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Executive Summary 

The export of carbon (C) from land to sea via the Land-Ocean Aquatic Continuum (LOAC) is a substantial component 

of the global C cycle, with the lateral transport of C through aquatic environments stimulating a vertical exchange of 

gaseous C between the LOAC and the atmosphere. Aquatic environments are highly dynamic, and subject to a 

multitude of environmental pressures linked to global climate change and human activities. In order to understand 

the effect of these pressures on the global C cycle, a high-quality monitoring network is required to resolve spatial and 

temporal variability. This report provides guidance on the requirements for such a network at pan-European scale, 

including the extent to which monitoring might be integrated within existing infrastructure.  

We discuss the transport of terrigenous C along the LOAC (land – stream – river – estuary – coastal zone – ocean), and 

consider additional linked environments such as groundwater, lakes, wetlands, and constructed water bodies. We 

outline the requirements for monitoring lateral and vertical C fluxes associated with each of these environments, and 

suggest a blueprint by which monitoring of these fluxes may be achieved.  

The requirements of the proposed monitoring programme are outlined as follows: (1) regular monitoring of the lateral 

movement of C through the LOAC, conducted at broad spatial scale by national agencies under the guidance of the 

European Environment Agency (EEA), and according to site selection and methodological criteria provisionally set forth 

in this report; (2) regular monitoring of the vertical movement of C between the LOAC and the atmosphere, conducted 

at key ‘super-sites’ and administered by the Integrated C Observatory System (ICOS) and other research infrastructure 

and institutes; and (3) focussed studies to understand the processes that act upon C fluxes along the LOAC, conducted 

by research centres and driven by targeted research calls. Investment in autonomous systems is advised, with 

examples of existing technologies provided.  

As a next step, we recommend the formation of a new LOAC Thematic Centre (LTC) to oversee a preparatory phase, 

with the goal of initiating a pan-European land-ocean C monitoring network within 10 years. This timeline is short, but 

is considered necessary given the significance of these fluxes to large-scale C budgeting and the current lack of 

consistent data sets. 

The study of land-ocean-atmosphere C fluxes necessitates collaboration across the traditional disciplines of terrestrial, 

freshwater, marine, and atmospheric science, the sharing of knowledge and experience, and the use of a common 

language. This report has been written in that spirit.   
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1. Introduction   

1.1 Important definitions  

The Land Ocean Aquatic Continuum (LOAC) refers to the network of aquatic environments which link the terrigenous 

and marine environments, including groundwater, fluvial systems, lakes, constructed water bodies (i.e. ponds, 

reservoirs, ditches), wetlands, transitional waters (i.e. estuaries, fjords, deltas, lagoons, coastal waters), and finally the 

ocean.   

In the context of this report, the Land-Ocean C Flux consists of three components, where ‘aquatic’ covers the full 

spectrum of salinities observed across the LOAC. These are: 

1. Lateral C fluxes (land – aquatic) 

2. Vertical C fluxes (aquatic – atmosphere) 

3. Vertical C fluxes (aquatic – sediment) 

 

1.2 Objectives of RINGO Task 1.4 

This strategic scoping task brought together an interdisciplinary group of experts who are actively investigating the 

fate of C across a range of aquatic ecosystems. That group was tasked with the following objectives: 

1. Determine the status of pan-European land-ocean C flux monitoring, and identify the associated 

methodologies; 

2. Identify poorly-monitored regions with significant and/or changing land-ocean C fluxes; and 

3. Provide guidance on future requirements for continual land-ocean C flux monitoring, including: 

(a) The integration and expansion of existing infrastructure, including ICOS and other national 

infrastructures and data products; and 

(b) How such a monitoring network might be sustained. 

Land-ocean-atmosphere C fluxes span the terrestrial, freshwater, marine, and atmospheric realms and thus transcend 

the traditional boundaries found within environmental science. Their study necessitates collaboration and cooperation 

across disciplines and specialisms. A critical aspect of Task 1.4 was knowledge exchange, designed to foster such 

collaboration through the creation of a shared vocabulary and knowledge base. This was facilitated through a series 

of workshops and field visits to existing infrastructure in a range of environments. The motivation was to foster a 

better appreciation of the LOAC as a whole, and how different research communities study and understand it. 
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2. Knowledge Review 

2.1 Land-ocean carbon fluxes: an important knowledge gap 

Anthropogenic perturbation of the global carbon (C) cycle is driving a rapid increase in atmospheric greenhouse gas 

(GHG) concentrations, with consequences for the global climate system (i.e. Stocker et al., 2013). Successfully reducing 

and/or mitigating these consequences is hampered by large uncertainties in global C budgets. 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. 

Until recently, the global estimate of land-freshwater C transport was 1.9 Pg C yr-1 (Cole et al., 2007). This is 

approximately equal to the total annual uptake of anthropogenic carbon dioxide (CO2) by the biosphere (Stocker et 

al., 2013), and hence represents a significant term in the global C budget. Subsequent estimates have continually 

increased the size of the estimated flux of terrigenous C into inland waters, with the most recent estimate being  5.1 

Pg C yr-1 (Drake et al., 2018). The uncertainties associated with this estimate remain large becasue our ability to 

quantify the flux of terrigenous C from land into aquatic systems remains in its infancy.  

Freshwater systems are linked to the open 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 from 

land to the ocean (Cole et al., 2007; Drake et al., 2018; Regnier et al., 2013). It includes mountainous headwater 

streams, groundwaters, fluvial systems, 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: 

1. Lateral C fluxes (land – aquatic) 

2. Vertical C fluxes (aquatic – atmosphere) 

3. Vertical C fluxes (aquatic – sediment) 

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

inorganic C (DIC), which itself consists of: aqueous CO2 (CO2 (aq)); carbonic acid (H2CO3), carbonate (HCO3
-) and 

bicarbonate (CO3
2-) ions; particulate organic C (POC); 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 report, 

CO2 and CH4 refer specifically to gaseous form. The relative composition and concentration of these species are 

controlled by a wide range of environmental factors including climate, land use and land cover (LULC), soil organic 

carbon (SOC) content and other soil properties (e.g. clay content, pH, carbonate content, erodability), geology, 

catchment characteristics (e.g. catchment size, catchment slope), net primary production (NPP), hydrology and water 

residence time. The fate of this material is dependent on external environmental factors, and likely to be highly 

variable in both space and time.  
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How an ecosystem takes up, stores, and releases C influences how that ecosystem interacts with the LOAC. Net Primary 

Production (NPP) is the amount of C absorbed by plants during photosynthesis. Net Ecosystem Production (NEP) 

combines C taken in by plants and C released by soils, or rather the net C exchange between the ecosystem and the 

atmosphere. The balance between the two is a contributing factor in determining the quantity and type of terrigenous 

organic carbon (OC) found in the LOAC (i.e. relatively recalcitrant (resistant to degradation) soil organic matter (SOM) 

vs labile (susceptible to degradation), fresh biological production). 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 biome types (e.g. high lattitudes; Li et al., 2019). 

Conversely, in high latitude regions where NPP is significantly lower, high DOC export is sustained by much higher 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). For the 

Boreal region, Hastie et al., 

(2018) recently presented a C 

budget in which 3% - 5% of 

terrestrial NPP is transported 

into the aquatic continuum. In 

human-influenced systems, a 

further fraction of OC results 

from anthropogenic sources, 

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

the majority will undergo either aggregation/ flocculation and/or burial in lacustrine and fluvial sediments (Kirschbaum 

et al., 2019), or remineralisation and/or outgassing, returning to the atmosphere as either CO2 or CH4 (e.g. Sawakuchi 

et al., 2017). In this way, the lateral flux of OC from land to sea stimulates a vertical flux of inorganic carbon (IC) to the 

atmosphere (Figure 4), the magnitude of which is largely controlled by the relative rates of different transformation 

and transport processes along the LOAC. The remaining fraction (approximately 10% as DOC) is exported into the 

world’s estuaries (Kirschbaum et al., 2019) where highly variable transfer efficiencies are observed (Abril et al., 2002; 

Dürr et al., 2011).  

Various processes remove OC pool during transport across the LOAC. Heterotrophic metabolism results in the 

remineralisation of both DOC and POC, with the resultant C evaded into the atmosphere as CO2 along with CH4 

produced by the breakdown and/or fermentation of organic substrates, in particular detrital POC. A portion of DOC 

assimilates/aggregates into the POC pool by flocculation, some of which is incorporated into sediments. 

Figure 4:  Diagrammatic representation of the transport of terrigenous OC along the LOAC, adapted 
from Lauerwald et al., 2017. 
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Photodegradation acts upon the coloured organic fraction, breaking up larger molecules and resulting in 

transformations to gaseous form (either chemically  or via enhanced remineralisation) and eventual evasion to the 

atmosphere. What remains is exported into transitional waters. Each of these processes is influenced by a range of 

factors including the concentration and lability of organic matter, microbial community activity, water residence time, 

salinity and light attenuation (Parker and Mitch, 2016; Soares et al., 2019; Vähätalo and Wetzel, 2004). Variation in 

bio-and photo-degradation rates is illustrated in Wiegner and Seitzinger, (2001), where a study of forested and 

agricultural catchments found that 6 to 14% of DOC was utilised by bacteria, whilst light exposure did not have a 

significant effect. Other studies have shown much higher levels of photochemical degradation, particularly 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 a tend to exhibit much lower rates of photodegradation (0.2%) (see Wiegner and Seitzinger, 2001 and 

references therein). 

Terrigenous inorganic C (IC) 

originates in carbonate- 

mineral rocks and soils, 

released by chemical and/or 

physical weathering and 

washed into aquatic systems 

via precipitation. It can also 

originate from root and soil 

respiration on land, and be 

washed into the aquatic 

system via porewater and 

runoff. Once it has entered the 

LOAC, the fate of this terrigenous IC is not notably different from IC derived from other sources (i.e. atmospheric or 

biogenic IC), being determined by the local carbonate cycle (Figure 5), the environmental conditions which control it 

(in particular, pH, hydrology, weather, and water temperature), and the local respiration / photosynthesis balance. In 

carbonate-rich systems, or those experiencing acidification, additional but less significant inputs are likely to occur due 

to the dissolution of biogenic structures and/or suspended matter. Combined, these local factors determine the 

balance of aquatic and atmospheric concentrations, and thus drive a water – atmosphere flux, the direction of which 

varies in space and time. What is not evaded to the atmosphere will continue downstream.  

For a long time, it was assumed that the flux of terrigenous OC from land to sea had remained unchanged since pre-

industrial times, but current estimates indicate that it is now ~1 Pg greater than it was in pre-industrial times, and that 

this number is likely still increasing (Regnier et al., 2013). Changes in the magnitude and/or direction of the component 

fluxes 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 

Figure 5: Diagrammatic representation of the aquatic carbonate cycle. 
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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 coposition 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 (Graeber 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). Degradation leads to an increase in IC as respiring microorganisms produce CO2. When biodegradation rates 

are high, the produced IC can amplify the effect of increasing atmospheric CO2 uptake in many aquatic systems, and 

this is often compounded in regions where rivers flow through carbonate rocks. Ocean acidification is thought to 

contribute towards the declining resilience and health of coastal ecosystems, and river outflows originating in 

carbonate-rich geology can serve to amplify this. (Bates et al., 2014; Carstensen and Duarte, 2019; Doney et al., 2009; 

Fabry et al., 2008; Sabine and Feely, 2004).  Indeed, the cumulative effect of downstream movement of fresh water 

bodies means that these effects can exert negative effects 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 for 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 aquatic DOC concentrations across Europe and North America (Monteith et al., 2007) have 

increased significantly. 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. Increasing DIC concentrations have been linked to decreasing 

yields from fresh and coastal fisheries, resulting in increased fish and shellfish mortality, decreased livelihoods, and 

increasing consumer cost.  

Despite these and other myriad 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 difficult by the degree of variability observed across the varied environments that 

compose the LOAC, a description of which follows. 
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2.2 Environments of the land-ocean aquatic continuum (LOAC)  

Our discussion of the environments which constitute the European LOAC includes: soil and groundwater; fluvial waters 

(headwaters, streams, and rivers); lakes and freshwater wetlands/bogs; constructed waterbodies (reservoirs, ponds, 

and ditches); and transitional waters (estuaries, fjords, lagoons, deltas, saltmarsh and seagrass, and shelf seas).  

2.2.1 Soil water and groundwater 

The transfer of C from land to sea begins with subsurface soil and groundwater flows that can be conceptualised across 

different spatial and temporal scales, both of which strongly affect internal C processing and transport (Figure 6).  

 

Figure 6: 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. 

Deep and intermediate groundwater flow paths exhibit residence times ranging from decades to millennia, operating 

at spatial resolutions ranging from regional to continental (Lapworth et al., 2018), whilst shallow flow paths through 

soils and superficial deposits exhibit relatively short residence times in the order of days to weeks to years typically, 

and operate at hillslope scales or smaller (Gooddy et al., 2006; Laudon and Sponseller, 2018). Water flowing over the 

soil surface or via very shallow flow paths within the soil can also transport DOM derived from plants and surface litter. 

This is a conceptual simplification of subsurface groundwater flows, and in reality there is a residence time continuum 

in that is controlled by a range of hydrogeological processes that operate at a variety of temporal and spatial scales 

(Tóth, 1963). 

In most groundwater systems (with the exception of karstic and other fracture aquifers) larger colloids and particulates 

(POC and PIC) initially present are effectively filtered out as groundwater recharge passes through top soil and deeper 

porous material due to small matrix pore sizes. DOM produced in surface organic soils is also efficiently retained and 

removed via precipitation, adsorption and remineralisation in mineral soils and porous bedrock, and this weakly 

soluble ‘humic’ component of the DOM is also therefore largely absent from deeper groundwater. As a consequence, 

dissolved forms (certain fractions of DOC, and DIC) dominate (Stuart and Lapworth, 2016).   
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Deeper groundwater typically contains lower DOC concentrations, between 0.5-1 mg/L, due to microbial and physico-

chemical processes which remove DOC in the shallow subsurface (McDonough et al., 2020). Shallow sub-surface flows 

typically contain DOC picked up whilst passing through organic soil material. This soil 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 to DIC, 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 in mineral soils and porous bedrock. As a result, most DOC input to surface waters derives from shallow 

subsurface flow through organic soils (e.g. Evans et al., 2007), whereas DIC tends to be transported via deeper 

groundwater flow. 

Subsurface inflows, via base flow, provide rivers with both DOC and DIC, thereby contributing relatively persistent C 

inputs to surface water and controlling 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). The more dominant inorganic C 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 GW 

mediated land-aquatic-atmosphere flux. 

An added complication is the significant anthropogenic use of groundwater e.g. for drinking water and irrigation which 

perturbs the natural groundwater C cycle described above, global groundwater withdrawals are estimated to be c. 980 

km3 yr-1 (Margat and Gun, 2013; Siebert et al., 2010). Through this process a significant amount of DIC and DOC held 

in groundwater C stocks are redistributed to the surface, where it can enter the riverine and surface water system or 

is once again recharged and committed to the groundwater system. For example, groundwater withdrawals for 

drinking water in the UK is estimated to account for up to 0.05% of all UK CH4 emissions (Gooddy and Darling, 2005). 

This and other aspects of groundwater withdrawals are never accounted for in C budget and flux estimates. 

Groundwater also transfers dissolved C 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 that is 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. GW 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.  

2.2.2 Fluvial waters  

Headwaters are the first part of the LOAC to receive inputs of OM 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 David, 2005). Further downstream, this 
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allochthonous OC combines with various autochthonous (locally produced) forms, resulting from i.e. algae, submerged 

vegetation, as well as other allochthonous inputs from anthropogenic sources such as sewage, wetlands, 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 OM in the presence of specific labile 

compounds (e.g. agricultural associated compounds), 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 inputs from DIC supersaturated GW sources, streams are typically supersaturated with CO2 

and the associated degassing represents a significant fraction of catchment scale CO2 losses (e.g. 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 1.8 Pg C yr-1, of which 27 Tg is in the form of CH4, (Borges 

et al., 2015; Raymond et al., 2013; Wallin et al., 2018). Drake et al. (2018) put forward a revised value of 3.9 Pg C yr-1, 

the difference partly explained by the inclusion of smaller order streams. 

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., 2017, 2019) yet are rarely 

captured during monitoring activities.  

2.2.3 Lakes and freshwater wetlands 

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 represent a very stable C sink (e.g. not 

sensitive to fire, subject to limited disturbance), and accrue at an estimated 0.6 Pg C yr-1 globally (Kortelainen et al., 

2004; Stallard, 1998; Tranvik et al., 2009). Lakes can also modify the flux and composition of DOM. The dominant 

removal process is typically bacterial mineralisation (Koehler et al., 2014; Berggren et al., 2018), but photochemical 

breakdown may also be important within the upper photic zone, preferentially removing the highly coloured humic 

fraction of the DOM pool. Rates of DOM processing tend to decrease over time as the more biologically labile and 

photochemically reactive fractions of the DOM pool become depleted (Catalan et al., 2016; Vachon et al., 2016; Evans 

et al., 2017). As a result, rates of DOM removal will tend to be highest in lower-residence time lakes receiving fresh 

OM inputs from their catchments. However, this general decline in DOM 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 DOM input to be remineralised. 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 = 
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109 days) in the LOAC reduced the amount of DOC that becomes sequestered in the open 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 vertical lake flux is 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, 

near the shore and mostly in wind shadow can account for ~50% of the total lake CH4 fluxes (Natchimuthu et al., 2016). 

The remaining CO2 and CH4 not emitted in the lake follows the outflowing water downstream and joins fluvial waters.  

There is a risk of ‘double counting’ GHG emissions, because wetland area definitions often include many small lakes 

(Saunois et al., 2016). The low-oxygen, water-saturated soils found in wetlands result in high rates of OC accrual, whilst 

the connectivity between these soils, the overlying vegetation, and overlying water results in the transfer of large 

amounts of OC into surrounding lakes and fluvial waters. They are among the most productive environments in the 

world, and so are net contributors of atmospheric C to waters via high rates of primary production (Abril et al., 2014). 

The C they export is generally modern, and contains a relatively labile component which is more bio-accessible than 

terrigenous matter, but less bio-accessible than e.g. autocthonous phytoplankton exudates (Raymond and Spencer, 

2015). Quantifying the flux of DOC from wetlands into inland waters can be problematic, particularly in fen-type 

peatlands that receive C from surrounding mineral soils and precipitation relative to bog-type (ombrotrophic) wetlands 

that receive C via precipitation alone. Indeed, to discuss the complexity of freshwater wetlands in terms of C cycling 

would warrant a separate report, and so we do not attempt to give a comprehensive overview. Instead, we note that 

these environments represent an important part of the LOAC, and will require careful consideration in any future 

monitoring network. 

2.2.4 Transitional waters and coastal wetlands 

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 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 transitional (estuarine) 

waters.  

Estuaries can 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 
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(Duarte et al., 2004; McLeod et al., 2011; Nellemann et al., 2009). Coastal wetland environments represent only a 

small fraction of the global coastline (<1%; Nellemann et al., 2009), 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 recent study in the 

fjordic Loch Sunart, Scotland, 42% of the sediment OC was terrigenous, making it a more effective C store 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. 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). 

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) and the 

vegetated habitats which surround them. Evidence suggests that the delivery of terrigenous C to these transitional 

waters (and beyond) via the LOAC is a significant term, for example a recent synthesis paper estimated that rivers 

deliver approximately 60% of the total C input to the transitional waters which border the North West European shelf 

seas (NWES; Legge et al., 2020).  It is likely that the majority of this input is microbially and photochemically 

transformed to CO2 which outgasses in estuaries and the near-shore coastal zone (Kitidis et al., 2019). This proportion 

is similar to that published for the North American shelf (Fennel et al., 2019), despite obvious differences in geography 

and location.  

Transport of terrigenous C beyond transitional waters is poorly defined. 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 and thus contributed to open ocean C cycling (Cai, 2011). Greater riverine OC inputs would therefore mean 

greater oceanic CO2 emissions. Approximately 30% of terrigenous DOC is thought to survive to the shelf, contributing 

~30% of oceanic sedimentary burial (Burdige, 2007; Kandasamy and Nagender Nath, 2016). However, the transfer 

efficiency of DOC through transitional systems is highly variable (Dürr et al., 2011). A study of the Celtic Sea reported 
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that up to 30% of the DOC at the shelf edge is terrigenous (Carr et al., 2019), whilst another of the North Sea found 

little evidence of terrigenous material beyond coastal waters (Painter et al., 2018). On the Western Adriatic shelf, the 

POC flux to the seabed is estimated to be ~309 Gt C yr-1, whilst POC burial is ~180 Gt C yr-1, corresponding to an overall 

burial efficiency of ~59%. Deposition in this region represents 62% of terrigenous OC inputs (Tesi et al., 2013).  Such 

variability necessitates the study of specific C dynamics within the full range of transitional environments.  

2.2.5 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 monitoring network is 

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

CH4. In particular, we recommend attention be paid to reservoirs, ponds, and ditches with clear connectivity to the 

land-ocean continuum.   

2.2.5.1 Reservoirs 

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 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 reservior hypolimnion waters (Guérin et al., 2006). 

2.2.5.2 Ponds 

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 (van Bergen et al., 2019; Grinham et al., 2018; Natchimuthu et al., 

2014; Panneer Selvam et al., 2014). Like reservoirs, C burial in these systems can 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) and a coarse 

estimate of global CH4 emissions from ponds is 3-8 Tg yr-1 (Saunois et al., 2019). 
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2.2.5.3 Ditches 

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. 

2.3 Factors controlling land-ocean carbon transport  

2.3.1 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 increase 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 

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

photochemical degradation or microbial processing.  

Residence time (the length of time OC spends within a given environment or indeed within the LOAC), provides a 

powerful control on C processing. By definition, headwater streams 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, ditches) increases the 

residence time of water in the LOAC, resulting in downstream C contribution that is older and, as a result of prior 

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

2017b; Müller et al., 2013).  

Deeper groundwater flow paths exhibit residence times ranging from decades to millennia, whilst shallow flow paths 

exhibit relatively short residence times in the order of weeks to years typically, and operate at hillslope scales or 

smaller (Gooddy et al., 2006; Lapworth et al., 2018; Laudon and Sponseller, 2018). The groundwater C inflow, via base 

flow, to surface waters contributes a significant amount of C with long residence times. The composition of this C has 
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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). 

2.3.2 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 dissolved into the water during transit.  

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

dissolved and particulate matter (i.e. for GW contributions, see Laudon and Sponseller, 2018). Mean catchment slope 

has been identified as a potential driver of global land to ocean C fluxes (Ludwig and Probst, 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 and Probst, 

1996), as well as tending to have thinner and less organic-rich soils. Leaching of organic material from soils enriches 

runoff with DOC, therefore water leaving catchments with shallower slopes and a higher proportion of throughflow 

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) 

2.3.3 Land use/land cover (LULC) and land use change 

LULC 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 lability of exported DOC (Butman et al., 2015; Parr et al., 2015; 

Wilson and Xenopoulos, 2009). Natural forested watersheds typically export aromatic, structurally complex DOM that 

is biologically recalcitrant compared to DOM exported from anthropogenically modified agricultural watersheds that 

is characterised by reduced structural complexity and increased microbial contributions (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 the major factors influencing LULC modification, but the trend across 

much of Europe is towards afforestation. A number of 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 

concentration in a study of 7,500 global lakes. In a 75 year data set collected from a river in Sweden, long-term change 
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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 (Evans et al., 2014, 2016; 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 (Pickard et al., in prep.) Driving mechanisms 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. 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. 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). 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 requirements (e.g. need for farmland) and values (e.g. desire for conservation), and acts with 

other drivers in combination, making predictions of future trajectories challenging. 

Figure 7:  Map of Europe showing the seven climate regions used by the EEA 
(adapted from EEA Report No 01/2017 “Climate change, impacts, and vulnerability 
in Europe 2016”). 
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Table 4: Predicted near-future climate change-related shifts pertaining to the land-ocean C cycle, split by climatic region (data obtained from 
EEA report No 01/2017). *Also predicted for coastal zone: Increased sea surface temperature, acidity, dead zon 

 Mediterranean Boreal Continental Atlantic Arctic Mountain Coastal* 

Temperature Increase Increase Increase Increase 
Above av. 

increase 

Above av. 

increase  
Increase 

Temperature 

extremes 
Increase  Increase     

Precipitation Increase Increase 
Decrease in 

summer 
increase    

Flood  Increase Increase Increase   
Increase + sea 

level rise 

Drought Increase  Increase     

Fires Increase  Increase     

Water demand Increase  Increase     

Ice / snow cover  
Less  

ice/snow 
  

Decrease in 

Permafrost 

Decrease in 

glacial cover 

Decrease in 

sea ice 

 

2.3.4 Climate and climate change  

The European Environment Agency (EEA) partitions Europe into seven climate regions: Mediterranean, Boreal, 

Continental, Atlantic, Arctic, and Mountain, plus the coastal zones and regional seas (figure 7). Current predictions of 

climate change-related shifts across each of these regions are shown in Table 4, and discussed below.  

2.3.4.1 Temperature increase and extremes 

Temperatures are expected to increase across all European regions, which have the potential to drive myriad effects 

in relation to the LOAC. This includes decreased GHG drawdown. For example, the world’s ocean has absorbed 41% 

of all anthropogenic CO2 emitted as a result of fossil fuel burning and cement manufacture (Khatiwala et al., 2009), 

but an increase in sea surface temperature and eventual saturation of CO2 in surface waters may reduce the efficiency 

of the ocean carbon sink (McKinley et al., 2016). In the medium to long term, this uptake is limited by changes in the 

overturning circulation which entrains carbon into deep waters with residence times in the order of hundreds to 

thousands of years. In the short term (next century), 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 and hence enhanced photolysis in coastal and shelf 

waters (see removal processes). 

2.3.4.2 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 
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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 (e.g. 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 (i.e. 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 suggest that this may be due to the dilution of CO2 rich 

groundwater by increased surface water runoff. Environmental conditions underpin cause and effect.  

Precipitation is expected to increase in the Mediterranean, Boreal, and Atlantic regions, where we might expect 

increased runoff, an increase in the contribution of terrigenous C to the land-ocean C cycle, and perhaps an increase 

in LOAC-atmosphere C flux. In the Continental region, a decrease in precipitation is predicted which might serve to 

elevate GW DIC concentrations, similarly enhancing fluvial CO2 evolution. This may be partially offset by decreased 

lake upwelling in the region. A recent study by McDonough et al (2020) found that global changes groundwater DOC 

are in part driven by changes in climate, including temperature and precipitation, as well as urbanisation. 

2.3.4.3 Flood, drought, fire, and water demand 

Flooding can temporarily convert flood plains and surrounding land into what are essentially wetland systems, 

increasing 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 can lead to elevated OC concentrations and 

fluxes in subsequent years (i.e. Lepistö et al., 2014). 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 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. However, in a study of a 

wild fire in N Ireland where before-after data were available, DOC concentrations were considerably lower after the 

fire due to increased acidity of the soil (Evans et al., 2017a). 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, 
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accounting for 12 % of direct emission to the atmosphere globally (Jones et al., 2019). The impact of wildfire on LOAC 

C-transfer is unknown in the Mediterranean climate region where wildfires are more common and the LOAC is 

characterized by a predominance of ephemeral waterways.  

2.3.4.4 Ice/snow cover 

The formation of thermokarst lakes as a result of permafrost melt also release large amounts of CH4 by bubbling 

(reviewed by Wik et al., 2016). There are strong indications that sediment production of CO2 and CH4, and the 

associated fluxes to the atmosphere, are positively and exponentially affected by increasing temperatures (Gudasz et 

al., 2010; Marotta et al., 2014; Natchimuthu et al., 2016; Wik et al., 2016; Yvon-Durocher et al., 2014), whilst 

precipitation-driven upwelling can bring deep water rich in both CH4 and CO2 and to the surface, producing periods of 

enhanced emissions (Karlsson et al., 2013).  

2.4 Knowledge Gaps 

There are geographical biases across a range of scales that present a considerable issue for the environmental sciences 

(e.g. Metcalfe et al., 2018). 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., submitted). In addition, 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 examples that have 

incorporated 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, this is an important knowledge gap in current C 

flux estimates. Temporal bias also exists, with sampling occuring 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.  

As well as large-scale geographical and temporal sampling issues, 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 (e.g. Kirchner, 2003; Kyung Yoon et al., 2016) but are typically 

outside 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, 2013, 2014). 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 modes of analytically 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). 

Although these may seem like trivial concerns, they do have real-world implications. For example, 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 
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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. Finally, there are philosophical issues 

arising from the paradigms adopted by different research communities (Marín-Spiotta et al., 2014). The global export 

of terrestrial C into and through inland waters, and on into the ocean encompasses the disciplines of soil, freshwater 

and marine science. The paradigm in soil science is that environmental and biological controls mediate OC stability 

(Schmidt et al., 2011), whilst for aquatic systems molecular composition is considered key (Kellerman et al., 2015). 

Thus, separate communities have used different methods to investigate similar questions. Furthermore, the diversity 

of aquatic environmental typologies around Europe (and 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).  

2.5  Building modelling capacity 

Data obtained from monitoring and process studies can be used in a variety of ways, including the production of 

conceptual budgets of carbon cycling across the LOAC and for exploring the skill of existing modelling capabilities. 

Perhaps more importantly, as our knowledge of fluxes and the underlying processes increases, so our capacity to 

develop mechanistic numerical models grows. In turn, this increases confidence in our ability to accurately predict 

future land-ocean-atmosphere C fluxes and how they will respond to LULC and climate change. The complexity of C 

cycling poses great difficulties in this regard (Le Quéré et al., 2014). As a consequence, C transfer across the LOAC, 

from soils through fluvial systems and into the open ocean, has not been explicitly represented using mechanistic 

parameterisations in global or pan-European scale C budgets, including those generated using Earth System Models 

(Ciais et al., 2013). Various research groups have developed a range of models that represent individual parts of the 

LOAC, representing C cycling in freshwater systems (e.g.  Futter et al., 2007; Rowe et al., 2014; Tipping et al., 2016) 

and the ocean (e.g. Anderson and Williams, 1998; Keller and Hood, 2013; Polimene et al., 2006). There is, however, 

little consistency in approach between models of different disciplines in terms of chosen state variables, 

representation of processes of production and turnover, and nomenclature, meaning that the different models cannot 

be easily joined together to predict C fluxes across the entirety of the LOAC. We are only aware of a single, processed-

based model that is capable of operating across the LOAC (UniDOM; Anderson et al., 2019). 

2.5.1 Land - freshwater models 

Land-surface models, using land cover as the predictor variable, are commonly used to estimate the leaching of DOC 

from soils into fluvial waters and the transport of that DOC downstream. The LPJ GUESS model  is one example, but 

has so far only been applied to sub-arctic catchments in Northern Sweden (Tang et al., 2018). ORCHILEAK (Lauerwald 

et al., 2017), a new branch of the ORCHIDEE land surface model (Krinner et al., 2005), is another. It is somewhat more 

developed, and has recently been applied at pan-European scale to simulate the seasonal and interannual variation in 

fluvial DOC transport over the period 1978-2014 (Gommet et al., in prep) as part of the EU project Verify. Other 
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successful applications of ORCHIDEE have been undertaken at regional scale for the Amazon basin (Hastie et al., 2019; 

Lauerwald et al., 2017), the Congo Basin (Hastie et al., 2020), and the Lena basin (Bowring et al., 2019, 2020).  

Estimating fluvial fluxes of terrigenous POC, which is mobilized from terrestrial ecosystems through erosion of soil 

material and litter, and through litterfall onto the water surface, arguably poses an even greater challenge for the 

modelling community. Strong, non-linear relationships between erosion and water flow, and in particular the strong 

contributions of ephemeral extreme events (e.g. Hughes, 2005) are particularly difficult to capture with any degree of 

realism. Simulating the deposition of sediment and terrigenous POC in aquatic sediments and on floodplains, for 

example, would require the representation of even smaller dams and reservoirs as well as of the small-scale 

topography of river channels, banks, and flood plains. A relatively simple approach to include fluvial fluxes of POC 

together with those of DOC has been realised in the land surface model DLEM (Dynamic Land Ecosystem Model). 

Although DLEM can run at global (and therefore pan-European) scale, simulation of fluvial DOC and POC fluxes have 

so far only been published for the Eastern USA (Tian et al., 2015). For the representation of sediment and POC erosion 

into the river network, DLEM makes use of the relatively simple to parameterize, event-based erosion model MUSLE 

(Modified Universal Soil Loss Equation; Williams, 1975). A similar approach has recently been implemented into 

ORCHIDEE and has so far been evaluated for the Rhine basin (Zhang et al., in revision).  

Besides the ongoing developments in the land surface model community, a few more specialised river transport and 

biogeochemistry models deserve mention. Those that focus on processes within the river network, and require 

mobilization fluxes of C and nutrients from land to the river network as pre-processed model inputs, include the 

RIVERSTRAHLER model (Billen et al., 1994). RIVERSTRAHLER simulates all major biogeochemical processes in a river 

network involving DOC, POC, and nutrients (i.e. N, P, and Si), relating not only to soil erosion and leaching but to 

sewage injections and in-stream algal biomass production. Recently, representation of DIC fluxes related to chemical 

rock weathering and respiration, both within soils and the river) was added to the model (Marescaux et al., 2019). 

However, because of the great efforts required to parameterize this model, its application has been largely limited to 

the Seine River. Nonetheless, a recent study that utilised RIVERSTRAHLER to simulate eutrophication of the NE Atlantic 

(Desmit et al., 2018) demonstrates its utility at a more extensive, regional scale.  

Other models of interest are CARBON-DISC (van Hoek et al., 2019), MADOC (Rowe et al., 2014), and INCA-C (Futter et 

al., 2007). CARBON-DISC is designed as a global scale model that represents fluvial transport of DOC, POC, and DIC at 

0.5-degree resolution, including processes such as decomposition of DOC and POC, instream production of POC, and 

CO2 exchange between the river and the atmosphere. Until now, the model has only been evaluated for the Rhine 

basin, showing that more model development and calibration will be needed before the model can be applied at 

regional scales. MADOC was developed to investigate the drivers of long-term DOC variation across freshwater 

systems. It investigates the turnover of SOM in relation to DIC dynamics (i.e. pH and alkalinity effects), and was 

parameterised using targeted field studies. INCA-C was the first model of DOC cycling to explicitly include the effects 

of different LULC types, hydrological flow paths, in-soil biogeochemistry, and surface water processes on in-stream 

DOC concentrations, and is specifically useful in temperate and boreal forested and peat-dominated catchments.  
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Lake models of note include that of Tipping et al., (2016) which includes biogeochemical and sedimentation behaviour 

of C and other macronutrients in a large lake setting, and of Stepanenko et al., (2016) which couples physical processes 

and biogeochemistry to solve water column pCO2 and pCH4 and related vertical fluxes to the atmosphere.   

2.5.2 Ocean models  

The global nature of the oceans lends itself to the global coupled ocean-atmosphere General Circulation Models 

(GCMs). However, the extreme heterogeneity in terrestrial catchment characteristics observed across Europe suggests 

such smaller scale models might be most appropriate when modelling the influence of their outflows on the marine 

system. As yet, there has been little explicit modelling of the fluxes and fate of terrigenous DOM in ocean systems, 

with the exception of the UniDOM model (section 2.5.3). Rather, ocean models have focused on autochthonous (in 

situ) production of DOC and how this contributes to the cycling and storage of C in the ocean (e.g. Druon et al., 2010; 

Schlitzer, 2002; Yamanaka and Tajika, 1997) and paid less attention to terrigenous DOM (although see Anderson et al., 

2019). DOC is a heterogeneous mix of substrates that have different labilities (timescales of turnover) that are 

discretised in models, e.g., a typical classification in ocean models is to divide DOC into labile, semi-labile and refractory 

pools (Carlson and Ducklow, 1995; Cherrier et al., 1996). Existing oceanic C models generally utilise production and 

consumption terms which are derived from an enormous range of formulations and parameterisations and where, in 

many if not all cases, we lack sufficient biological (i.e taxa) and chemical (i.e. concentrations and fluxes) data to 

adequately test  them. To some degree, differences in parameterisation can be attributed to variations in objectives 

and focus (Anderson et al., 2015).  

GCMs are well suited to making large-scale predictions, but operate at a scale that often renders high levels of 

complexity impractical. Smaller, more regional models tend to be better suited to simulating multiple source terms, 

mixed organic matter labilities, and high levels of environmental heterogeneity (Anderson et al., 2015), but their utility 

is limited by their scale and they can prove difficult to parameterise without system-specific data. A noteable exception 

to this is the European Regional Seas Ecosystem Model (ERSEM; Butenschön et al., 2016), which is currently running 

in several global GCMs at broad scale, representing a range of complex biogeochemical and ecological processes 

(Figure 8).   

It should be noted that, whilst a single model linking all environments transitional and oceanic environments may be 

desirable, specific questions define the compromise required between the need for complexity and the need for 

computational efficiency. For example, computationally-efficient, intermediate complexity models are required for 

global climate projections (e.g. 1 degree resolution NEMO-MEDUSA; Yool et al., 2013) while more complex models of 

higher resolution may be used to resolve shelf-sea processes (e.g. 7km NEMO-ERSEM, (Butenschön et al., 2016), and 
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even higher resolution complex models may  

be used to resolve estuarine processes (e.g. 

<20m resolution FVCOM-ERSEM; Ge et al., 

2020). The same logic is true of freshwater 

models, and indeed of models linking the 

full LOAC. The perceived simplicity of a 

singular model may well be overtaken by 

bespoke, question- and system-specific 

requirements 

Modelling of ocean DIC is relatively well 

constrained in ERSEM and other models 

(e.g. MEDUSA 2.0; Yool et al., 2013), largely 

due to the existence of databases such as 

SOCAT, the World Ocean Database, and the 

Global Ocean Data Analysis Project 

(GLODAP) which provide the large-scale, 

internally consistent datasets required to adequately test model parameterisation. Adequate expertise in land-ocean 

IC modelling did not exist within the working group, and such expertise should be sought out as part of any future 

preparatory phase to determine the relative importance of including this term in future efforts. 

Until recently, the integration of terrigenous C fluxes into such models had received relatively little attention as a 

research field. The contribution of terrigenous OC to the oceanic DOM/DOC pool is generally thought to be small, with 

most undergoing mineralization or burial in ocean margins (e.g. Bianchi, 2011; Fichot and Benner, 2014; Hedges et al., 

1997; Opsahl and Benner, 1997) and the perceived benefits of modelling it have, in the past, outweighed by the 

inherent complexity of the task. However, a growing body of evidence now exists that demonstrates the potential 

significance of terrigenous C in ocean C cycling (e.g. Medeiros et al., 2016; Regnier et al., 2013), and recent modelling 

efforts have led to significant advances in our ability to standardise state variables across fresh and marine 

environments such that the influence of terrigenous OC on the marine C cycle can be approximated (Anderson et al., 

2019).  

2.5.3 Linking land and ocean – UniDOM 

The recently published UniDOM (Unified model of DOM) model (Anderson et al., 2019; Figure 1) is the first of its kind 

to represent DOC transfer across the different environments of the LOAC using a single, unified set of equations and 

parameters. Results of the model, which was parameterised for the waters of Great Britain, indicate that ~5% of the 

DOC originating in streams may make its way into the open ocean. This estimate was, however, “preliminary” given 

that there are many uncertainties associated with the model parameterisation, given the limited information available 

for this purpose (Anderson et al., 2019). 

Figure 8: A schematic of the ERSEM model, taken from Butenschön et al., 2016. 
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In UniDOM (figure 9), terrigenous DOC is divided into two 

pools, T1 (strongly-UV absorbing, prone to photooxidation but 

microbially resistant) and T2 (non- or weakly-UV absorbing, 

not photo-oxidised and relatively prone to biological 

turnover). In general terms, T1 represents structural 

compounds such as lignin that are prone to photooxidation 

and are susceptible to microbial decomposition. Importantly, 

T1 and T2 are amenable to routine measurement using specific 

UV absorbance (SUVA), providing the means to integrate field 

programmes and modelling. The model provided an analysis 

of the relative roles of flocculation, photooxidation and 

microbial turnover in the turnover of terrigenous organic 

matter. Perhaps surprisingly, predicted flocculation was low, 

although the associated literature is equivocal on this matter 

and the model parameterisation quantitatively uncertain. 

Photooxidation and microbial both accounted for significant 

turnover. A key feature of the model is a novel 

parameterisation whereby these rates decrease with increasing DOC age, representing increasing recalcitrance as 

labile substrates are stripped out. The flocculation, whereas T2 compounds are less prone to photooxidation and are 

susceptible to microbial decomposition.  development of UniDOM highlights the perennial challenge of understanding 

and modelling the dynamics of DOM, namely that of dealing with a heterogeneous mix of substrates where lability 

depends on a multitude of factors including biochemical structure, the microbial community, concentration and the 

presence/absence of competing substrates (Anderson et al., 2015). 

The greatest challenge to modelling fluxes of terrigenous DOC across the LOAC is to derive a common set of state 

variables and parameterisations that span the different environments, and which are also amenable to routine 

measurement so as to link with field research. The UniDOM model has made a significant step forward in this regard, 

based on the T1 and T2 state variables that can be readily approximated via absorbance spectrophotometry. Much 

work still needs to be done, however, to validate this model against data, provide better constrained values for the 

parameters associated with flocculation, photooxidation and microbial degradation, all of which potentially influence 

DOC turnover, and to incorporate and test UniDOM in 3-D modelling frameworks. Of course, it may be that other 

models are also developed with alternate representations of terrigenous DOC, but the task of bringing together the 

different disciplines is large, requiring close collaboration between modellers and field scientists. Any decision on the 

definition of model state variables and parameterisations should be amenable to both the soil modelling community 

and measurement in the field.  

Applying UniDOM more widely, e.g., at pan-European and global scales, will require input terms from the various 

systems feeding into the fluvial-estuary-ocean pathway. There are many complicating factors, including groundwater 

Figure 9: Flow diagram of the UniDOM model, with two 
terrigenous state variables (T1, T2) and one autochthonous (A), 
and turnover via microbes, photo-oxidation and flocculation 
(Anderson et al., 2019). 
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flows, constructed waterbodies, wetlands, etc.  There is likewise a need for validation data to fully test models and we 

again emphasise the need for collaboration between modellers and field scientists. The development of appropriate 

soil models is another key aspect of future development, generating DOC fluxes that enter the aquatic systems that 

are consistent with the aquatic systems. Modellers also face the major challenge of simulating the full 3-D environment 

all the way from freshwaters to the ocean. The UniDOM model was tested in a simple linear physical framework 

(effectively, a pipe) where there was no lateral mixing. Moving to 3-D is complicated for this model because of the 

age-dependent parameterisation for turnover of terrigenous DOC by photooxidation and microbial degradation. It 

may be that a compromise parameterisation should be developed where this age-dependent parameterisation is 

approximated by different state variables of fixed lability, such as the labile, semi-labile and refractory pools described 

earlier. 

In summary, the UniDOM model has made a significant stride forward in developing a model that spans the different 

environments of the LOAC, but much work needs to be done to refine the parameterisations of this model, to extend 

its geographical range and to provide validation data. Of course, it may be that other such models are developed and 

diversity in approach is always to be welcomed. It is important to bear in mind the need for synergy not just in model 

parameterisation across the different environments of the LOAC, but also between models and data. Development of 

cross-system models thus constitutes a major exercise necessitating, from the outset, close collaboration between 

terrestrial, freshwater and marine scientists, including both those working in the field and modellers.   

3. Monitoring requirements and recommendations 

3.1 The current status of pan-European land-ocean carbon flux monitoring  

There are no recent estimates of European scale land-ocean C fluxes available. In order to determine the status of 

land-ocean C flux measurements within Europe, three data sources were identified and investigated: (1) monitoring 

data stored by national agencies; (2) data held in European repositories; (3) data contained within recently published 

literature.  

How data are held by national agencies varies according to the purpose and location of the monitoring activity. Data 

gathered in response to EU legislation (i.e. obligated under the Water Framework Directive (WFD) and Marine Strategy 

Framework Directive (MSFD)) are reported to, and held by, the European Environment Agency (EEA). Whilst C 

parameters are not listed as priority substances and thus not measured in their own right, they are routinely measured 

when required as context for a substance which is (i.e. DOC is measured alongside Cu). The EEA does therefore hold a 

significant amount of potentially useful data for countries which have historically been part of their monitoring 

frameworks (such as the WFD and MSFD), although this is less true for those who have recently joined. Monitoring 

conducted under the remit of the country itself, whether in response to government objectives or as part of national 

statutory monitoring of, for example, industrial plants, is held by national monitoring agencies (e.g., in England,  this 

would be the Environment Agency). In both cases, very few C parameters are measured across a large area. Various 

repositories exist at European scale which store relevant data, for example the European Marine Observation and 
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Data Network (EMODnet), the Water Information System for Europe (WISE). These data sources are relevant as the 

data held within them are freely accessible, and go beyond the scope of national agencies into more targeted research.  

Beyond these two sources, academic literature holds countless examples of in-depth studies where a large range of C 

parameters are measured, albeit usually across a much smaller area (e.g. Evans et al., 2018; Lapworth et al., 2013; 

Peacock et al., 2017, 2019; although see Williamson et al., submitted). A number of more recent, smaller-scale 

estimates do exist, each falling broadly into one of three categories: studies of small (<1 - 50km2) discrete catchments; 

studies targeted at representative sections of a single river system; and total output studies which focus on the lower 

reaches of larger basins (Hope et al., 1994; Worrall et al., 2018). The former are frequently used to investigate the 

effects of different types of land-use or disturbance on C fluxes, either through comparison or with paired catchments, 

whilst the latter tend more towards building a broader understanding of river-ocean C export.  

Both data sources carry pros and cons. Monitoring data are usually historic, spanning at least a number of years, 

whereas academic studies may be singular events, covering anything from days to years but tending towards shorter 

periods. The transfer of monitoring data from measurement to availability is in the order of 2 - 5 years, whilst 

publishing an academic study takes upwards of a year, often significantly longer, and with no guarantee that the data 

from a given study will ever become publicly available. Monitoring data can generally be accessed by submitting a 

well-considered formal request to the agency in question, but requires some prior knowledge of which data may exist. 

Accessing academic data requires painstaking literature searches across numerous disciplines and environments, with 

a need to regularly revise those searches in pursuit of new studies, whilst new monitoring data are predictable in both 

their frequency and source. Monitoring methodologies are usually consistent across countries, whereas academic 

methodologies are often less comparable due methodological diffrences between studies (e.g. which method of DOC 

quantification is used), differences between disciplines (e.g. filter pore size), and varying demands of different 

environmental systems (e.g. freshwater vs. marine). Monitoring work typically operates to capture either point-

breaches of environmental limits or general trends across large areas. By contrast, academic-focused studies tend 

towards smaller scale, targeted studies that often examine processes rather than simply gathering data and examining 

trends.  

We suggest that monitoring and academic research are, individually, insufficient to allow the construction of an 

accurate accounting of current pan-European land-ocean C fluxes.  Rather, a combination of the two would allow the 

synthesis of baseline fluxes against which future measurements could be compared. Gathering and synthesising data 

from these sources would, however, require a signficiant investment of time and researcher effort. 

3.2 Proposal from the RINGO Task 1.4 working group  

We propose a bespoke monitoring network, designed to deliver appropriate data to (1) enable the synthesis of a pan-

European land-ocean C flux budget; and (2) improve our knowledge on the cycling and fate of C from source to sea. 

Such a network would allow the creation of a carefully planned and comprehensive sampling program, addressing 

temporal and spatial variations in aquatic C dynamics across the LOAC. Consistent analytical and sampling methods 
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could be deployed to allow total comparability across measurements. Data would be fully archived, and made available 

to research and stakeholder communities.  

The scientific benefits of highly standardised methods, adopted across a global range, have previously been 

demonstrated in aquatic ecosystems (Tiegs et al., 2019). Similarly, global networks that measure C already exist in the 

environmental sciences. For example, FLUXNET is a global network that uses eddy covariance towers to measure 

ecosystem-atmosphere exchanges of CO2, water vapour and energy. Baldocchi et al., (2001), in introducing FLUXNET, 

state “large-scale, multi-investigator projects have been the keystone of many scientific and technological advances 

in the twentieth century.” We agree with their assessment, and believe that a similar, aquatic systems-focussed 

network, would bring numerous scientific rewards and advancements in our understanding of C cycling from soils, 

through inland waters, and into the marine system.  We also recognise that the suggestions provided here represent 

a starting point for broader discussions amongst the wider community of researchers studying C fluxes across the 

LOAC within Europe and beyond. The costs associated with comissioning such a network would necessitate a feasibility 

study.  

3.2.1 Defining the geographical scope 

Land ocean C fluxes do not obey political boundaries, but we nevertheless recognise that monitoring these across 

Europe will necessarily involve a political dimension. Therefore, we must first define the scope of any proposed 

monitoring structure. We consider those countries which are ICOS member states and/or subject to the European 

Environment Agency (EEA) as having relevance (Table 5), and henceforth ‘Europe’ will be used to refer to these 

countries. It is important to note that the bordering countries, in particular Russia, play a significant role in riverine 

discharge throughout Northern Europe, and that the inclusion of those rivers upstream of where they cross into EEA 

territory would be optimal.  

Table 5: EU countries and associated information, ranked by the percentage of EU rivers contained within each each. Number of rivers and 
percentage values taken from EEA Surface Water Body database on 30/10/2018. 

Country ICOS Member EEA Member # Rivers % of EU Rivers 

Sweden Yes Yes 15092 16.9 

France Yes Yes 10706 12.0 

Germany Yes Yes 8998 10.1 

Austria No Yes 8065 9.0 

Denmark Yes Yes 7776 8.7 

Italy Yes Yes 7493 8.4 

UK Yes No 7506 8.4 

Poland No Yes 4596 5.1 

Spain No Yes 4390 4.9 

Romania No Yes 2891 3.2 

Finland Yes Yes 1913 2.1 

Portugal No Yes 1899 2.1 

Croatia No Yes 1484 1.7 

Slovak Republic No Yes 1510 1.7 

Czech Republic Yes Yes 1044 1.2 

Hungary No Yes 963 1.1 

Bulgaria No Yes 873 1.0 
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Estonia No Yes 645 0.7 

Belgium Yes Yes 527 0.6 

The Netherlands Yes Yes 246 0.3 

Cyprus No Yes 174 0.2 

Latvia No Yes 203 0.2 

Slovenia No Yes 137 0.2 

Luxembourg No Yes 110 0.1 

Greece No Yes No data <0.1 

Ireland No Yes No data <0.1 

Lithuania No Yes No data <0.1 

Norway No Yes No data N/A 

Iceland No Yes No data N/A 

Switzerland Observer No No data N/A 

 

3.2.2 Site selection criteria  

Adequate site selection is central to the success of any monitoring network, and thus it is important to identify the 

major drivers of land-ocean C fluxes, and to design sampling schemes around them which also have the required 

spatial and temporal resolution with which to capture their influence. We recommend monitoring design and site 

selection be undertaken on a nation-by-nation basis, utilising local knowledge of geography, infrastructure, and 

existing sampling programmes to maximise coverage given available resources. The controlling factors outlined above 

should be referenced to ensure adequate sampling of key drivers and environments. 

Land cover mapping utilising the various satellite products available at pan-European scale (i.e. COPERNICUS; 

SENTINEL) will undoubtedly play an important role in any future monitoring network, both in terms of ensuring 

adequate spatial cover of key environments and when scaling up estimates. For example, LULC specific estimates of 

OC transfer from land to the LOAC exist at sub-European scale, and such estimates could be scaled up at a broad scale 

to reduce the requirement for catchment-scale quantification. However, the influence of LULC operates at sub-

catchment scales and thus should be monitored as broadly as possible. 

3.2.3 Required parameters 

There are three primary fluxes of C that should desirably be measured by a pan-European land-ocean flux network. 

These are listed below in order of importance, where ‘aquatic’ covers the full spectrum of salinities observed across 

the LOAC.  

3.2.3.1 Term 1: Lateral C fluxes (land – aquatic) 

A large number of parameters are inconsistently measured in studies that quantify the land-aquatic flux. Those 

considered essential and desirable are listed in Table 6.  Concentration measurements of the various C pools (DOC, 

POC, DIC, and PIC) and gaseous forms (CO2 and CH4) are considered essential, along with core meta-parameters (water 

temperature, conductivity, and pH). Discharge measurements which are required to calculate flux values (i.e. 

concentration per unit volume per unit time) are also essential. Discharge measurements are made by water boards 

and national agencies at a large number of sites, and are generally readily available for download (e.g. the UK’s 

National River Flow Archive (NRFA) available at https://nrfa.ceh.ac.uk/). In many cases, this will be sufficient.  

https://nrfa.ceh.ac.uk/
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Table 6: List of essential and useful parameters with relevance to quantifying horizontal land-ocean C fluxes 

Essential Desirable 

DOC Nutrients (NO3, NO2, NH4, SRP, Si(OH)4,TN, TP) 

POC Selected major ions / cations (i.e. sulphate and iron) 

DIC Biochemical Oxygen Demand (BOD) 

PIC Chromophoric Dissolved Organic Matter (CDOM) 

CO2 (pCO2) Fluorescent Dissolved Organic Matter (FDOM) 

CH4 (pCH4) Alkalinity 

Water temperature Dissolved Oxygen (DO) 

Conductivity Turbidity  

pH Turbulence 

Water discharge Depth 

 

3.2.3.2 Term 2: Vertical C fluxes (aquatic – atmosphere) 

Quantification of the aquatic – atmosphere flux should consider gaseous CO2 and CH4. Within ICOS, Eddy Covariance 

(EC) flux towers are considered the primary method to solve for the exchange of these gasses at the water-air 

interface. A dedicated ICOS Working Group is currently writing a standardised protocol for making these 

measurements in waterbodies (see http://www.icos-etc.eu/icos/working-groups/work-group?wgroup=18 for 

updates), which is based upon flux tower set-up and maintenance aspects for terrestrial ecosystems which have 

already been described in the existing ICOS flux measurement protocols (Rebmann et al, 2018; Sabbatini et al, 2018; 

Nemitz et al, 2018). However, the local heterogeneity and small spatial scales associated with some aquatic 

environments and sub-environments within the LOAC (e.g. low order streams, small water bodies, and near-shore 

parts of lakes) represent challenges for EC measurements which should be considered, and sites must be carefully 

selected for suitability with testing undertaken to verify that EC fluxes are representative of total aquatic fluxes at 

selected sites. This process will create a bias in terms of what types of aquatic environments can be reliably studied 

using this methodology, and so alternative methodologies such as flux chambers and mass balance approaches may 

be more appropriate in some cases. Such flexibility would minimise the systemic bias associated with EC, with 

methodology selected based on the characteristics of the measurement site. However, each methodological approach 

operates on a different spatiotemporal scale, and so it is important to verify method comparability using long-term 

and spatially distributed averages, more of which are required. Where EC towers are considered the most appropriate 

methodology, particular attention should be given to establishing stations over meaningful eco-physical sections the 

LOAC. Defining what constitutes a ’meaningful eco-physical section’ is beyond the scope of this report.  

3.2.3.3 Term 3: Vertical C fluxes (aquatic – sediment) 

The quantification of aquatic – sediment fluxes should be conducted in major transport channels and in a sub-sample 

of smaller streams to allow for process modelling and ground-truthing. The freshwater/seawater interface represents 

a hotspot for flocculation and adsorption of DOC onto mineral surfaces due to changes in ionic strength and local 

particle resuspension(Morris et al., 1978; Nedwell et al., 1999; Zhou et al., 1994). Sorption and desorption reactions 

lead to partitioning of the fluvial input (Kaiser and Guggenberger, 2000). In this context, “turbidity” should be an 

essential variable (Table 6). Measurement of term 3 will require observations in the low salinity region of the estuary. 

http://www.icos-etc.eu/icos/working-groups/work-group?wgroup=18
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As this is not a fixed geographic position, but dependent on tidal state (spring vs. neap tides), observations of the core 

parameters are best made from a boat or autonomous vessel (section 3.2.4.1). Financial and logistical considerations 

may limit this activity to a small number of representative supersites (section 3.2.4.2) 

If the priority is to quantify the flux of terrigenous C that reaches the ocean, the minimum requirement would be to 

ensure term 1 measurements were made at a sufficiently representative selection of freshwater limits. Such 

measurements would provide a measure of what enters the estuarine /marine environment, and could represent a 

boundary for interpreting the upstream conditions. However, the variable transfer efficiency of estuaries described in 

Durr et al., (2012) means that effort would be required in terms of process studies to more completely understand the 

processes at play in the estuaries and transitional waters associated with those river mouth sites in order to fully 

appreciate the flux to the ocean. If the priority is to quantify the vertical flux of C to the atmosphere, stimulated by 

that lateral flux, a more complex monitoring network is required. 

A combination of all three-measurement terms would allow for a complete characterisation of the net C transport by 

water bodies in absolute terms. However, due to the expense and time involvement, not all three fluxes can practically 

be measured at the frequency and spatial resolutions necessary to prove useful at continent-scale. We therefore 

propose a monitoring network which operates at varying scales. Quantification of term 1 should be undertaken at 

maximum spatial and temporal resolution, taking into consideration the range of factors influencing lateral land-ocean 

C transport to ensure adequately representative coverage is achieved. Quantification of terms (2) and (3) should occur 

at where possible, with all three coming together at selected ‘supersite’ locations where the complete picture of C 

transport and accumulation can be constructed using site-specific measurements. These site-level values can then be 

scaled up across the continent via remote sensing and modelling. Each of the three fluxes above require different 

methodological approaches and measurement protocols. 

3.2.4 Proposed monitoring activities 

Given the differing scales required to monitor the three flux terms outlined above, we propose a three-tier approach 

whereby national agencies incorporate regular, wide-spread monitoring of term 1 (land-aquatic), and a combination 

of ICOS and research centres / academic intitutions undertake site-specific monitoring of terms 2 (aquatic-

atmosphere) and 3 (aquatic-sediment) at designated ‘super sites’, and at other suitable locations.  

3.2.4.1 Broad-scale lateral flux montoring 

It is our determination that the most appropriate route for delivery of lateral C flux monitoring is through national 

environmental agencies, with monitoring programmes enforced and outputs collated by the EEA and associated 

legislation following the templates set out by the WFD and/or MSFD (i.e. pre-determined parameters, with fixed and 

universal levels by which water body health is determined, and mandatory reporting at regular intervals to a 

centralised body). The EEA currently mandates the measurement of a limited number of parameters relevant to land-

ocean C fluxes. It is more cost effective to incorporate additional parameters into existing monitoring frameworks than 

to instigate new ones. The existing EEA framework is proven, reliable, and has a relatively secure funding path, 

although some additional resources will be required. Member states have already ‘bought in’ to and are practiced at 
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reporting along WFD and MSFD lines, and the addition of specific parameters should therefore be accepted and 

integrated relatively easily.  

One option for data handling would be to extract the relevant data streams from the EEA or national agencies, and to 

display these via the ICOS C portal (CP) or other recognised data storage repository. Whilst engagement with the EEA 

offers economy of scale by utilising existing structures and logistics, such a data reporting structure would lengthen 

the timescale for data delivery (order of months). Alternatively, direct reporting would shorten the data delivery 

timescale, but would duplicate some reporting commitments from national monitoring agencies. Either approach 

would require some financial support. We recommend data extraction as the most cost-effective option.  

An inherent weakness in the exploiting the existing EEA monitoring framework for land ocean C flux monitoring is that 

it rarely goes into headwater regions. Another is the lack of connectedness between the freshwater, transitional, and 

coastal sections of most national agency programmes. In addition, much of the monitoring activity undertaken by 

national agencies is point-source pollution monitoring of outflows. Such locations are not useful in the context of land-

ocean C-fluxes, and so the number of potential locations where useful data could be collected is much lower than the 

total number of locations currently monitored. However, if additional sites could be added upstream of point-sources, 

these trips could be optimised to suit both purposes. 

3.2.4.2 Integrating lateral and vertical fluxes 

We believe that site-specific, integrated monitoring of all 3 flux terms at key locations would be required to (a) 

incorporate vertical (aquatic-sediment and aquatic-atmosphere) fluxes; and (b) ground-truth modelling based on the 

more extensive lateral flux monitoring data.  

The ideal land-ocean ‘supersites’ would be located at the closure of a river drainage basin, in proximity of the ocean. 

This would limit confounding factors and simplify the study of land-ocean C fluxes from catchment to coast. Many 

ICOS sites are located in lakes, wetlands, coastal, and open waters, but the majority do not meet all off these criteria. 

However, a few examples of ICOS marine sites have the potential to investigate land-ocean C-fluxes. For example,  the 

Belgian marine component consists of two research vessels operating in coastal waters out of the port of Ostend in 

the River Scheldt estuary as well as a fixed buoy in the English Channel. Similarly, the UK’s “Western Channel 

Observatory” incorporates a fixed buoy and a research vessel operating out of Plymouth at the mouth of the River 

Tamar. Estuarine sampling transects would require additional resources, but much of the infrastructure is already in 

place. Effective monitoring of net C transport along the full land-ocean continuum would therefore require additional 

investment in infrastructure, or creative collaboration with other Research Infrastructures and/or institutes.  

Whilst not exhaustive, Table 8 lists sites belonging to established (ICOS and eLTER) and preparatory (Danubius) 

European research infrastructure that might be utilised in this way. It is of note that several sites not associated with 

these infrastructures do exist, for instance those associated with the Swedish Infrastructure for Ecosystem Science 

(SITES) water network (https://www.fieldsites.se/). New sites are also coming on line currently, for example an EC flux 

tower directly over the harbour of Ostend, set up to meet ICOS specifications (Flanders Marine Institute/VLIZ).  

https://www.fieldsites.se/
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3.2.4.3 Research centre monitoring 

Where expedient, additional resources should be utilised to obtain a more complete coverage of the LOAC. For 

example, monitoring the flux of terrigenous C at the tidal extent can be embedded within existing sampling activities 

undertaken by national agencies, but the most cost-effective means of sampling water across estuarine gradients 

would likely be best achieved by exploiting existing sea-going sampling operations run by Research Centres (which 

encompasses government and academic institutions) that run offshore monitoring stations (e.g. L4) which require 

regular maintenance. This would only be achievable in a sub-set of locations.  

Table 7: Potential sites of interest for land-ocean-atmosphere C flux measurements, integrating the ICOS network and other existing national 
and research infrastructures.RI = Research Infrastructure; ZA = Zone Atelier; LTSER = Long Term Socioecological Research; eLTER = European 
Long Term Ecological Research. 

Site Location Country RI Notes 

ZA Seine River France eLTER LTSER 

ZA Bassin du Rhone River France eLTER   

ZA Brest-Iroise Interface Land/Sea France eLTER   

Delta Po Lagoons Lagoon Italy eLTER   

Venice Lagoon Lagoon Italy eLTER   

Northern Adriatic Sea - Italy Coastal Italy eLTER   

 Po Delta– Venice Lagoon Delta/lagoon Italy Danubius Supersite 

PALOMA Coastal Italy   ICOS Ocean 

Miramare  Coastal Italy   ICOS Ocean 

Minho Estuary  Estuary Portugal eLTER   

Mira Estuary  Estuary Portugal eLTER   

Mondego Estuary Estuary Portugal eLTER   

Danube Delta Biosphere Reserve  Delta Romania eLTER   

Danube Delta  Delta Romania Danubius Supersite 

Delta del Ebro Delta Spain eLTER   

Ebro-Llobregat Deltaic System Delta Spain Danubius Supersite 

Doñana LTSER   Lagoon Spain eLTER LTSER 

L4 Coastal UK n/a (PML) Ocean 

River Stinchar  River UK eLTER   

River Frome  River UK eLTER   

River Esk River UK eLTER   

River Coquet River UK eLTER   

River Spey River UK eLTER   

River Ewe River UK eLTER   

River Cree River UK eLTER   

River Bush River UK eLTER   

Western Channel Observatory Coastal UK ICOS Ocean 

Thames Estuary Estuary UK Danubius Supersite 

Baltic Sea Centre Coastal Sweden eLTER   

Ore estuary Estuary Sweden eLTER   

Östergarnsholm Coastal Sweden ICOS Eco/Ocean 

Thornton Buoy Coastal Belgium  ICOS Ocean 

Uto Coastal Finland ICOS Atm(Ocean) 

Bothnian Bay Coastal Finland eLTER LTSER 

Western Gulf of Finland  Coastal Finland eLTER LTESR 

River Salaca - Latvia River Latvia eLTER   

Elbe Estuary  Estuary Germany Danubius Supersite 

Nestos Delta Greece Danubius Supersite 
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3.2.4.4 Approximate costing of monitoring activities 

The cost of monitoring activities cannot be fully ascertained without more specific information re: the exact number 

of sites, their locations, frequency of measurement, and the parameters to be measured, and we reccomend costing 

be performed as part of a feasibility study which should preceed a preparatory phase. However, a rough costing is 

provided based upon the LOCATE (www.locate.ac.uk) 1-year GB-scale monitoring programme administered by NERC 

(2017-18). This programme covered ~35% of the GB landmass by catchment area, undertaking discrete, manual 

sampling of 40 rivers and 12 estuaries on a monthly basis. Fieldwork days cost between £120 and £890 per day (land 

based vs. boat-based), with each trip requiring a minimum of 2 field personell and 2 days of laboratory work, equating 

to 4 FT days. Multiple sites can be visited per day, but this is dependent on distance from home institute – in the case 

of LOCATE, 2-3 rivers were sampled per team, per day. Overnight stays were avoided by utilising a research centre 

network, but would of course attract further costs. Overhead costs (which vary by institute) and analyitical costs (which 

vary by sample number, parameter and laboratory) are not approximated here, but should be asscertained by a 

feasibility study once number of sites, specific parameters, and mode of sampling / measurement have been 

determined. Further detail of this study can be found in Williamson et al., (submitted).  

3.2.6 Proposed process understanding activities 

Coordinated academic study represents a significant opportunity to improve understanding of land-ocean C fluxes, 

and so we recommend that ICOS facilitate research on the processes which influence the fate of C across the LOAC 

and the environmental controls therein. We recommend the publication of priority research questions and 

environments, produced in consultation with the wider research community, to target individual studies in areas of 

greatest need.  This would ideally be followed by dedicated funding calls for research projects which clearly take into 

account these priority questions, and which offer access to ICOS facilities and ‘supersites’. A centralised land-ocean C 

flux database (section 3.2.8) containing up to date details of ongoing studies and, where possible, historic data should 

be created. The inclusion of process-study data should be encouraged, according to best practice, and made 

mandatory for ICOS-funded studies. 

Addressing the following process questions will enable more robust estmates of the pan-European (and global) land-

ocean C flux, and to develop modelling tools to understand how those fluxes will likely evolve in the future. They will 

also help us develop priorities for future work.  

Q1. What is the relative importance of biodegradation, photdegradation, and aggregation/ flocculation 

across the various LOAC environments, and what controls these processes? 

Q2.   What fraction of the OC discharged by rivers is buried in estuarine and coastal sediments? 

Q3.     What fraction of riverine/terrigenous OC is respired by planktonic and benthic prokaryotes? 

Q4.  What fraction of riverine/terrigenous OC is utilised in the trophic chain (i.e. by filter feeders, deposit 

feeders)? 

Q5.    Are mixing zones in deltas and estuaries sinks or sources of CO2 and CH4? 

Q6.   What controls estuarine C transfer across varied geophysical environments? 

http://www.locate.ac.uk/
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Q7.    Where are the greatest uncertainties associated with LOAC C fluxes and how can we reduce these? 

Q8.   Can we reach greater agreement over measurement protocols across LOAC environments? 

This list is by no means exhaustive.  

3.2.7 Sampling methodologies: manual vs. autonomous 

A range of sampling techniques are available which can most easily be grouped as ‘manual’ (physical, in-person 

sampling collection at a single point in time or space) and ‘autonomous’ (automated sampling and/or sensing which 

does not require a physical presence and can occur across a period of time or space). Some of the key advantages and 

disadvantages of these sampling types are given in Table 8.  It is not possible to adequately account for all possible 

methodologies, but some examples are given below. 

Table 8. Advantages and disadvantages of water and sensor-based sampling activities 

Method Advantage Disadvantage 

Water sampling 
(discrete, manual) 

Generates definitive data High labour costs (time and travel costs) to visit 
distant/multiple locations 

 Can be added to existing sampling 
activities (e.g. those already undertaken 
by national Environment Agencies) 

Limited temporal resolution. Can miss important but 
ephemeral events (e.g. flash floods) 

  Periodic sensor recalibration required. 

 Per sample processing costs may be trivial  Sample analysis may take a long time 

In-situ observations 
(high temporal 
resolution, 
autonomous) 

High temporal resolution (e.g. every 
minute or second). Can catch ephemeral 
events (e.g. flash floods) 

High capital costs; 
Limits number of units;  
Poses security requirements 

 Can generate data in [near] real-time Potentially requires fixed power supply 

  Requires routine maintenance (e.g. cleaning and sensor 
replacement) 

  Permanently exposed: 
Risk of theft;  
Risk of damage by moving debris 

The recommendations of this report focus on manual water sampling as a universally available (at least in a pan-

European context), easily scalable, reliable option. However, consideration should also be given to autonomy, 

particularly in locations where high spatial resolution has been obtained but where temporal data are lacking. In such 

cases, data acquisition should, where affordable, be supplemented via sensors that allow temporal patterns to be 

identified, and the origin of the material determined via sampling (e.g. for stable isotope analysis) or discerned via in-

situ measurements (e.g. spectrolyser). Observations made with continuous sensors from autonomous platforms must 

be supplemented by manual sampling at regular intervals in order to ensure data quality via instrument calibration. 

Examples of existing autonomy follows (Appendix II), the first providing high-resolution temporal data with limited 

spatial coverage, and the second providing high-resolution spatial coverage with limited capacity for temporal 

replication. It is of note that these are just two examples of autonomy currently in use by the authors, and do not 

necessarily represent the most appropriate options for a proposed monitoring network. Indeed, autonomy can be 

wide ranging, from throwing tennis ball-sized temperature sensors from a bridge to installing an array of sensors onto 

a floating raft-like platform mid-lake. 
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3.2.8 Coordinating data sharing and ensuring optimal utilisation 

We recommend that ICOS encourage data sharing and dissemination through the existing ICOS C Portal. This would 

ideally include data obtained via academic research as well as from national agency and ICOS specific monitoring 

activities, but we appreciate that data storage and dissemination can prove costly and so this may not be feasible. Buy-

in from the ICOS membership and national agencies might be expected with relative ease, but coordination of 

academic study will require motivation on the part of a large number of institutions and individuals and therefore may 

be more problematic to achieve.   

The Surface Ocean CO2 Atlas (SOCAT; www.socat.info) might serve as a useful example of how such broad-scale buy-

in from the research community can be obtained. SOCAT focusses on collection of monitoring data by research 

institutes, and has solidified the ocean going CO2 community such that data sharing on the associated platform is now 

standard practice. A strict ‘cookbook’ is provided for methodology and data QC, as with existing ICOS practices. 

Volunteers coordinate on a regional scale and provide QC services free-of charge, although more recently some 

funding has been achieved to cover activities such as analysis of key analytical uncertainties. However, much of the 

work within SOCAT is done on a voluntary basis or intermittently funded through research grants with insecure futures. 

This works because of the dedication of a few individuals, but the end-product is in a persistently precarious position. 

In terms of their motivation, volunteers signpost co-authorship on higher impact outputs than might be achieved 

alone,  a sense of community ownership, and a feeling that what is being created is important. A similar platform for 

the land-ocean C flux community may be more complex to build and advertise, given a higher number of parameters 

and environments under consideration, but it is certainly feasible that the research community could be motivated to 

use it as a central point for the storage and dissemination of data which could be used to supplement more formal 

monitoring activities. It is important to note, however, that such an endeavour would represent a considerable 

investment of time that should not be taken lightly. These activities should therefore be coordinated by a dedicated 

thematic centre to operate alongside the ICOS OTC, ETC and ATC. A dedicated team is required to administer the RI 

and coordinate data management and QC processes.  

3.2.9 The LOAC Thematic Centre and preparatory phase 

Quantification of the LOAC C fluxes by ICOS will require a distinct LOAC thematic centre (LTC) akin to the atmospheric 

(ATC), environmental (ETC) and oceanic (OTC) thematic centres already in existence within ICOS. This thematic centre 

will adopt existing practices from the other ICOS TCs where appropriate and establish new ones where necessary 

through appropriate working groups (e.g. analytical protocols specific to the LOAC). Whilst there is substantial overlap 

with existing TCs, the methodologies and tasks involved are sufficiently different than the establishment of a distinct 

TC is warranted.  

The LTC will coordinate inter-calibration activities, evaluation of new methodologies, and data collation. We envisage 

an initial preparatory phase during which these activities will be undertaken, analytical protocols will be adopted, and 

station selection criteria as well as the relevant data-QC and data-handling procedures will be established. A 

substantial component of this initial phase would be a ‘data mining’ exercise, collating existing but disparate data from 

http://www.socat.info/
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the EEA and other sources (academic and research institutes as well as NGOs) to identify key regions for monitoring 

and to construct an initial pan-European land-ocean C budget which will thereafter act as a baseline against which 

future change can be judged.    

The LTC will also coordinate training workshops and networking opportunities (e.g. methodological workshops with 

representatives of sensor manufacturers, environmental regulators and consultants; summer schools) which will allow 

the diverse community of researchers, initiated by this task and essential to the success off the LTC itself, to stay 

connected and to expand, both in number and expertise. 

4. Conclusion 

The export of carbon (C) from land to sea via the land-ocean aquatic continuum (LOAC) is a substantial component of 

the global C cycle, with the lateral transport of C through aquatic environments stimulating a vertical exchange of 

gaseous C between the LOAC and the atmosphere. Aquatic environments are highly dynamic, and subject to a 

multitude of environmental pressures linked to human activities and global climate change. Understanding how these 

pressures affect the global C cycle requires new information on the spatial and temporal variability of C fluxes across 

the LOAC. This report has provided guidance on the requirements for a high-quality, pan-European monitoring 

network, including the extent to which monitoring might be integrated within existing infrastructure.  

The proposed monitoring programme involves (1) regular monitoring of the lateral movement of C through the LOAC, 

conducted at broad spatial scale by national agencies under the guidance of the European Environment Agency (EEA), 

and according to site selection and methodological criteria provisionally set forth in this report; (2) regular monitoring 

of the vertical movement of C between the LOAC and the atmosphere, conducted at key ‘super-sites’ and administered 

by the Integrated C Observatory System (ICOS) and other research infrastructure and institutes; (3) focussed studies 

to understand the processes that act upon C fluxes along the LOAC, conducted by research centres and driven by 

targeted research calls. As a next step, we recommend the formation of a new LOAC Thematic Centre (LTC) to oversee 

a preparatory phase, with the goal of initiating a pan-European land-ocean C monitoring network within 10 years. This 

timeline is short, but is considered necessary given the significance of these fluxes to large-scale C budgeting and the 

current lack of consistent data sets and understanding. 

The study of land-ocean-atmosphere C fluxes necessitates collaboration across the traditional disciplines of terrestrial, 

freshwater, marine, and atmospheric science, the sharing of knowledge and experience, and the use of a common 

language. In producing this report, such collaboration has been fostered.    

 

  



 
 

 Page 39 of 60 

 

5. Abbreviations 

The following abbreviations are used in this report (in alphabetical order): 

A  Autochthonous (internally produced) DOM, used in UniDOM model 

ATC  Atmospheric Thematic Centre 

C  Carbon  

cDOM   Chromophoric dissolved organic matter 

CH4  Methane 

CO2  Carbon dioxide 

CP  ICOS Carbon Portal 

DIC  Dissolved Inorganic Carbon 

DOC  Dissolved Organic Carbon 

DOM  Dissolved Organic Matter 

eLTER  European Long Term Ecological Research 

ETC  Ecosystem Thematic Centre 

fDOM  Fluorescent dissolved organic matter 

GHG  Greenhouse Gasses 

IC  Inorganic Carbon 

ICOS  Integrated Carbon Observatory System 

LOAC  Land-ocean aquatic continuum 

LTC  LOAC Thematic Centre (proposed) 

LTSR  Long Term Socioecological Research 

LULC  Land Use / Land Cover  

OC  Organic Carbon 

OM  Organic Matter 

OTC  Ocean Thematic Centre 

PIC  Particulate Inorganic Carbon 

POC  Particulate Organic Carbon 

RI  Research Infrastructure 

SUVA  Specific Ultra Violet Absorbance 

T1 Chromophoric DOM compounds prone to photooxidation, used in UniDOM model  

T2  Chromophoric DOM compounds less prone to photooxidation, used in UniDOM model 

ZA  Zone Atelier  
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Appendix 1 – Activities of the working group 

The above objectives were met through a series of three sequential workshops (WS) which were held in areas with 

existing infrastructure to maximise the exchange of information on monitoring techniques.  

1.3.1 Workshop 1: Skogaryd, Sweden (11th – 14th January 2018) 

WS1 was held at the Skogaryd Research 

Station, Sweden and hosted by the 

University of Gothenburg. Day 1 

included presentations from many 

workshop participants (Table 1) 

covering a range of subjects and 

methodologies relating to measuring C 

fluxes across the land-ocean continuum. 

These presentations prompted 

discussions about national differences in the extent to which land-ocean C fluxes are measured and understood. The 

workshop included field visits to various sites within the Skogaryd research catchment to observe the installation of 

Eddy Covariance Flux Towers and SkyGas systems in both terrestrial and lake environments, and a demonstration of 

low-cost, automated floating gas flux chambers developed by David Bastviken and colleagues. 

Table 1: Authors and titles of presentations made at RINGO 1.4 WS1 

Name Title 

Daniel Mayor LOCATE: measuring GB-scale land-ocean C fluxes 

Chris Evans 
 

Integrating gaseous and aquatic C fluxes 

Annalea Lohila and Ivan 
Mammarella 

An overview of recent research activities in Finland related to lake-atmosphere GHG exchange and (to some extent) C 
transport from land to Baltic sea 

Anna Luchetta Monthly variations of pCO2 in the coastal waters of the Gulf of Trieste (northern Adriatic Sea) and estimates of air-sea 
exchanges 

Michele Giani Seasonal variability of CO2 system in the coastal waters of the Trieste Gulf (Marine Protected Area of Miramare) 

David Bastviken Observation systems for aquatic greenhouse gas exchange – challenges, alternatives, and experiences from e.g. the 
Skögaryd Research Catchment 

Marcus Wallin 
  

Source and fate of C in low-order streams 

Antonine Verlet-Banide 
  

High-frequency water- and air-side methane (CH4) measurements 

Adam Hastie C cascades from land to ocean in the Anthropocene: data driven models - data validated earth system models 

 

1.3.2 Workshop 2: Southampton, UK (19th – 21st November 2018) 

WS2 was held in Southampton, UK at the U. K. National Oceanography Centre. As with WS1, Day 1 included 

presentations from a range of participants and a number of invited speakers (Table 2) covering a broad range 

of relevant subjects. Delegates took part in a field trip aboard the University of Southampton’s research 

vessel, R.V. Callista, where they were introduced to a range of oceanographic tools including the deployment 

Figure 1: WS1 participants during a field visit to a forested monitoring station near the 
Skogaryd research station which hosted our stay. 
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of a CTD (Conductivity, Temperature 

and Depth) and sampling rosette, the 

underway sampling system and the on-

board Acoustic Doppler Current Profiler 

(ADCP). A tour of the NOCS marine 

robotics facility gave delegates the 

opportunity to observe a wide range of 

autonomous vehicles, and underwater 

sampling technologies.   Discussion was 

driven by breakout sessions covering the 

following topics: What is the status of European land-ocean carbon flux measurements? What parameters are required 

for future monitoring best practice? What methodologies are currently used to make these measurements? Are these 

methodologies optimal? What are the associated uncertainties in these measurements?  

Table 2: Authors and titles of presentations made at RINGO 1.4 WS2. (* = invited non-delegate presentation). 

Name Title 

Stacey Felgate 
  

Progress made since WP1 

Anders Lindroth A new headspace system for semi-continuous measurements of CO2 and CH4 surface water concentrations. 

Michael Peacock 
  

GHG emissions from ditches and artificial ponds 

Ronny Lauerwald 
  

Statistical and process-based modelling of inland water C fluxes 

Chris Evans 
  

GB scale river monitoring via the LOCATE project 

Vas Kitidis 
  

C fluxes on the NW European shelf 

Tom Anderson* 
  

Discussion of the LOCATE UniDOM land-ocean C flux model 

Geoff Hargreves* 
  

Presentation of the LOCATE sensor pods 

Matt Mowlem* Presentation of the NOC biogeochemical sensor development facility 

 

1.3.3 Workshop 3: Hyytiälä, Finland 

(5th – 8th November 2019) 

The final WS (WS3) was held at the 

Hyytiälä Research Station in Finland, 

hosted by the University of Helsinki. 

Day 1 opened with a series of 

presentations on relevant subject 

areas (Table 3), with the rest of the WS 

being spent constructing this report. 

Field visits allowed delegates the opportunity to observe Eddy Covariance systems across a number of ecosystem types 

(wetland, Lake (Lake Kuivajärvi) and forest (ICOS SMEAR II station). A breakout session led by Ivan Mammarella took 

Figure 2: WS2 participants during a tour of the Marine Autonomous Robotics Systems 
(MARS) facility, National Oceanography Centre (NOC), Southampton, UK. 

Figure 3: WS3 participants following a successful three-day meeting in Hyytiälä, Finland. 
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place on Day 2 to discuss the parameters which must be measured in order to fulfil the minimum and ideal 

requirements of a European LOAC C flux monitoring network (e.g. Table 6). Several delegates joined this breakout 

session via Skype.  

Table 3: Authors and titles of presentations made at RINGO 1.4 WS3. 

Name Title 

Dan Mayor 
  

What are the minimum and ideal requirements for a land-ocean C monitoring network? 

Amy Piccard 
  

Aquatic C from Peatlands - Impacts of land use and extreme events  

Vas Kitidis 
  

CDOM Spectral Slopes in the Land-Ocean Continuum 

Annalea Lohila  
  

Recharge from peatland influencing groundwater patterns in river side esker - ICOS Class I site FI-Sod 

Stacey Felgate Outline of the draft report for agreement 
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Appendix 2 – Examples of Autonomy 

Here we present two examples of autonomy currently in use to study land-ocean C fluxes. The inclusion of these 

examples is not endorsement, but rather is intended to give a flavor of what is available. Advances are rapid in this 

field, and thus any decision on autonomous technology most appropriate to pan-European flux monitoring is best 

taken as and when funding becomes likely.  

1. LOCATE Sensor Pods 

The UK’s Land Ocean Carbon Transfer (LOCATE) project (www.locate.ac.uk) developed a package of autonomous 

sensor packages designed to be deployed from a river or estuary bank for periods of months to years (Figure 7). These 

’sensor pods’ carry a customisable suite of sensors aimed at characterising land-ocean C fluxes, including a spectrolyser 

which measures an optical fingerprint over multiple wavelengths to provide proxy values for DOC, a fluorimeter which 

are selectable from a range of options and LOCATE specified: Conductivity and temperature, Total Algae (chlorophyll 

and Blue/Green Algae), Dissolved Oxygen, Turbidity, pH/ORP Sensor and fDOM Sensor. The S::Can Spectro::lyser 

measures an optical fingerprint of the water over a range of wavelengths. The peaks in the return signal determine 

the concentration of different parameters, according to the calibration used. The data from the Spectro::lyser are 

stored on the device and downloaded manually. 

 These submersible sensors 

are mounted to a framework 

to prevent damage, and that 

framework can host 

atmospheric sensors that 

connect to a central logger, 

powered by rechargeable 

batteries. The logger uses the 

3G, GPRS network to transmit 

data to the remote server 

where the data can be viewed 

and downloaded. The 

batteries are charged by mains 

electricity, or by renewable 

energy sources. Deployment has been most successful when undertaken at key locations where auxiliary data is 

already measured (i.e. co-located with a discharge station and/or weather station) and within easy reach of the 

maintaining institute. Data are transmitted in real time, but maintenance visits are required on a monthly basis, mostly 

to de-foul the sensors. Location must be secure (i.e. private land). Data are produced at high temporal resolution, 

allowing ephemeral events to be captured that are ordinarily missed via manual sampling (see Table 7) . 

Figure 8: An example set up for the LOCATE sensor pod components. The submersible sensors pictured 
consist of the Xylem EXO2 multi-parameter sonde, an S::Can Spectro::lyser and a Vaisala CO2 sensor. 
The atmospheric sensors (not pictured) consist of a Vaisala met station and a Skue Instruments PAR 
sensor. 

http://www.locate.ac.uk/
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Pictured are two deployments, one in a remote catchment using solar panels and a ‘trolley’ system to maintain surface 

position with changing tides and one destined for an urban marina where mains power and a floating jetty were 

provided (figure 8).   

 

Figure 9: Deployment of a LOCATE sensor pod in the Halladale River, N. Scotland. This deployment included solar panels to power the instruments 
in lieu of a mains hook-up, and a buoyant trolley system to allow for changes in water height. Bespoke cage de 

2.  The CAMEL 

The Containerised Autonomous Marine Environmental Laboratory (CAMEL; Figure 9) is a fully containerised research 

facility developed by the National Oceanography Centre’s Marine Autonomy and Robotic Systems (MARS; 

https://mars.noc.ac.uk) and operated by the UK’s National Marine Equipment Pool. The system can be shipped to any 

port and deployed from a quayside, beach, riverbank, or vessel.  The concept is simple, yet highly innovative: two 

shipping containers act as a self-contained research laboratory, workshop, and control centre, complete with an 

autonomous surface vehicle called the C-Worker 4. The facility is housed in two fully transportable ISO containers 

which are insulated, air-conditioned, and can be powered via mains hook-up or their own diesel generators. A 

workshop is well equipped to service and repair the instrumentation, whilst an Operations Room holds all required 

communications equipment to run autonomous surveys and collect data. The CAMEL holds sensors securely during 

campaigns and transportation, and carries a range of operational equipment including a weather station, wave-

measuring buoy with GPS, a sound velocity profiler, a micro Remotely Operated Vehicle (ROV), and an inflatable boat 

with an outboard motor.  

The facility as a whole was designed to map and monitor marine environments in Small Island Developing States (SIDS), 

the autonomous systems which the CAMEL houses have broad applicability to other environments. In particular, the 

C-Worker 4 was recently successfully deployed in a mid-sized estuary across the full salinity gradient, adding 

confidence in its suitability for both marine and freshwater monitoring activities. A bespoke facility such as the one 

described above could be produced, with the basic facility (excluding the C-Worker) costing ~£200k.  

https://mars.noc.ac.uk/
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Figure 10: CAMEL containers ready to deploy from a quay in Central America, and the C-Worker 4 in action. 

At a cost of ~£350k, the C-worker 4 can be purchased as a stand-alone item (www.asvglobal.com), and it is this product 

(or a similar one) which we would foresee being of most use in the high-resolution spatial monitoring of European 

waters, particularly with regards the monitoring of estuaries and larger fluvial systems and lakes. The NOC vehicle 

carries three easily exchangeable scientific payloads, each being lowered remotely through the hull of the USV after 

launch: 

(1) A hydrographic payload equipped with a high-

resolution multibeam echo sounder (cost = ~£170k).  

 

(2) A geophysical payload equipped with a high-grade 

side-scan sonar, with interferometric bathymetry 

and a sub-bottom profiler system (cost = ~£170k).  

 

(3) An oceanographic payload equipped with a suite of 

sensors including an Acoustic Doppler Current 

Profiler (ADCP), a CTD (conductivity, temperature, and depth sensor), a fluorimeter that allows for proxy 

measurements of i.e. nutrients, chlorophyll, and organic matter, and sensors capable of quantifying pH, DO, 

and pCO2 (cost = ~£120k; Figure 11). 

Subject to space and power requirements, other sensors can be added as required and according to deployment 

requirements. Land-ocean fluxes could be monitored using only the oceanographic payload or some derivation 

thereof, but the purchase of the additional payloads would ensure maximum value from any investment and the ability 

to utilise the resource across multiple projects. The C-Worker 4 has a fully contained, self-righting hull (figure x), is 

road transportable on a trailer and easily launched/recovered from an A-frame set-up, has a 24-48 hour endurance 

period, a maximum weight of about 900kg, and a maximum speed of 7 knots. Of note is the shallow draft (~ 60cm), 

Figure 11: The C-worker 4’s Oceanographic Payload suspended from 
under the surface vehicle. 

http://www.asvglobal.com/
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high level of manoeuvrability, and excellent track-holding, making 

the C-Worker 4 (or similar vehicle) particularly suitable for 

accessing estuaries and fluvial waters which might be problematic 

for i.e. ribs and small manned vessels, and especially where there 

is a need to repeat the same trajectory. 

To purchase the C-Worker and oceanographic package would 

cost ~£500k, and we would forsee one unit being shared by 

multiple states. However, bulk purchase would attract a discount, 

and other makes and models are on the market with a lower spec 

and more economical price-point. Direct quotes should be obtained from manufacturers as and when purchase of 

such a unit becomes a possibility.  

 

Figure 12: The C-Worker 4 (image provided by ASV; for more info 
see www.asvglobal.com). 


