶] =  𝑓𝐴 + 𝑓𝐵 = 𝑓𝐴 + (1 − 𝑓𝐴)                                                                                               𝑬𝒒𝒏. 𝟏 −  𝟏𝟑 

𝑓𝐴 =
(𝐸𝜆1,𝐵 −   𝑅 ∗ 𝐸𝜆2,𝐵)  

𝑅 (𝐸𝜆2,𝐴 − 𝐸𝜆2,𝐵) − ( 𝐸𝜆1,𝐴 − 𝐸𝜆1,𝐵)
                                                                                  𝑬𝒒𝒏. 𝟏 − 𝟏𝟒 

where fA and fB are the fractions of components A and B which are present in the sample, Eλ1,A,  Eλ2,A,  

Eλ1,B,  and Eλ2,B are the extinction coefficients of components A and B at wavelengths λ1 and λ2, and R 

is the ratio of absorbance at λ1 and λ2. Extinction coefficients were obtained via Equation 1-15: 

𝐸𝜆 = 𝑓𝐴𝐸𝜆,𝐴 + 𝑓𝐵𝐸𝜆,𝐵 =  𝑓𝐴𝐸𝜆,𝐴 + (1 − 𝐹𝐴)𝐸𝜆,𝐵                                                                   𝑬𝒒𝒏. 𝟏 − 𝟏𝟓  

which was parameterised for 23 different Eλ values defined in Thacker et al. (2008), with all other 

parameters allowed to vary in order to minimize the sum of squares. Derived extinction coefficients 

for a254 and a340 were selected. FA was calculated using Equation 14 and substituted into Equation 15 

in order to calculate E254 or E340, either of which could be divided by the associated absorbance (a254 

or a340) in order to calculate DOC. This produced DOC estimates with an R2 of 0.99 and a root-mean-

squared-deviation (RMSD) of 0.7 mg L-1, which was less than half that produced using a single 

wavelength approach (a254; RMSD = 1.86 mg L-1; R2 = 0.96).  

Tipping’s model was based on a limited number of samples (n = 48) from an apparently broad range 

of environments (streams, rivers, lakes, groundwaters in the UK and North America), but each 

system drained an unmodified or lightly modified landscape in a temperate setting. When applied to 

a highly populated industrial catchment, under-prediction of DOC occurred which was attributed to 

a non-absorbing DOM pool of anthropogenic pollutant origin. Carter et al. (2012) attempted to 

account for this by adding a small, fixed residual term to the Tipping model (Equation 1-16): 

[𝐷𝑂𝐶] =  𝑓𝐴 + 𝑓𝐵 + 0.8 𝑚𝑔 𝐿 
−1                                                                                                    𝑬𝒒𝒏. 𝟏 − 𝟏𝟔 

Using a much larger dataset of c. 1700 samples from across the UK and North America, this model 

used a270 and a340 to produce predictions of DOC with an R2 = 0.98 and an RMSD = 1.1 mg L-1, which 

was superior to the equivalent single wavelength models for a270 (R2 = 0.96; RMSD = 1.9 mg L-1) and 

a350 (R2 = 0.93; RMSD = 2.6 mg L-1). The extinction coefficients derived in Carter et al. (2012) were 

used as ‘global coefficients’ and tested against a selection of published single wavelength studies 

and independent data sets. The uncalibrated global models consistently produced fits which were 

just as good if not better than calibrated single wavelength models, demonstrating the superiority of 

the Carter model. Still, the addition of a fixed residual did not and could not account for variable 
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model fits, and the model still performed poorly in a minority of cases. This included shallow-bottom 

lakes exhibiting extinction coefficients > half of those reported for lightly-absorbing algal DOM. 

1.4.3 Estimating iDOC from cDOM absorbance 

Many of the aforementioned studies report instances of DOC under-prediction associated with 

human activities, for example land-use modification, water course modification, and eutrophication, 

whilst others find under-prediction in more natural settings, for example in long-residence time 

lakes. Almost all of these studies acknowledge the probable role of iDOM in this. Still, the broad 

acceptance of “…the predominant role of cDOM in DOC” (Zhang et al., 2021) persists, and only a 

handful of studies have attempted to quantify or investigate iDOC itself.  

Forsberg, (1967) used a standard single wavelength approach (a420) to estimate DOC in a selection of 

Swedish lakes and then took the y-intercept as an estimate of iDOC, placing it at between 4 – 6 mg L-

1. DOC in that study ranged from 5.5 – 14.3 mg L-1, meaning that iDOC was between 40 – 100 % of 

the total DOC pool. The author suggested that this variation related to in situ processes. However, 

the use of such a high wavelength may have biased the results: extinction coefficients are often zero 

above 400 nm in clear waters, where a lower wavelength would have produced a positive 

absorbance value and therefore, a non-zero cDOC estimate for the same concentration. Asmala et 

al. (2012) took a very similar approach in studying several Finnish estuaries, using a lower 

wavelength (a250-270) and dividing the y-intercept by the average DOC concentration to get mean 

iDOC as a proportion of DOC. Acknowledging that this provided an indication of iDOC contribution 

rather than a quantitative measure of it, they reported a mean iDOC fraction of 32 % (range = 18 – 

59 %), with the highest values recorded in summer and in the most agricultural catchment whilst the 

lowest values were recorded in autumn and in the most peated catchment. 

A quantitative method with which to estimate iDOC came from Pereira et al. (2014) who modified 

the Carter model to estimate iDOC concentrations from an absorbance-based estimate of cDOC and 

a laboratory determined quantification of DOC (Equation 1-17). 

[𝑖𝐷𝑂𝐶] = [𝐷𝑂𝐶] − [𝑐𝐷𝑂𝐶] = [𝐷𝑂𝐶] − (𝑓𝐴 + 𝑓𝐵)                                                                 𝑬𝒒𝒏. 𝟏 − 𝟏𝟕 

From this, they estimated iDOC concentrations in a tropical headwater stream ranging from 4 – 89 

%, with the highest contributions occurring during periods of enhanced surface runoff. Stable 

isotopes indicated that iDOC originated from surface-soil runoff and leaf-litter leachates, and size 

exclusion chromatography (SEC) revealed that it was predominantly composed of mono- and 

polysaccharides and amino- and aliphatic acids. Adams et al., (2018) applied the same model 
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(Equation 17) to a series of eutrophic lakes in the UK and found that iDOC accounted for 0 - 100 % 

DOC and was likely of algal origin. Algal exudates are typically composed of similar compound classes 

to those identified by Pereira et al. (2014) (e.g. saccharides and aliphatic acids). Adams et al., (2018) 

also derived extinction coefficients for algal exudates to parameterise a third cDOM component (fC). 

Their reformulation of the model for three components revealed that ~ 80 % of their initial iDOC 

fraction was not truly colourless, but instead absorbed light very weakly. This demonstrates that 

iDOC is a subjective classification, with its definition defined by the wavelengths and model structure 

selected. DOM presents a spectrum of chemical formulae and structures and we conceptualise its 

behaviour in relative rather than absolute terms. It follows that the subtle increases in molecular 

complexity which are required to shift DOM from truly colourless to very weakly coloured as per  

Adams et al., (2018) are unlikely to lead to dramatically different fates. Thus, whilst the addition of a 

third component was undoubtedly informative, this thesis will consider iDOC as a singular 

component as per Pereira et al. (2014). 

 Aims and objectives 

The overarching objective of this thesis was to improve our understanding of the land-ocean DOC 

flux. Specifically, this thesis aimed to investigate: 

1. The effect of land use on the quantity and composition of terrigenous DOC export (Chapter 2 

and 4); 

 

2. The behaviour, source, and prevalence of iDOC in multiple settings and at multiple scales 

(catchment; land-mass; global) (Chapters 3, 4, and 5); and 

 

3. The importance of including iDOC quantification in absorbance-based investigations of DOC 

(Chapters 4 and 5). 

 Thesis summary 

This thesis consists of four data papers which focus on terrigenous DOM in tropical (Belize; Chapters 

2 and 3) and temperate (Great Britain; Chapters 4 and 5) LOACs, and a short general discussion 

(Chapter 6).  
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1.6.1 Chapters 2, 3, and 4 (Belize) 

The Belize River Watershed drains a substantial fraction of the Mesoamerican rainforest, a global 

biodiversity hotspot undergoing rapid rates of degradation, and enters the coastal environment 

directly adjacent to the Belize Barrier Reef, an integral portion of the world’s second largest coral 

reef system.  

Chapter 2 uses absorbance and fluorescence spectrophotometry to investigate the effect of 

deforestation and agricultural expansion on the quantity and type of cDOM entering the LOAC and, 

ultimately, reaching the reef. Results indicate that ongoing land-use change in the mid-catchment 

has increased the amount of terrigenous soil-derived cDOM in the receiving waterbodies, and that 

this material persists downstream into the coastal environment. Hydrodynamic modelling suggests 

that this material reaches the reef system, where it may have a deleterious effect on various 

economically and environmentally valuable habitats. Chapter 2 also identified a substantial 

decoupling of cDOM absorbance and DOC concentration which was indicative of a large and variable 

iDOC fraction.  

Chapter 3 investigates this decoupling using the Pereira (2014) model described in Section 1.4.3, and 

find that iDOC accounted for ~ 60 % of the riverine DOC pool. I also investigate the bioavailability of 

iDOC and cDOC using dark bioassays, and find that biodegradation rates were positively correlated 

to cDOC concentration rather than iDOC concentration, whilst iDOC concentrations were positively 

correlated with the refractory (non-bioavailable) DOC fraction. This suggests that it is cDOC rather 

than iDOC which fuels biodegradation in the Belize River, which is indicative of environmental 

controls being dominant, rather than molecular ones. 

Chapter 4 builds upon Chapters 2 and 3 to propose a new absorbance and fluorescence-based 

method with which to quantify DOC associated with different cDOC fractions. Whilst this technique 

requires further laboratory validation, it offers a low-resource method with which to translate the 

qualitative findings of fluorescence-based DOM characterisation into quantitative estimates of the 

DOC concentrations associated with different cDOM pools (e.g. humic-like vs. protein-like DOM). 

1.6.2 Chapters 5 and 6 (Great Britain) 

Chapters 5 and 6 focus on a selection of rivers (Chapter 5) and estuaries (Chapter 6) within Great 

Britain (GB; Scotland, England, and Wales) which were selected to be representative of land-use, 

geology, and climate at land-mass scale.  
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Chapter 5 shows that iDOC accounts for ~ 3 % of the DOC pool in a near-natural catchment (Conwy 

Catchment, North Wales), ~ 56 % of the DOC pool in a modified catchment (Tamar Catchment, South 

England), and ~ 22 % of the annual GB DOC flux. Regression modelling revealed that cDOC 

concentrations and fluxes were driven by landscape drivers including % forest cover, % peat soils, 

mean altitude, and rainfall, whereas iDOC concentration appeared to be mostly explained by dairy 

cattle density. These results are placed in context using a compiled ‘global’ dataset of ~ 3,000 paired 

absorbance and DOC samples obtained from > 20 studies spanning a range of geo-climatic settings 

across five continents. On average, iDOC accounted for ~ 26 % of the global DOC pool.  

Chapter 6 investigates estuarine DOC transport through the lens of cDOC and iDOC concentrations. 

Within 12 GB estuaries, cDOC behaviour was almost universally conservative whilst iDOC behaviour 

was almost universally non-conservative. Thus, estuarine DOC transport is broadly conservative 

were cDOC is dominant and iDOC contributions are minimal, and non-conservative where iDOC 

contributions are substantial. Variable non-conservative iDOC behaviour suggests that iDOC from 

different sources (e.g. primary production; wastewater; agriculture; in situ photo- and bio-

degradation) may have different labilities.  

1.6.3 Chapter 7 (General discussion) 

Chapter 7 provides a short synthesis of Chapters 2 – 6 and highlights significant findings, lessons 

learned, and knowledge gaps. Several research questions are proposed which directly build upon the 

work presented in this thesis.  
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 Conversion of forest to agriculture increases 

coloured dissolved organic matter in a sub-

tropical catchment and adjacent coastal 

environment 
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 Key points 

• A shift from broadleaf forest to agri-urban land increased colored dissolved organic matter 

in the Belize River watershed 

https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2021JG006295
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• Humic-like material increased in transit downstream and behaved conservatively in coastal 

waters, indicative of its recalcitrance 

• Land-use change has increased terrigenous dissolved organic matter concentrations 

overlying Belize’s coral reefs 

 Abstract 

Land-ocean dissolved organic matter (DOM) transport is a significant and changing term in global 

biogeochemical cycles which is increasing as a result of human perturbation, including land-use 

change. Knowledge of the behaviour and fate of transported DOM is lacking, particularly in the 

tropics and subtropics where land-use change is occurring rapidly. We used Parallel Factor 

(PARAFAC) Analysis to investigate how land-use influenced the composition of the DOM pool along a 

sub-tropical land use gradient (from near-pristine broadleaf forest to agri-urban settings) in Belize, 

Central America. Three humic-like and two protein-like components were identified, each of which 

were present across land uses and environments. Land use mapping identified a strong (R2 = 0.81) 

negative correlation between broadleaf forest and agri-urban land. All PARAFAC components were 

positively associated with agri-urban land use classes (cropland, grassland, and/or urban land), 

indicating that land-use change from forested to agri-urban exerts influence on the composition of 

the DOM pool. Humic-like DOM exhibited linear accumulation with distance downstream and 

behaved conservatively in the coastal zone whilst protein-like DOM exhibited non-linear 

accumulation within the main river and non-conservative mixing in coastal waters, indicative of 

differences in reactivity. We used a hydrodynamic model to explore the potential of conservative 

humics to reach the regions environmentally and economically valuable coral reefs. We find that 

offshore corals experience short exposures (10 ± 11 days yr-1) to large (~ 120 %) terrigenous DOM 

increases, whilst nearshore corals experience prolonged exposure (113 ± 24 days yr-1) to relatively 

small (~ 30 %) terrigenous DOM increases. 

 Plain language summary 

The transport of land-derived dissolved organic matter into the oceans plays a substantial and 

important role in the global carbon and nutrient cycles. Land-use change can alter the type and 

amount of material being transported, with widespread implications for downstream ecosystems. 

This is particularly true in the tropics and subtropics where land-use change is occurring most 

rapidly, and where research into its effects is often lacking. We investigated whether land-use had 

an effect of the type and amount of land-derived material found in a sub-tropical river system which 
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is experiencing rapid conversion from forest to agricultural land-use and found that streams draining 

agricultural land contained more land-derived material than those draining forests, and a substantial 

fraction of this material reached the coastal environment. We estimated the frequency with which 

this land-derived material reached local environmentally and economically valuable coral reefs, and 

suggest that land-use derived material reaches nearshore corals often and offshore corals rarely. 

 Introduction 

The land-ocean aquatic continuum is a complex network of environments which include streams, 

lakes, reservoirs, wetlands, estuaries, and coastal seas. The lateral transport of terrigenous dissolved 

organic matter (DOM) through this continuum is a significant and changing biogeochemical term 

with widespread implications for global carbon and nutrient cycling (Drake et al., 2018). 

Anthropogenic perturbations including climate change and land-use change are major contributors 

to altered terrigenous DOM transport, and are estimated to have doubled the amount of land-

derived carbon entering the continuum since the start of the industrial revolution, increasing it by ~ 

1 Pg (Regnier et al., 2013). Despite this scale of change, we know relatively little about what happens 

to terrigenous DOM in transit, how much of it reaches the open ocean, or what effects it has therein. 

This lack of understanding hinders our ability to quantify the role of aquatic DOM in global 

biogeochemical cycles, including the potential contribution of land-use change derived DOM to 

anthropogenic CO2 emissions.  

Studies of terrigenous DOM in tropical and sub-tropical catchments are sparse, yet climate change 

effects are disproportionately high in these regions and they are commonly subject to high rates of 

land-use change resulting from ongoing development. Between 1980 and 2000, ~ 80 % of new 

agricultural land originated from the world’s tropical and subtropical forests (Gibbs et al., 2010), and 

the expansion of cropland and pasture continues to be the principal driver of deforestation in the 

developing world (Houghton, 2007; Song et al., 2018). Agricultural expansion has been associated 

with declines in water quality, including those related to shifts in the composition of the DOM pool 

such as reduced water clarity, eutrophication, and deoxygenation (Mello et al., 2018; Singh et al., 

2017; Yang et al., 2012). Shifts in DOM composition are commonly investigated using optical tools 

(absorbance and fluorescence spectrophotometry; Murphy et al., 2010; Stedmon et al., 2003) which 

target the chromophoric or ‘colored’ fraction (cDOM). cDOM can also provide a qualitative measure 

of DOM quantity, with absorbance typically correlating strongly with DOC concentration in 

terrestrially influenced systems (e.g. Carter et al., 2012). Much of the cDOM pool is also fluorescent 
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(fDOM), and methods by which fluorescent properties can be used to investigate cDOM character 

have been well established (Murphy et al., 2010; Stedmon et al., 2003). 

Forests typically accrue relatively aromatic, recalcitrant soil organic matter (SOM) in their surface 

soils (Inamdar et al., 2012) which is highly colored. Deforestation results in reduced soil stability, 

leading to increased export of this material which peaks post-felling and reduces gradually over time 

(West et al., 2004). Conversion of deforested land to agriculture can further enhance SOM export as 

a result of physical disturbance (tillage), hydrological modification (irrigation), and over grazing 

(Condron et al., 2014; Graeber et al., 2015; Klumpp et al., 2009). As a result, agricultural soils are up 

to 60 times as erosive as forest soils (Renard et al., 2017). Recent work suggests that older, less 

aromatic, less highly colored DOM may be released as deeper soil horizons become destabilized. 

This material is more bio-labile and thus, undergoes more rapid remineralization than surface SOM 

(Drake et al., 2019). At the same time, overuse of fertilizers can increase the export of aliphatic and 

low-aromacity, low-colored DOM forms that are also bio-labile (Gücker et al., 2016) whilst 

anthropogenic DOM of a similar character has been shown to increase in urban settings (Arango et 

al., 2017; Smith and Kaushal, 2015). This is particularly relevant in areas where sanitation is poor 

(e.g. Mostofa et al., 2010). Thus, land-use can be the primary explanator of variance in the DOM pool 

where anthropogenic influence is high (Roebuck et al., 2019), and land-use change from forested to 

agri-urban can have profound implications for the quantity and composition of DOM entering the 

land ocean aquatic continuum. Our understanding of forest SOM cycling is dominated by temperate 

studies (Kalbitz et al., 2000), but previous research has shown that tropical and sub-tropical forest 

soils may exhibit higher turnover rates and contain lower SOM stocks than temperate forest soils do 

(Trumbore, 1993) and that they may also contain a substantial pool of less recalcitrant DOM which 

undergoes relatively rapid remineralization once mobilized (Gmach et al., 2020). 

Once in the land-ocean continuum, terrigenous DOM undergoes a range of bio- and photo-mediated 

transformations, driven by a range of biotic and abiotic processes which vary by geographical and 

climatic setting, water residence time, environmental conditions and the molecular properties of the 

DOM (Anderson et al., 2019; Kothawala et al., 2020). Catchment land-use can modify these 

transformations by altering the environmental conditions, water residence time and/or DOM 

composition. For example, inorganic nutrient export from agri-urban settings can promote the in-

situ growth of microorganisms, resulting in an increase in the amount of autochthonous DOM 

present (e.g. algal exudates and protein-like material; Evans et al., 2017; Williams et al., 2016) and 

have been linked with increased DOM diversity (Kamjunke et al., 2019). Altered hydrological 

conditions and increased residence times associated with watercourse modification (e.g. 
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hydroelectric dams and reservoirs) can enhance autochthonous production and the opportunities 

for bio- and photo-degradation (Mayorga et al., 2010; Winemiller et al., 2016). The net effect of such 

transformations across the continuum determines the quantity and composition of DOM exported 

to the ocean.  

Land-ocean DOM fluxes constitute organic carbon subsidies and inputs of bioavailable dissolved 

organic nutrients into the coastal ocean which influence, for example, microbial community 

composition and net ecosystem metabolism, carbonate equilibria, and gaseous carbon fluxes, with 

implications for water quality, productivity, biodiversity, and the global carbon cycle (Lønborg et al., 

2020; St. Pierre et al., 2020). While the economic impacts of nutrient and sediment fluxes on coastal 

ecosystems are well recognized (Fichot and Benner, 2014; Molotoks et al., 2018), increased DOM 

inputs can also negatively impact ecosystem health and the marine economy, notably through 

impacts on coral reefs (Butler et al., 2013; Devlin and Schaffelke, 2012; Sharp et al., 2014). This link 

between land and sea means that the effective co-management of terrestrial and marine 

ecosystems and the economies which rely upon them requires an understanding of terrigenous 

DOM transport and transformation within the aquatic continuum.  

In this study we investigate the character and behaviour of terrigenous DOM in a subtropical 

watershed which has been subject to significant deforestation and agricultural expansion, and which 

drains into an economically and environmentally valuable coastal zone, focusing on the colored and 

fluorescent fraction Belize is the most forested country in Central America, but recent estimates 

place mature forest cover at just 59 % compared to 76 % in 1980, a 25 % loss over 40 years 

(Cherrington et al., 2010; Voight et al., 2019). Agriculture supports ~ 9 % of Belize’s gross domestic 

product (GDP), and is expanding (Prouty et al., 2008; Statistical Institute of Belize, 2019). Belize is 

also home to the Belize Barrier Reef which is a global biodiversity hotspot (Young, 2008) and 

supports ~ 30 % of the country’s GDP via tourism and fisheries related activities (Prouty et al., 2008; 

Statistical Institute of Belize, 2019). 

We studied cDOM character in Belize’s largest catchment, the Belize River Watershed. We 

investigated (1) the influence of land-use change on cDOM character using a forested to agri-urban 

land-use gradient, and (2) the behaviour of land-use change mediated DOM as it moves from land to 

sea. Finally, we employed a hydrodynamic model to investigate connectivity between terrigenous 

cDOM and the environmentally and economically important coral reefs of the Belize Barrier Reef. 

We hypothesized that (1) sub-catchments draining agri-urban land will contain more cDOM than 

sub-catchments draining forested land; (2) humic-like cDOM will be transported downstream and 
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into the coastal environment, whilst protein-like cDOM will be rapidly remineralized; and (3) humic-

like cDOM will persist within the Belize River plume, and reach the Belize Barrier Reef. 

 Methods 

2.5.1 Regional setting 

The Belize River watershed covers an area of 8542 km2. Air temperatures range from 25 to 38°C in 

the wet season (c. May – November), and 16 to 28°C in the dry season (c. December – April). Annual 

precipitation ranges from ~ 2500 mm in upland regions to ~ 1600 mm in lowland regions, ~ 80 % of 

which occurs during the wet season, between October and April. Annual actual evapotranspiration is 

56 – 75 % precipitation, such that annual runoff in sub-catchments ranges from 400 to 1100 mm. 

The Maya Mountains (Figure 2-1) comprise Palaeozoic metamorphic and volcanic rocks with granitic 

intrusions; soils are siliceous, acid, and highly erodible. Surrounding these to the north and west are 

karstic hill systems where Cretaceous limestones and dolomites underlie calcareous soils with better 

agricultural stability. Coastal plains account for ~ 50 km of the downstream length of the Belize River 

and are comprised of Pleistocene alluvium deposits. Agriculture is predominantly banana, sugar, and 

citrus crops, with grazing livestock (Statistical Institute of Belize, 2019; Young, 2008). More detailed 

descriptions of Belize’s physiogeography, soils, geology, land suitability for agriculture  and 

hydrological characteristics are provided elsewhere (Baillie et al., 1993; Esselman and Boles, 2001; 

Hartshorn et al., 1984; Heyman and Kjerfve, 1999; King et al., 1993). 

The Belize River has two principal sub-catchments: the Macal River (1466 km2) and the Mopan River 

(3690 km2) (Figure 2-1). Both drain from relatively pristine forested landscapes above 400m 

elevation within the Maya Mountains, but much of the Mopan catchment lies within the Western 

Uplands region of Guatemala which has been subject to severe deforestation (Karper and Boles, 

2004). The main river stem of the Mopan flows ~ 50 km northeast through agricultural land at ~ 150 

m elevation, before re-entering Belize at the border near Benque. The Macal drains north and passes 

through a series of three hydroelectric dams (henceforth termed ‘the dam complex’), which are also 

intended to serve flood control purposes: the Chalillo (capacity = 120 million m3; build completed 

2005, ~ 380 m elevation), Mollejon (1.7 million m3, completed 1995, ~ 280 m elevation), and Vaca 

(0.12 million m3, completed 2010, ~ 130 m elevation) dams. Physicochemical and ecological impacts 

of these dams are described elsewhere (Lanza, 2019). The Mopan and Macal merge ~ 33 km 

downstream of the border to form the Belize River at an elevation of 60 m. The Belize River then 

continues ~ 120 km north-east, gradually declining in elevation towards the coast at Belize City. It is 
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flanked by mandated riparian forest strips and flows through a predominantly agricultural setting, 

with inputs from agricultural dominated catchments to the north, and less modified, primarily 

forested sub-catchments to the south. The coastal environment to which the Belize River discharges 

supports a considerable tourism sector, diverse fisheries, and mangrove cayes (Young, 2008). 

Notably, the Belize Barrier Reef, a substantial part of the world’s second largest barrier reef system 

(the Mesoamerican Barrier Reef), lies ~ 20 km offshore, with some nearshore coral formations as 

close as ~5 km offshore. Studies have found elevated levels of trace metals, which are indicators of 

landscape derived sediments, in nearby corals influenced by neighbouring catchments which have 

been subject to significant soil erosion due to forest clearance combined with high slope and runoff 

(Heyman and Kjerfve, 1999; Prouty et al., 2008). 

 
Figure 2-1. Map of the Belize River watershed, with sampling locations shown. The Mopan and 

Macal sub-catchments are also shown. 
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2.5.2 Land-use mapping 

Land-use within the Belize River watershed was derived from random forest classification in R (R 

Core Team, 2019a) on composited Sentinel-1 and Sentinel-2 level 2A images captured between 

November 2018 and February 2019 along with a digital elevation model (DEM) (Lehner et al., 2008). 

Model validation data were collected in February 2019 using catchment-wide in-person surveys, 

guided by an existing, coarser resolution country level land cover map (Meerman, 2015). Sub-

watersheds were generated for each sampling location using a DEM and the ArcHydro toolbox. 

Classification errors were < 1% (Table 2-1).  Land-use classes were extracted for each sub-watershed 

as a percentage using zonal statistics. (Table 2-2). 

 

Table 2-1. Confusion matrix, showing actual vs. predicted classifications for each LULC class, along 

with the associated % classification error. Classification errors were all < 1%. The largest 

misclassification occurred between lowland and Submontaine broadleaf, highlighted in bold. 
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Broadleaf 

Savannah 318 7 3 2 23 11 13 4 2 49 13 7 0.364 

Submontaine 

Broadleaf 2 392 0 0 2 4 91 3 0 1 5 0 0.216 

Urban 1 0 432 0 0 36 0 0 7 3 6 0 0.136 

Water 0 0 0 489 10 0 0 0 1 0 0 0 0.022 

Wetland  40 3 0 3 417 1 3 2 17 7 4 1 0.166 

Cropland 14 1 20 0 0 380 1 2 17 8 26 9 0.24 

Lowland 

Broadleaf 3 103 0 0 0 8 353 7 1 3 6 16 0.294 

Mangrove  2 0 0 2 5 4 4 477 0 1 1 4 0.046 

Grassland 0 5 2 0 0 11 5 0 442 4 23 7 0.116 

Pine 

Savannah 43 29 5 0 4 27 11 1 5 306 29 4 0.388 

Plantation 3 0 3 0 1 28 9 1 48 11 393 3 0.214 

Shrub 2 0 0 0 2 3 8 35 2 0 6 442 0.116 

 

Table 2-2 (next page). Land use data as a percentage cover for each sub-catchment, and for the 
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catchment as a whole (simulated point BR_DD). The difference between land-use for the whole 

catchment vs. the tributaries data set is given, demonstrating that this dataset is representative of 

the wider Belize River Watershed. 
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 Tributaries 

BC1 1.88 1.03 1.30 0.02 0.57 3.89 55.74 0.00 7.82 11.47 12.04 4.24 

CD1 1.79 50.97 0.84 0.52 1.09 2.69 25.65 0.00 1.21 7.13 5.71 2.40 

CR1 1.46 0.00 0.74 0.00 0.16 3.95 62.20 0.00 6.35 8.47 12.67 4.01 

GV1 1.88 0.01 0.90 0.01 0.42 3.80 63.46 0.00 5.50 11.90 9.09 3.04 

KW1 2.20 0.00 8.90 0.00 0.15 9.81 43.73 0.00 4.22 4.71 19.69 6.60 

LC1 4.61 0.00 4.22 0.26 0.68 18.18 38.65 0.00 7.06 5.53 13.25 7.55 

MC1_BR 3.24 32.50 1.49 0.51 1.05 3.63 31.13 0.00 2.49 14.29 7.16 2.51 

MC2_BR 3.24 32.46 1.50 0.51 1.05 3.66 31.10 0.00 2.51 14.28 7.18 2.52 

MP1_BR 1.54 19.82 3.10 0.02 0.28 9.24 24.04 0.00 18.15 9.43 12.03 2.35 

MP2_BR 1.50 18.87 3.15 0.03 0.28 9.07 24.86 0.00 18.29 9.19 12.29 2.47 

MT1 7.50 0.00 1.54 0.02 2.36 11.18 34.33 0.00 2.71 4.63 24.36 11.38 

MtP1 1.48 0.00 0.35 0.00 0.08 4.09 65.07 0.00 2.39 2.86 15.01 8.66 

MtP2 1.86 0.00 7.96 0.00 0.14 7.34 51.54 0.00 3.35 4.04 16.80 6.97 

RC1 4.86 5.71 1.71 0.05 1.84 7.13 49.21 0.00 3.64 8.85 11.61 5.38 

RC2 7.58 10.03 0.75 0.12 2.58 3.82 43.78 0.00 1.58 16.82 8.11 4.84 

RN1 9.24 6.32 2.84 0.00 1.28 7.60 3.76 0.00 3.61 50.33 13.28 1.75 

SP1 1.19 0.00 11.65 0.21 0.17 13.24 3.42 0.00 51.42 3.32 12.59 2.78 

SP2 2.40 0.00 3.65 0.00 0.07 12.63 18.05 0.00 35.19 5.87 15.73 6.42 

SP3 1.01 0.00 0.32 0.01 0.05 4.13 43.14 0.00 10.68 4.95 15.98 19.72 

SP4 1.57 0.00 3.17 0.28 0.22 9.76 44.75 0.00 21.72 3.85 11.14 3.53 

Averages 3.10 8.89 3.00 0.13 0.73 7.44 37.88 0.00 10.49 10.10 12.79 5.46 

 Whole Catchment 

BR_DD 5.39 13.95 2.72 0.51 1.55 8.77 31.71 0.10 10.71 9.46 11.26 3.86 

Difference 2.29 5.06 -0.28 0.38 0.82 1.33 -6.17 0.10 0.22 -0.64 -1.53 -1.60 

 Main River 

BR_BR1 1.98 22.30 2.71 0.17 0.49 7.60 26.60 0.00 14.08 10.54 10.98 2.55 

BR_BR2 1.97 21.10 2.72 0.17 0.50 7.65 27.56 0.00 14.15 10.50 11.06 2.63 

BR_BR3 2.11 19.32 2.79 0.16 0.55 7.94 28.97 0.00 13.61 10.15 11.48 2.92 

BR_BR4 2.12 18.93 2.87 0.16 0.55 8.40 28.98 0.00 13.42 10.02 11.57 2.99 

BR_BR5 2.20 18.41 2.87 0.16 0.56 8.78 29.23 0.00 13.13 9.88 11.73 3.07 

BR_BR6 2.24 18.13 2.84 0.16 0.56 8.75 29.88 0.00 12.94 9.77 11.64 3.11 

BR_BR8 2.45 16.51 2.96 0.17 0.57 9.58 30.68 0.00 12.41 9.39 11.78 3.52 

BR_BR9 2.44 16.47 2.95 0.17 0.57 9.56 30.76 0.00 12.38 9.37 11.76 3.56 
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BR_BR10 2.55 16.32 2.94 0.17 0.60 9.52 30.81 0.00 12.31 9.38 11.77 3.62 

BR_BR11 2.55 16.29 2.93 0.17 0.61 9.51 30.85 0.00 12.31 9.37 11.77 3.64 

BR_BR12 4.86 14.27 2.65 0.50 1.37 8.77 31.99 0.00 10.94 9.44 11.38 3.83 

Averages 2.50 18.00 2.84 0.20 0.63 8.73 29.66 0.00 12.88 9.80 11.54 3.22 

 

Eleven distinct classes were identified: submontaine broadleaf forest, lowland broadleaf forest, 

plantation, urban, grassland, cropland, wetland, inland waters, pine savanna, broadleaf savanna, and 

shrub. Land-use varied significantly (ANOVA; p = < 0.05) between tributary sampling locations, and a 

strong negative correlation (R2 = 0.81) was observed between % broadleaf forest (lowland and 

submontaine) and % agri-urban (cropland, grassland, plantation, and urban) land-use (Figure 2-2). 

Land-use did not vary significantly along the length of the main river (ANOVA; p > 0.42; Figure 2-3), 

and so was excluded as an explanatory variable within the main river dataset. A land cover map of 

the watershed is given in Figure 2-4. 

2.5.3 Water sample collection 

Water samples were collected during 3 visits between October 2018 and October 2019 at locations 

shown in Figure 2-1 (split by sampling visit in Figure 2-5). The dam complex (October, 2019) and 

tributaries (November 2018, January, 2019, and October, 2019) were sampled from the riverbank 

using a plastic bucket. A rigid inflatable boat was used to conduct a sampling transect of the main 

river trunk (November 2018), and a small research vessel was used in coastal waters (November 

2018, October 2019). Specific conductance, salinity, pH, and water temperature were recorded at 

each sampling location using a Hach-Lange® handheld Multimeter probe (Hach, USA). Sampling of 

the main river trunk operated as a single transect from the Belize-Guatemala western border to the 

limit of the freshwater extent, near Belize City, and water was collected at intervals selected to 

approximately equidistant whilst avoiding sampling directly from incoming tributaries. Coastal 

sampling was conducted as three distinct transects adjacent to the Belize River outflow, covering the 

inshore region, the mid-section, and the adjacent portion of the Belize Barrier Reef, with samples 

taken across the full range of observed salinities (0 – 38 ppt). The boat was allowed to deviate from 

the planned transect lines to locate and sample the freshwater plume, which was identified 

according to salinity.  
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Figure 2-2. Land use data for the tributaries sampling points, presented as a bar chart. Categories 

have been simplified for plotting: Broadleaf = submontaine and lowland broadleaf; Savanna = pine 

and broadleaf savanna; Agriculture = cropland, grassland, plantation, and urban; other = wetland, 

inland water, and shrub. A land-use gradient from broadleaf dominated to agri-dominated exists.  

 

 

Figure 2-3. Land use data for the main river sampling points. Category groupings are as Figure 2-2. 

A high degree of similarity in land use was observed along the river transect, from BR_BR1 at the 

Guatemala-Belize border to BR_BR12 close to the freshwater limit of the Belize River. 
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Figure 2-4. Land cover map for the Belize River watershed, with sub-catchments delineated. 
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Figure 2-5.   Map of the Belize River Watershed 

showing sampling points associated with each 

sampling trip: November 2018 (top), January 2019 

(middle), and October 2019 (bottom).  Main river and 

coastal samples are shown as crosses, with tributaries 

shown as white diamonds and dams shown as grey 

diamonds. Background map source: Source: Esri, 

DigitalGlobe, GeoEye, Earthstar Geographics, 

CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the 

GIS User Community 
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Samples for determination of DOC concentration were filtered (0.45 µm Fischer® cellulose acetate) 

into Nalgene® HDPE bottles and stored cool and dark until their return to the laboratory. Freshwater 

DOC samples were then stored at 4°C. Saline DOC samples were frozen prior to analysis in 2018 and 

chilled in 2019.  A comparison of absorbance spectra (Section 2.5.4) produced by samples subject to 

each treatment indicated no statistically significant differences (ANOVA; p value > 0.05) and so the 

DOC data are considered comparable. Samples for optical measurement were filtered (0.45 µm 

Fischer® cellulose acetate) into Wheaton® amber borosilicate glass vials bottles and stored cool and 

dark until their return to the laboratory, then at 4°C in the dark. All sample bottles were acid washed 

(24hrs in 10 % v/v Hydrochloric Acid) and Milli-Q® rinsed prior to use, and were triple rinsed with 

sample filtrate before use. Cellulose acetate filters were flushed with 100ml sample water prior to 

use. 

2.5.4 Laboratory analysis 

All laboratory analyses were conducted in the UK. DOC was determined by Pt-catalysed combustion 

against glycine and potassium hydrogen phthalate standards and pure water blanks using a TOC-

VCPN analyser (Shimazdu, Japan). Standards and blanks were run every 10 samples. Reproducibility 

of standards was within 2 % in the range 0 – 50 ppm. Absorbance spectra (200-800 nm) were 

determined at 1nm intervals using a Cary 60 UV-Vis dual beam spectrophotometer (Agilent, USA) 

against ultrapure water (Milli-Q®). Absorbance at 254nm (a254) is presented as a measure of cDOM. 

Fluorescence was measured using a Cary Eclipse scanning fluorescence spectrophotometer (Agilent, 

USA), corrected for instrument specific biases following manufacturer protocols, for excitation (Ex) 

wavelengths of 255 – 400 nm (5nm intervals) and emission (Em) wavelengths of 280 – 500 nm (2nm 

intervals). Ex and Em slit widths of 5nm were employed, with a PMT voltage of 725 v and scan rate of 

9600 nm/minute. Blanks were obtained using both ultrapure water in analytical cuvettes, and a 

sealed pure water standard (Starna® USA), and comparison of these were not statistically different. 

No samples were sufficiently optically dense to require dilution to enable robust inner-filter 

corrections (Kothawala et al., 2013). 

2.5.5 PARAFAC modelling 

Excitation-Emission Matrices produced via fluorescence spectrophotometry were modelled via 

parallel factor (PARAFAC) analysis, which is a tool commonly used to decompose the cDOM pool 

according to its fluorescent properties (Stedmon et al., 2003a). Fluorescence data were modelled by 

in R using the StaRdom package (version 1.1.14, Pucher et al., 2019; R Core Team, 2019). Non-

negativity constraints were applied to normalized data, following standard pre-processing protocols 
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for which blanks specific to each analytical run were used for correction and normalization of Raman 

peaks (Murphy et al., 2010). Excitation wavelengths < 255 nm were discarded due to increased noise 

at those wavelengths. Identification of PARAFAC components was undertaken using the OpenFluor 

database of published fluorescence spectra (www.openfluor.org; accessed 06/07/2020), using a 95% 

similarity criterion (Murphy et al., 2014). Sample fluorescence was calculated as the sum of peak 

fluorescence values (Fmax) associated with each PARAFAC component. 

2.5.6 Theoretical mixing lines 

Theoretical conservative mixing lines for component fluorescence and DOC were plotted according 

to a standard two-endmember mixing model (Equation 2-1) where FSW is the theoretical fraction 

saline water in the sample, XSW is the endmember concentration for saline water, FFW is the 

theoretical fraction fresh water in the sample, and XFW is the endmember concentration for fresh 

water.  Conservative mixing indicates that any reduction in fluorescence or concentration within the 

coastal zone is the result of dilution (i.e. no net addition or removal of fluorescent DOM or bulk 

DOC). Divergence from the associated theoretical mixing line therefore indicates net addition (data 

points above the line) or removal (data points below the line) in transit.  Endmember salinities were 

0 and 36.1 ppt in 2018, and 3.3 and 37.8 ppt in 2019, with the model extrapolated from 0 – 38 ppt as 

required. 

𝑀𝑜𝑑𝑒𝑙𝑙𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 =  (𝐹𝐹𝑊 𝑥 𝑋𝐹𝑊) + (𝐹𝑆𝑊 𝑥 𝑋𝑆𝑊)                                                                    𝑬𝒒𝒏. 𝟐 −  𝟏  

2.5.7 Hydrodynamic model 

A coastal hydrodynamic model of 1/60° horizontal resolution was used to investigate the potential 

for the Belize River plume to influence the local region of the BBRRS, using salinity as a tracer (Figure 

2-6). For this we used the NEMO (Nucleus of a European Model for the Ocean; https://www.nemo-

ocean.eu/), largely following the shelf-sea configuration setup for high resolution operational 

forecasting in the NW European continental shelf (Graham et al., 2018; Guihou et al., 2018). NEMO 

integrates the three dimensional equations of motion on a regular horizontal grid (here 

approximately 1.0km). The domain spans the length of the eastern coast of the Yucatan peninsula 

(Figure 2-6).  There are 31 terrain following coordinates in the vertical, giving the same number of 

levels at each horizontal cell, except where the coordinate surfaces are too steep, in which case 

levels ‘beach’ into the seabed using the envelope bathymetry approach, which alleviates the need 

for bathymetry smooth while still constraining the horizontal pressure gradient error. NEMO solves 

for 3D currents, temperature, salinity and turbulent properties with a 60s time step (internal mode). 

file:///C:/Users/slf1e17/Dropbox/A%20Folder/Thesis/Final%20Cut/www.openfluor.org
https://www.nemo-ocean.eu/
https://www.nemo-ocean.eu/
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Output is saved daily for 3D variables and hourly for surface and depth mean currents, and sea 

surface elevation. The model uses a pre-release version of NEMO V4, following setup approach used 

in the NEMO Regional Caribbean Model (https://zenodo.org/record/3228088#.YB0VcXmnxhE). 

 

Figure 2-6. Hydrodynamic model domain and example current and salinity fields (1st October, 

2015). Current vectors every 8th grid cell are shown. 

https://zenodo.org/record/3228088%23.YB0VcXmnxhE
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The model was run for a 21-year period (1995 – 2015) and forced by atmospheric fields from the 

ERA5 reanalysis (European Centre for Medium-Range Weather Forecasts, 2019), hydrography, 

residual currents, and elevation from a 1/12° (~9km) global NEMO model, and tides from FES2014 

(Lyard et al., 2020). River freshwater inflows from the four major rivers in the region (Hondo, Belize, 

Motaqua, and Ulua) were taken from GlobalNEWS2 (Mayorga et al., 2010), and modulated by the 

mean annual flow cycle from the Belize River ‘DoublerunQ’ flow gauge (data provided by 

Department of Natural Resources, Belize).  

The Belize Barrier Reef was mapped into georeferenced coral reef polygons obtained from the 

Global Distribution of Coral Reefs dataset (UNEP-WCMC, 2018). Salinity thresholds were selected 

based on a combination of previous studies (Purdy et al., 1975; Sweetman et al., 2019), field data, 

and local knowledge of minimum salinity conditions overlying nearshore (~20 ppt) and offshore (~ 30 

ppt) corals. The number of days when salinity went below these thresholds was counted for each 

reef polygon, and these data were converted to monthly averages across the 21-year model run. 

2.5.8 Statistics 

All statistics were done in R (R Core Team, 2019a) and all analyses used an alpha of 0.05. 

Assumptions of normality and heteroscedacity were met. Analysis of Variance (ANOVA) was used to 

identify differences between sampling trips and environments. No significant difference (p > 0.05) 

was observed between sampling year within the tributaries, and so those data were grouped for 

analysis. Cooks distance was used where appropriate to identify and examine outliers. Relationships 

between land-use, DOC, and component fluorescence intensities within the tributaries were 

investigated using stepwise multiple linear regression analysis, with the final model selected by 

Akaike information criterion (AIC). Collinearity between land-use classes was examined using 

Variance Inflation Factors (VIF; ‘car’ package, Fox and Weisberg, 2011) and explanatory variables 

were removed from models in decreasing order of VIF score until all scores were < 5.  This resulted 

in the removal of broadleaf forest (collinear with grassland (R2 = 0.67), cropland (R2 = 0.66), urban (R2 

= 0.54), and plantation (R2 = 0.18)), broadleaf savanna (collinear with wetland (R2 = 0.68), pine 

savanna (R2 = 0.36) and grassland (R2 = 0.14)), and shrub (collinear with plantation (R2 = 0.61), 

cropland (R2 = 0.18), and pine savanna (R2 = 0.13)). The relationship between land-use and the 

composition of the fluorescent DOM pool was then investigated using redundancy analysis (RDA; 

‘vegan’ package, Oksanen et al., 2019),  in which the best fit was backwards selected using F 

statistics. 
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 Results 

2.6.1 DOC vs. cDOM 

We observed a significant positive relationship between DOC and absorbance (R2 = 0.52; p = < 2.2 x 

10-16), but the strength of this relationship varied depending on location. It was stronger in the 

tributaries (R2 = 0.75; p = 1.89 x 10-9) and coastal zone (R2 = 0.52; p = < 2.2 x 10-16) and weaker in the 

main river (R2 = 0.15; p = 0.07) and dam complex (R2 = -0.47; p = 0.87). This is indicative of a variable 

decoupling between DOC and cDOM. The system contains a substantial and variable portion of non-

colored, non-absorbing DOM. However, we observed a strong positive correlation between a254 

and sample fluorescence (R2 = 0.89; p = < 2.2 x 10-16), indicating that the cDOM pool is highly 

fluorescent (Figure 2-7). We therefore present DOC data as an indicator of total DOM concentration 

and characterize the cDOM pool according to its fluorescent characteristics.  

 
Figure 2-7  Plots of (left) DOC vs a254 showing a variable decoupling between the two 

measurements, and (right) sample fluorescence vs a254. 

2.6.2 PARAFAC results 

A total of 207 excitation emission matrices were included in the analysis, resulting in a five-

component model which explained 98.2 % of sample fluorescence, and which was split-half 

validated for randomized divisions of the dataset (Tucker’s Congruence Coefficients > 0.91 for Ex 

loadings and > 0.96 for Em loadings). Loadings and contour plots are given in Figure 2-8 and Figure 

2-9, respectively. 
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Figure 2-8. PARAFAC loadings plots for C1 – C5, showing (top) excitation wavelengths and 

(bottom) emission wavelengths. 



Chapter 2 

60 

 

Figure 2-9. PARAFAC contour plots for Components C1 - C5. 
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The five components identified, henceforth termed C1 – C5, were characterized as terrestrial humic-

like (C1 – C3) and protein-like (C4 and C5) through  comparison with Coble Peaks (Coble, 1996) and 

two studies in which all components were also found: a large (~ 1,500 data point) model of 

fluorescence in municipal water schemes (Murphy et al., 2011), and a study of the Congo River 

network (Lambert et al., 2016) (Table 2-3). This characterization was further verified using the 

OpenFluor database (Murphy et al., 2014). The identified humic-like components (C1 – C3) have 

different sources and characteristics. C1 was characterized as highly aromatic material of terrigenous 

origin (likely SOM), C3 as lightly aromatic material of microbial origin, and C2 lightly aromatic 

material that may be linked to nutrient pollution and/or wastewater (Table 2-3). Previous work 

indicates that C1 may be susceptible to photodegradation, whilst C3 may be a product of 

photodegradation (Lambert et al., 2016). The protein-like components (C4 and C5) were both 

characterized as highly labile material of autochthonous origin, with C4 being tyrosine-like and C5 

being tryptophan-like. 

 

 

Table 2-3. Characterization of fluorophores C1 – C5 according to excitation and emissions maxima, 

Coble Peaks (Coble, 1996), a large PARAFAC model (Murphy et al., 2011), and a study of DOM 

composition in a tropical river network (Congo; Lambert et al., 2016) which gained supplemental 

insight using molecular techniques. That insight is given in italics. 

 Ex max 
(nm) 

Em max 
(nm) 

Coble Peaks Murphy et al. (2011) Lambert et al. (2016) 

C1 
<255 
(355) 

470 
C 

Humic-like 
(350, 420-480) 

G1 – Terrestrial humic-like 
fluorescence  

C1 – Terrestrial humic-like. 
High aromaticity, high 

molecular weight (MW) , 
photo sensitive 

C2 
<255 
(310) 

410 

M 
Marine humic-

like 
(312, 380-420) 

G2 – Microbial humic-like 
fluorescence 

C2 – Microbial humic-like. 
Aliphatic, low MW 

C3 360 438 
C 

Humic-like 
(350, 420-480) 

G3 – Wastewater / 
nutrient enriched tracer 

C5 – Humic-like 
Low aromaticity, low MW. 

photoproduct 

C4 265 
 

314 
 

B 
Tyrosine-like 

(275, 310) 
G7 – Tyrosine-like  

C6  - Protein-like 
Aliphatic, low MW, 

autochthonous, biolabile 
 

C5 290 352 

T 
Tryptophan-

like 
(275, 340) 

G6 – Tryptophan-like 
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2.6.3 DOM composition in the Mopan and Macal Rivers 

The Mopan and Macal Rivers both have their headwaters in the Chiquibul Nature Reserve. The 

remote nature of the reserve made sampling difficult, and we could not gather sufficient samples 

within it to allow us to test the significance of our result. Given the lack of available data for the 

region, we present the data we could obtain as indicative only.  

In 2018, two headwater samples were taken immediately before and after the confluence of a first 

and second order stream which feeds the Macal. Sample fluorescence was higher after the 

confluence (5.31 RU) than it was before it (1.16 RU), but the composition of the fluorescence pool 

was broadly similar across both samples (mean = 41% C1, 31% C2, 19% C3, 5% C4, and 3% C5). Water 

originating in the Chiquibul reserve is transported to the Belize River via either the Macal and the 

dam complex, or the Mopan and Guatemala. Fluorescence in the Macal had dropped to 0.8 RU after 

transit through the dam complex, whilst fluorescence in the Mopan had dropped to 1.1 RU after 

transit as it re-entered Belize at the Guatemalan border). Despite this similarity in post-transit 

fluorescence values, the composition of the fluorescence pools had clearly diverged in transit. In the 

Macal, we observed a net decrease in the contribution of highly aromatic fluorescence (C1 = -6%) 

and a net increase in the contribution of protein-like fluorescence (C4 = +3%; C5 = + 4%). In the 

Mopan, we observed a net decrease in the contribution of microbial humic-like fluorescence (C3 = -

10%) and a net increase in the % contribution of both highly aromatic (C1 = + 3%) and lightly 

aromatic (C2 = + 7%) terrigenous material. In short, cDOM in the Macal became more 

autochthonous in nature after transit through the dams, and cDOM in the Mopan became more 

allochthonous in nature after transit through Guatemala’s Western Uplands. 

2.6.4 The influence of land use on DOM composition 

Multiple regression analysis identified significant relationships between land use and both cDOM 

fluorescence and DOC concentration within the tributaries (Table 2-4). Agricultural land (cropland 

and grassland) was the primary explanator of both fluorescence and DOC concentration. Cropland 

was the major explanator of humic-like (C1- C3) fluorescence (69, 68, and 65 % variance explained, 

respectively). Grassland was the primary explanator of protein-like (C4 and C5) fluorescence and 

DOC concentration (64, 56, and 51 % variance explained, respectively). Urban land was correlated 

with protein-like (C4 and C5) fluorescence (5 % and 7 % variance explained, respectively). The extent 

of inland water upstream of the sampling point explained a consistent portion of humic-like (C1 – 

C3) and C5 protein-like fluorescence (3 – 5 % variance explained) but was not significant for C4 

protein-like fluorescence or DOC concentration.  
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Table 2-4. Multiple linear regression models for predicting DOM fluorescence intensity and DOC 

concentration as a function of % land-use. Coefficient standard errors and % variance explained 

are given in parentheses. For each parameter, the primary land use explanator is highlighted in 

bold. 

 R2 Intercept Grassland Cropland Water Urban 

C1 0.79 
-0.54 

(0.15) 

0.02 

(0.01, 6.58) 

0.13 

(0.02, 69.24) 

1.08 

(0.03, 5.13) 
- 

C2 0.83 
-0.43 

(0.12) 

0.02 

(0.01, 11.81) 

0.09 

(0.02, 68.35) 

0.89 

(0.30, 5.04) 
- 

C3 0.73 
-0.11 

(0.05) 

0.01 

(0.00, 7.58) 

0.03 

(0.01, 65.22) 

0.22 

(0.11, 3.46) 
 

C4 0.67 
0.03  

(0.01) 

0.001 

(0.001, 64.00) 
- - 

0.004 

(0.002, 5.10) 

C5 0.68 
-0.03 

(0.03) 

0.01 

(0.001, 55.56) 
- 

0.20 

(0.11, 4.26) 

0.02 

(0.01, 6.94) 

DOC 0.56 -1.03 (1.59) 
0.16 

(0.06, 51.24) 

0.46 

(0.22, 6.22) 
- - 

 

Redundancy analysis identified broadly similar relationships to multiple linear regression modelling 

(Figure 2-7). Grassland (F statistic = 35.11 on 1 and 26 degrees of freedom (DF)), cropland (F = 8.78 

on 1 and 25 DF) and inland water (F = 3.39 on 1 and 24 DF) all significantly increased the amount of 

variance explained for cDOM fluorescence and DOC concentration (p < 0.05 in all cases). RDA 1 

explained 70 % of total variance in DOC and DOM fluorescence and ordinated the data points along 

a land use gradient whereby samples from sites with > 50 %  broadleaf forest cover has positive 

loadings and samples with < 40 % broadleaf forest cover had negative loadings. RDA 2 explained a 

further 3% of variance. 

Sites draining land with < 40 % broadleaf forest cover (henceforth termed ‘agri-urban dominated’) 

had significantly higher sample fluorescence intensities and DOC concentrations than sites draining > 

40% broadleaf forest (henceforth termed ‘broadleaf dominated’) (p > 0.002). Agri-urban dominated 

sites contained significantly higher proportions of humic-like C1 (p = 0.03) and C2 (p = 0.04) 

fluorescence, whilst broadleaf dominated sites contained a significantly higher proportion of 

protein-like C4 fluorescence (p = 0.02). No significant difference was observed for the proportions of 
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humic-like C3 (p = 0.17) and protein-like C5 (p = 0.95) found in these samples.  Mean sample 

fluorescence was 3.86 ± 1.83 RU for agri-urban dominated sites, and 0.80 ± 0.72 RU for broadleaf 

dominated sites, with associated mean DOC concentrations of 10.1 ± 5.6 mg L-1 3.2 ± 4.1 mg L-1, 

respectively. Fluorescence contributions were 42 ± 4 % C1, 36 ± 4 % C2, 11 ± 2 % C3, 3 ± 1 % C4, and 

7 ± 5 % C5 for agri-urban, and 38 ± 5 % C1, 33 ± 4 % C2, 12 ± 2 % C3, 10 ± 8 % C4, and 7 ± 3 %  C5 for 

broadleaf dominated sites. 

 

Figure 2-10. Redundancy analysis plot showing the relationships between land-use, DOC, and 

cDOM fluorescence. Data points represent individual samples, and are categorized according to % 

broadleaf forest. Land-use classes as plotted as arrow vectors, and DOC concentration and cDOM 

fluorescence are shown as text labels 

2.6.5 Behaviour of cDOM and DOC in downstream receiving waters 

In 2018, we found a net increase in DOM fluorescence and DOC concentration between the start of 

the Belize River (at the confluence of the Mopan and Macal Rivers) and the limit of freshwater 

extent during the 2018 Belize River transect (Figure 2-11). This was duplicated during our 2019 

coastal sampling trip (Figure 2-11). Humic-like DOM components (C1 – C3) increased with increasing 
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distance from the confluence in a linear fashion within the main river stem (R2 = 0.89, 0.88, and 0.86) 

and appeared to decline as a linear function of salinity (i.e. behaved conservatively) within the 

coastal zone (Figure 2-11). There is some evidence of the addition of humic-like fluorescence in the 

mid-salinity range which we attribute to the mixing of waterbodies (carried south from the outflow 

from the Rio Hondo, for example) as opposed to in-situ addition.  

C4 protein-like DOM fluorescence exhibited a non-linear increase in the main river stem, and 

behaved non-conservatively within the coastal zone, with evidence of net addition at higher 

salinities. DOC concentrations behaved similarly to C4. C5 fluorescence exhibited a linear increase 

with distance downstream, albeit to a lesser degree than C1 – C3 (R2 = 0.55). During 2018, C5 

behaved non-conservatively in the coastal zone with evidence of addition at high salinities during 

the 2018 sampling. In 2019 C5 appeared to behave somewhat conservatively, and was present at 

much lower intensity than 2018.   

2.6.6 Does DOM from the Belize River Watershed reach the Belize Barrier Reef? 

The conservative behaviour of humic-like (C1 – C3) DOM allowed the associated fluorescence values 

to be statistically modelled across the full salinity range (0 – 38 ppt) using theoretical mixing lines 

(section 2.6). We found no significant difference between modelled fluorescence intensities across 

years (p < 0.04), and so the modelled values were averaged to provide an estimate of DOM 

fluorescence at any given salinity point.  

Modelled salinity over the outer reefs adjacent to the river outflow had a mean value of 34.07 ± 1.16 

(SD) ppt (range = 30.60 – 35.33), with a mean yearly minimum value of 29.1 ± 0.51 ppt (range = 28.2 

ppt - 29.9 ppt). Salinities overlying this portion of the reef dropped below 30 ppt for an average of 10 

± 11 days yr-1 (Table 2-6; Figure 2-12), during which time estimate fluorescence intensities in 

overlying waters were more than double those predicted under ‘normal’ (34 ppt) conditions (C1 = 

121 %; C2 = 111 %; C3 = 108 %).  

Near-shore coral formations in close proximity to the Belize River outflow were subject to low-

salinity (< 30 ppt) conditions throughout most of the year (356 ± 12 days yr-1), and mean salinity was  

24.33 ± 3.08 ppt (range = 18.57 – 31.01). Salinity dropped below 20 ppt for 113 ± 24 days yr-1 Table 

2-7), during which time estimated fluorescence intensities in overlying waters were around 30 % 

higher than those predicted at ‘normal’ (24 ppt) conditions (C1 = 30 %; C2 = 29 %; C3 = 20 %), and 

around 130% higher than those predicted at 30 ppt (C1 = 136 %; C2 = 132 %; C3 = 130 %). 
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Figure 2-11 (previous page). Relationships between cDOM fluorescence and DOC concentration as 

a function of (left) distance downstream from the start of the Belize River, with solid line black line 

indicating significant linear relationships (p < 0.05) and (right) salinity within the adjacent coastal 

environment, with theoretical mixing lines indicated by solid (2018) and dashed (2019) dark grey 

lines. Data from 2018 are shown as dark grey diamonds. Data from 2019 are shown as light grey 

squares. 

 

 

 

 

 

 

 

Table 2-5. Modelled fluorescence for DOM components and DOC at 20, 24, 30, and 34 ppt in 

November 2018 and October 2019. Values were obtained via theoretical mixing lines.  

Conservative components (C1 – C3) are discussed in the text. Conservative fits for other (non-

conservative) components (C4, C5, and DOC) are provided for interest only. 

Salinity 

(ppt) 
Year 

C1  

(RU) 

C2  

(RU) 

C3  

(RU) 

C4  

(RU) 

C5 

(RU) 

DOC 

(mg L-1) 

20 

2018 0.545 0.451 0.131 0.030 0.070 3.13 

2019 0.421 0.361 0.103 0.045 0.039 2.85 

Mean 0.483 0.406 0.117 0.038 0.055 2.99 

24 

2018 0.418 0.348 0.100 0.027 0.056 2.70 

2019 0.325 0.279 0.080 0.042 0.031 2.44 

Mean 0.371 0.314 0.090 0.034 0.044 2.57 

30 

2018 0.227 0.194 0.055 0.022 0.035 2.06 

2019 0.181 0.157 0.047 0.036 0.019 1.83 

Mean 0.204 0.175 0.051 0.029 0.027 1.94 

34 

2018 0.100 0.091 0.024 0.019 0.021 1.63 

2019 0.085 0.075 0.025 0.033 0.011 1.42 

Mean 0.093 0.083 0.024 0.026 0.016 1.52 
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Table 2-6.  Number of days per month in which salinity dropped below 30 ppt in cells which overly 

the outer BBRS. Data are presented from January 1995 to December 2015. 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1995 0 0 0 0 0 0 0 0 1 1 0 0 

1996 0 0 0 0 0 0 0 0 0 0 10 4 

1997 0 0 0 0 0 0 0 0 3 1 2 1 

1998 0 0 0 0 0 0 0 0 0 2 14 4 

1999 0 0 0 0 0 0 0 0 7 0 0 0 

2000 0 0 0 0 0 0 0 0 0 0 1 0 

2001 0 0 0 0 0 0 0 0 0 1 6 0 

2002 0 0 0 0 0 0 0 0 0 0 1 0 

2003 0 0 0 0 0 0 0 0 0 2 1 0 

2004 0 0 0 0 0 0 0 0 0 2 0 0 

2005 0 0 0 0 0 0 0 0 0 3 0 0 

2006 0 0 0 0 0 0 0 0 2 0 3 0 

2007 0 0 0 0 0 0 0 0 0 2 0 0 

2008 0 0 0 0 0 0 0 0 0 6 2 0 

2009 0 0 0 0 0 0 0 0 0 0 7 0 

2010 0 0 0 0 0 0 0 0 6 4 0 0 

2011 0 0 0 0 0 0 0 0 5 26 4 8 

2012 0 0 0 0 0 0 0 0 0 5 0 0 

2013 0 0 0 0 0 0 0 0 3 2 28 7 

2014 0 0 0 0 0 0 0 1 1 5 8 2 

2015 0 0 0 0 0 0 0 0 3 6 1 0 

 

 

 

Table 2-7.  Number of days per month in which salinity dropped below 20 ppt in cells which overly 

the inshore corals adjacent to the Belize River outflow. Data is presented from January 1995 to 

December 2015. 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1995 0 0 0 0 0 0 0 0 11 24 30 6 

1996 0 0 0 0 0 0 0 3 16 34 28 11 

1997 0 0 0 0 0 0 5 28 20 33 30 9 

1998 0 0 0 0 0 0 1 8 15 37 30 11 

1999 0 0 0 0 0 0 1 4 20 32 30 12 

2000 0 0 0 0 0 0 0 7 14 29 30 6 

2001 0 0 0 0 0 0 3 9 28 32 23 23 

2002 0 0 0 0 0 0 4 11 21 34 27 9 

2003 0 0 0 0 0 0 2 1 18 41 28 0 

2004 0 0 0 0 0 0 0 1 25 35 29 14 

2005 0 0 0 0 0 0 0 0 16 29 22 14 

2006 0 0 0 0 0 0 2 7 21 35 30 20 

2007 1 0 0 0 0 0 3 23 36 33 30 12 

2008 0 0 0 0 0 0 10 17 23 38 28 15 

2009 2 0 0 0 0 0 3 22 30 42 38 20 

2010 0 0 0 0 0 0 3 24 27 31 32 28 

2011 6 0 0 0 0 0 7 20 30 44 37 25 

2012 0 0 0 0 0 0 10 14 29 33 35 19 

2013 0 0 0 0 0 0 5 11 29 38 28 23 

2014 0 0 0 0 0 0 18 11 24 39 30 15 

2015 6 0 0 0 0 0 9 16 28 35 38 30 
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Figure 2-12 (previous page). Outputs from hydrodynamic modelling (1996 – 2015). Left panel (top 

to bottom) shows average monthly salinity distribution for January (end of wet season), May 

(peak dry season), and October (peak wet season). Right panel shows average number of days per 

year at which the defined salinity thresholds were breached in water overlying coral structures. 

The Belize River outflow is marked as a black star. Axis show latitude and longitude. 

 Discussion 

2.7.1 The effect of land-use on the DOM pool 

Within the tributaries, we observed a strong positive relationship between agri-urban land and DOM 

fluorescence. The relationship between DOM fluorescence and cDOM concentration has been well 

established (Stedmon et al., 2003a). An historic regional trend from broadleaf forest to agri-urban 

has also been established for Belize (Cherrington et al., 2010; Voight et al., 2019), and is predicted to 

continue (Cherrington et al., 2014). Our findings therefore suggest that conversion of land from 

forested to agri-urban has, and will continue to, drive an increase in the amount of cDOM entering 

the Belize River aquatic continuum.  

Humic-like, SOM-derived material (C1) was the primary DOM type found within the tributaries. The 

export of SOM following deforestation has been shown to peak immediately following land use 

modification as the historic SOM stock is remobilized, and this peak export period lasts for between 

5 to 50 years (West et al., 2004 and references therein). Beyond that period, SOM export will 

continue at a reduced rate owing to ongoing perturbation relating to crop production and, to a 

lesser extent, grazing (Fujisaki et al., 2017; West et al., 2004). Much of the agricultural land in Belize 

is < 50 years old and thus within the time window of SOM depletion. These cleared and cultivated 

lands are likely exporting SOM laid down by the preceding forest at elevated rates relative to farms 

which have been established for longer, and the associated SOM export can be expected to decline 

with time. It is possible that SOM exported from deforested tropical landscapes may be less 

aromatic and more biolabile than SOM exported from the preceding forest (Drake et al., 2019). On 

average, agri-urban dominated sites contained a higher proportion of highly aromatic C1 and lightly 

aromatic C2 fluorescence than was observed in broadleaf dominated sites. C1 is a typical humic-like 

recalcitrant SOM signal, whilst C2 is associated with less humic SOM (Table 2-4) and may be a signal 

of this biolabile pool.  

This is further supported by our observation that transit through Guatemala resulted in a 10% 

increase in the contribution of humic-like (C1 and C2) DOM. We could not access the Guatemalan 
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portion of the Mopan, but the increase observed at the border relative to the headwaters may have 

resulted from the heavily deforested and highly agricultural landscape through which the Mopan 

flows (visible in Figure 2-1). In the ~ 32 km between the Belize-Guatemala border and the confluence 

of the Belize River, sample fluorescence in the Mopan increased from 1.1 RU to 1.6 RU, but the 

composition of the fluorescence pool shifted away from C1 and C2 type DOM and towards 

microbially derived (C3) and protein-like (C4 and C5) type DOM. This suggests that the Belizean 

portion of the Mopan is either more productive than the Guatemalan portion, and/or that the 

Belizean portion receives less C1 and C2 type SOM from the surrounding landscape than the 

Guatemalan portion. We cannot say whether this shift occurs at the border, or whether it begins 

further upstream.  

The dominant grassland use was as animal pasture. Over-grazing of pasture by cattle and other 

livestock may be partially responsible for enhanced SOM export (Dlamini et al., 2016). Protein-like 

fluorescence typically increases with increasing anthropogenic DOM inputs from household (i.e. 

sewage) and farm wastes (Baker et al., 2004). Protein-like fluorescence was significantly elevated in 

agri-urban tributaries and anecdotal evidence suggests that animal agriculture (i.e. cattle and 

chicken rearing) in Belize does result in the dumping of animal waste, including bones and blood, 

into the river system (Pers. obs. and Carrias et al., 2018). The observed co-occurrence of elevated 

protein-like fluorescence with grassland may therefore be related, at least in part, to the discharge 

of agricultural waste associated with livestock farming. This link between protein-like fluorescence 

and farm wastes, including silage liquor and animal slurry, has been made elsewhere (Baker et al., 

2004), but with much higher ratios of protein-like : fulvic/humic-like fluorescence (0.5 – 20) than we 

observed in this study (mean = 0.22 ± 0.24; range = 0.02 – 1.02).  

It is also of note that a high proportion of the population live in non-urban areas. Due to the 

resolution of our land cover mapping, stand-alone rural dwellings with a footprint less than 10 m2 

were not captured. These dwellings are especially prevalent on the edge of grassland where farmers 

reside near to their grazing stock. Whilst Belize’s largest population centres benefit from sanitation 

facilities, these non-urban dwellings typically dispose of waste directly into the river or connecting 

streams. Therefore, a portion of protein-like DOM fluorescence originating from grassland may 

relate to rural household waste, and it may have been possible to explain a greater proportion of the 

variance in these components if we had been able to better resolve all of the urban settlement 

within our study area. Other population and/or household metrics might prove useful in this regard 

in future work.  

The dam complex was not ascribed as a distinct land use class, but is nevertheless the result of 
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human activity. Dams increase residence time in the Macal, increasing the opportunity for removal 

via photodegradation, biodegradation, and flocculation (Evans et al., 2017; Queimaliños et al., 2019; 

Worrall et al., 2018). We observed a net reduction in sample fluorescence which could indicate 

either a reduction in the concentration of fluorescent DOM or a shift from highly fluorescent humic-

like DOM towards less fluorescent protein-like DOM, for example. Whilst sample fluorescence 

decreased, indicating DOM removal within the dams, it is of note that the relative proportion of 

protein-like (C4 and C5) DOM fluorescence increased. This suggests the preferential removal of 

humic-like material, presumably through photodegradation and/or flocculation, coupled with 

enhanced microbial activity. This same removal of humic-like DOM does not appear consistent with 

patterns observed in the main river stem and coastal zone, but residence times in the Belize River 

are in the order of days whilst the dams have residence times in the order of months (Karper and 

Boles, 2004). Another factor may be the presence of riparian forest along the Belize River which 

shades much of the waterbody, whereas the scale of the dams leaves most of the water surface 

unshielded from incident light.  

The relatively consistent positive relationship observed between inland water bodies and DOM 

fluorescence (between 3 and 5 % of variance explained for C1 – C3 and C5 fluorescence) arises due 

to the fact that a higher density of streams, rivers, drainage ditches, and other channels increases 

land-water connectivity and may therefore facilitate land-water DOM transfer. The conspicuous 

absence of a relationship between protein-like C4 fluorescence and inland water suggests it may 

predominantly originate from point sources (e.g. agri-urban waste) rather than in-situ production. 

However, given the presence of C4 in the relatively pristine Chiquibul reserve and in broadleaf 

dominated sites as well as agri-urban ones, it is more likely that C4 DOM is the product of low-level 

in-situ production which is added to and/or encouraged by point source inputs of highly bio-labile 

DOM. 

2.7.2 Downstream transport of DOM  

We observed a net decrease in DOM fluorescence and DOC concentration between land and sea 

which is consistent with globally observed patterns (Massicotte et al., 2017). However, a range of 

smaller, ecosystem-scale variations were also apparent. The Belize River is flanked by riparian forest, 

beyond which lies some of the most agriculturally suitable land in Belize (King et al., 1993). As a 

result, riparian land use along its length is extremely stable (Figure 2-3) and can be excluded as a 

source of variation in the composition of the main river DOM pool. C1 – C3 DOM increased linearly 

within the Belize River (Figure 2-11), which indicates that (1) these DOM forms are being added or 

produced faster than they are being removed; and / or (2) their rates of addition, production and 
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removal do not vary with distance. This is consistent with a terrigenous humic-like characterization 

(Table 2-4), whereby relatively recalcitrant DOM is being added from the surrounding environment. 

One protein-like component (C4) accumulated non-linearly, indicating that rates of addition, 

production, and removal are unbalanced. This is consistent with a highly labile DOM type which 

originates from distinct point sources and/or the production of which varies in response to external 

factors. This behaviour was mirrored in the coastal environment (Figure 2-11), where humic-like 

components behaved conservatively with salinity whilst C4 protein-like fluorescence behaved non-

conservatively, with evidence of significant addition at high salinity. C5 behaviour was more mixed: it 

exhibited a weak linear relationship with distance downstream (R2 = 0.53) and which appeared to 

behave conservatively during the 2019 coastal sampling period. This likely indicates subdued in-situ 

production rates relative to 2018, rather than the transport of conservative material from the 

terrigenous environment.  

Our study therefore suggests that (1) land-use change increased the amount of humic-like and 

protein-like cDOM in receiving waterbodies; (2) humic-like cDOM increased in the river during transit 

from upland to lowland; and (3) humic-like cDOM behaved conservatively within the coastal zone. 

Thus, we have demonstrated a link between land-use change and the downstream DOM pool, 

specifically with regards to agri-urban land and the export of humic-like (C1 – C3) material.  

2.7.3 Does land-use change influence the Belize Barrier Reef? 

Frequent and/or chronic exposure to low-salinity, high DOM waters can negatively impact coral 

species, with effects including extended photosynthetic recovery periods, reduced growth, and 

increased mortality (Lirman and Manzello, 2009). Our modelling results indicate a substantial (up to 

130 %) increase in humic-like DOM during periods of Belize River – Belize Barrier Reef connectivity. 

The number of days per year at which the offshore reef was subject to these conditions was low (10 

± 11 days yr-1). This suggests that any deleterious effect of DOM exposure would manifest as a short-

term stress response in near-surface corals which dissipated quickly upon return to normal 

conditions (Aronson et al., 2000). The nearshore corals which experience these < 30 ppt conditions 

for the majority of the year (356 ± 12 days yr-1) are almost certainly adapted to this, but were 

exposed to their lower salinity limit (< 20 ppt) more frequently (113 ± 24 days yr-1). Whilst the 

increase in DOM was lower in relative terms (30 % increase between 24 and 20 ppt at the nearshore 

corals relative to 120 % increase between 34 and 30 ppt at the outer reef), the length of exposure 

was much greater. Thus, it is these nearshore corals which we suggest might most be at risk due to 

increasing DOM as a result of land-use change. Previous, coarser scale modelling work of the 

Belizean coastal zone supports our findings, reporting that buoyant terrigenous matter was highest 
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(> 3 g m-3) over the same nearshore reefs, and that it peaked during periods of high river discharge 

and under specific current conditions (Burke and Sugg, 2006). 

The relationship between land use and protein-like DOM in the coastal zone is less straight forward 

due to in-situ production and removal for which we do not have a baseline. Table 2-5 shows 

fluorescence values for these parameters (and for DOC) under conservative conditions, but we 

observed significant addition of C4 and C5 in the coastal environment (Figure 2-11). Whilst it is clear 

that riverine inputs of protein-like DOM and DOC are higher than those observed in more saline 

waters, we cannot determine the extent to which material of terrigenous origin persists relative to 

fresh production.  

Almost all future climate scenarios for the region result in a significant reduction in precipitation 

within the watershed, but projected land-use change is predicted to result in increased export of 

SOM into nearby waterbodies, the combination of which will likely result in increased sediment and 

SOM export from the catchment (Cherrington et al., 2014). At the same time, the number of heavy 

rainfall events and storms is predicted to increase in coming years (Parry et al., 2008). Combined, 

this could (a) enhance the export of terrigenous DOM into the Belize River watershed, and (b) 

increase the number of days within a year when the river plume interacts with the barrier reef. Thus, 

interactions between the terrestrial and marine environments is likely to increase with time, and 

further study is required to understand the consequences of this.  

2.7.4 Limitations and future study 

We infer from these results that DOM quantity and character vary along a dominant axis of 

variation, namely land-use, but land-use in the study catchment at least partially tracks intrinsic site 

properties such as geology, elevation, and soil type. In the absence of historic baseline data, a future 

temporal study might allow us to better quantify the degree to which some (if any) the observed 

variation could pre-date land-use change. In this regard, the data produced by this study might 

provide a suitable baseline, particularly for the less modified, broadleaf dominated sub-catchments.  

Seasonality plays an important role in land-ocean DOM transport. In-stream concentrations are 

typically maximal at the onset of runoff, continuously decreasing after the initial flush (Xenopoulos 

et al., 2017), and residence time can be considered the dominant control on the fate and reactivity 

of DOM along a river network, owing to changes in in-stream processing time (Catalán et al., 2016). 

Our sampling was timed to coincide with wet and dry seasons, yet unpredictable weather resulted in 

broad scale similarities in terms of flow, and missed maximal runoff. In the dry season, DOM 

concentration has been shown to decrease in forested streams, but to increase in highly modified 
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sub-catchments (Liu et al., 2019), and other work in a tropical river catchment suggests a strong 

wet/dry season influence on DOM composition (Hong et al., 2012; Spencer et al., 2010). The lack of 

sampling during peak wet season may therefore have biased our findings towards agri-urban 

environments, and full flood sampling is required to elucidate this. Additionally, our hydrodynamic 

model used mean annual discharge data, with the observed interannual variability in the freshwater 

plume being mostly driven by variability in ocean currents and surface winds. Future work should 

aim to include interannual variability in river discharge, which could be achieved through on-going 

efforts to collect the in-situ hydrology data required to strengthen discharge estimates for the study 

catchment, or by including some more general forcing, for example precipitation averaged over the 

river catchment taken from an atmospheric model like the ERA5 reanalysis (European Centre for 

Medium-Range Weather Forecasts, 2019). Nonetheless, the range of modelled salinity conditions 

produced by the model are representative of typical conditions over the 21-year model run, and 

plume penetration is greatest during peak river-discharge months (October and November). Thus, 

under future climate scenarios, an increase in river-discharge can be expected to increase 

connectivity between the Belize River watershed and the adjacent portion of the reef. This is 

particularly relevant during peak river discharge months, where connectivity was estimated to reach 

> 40 days yr-1 under certain hydrodynamic regimes.   

An interesting note is that we did not find good agreement between DOC and sample fluorescence. 

This indicates that the DOM pool contained a significant non-colored fraction which was not 

characterized via PARAFAC analysis. Such material is typically thought to be highly labile 

autochthonous and/or anthropogenic material which undergoes rapid remineralization (Pereira et 

al., 2014a). Thus, its omission from our study is unlikely to have influenced our overall finding: that 

recalcitrant humic-like material reaches the coastal environment. However, future studies may wish 

to employ different techniques such as high-resolution mass spectroscopy to characterize this non-

colored fraction.  

Finally, we note that cellulose acetate filters can leach DOC, cDOM, and fDOM. We pre-flushed our 

filters with 100 ml sample water in the field to negate this effect (Karanfil et al., 2003; Khan and 

Subramania-Pillai, 2007) and used the same batch of filters throughout our sampling campaigns, but 

did not collect filter blanks and therefore cannot therefore exclude the possibility of filter-based 

sample contamination. Nevertheless, the clear changes in DOC, and fluorescence that we observed 

in space and time indicate that any such effects, if apparent, were minor. 
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 Summary and conclusions 

In this study, we used PARAFAC analysis to investigate how the composition of the aquatic DOM 

pool varied across a land use gradient in a sub-tropical watershed. Agri-urban land use was 

negatively correlated with broadleaf forest, a result consistent with the documented regional land-

use change trajectory from broadleaf forest to agri-urban land use. Five cDOM components were 

identified: three humic-like components (C1 – C3) and two protein-like components (C4 and C5).  

We hypothesized that sub-catchments draining agri-urban land would contain more cDOM than sub-

catchments draining forested land. Agri-urban land use was positively associated with all five cDOM 

components and measured DOC concentration. Agri-urban samples contained a higher proportion of 

aromatic, highly colored cDOM than broadleaf forest samples did. It is possible that this finding is an 

intrinsic outcome of changes in soil type and vegetation from upland to lowland, however we 

speculate that it could also be a transient pattern resulting from the relative infancy of Belize’s 

agricultural land and the ongoing loss of SOM laid down by the preceding broadleaf forest. We also 

hypothesized that humic-like DOM would be transported downstream and into the coastal 

environment, whilst protein-like DOM would be rapidly remineralized. Our findings supported this 

hypothesis, with humic-like (C1 – C3) fluorescence exhibiting significant positive relationships with 

distance downstream and conservative mixing behaviour within the coastal zone whilst protein-like 

(C4 and C5) fluorescence exhibited no relationship with distance downstream and non-conservative 

mixing behaviour in the coastal zone.  

Given the conservative nature of C1 – C3 DOM, it is likely that this terrigenous material is carried 

along the main river and into the coastal zone. Our final hypothesis was that humic-like DOM 

persists within the Belize River plume to reach the adjacent barrier reef, where it may have a 

deleterious effect. Hydrodynamic modelling of the Belize coastal zone over a period of 21 years 

found the Belize River plume interacted with the offshore reef infrequently and for short periods of 

time, and with the nearshore reef more frequently, and for longer periods of time. We suggest that 

any deleterious effect on the offshore corals is likely to be short-lived and minimal, but that 

nearshore corals are likely to be influenced more strongly. Interaction between the Belize River 

plume, the Belize Barrier Reef, and the coastal environment more widely may increase under future 

climate and land-use scenarios, and whilst it is possible that cDOM at the levels identified here may 

have little effect on the coastal environment, potential impacts (e.g. darkening) require careful 

study. This is particularly true in the context of compound stressors, particularly freshening, 

acidification, warming, and pollution from various compounds which may be bound to and carried 
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with terrigenous DOM. For example, dissolved mercury and pesticides associated with agricultural 

and urban land use have previously been reported overlying Belizean coral reefs (Alegria, 2009). 

In summary, we find a strong link between land-use change and cDOM composition and quantity in 

receiving waters of the Belize River watershed, including those overlying the economically and 

environmentally important Belize Barrier Reef. The potential for human activities on land to 

negatively impact the coastal environment is not unique to Belize, and so our findings are relevant 

more broadly, particularly for coastal developing nations where agri-mediated deforestation is 

ongoing and reliance on the marine economy is high. 
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material has been incorporated into the main text. 

 Key Points 

• Biodegradation within a sub-tropical river catchment removed 14 ± 10 % of dissolved 

organic carbon (DOC) within five days. 

• This was fuelled by colored DOC which accounted for 48 ± 29 % of the DOC pool and was 

highest in agricultural settings.  

• The remaining 52 ± 29 % DOC was optically invisible, ubiquitous, and appeared biologically 

stable. 
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 Abstract 

Tropical rivers transport globally significant quantities of dissolved organic carbon (DOC) from land 

to ocean, but our understanding of the fate of this material remains limited. A substantial fraction of 

riverine DOC may be comprised of non-chromophoric and optically ‘invisible’ (iDOC) which is 

hypothesized to be bioavailable, but this has not been directly investigated. We found that 14 ± 10 % 

of a sub-tropical DOC pool was biodegraded within 5 days. iDOC constituted 52 ± 29 % of the DOC 

pool but appeared biologically stable during 5-day oxygen-consumption experiments whilst 

chromophoric or ‘colored’ DOC (cDOC) fuelled biodegradation. Agricultural sub-catchments 

appeared to increase cDOC, bioavailable DOC, and biodegradation rates, implying that land-use 

directly impacts the production and fate of DOC. The high concentrations and apparent stability of 

iDOC observed in this study suggest a significant gap in our understanding of riverine DOC fluxes and 

processes within the carbon cycle. 

 Plain language summary 

Tropical rivers transport a large amount of land-derived organic carbon downstream, but we know 

relatively little about what happens to this material in transit. It tends to be highly colored, so much 

so that colour can often be used to estimate concentration, but some systems also contain 

considerable amounts of non-coloured organic carbon which cannot be estimated in this way. The 

chemical properties which cause colour tend to make carbon less available for biological 

degradation, whereas the chemical properties which cause an absence of colour tend to make 

carbon more available. We found that around half of the dissolved organic carbon in a sub-tropical 

river was non-colored, but found no evidence that it was more accessible. Indeed, biological 

degradation increased as the colored fraction increased, suggesting that it was colored organic 

carbon that fuelled biodegradation. Understanding what caused this result will help us better 

understand land-ocean carbon processing, which is an important part of the global carbon cycle. 

 Introduction 

The lateral transport of terrigenous carbon (C) through inland waters is a significant biogeochemical 

term with widespread implications for ecosystem function, water quality, and C cycling (Drake et al., 

2018; Regnier et al., 2013; Stanley et al., 2012). A substantial fraction of this flux occurs as dissolved 

organic carbon (DOC), a complex composite of molecules comprising a wide continuum of molecular 

weight, size, and structural and elemental composition (Hope et al., 1994). These properties 
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influence DOC reactivity, which in turn influences bio- and photo-degradation rates with implications 

for aquatic C cycling, riverine oxygen levels, land-ocean C export, and carbon dioxide (CO2) emissions 

(Anderson et al., 2019; Catalán et al., 2016; Kellerman et al., 2015; Shen and Benner, 2020). 

DOC composition and its reactivity are largely determined by source: terrigenous DOC exported to 

inland waters via surface and sub-surface flows and point source inputs tends to be predominantly 

comprised of higher molecular weight, higher aromaticity compounds which are less susceptible to 

biodegradation than the lighter, less aromatic compounds which typically comprise DOC produced 

in-situ (Köhler et al., 2002; Sharpless et al., 2014; Stubbins et al., 2010). This difference in 

bioavailability means that DOC produced in-situ is often the dominant driver of heterotrophic 

production in freshwaters, despite terrigenous DOC being a more plentiful substrate (Hotchkiss and 

Hall, 2015; Thorp and Delong, 2002). However, this picture is complicated by the fact that the 

composition and bioavailability of terrigenous DOC is strongly linked to catchment land use (Hagen 

et al., 2010; Webster et al., 2008; Wilson and Xenopoulos, 2009) which is rapidly changing. In turn, 

this has implications for the metabolic state of, and CO2 emissions from, aquatic ecosystems (e.g. 

Lapierre et al., 2013).  

The higher molecular weight, more aromatic compounds which predominantly compose terrigenous 

DOC absorb ultra-violet and visible (UV-Vis) light are typically referred to as chromophoric or 

‘colored’. In freshwaters where terrigenous DOC dominates, DOC concentrations tend to be strongly 

correlated with absorbance (e.g. Brezonik et al., 2015; Carter et al., 2012; Massicotte et al., 2017) 

and absorbance-based descriptors of intrinsic molecular characteristics, e.g. weight and aromaticity, 

are well-established (Chin et al., 1994; Helms et al., 2008; Weishaar et al., 2003a), and can be used 

to predict DOC concentrations (Carter et al., 2012; Tipping et al., 2009). However, the strength of 

coupling between DOC and absorbance varies in time and space, and the extent to which DOC 

concentrations can be accurately predicted from absorbance spectra declines as the fraction of the 

DOC pool comprised of low- or non-absorbing, optically ‘invisible’ DOC (iDOC) increases (Adams et 

al., 2018; Brezonik et al., 2015; Griffin et al., 2018), e.g. along the land-ocean aquatic continuum 

(Massicotte et al., 2017).  

Substantial amounts of iDOC have been observed within eutrophic lakes, linked to algal production 

(Adams et al., 2018). However, appreciable concentrations of iDOC have also been linked to 

terrigenous sources. For example, iDOC derived from soil runoff and leaf litter has been shown to 

seasonally account for 4 – 89 % of the DOC in a tropical headwater stream (Pereira et al., 2014a). 

This terrigenous iDOC was characterized via size exclusion chromatography (SEC) as being comprised 

of low molecular weight, aliphatic molecules including amino acids and mono- and polysaccharides, 
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similar to the molecules which typically constitute algal DOC (Mühlenbruch et al., 2018). These low 

molecular weight, aliphatic molecules exhibit varying bioavailabilities, all of which tend to be greater 

than that of the terrigenous aromatics which dominate cDOM (e.g. Mühlenbruch et al., 2018 and 

references therin).  

We hypothesize that iDOC is more bioavailable than cDOC, and examine this within a sub-tropical 

river catchment in which we have previously documented large and variable decoupling between 

absorbance and DOC concentrations (Felgate et al., 2021b). We quantify cDOC and iDOC using an 

absorbance-based DOC prediction model (Carter et al., 2012; Tipping et al., 2009) and measured 

DOC concentrations (Pereira et al., 2014a). The bioavailabilities of these fractions, determined by 

measuring oxygen-consumption in 5-day dark incubations, are then related to land-use activities in 

the surrounding eight sub-catchments with varying degrees of agricultural influence 

 Methods 

3.5.1 Sample collection 

The Belize River Watershed (Figure 3-1) is a highly forested sub-tropical river catchment which is 

experiencing rapid deforestation and agricultural expansion (Cherrington et al., 2014, 2010). 

Detailed descriptions of catchment physiogeography, soils, geology, and hydrological characteristics 

are provided elsewhere (Baillie et al., 1993; Esselman and Boles, 2001; Hartshorn et al., 1984; 

Heyman and Kjerfve, 1999; King et al., 1993).  

Eight sub-catchments with varying land cover (Figure 3-1; Table 3-1) were sampled within the mid-

catchment. Sites 1 (the Mopan River) and 2 (the Macal River) drain the upper catchment and 

combine to form the Belize River, which was sampled downstream at Site 7. All other sites drain 

tributaries with low (< 25 %; Site 3 and Site 4), medium (32%; Site 8) and high (> 60 %; Site 5 and Site 

6) mixed agricultural and urban (agri-urban) influence. Samples were collected on May 28th, June 

27th, August 6th, September 25th, and October 21st, 2019. These dates fell within the wet season 

which typically spans May – November, but monthly precipitation values during this period were 

considerably lower than the long-term mean (1980 – 2010; Figure 3-2). 

Samples were collected from ~ 10 cm below the river surface using a plastic bucket. Water 

temperature, specific conductance, and dissolved oxygen (DO) were measured using an YSI ProDSS 

hand-held Multimeter (Yellow Springs Instrument Co., USA). Water was syringe filtered (0.45 µm 

Fischer® cellulose acetate) immediately upon collection into 60 mL Nalgene® HDPE bottles for 
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determination of DOC concentration and 30 mL Wheaton® amber borosilicate glass vials for 

measurement of absorbance. In addition a 1000 mL LDPE plastic bottle was filled with unfiltered 

water for determination of biodegradation rates. Samples were stored cool and dark until their 

return to the laboratory, which was within 6 hours of collection, then refrigerated at 4 °C.  

 

Figure 3-1. Map of the Belize River Watershed, with sampling locations (labelled) and sub-

catchment boundaries (colorized) shown. Site 7 is on the main river and so its drainage area 

includes all upstream sub-catchments (1 - 6). Land use data obtained from Felgate et al. (2021). 
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Table 3-1 Locations and land use as a % value for each sampling site. Land use data taken from 

Felgate et al. (2021). Sites 1 and 2 drain the Mopan (3,690 km2) and the Macal (1,466 km2) sub-

catchments which together represent the upper catchment and account for ~ 60% of the BRW by 

area. ‘Site average (all)’ = sites 1 - 8. ‘Catchment Average’ = BRW. Site 7 is located on the main 

river stem, and therefore drains land which includes sub-catchments 1 – 6. ‘Site average (exc. 7)’ = 

excluding site 7, to account for this.   
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1 17.17762 -89.08067 44 40 3 11 0 3 

2 17.17743 -89.08000 64 13 2 18 2 3 

3 17.18816 -88.99877 64 18 1 14 0 3 

4 17.20173 -88.95625 57 24 1 13 1 4 

5 17.21417 -88.03833 18 64 4 8 0 6 

6 17.2261 -88.97483 3 77 12 5 0 3 

7 17.23028 -88.92506 49 33 3 13 1 3 

8 17.2774 -88.76781 44 34 9 7 0 7 

Site Average (all) 43 38 4 11 1 4 

Site Average (exc. 7) 42 39 4 11 1 4 

Catchment Average 45 31 3 14 3 4 

 

 
 

Figure 3-2. Monthly precipitation totals during the study period (2019/20) and long term mean 

monthly precipitation (Climatology: 1980 – 2010) taken for Belmopan (near Site 8; Figure 3-1). 

Data was provided by the Belize Department of Hydrology. 
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3.5.2 Laboratory analysis 

DOC concentrations were determined as Non-Purgeable Organic Carbon (NPOC) by Pt-catalysed 

combustion against glycine and potassium hydrogen phthalate standards, using a TOC-VCPN 

analyser (Shimadzu, Japan). Samples were acidified to < pH 2 by adding hydrochloric acid at a rate of 

~ 0.1 % sample volume, and sparged with high purity (> 0.99 %) oxygen prior to combustion. This 

method is not sensitive to dissolved inorganic carbon (DIC) concentrations (Findlay et al., 2010), and 

so was chosen to ensure that ambient DIC did not influence our results. Reproducibility of standards 

was within 2 % in the range 0 – 50 ppm.  Absorbance spectra (200-800 nm) were determined at 1 nm 

intervals using a DR6000 spectrophotometer (Hach, Germany; May, June, and August, University of 

Belize) and a Cary 60 UV-Vis dual beam spectrophotometer (Agilent, USA; September and October, 

National Oceanography Centre, Southampton) using 1 cm path length quartz cuvettes against pure 

water blanks. In both cases sample reproducibility over the range 240 – 700 nm was within 0.2 %. 

Absorbance at 254 nm (a254) is presented as a singular measure of absorbance, and DOC specific 

absorbance at 254 nm (SUVA254) is presented as a metric of aromaticity (Weishaar et al., 2003a). 

3.5.3 Estimating cDOC and iDOC 

Concentrations of cDOC were calculated using the ‘two wavelength’ approach and associated 

extinction coefficients at 270 nm and 350 nm detailed by Carter et al. (2012) (Equation 3-1): 

𝐷𝑂𝐶 = 𝑐𝐷𝑂𝐶𝑎 + 𝑐𝐷𝑂𝐶𝑏 + 𝑖𝐷𝑂𝐶                                                                                              𝑬𝒒𝒏. 𝟑 − 𝟏  

This approach partitions cDOC into highly aromatic, strongly absorbing fraction, (cDOCa) and a lightly 

aromatic, weakly absorbing fraction (cDOCb), the latter being associated with more bioavailable 

substrates (Carter et al., 2012; Tipping et al., 2009), and adds a fixed intercept term (+ 0.8 mg L-1 in 

Carter et al., 2012) to account for a small iDOC concentration which is assumed to be constant. We 

omitted this fixed term, and instead estimated iDOC as the difference between total laboratory-

determined DOC concentration and calculated cDOC concentration, using the method established by 

Pereira et al. (2014) (Equation 3-2): 

𝑖𝐷𝑂𝐶 = 𝐷𝑂𝐶 − (𝑐𝐷𝑂𝐶𝑎 + 𝑐𝐷𝑂𝐶𝑏)                                                                                        𝑬𝒒𝒏. 𝟑 − 𝟐  

Full details of the cDOC model are given in Carter et al. (2012) but are summarized here, where aλ is 

the absorbance of the sample at wavelength λ and EAB,λ is the cDOC extinction coefficient. If cDOC is 

composed of two fractions (fA and fB), each fraction will have its own extinction coefficient at any 

given wavelength λ (EA,λ and E B,λ) (Equation 3-3): 
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𝑐𝐷𝑂𝐶 =  
𝑎𝜆
𝐸𝐴𝐵,𝜆

= 
𝑎𝜆

(𝑓𝐴 ∗ 𝐸𝐴,𝜆) + (𝑓𝐵 ∗ 𝐸𝐵,𝜆) 
=  

𝑎𝜆

(𝑓𝐴 ∗ 𝐸𝐴,𝜆) + (1 − 𝑓𝐴 )𝐸𝐵,𝜆 
                      𝑬𝒒𝒏. 𝟑 − 𝟑 

EAB,λ can be written at two wavelengths to derive a ratio R which is equivalent to the ratio of 

measured absorbances at those wavelengths (Equation 3-4): 

𝑅 =  
𝐸𝐴𝐵,𝜆1
𝐸𝐴𝐵,𝜆2

= 
(𝑓𝐴 ∗ 𝐸𝐴,𝜆1) + (𝑓𝐵 ∗ 𝐸𝐵,𝜆1)

(𝑓𝐴 ∗ 𝐸𝐴,𝜆2) + (𝑓𝐵 ∗ 𝐸𝐵,𝜆2) 
=  
𝑎𝜆1
𝑎𝜆2
                                                                       𝑬𝒒𝒏. 𝟑 − 𝟒 

Thus, if the extinction coefficients and associated absorbance are known at two wavelengths, fA and 

fB (as 1 - fA) can be derived (Equation 3-5):  

𝑓𝐴 = 
𝐸𝐵,𝜆2 − (𝑅 ∗ 𝐸𝐵,𝜆2)

𝑅 ∗ (𝐸𝐴,𝜆2 − 𝐸𝐵,𝜆2) + (𝐸𝐵,𝜆2 − 𝐸𝐴,𝜆1)
                                                                                  𝑬𝒒𝒏. 𝟑 − 𝟓 

These values can then be substituted back into Equation 3-3 to calculate cDOC, which is then 

multiplied by fA and fB to derive cDOCa and cDOCb, respectively. 

3.5.4 Biodegradation assays 

Sample bottles were placed in a dark room until they had equilibrated to ambient temperature. This 

typically took ~ 2 hours, which allowed the majority of any suspended material to settle out. 

Unfiltered sample water from each site was then transferred into three 22 mL Supelco® gas-tight 

borosilicate glass vials, taking care not to re-suspend any particulates, and sealed without 

headspace. Each vial was pre-fitted with a SP-PSt3 oxygen planar sensor spot (Presens, Germany) 

which permits non-invasive oxygen determinations with a detection limit of 15 µg L-1 and a reported 

accuracy > 0.5 %. Vials were incubated at simulated in-situ temperature conditions (temp range = 

21.1 – 29.3 °C) using an insulated cool box filled with water to ~ 30 cm depth and maintained at 

ambient temperature. Dissolved oxygen concentration (DO) was measured using a Fibox 4 oxygen 

optode (Presens, Germany) calibrated each month (0 and 100 % saturation). Initial measurements 

were taken two hours after the start of the incubation, and at 9 am, 1 pm, and 5 pm for two 

consecutive days. A final measurement was recorded at 9 am on day 5. Exact time points varied 

according to start time, and are given in Table 3-2 alongside details of incubation temperatures, 

which ranged from 21.2 °C to 27.9 °C. 

3.5.5 Modelling biodegradation rates 

The removal of DO was modelled according to first-order exponential decay (Equation 6) where 
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DO(t) is the oxygen removed at time t, DOinitial is the total oxygen available, and k is the rate constant. 

𝐷𝑂(𝑡) = 𝐷𝑂𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝑒
−𝑘𝑡                                                                                                                   𝑬𝒒𝒏. 𝟑 − 𝟔 

The removal of DO is assumed to be caused by biodegradation alone as incubations were conducted 

in the dark. We converted DO to DOC assuming a pragmatic respiratory quotient of 1 (Guillemette 

and del Giorgio, 2011; Hunt et al., 2012), and calculated bioavailable DOC (BDOC) which we defined 

operationally as DOC consumed within five days. This duration was selected to encompass the 

maximum estimated mean water transit time for the watershed (Figure 3-3), and is also the 

incubation period frequently used to determine Biological Oxygen Demand (BOD), an ongoing and 

globally used metric of water quality (Mallin et al., 2006). DOC that was not consumed within five 

days was considered refractory (RDOC) over time scales relevant to the study catchment. We also 

calculated linear biodegradation rates (ΔDOC / Δt) to allow direct comparison with other studies 

which report in this way. 

3.5.6 Statistics 

Statistical analyses were undertaken using R software (R Core Team, 2019a). Decay models were 

fitted according to a non-linear least squares approach using the package ‘lme4’ (Bates et al., 2015). 

Linear regression (ANOVA) was used to examine the relationship between DOC concentration, 

absorbance, and cDOC concentration. For all other relationships, Spearman’s Rank Correlation (rs) 

was used to assess correlation between parameters, and Kruskal-Wallis tests were used to identify 

statistically significant variations by site and month. In all cases, α = 0.05. Values in the text are 

reported as mean ± SD, unless otherwise stated. 

 Results and Discussion 

Measured DOC concentrations ranged from 0.78 – 19.77 mg L-1 (6.61 ± 4.90 mg L-1) and were 

positively correlated with absorbance (a254) (R2 = 0.63; p = 3.50 x 10-9; Figure 3-4a). This relationship 

held at other wavelengths, including those used in the ‘two-wavelength’ model (270 and 350 nm), 

and varied according to site (Figure 3-4a). Calculated cDOC concentrations ranged from 0.30 – 10.85 

mg L-1 (mean = 2.88 ± 2.75 mg L-1) and were, on average, 3.86 ± 4.15 mg L-1 lower than measured 

DOC (Figure 3-4b). This difference between DOC and cDOC represented an iDOC fraction equivalent 

to 51 ± 29 % of the DOC pool (range = 0 – 97 %).   

Mean k was 0.15 ± 0.30 day-1. DOC decay appeared linear in all but five instances in agricultural 

settings (Figure 3-4c; Sites 5 and 6). Linear decay rates (mean = 0.14 ± 0.12 mg L-1 day-1) were  
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Figure 3-3. Map of the Belize River Watershed showing estimated transit time, which was derived 

as the number of hours taken for water to exit the river system from point of entry to the coast. 

Data are presented as estimated values under natural conditions (i.e. excluding effects of dams 

and other water course modifications). Transit times were calculated from spatial datasets of flow 

length (generated in ArcGIS) and velocity (calculated using Manning’s equation), and are likely to 

be underestimates. 

comparable with reports from the Tana River in Kenya (0.13 ± 0.10 mg L-1 day-1; Geeraert et al., 

2016) where sampling included agri-urban land, but were approximately twice as high as reports 

from near-natural sites within the Amazon Basin (Amon and Benner, 1996; Ward et al., 2013; both 

0.06 mg L-1 day-1). In this study, agricultural sub-catchments (Sites 5 and 6) exhibited higher k values 

than elsewhere in the catchment (Figure 3-4d). Excluding these settings reduced mean k by ~ 75 %, 

to 0.04 ± 0.03 day-1 and reduced linear degradation rates by ~ 50 % to 0.09 ± 0.04 mg L-1 day-1. This 

supports previous work showing that agricultural land use can increase the susceptibility of riverine 

DOC to microbial degradation (Williams et al., 2010; Wilson and Xenopoulos, 2009).
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Table 3-2. Measurement time (local), time since start of assay (days), and incubation temperature (°C) associated with biodegradation assays. 

Time 
Point 

May June August September October 

Time Days Temp Time Days Temp Time Days Temp Time Days Temp Time Days Temp 

0 13:30 0.00 22.4 06:42 0.00 25.8 18:28 0.00 26.5 20:12 0.00 23.0 09:14 0.00 21.1 

1 16:06 0.11 23.3 16:26 0.40 25.1 08:02 0.57 26.3 08:24 0.51 24.3 17:17 0.34 24.2 

2 18:02 0.19 24.7 08:30 1.08 25.9 11:18 0.7 26.8 16:34 0.85 27.2 08:20 0.96 24.3 

3 08:47 0.80 26.1 17:04 1.43 25.8 15:58 0.9 26.1 08:21 1.51 26.8 17:44 1.35 24.6 

4 12:04 0.94 27.9 06:31 1.99 26.3 08:38 1.59 27.0 15:42 1.81 27.6 08:00 1.95 23.2 

5 17:44 1.18 27.1 08:27 4.08 25.2 11:13 1.70 26.5 09:00 2.53 26.9 08:50 3.98 25.4 

6 08:37 1.80 25.1    15:49 1.89 29.3 09:23 4.55 22.4    

7 12:19 1.95 26.0    08:18 2.58 28.6       

8 16:33 2.13 26.3    08:33 4.59 29.3       

9 08:36 2.80 26.4             

10 08:56 5.81 27.9             
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Figure 3-4. Plot of (a) DOC concentration vs. absorbance at 254 nm (a254) and (b) DOC 

concentration vs. cDOC concentration by site, where filled points denote significant relationships 

and the dotted line represents a 1:1 relationship where all DOC is colored and deviation from that 
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line indicates an iDOC contribution; (c) exponential decay curves for DOC, based on oxygen 

consumption data, grouped by month and colour coded by site; and (d – f) box plots of k, cDOC 

concentration, and cDOC contribution averaged by site.  k is presented on a natural log scale to 

show small-scale variations. Note that DOC decay in (c) appears linear in most cases. Where 

explicit exponential decay was observed, this occurred at sites 5 and 6.  

Agricultural sub-catchments also exhibited the highest cDOC concentrations (Figure 3-4e and f), in 

agreement with earlier work showing a strong relationship between agricultural land use and 

riverine colored dissolved organic matter (cDOM) concentrations in the study catchment (Felgate et 

al., 2021b) and elsewhere (e.g. Lambert et al., 2015; Stanley et al., 2012). The cDOC pool was split 33 

± 20 % cDOCa and 67 ± 20 % cDOCb, accounting for 14 ± 8 % and 35 ± 24 % of the DOC pool, 

respectively. 

Given the expected negative relationship between absorbance and bioavailability, we anticipated 

rapid remineralization of the low (cDOCb) and non-absorbing (iDOC) fractions, which together 

accounted for 86 ± 26 % of the initial DOC pool. However, only 14 ± 10 % of total DOC was removed 

during our 5-day incubations (BDOC; range = 1 – 43 %). This suggests that a substantial fraction of 

low (cDOCb) and/or non-absorbing (iDOC) material was not biologically remineralized during transit 

through the river network.  

We did not find any correlation between iDOC and either BDOC or k (Figure 3-5). Instead, iDOC was 

strongly correlated with RDOC (rs= 0.81) whilst cDOC was strongly correlated with both BDOC and k 

(both rs = 0.71). We therefore suggest that the Belize River Watershed contains a significant pool of 

iDOC (51 ± 29 % DOC) which does not undergo substantial biological remineralization in transit, and 

that a small cDOC fraction (≤ BDOC = 14 ± 10 % DOC) fuels biodegradation rates. This is in agreement 

with isotopic evidence from the Amazon Basin where biodegradation rates are driven by a rapidly 

cycled, typically small, fraction of the terrigenous DOC pool (Mayorga et al., 2005), is supported by 

studies which demonstrate preferential utilization of cDOC over iDOC (e.g. Clark and Mannino, 

2021). 

RDOC was more strongly correlated with cDOCa than cDOCb (rs = 0.60 vs. 0.41), in agreement with 

the theoretical characterization of cDOCa as being more aromatic (Carter et al., 2012). In direct 

opposition to this and against a priori expectations, SUVA254 was more strongly correlated with 

cDOCb than with cDOCa. However, when derived per unit cDOC (cSUVA254) instead of per unit DOC, 

this finding was reversed: cSUVA254 was positively correlated with the most aromatic fraction 

(cDOCa; rs = 0.42) and not with the least aromatic material (cDOCb), illustrating the potential for 
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iDOC concentrations to confound absorbance-based proxies. 

 

Figure 3-5. Correlogram illustrating Spearman’s Rank correlations between all DOC and 

biodegradation related parameters, where rs > 1 indicates a positive correlation and rs < 1 

indicates a negative correlation. Circle size increases with degree of correlation. Colour scale 

indicates direction and strength of correlation.  Non-significant relationships (α > 0.05) are marked 

with a cross. 

Despite this evidence that cDOCb was less aromatic than cDOCa, we found no evidence that it was 

more bioavailable: both fractions were similarly correlated with k and BDOC (rs = 0.68 - 0.71) which 

suggests a potentially similar degree of utilization. Previous work has shown that lignin and other 
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terrestrially derived, typically cDOCa-type macromolecules, may account for ~ 50 % of bulk 

respiration in tropical river settings (Ward et al., 2013), and so this is not an unrealistic suggestion. 

Incorporating time-point sampling into future incubation studies would elucidate this further. 

 Conclusions and implications 

This study indicates that a small cDOC fraction (≤ BDOC = 14 ± 10 % DOC) fuels riverine 

biodegradation within the Belize River Watershed, contrary to our hypothesis that iDOC, which 

comprised 51 ± 29 % of the DOC pool, would be the most bioavailable fraction. This agrees with 

recent work indicating that a tropical microbiome may be capable of altering a wide range of DOC 

compositions, including highly aromatic cDOC, on daily time scales, and in the presence of a 

substantial iDOC pool (Spray et al., 2021). 

Further study is required to understand the provenance and behaviour of iDOC. As with the wider 

DOC pool, freshwater iDOC is likely to originate from multiple sources and to be subject to both 

protective and destructive processes, all of which likely vary in space and time. The fate of iDOC is 

therefore uncertain, and will largely depend upon the mechanism(s) underpinning its stability. For 

example, abiotically stabilized iDOC, e.g. via mineral preservation (Blattmann et al., 2019) is likely to 

persist within the coastal ocean, whereas iDOC which is inaccessible for biotic reasons, e.g. if the 

local microbiome preferentially utilize cDOC, might be remineralized upon reaching a more 

genetically diverse downstream microbiome, similar to how ‘semi-labile’ surface ocean DOC is stable 

in the surface layer only to undergo rapid remineralization at depth (Hansell and Carlson, 1998; 

Sunagawa et al., 2015). The latter might contribute to coastal CO2 outgassing, and could go some 

way to explaining why the amount of DOC entering the ocean far exceeds its annual turnover within 

the ocean interior (Bianchi, 2011; Hedges et al., 1997).   

A better understanding of the fate of iDOC in tropical and sub-tropical river systems will improve our 

ability to quantify global land-ocean carbon export and may help reduce uncertainties in CO2 

emission estimates for these globally important regions. However, identification of iDOC in 

temperate systems (e.g. Adams et al., 2018; Tzortziou et al., 2015) suggests that significant iDOC 

contributions exist beyond the tropics, and so it is also important to determine the geographic 

prevalence of iDOC in order to ensure our use of absorbance based DOC prediction and 

characterization tools is appropriate. 
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 Abstract 

Dissolved organic carbon (DOC) makes up ~ 50 % of the aquatic dissolved organic matter (DOM) 

pool. It is a significant term in the global carbon (C) cycle, and a major determinant of surface water 

chemistry and biology. It is of paramount importance that we understand not only the concentration 

and fluxes of aquatic DOC, but also its composition. Spectral techniques, including Excitation 

Emission Matrix - Parallel Factor Analysis (EEM-PARAFAC) are commonly used to infer DOM 

character, with these inferences extended to the associated DOC pool. However, variability in DOM 

stoichiometry means that compositional shifts in the DOM pool may not be reflected in the DOC 

pool with any degree of predictability, and an inability to account for the non-coloured or ‘invisible’ 

fraction (iDOC) limits our ability to interpret PARAFAC in low-color systems. Here we present a 

method to quantitatively partition the DOC pool into coloured and invisible fractions, the former 

being further partitioned according to humic-like and protein-like characteristics. We apply this 

method to a sub-tropical land-ocean gradient (Belize, Central America) where the contribution of 

non-coloured DOM is thought to be significant and variable. Our findings provide quantative values 

for the various DOC fractions, and suggest that PARAFAC-derived fluorescence intensity is a poor 

predictor for the relative contribution of fluorophore-associated DOC. We believe this method is a 
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small but important step forward for aquatic biogeochemistry which opens up exciting new avenues 

of enquiry with regards the aquatic C cycle. 

 Introduction 

Dissolved organic matter (DOM) is a complex mixture of thousands if not millions of compounds 

(Wagner et al., 2020). It is typically composed of ~ 50 % humic-fulvic substances, 30 % hydrophilic 

acids, and 20 % low molecular weight compounds such as carbohydrates and amino acids 

(Aitkenhead-Peterson et al., 2003). An estimated 20 – 70 % of DOM pool is chromophoric or 

‘coloured’(cDOM), and the remainder is non-coloured or ‘invisible’ (iDOM) (Laane and Koole, 1982).  

Investigations of DOM character have increasingly focused on cDOM, using absorbance and 

fluorescence spectroscopy to classify it according to broad chemical and structural characteristics 

(i.e. humic-like vs protein-like). Excitation Emission Matrix – Parallel Factor Analysis (EEM-PARAFAC) 

is a powerful tool for characterizing and quantifying changes in cDOM fluorescence, enabling the 

tracing of different fractions in the natural environments. However, different fluorescence 

intensities associated with different compounds mean that PARAFAC cannot be used to quantify the 

compounds themselves without first identifying them. Thus, in natural systems PARAFAC identifies 

broad component classes rather than specific and known compounds, and is therefore a qualitative 

rather than quantitative tool. Using PARAFAC modelling, fluorescence intensity can be derived for 

each component, but the fact that one component has a higher fluorescence intensity than another 

does not mean that it has a higher concentration, only a higher fluorescence. Data must therefore be 

interpreted with care. Fluorescence is not only dependent on concentrations, but on molar 

absorptivity and quantum efficiency, which is unknown. However, relative changes and ratios 

between component fluorescence can be used to illustrate the qualitative differences between 

samples, and if certain PARAFAC components can be identified as specific chemical analytes, 

absolute calibration can be performed (Stedmon et al., 2003b) 

Dissolved organic carbon (DOC) makes up approximately 50% of the aquatic DOM pool, but that 

value is highly variable (e.g. 67 % (Bolan et al., 2011); 44 % (Moody and Worrall, 2017)). It is a major 

term in the global carbon (C) cycle, and so its quantification is commonplace and its fluxes oft-

studied. DOC is also a major source of reduced C to aquatic ecosystems and thus an important 

determinant in controlling surface water chemistry and biology. It is therefore important to better 

understand the composition of the DOC pool, and how that composition shifts in response to various 

drivers, is desirable. To this end, DOC is often examined in conjunction with EEM-PARAFAC outputs 

to infer some degree of characterization. However, variability of DOM stoichiometry, and in the 
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contribution of coloured vs. non-coloured material, means that compositional shifts in the cDOM 

pool may not be reflected in the DOC pool, and vice versa, at least with any degree of predictability.  

A first step towards improving the relatability of cDOM and DOC might be to adequately account for 

(and remove) the non-coloured DOC fraction (iDOC), thus comparing like with like (cDOM with 

cDOC). Developed by Tipping et al. (Tipping et al., 2009) and refined by Carter et al. (Carter et al., 

2012), the 2-wavelength method to predict [DOC] from DOM absorbance has been well established 

in the literature.  This model is highly successful (R2 = 0.98) in natural waters with a high degree of 

coloration, but underpredicts in eutrophic or anthropogenically modified environments which 

commonly have high iDOC contributions. Whilst attempts to account for iDOC  have been made, 

(Carter et al. add a uniform 0.8 mg L-1) they cannot account for the high degree of variability 

observed in some systems (e.g. Pereira et al., 2014). Whilst this could be viewed as a failure to 

predict [DOC], we suggest the model be used in such systems as a predictor of [cDOC] only, and that 

where [DOC] is known, [iDOC] can be calculated as the residual.  

Here we present a method which not only accounts for the iDOC pool, but which combines the 2-

wavelength method with EEM-PARAFAC analysis to quantitatively partition the cDOC pool according 

to its broad chemical composition and character (i.e. invisible vs coloured, humic vs protein). Thus, 

we provide a technique to quantify iDOC, cDOC, humic-like DOC, and protein-like DOC, with scope to 

further decompose humic-like and protein-like components in line with the number of components 

produced via EEM-PARAFAC. 

 A recent study of land cover controls on the composition and fate of DOM along a sub-tropical land-

ocean aquatic continuum (LOAC) used EEM-PARAFAC modelling to identify five DOM components 

representative of three humic-like, and two protein-like DOM types (Chapter 2). No relationship was 

found between [DOC] and DOM fluorescence, and whilst shifts in the relative contribution of humic-

like and protein-like DOM were observed, these were not quantified. The authors remarked on their 

inability to quantify iDOM, and on the need to develop new ways of quantifying compositional shifts 

in the aquatic DOM and DOC pool. This is a problem implicit to all such studies, and one to which 

there has been no better solution.  Here we reanalyse the data from Chapter 2, using [DOC], 

absorbance, and fluorescence to assign a quantitative value to the DOC associated with each of the 

DOM components identified.  

 Methods 

4.3.1 Study site and sampling 



Chapter 4 

97 

DOC, absorbance, and fluorescence data were obtained from across a land-ocean gradient in the 

Belize River Watershed (BRW), Belize, Central America. Sampling occurred between October 2018 

and October 2019 during three discrete sampling trips. DOC quantification , spectral analysis, and 

EEM-PARAFAC modelling were conducted according to standard methods (Badr et al., 2003; 

Stedmon et al., 2007). Full details are available in Chapter 2.  

4.3.2 Using absorbance to quantify cDOC  

UV optical absorbance of DOM can be explained by a 2 end-member model, and  these end-

members can be used to accurately estimate DOC concentrations in natural systems (Carter et al., 

2012; Tipping et al., 2009). DOC is composed of an invisible and a coloured fraction, the latter of 

which can be derived according to Equation 4-1: 

𝐷𝑂𝐶 = 𝑖𝐷𝑂𝐶 + 𝑐𝐷𝑂𝐶𝐴  + 𝑐𝐷𝑂𝐶𝐵 =  𝑖𝐷𝑂𝐶 + 
𝐴 𝜆

𝐸𝐴𝐵,𝜆
                                                                   𝑬𝒒𝒏. 𝟒 − 𝟏  

where A and B represent the 2 endmembers, Aλ is the absorbance at wavelength λ (nm), and EAB,λ is 

the extinction coefficient (absorbance cm-1 DOCAB
-1) of the cDOM fraction. This extinction coefficient 

can be calculated according to Equation 4-2: 

𝐸𝐴𝐵,𝜆 = 𝑓𝐴 𝐸𝐴,𝜆 + 𝑓𝐵 𝐸𝐵,𝜆 = 𝑓𝐴 𝐸𝐴,𝜆 + (1 − 𝑓𝐴)𝐸𝐵,𝜆                                                                      𝑬𝒒𝒏. 𝟒 − 𝟐   

where fA and fB are the fractions of components A and B that comprise the light absorbing DOM 

(here fA + fB = 1), and EA,λ and EB,λ are the extinction coefficients at wavelength λ. Equation 2 can be 

written for two different wavelengths, λ1 and λ2, and then the ratio R defined in Equation 4-3: 

𝑅 = 
𝐸𝐴𝐵,𝜆1

𝐸𝐴𝐵,𝜆2
= 

𝑓𝐴 𝐸𝐴,𝜆1+(1− 𝑓𝐴)𝐸𝐵,𝜆1

𝑓𝐴 𝐸𝐴,𝜆2 +(1− 𝑓𝐴)𝐸𝐵,𝜆2
= 

𝐴𝜆1

𝐴𝜆2
                                                                                        𝑬𝒒𝒏. 𝟒 − 𝟑  

The value of R can thus be obtained from Equation 4-4 as the measured absorbance at the two 

wavelengths. Its combination with the extinction coefficients of components A and B yields: 

𝑓𝐴 = 
𝐸𝐵,𝜆1−𝑅 𝐸𝐵,𝜆2 

𝑅 (𝐸𝐴,𝜆2− 𝐸𝐵,𝜆2)+(𝐸𝐵,𝜆1− 𝐸𝐴,𝜆1)
                                                                                                       𝑬𝒒𝒏. 𝟒 − 𝟒  

Therefore, if the values of EA,λ1, EB,λ1, EA,λ2 and EB,λ1 are known, fA can be calculated, and then 

substituted back into Equation 4-2 to obtain EAB at either of the two wavelengths. EAB can in turn be 

substituted back into Equation 4-1 to obtain cDOC. DOC prediction using this method relies upon the 

addition of a standard iDOC term (in Carter et al. this term is 0.8 mg L-1), however in systems where 

DOC is already known, and where confidence in cDOC prediction is high, iDOC can be calculated as 

the residual of DOC and cDOC.  
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We selected λ270 and λ350, based on good unbiased estimations of DOC in natural, highly coloured 

systems (R2 = 0.98) in Carter et al. (2012). The associated extinction coefficients are defined by as 

follows: EA,270 = 77.1 L g-1 cm-1; EA,350 = 69.3 L g-1 cm-1; : EB,270 = 21.31 L g-1 cm-1; : EB,350 = 15.4 L g-1 cm-1.  

4.3.3 Using EEM-PARAFAC modelling to partition cDOC 

PARAFAC modelling decomposes sample fluorescence into a number of distinct fluorophores, thus 

the total fluorescence of these components (sumFL) represents the total fluorescence of the DOM 

pool. As per Felgate et al. (2021), EEM-PARAFAC modelling identified five DOM components, 

henceforth termed C1 – C5. Excitation and emission (ex/em) maxima were as follows (secondary 

maxima in parentheses): C1 = <255 (355) / 470nm; C2 = <255 (310) / 410nm; C3 = 265 / 314nm; C4 = 

290 / 352nm; C5 = 360 / 438nm. These components were characterised as terrestrial humic-like (C1, 

C2, and C5) and protein-like (C3 and C4) using the OpenFluor database (Murphy et al., 2014).  

A strong linear relationship was observed between cDOC and sumFL, which allows for the calculation 

of DOC concentrations associated with each fluorescence component using the relevant coefficient. 

These can be solved for using a multiple linear regression model (Equation 4-5):  

𝑐𝐷𝑂𝐶 ~ (𝑎 𝑥𝐶1𝐹𝐿) + (𝑏 𝑥 𝐶2𝐹𝐿) + (𝑐 𝑥 𝐶3𝐹𝐿) + (𝑑 𝑥 𝐶4𝐹𝐿) + (𝑒 𝑥 𝐶5𝐹𝐿) + 0           𝑬𝒒𝒏. 𝟒 − 𝟓 

where C1FL is the peak fluorescence intensity of C1, and so on. However, an assumption of linear 

regression modelling is independence. A strong linearity was observed between the humic-like 

components in this instance (C1 ~ C2, R2 = 0.98; C1 ~ C5, R2 = 0.82; C2 ~ C5, R2 = 0.75; Figure 4-1), 

and so these components were grouped together and termed ‘humic’ moving forward (Equation 4-

6):  

𝑐𝐷𝑂𝐶 ~ (𝑎 𝑥𝐻𝑢𝑚𝑖𝑐𝐹𝐿) + (𝑏 𝑥 𝐶3𝐹𝐿) + (𝑐 𝑥 𝐶4𝐹𝐿) + 0                                                         𝑬𝒒𝒏. 𝟒 − 𝟔 

This produced coefficients (a = 1.60; b = 0.44; c = 2.11; R2 = 0.95, RSE = 0.58 on 162 DF) which 

allowed the calculation of component-specific cDOC concentrations (Equations 4-7 to 4-9): 

𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝐻𝑢𝑚𝑖𝑐 𝑐𝐷𝑂𝐶 =  (𝑎 𝑥 𝑐𝐷𝑂𝐶)                                                                                        𝑬𝒒𝒏. 𝟒 − 𝟕 

𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝐶3 𝑐𝐷𝑂𝐶 = (𝑏 𝑥 𝑐𝐷𝑂𝐶)                                                                                                𝑬𝒒𝒏. 𝟒 − 𝟖 

𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝐶4 𝑐𝐷𝑂𝐶 = (𝑐 𝑥 𝑐𝐷𝑂𝐶)                                                                                                 𝑬𝒒𝒏. 𝟒 − 𝟗 

These predicted cDOC concentrations were corrected as a proportion of the cDOC pool to account 

for variation imposed by the model fit (Equation 4-10), i.e. if predicted humic cDOC represented 
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30 % of the sum of the predicted cDOC components produced by this model, the corrected humic 

cDOC concentration would be cDOC x 0.3: 

𝐻𝑢𝑚𝑖𝑐 𝑐𝐷𝑂𝐶 = 𝑐𝐷𝑂𝐶 𝑥 
𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝐻𝑢𝑚𝑖𝑐 𝑐𝐷𝑂𝐶

𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑐𝐷𝑂𝐶
                                                                 𝑬𝒒𝒏. 𝟒 − 𝟏𝟎  

These cDOC concentrations were then converted to a percentage of the DOC pool to allow a 

proportional, quantitative interrogation of the dataset in relation to the qualitative findings of 

Felgate et al. (2021). 

 

Figure 4-1. Correlation plot showing component fluorescence intensities for C1-C5. C1, C2, and C5 

exhibit strong correlations with each other (R2 = 0.75 – 0.98), whilst all other relationships are 

weak (R2 > 0.45). 
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 Assessment 

4.4.1 Appropriateness of using absorbance to quantify cDOC  

Whilst a strong relationship between [DOC] and cDOM has been established globally, particularly for 

rivers (Carter et al., 2012; Jeong et al., 2012; Weishaar et al., 2003), tropical and sub-tropical 

examples are less common (Spencer et al., 2010; Yamashita et al., 2010). Still fewer studies have 

tested this relationship in the wider tropical and sub-tropical aquatic continuum, and where such 

studies do exist, they are from highly-coloured systems such as wetlands (Yamashita et al., 2010), 

peatlands (Cook et al., 2017), and blackwater streams (Waterloo et al., 2006). To our knowledge, 

only (Pereira et al., 2014) have applied the 2-wavelength method in a low-colour tropical setting, 

and they found a high degree of variability in terms of its effectiveness, attributing this to seasonal 

shifts in the contribution of iDOM which could not be accounted for. In a similar vein, was it our 

purpose to use the 2 wavelength model to predict DOC, we would have considered it an 

inappropriate tool. As shown in Figure 4-2, DOC exhibited only weak correlations with a270 (R2 = 0.53) 

and a350, (R2 = 0.50), and the model consistently under-predicted by ~ 50 % (mean under prediction = 

0.48 % (SE = 0.02); mean residual = 1.98 mg L-1 (SE = 0.23)).  

Our use of the 2-wavelength model to instead predict [cDOC] and [iDOC] represents a paradigmatic 

departure from previous utilizations, whereby the apparent failure of the model to predict [DOC] is 

in fact confirmation of a significant and variable iDOC pool. Thus, while the 2-wavelength method 

may not be suitable as a bulk [DOC] prediction tool in low-colour systems such as ours, we believe it 

can be repurposed to provide a powerful ability to separate coloured and non-coloured DOC 

fractions where [DOC] measurements are available. Given the fact that DOC is a standard parameter 

across the majority of PARAFAC studies, this makes the method presented here a small and 

eminently feasible additional step with the potential to yield new insight into the composition and 

variability of the aquatic DOC pool.  

4.4.1 Appropriateness of our DOC partitioning model 

The model proposed relies upon a simple assumption, which is that absorbance and fluorescence 

both account for the total cDOM pool. By extension, the 2-wavelength method is assumed to 

account for the cDOC pool in its entirety, and PARAFAC modelling is assumed to produce 

components which represent the cDOM pool in its entirety. In this study, a strong positive 

relationship was observed between cDOC and sumFL (R2 = 0.94; Figure 4-2), which supports this (i.e.  
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the 2-wavelength and PARAFAC models are strongly correlated, and therefore the fractions of the 

DOC/DOM pool described are the same, or at least so different that it becomes significant). 

 

Figure 4-2. Correlations between key parameters. Key denotes sample source: red diamonds = 

dam; blue triangles = tributary; green squares = river; navy pluses = coastal; peach empty squares 

= atoll. 
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Figure 4-3. Fluorescence and fluorophore-associated DOC along a land-ocean continuum in Belize, 

Central America, given as absolute and percentage values. 
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Figure 4-4. Relationships between fluorescence and fluorophore-associated DOC, given as 

absolute and percentage values. Key as per Figure 4-2. 

 Discussion 

4.1.1 A low-resource tool compared to other existing options 

Whilst 1000s of studies have investigated the composition of the DOM pool and extended this to 

DOC, fewer studies have investigated the composition of the aquatic DOC pool directly (e.g. not 
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relative to DOM; Hedges et al., 1994; Heikkinen, 1994; Sachse et al., 2005, 2001; Wu et al., 1997). 

These studies classify DOC according to a recalcitrant or labile categorization model, separating 

recalcitrant compounds (e.g. humics and fulvics) from more labile compounds (e.g. carbohydrates, 

peptides, and amino acids). For example, Sachse et al. (2005) used automated size exclusion 

chromatography to fractionate DOC according to different groups, and to quantify those fractions. 

Other studies have used ultra-high resolution mass spectrometry to characterise the aquatic DOC 

pool according to its chemical composition (e.g. Kim et al., 2006). Whilst such non-optical techniques 

have the advantage of being able to treat coloured and non-coloured fractions as one pool, each has 

their own weaknesses, the discussion of which is beyond the scope of this paper. What is clear is 

that they each require specific analytical techniques which go beyond the scope of most 

contemporary investigations of the aquatic DOM pool, and thus their application requires significant 

additional resource. The method we present utilizes data already commonly collected in such 

studies, and therefore has the potential to add similar value at no additional financial cost and 

requires only a modest additional step during data analysis. 

We note that this method does not account for variable fluorescence efficiencies. Humic-like 

compound classes have broadly similar efficiencies and thus, this method is likely to work well where 

humics dominate, but may work less well in the presence of a larger proportion of protein-like 

material .Further validation is required to test this and further refine the model. 

4.1.2 New insights 

For those using optical techniques to study the aquatic DOM pool, DOC has represented a ‘black box’ 

whereby absolute concentrations masked internal compositional dynamics and fluctuations which 

could not be identified. The method presented in this paper provides a simple additional step to 

traditional absorbance and fluorescence analysis which moves us from qualitative to quantitative 

understanding, at least in so far as the DOC pool is concerned. We therefore consider this to be a 

small but important step forward for aquatic biogeochemistry which opens up new possibilities and 

exciting research questions.  

In particular, by applying this method across a land-ocean continuum, we have demonstrated its 

suitability across a wide range of environments: fresh, brackish, and saline waters; headwaters, 

dams, tributaries, rivers, the coastal zone, and a mangrove atoll. A major gap in the global C cycle 

lies in our understanding of what controls the export of DOC from land to sea. The wide range of 

environments involved in the production, transfer, and processing of terrigenous DOC across the 

LOAC results in a high degree of variation with regards cDOM composition, but little is known about 
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changes in the relative contribution of DOC components.  This method therefore represents a new 

opportunity to investigate how e.g. land use change, nutrient pollution, point-source pollution, or 

extreme weather events alter the internal dynamics which underpin bulk DOC measurements 

without the caveats of an undetermined iDOC contribution and/or qualitative rather than quantative 

findings. 

 Conclusion 

DOC makes up ~50% of the aquatic dissolved organic matter (DOM) pool. It is a significant term in 

the global carbon (C) cycle, and a major determinant of surface water chemistry and biology. It is of 

paramount importance that we understand not only the concentration and fluxes of aquatic DOC, 

but also its composition. Spectral techniques, including Excitation Emission Matrix - Parallel Factor 

Analysis (EEM-PARAFAC) are commonly used to infer DOM character, with these inferences 

transferred to the associated DOC pool. However, variability in DOM stoichiometry means that 

compositional shifts in the DOM pool may not be reflected in the DOC pool with any degree of 

predictability, and an inability to account for the non-coloured fraction limits our ability to interpret 

PARAFAC in low-color systems. Here we present a method to quantitatively partition the DOC pool 

into coloured and invisible fractions, the former being further split into humic-like and protein-like 

fractions. We apply this method to sub-tropical land-ocean gradient where the contribution of non-

coloured DOM is thought to be significant and variable. Our findings provide quantative values for 

the various DOC pools, and suggest that PARAFAC-derived fluorescence intensity is a poor predictor 

for the relative contribution of fluorophore-associated [DOC] across a sub-tropical land-ocean 

gradient. Such shifts have the potential to provide new insight to biogeochemical investigations of 

aquatic DOM/DOC. 
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 Abstract 

Freshwater dissolved organic carbon (DOC) fluxes are a significant and changing component of the 

global carbon cycle. These fluxes are widely considered to be dominated by chromophoric or 

‘coloured’ material (cDOC), and DOC is often characterised and quantified using optical tools which 

specifically target this fraction. However, multiple studies now point towards a sizeable non-

coloured or optically ‘invisible’ DOC (iDOC) pool, which is not captured by such characterisations. 

Few studies have directly investigated iDOC, such that the magnitude of iDOC fluxes as well as their 

source, composition, behaviour, and geographic variation all remain poorly understood. Here we 

combine detailed catchment and national-scale river data to show that iDOC accounts for over 20 % 

of annual riverine DOC export (0.23 Tg C yr-1) in Great Britain, with spatial variation in catchment-

scale mean annual export positively associated with forest cover and dairy cattle density. Using > 

2,900 samples from the range of climatic settings found across five continents we find a similar 

result: iDOC accounts for 26 % (range = 0 – 97 %) of measured DOC fluxes. Our results indicate that 

iDOC is more prevalent in systems with a high degree of anthropogenic influence and/or a high 

residence time. We conclude that iDOC is a globally significant pathway for carbon transport, the 

broad-scale importance of which has yet to be studied in detail. This has implications for our 

understanding of aquatic biogeochemistry, and for the use of optical parameters to quantify and 

characterise DOC.  

 Introduction 

Dissolved organic matter (DOM) is a complex mixture of thousands if not millions of compounds, the 

reactivity of which is determined by a combination of intrinsic (e.g. chemical) and extrinsic (e.g. 

environmental) variables (Hansen et al., 2016; Nebbioso and Piccolo, 2013; Raymond and Spencer, 

2015; Wagner et al., 2020). The concentration and composition of DOM has widespread ecological 

and biogeochemical implications for water quality, and carbon cycling in aquatic systems (Nebbioso 

and Piccolo, 2013). It is therefore critical that we have the means and understanding with which to 

adequately quantify and characterise it.  

Concentrations of DOM are generally expressed in terms of their carbon content, as dissolved 

organic carbon (DOC). Studies have repeatedly demonstrated a strong relationship between DOC 

and chromophoric or ‘coloured’ DOM (cDOM), including a study of 34 North American sites spanning 

cold-temperate, temperate, and sub-tropical climates (R2 = 0.93; Brezonik et al., 2015), and a global 

study incorporating > 12,000 paired measurements taken across a range of environmental settings 
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(R2 = 0.92; Massicotte et al., 2017). This relationship underpins efforts to model DOC concentrations 

from cDOM absorbance spectra. The frequently adopted ‘two-wavelength model’(Carter et al., 

2012) found good agreement between DOC and cDOM absorbance across ~1700 samples from a 

range of freshwater environments (R2 = 0.98; Carter et al., 2012). These findings have been 

replicated many times across a range of diverse environments including headwater streams 

(Peacock et al., 2014), peatlands (Cook et al., 2017), lakes (Griffin et al., 2018), and rivers (Spencer et 

al., 2012). However, the relationship between DOC and cDOM is not universally robust and most 

studies report a sub-set of samples for which it does not hold (Adams et al., 2018; Brezonik et al., 

2015; Griffin et al., 2018; Spencer et al., 2012). This decoupling of DOC and cDOM absorbance is 

commonly attributed to the presence of a non-coloured or ‘invisible’ DOC fraction (iDOC), and is 

particularly prevalent in systems subject to high degrees of anthropogenic influence (Massicotte et 

al., 2017; Spencer et al., 2012) or with long residence times (Adams et al., 2018). The frequency with 

which this decoupling is reported suggests that it is pervasive. However, very few studies have 

explicitly investigated iDOC, adapting the aforementioned ‘two-wavelength’ model to quantify it in a 

tropical headwater stream (Pereira et al., 2014), a series of eutrophic lakes (Adams et al., 2018), and 

a sub-tropical river catchment (Chapter 3). In each case, iDOC has accounted for a significant yet 

variable fraction of the DOC pool. However, these studies present a number of apparent 

contradictions, characterizing iDOC as both algogenic (Adams et al., 2018) and terrigenous (Pereira 

et al., 2014), and comprising low-molecular weight moieties thought to be bioavailable (Pereira et 

al., 2014) yet behaving as though biologically stable (Chapter 3). Major uncertainties exist in our 

understanding of the prevalence of iDOC and its role in aquatic carbon cycling around the world.  

Here we estimate freshwater iDOC contributions at catchment, land-mass, and global scales. We 

used paired DOC and absorbance data to determine the prevalence of iDOC at catchment, land-

mass, and global scales. The underlying data were derived from (a) year-round monitoring of two GB 

river catchments with contrasting land-use; (b) year-round monitoring of the Great British (GB) land-

mass; and (c) a collated dataset of > 2,900 time-point samples covering a range of aquatic, climatic, 

and geographic settings from across five continents (see Section 5.5). 

 Results and Discussion 

5.3.1 Catchment scale 

We analysed monthly DOC and absorbance samples from May 2019 to February 2020 at 23 sites 

across two GB river catchments with contrasting land cover: the Conwy (North Wales), a near-
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natural catchment dominated by peatland and rough grazing, and the Tamar (South England), a 

highly modified catchment dominated by intensive grazing. Full site descriptions are given in 

Supplementary Information (Text S1) alongside detailed land cover mapping (Figures S1 – S4).  

DOC concentrations in the Conwy (6.8 ± 5.0 mg L-1; mean ± SD) were within the expected range (e.g. 

3.0 – 7.9 mg L-1; Mattsson et al., 2009). DOC and cDOC exhibited a strong positive correlation (Figure 

5-1; R2 = 0.98, p = < 0.001) in agreement with the established relationship for this catchment 

(Austnes et al., 2010) and for natural temperate systems more broadly (Carter et al., 2012; 

Massicotte et al., 2017; Spencer et al., 2012). Mean iDOC accounted for just 3 ± 15 % of the Conwy 

DOC pool, but was consistently > 20 % DOC in the most modified sub-catchments (Figure 5-2).  

 

 

Figure 5-1. : Plots of DOC vs. cDOC as absolute and natural log values in the Conwy (red circles) 

and Tamar (green squares). Black line indicates 1:1 relationship where cDOC = 100% DOC. 

DOC concentrations in the Tamar (15.2 ± 18.1 mg L-1) were higher than expected based on previous 

work in the catchment (e.g. 2.3 – 5.3 mg L-1; Miller, 1999 and 5.4 – 6.1 mg L-1; Lloyd et al., 2019). We 

were unable to identify any sample processing or analytical issues to suggest that our DOC data were 

incorrect: samples from the Tamar and Conwy were collected, handled, and analysed following 

standard protocols and using centralised facilities such that any systematic issue would be present 

across both catchments (see Section 5.5), and we could find no evidence of a catchment-specific 

issue in the Tamar (Text S2; Figures S5 – S6).  The correlation between DOC and cDOC was strongest 

in near-natural, moorland-dominated sub-catchments (R2 = 0.73; p = < 0.001), but weak at 

catchment scale (R2 = 0.21, p = < 0.001) which reflected a mean iDOC contribution of 57 ± 25 % DOC. 

Mean iDOC concentrations for each sub-catchment exhibited a strong and linear increase with dairy 
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cattle density (R2 = 0.82; p = 0.002) and were also positively correlated with average flow (R2 = 0.39; 

p = 0.002; Table S2 and Figure S7). Dairy farming produces large volumes of liquefied manure in the  

 

Figure 5-2. DOC composition in the Conwy and Tamar, plotted by site and month. Black lines 

indicate 0 and 100%. Instances where cDOC > 100% and iDOC < 0% are model artefacts, likely due 
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to elevated absorbance values. In such cases, the DOC pool can be considered 100% cDOC. The 

associated DOC concentration values are presented in Supplementary Information (Figure S9; 

Table S4).  

form of slurry, which is stored in tanks and applied to the land as fertilizer. If poorly timed relative to 

rainfall, this application can result in large quantities of DOM being washed into waterways (e.g. 

Ramos et al., 2006). Dairy manure contains a high % of molecules associated with iDOC including 

mono- and polysaccharides (Jarde et al., 2007). Thus, iDOC runoff from slurry is a plausible 

explanation for these results. 

5.3.2 GB landmass-scale  

Monthly DOC concentrations were measured in rivers covering 38% of the land-mass of Great Britain 

(GB) by catchment area between January and December 2017, producing an estimated GB-scale 

annual flux to estuaries of 1.15 Tg DOC yr-1  (Williamson et al., 2021). Here we combine these data 

with absorbance scans to partition that flux into cDOC and iDOC fractions, using multiple linear 

regression modelling to scale export fluxes at 1 km2 resolution (Text S3; Tables S5 – S10; Figures S10 

– S13). Spatial variation in DOC export was best explained by % forest, % peat soils, and % acid grass 

(Equation 5-1; R2 = 0.91; p = < 2.2 x 10-16). These land cover types are associated with organic-rich, 

wet environments which typically export highly coloured material (Xenopoulos et al., 2021). 

Unsurprisingly, these same catchment characteristics also explained a high degree of variability in 

cDOC export (Equation 5-2; R2 = 0.92; p = < 2.2 x 10-16), whereas iDOC export was best explained 

by % forest and mean dairy cattle density (Equation 5-3; R2 = 0.73; p = 1.45 x 10-10). This result is 

consistent with the understanding that forests release iDOC via leaf inputs, and suggests that dairy 

farms are an important additional source of iDOC at a national scale. 

 

𝐴𝑟𝑒𝑎𝑙 𝐷𝑂𝐶 𝑓𝑙𝑢𝑥 = (0.19 ∗  % 𝐹𝑜𝑟𝑒𝑠𝑡) + (0.10 ∗  % 𝑃𝑒𝑎𝑡 𝑆𝑜𝑖𝑙𝑠) + (0.07 ∗  % 𝐴𝑐𝑖𝑑 𝐺𝑟𝑎𝑠𝑠)        𝑬𝒒𝒏. 𝟓 − 𝟏 

𝐴𝑟𝑒𝑎𝑙 𝑐𝐷𝑂𝐶 𝑓𝑙𝑢𝑥 = (0.15 ∗  % 𝐹𝑜𝑟𝑒𝑠𝑡) + (0.01 ∗  % 𝑃𝑒𝑎𝑡 𝑆𝑜𝑖𝑙𝑠) + (0.05 ∗  % 𝐴𝑐𝑖𝑑 𝐺𝑟𝑎𝑠𝑠)      𝑬𝒒𝒏. 𝟓 − 𝟐 

𝑖𝐷𝑂𝐶 𝑓𝑙𝑢𝑥 = (0.05 ∗  % 𝐹𝑜𝑟𝑒𝑠𝑡) + (0.032 ∗  𝑀𝑒𝑎𝑛 𝐷𝑎𝑖𝑟𝑦 𝐶𝑎𝑡𝑡𝑙𝑒  𝐷𝑒𝑛𝑠𝑖𝑡𝑦)                                     𝑬𝒒𝒏. 𝟓 − 𝟑 

 

Using these models to predict per-area yields at GB scale gave a total DOC export flux of 1.15 Tg yr-1 

with an uncertainty range of 0.96 – 1.33 Tg yr-1. This flux was split 79 % cDOC (mean = 0.91 Tg yr-1; 

range = 0.77 – 1.06 Tg yr-1) and 21 % iDOC (mean = 0.23 Tg yr-1; range = 0.19 – 0.27 Tg yr-1).  
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Figure 5-3. Modelled annual yields for cDOC and iDOC (g m-1 yr-1) at 1km grid scale across GB. Note 

that this extrapolation effectively predicts observed fluxes at the sampling points closest to the 

tidal limit and thus cannot strictly be considered a map of the cDOC / iDOC produced by each grid 

cell. 

5.3.3 Global scale 

Finally, we collated a dataset of paired DOC and absorbance samples (n = 2911) from a range of 

published (13 studies, n = 1603) and unpublished (17 studies, n = 1208) datasets spanning a wide 

range of climatic and geographic settings (Table S11 and Spreadsheet S1). Whilst iDOC was not 

present in every sample, it was present in every data set (Table S11). The mean iDOC contribution 

across all samples was 26 ± 25 % DOC (Figure 5-4). The application of reasonable uncertainties (up to 

20 % DOC; Table S12) did not significantly alter our findings.  

 

Figure 5-4. Distribution plot for % iDOC in a collated dataset of freshwater samples (n = 2911). 
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The lowest iDOC contributions were observed in near-natural, organic-rich systems, such as the 

relatively pristine Flow Country peatlands in northern Scotland (iDOC = 7 ± 8 %) and some Swedish 

rivers and lakes (iDOC = 9 ± 11 %). However, sites from the Uppland region of Sweden had larger 

iDOC contributions (iDOC = 16 ± 35 %). The highest iDOC contributions were observed in more 

modified settings. For example rivers in Belize (iDOC = 37 ± 37 %) and Brazil (iDOC = 40 ± 13 %), both 

of which are subject to ongoing deforestation and agricultural expansion (e.g. Chapter 2). However, 

substantial iDOC concentrations were also observed in systems which are not subject to high levels 

of anthropogenic influence, however, such as Greenland (iDOC = 56 ± 17 %), Siberia (iDOC = 23 ± 

22 %), and remote ponds sampled on West Falkland (iDOC = 75 ± 12 %) where a more natural source 

seems likely. At the same time, some rivers subject to relatively high levels of catchment 

modification contained very low levels of iDOC (e.g. Malaysian Borneo; iDOC 12 ± 14 %). It is likely 

that the mode of modification (e.g. conversion of forested land to livestock and crop agriculture in 

Belize vs. palm plantation in Malaysia) is highly influential.  We therefore conclude that iDOC is a 

pervasive and highly variable component of the global DOC pool which is most prevalent in 

waterbodies subject to substantial anthropogenic perturbation, but which can also be found in less 

modified settings.  

 Implications 

Our study demonstrates that iDOC constitutes a significant, and sometimes dominant, fraction of the 

terrigenous DOC pools across a broad range of water body types and environments, from the Arctic 

to the tropics. The presence of iDOC has been recognised previously, but its prevalence and extent 

was unknown. Our analysis suggests that it may comprises around 25 % of the total DOC pool on 

average, and that it is highest in anthropogenically modified catchments. Estimates of DOC 

concentrations based on optical properties will therefore under-estimate DOC concentrations by a 

similar amount, and may lead to inaccurate conclusions regarding the composition and function of 

aquatic DOC, as well as errors in calculations of land-ocean carbon fluxes. Optically-based 

approaches to monitor aquatic DOC concentrations via both satellites and in situ platforms will 

require careful calibration and understanding of iDOC variability before the resulting data can be 

robustly interpreted and understood. Failing to do so may exclude a sizeable fraction of DOC that is 

most susceptible to anthropogenic perturbation. Greater understanding of the source, composition, 

and reactivity of iDOC is required in order to better characterise its role in aquatic systems, including 

its contribution to CO2 degassing and land-ocean carbon transport, and thus its role in the global 

carbon cycle. 
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 Methods 

Catchment scale sample collection occurred on a monthly basis between May 2019 and February 

2020 in the Conwy and Tamar catchments. GB scale sample collection occurred on a monthly basis 

between January and December 2017. In both cases, sampling trips were planned to coincide across 

catchments where ever possible, and in all cases were conducted within 1 week of each other. 

Water samples were syringe filtered (Fisher® 0.45µm cellulose acetate) into a 60ml HDPE Nalgene® 

bottle for DOC analysis and a 30ml amber glass Whatman® bottle fitted with a PTFE cap for spectral 

analysis. Sample bottles were pre-washed (10% HCl for 24hrs) and rinsed with Milli-Q® water, and 

triple rinsed with sample filtrate in the field. Samples were kept cool and dark in transit, and then 

stored at 4°C until they could be analysed. DOC concentrations were quantified using the NPOC 

(Non-Purgeable Organic Carbon) method on a Shimadzu TOC-L analyser (Shimadzu, Japan). Prior to 

analysis, filtered samples were acidified to pH 2 using 1M HCl, then purged with zero grade air for 6 

minutes to remove any inorganic carbon. DOC (as NPOC) was measured using infrared absorbance 

as CO2 following combustion at 720°C over a Pt-catalyst. Two calibration ranges were used (0 – 10 

mg L-1 and 10 – 50 mg L-1) depending on the concentration of the samples, and samples which fell 

out with this calibration range were re-run post dilution. Limits of detection for DOC were 0.6 mg L-1. 

Certified reference materials (WR1, 2, and 3) were run every 30 samples or less at concentrations of 

5, 10, and 40 mg L-1. Instrument precision was checked on ~ 5 % of samples with an expected 

precision of within 10%. Absorbance scans were conducted on a Cary 60 UV-Vis spectrophotometer 

(Agilent, USA) using a 1cm quartz cuvette and scanning at 1nm intervals between 200 and 800nm. 

Scans were corrected for instrument drift by subtracting the mean value between 600 and 700nm. 

UV optical absorbance of cDOM can be explained by a two end-member model, and these end-

members can be used to accurately estimate DOC concentration (Carter et al., 2012; Tipping et al., 

2009). This method relies upon the addition of a fixed residual iDOC term (0.8 mg L-1 in Carter et al. 

2012). Where DOC is already known, iDOC can be derived as the residual of DOC and cDOC (Pereira 

et al., 2014b). We applied this method using 270 nm and 350 nm as end-members, based on good 

unbiased estimations made in natural, highly coloured systems (R2 = 0.98; Carter et al., 2012).  

For collated data where absorbance was not available at one or both of the specified wavelengths 

(270 and 350 nm) these were derived via modelling of the complete spectra, and the error 

associated with this process derived via comparison with data derived from complete spectra using 

the same method. For hyperspectral measurements with data present at  < 270 nm, > 350 nm, and 

between 271 and 349 nm, absorption at the desired wavelengths was estimated using a cubic spline 

interpolation (median error = 0.1 %). For hyperspectral measurements with no data < 270 nm, 
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absorbance at 350 nm was estimated as above if not measured, and absorption at 270 nm was 

estimated by fitting an exponential decay function to the absorption spectra which we then 

evaluated at 270 nm (median error = 1%). For multispectral measurements where measurements 

were not made at 270 and 350 nm, absorption was estimated by fitting the same exponential decay 

function to the absorption spectra, including a zero absorption point at 700 nm (median error = 8 % 

at 270 nm and 6 % at 350 nm). Interpolations and fits were performed in Matlab R2019a. Code will 

be made freely available on Zenodo for publication. 
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 Supplementary Information 

Text S1. Site descriptions (Tamar and Conwy) 

The River Conwy (North Wales) has a catchment area of 580 km2, a maximum altitude of 1064 m 

above sea level (ASL), an annual average rainfall (AAR) of 2042 mm (1961 – 1990), and a base flow 

index (BFI) of 0.28 (NRFA Station 66011). Catchment population is skewed towards the lower 

reaches. The Conwy finds its source in an extensive are of blanket bog (the Migneint), and drains 

north into the Irish Sea through a mixed landscape characterised by acid grassland (36%), intensive 

grassland (30%), forest (18%), and blanket bog (12%). Catchment geology is characterised by 

Cambrian igneous and sedimentary rock to the west, and Silurian mud stones to the east.  

The River Tamar (South East England) is approximately 270 km south of the River Conwy. It has a 

catchment area of 916 km2, a maximum altitude of 586 m ASL, an AAR of 1216 mm (1961 – 1990), 

and a BFI of 0.46 (NRFA station 47001)(Rawlins et al., 2003). The Tamar finds its source in Wooley 

Moor and drains south into the Plymouth Sound, through a landscape dominated by intensive 

grassland (63%) and some arable land (14%), with some forest (10%), and acid grassland (7%). 

Catchment geology is predominantly Carboniferous sandstones and fine-grained sedimentary 

sequences. The catchment is bracketed by Dartmoor to the east (> 500m elevation) and Bodmin 

moor to the west (> 300m elevation), both characterised by granite outcrops interspersed with 

Lower Carboniferous and Devonian slates. In the middle of the catchment, quaternary deposits of 

alluvial sediments run along the larger rivers. Soils are predominantly brown earths (podzols and 

cambic stognogley soils), with ironpan stagnopodzols to the west and alluvial grey soils to the south.  
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Table S1. Habitat groupings used for analysis of land cover on DOM and DOC composition, and 

associated % land cover for the Tamar and Conwy catchments. Land cover data were derived from 

the 2015 CEH Land Cover Map (LCM 2015) whereby satellite imagery is used to categorise land 

cover according to 21 broad habitat types (Rowland et al., 2017). These types were grouped into 

larger, more internationally meaningful groupings for analysis in order to reduce the number of 

potential explanatory variables relative to study sites, as per Williamson et al. (2021). 

 

Grouped Habitat  LCM 2015 Broad Habitat Types Conwy (%) Tamar (%) 

Acid Grassland Acid Grassland; Heather Grassland 36 7 

Arable Arable and Horticulture 0 14 

Broadleaf Broadleaf Woodland 7 7 

Conifer Conifer Woodland 11 3 

Intensive 
Grassland 

Improved Grassland; Neutral Grassland; 
Calcareous Grassland 

30 63 

Urban Urban; Suburban 2 2 

Water Freshwater 1 0 

Wetland and 
Moor 

Bog; Fen, Marsh and Swamp; Heather 12 2 

Other 
Inland Rock; Littoral Rock; Saltmarsh; 
Supralittoral Sediment; Supralittoral 
Rock; Saltwater; Littoral Sediment 

1 0 
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Figure S1. Map of the Conwy catchment, showing sub-catchment boundaries. Land cover is 

summarised as pie charts. 
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Figure S2. Map of the Tamar catchment, showing sub-catchment boundaries. Land cover is 

summarised as pie charts. 
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Figure S3. Land cover map for the Conwy catchment, with sub-catchment boundaries highlighted. 
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Figure S4. Land cover map for the Tamar catchment, with sub-catchment boundaries highlighted. 
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Text S2. Are our DOC data robust? 

The determination of DOC via the Non-Purgeable Organic Carbon (NPOC) method is known to 

produce a linear overestimation of DOC concentrations in instances of incomplete purging of 

dissolved inorganic carbon (DIC) (Findlay et al., 2010). Were this the case, we would expect to find a 

relationship between DOC and carbonate cycle. We found no evidence of a relationship between 

DOC and pH (Figure S5). DIC was not measured as part of this study, but using the method outlined 

by Findlay et al. (2010), we calculated that it would take > 130 mg L-1 un-purged DIC to produce a 

DOC overestimation equivalent to mean iDOC in the Tamar (11.15 mg L-1), and > 1000 mg L-1 in order 

to produce iDOC at the top of our range (85.28 mg L-1). DIC values in the Tamar are typically < 10 mg 

L-1  (Jarvie et al., 2017). DIC was measured in the Tamar estuary during the sampling period (July 2019 

sampling run), and concentrations ranged from 15.19 – 25.45 mg L-1 (Figure S6). Thus, despite being 

marginally higher than usual, DIC cannot account for the presence of a DOC residual term (i.e. iDOC).  

 

 

 

 

Figure S5. Plot of (left) DOC vs. pH and (right) iDOC vs. pH in the Tamar and Conwy catchments. If 

DOC (and thus iDOC) was being overestimated due to high DIC concentrations, we would expect to 

see a relationship with pH. Whilst samples with a pH of around 7 did contain higher DOC and iDOC 

concentrations, we did not observe a relationship between these parameters more broadly. 



Chapter 5 

124 

 

Figure S6. Plot of DIC (mg L-1) vs. salinity (ppt) in the Tamar estuary during July 2019, and on 

several occasions previously. Whilst DIC during the sampling period (July 2019) was higher than it 

had been during earlier trips, the increase was in the order of a few mg L-1 and nowhere near high 

enough to produce the kind of NPOC over-estimation required to explain our findings. DIC samples 

were collected in quintuplicate at each sampling location, and stored in the dark in 250ml 

borosilicate bottles which were gas-sealed with grease stoppers and fixed with 50 µl saturated 

mercuric chloride solution. Samples were analysed using the Versatile Instrument for the 

Determination of Total inorganic carbon and titration Alkalinity (VINDTA 3C, Marinada, Germany), 

which measures DIC by coulometric titration (CM5011 C02 coulometer, UIC, Inc, USA). The VINDTA 

3C measures a known volume of sample and acidifies that subsample with 10 % phosphoric acid 

(H3PO4) to convert all DIC into CO2, which is carried to the coulometer cell by a nitrogen gas. The 

measurements were calibrated using Certified Reference Materials (CRMs) from A. Dickson 

(Scripps Institution of Oceanography, US; Dickson et al., 2003). DIC concentrations were calculated 

using the coulometric titration data, in addition to temperature and salinity data collected using a 

handheld Hach™ Multimeter which were used to calculate density using Calkulate (Version 2.2.0; 

Humphreys and Matthews, 2021). The 1σ precision uncertainty for the DIC measurements was 

0.05 mg L-1, calculated using the CRM measurements and the quintuplicate sample measurements. 
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Figure S7. DOC and daily averaged flow data (m3 s-1) taken from the nearest National River Flow 

Archive (NRFA) gauging station to each sampling station. Flow data were downloaded from the 

NRFA and Environment Agency websites (https://nrfa.ceh.ac.uk/data and 

https://environment.data.gov.uk/hydrology, both accessed 20/01/2020). Sampling locations were 

often several 100m from the gauging station, meaning that the NRFA data are indicative of 

conditions at the sampling station, but are not directly related. Nonetheless, they show that high 

DOC concentrations were often accompanied by high flow conditions. Flow data were not 

available for the sub-catchments within the Conwy. 

  

https://nrfa.ceh.ac.uk/data
https://environment.data.gov.uk/hydrology


Chapter 5 

126 

Table S2. Linear fit for DOC vs Flow, given by site in the Tamar. Main river sites with highest iDOC 

values are highlighted in red. 

Site R2 

Cadover Bridge 0.33 

Denham Bridge 0.56 

Merrivale Bridge 0.06 

Hill Bridge 0.21 

Gunnislake New Bridge 0.79 

Horsebridge 0.80 

North Tamerton 0.64 

Druxton Bridge 0.78 

Ottery Bridge 0.40 

Lifton 0.60 

Treburley 0.37 

Newbridge 0.19 
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Figure S8. Plot of dissolved iron (Fe) vs. iDOC in the Conwy catchment. Some metals are known to 

absorb strongly at wavelengths commonly used for investigation of the DOM pool (including those 

used in this study). For example, Fe is known to increasing absorbance at a rate of ~ 0.01 cm-1 for 

every 1 mg L-1 Fe present (Lambert et al., 2015; Weishaar et al., 2003). Negative iDOC 

concentrations modelled for the Conwy catchment may have resulted from elevated absorbance 

values, and so we investigated the relationship between iDOC and Fe and found a significant 

negative correlation (R2 = 0.39; p = < 0.01). Four points were identified as outliers (circled), 

originating from two sites (Afon Ddu and Nany y Brwyn) in July and August. Removing these points 

increased the R2 to 0.77 (p < 0.01). Fe is used here to demonstrate the potential for a strongly 

absorbing metal to influence our prediction of iDOC. It is likely that metals in solution have a 

cumulative effect on absorbance values and thus, on estimated cDOC concentrations, particularly 

in peated catchments like the Conwy with an already highly coloured DOM pool and typically high 

metal concentrations.   
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Table S3. % Peat Cover vs % cDOC (sites ordered by catchment and by % peat). We observed a 

strong relationship between % peat cover and % cDOC in the Tamar catchment (R2 = 0.84; p = 1.60 

x 10-5), and % cDOC was highest in sub-catchments draining the peat-dominated Dartmoor: Hill 

Bridge, Merrivale Bridge, Cadover Bridge, and Denham Bridge. In the Conwy, the relationship 

between % peat and % cDOC was weak (R2 = 0.16; p = 0.16), despite the highest % cDOC values 

occurring at sites draining the peat-dominated Migneint: Afon Ddu Upper, Nant y Brwyn, and Llyn 

Conwy. This fit was improved (R2 = 0.64; p = 0.01) by removing three sites with high cDOC 

concentrations and low % peat cover: Afon Cadnant, Merddwr, and Glasgwm. Local knowledge 

suggests this is an artefact of organic-rich sediments not classified as peat during mapping.    

Site % Peat Cover % cDOC 

Afon Ddu Upper 97 104 

Nant y Brwyn Upper 84 106 

Llyn Conwy Outflow 70 102 

Nant y Coed 25 99 

Cwm Llanerch 21 96 

Afon Cadnant 15 118 

Nant Cwm Caseg Fraith 12 83 

Merddwr 4 105 

Glasgwm 4 97 

Hiraethlyn Point 0 78 

Maenan 0 66 

Hill Bridge 73 63 

Merrivale Bridge 52 63 

Cadover Bridge 47 59 

Denham Bridge 18 54 

Treburley 4 36 

Newbridge 4 38 

Lifton 3 30 

Horsebridge 1 32 

Gunnislake New Bridge 1 36 

Ottery Bridge 1 33 

Druxton Bridge 0 39 

North Tamerton 0 30 
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Figure S9. Raw DOC concentrations in the Conwy (top) and Tamar (bottom) catchments, plotted by 

site and month.  Instances where cDOC > 100% and iDOC < 0% are model artefacts, likely due to 

elevated absorbance values. In such cases, the DOC pool can be considered 100% cDOC. 
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Table S4. Mean values for DOC concentrations and % composition in the Conwy and Tamar 

catchments (mean ± SE, range), given by site and catchment.   

Site 
DOC cDOC iDOC 

mg L-1 mg L-1 % mg L-1 % 

Nant Cwm Caseg Fraith 2.31 ± 0.31 
(1.26 – 4.84) 

2.00 ± 0.38 
(0.84 – 4.97) 

83 ± 4 
(64 – 103) 

0.31 ± 0.08 
(-0.13 – 0.64) 

17 ± 4 
(-3 – 36) 

Glasgwm 3.59 ± 0.26 
(2.26 – 4.91) 

3.54 ± 0.37 
(1.77 – 5.10) 

97 ± 3 
(78 – 109) 

0.05 ± 0.10 
(-0.37 – 0.49) 

3 ± 3 
(-9 – 22) 

Afon Ddu Upper 11.15 ± 2.03 
(3.89 – 24.90) 

12.23 ± 2.31 
(4.34 – 25.35) 

104 ± 3 
(92 – 117) 

-0.57 ± 0.35 
(-2.48 – 0.57)  

-4 ± 3 
(-17 – 8) 

Llyn Conwy  4.68 ± 0.18 
(4.01 – 5.83) 

4.73 ± 0.14 
(4.04 – 5.46) 

102 ± 3 
(92 – 123) 

-0.05 ± 0.13 
(-0.98 – 0.40) 

-2 ± 3 
(-23 – 8) 

Nant y Brwyn  10.41 ± 1.32 
(5.32 – 19.00) 

11.30 ± 1.69 
(5.14 – 21.77) 

106 ± 3 
(92 – 123) 

-0.90 ± 0.42 
(-3.21 – 0.79) 

-6 ± 3 
(-23 – 8) 

Afon Cadnant 14.96 ± 2.43 
(5.30 – 25.70) 

17.83 ± 2.98 
(5.86 – 31.60) 

118 ± 2 
(110 – 126) 

-2.86 ± 0.60  
(-5.90 – -0.56) 

-18 ± 2 
(-26 – -10) 

Merddwr  7.44 ± 0.86 
(4.37 – 13.80) 

8.00 ± 1.13 
(4.19 – 15.74) 

105 ± 3 
(85 – 126) 

-0.56 ± 0.32 
(-2.59 – 0.77) 

-5 ± 3 
(-26 – 15) 

Nant-y-Coed 7.66 ± 0.97 
(4.33 – 14.50) 

7.72 ± 1.17 
(3.79 – 16) 

99 ± 3 
(85 – 119) 

-0.06 ± 0.29 
(-1.84 – 0.82) 

1 ± 3 
(-19 – 15) 

Cwm Llanerch 4.39 ± 0.49 
(2.59 – 8.10) 

4.26 ± 0.57 
(2.26 – 8.52) 

96 ± 3 
(80 – 108) 

0.13 ± 0.11 
(-0.42 – 0.82) 

4 ± 3 
(-8 – 20) 

Maenan 4.96 ± 0.56 
(2.69 – 7.35) 

3.87 ± 0.44 
(2.10 – 6.09) 

77 ± 1 
(66 – 84) 

1.07 ± 0.10 
(0.59 – 1.66) 

23 ± 2 
(16 – 34) 

Hiraethlyn Point 3.64 ± 0.67 
(1.66 – 8.29) 

2.93 ± 0.61 
(1.20 – 7.17) 

78 ± 3 
(60 – 93) 

0.71 ± 0.10 
(0.28 – 1.31) 

22 ± 3 
(7 – 40) 

Conwy Av. 
6.80 ± 0.48 
(1.26 – 25.70) 

6.53 ± 0.56 
(0.60 – 31.60) 

97 ± 1 
(60 – 126) 

-0.24 ± 0.12 
(-5.90 – 1.66) 

3 ± 1 
(-26 – 40) 

Cadover Bridge 
6.59 ± 1.23 
(2.15 – 13.80) 

3.42 ± 0.67 
(1.35 – 8.53) 

59 ± 7 
(25 – 94) 

3.17 ± 0.87 
(0.33 – 9.77) 

41 ± 7 
(6 – 75) 

Denham Bridge 
5.02 ± 0.99 
(1.62 – 12.10) 

2.38 ± 0.52 
(0.85 – 7.05) 

54 ± 7 
(17 – 89) 

2.64 ± 0.78 
(0.28 – 9.63) 

46 ± 7 
(11 – 83) 

Merrivale Bridge 
5.56 ± 1.79 
(1.31 – 22.50) 

3.44 ± 1.31 
(0.58 – 17.01) 

63 ± 6 
(28 – 93) 

2.12 ± 0.65 
(0.16 - 5.57) 

27 ± 6 
(7 – 72) 

Hill Bridge 
6.10 ± 1.31 
(1.49 – 17.50) 

3.53 ± 0.97 
(1.24 – 13.24) 

63 ± 8 
(20 – 98) 

2.57 ± 0.62 
(0.03 – 5.45) 

37 ± 8 
(2 – 80) 

Gunnislake New Bridge 
23.48 ± 7.69 
(2.42 – 90.60) 

3.57 ± 0.50 
(1.62 – 7.93) 

36 ± 8 
(6 – 83) 

19.91 ± 7.42 
(0.54 – 85.28) 

64 ± 8 
(17 – 94) 

Horsebridge 
22.92 ± 6.45 
(3.35 – 73.10) 

3.65 ± 0.52 
(1.57 – 8.33) 

32 ± 7 
(7 – 86) 

19.27 ± 6.20 
(0.66 – 67.79) 

68 ± 7 
(14 – 93) 

North Tamerton 
33.88 ± 6.83 
(5.79 – 70.00) 

6.17 ± 0.81 
(3.16 – 13.37) 

30 ± 7 
(9 – 70) 

37.71 ± 6.53 
(1.75 – 62.21) 

70 ± 7 
(30 – 91) 

Druxton Bridge 
27.90 ± 6.02 
(5.37 – 70.60) 

6.44 ± 0.91 
(3.18 – 14.51) 

39 ± 9 
(9 – 88) 

21.45 ± 6.30 
(1.35 – 62.93) 

61 ± 9 
(12 – 91) 

Ottery Bridge 
19.16 ± 4.77 
(4.00 – 45.40) 

3.79 ± 0.42 
(1.78 – 7.27) 

33 ± 6 
(9 – 72) 

15.37 ± 4.51 
(1.62 – 39.89) 

67 ± 6 
(28 – 91) 

Lifton 
12.32 ± 2.15 
(3.30 – 25.50) 

2.63 ± 0.37 
(1.31 – 5.79) 

30 ± 6 
(7 – 75) 

9.69 ± 2.17 
(0.84 – 23.09 

70 ± 6 
(25 – 93) 

Treburley 
6.51 ±1.84 
(1.93 – 25.20) 

1.59 ± 0.21 
(0.88 – 3.07) 

36 ± 6 
(10 – 74) 

4.93 ± 1.75 
(0.51 – 22.62) 

64 ± 6 
(26 – 90) 

Newbridge 
6.54 ± 1.42 
(1.46 – 17.20) 

1.58 ± 0.15 
(0.94 – 2.64) 

38 ± 7 
(8 – 79) 

4.96 ± 1.37 
(0.32 – 15.79) 

62 ± 7 
(21 – 92) 

Tamar Av. 
14.66 ± 1.46 
(1.31 – 90.60) 

3.52 ± 0.23 
(0.58 – 17.01) 

43 ± 2 
(6 – 98) 

11.15 ± 1.37 
(0.03 – 85.28) 

57 ± 2 
(2 – 94) 
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Text S3: Modelling the annual GB riverine iDOC flux 

Williamson et al. (2021) derived an annual GB-scale riverine export flux of DOC using monthly 

resolution data from forty rivers draining 26 % of the GB land mass. We used the same data set to 

apportion this flux into cDOC and iDOC fractions, following the method set out in that paper. Using 

the full data set of Williamson et al., (2021), mean annual flow weighted DOC concentrations (FW 

DOC) were estimated at 7.8 ± 3.0 mg L-1 (range = 1.9 - 13.2 mg C L-1) and the mean DOC export per 

unit area (DOC yield) was estimated at 5.98 + 4.40 g C m-2 yr-1 (range = 0.31 – 20.23 g C m-2 yr-1). 

Using our slightly reduced data set, we estimated these values at 7.8 ± 3.2 mg L-1 (range = 1.9 - 13.2 

mg C L-1) and 5.87 + 4.47 g C m-2 yr-1 (range = 0.28 – 23.29 g C m-2 yr-1), respectively. 

We used step-wise linear regression modelling to investigate the relationship between FW DOC and 

DOC yield and a range of land-use and geoclimatic variables known to exert influence over DOC 

fluxes. Catchment characteristics considered were peat soil area (km2), % peat soil, base flow index 

(BFI), annual average rainfall (SAAR), mean altitude, and % carbonate rock. Land-use classes were 

grouped as per Table S1. Models were run in R software (R Core Team, 2019) and best-fit models 

were selected by Akaike Information Criterion (AIC) (Equations 5-4 and 5-5). Model outputs are 

given in Tables S5 and S6. The relationships identified were the same as in Williamson et al. (2021), 

except the inclusion of BFI in Model 2, and explained 74 % and 78 % of variation in FW DOC and DOC 

yield, respectively. These relationships were applied at 1 km2 grid resolution to produce a GB-scale 

flux estimate of 1.01 Tg C yr-1. Williamson et al.’s estimate was 1.15 Tg C yr-1. 

𝐹𝑊 𝐷𝑂𝐶 ~ % 𝑃𝑒𝑎𝑡 + 𝐵𝐹𝐼 + 𝑆𝐴𝐴𝑅 +% 𝐹𝑜𝑟𝑒𝑠𝑡 +  𝑀𝑒𝑎𝑛𝐴𝑙𝑡 +  % 𝐺𝑟𝑎𝑠𝑠𝑙𝑎𝑛𝑑               𝑬𝒒𝒏. 𝟓 − 𝟒 

𝐷𝑂𝐶 𝑦𝑖𝑒𝑙𝑑 ~ % 𝑃𝑒𝑎𝑡 +  % 𝐹𝑜𝑟𝑒𝑠𝑡 +  𝐵𝐹𝐼 +  𝑆𝐴𝐴𝑅                                                                𝑬𝒒𝒏. 𝟓 − 𝟓 

 

Table S5. Model output associated with Equation 5-4. 

R2 = 0.74; p = 1.31 x 10-7 Estimate Std. Error t value p value Significance 

Intercept 10.74 2.56 4.20 2.20 x 10-4 *** 

% Peat 0.09 0.02 4.79 4.20 x 10-5 *** 

BFI -8.86 2.76 -3.21 3.15 x 10-3 ** 

SAAR -0.004 0.001 -4.55 8.40 x 10-4 *** 

% Forest 0.05 0.03 1.58 0.12  

Mean Altitude 0.01 0.004 2.22 0.03 * 

% Grassland 0.05 0.02 2.01 0.05 . 
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Table S6. Model output associated with Equation 5-5. 

R2 = 0.78; p = 4.31 x 10-10 Estimate Std. Error t value p value Significance 

Intercept 2.45 2.63 0.93 0.36  

% Peat 0.08 0.02 4.24 1.75 x 10-3 *** 

% Forest 0.22 0.04 4.94 2.36 x 10-5 *** 

BFI -7.54 3.53 -2.14 0.04 * 

SAAR 0.01 0.001 2.12 0.04 * 

 

The same method was applied to derive a GB-scale cDOC flux, producing a mean FW cDOC estimate 

of 6.26 ± 2.99 mg L-1 (range = 1.27 – 13.46 mg L-1) and a mean cDOC yield estimate of 4.78 ± 4.07 g C 

m-2 yr-1 (range = 0.21 – 19.86 g C m-2 yr-1). Best-fit models explained 80 % and 84 % of variation in FW 

cDOC and cDOC yield (Equations 5-6 and 5-7), with model outputs given in Tables S7 and S8.  

𝐹𝑊 𝑐𝐷𝑂𝐶 ~  % 𝑃𝑒𝑎𝑡 + 𝐵𝐹𝐼 + 𝑆𝐴𝐴𝑅 +% 𝑀𝑒𝑎𝑛𝐴𝑙𝑡 +% 𝐹𝑜𝑟𝑒𝑠𝑡                                          𝑬𝒒𝒏. 𝟓 − 𝟔 

𝑐𝐷𝑂𝐶 𝑦𝑖𝑒𝑙𝑑 ~ 𝑃𝑒𝑎𝑡 +% 𝐹𝑜𝑟𝑒𝑠𝑡 + 𝐵𝐹𝐼 + 𝑆𝐴𝐴𝑅                                                                          𝑬𝒒𝒏. 𝟓 − 𝟕 

Table S7. Model output associated with Equation 5-6. 

R2 = 0.80; p = 5.83 x 10-10 Estimate Std. Error t value p value Significance 

Intercept 10.30 1.63 6.32 4.92 x 10-7 *** 

% Peat 0.08 0.01 6.68 1.79 x 10-7 *** 

BFI -8.00 2.16 -3.71 8.11 x 10-3 *** 

SAAR -0.003 0.0007 -4.82 3.56 x 10-5 *** 

Mean Altitude 0.01 0.003 2.29 0.03 * 

% Forest 0.05 0.03 1.74 0.09 . 

 

Table S8. Model output associated with Equation 5-7. 

R2 = 0.84; p = 4.15 x 10-12 Estimate Std. Error t value p value Significance 

(Intercept)   1.29 1.96 0.66 0.52  

Peat          0.09 0.01 6.07 8.84 x 10-7 *** 

Forest        0.19 0.03 5.76 2.18 x 10-6 *** 

BFI          -5.35 2.62 -2.04 0.05 * 

SAAR        0.002 0.0007 2.02 0.05 . 
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FW iDOC was estimated at 1.55 ± 0.89 mg L-1 (range = 0.34 – 5.08 mg L-1) and iDOC yield was 

estimated at 1.08 ± 0.97 g C m-2 yr-1 (range = 0.07 – 3.72 g C m-2 yr-1). The relationship between iDOC 

and regression variables was decidedly weaker than for cDOC, explaining just 17% of variation in FW 

iDOC and 30% of variation in iDOC yield (Equations 5-8 and 5-9), and model outputs are given in 

Tables S9 and S10. 

𝐹𝑊 𝑖𝐷𝑂𝐶 ~ % 𝐺𝑟𝑎𝑠𝑠𝑙𝑎𝑛𝑑                                                                                                                   𝑬𝒒𝒏 𝟓 − 𝟖       

 𝑖𝐷𝑂𝐶 𝑦𝑖𝑒𝑙𝑑 ~ % 𝐹𝑜𝑟𝑒𝑠𝑡 + 𝑆𝐴𝐴𝑅                                                                                                     𝑬𝒒𝒏 𝟓 − 𝟗    

Table S9. Model output associated with Equation 5-8. 

R2 = 0.17; p = 6.27 x 10-3  Estimate Std. Error t value p value Significance 

Intercept 0.94 0.25 3.78 5.92 x 10-1 *** 

% Grassland 0.02 0.01 2.91 6.27 x 10-3 ** 

 

Table S10. Model output associated with Equation 5-9. 

R2 = 0.30; p = 2.74 x 10-3 Estimate Std. Error t value p value Significance 

Intercept 1.29 1.96 0.66 5.15 x 10-1  

% Forest 0.04 0.01 6.07 8.84 x 10-7 *** 

SAAR 0.002 0.001 2.02 5.17 x 10-2 . 

 

To derive GB-scale export fluxes for cDOC and iDOC, we first derived cDOC export at 1 km2 resolution 

then derived iDOC by subtraction (DOC – cDOC). This produced final estimates of 0.77 Tg cDOC yr-1 

cDOC and 0.24 Tg iDOC yr-1, equivalent to 77 % and 23 % of the total DOC export flux, respectively. 

Minimum and maximum estimates of these flux estimates were calculated according to the 

uncertainty of the linear regression approach.  
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Figure S11. Map of Great Britain showing estimated DOC yields, modelled at 1 km2 resolution. 
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Figure S12. Map of Great Britain showing estimated cDOC yields, modelled at 1 km2 resolution. 
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Figure S13. Map of Great Britain showing estimated iDOC yields modelled at 1 km2 resolution. 
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Figure S14. Map of Great Britain showing estimated % iDOC yields modelled at 1 km2 resolution. 
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Table S10. Summary of collated dataset, showing source (ref), status (published vs. unpublished), 

continent, environment, number of data points (n), and iDOC as a concentration and a % value 

(mean ± standard deviation). 

Ref Status Continent Environment n iDOC (mg L-1) iDOC (%) 

Agro Pub Arctic River 246 2.09 ± 1.53 29 ± 14 

Asmala Pub Europe River 22 -0.67 ± 2.02 -5 ± 12 

Chen Pub N. America River 5 0.89 ± 0.28 24 ± 10 

Belize Pub S. America River 48 2.14 ± 3.14 34 ± 37 

Belize Pub S. America Reservoir 3 15.81 ± 6.05 79 ± 12 

Greenland Pub Arctic Lake 38 21.99 ± 22.40 56 ± 17 

Heinz Pub Europe River 139 0.75 ± 1.12 17 ± 19 

Horsens Pub Europe River 272 0.91 ± 1.04 17 ± 14 

Horsens Pub Europe Lake 58 0.89 ± 0.95 13 ± 12 

Lambert Pub Africa River 569 2.56 ± 2.59 41 ± 20 

LTER Pub N. America Lake 102 2.17 ± 1.85 21 ± 16 

Massiciotte Pub N. America River 59 0.84 ± 0.65 26 ± 17 

Patrick Pub Asia River 42 2.05 ± 6.68 12 ± 14 

Shen Pub N. America Groundwater 28 0.97 ± 1.22 57 ± 10 

Xi Pub Asia River 7 2.54 ± 1.49 48 ± 10 

Zhang Pub Asia Lake 16 12.61 ± 3.37 96 ± 0.28 

Basal Unpub Oceania River 18 0.25 ± 0.57 15 ± 28 

Beaulieu Unpub Europe River 12 1.48 ± 3.01 12 ± 19 

Brazil Unpub S. America River 9 2.56 ± 0.91 40 ± 15 

Brazil Unpub S. America Lake 6 3.14 ± 1.03 42 ± 12 

Conwy Unpub Europe River 107 -0.23 ± 1.27 3 ± 15 

Daemons Unpub Europe River 23 0.53 ± 0.40 6 ± 5 

Daemons Unpub Europe Stream 51 0.56 ± 0.77 6 ± 8 

Daemons Unpub Europe Lake 17 1.18 ± 0.50 22 ± 13 

Derwent Unpub Oceania River 318 1.40 ± 1.27 24 ± 18 

Falklands Unpub S. America Ponds 5 25.55 ± 11.47 75 ± 12 

Gardsjon Unpub Europe Stream 16 0.81 ± 1.06 5 ± 6 

Gardsjon Unpub Europe Lake 27 1.14 ± 0.86 25 ±20 

Grinham Unpub Oceania Reservoir 15 5.66 ± 0.46 48 ± 2 

Halladale Unpub Europe River 130 0.97 ± 1.48 7 ± 8 
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Kitex Unpub Europe River 18 4.17 ± 10.30 8 ± 44 

Malaren Unpub Europe Lake 44 1.73 ± 1.08 17 ± 8 

Siberia Unpub Asia River 9 2.46 ± 1.09 23 ± 7 

Siberia Unpub Asia Lake 28 3.29 ± 1.68 34 ± 8 

Siberia Unpub Asia Pond 25 3.34 ± 6.34 9 ± 28 

Spur Unpub Oceania Stream 63 -0.32 ± 0.30 -9 ± 10 

Tamar Unpub Europe River 144 11.15 ± 16.38 57 ± 26 

Uppland Unpub Europe Stream 20 1.54 ± 2.76 0 ± 43 

Uppland Unpub Europe Ditch 19 -0.28 ± 8.36 -3 ± 58 

Uppland Unpub Europe Pond 19 3.97 ± 3.02 27 ± 19 

  



Chapter 5 

140 

Table S11. The use of data from multiple studies, instruments, and time periods makes 

measurement uncertainty attribution problematic, but we nonetheless give broad estimates here. 

Measurement uncertainty for DOC is typically in the order of 2 – 5%(Peacock et al., 2015a) and, in 

the case of the Tamar and Conwy, was specified at < 10 %. Intrinsic (instrument based) 

uncertainties associated with absorbance measurements are typically only a few tenths of a 

percent, whilst extrinsic (sample based) uncertainties are in the order of 1 – 3 %(Skoog et al., 

2007; Sooväli et al., 2006). Model uncertainty associated with derived absorbance spectra were < 

1% for hyperspectral data and 6 – 8 % for multispectral data. Thus, the combined uncertainties 

associated with the global model range from ~ 3 – 20 %. To understand how these uncertainties 

might influence our results, we undertook sensitivity testing which involved applying a range of 

uncertainty limits to estimated iDOC concentrations. A range of uncertainties (0 – 20% of DOC) 

were applied whereby only iDOC concentrations > the given uncertainty were considered 

significant. The inclusion of uncertainties reduced mean iDOC contributions in the order of a 

few %, but did not substantially alter our findings, i.e. iDOC represents a significant fraction of the 

aquatic DOC pool irrespective of which uncertainty level is applied. 

% Uncertainty % iDOC (mean ± SD) 

0 27 ± 22 

5 27 ± 22 

10 26 ± 22 

15 25 ± 24 

20 23 ± 24 
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 Abstract 

The flux of terrigenous dissolved organic carbon (DOC) through estuaries is an important component 

of the global carbon cycle which is subject to change and poorly understood. Here we use an 

absorbance-based DOC prediction model to partition this flux into its coloured (cDOC) and non-

coloured or ‘invisible’ (iDOC) fractions in 12 British estuaries, sampled at quarterly resolution 

between April 2017 and April 2018. We show that these fractions exhibit contrasting behaviours, 

and that their contributions ultimately control bulk DOC behaviour. We show that riverine cDOC 

inputs behaved conservatively irrespective of initial concentrations, whilst riverine iDOC inputs 

behaved non-conservatively. Within-estuary point-source iDOC inputs were considerable and highly 

influential, irrespective of catchment land-use, whilst point-source cDOC inputs were minimal and 

exerted less influence. We conclude that non-conservative estuarine DOC transport can almost 

entirely be explained by shifts in iDOC concentrations, and suggest consideration of the non-

coloured fraction might yield an increased understanding of estuarine DOC transport. 
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 Introduction  

Each year ~ 5.1 Pg of terrigenous carbon (C) enters the land-ocean aquatic continuum (LOAC), the 

network of aquatic systems (streams, wetlands, lakes, reservoirs, rivers and estuaries) linking soil 

water to the open ocean (Bouwman et al., 2013; Drake et al., 2018). This is equivalent to ~ 50 % of 

terrestrial net ecosystem production (Drake et al., 2018), making the terrigenous export flux an 

important component of the global carbon cycle. Around 25 % of the land to water carbon flux 

occurs in the form of dissolved organic carbon (DOC; Cole et al., 2007). Carbon is the largest 

elemental component of most dissolved organic matter (DOM), so DOC typically contributes about 

50 % of DOM by molecular weight (Moody and Worrall, 2017). 

The quantity and composition of terrigenous DOM entering the LOAC is determined by a 

combination of catchment characteristics (e.g. soil type and land cover; hydrology; geology; 

morphology; climate) and human activities (e.g. land use change; wastewater discharge; water 

extraction; pollution) (Felgate et al., 2021b; Williams et al., 2016; Williamson et al., 2021a; 

Xenopoulos et al., 2021). Within the LOAC it mixes with the autochthonous DOM (i.e. DOM 

produced through autotrophic processes within aquatic systems, e.g. by algae) and their combined C 

content is subject to three potential fates: remineralisation (via photo- and/or biodegradation), 

which may lead to outgassing to the atmosphere as carbon dioxide (CO2); aggregation and 

flocculation, which may lead to burial within sediments; and export to the ocean for additional 

processing and/or storage (Cole et al., 2007). The extent to which different removal, transformation, 

and production processes influence DOM concentration and composition is determined by a 

combination of intrinsic (e.g. molecular structure and stoichiometry) and extrinsic (e.g. water 

chemistry, climate, light attenuation, temperature) factors (Kothawala et al., 2020). The balance of 

DOM input, removal, and production along the LOAC plays an important role in determining its 

contribution to greenhouse gas (GHG) emissions as well as the quantity and composition of DOC 

entering marine ecosystems. The terrigenous C flux is believed to have increased by ~ 1 Pg C yr-1 

since the start of the industrial revolution, mostly as OC resulting from human activities (e.g. 

enhanced export of soil OC and increased wastewater inputs; Regnier et al., 2013), meanwhile 

oceanic DOC export has been relatively constant (Drake et al., 2018), implying that rates of C 

processing, outgassing and/or burial within the LOAC have increased.  

Terrigenous DOM is predominantly chromophoric or ‘coloured’ (cDOM), and so cDOM is commonly 

used as a tracer for terrigenous material in marine waters. The majority of cDOM is thought to be 

fluorescent (fDOM; Coble, 2007; Laane and Koole, 1982), such that fDOM properties are often used 

to characterize cDOM.  Compounds associated with terrigenous inputs tend to fluoresce more 
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strongly than those associated with anthropogenic inputs (e.g. wastewater) and in situ microbial 

processes (Stedmon and Bro, 2008). Non-chromophoric or optically ‘invisible’ DOM (iDOM) typically 

accounts for ~ 25 % of freshwater DOM (Chapter 5) but can represent a substantially larger fraction 

(Adams et al., 2018; Pereira et al., 2014, Chapter 3 and Chapter 5) and is more prevalent in highly 

productive and/or modified catchments (e.g. Massicotte et al., 2017; Spencer et al., 2012). 

Specifically, iDOC has been associated with remobilized surface soils (Pereira et al., 2014), algal 

production in eutrophic lakes (Adams et al., 2018), and inputs of dairy cattle waste (Chapter 5). The 

production of cDOM in the ocean is sufficiently low that its presence in seawater can be used as a 

tracer for terrigenous material (Painter et al., 2018). 

Estuaries represent the boundary between fresh and marine waters and present the last barrier 

between terrigenous DOM and the ocean. Different estuarine morphologies and settings give rise to 

a multitude of different behaviours (Abril et al., 2002). Where processes of removal, transformation, 

and addition are minimal or balanced, DOC transport is controlled by dilution and therefore 

decreases linearly with increasing salinity (conservative mixing). Where these processes are not 

balanced, DOC changes non-linearly with increasing salinity, indicating non-conservative mixing. A 

sharp increase or decrease in DOC concentration at low salinities (< 5 ppt) is frequently reported 

(Abril et al., 2002; Li et al., 2019; Spencer et al., 2007) and is often attributed to environmental shifts 

associated with the mixing of waterbodies, including salinity-mediated cell plasmolysis (Morris et al., 

1978)  and geochemical changes (i.e. flocculation, resuspension, and desorption; Sholkovitz, 1976; 

Uher et al., 2001). Above 5 ppt, sharp shifts in DOC concentration can result from inflowing 

tributaries, current-driven sediment resuspension and dissolution, and point source anthropogenic 

inputs of DOC from e.g. wastewater treatment plants or agriculture (Imai et al., 2002), the latter of 

which is often accompanied by nutrients which can also stimulate in situ DOC production 

(Schlesinger and Melack, 1981) and consumption (Li et al., 2019). Non-linear DOC increases 

associated with additional inputs (tributaries and point sources) are not in themselves indicative of 

non-conservative behavior and must therefore be interpreted with caution. Linear increases in DOC 

concentration have also been observed, and are associated with high levels of baseline in situ 

production and/or steady inputs from the surrounding catchment via e.g. runoff (Lee et al., 2020). It 

has been suggested that DOC removal within estuaries is regulated by the DOC concentration of the 

initial riverine input (DOCin), with higher DOCin leading to greater removal (Spencer et al., 2007), but 

variations in the composition of this input also play a role (Asmala et al., 2016). Recent work found 

that British estuaries draining near-natural catchments tended to transport DOC conservatively, 

whilst estuaries draining more modified catchments tended to transport DOC non-conservatively 

(García‐Martín et al., 2021). This behaviour was mainly attributed to shifts in the composition of the 
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fDOM fraction, but there was evidence of a substantial non-fluorescent (and therefore, mostly non-

chromophoric) DOM fraction in estuaries that drained highly modified (e.g. arable and urban) land. 

The molecular structure of DOM contributes to its bio-lability (Catalán et al., 2016; Kothawala et al., 

2014; Mosher et al., 2015). iDOM lacks the double and triple bonds and aromatic structures that give 

cDOM its absorptive properties, and this structural simplicity may make it more susceptible to 

biological remineralisation. Thus, the relative abundances of cDOM and iDOM may control bulk DOC 

behaviour. Here we use an absorbance-based DOC prediction model (Pereira et al., 2014a) to 

quantify cDOC and iDOC in 12 British estuaries, sampled at quarterly resolution between April 2017 

and April 2018. We explore the influence of cDOC and iDOC on estuarine DOC transport, and 

hypothesize that DOC transport is conservative where cDOC is dominant, and non-conservative 

where iDOC is dominant.   

 Methods  

Full methodological details of sample collection, storage, and analysis are provided in (García‐Martín 

et al., 2021) and are only summarized here. DOC, absorbance, and fluorescence samples were 

collected during quarterly visits (April, July and October 2017 and January and April 2018) to 12 

estuaries which were selected as representative of the broad range of catchment types and land-use 

patterns found across GB (Figure 6-1). This produced a total of 60 salinity transects (12 sites x 5 

visits), each with a salinity range of ~ 0 – 25 ppt (mean salinity range = 0.31 ± 0.49 ppt – 24.03 ± 3.29 

ppt). DOC was quantified as non-purgeable organic carbon (NPOC) using a Shimadzu TOC-L analyser. 

Samples were run in triplicate against laboratory standards. Absorbance was measured using a Cary 

60 UV-vis spectrophotometer set to scan between 200 and 800 nm at 1nm intervals. Samples were 

run against pure water (MilliQ) blanks in a quartz cuvette. Terrigenous samples are typically 

measured using a 1 cm pathlength cuvette, whilst marine samples tend towards a 5 cm pathlength 

cuvette. All samples in this study were measured using a 1 cm pathlength, which was deemed 

sufficient because (a) none of the samples were fully marine and (b) sufficiently strong and 

consistent absorbance signals were obtained across all samples.  

The DOC pool was partitioned into cDOC and iDOC fractions using the absorbance-based method 

outlined in Pereira et al. (2014) using absorbance at 270 nm and 350 nm. The influence cDOC and 

iDOC fractions on DOC concentration was assessed via non-linear correlation (α = 0.05), using the 

‘nclor’ package (v2.1; Ranjan and Nahari, 2020) in R (v4.1.1; R Core Team, 2019). Plotted 

concentration data were normalized to concentrations at zero salinity in order to more clearly show 

their behaviour relative to one another. Theoretical dilution lines were derived by modelling a linear 
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relationship between the lowest and highest salinity value for each individual transect. Estuarine 

behaviour was considered conservative where measured and modelled data exhibited linear 

correlation with an R2 > 0.80. This cut-off is an operational one, allowing estuaries to be classified 

according to behaviour. 

Previous studies investigating the transport of DOC through estuaries have intentionally avoided 

point-source inputs or removed data points which appear influenced by them (e.g. Spencer et al., 

2007), thus any concentration increase in those studies could be attributed to internal processing 

rather than external inputs. In the present study this was not possible due to the nature of the 

estuaries sampled and the temporary nature of some point sources: sharp concentration increases 

rarely occurred every month (See Section 6.4 and Figure 6-2). Removal of data points associated 

with point-source increases was considered, but this obscured the DOC ~ iDOC relationship, and 

often resulted in too few data points per estuary with which to assess mixing behaviour 

.  
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Figure 6-1. Map of Great Britain showing the location of each of the 12 study estuaries. Base map 

obtained from https://maps-uk.com. 

 Results and discussion 

Estuarine DOC concentrations ranged from 0.91 to 34.40 mg L-1, and were typically more strongly 

coloured and ~ 2 times higher at the freshwater end of the estuary (DOCin = 6.74 ± 4.04 mg L-1; 75 ± 

22 %) relative to the saltwater end (DOCout = 3.76 ± 3.12 mg L-1; 57 ± 18 % cDOC). DOC exhibited a 

mix of behaviours during transport (conservative dilution (n = 20); non-conservative dilution (n = 36); 

increasing (n = 5). DOCin was positively correlated with DOCout (R2 = 0.28, p = < 2.2 x 10-16) and net 

DOC removal (ΔDOC; R2 = 0.40, p = < 2.2 x 10-16), but these correlations were weak. Thus, these 

results indicate that the concentration of the bulk riverine DOC input exerts only limited influence 

over its fate within the estuary (i.e. DOCin is not a major driver of DOCout or ΔDOC). 

Estuarine cDOC concentrations ranged from 0.79 to 18.22 mg L-1 and exhibited net declines across all 

transects (n = 60) which were mostly conservative (n = 51). The correlation between the riverine 

cDOC input (cDOCin) and the estuarine cDOC output (cDOCout R2 = 0.68, p = < 2.2 x 10-16) was much 

stronger than that observed for bulk DOC, as was the correlation between cDOCin and net cDOC 

removal (ΔcDOC; R2 = 0.88, p = < 2.2 x 10-16). These correlations and the mostly conservative nature 

of cDOC transport suggest that cDOCin exerts a substantial influence over cDOCout and ΔcDOC. 

However, the influence of cDOC on the behaviour and fate of bulk DOC was minimal, with cDOCin 

only weakly correlated with DOCout (R2 = 0.18, < 2.2 x 10-16) and ΔDOC (R2 = 0.24, p = < 2.2 x 10-16).  

Exceptions to this occurred where DOC transport was conservative (n = 20). cDOCin was strongly 

correlated to both DOCout (R2 = 0.78, p = < 2.2 x 10-16) and ΔDOC (R2 = 0.76, p = < 2.2 x 10-16) in these 

transects, which received the largest, most highly coloured riverine inputs (DOCin = 7.72 ± 4.05 mg L-

1; 85 ± 22 % cDOC). These conservative transects also exhibited strong within-estuary relationships 

between DOC and cDOC (R2 = 0.93 – 1.00, p = < 2.2 x 10-16) (Table 6-1), and riverine iDOC inputs were 

considerably lower in conservative (iDOCin = 1.10 ± 1.77 mg L-1) relative to non-conservative (iDOCin = 

2.09 ± 2.49 mg L-1) and/or increasing (iDOCin = 1.68 ± 2.84 mg L-1) transects, with minimal mid-

estuary addition and/or removal (Figure 6-2). Thus, conservative DOC transport occurred when the 

initial riverine input was strongly coloured and within-estuary additions of iDOC were low. This is not 

to say that iDOC was not produced within or added to these estuaries, but that this was balanced by 

removal.  

https://maps-uk.com/


Chapter 6 

147 

In the minority of transects where cDOC behaved non-conservatively (n = 9), this was because of 

sharp cDOC increases within the estuary (Avon and Dart in April and July ’17), indicative of point-

source inputs and/or rapid internal production or resuspension across the salinity gradient, or 

because initial deviations from conservative mixing occurred at low salinity (< 4 ppt), whether as an 

increase (Tamar in October ’17; Test in January and April ’18) or as a decrease (Dart and Tamar in 

January ’18). However, cDOC was not the most influential fraction in these instances. 

 

Figure 6-2. Relative changes in DOC concentrations across the salinity gradients within the studied 
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estuaries on each sampling occasion. DOC data are normalized to concentrations at zero salinity 

(solid black line) to facilitate visualization. Top bars are color coded according to significant non-

linear correlations: (iDOC = red; cDOC = blue; both = dark grey; none = light grey).  Black outline 

top bar indicates conservative DOC mixing. 

 

Figure 6-2 (Continued). Relative changes in DOC concentrations across the salinity gradients within 

the studied estuaries on each sampling occasion. DOC data are normalized to concentrations at 
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zero salinity (solid black line) to facilitate visualization. Top bars are color coded according to 

significant non-linear correlations: (iDOC = red; cDOC = blue; both = dark grey; none = light grey).  

Black outline top bar indicates conservative DOC mixing. 

 

Table 6-1. Non-linear correlations between DOC and cDOC and iDOC. The strongest significant 

correlation is marked in bold in each instance. Non-significant relationships are shown as n.s. (α = 

0.05). 

Estuary Fraction Apr-17 Jul-17 Oct-17 Jan-18 Apr-18 

Avon 
cDOC  n.s. n.s. 0.85 0.99 n.s. 
iDOC  0.98 0.99 n.s. n.s. 0.83 

Clyde 
cDOC  0.96 0.99 0.99 n.s. 0.99 
iDOC  0.81 -0.92 0.98 0.94 -0.83 

Conwy 
cDOC  0.96 0.88 0.96 0.99 n.s. 
iDOC  n.s. n.s. n.s. n.s. 0.98 

Dart 
cDOC  n.s. n.s. 0.94 n.s. n.s. 
iDOC  1.00 n.s. 0.98 0.93 0.88 

Forth 
cDOC  n.s. 0.97 0.95 n.s. 0.85 
iDOC  0.95 n.s. 0.97 0.93 n.s. 

Halladale 
cDOC 0.86 n.s. 1.00 0.95 n.s. 
iDOC  n.s. n.s. n.s. n.s. n.s. 

Tamar 
cDOC  n.s. 0.88 0.96 0.96 n.s. 
iDOC  n.s. n.s. 0.99 0.99 0.97 

Tay 
cDOC  n.s. 0.99 n.s. 0.93 n.s. 
iDOC  0.98 n.s. n.s. 0.99 0.95 

Test 
cDOC  n.s. n.s. 0.92 0.97 n.s. 
iDOC  0.98 0.99 0.91 n.s. 0.92 

Thames 
cDOC  0.99 n.s. n.s. 0.82 n.s. 
iDOC  0.97 0.9 0.91 0.93 n.s. 

Trent 
cDOC  0.93 0.83 n.s. n.s. n.s. 
iDOC  0.95 n.s. 0.90 0.99 n.s. 

Tyne 
cDOC  0.99 1.00 1.00 0.88 0.96 
iDOC  n.s. n.s. n.s. -0.97. n.s. 

 

Where DOC behaved non-conservatively (n = 35) or increased (n = 5), within-estuary DOC 

concentrations were correlated with iDOC (n = 27/40; R2 = 0.83 – 0.99) almost twice as often as with 

cDOC (n = 14/40; R2 = 0.82 – 0.99), and cDOC was the singular significant correlation on just seven 

occasions. Furthermore, iDOC appeared locally influential on several occasions where the overall 

correlation with DOC was not statistically significant (i.e. a sharp increase in iDOC coincided with a 

sharp increase in DOC, but the two were not correlated overall). This can be seen in the Halladale 

estuary, where repeated mid-estuary spikes occur at approximately the same salinity (and 

geographical location) on multiple occasions (see Figure 6-2). These measurements were taken over 
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a macroalgal mat which may be the source of this iDOC input. We are unaware of any studies 

quantifying macroalgal iDOC, but they are known to exude compounds associated with it (e.g. 

saccharides and aliphatic acids). Mid-estuary spikes which appear in more urban estuaries (e.g. 

Thames, Trent) may instead be associated with point source wastewater outputs. The increase in 

iDOC observed in the Tamar in October ’17 may relate to agricultural inputs, as per Chapter 5. which 

found evidence of substantial iDOC inputs in the lower Tamar associated with both dairy farming 

and runoff.   

Thus, non-conservative mixing appears to be to be driven by iDOC than by cDOC. This finding is 

particularly important in the context of studies which have previously used optical characteristics to 

quantify and/or characterize estuarine DOC and/or DOM. These studies typically assume that cDOM 

ultimately controls the behavior and fate of the riverine DOC input within estuaries, however our 

results indicate that the iDOC may be considerably more influential. This should be considered as 

part of efforts to use in-situ sensors and/or remote sensing of cDOM as a proxy for terrigenous DOC. 

The present study finds that iDOC accounted for 25 ± 22 % DOCin on average, in agreement with 

previous work showing that iDOC accounted for ~ 22 % of the British riverine DOC flux (Chapter 5). 

Thus, the riverine flux can contain a substantial fraction iDOC which originated in freshwaters, enters 

estuaries, and cannot be accounted for using optical methods in isolation. In comparison, iDOC 

accounted for 43 ± 18 % DOCout on average, which suggests net-production and/or addition of iDOC 

within the 12 study estuaries. ΔcDOC and ΔiDOC exhibited ranges of -12.62 to -0.13 mg L-1 and -6.57 

to 13.67 mg L-1, respectively, which demonstrates how much more variable iDOC behaviour is 

relative to cDOC, which universally showed a net decrease. 

In the small number of conservative transects where both cDOC and iDOC concentrations were 

significantly correlated with DOC (n = 7), the correlation between iDOC and its theoretical mixing line 

was relatively high (R2 = 0.71 ± 0.19, p = < 2.2 x 10-16). Whilst this was not high enough to meet the 

operational cut-off for conservative transport (R2 = 0.80, p = < 2.2 x 10-16; see Section 6.3), this is 

suggestive of minimal addition and/or removal of iDOC. The fact that the riverine input of iDOC 

behaves near-conservatively in the absence of external inputs suggests that it is less labile than iDOC 

received via point-source inputs, which was rapidly removed in most cases. In these instances, any in 

situ production of iDOC would have to be tightly cycled such that it exhibited minimal net change. 

Future work should look to provenance iDOC such that any source-driven spectrum of labilities can 

be assessed. Molecular characterization of iDOM is also required to unpick the relative importance 

of DOM pool composition vs. environmental conditions which may favour the remineralisation of 

specific moieties. The latter has been observed in the open ocean where semi-labile DOM can 
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persist for weeks at the surface despite being structurally simple, only to be rapidly degraded at 

depth (Hansell and Carlson, 1998lo; Sunagawa et al., 2015), and may explain why iDOC appears to 

gradually accumulate in some transects (e.g. the Tyne). The iDOC which is accumulating may 

represent a less labile iDOC fraction which is produced during the remineralisation of more labile 

material. Thus, our results may well have missed the turnover of a rapidly cycled and hyper labile 

iDOC pool produced in situ. Quantifying the contribution of each fraction to estuarine outgassing is 

an important next step in understanding the true contribution of iDOC (and hence DOC as a whole) 

to the estuarine carbon cycle.  

 Conclusion 

This study shows that the loss of riverine DOC across estuarine salinity gradients is not always simply 

related to the concentrations imported by the rivers; its fate frequently depends upon the 

abundances and individual behaviours of cDOC and iDOC. The refractory nature of most cDOC 

results in its conservative transport across estuaries, and exported concentrations of this fraction are 

therefore highly correlated with concentrations entering the estuary from freshwaters. Therefore, 

when the DOC pool is predominantly comprised of cDOC, and where no obvious inputs occur at 

intermediate salinities, bulk DOC behaves conservatively. By contrast, where within-estuary 

addition, removal, and production processes are substantial, iDOC is highly influential. Whilst shifts 

in cDOC can contribute to non-conservative DOC transport, variations in iDOC concentration were 

the most common driver. These results point towards iDOC being considerably more influential than 

cDOC in terms of estuarine DOC dynamics, and are particularly relevant to conversations about the 

appropriateness of using cDOM to quantify and characterize estuarine DOC dynamics.  
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 Discussion 

 Restatement of aims and objectives 

The overarching objective of this thesis was to improve our understanding of the land-ocean DOC 

flux. Specifically, this thesis aimed to investigate: 

1. The effect of land use on the quantity and composition of terrigenous DOC export (Chapter 2 

and 4); 

 

2. The behaviour, source, and prevalence of iDOC in multiple settings and at multiple scales 

(catchment; land-mass; global) (Chapters 3, 5, and 6); and 

 

3. The importance of including iDOC quantification in absorbance-based investigations of DOC 

(Chapters 5 and 6). 

 Thesis Summary  

The transport of terrigenous DOM and DOC from land to sea is a significant and changing component 

of the global carbon cycle. This thesis used optical tools (absorbance and fluorescence 

spectrophotometry) to investigate its composition and fate across a range of aquatic settings.  

The common thread running through this thesis is that human activities on land are influencing 

aquatic and coastal ecosystems. Chapter 1 sets the scene for this, detailing the scale of the land-

ocean C flux and the various anthropogenic pressures which act upon it. Chapter 1 also addresses 

the uncertainties associated with current estimates of the terrigenous C flux, and finds that our 

existing estimates may be biased in favour of large, highly coloured river systems.  

Chapter 2 shows that deforestation and agricultural expansion in the Belize River Watershed has 

increased terrigenous DOM export, with implications for the health of coastal ecosystems including 

the world’s second largest coral reef system. However, this study focusses explicitly on cDOM, and 

reports a decoupling between cDOM and DOC. The scale of this decoupling is not unprecedented, 

but it is unusual as far as the literature goes. Chapter 3 investigates this, quantifying iDOC as ~ 50 % 

of the DOC pool. To my knowledge, this is only the third study to have explicitly quantified the iDOC 

fraction. One of the major uncertainties around iDOC is how it behaves in aquatic systems, and so 
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Chapter 3 investigates this using dark biodegradation assays to show that iDOC in the Belize River 

Watershed may be more refractory than the cDOC pool. Chapter 4 remains within the Belize River 

Watershed and presents a new method to provide quantitative estimates of DOC associated with 

fluorescence-derived PARAFAC components. PARAFAC has previously been limited to qualitative 

characterisation of the DOC pool in environmental samples.  

Chapter 5 quantifies freshwater iDOC at GB-scale, where it accounted for 21 % of the annual DOC 

flux. This was reflected more broadly in a compiled data set of ~ 3,000 samples from a range of geo-

climatic settings where it represented ~ 20 % of the DOC pool. Thus, iDOC is a globally significant C 

fraction, the broad scale importance of which has been overlooked. Chapter 6 moves into GB 

estuaries where iDOC appears to drive estuarine DOC behaviour. Previous studies have generally 

focussed on using cDOC and/or catchment characteristics to explain DOC transport through 

estuaries, but this study suggests that neither are particularly influential. Instead, in-estuary iDOC 

inputs appear to be the dominant control.  

 Implications 

7.3.1 Implications for sensor-based estimates of DOC concentration 

To improve our understanding of the land-ocean DOC and DOM flux, we require much more data 

than is presently available. Sensor-based measurements offer a way to do this at much higher 

resolution than would be possible through sample collection, with in situ sensors offering high 

temporal resolution across a limited number of locations and satellite remote sensing offering high 

spatial resolution at up to global scale, with the option to look back in time using archived images. It 

has been the recommendation of multiple agencies and reports that sensor-based estimates of DOC 

and DOM fluxes be used inorder to reach the scale required for useful regional and global 

understanding of this important pathway, including the National Environmental Research Council 

(NERC)’s ‘Constructing a Digital Environment’ strategic priorities fund (www.digitalenvironment.org) 

and the Integrated Carbon Observatory System (ICOS) (Felgate et al., 2021a). However, in light of the 

findings of this thesis, such estimates seem likely to significantly underpredict DOC fluxes across a 

wide range of systems where iDOC is a significant fraction. This must be given careful consideration, 

as without adequate calibrations and/or caveating of sensor-based estimates, a substantial fraction 

of the global DOC pool may be missed. 

file:///C:/Users/slf1e17/Dropbox/A%20Folder/Thesis/Final%20Cut/www.digitalenvironment.org
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7.3.2 Implications for optical characterisations 

Optical proxies for the molecular characteristics of DOM and DOC are commonly used and compared 

across systems and studies. Given the highly variable contribution of iDOC identified in this thesis, 

such comparisons have the potential to be misleading.  

This can be demonstrated using catchment-scale data from the Conwy and Tamar catchments. 

PARAFAC analysis revealed that fDOM in these catchments exhibited broadly similar fluorescence 

component compositions (Figure 7-1), and a general interpretation of these results would suggest 

broadly similar molecular composition and thus, broadly similar reactivities assuming all other 

factors are equal. We also see that the composition of the fDOM pool is relatively consistent across 

time and space within each sub-catchment, with occasional spikes in more microbially mediated 

material (C4 and C5) which do not appear to be the main driver of increased total fluorescence 

(sumFL), which is an indicator of how much of material is present (Figure 7-3).  Without knowledge 

of the scale and variability of the iDOM fraction, these data suggest DOM pools which are relatively 

stable in terms of their composition, and which are dominated by humic-like (C1 and C2) material 

which is typically refractory. 

 

 

Figure 7-1. Mean fDOM composition in the Tamar (left) and Conwy (right) catchments (10 monthly 

measurements across 11 sites per catchment) presented as a box plot. pC1 – pC5 are the 

proportion of C1 – C5 PARAFAC components. 
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Figure 7-2. Monthly composition of the fluorescence DOM pool in the Conwy (top) and Tamar 

(bottom), plotted as a % of sumFL and given by site and month. Note that no data were collected 

in April 2019 and March 2020 for the Conwy. 
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Figure 7-3. Monthly fluorescence intensity in the Conwy (top) and Tamar (bottom), plotted by site 

and month. Note that no data were collected in April 2019 and March 2020 for the Conwy. 
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However, cDOM accounts for ~ 100 % of the Conwy DOC pool, and only ~ 50 % of the Tamar DOC 

pool. If iDOM is more labile than humic-like cDOM, the associated DOC pools are likely to exhibit 

very different reactivities. Without quantifying cDOC and iDOC, there is no way to know how much 

of the DOC pool is accounted for using PARAFAC analysis, and this may therefore bias our 

interpretation. 

Similar caution should be applied for absorbance-based proxies, such as DOC specific UV absorbance 

at 254nm (SUVA254) which is commonly used to approximate aromaticity, and is derived according to 

Equation 7-1: 

𝑆𝑈𝑉𝐴254 = 
𝑎254 (𝑚−1)

𝐷𝑂𝐶 (𝑚𝑔 𝐿−1)
                                                                                                                      𝑬𝒒𝒏. 𝟕 − 𝟏    

Because of its structure, iDOC can be considered to have zero aromaticity, and so SUVA254 can be 

seen as a measure of aromaticity in the cDOC fraction and in the DOC fraction as a whole. Take two 

theoretical samples, A and B, both of which have the same DOC concentration and the same 

absorbance at 254nm. A standard interpretation of SUVA254 would be to infer a similar degree of 

aromaticity. This approach works when the DOC pool as a whole is being compared, but where 

inferences are being made about cDOC, the iDOC contribution has the potential to confound this 

interpretation. If, for example, sample A contains 100 % cDOC and sample B contains 50 % cDOC, 

sample B would have to contain a cDOC fraction which was twice as aromatic as the cDOC which 

comprises sample A. Thus, the DOC in each sample is likely to be functionally different in terms of its 

bio- and photo-lability, and to have come from different sources and/or experienced different 

degrees of bio- and photo-processing.  It may therefore be more appropriate to calculate SUVA254 for 

the coloured fraction in isolation where cDOC is the target of the investigation (cSUVA254). 

7.3.3 Implications for ongoing monitoring activities 

The highly variable nature of the relationship between DOC and iDOC means that absorbance-based 

monitoring of DOC fluxes may not be reliable in systems where iDOC represents a significant fraction 

of the DOC pool, and a lack of interest and/or the previous absence of a reliable method for 

quantifying iDOC means that we do not necessarily know which systems these are. It therefore 

seems sensible that the composition of the DOC pool should be ascertained before initiating 

absorbance-based monitoring activities, and that regular checks on the variability of that 

composition will be required to ensure ongoing appropriateness. However, it is possible that iDOC 

may also be problematic for some direct DOC quantification methods. 



Chapter 7 

159 

As part of the data validation process for Chapter 5, DOC data for the Tamar catchment were 

investigated relative to existing monitoring data obtained from the UK Environment Agency (EA). 

The EA undertake monthly monitoring of the Tamar River at Gunnislake New Bridge, and reported 

data were considerably lower than those measured by the LOCATE program (Figure 7-4): 

 

Figure 7-4. Plot showing EA DOC data (black line) at Gunnislake Bridge between January 2016 and 

April 2020, showing previous trend, and LOCATE DOC data (red line) during the WP1 (January – 

December 2017) and WP2 (April 2019 – March 2020) sampling periods. 

 

Several potential methodological issues with the LOCATE data were considered, details of which are 

given in Chapter 5. In addition, a more than coincidental relationship was identified between 

measured DOC and suspended solids (SS) in the Tamar (Figure 7-2). Filtration of highly turbid 

samples can block filter capsules very quickly, increasing the likelihood of inappropriate pressure 

being applied. This could result in a break-down of colloidal and particulate C into DOC, artificially 

elevating measured DOC values. However, for this to produce iDOC as an artefact of filtering, the 

effect would need to be present in DOC and absent in absorbance samples or all the ‘additional’ DOC 

added via filtering would need to be non-coloured. Absorbance samples were collected in the same 

way as DOC samples, so the former seems unlikely. As a rough check on the latter, we estimated 

POC as 50 % of SS. To produce a 50 mg L-1 DOC, filtration would need to force 100 mg L-1 or 1/3 of 

the highest SS reported (300 mg L-1) through the filter. Whilst this seems unlikely, it is technically 

possible. However, SS loads were often insufficient to account for estimated iDOC concentrations.  
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Figure 7-5. Relationship between (top) EA suspended solid data and daily discharge (m3s-1), and 

(bottom) shifts in EA suspended solids and LOCATE measured DOC data over time. EA data 

obtained from the EA Harmonised Monitoring System. 

 

Taking October 2019 as an example, LOCATE DOC was 40 mg L-1 and the EA DOC was around 4 mg L-

1, with a SS load of 30 mg L-1. Forcing all 30 mg L-1 SS through the filter, even if it was entirely 

composed of POC, would not explain the DOC value. Thus, SS concentrations are insufficient to 

generate the difference between LOCATE and EA DOC values.  It is more likely that the apparent 

highly sensitive SS vs. discharge relationship (Figure 7-5) in the Tamar is an indicator of a state 

change in flow paths at times of prolonged heavy rainfall, which in addition to bringing more 
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particulates could also deliver more DOC from e.g. agricultural storm drains, manure from fields, 

slurry tanks, much of which is iDOC. 

EA data are determined colorometrically via UV oxidation, which provides an indirect quantification 

of DOC based upon a secondary chemical reaction. Previous work has demonstrated the potential 

for similar methods to significantly underestimate DOC concentrations. A recent study identified this 

underestimation as the result of agglomeration and ‘foaming’ which specifically affects proteins and 

some humic substances (Yang et al., 2021). If this is the cause of the differences shown in Figure 7-4, 

it is likely that the EA monitoring data are under predicting DOC by ~ 50 % in the Tamar River, and 

that this is a wider-scale issue. EA data underpin historic DOC records held within the Harmonised 

Monitoring Scheme (HMS) database (available here) and several GB flux estimates (e.g. Worrall et 

al., 2020), highlighting the importance of selecting the correct DOC quantification method. In this 

context, the fact that our GB-scale DOC estimate (Williamson et al., 2021) was ~ 20 % higher than 

previous estimates made using EA data (e.g. Worrall et al., 2012) is unsurprising, given that ~ 20 % of 

our calculated flux was iDOC. A comparison exercise involving the EA laboratory, CEH Lancaster 

(where the LOCATE samples were run), and at least one independent laboratory would be a useful 

next step, and talks are ongoing to arrange this. 

 Limitations 

7.4.1 Limitations of the catchment characteristics selected 

Chapter 2 infers that DOM quantity and character vary along a dominant axis of variation in the 

Belize River Watershed, namely land-use, but land-use in that catchment at least partially tracks 

intrinsic site properties such as geology, elevation, and soil type. This tracking of land use with other 

catchment characteristics is also true elsewhere. In Chapter 5, for example, land use types most 

closely aligned with human activities (e.g. crop and livestock agriculture and urban settlement) 

tended to dominate at lower altitudes and more fertile soil types, whereas higher altitudes and less 

fertile soil types tend to be used for e.g. forestry and rough grazing. The type of modification also 

appears to play a role, an example of this being the difference in iDOC content in highly deforested 

regions of Belize and Malaysian Borneo (Chapter 5). Both systems have been subject to intensive 

land use realignment, but to different ends: in Belize, forested land has been replaced with intensive 

crop and livestock agriculture, whereas in Borneo, conversion is almost exclusively to make room for 

palm plantation. Whilst both regions have experienced high levels of anthropogenic modification, 

Belize has a much larger human presence and a much greater iDOC fraction. However, these systems 

also have very different soil types with Belize draining mostly carbonate and mineral soils and 

https://data.gov.uk/dataset/bda4e065-41e5-4b78-b405-41c1d3606225/historic-uk-water-quality-sampling-harmonised-monitoring-scheme-summary-data
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Borneo draining organic-rich peat soils. Thus, the effect of land use modification is highly context 

dependent, and more work is required to understand exactly how different systems will respond to 

various combinations of catchment characteristics and human influence. 

An additional limitation exists in the GB-scale modelling conducted in Chapter 5, which assumes that 

different DOC fractions respond similarly to e.g. flow and precipitation, whereas differences in flow 

paths and solubility might result in different responses from cDOC and iDOC, and indeed from 

different cDOC and iDOC fractions. Resolving such differences was out with the scope of this thesis, 

but further investigation would be valuable. 

7.4.2 Limitations of the iDOC prediction model  

The iDOC prediction model used throughout this thesis uses the extinction coefficients presented in 

Carter et al. (2012). Whilst these coefficients were derived for a reasonable number of samples (n = 

1700) from multiple geographic settings, their use assumes that the characteristics of components A 

and B are universal. In reality, it is likely that these the absorbance characteristics of these 

components vary according to catchment and source characteristics, and bespoke derivations of 

their extinction coefficients may yield different results. Future work to assess the influence of 

universal vs. bespoke calibrations would be a useful contribution, however the broad classification of 

just two components means that any influence is likely to be small. The iDOC model also assumes 

that DOC can be adequately represented by three components (cDOCa, cDOCb, and iDOC), but this 

distinction is an arbitrary one. Adams et al. (2018) identified an additional component (cDOCc) 

associated with low-colour algal material which I considered including, but this carried a risk of 

overfitting the model in systems where this component was not significant. Again, more specific 

calibrations of each sample set might allow additional components to be added and improve the 

accuracy of the model.  

7.4.3 Limitations of the biodegradation method 

A methodological limitation of the biodegradation method presented in Chapter 3 was a lack of 

adequate temperature control. Incubating at ambient temperatures produces two temperature 

effects. The first is a measurement effect whereby O2 concentrations vary according to water 

temperature and pressure, and this is easily corrected for by recording these parameters with each 

O2 measurement. The second is a functional effect whereby microbial biodegradation rates vary with 

temperature. It is possible to attempt a correction for this (i.e. Q10) if an adequate temperature 

record can be obtained and, indeed, if the correct Q10 value is known, but the sensors deployed to 
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capture this were lost within hours of the first experiment, making this impossible. As a result, the 

complexity of the biodegradation model which could be fit to these data was limited to a basic 

exponential fit. More information could be obtained if these temperature issues could be removed, 

allowing the fit of a multiple pool and/or continuum model. 

A possibility not considered in Chapter 3 is that a substantial fraction of iDOC which was captured in 

the DOC and absorbance samples which were filtered immediately, but was remineralized before 

the first O2 measurement could be taken (1 - 5 hours post-collection). This would fit with the initial 

hypothesis that iDOC would be highly labile, and could result from iDOC having a non-pelagic source 

within the river (e.g. benthic production diffusing into the water column) which was not captured in 

surface water samples. If we assume that any O2 lost between sampling and the initial bioassay 

measurement was the result of iDOC remineralisation, and that this remineralisation occurred at a 

ratio of 1 iDOC: 2 O2 (i.e. DOC –> CO2), the mean potential loss of iDOC in transit can be estimated at 

2.43 ± 4.35 mg L-1, relative to an initial iDOC pool of 4.02 ± 4.34 mg L-1. The O2 consumed in transit 

could have resulted in total iDOC removal at 8 sites (27 %), but at the remaining 22 sites (73 %) 

available iDOC exceeded O2 consumption: on average, at least 67 ± 31 % of the initial iDOC would 

still have been present at the start of the bioassay (3.87 ± 4.23 mg L-1). Thus, even if all the O2 lost in 

transit resulted from the remineralisation of a highly labile iDOC fraction, a substantial iDOC fraction 

would have remained. It is unclear whether taking the possible removal of iDOC into account would 

fundamentally change the findings presented in Chapter 3, but if rapidly removed iDOC is a 

confounding factor in these data, it is likely to also have been a factor in any other studies which 

investigate DOC biodegradation kinetics using bioassay experiments which involve a delay between 

collection and incubation. The potential for this to be an issue could be further investigated by 

repeating the correlation analysis in Chapter 3 using iDOC values calculated to take into account O2 

loss (and assumed iDOC loss) during transit, and validated in the longer term by repeating the 

experiment with a revised methodology whereby samples were placed into vials and the bioassay 

initiated immediately. Additionally, collecting DOC and cDOM samples at the end of the assays 

would allow model fits to be truthed, and would further validate their findings. 

 Future research priorities 

The primary recommendation of this thesis is that iDOM should be quantified as standard in future 

land-ocean DOC export studies, whether they operate within a single component or the entire 

continuum. DOC and absorbance measurements are often core to such studies, in which case all that 

is required is a simple calculation. Where absorbance is not also included, the analysis is inexpensive, 
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fast, and the samples can be stored and transported in the same was as DOC and so the additional 

resource is low. Beyond this, some specific research priorities have been identified. 

7.5.1 The effect of increasing terrigenous cDOM concentrations on coral health  

A major conclusion of Chapter 2 was that sub-catchments dominated by agricultural land use 

contained higher concentrations of terrigenous humic-like cDOM than sub-catchments dominated 

by pristine rainforest. This material accumulated with distance downstream and behaved 

conservatively in the adjacent coastal environment, were hydrodynamic modelling indicated that 

this material could be found in waters overlying the regions’ environmentally and economically 

valuable coral reefs. Thus, an historic land-use trajectory away from forest and towards agriculture 

has likely increased the amount of cDOM reaching the reef. However, this inference was based on 

data collected over a short time scale (12 months) and under a very narrow set of hydrological 

conditions. Furthermore, it is unclear whether cDOM concentrations in overlying waters have any 

measurable effect on coral health. Both of these questions are critical from an ecosystem 

management perspective. A recently published method which uses luminescence as a proxy for 

terrigenous cDOM in a Malaysian coral system (Kaushal et al., 2021) might provide a useful way to 

validate the model and conclusions presented in Chapter 2 against historic data. To this end I have 

been awarded a Global Partnership Award from the University of Southampton to reconstruct 

historic terrigenous cDOM concentrations in Belizean corals (Appendix B). If this validation is 

successful, an important next step will be to investigate the effect of increasing water column cDOM 

concentrations on coral health. Laboratory mesocosm studies which would allow corals to be 

subjected to a range of past, present, and predicted cDOM concentrations under controlled 

conditions are likely to be the best way forward for this research, and would ideally be run as multi-

factorial experiments which consider the effects of multiple stressors including temperature increase 

and ocean acidification. 

7.5.2 Characterising iDOM 

More fundamentally, there is a need to more adequately characterise iDOM in terms of its 

composition, source, and behaviour. Whilst iDOC appears to be most associated with anthropogenic 

land use and/or activities, we cannot assume that all iDOC is anthropogenic in nature – it is also 

found in more natural settings and evidence suggests it may have a substantial source in leaf litter 

and/or surface soil run-off. This thesis has taken a binary approach to iDOC and cDOC reactivity, 

which was a pragmatic approach in the face of limited evidence and the limitations of the available 

methodology. However, Chapter 3 suggests that iDOC in Belize may be less reactive than cDOC, and 
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Chapter 5 suggests variable reactivities according to source (i.e. in situ vs. point-source inputs). 

Acceptance of variable cDOM reactivities is long-standing, and it is likely that iDOC similarly exhibits 

a spectrum of labilities which must be understood in order to move this research forward. 

Combining stable isotope analysis with biodegradation assays might help elucidate the relationship 

between source and reactivity, and whilst field studies might most accurately reflect the complex 

microbial, biogeochemical, and environmental interactions found in nature, targeted laboratory 

based incubations of 13C labelled iDOM compounds might be a more appropriate first line of enquiry. 

To better constrain iDOM composition, higher resolution techniques such as size exclusion 

chromatography and Fourier Transmission Infrared Mass Spectrometry (FT-IRMS) could be applied. 

Whilst each of these options carries its own limitations, a combination of optical, high resolution, 

and chemical analyses would likely yield new understanding. 

 Conclusions 

This thesis has two central conclusions. The first is that human activities on land are having a 

meaningful influence over the composition of the aquatic DOC pool, in agreement with a large and 

growing body of literature. The second is that iDOC is a substantial and variable component of the 

aquatic DOC pool, about which a great deal of uncertainty exists. Better constraining and 

understanding iDOC composition, source, and reactivity is critical to our understanding of the land-

ocean C flux and, more broadly, to our understanding of the global C cycle and how it is changing. 
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Appendix A DOM and DOC Preservation Methods  

This appendix details considerations and decision making around the preservation of samples for 

measurement of DOC concentration and DOM absorbance. 

A.1 Filtration 

Filtration works by removing the biodegradation organisms before they can alter the sample. 

Prokaryotes are typically > 0.2 µm in diameter (Krieg, 2001), and so a 0.2 µm is standard in saline 

waters. However, 0.45 µm is typical in freshwaters where organic complexes in the 0.2 – 0.45 µm 

range are more common. The literature suggests that this difference in pore size does not have a 

significant effect on measured DOC concentrations (Zsolnay, 2003; Sanderman et al., 2008; Gandois 

et al., 2010; Denis et al., 2017), but some studies do contradict this. For example, Chow et al. (2005) 

reported a ~ 10 % reduction in DOC concentration using a 0.2 µm filter relative to a 0.45 µm filter. To 

ensure comparability of results when working across fresh and saline waters, a singular filter size 

should therefore be used. 0.45 µm was selected as most sampling was to occur in fresh waters. 

Filters come in a range of materials, with glass fibre (GF) and cellulose acetate (CA) filters being the 

most common (Karanfil et al., 2002). GF filters pore sizes were considered unsuitable because they 

are only nominally sized, whereas CA filters come in an absolute sizing. Disposable filter capsules 

were selected to limit handling of the filter itself, which in turn reduced the risk of contamination.  

Filters have the potential to alter the concentration and/or composition of the sample via leaching of 

DOM/DOC from and adsorption of DOM/DOC onto the filter disk. The extent and nature of these 

alterations varies according to filter material, pore size, brand, and even batch number. Pre-

treatment of filters is recommended, and is usually done by flushing the filters with a fixed volume 

of organic-free water prior to use. Karanfil et al. (2003) recommended flushing CA filters with 150 

ml, but the remote locations studied in this thesis meant that organic-free water was not always 

available. Fouling of the filter by particulates and/or colloidal matter is another issue associated with 

filtering, and 150 ml sample water was often sufficient to block the filter. As such, a pragmatic 

flushing protocol was adopted whereby 50 ml sample water was pushed through each CA filter prior 

to use. Comparison of filtered and unfiltered samples (Figure A-1) show that this protocol led to 

minimal contamination, and the fact that the results presented in this thesis are physically sensible 

and interpretable lends further confidence to this. 
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Figure A-1. Plot showing the effect of filtering freshwater absorbance samples in the Tamar 

catchment (yellow triangles) and the Belize River Watershed (red circles). Comparable data for 

DOC are not available. 

A.2 Cold storage 

Whilst filtration is designed to stop biodegradation, the 3D nature of prokaryotes makes it inevitable 

that some will pass through the filter. Biodegradation kinetics are temperature dependent, and so 

cold storage can be used to limit the activity of those remaining.  Saline samples are typically frozen 

at – 20 °C, whereas freshwater samples tend to be stored chilled at < 4 °C. This methodological 

difference is largely because freshwaters contain a much higher concentration of humics and fulvics, 

both of which are known to react badly to freezing. This was confirmed by two comparison 

exercises, the first comprising 10 oceanic samples (> 25 psu) and 14 tributaries of varying land use 

from Belize, Central America and the second comprising 4 tributary, 3 lake, and 2 estuarine (< 5 psu) 

samples from Halladale, North Scotland. We did not detect any significant variation between chilled 

and frozen DOC concentrations in oceanic samples (p < 0.01), but found that cold storage method 

had a variable effect on DOC concentrations in freshwaters. 
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Figure A-2. Plot showing the effect of freezing freshwater samples in the Halladale catchment 

(yellow triangles) and the Belize River Watershed (red circles). In the Halladale, nine samples from 

a range of environments (lakes, rivers, estuary) and land use types (peat, forest, and mixed 

agriculture) were stored at 4°C for four weeks, measured via NPOC, frozen at -20°C, and then re-

analysed. In the Belize River Watershed, fourteen river samples from a range of land-use types 

(pristine forest to intensive agriculture) were stored for four weeks in duplicate (one chilled and 

one frozen) then measured via NPOC. In the Halladale, freezing produced a mean Δ DOC of 1.35 ± 

4.51 mg L-1 (mean ± SD) with a range of -13.00 to +2.95 mg L-1 whilst in Belize mean Δ DOC was 

0.77 ± 3.33 mg L-1 with a range of -6.79 to + 6.73 mg L-1.  

A.3 Acidification 

As a final preservation step, saline DOC samples are often acidified in the field. However, 

acidification of freshwater samples has been shown to result in DOC losses which increase with time 

(up to 11 % after 2 weeks storage; (Peacock et al., 2015). These losses occur as a result of hydrolysis, 

which means that the effect varies according to DOC composition and is therefore difficult to predict 

or standardise. A comparison exercise confirmed this (Figure A-3): across nine samples from the 

Belize River Watershed, acidification had a variable effect on measured DOC concentration. 

Interestingly, a254 exhibited a stronger relationship with DOC measured in acidified samples than in 

non-acidified samples, which suggests that acidification might preferentially remove (or alter) non-

chromophoric DOC species (Figure A-4). 
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Figure A-3. Plot showing the effect of acidification on DOC concentrations measured in freshwater 

samples in the Belize River Watershed (May 2019), comprising samples from nine rivers with a 

range of land-use types (pristine forest to intensive agriculture). Samples were taken in duplicate, 

one of which was acidified. Both were stored chilled at 4 °C for four weeks before DOC was 

measured via NPOC. Acidification produced a Δ DOC of -0.01 ± 2.43 mg L-1 (mean ± SD) with a 

range of = -3.54 to 4.65 mg L-1.  

 

 

Figure A-4. DOC data from Chapter 2 plotted against absorbance at 254 nm measured on the 

chilled sample. The relationship between DOC and absorbance was weaker in non-acidified 
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samples (R2 = 0.87) than it was in acidified samples (R2 = 0.98), suggesting that acidification may 

preferentially remove and/or alter non-chromophoric material. 
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Appendix B Quantifying the effect of upstream 

deforestation on downstream ecosystems: 

using coral skeletal luminescence to 

reconstruct historic land-ocean carbon 

transport. 

This project was successfully funded as part of the University of Southampton’s Global Partnership 

Award 2022, and will allow follow-on activities to the study presented in Chapter 2. 

Stacey L. Felgate (University of Southampton) and Patrick Martin (Nanyang Technical University) 

B.1 Project Summary 

This project will leverage freely available satelite data, a published water chemistry dataset, and 

newly obtained coral cores to reconstruct the transport or terrigenous dissolved organic matter 

(tDOM) from the Mesoamerican rainforest to the world’s second largest barrier reef system (Belize, 

Central America). We will produce a temporal record which can be investigated relative to historic 

land-use change and climate records in order to better understand the relationship between 

upstream activities (including deforestation and agricultural expanison) and downstream tDOM 

export, increasing scientific capacity and knowledge in Belize, providing crucial information for local 

ecosystem managers, and enabling collaboration between UoS and NTU. 

B.2 Project Description 

Belize is home to substantial portions of the Mesoamerican rainforest and the Mesoamerican barrier 

reef system, two of the world’s most important biodiversity hotspots. Doyle et al. (2021) found that 

Belize’s forests and wetlands were being lost at ‘alarming’ rates, with 2014 - 2016 losses of 8% and 

28%, respectively. In Felgate et al. (2021), we showed that this deforestation leads to increased 

transport of terrigenous dissolved organic matter (DOM) into nearby waterbodies, and a decrease in 

water clarity above the reef which has the potential to negatively influence coral growth and 

survival. However, no long-term records exist for the region, and so we cannot identify the  historic 

relationships which might help us understand and predict future change. Kaushal et al. (2021) solved 

this lack of data issue in Malaysian corals using luminescence banding in coral skeleton cores, which 
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are caused by the incorporation of terrigenous humic acid-rich coloured DOM (cDOM, which is the 

light-absorbent fraction of DOM) within the coral skeletal structures. These bandings were used to 

reconstruct a 24-year time series which related coral luminescence intensity to rainfall-driven 

changes in surface water terrigenous cDOM concentrations. Because cDOM is an integral constituent 

of terrigenous DOM, this means that it is now possible to reconstruct past terrigenous DOM fluxes 

from coral core luminescence.  

This project will leverage freely available satelite data, a published water chemistry dataset, and 

newly obtained coral cores to reconstruct the tDOM transport in Belize’s largest watershed and 

adjacent coastal zone. In so doing, we will produce a temporal proxy record which can be 

investigated relative to historic land-use change and climate records. This will allow us derive a more 

quantitative understanding of how what happens in the upsteam catchment (e.g. deforestation and 

agricultural expanison) influences the quantity and fate of material transported downstream and 

into the coastal environment. This will provide ecosystem managers with the data and 

understanding they need to support informed decision making at local and national scales, and will 

be an important contribution to our scientific understanding of past, present, and future land-ocean 

interactions.  

We will also increase scientific capacity within Belize, providing equipment and virtual training to 

local stakeholders and students who will then collect coral cores under supervison of SF, who will fly 

to Belize to oversee fieldwork. These cores will shipped to Singapore for analysis. Local students will 

be invited to take part in sample collection (UoB) and analysis (NTU), further supporting knowledge 

transfer. The data obtained will be written up for publication as a collaborative exercise, based 

around a small online writing workshop. 

B.3 Previous Activities 

SF has previously worked in Belize on numerous occasions and with the proposed stakeholders, 

including orchestrating field campaigns and obtaining marine research and export permits in 

collaboration with local governmental agencies and the FCDO / British High Commission. SF founded 

a mentorship programme involving several UK scientists who work with UoB faculty and 

undergraduate thesis students to deliver research projects of a similar scale to the one proposed 

here. PM has previously published using the proposed luminescence method. Parties have had 

previous discussions about conducting this work, should suitable funding become available. 

B.4 Evidence of Quality and Interdisciplinarity 
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PM led the development of the proposed luminescence method, with access to the required 

specialist coral scanning equipment. This equipment is not available at UoS. SF led a recent study 

linking land use change to coastal cDOM concentrations overlying the coral reef in question. This 

study was the first of its kind to demonstrate a qualitative link between deforestation and increased 

terrigenous cDOM in the region, and utilised hydrodynamic modelling to pinpoint key areas of 

interest along the reef system where that material is thought to settle under varying hydrodynamic 

and oceanographic current regimes. By combining these expertise and knowledge sets, this project 

will advance the previous work and solidify the luminescence method within the literature. This 

project mainly has relevance to SDGs 14 (life below water) and 17 (partnerships), but will also help 

inform SDG 6 (clean water), 8 (economic growth), 12 (sustainable production), and 13 (climate 

action).  

B.5 Evidence of Sustainability 

This project will build capacity within Belize, providing training and equipment that will enable local 

stakeholders to play an active part in future research and collaborations around coral reef health 

and environmental trends. It will build a relationship between UoS and a number of Belizean 

partners, and strengthen the relationship between UoS and NTU. Specifically, it will foster a new 

collaboration between UoS and PM, an expert in coastal and shelf sea carbon cycling and land-ocean 

DOM fluxes. By feeding into the existing 3-year long UoB mentorship scheme for undergraduate 

thesis students, this project will contribute to the sustainability of the scheme, extending it by one 

additional semester and allowing time to apply for additional funds (for example, from the FCDO) to 

continue this scheme into the future. It is hoped that this study will act as a pilot ahead of a larger 

fellowship application which would further this collaboration, for example the NTU President’s 

Fellowship (a 2 year independent research fellowship) looking at the link between land use change, 

climate change, and land-ocean carbon fluxes at global scale. 

B.6 Impact and Benefits 

Funding under this scheme will allow collection of samples and analysis of the resultant data. Costs 

associated with laboratory analysis will be covered by PM. Objectives: (1) train local stakeholders in 

the construction and deployment of coral coring equipment; (2) obtain coral cores from priority 

regions of the Belize Barrier Reef; (3) demonstrate the utility of the luminescence cDOM method 

under different environmental (a mineral soil catchment in Belize relative to a peatland catchment in 

Malaysia) and hydrological (exposed vs. sheltered reef) conditions; and (4) produce a peer-reviewed 
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manuscript detailing our findings. Participation in this research will increase access to bespoke core 

scanning equipment, increase the international profile of UoS by introducing a range of Belizian 

stakeholders, with the potential for future collaboration and partnerships, and increase the reach 

and influence of existing work by a UoS PhD student (Felgate et al. 2021). The proposed project 

includes a priority partner (NTU). All parties have an interest in a wide range of research across land 

and sea, making future faculty (and university wide) collaboration an attractive possibility. SF 

previously oversaw negotiation and delivery of two separate Memorandum of Understanding 

between NOC, UoB, and CZMAI which could reasonably be sought for UoS. The project is 

interdisciplinary, combining previous terrestrial/limnological and marine hydrodynamic research 

with oceanographic and palaeo techniques to synthesise land-ocean fluxes from source to sink in a 

new and innovative way. 

 

Table B.1. Proposed timeline for project completion 

Date (Months/weeks) Activity 

February / March 2022 

 

Finalise field method (SF and PM), source required 

equipment (SF and UoB), and construct and test core drill 

(UoB and CZMAI).  

March 2022 Permit application prepared and submitted to the Belize 

Fisheries Department. CITES Licence application submitted. 

Applications will be prepared by SF, with assistance from 

CZMAI. 

April 2022 

 

Virtual training workshop, covering coral growth, use of field 

kit, handling of samples, and a field briefing. 

May 2022 (5 days) 

 

Sample collection, led SF with assistance from CZMAI and 

UoB personnel.  

May 2022 

 

Shipping of samples from Belize to Singapore, organised by 

SF and CZMAI using a local customs agent. 

June 2022 (1 week) Preparation and analysis of cores (PM) 

June 2022  Data analysis / Manuscript drafting (PM + SF) 

July 2022  Writing workshop, sharing analysis and preliminary MS draft.  
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Table B.2. Proposed budget for project completion 

Items Totals 

Compressed 

air 

Hire of extra SCUBA tanks to power drilling 

(5 – 10 tanks per core x 3 cores) 

£ 500 

Pneumatic 

core drills  

Compressed air drills 

(2 drills @ £200 each) 

£ 400 

Core bits Diamond core drill bits £ 200 

Other drill kit SCUBA tank fittings, gas hose, misc. £ 400 

Vessel costs 60 units per day x 5 days @ $13 BZD per unit £ 1,443 

Staff costs Payment to CZMAI to cover staff costs during 
sampling week 

(3 staff x 5 days @ $70 BZD per day) 

£ 388.50 

Dive gear Hire of SCUBA dive gear  

(2 sets x 5 days @ $70 BZD per day) 

£ 260 

Shipping Transport of samples from Belize to Singapore for 
analysis, including payment to local customs agent 

£  900 

Contingency Contingency (10 %) £ 449.15 

 Subtotal for fieldwork costs  £ 4940.65 

PCR Tests 2 x PCR tests required for travel  £ 200 

Travel  Return bus from Southampton to LHR £ 30 

Flights Return flights from LHR to Belize City (via USA) £ 620 

Hotel (USA) Hotel in Texas during 17 hour layover (outbound) £ 100 

Hotel 

(Belize) 

 Hotel in Belize City for 7 nights, including breakfasts 
and airport transfers @ £100 per night.  

£ 700 

Food  Lunch and dinner for 8 days @ £30 per day £ 240 

Insurance Mandatory insurance in Belize  £ 10 

 Subtotal for travel costs  £ 1900 

TOTAL COST  £  6840.65 
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