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A B S T R A C T   

Dissolved inorganic carbon (DIC) fluxes from the land to ocean have been quantified for many rivers globally. 
However, CO2 fluxes to the atmosphere from inland waters are quantitatively significant components of the 
global carbon cycle that are currently poorly constrained. Understanding, the relative contributions of natural 
and human-impacted processes on the DIC cycle within catchments may provide a basis for developing improved 
management strategies to mitigate free CO2 concentrations in rivers and subsequent evasion to the atmosphere. 
Here, a large, internally consistent dataset collected from 41 catchments across Great Britain (GB), accounting for 
~36% of land area (~83,997 km2) and representative of national land cover, was used to investigate catchment 
controls on riverine dissolved inorganic carbon (DIC), bicarbonate (HCO3

− ) and free CO2 concentrations, fluxes to 
the coastal sea and annual yields per unit area of catchment. Estimated DIC flux to sea for the survey catchments 
was 647 kt DIC yr− 1 which represented 69% of the total dissolved carbon flux from these catchments. Generally, 
those catchments with large proportions of carbonate and sedimentary sandstone were found to deliver greater 
DIC and HCO3

− to the ocean. The calculated mean free CO2 yield for survey catchments (i.e. potential CO2 
emission to the atmosphere) was 0.56 t C km− 2 yr− 1. Regression models demonstrated that whilst river DIC (R2 

= 0.77) and HCO3
− (R2 = 0.77) concentrations are largely explained by the geology of the landmass, along with a 

negative correlation to annual precipitation, free CO2 concentrations were strongly linked to catchment 
macronutrient status. Overall, DIC dominates dissolved C inputs to coastal waters, meaning that estuarine carbon 
dynamics are sensitive to underlying geology and therefore are likely to be reasonably constant. In contrast, 
potential losses of carbon to the atmosphere via dissolved CO2, which likely constitute a significant fraction of 
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net terrestrial ecosystem production and hence the national carbon budget, may be amenable to greater direct 
management via altering patterns of land use.   

1. Introduction 

The transport of dissolved inorganic carbon (DIC) via streams and 
rivers to estuaries is a significant part of the global C cycle, linking 
terrestrial, oceanic and atmospheric environments (Meybeck, 1993; 
Ludwig et al., 1998; Dupré et al., 2003; Aufdenkampe et al., 2011; Ciais 
et al., 2014). The importance of the DIC cycle over geological periods 
occurs via the weathering of Ca or Mg silicate rocks, which consumes 
CO2 and produces alkalinity (Berner, 1998; Suchet et al., 2003). How
ever, much current interest concerns freshwater and estuarine envi
ronments super-saturated with CO2 that act as a source of greenhouse 
gases (Rawlins et al., 2014; Hunt et al., 2014; Kitidis et al., 2019; Regnier 
et al., 2022). A recent estimate indicated that inland waters receive ~1.7 
Pg C yr− 1 of terrestrial carbon transported from soils (Ciais et al., 2014). 
Of this ~0.2 Pg is buried in aquatic sediments and ~ 0.7 Pg is returned to 
the atmosphere via gas exchange. The remaining ~0.8 Pg is transported 
to the oceans as dissolved inorganic and organic carbon and particulate 
organic carbon. 

DIC equilibrates into multiple forms in natural waters (bicarbonate 
(HCO3

− ), carbonate (CO3
2− ) and carbonic acid (H2CO3*) and dissolved 

free CO2), the concentrations of which vary temporally and spatially in 
streams and rivers, and with pH and water temperature being key 
controls on speciation (Jarvie et al., 2017). Major natural influences on 
concentrations and fluxes of DIC include catchment lithology and 
mineralogy, mineral weathering rates, altitude, and climate (Chaplot 
and Mutema, 2021; Kindler et al., 2011; Suchet et al., 2003). Catchment 
lithology is a major control, with carbonate-dominated catchments 
typically providing the highest HCO3

− and CO3
2− concentrations. In Great 

Britain (GB) this is demonstrated where DIC in carbonate rock- 
dominated catchments typically exceeds 40 mg L− 1 whilst in catch
ments where there are few or no carbonate-bearing rocks, concentra
tions are typically <10 mg L− 1 (Jarvie et al., 2017). Altitude and climate 
also strongly influence catchment DIC flux and speciation, as they in
fluence temperature and precipitation which act as controls on catch
ment respiration (soil and vegetation), hydrology and the transport of 
DIC produced from weathering reactions (Drake et al., 2020). Soil- 
derived CO2 is reported to account for ~67% of DIC in the world’s 
rivers (Amiotte-Suchet et al., 1999). 

The ‘natural’ catchment processes that integrate to produce riverine 
DIC fluxes operate over a variety of timescales. Raymond and Hamilton 
(2018) suggest that DIC fluxes are based on the availability and reac
tivity of minerals for weathering (supply limitation), the transport of 
solutes (transport limitation) and volume and residence time of water 
passing through the system (reaction limitation). On top of these ‘nat
ural’ DIC producing processes, anthropogenic activities such as those 
associated with climate warming, acid precipitation, mining and con
struction have been identified as perturbing riverine DIC fluxes (Drake 
et al., 2020; Neal et al., 2000; Raymond and Hamilton, 2018; Ren et al., 
2015). Increasingly, the impacts of agriculture (Borges et al., 2018; 
Raymond and Hamilton, 2018) and urbanisation (Jarvie et al., 1997, 
2004; Baker et al., 2008; Marescaux et al., 2018; Wang et al., 2017) 
within catchments are recognised as contributing to changing river DIC 
flux. Much of this derives from increases in catchment macro-nutrient 
status, with much research focusing on the increase and evasion po
tential of greenhouse gases (Billett and Harvey, 2013; Marescaux et al., 
2018). 

It is evident that human impacts can change the DIC cycle. However, 
changes to the DIC cycle are unlikely to be in isolation from other 
biogeochemical cycles. Greater understanding of the interactions of 
these cycles is needed, for example, how perturbations to coupled P, N 
and C cycles impact degassing of CO2 from rivers. Management solutions 

aimed at reducing nutrient inputs to rivers (e.g. improved nutrient 
management, implementation of agricultural conservation practices 
and, improvements in sewage treatment) are being increasingly used, 
whilst newer ideas such as re-balancing macro-nutrient stoichiometry 
within catchments are being developed (Stutter et al., 2018; Graeber 
et al., 2021). In addition, technologies being suggested to mitigate rising 
CO2 levels may also influence exports of DIC in future; for example, the 
application of ground basalt to soils appears to be a technology gaining 
support as a form of greenhouse gas removal, as a means of accelerating 
chemical weathering and subsequent drawdown of CO2 (Beerling et al., 
2020; Kelland et al., 2020). 

Improved understanding and quantification of the responses of the 
DIC cycle to land-use change and management are therefore required for 
modelling of C fluxes from land to oceans (and atmosphere). Key un
certainties include (i) understanding the extent to which land use im
pacts the underlying geological, geomorphological, weathering and 
catchment processes, (ii) identifying the main drivers of CO2 flux to the 
atmosphere and DIC flux to the sea and (iii) gas transfer velocities, 
which are still poorly constrained. These uncertainties are demonstrated 
in reports where global CO2 evasion from inland waters has been esti
mated as being up to ~4 Gt C yr− 1 (Ciais et al., 2014; Raymond et al., 
2013; Drake et al., 2017). This paper addresses the first two of these 
uncertainties through a year-long sampling survey in which 41 rivers 
were sampled, with catchments covering 36% of the GB landmass. The 
results focus on the spatial concentrations (mg L− 1), fluxes (kt yr− 1) and 
yields (T Km− 2 yr− 1) of DIC, HCO3

− as the dominant aqueous species, and 
free CO2.The work explores how current land-use and human activities 
may impact the ‘natural’ background gradient controls on DIC concen
trations, flux and yield. 

2. Materials and methods 

2.1. Survey outline 

Great Britain (GB: Scotland, Wales and England) has a temperate 
climate. It is considerably smaller in size than some of the major basins 
including the Congo (Drake et al., 2020) and the Mississippi (Raymond 
and Hamilton, 2018) where previous experimental work on DIC has 
been undertaken, and it has a number of geographical gradients (Jarvie 
et al., 1997, 2017) that have been recognised as fundamental controls on 
riverine DIC flux and yield. The survey sampled rivers (n = 41) that 
drain ~36% of GB (defined as being both the mainland and islands; 
233,327 km2) (Fig. 1). The catchments selected are representative of the 
land cover of GB as a whole (SI 1). The most widespread land cover type 
sampled, according to the UKCEH Land Cover Map (LCM) 2015, was 
improved grassland (28% for GB cf. 29% for the catchments sampled) 
followed by arable land (24% of both GB and catchments sampled) and 
then acid grassland (9% for GB and cf. 11% for the catchments). Sam
pling sites were located close to (but always above) the tidal limits, the 
defined boundary for terrestrial to marine C export in this work (Wil
liamson et al., 2021), and where either the National River Flow Archive 
(NRFA) (https://nrfa.ceh.ac.uk/) or the UK Harmonised Monitoring 
Scheme (HMS) sites (https://data.gov.uk/dataset/bda4e065-41e5-4 
b78-b405-41c1d3606225/historic-uk-water-quality-sampling-harmonis 
ed-monitoring-scheme-summary-data) provide long-term water export 
and quality monitoring. 

The GB area incorporates gradients in geology, soils, precipitation, 
temperature and land use intensity (SI: 2–5). GB has north-south and 
west-east trends in both geology and altitude. Typically, catchments 
with large proportions of carbonate-based sedimentary rock are situated 
in southern and eastern GB, whilst catchments predominantly 
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Fig. 1. Sampling sites for catchments across Great Britain.  

A.M. Tye et al.                                                                                                                                                                                                                                  



Journal of Hydrology 615 (2022) 128677

4

comprised of weathering-resistant silicate rocks are found to the north 
and west. Altitude influences both precipitation and temperature, and 
follows a similar pattern with the highest-altitude catchments generally 
in the north and west. With the prevailing wind coming from the 
southwest, and higher land elevation predominantly in the west, pre
cipitation follows a gradient from west to east. Land cover reflects the 
intensity of soils, agriculture and urbanisation. Soils generally track 
geology and are more acidic and organic rich in the north and west of the 
country, whilst more alkaline mineral soils are found in the south and 
east of the country. In the south eastern quarter of GB, the topography 
and climate are more conducive to intensive agriculture, with upland 
agriculture and peatland dominating landscapes in the north and west. 

2.2. Sampling and collection methods 

A major aim of the survey was to ensure a consistency of approach, 
equipment and methodologies for calculating riverine carbon fluxes 
(Tye et al., 2020). Samples for specific determinants were analysed by 
one laboratory for the duration of the project. Rivers were sampled 
monthly from January 2017 to December 2017. Samples were collected 
during the third week of each month, to minimise within-month tem
poral variation between catchments, especially variation associated 
with antecedent weather. Water samples were taken from the centre of 
the river or from fast flowing water away from the river bank. Water 
temperature and conductivity were measured and recorded immediately 
after sample collection. Samples for pH and alkalinity were collected 
unfiltered into 250 ml HDPE bottles to overflowing and sealed to avoid 
potential changes in speciation due to gaseous exchange. Samples were 
distributed after collection to their respective analytical centres under 
cool conditions (ice bags and ice packs) using overnight couriers. 

2.3. Laboratory analysis 

A Skalar SP10 robotic auto sampler connected to an inoLab 730 pH 
meter with a SenTix 60 probe was used to measure pH. Alkalinity was 
determined by titration using a Metrohm 814 sample processor and 
Metrohm 888 Titrando diluter which undertakes analyses using auto
matically predefined methods. Analyses of total dissolved carbon (TDC) 
and non-purgeable organic carbon (NPOC) were used to calculate dis
solved inorganic carbon (DIC) concentrations. A Shimadzu TOC-L ana
lyser was used to measure NPOC in filtered and acidified (1 M HCl) 
samples). The method to determine TDC was the same as above, without 
the acidification and purge step to remove inorganic carbon (Williamson 
et al., 2021). Limits of detection for NPOC and TDC were 0.6 mg C L− 1. 
See SI:9 for sampling and analysis details of Total Nitrogen (TN) and 
Total Phosphorus (TP). 

2.4. Use of the THINCARB model for calculating dissolved inorganic 
carbon speciation and excess 

2.4.1. Partial pressure of carbon dioxide from pH and alkalinity 
The THINCARB model (THermodynamic modelling of INorganic 

CARBon; Jarvie et al., 2017) uses pH, temperature and Gran Alkalinity 
(AlkGran) measurements to calculate dissolved inorganic carbon con
centration and speciation from excess partial pressure of CO2 (EpCO2; x 
atmospheric pressure) in the water sample compared to the dissolved 
CO2 concentration found in pure water in equilibrium with the atmo
sphere at the same temperature and pressure. THINCARB is open access 
and is described in detail in Jarvie et al. (2017), an outline is provided in 
SI:6. THINCARB works effectively across the range pH > 6 and < 10. In 
our dataset (n = 521), 6 samples (1.15%) were found to be below pH 6 
with the highest pH value being 9.29. The total sum of dissolved inor
ganic carbon (DICTotal) represents the sum of C concentrations in all the 
inorganic C species: 

DICTotal
(
mg L− 1) = CC in HCO−

3 +CC in H2CO*
3+
CC in CO2−

3
(1) 

After speciation calculations, the percentage contribution of each 
species in DICTotal was applied to the measured (by difference), inor
ganic carbon concentration (DICMeasured), and used in the interpretation 
of survey results. Thus, the term ‘DIC’ used in this paper to describe 
results corresponds to DICMeasured, which was determined as: 

DICMeasured
(
mg L− 1) = Total Dissolved Carbon (TDC)

–Non Purgeable Organic Carbon (NPOC)
(2) 

Values of EpCO2 were used to estimate ‘free CO2-C’ concentrations in 
the water samples (described as free CO2 in text). The CO2 concentration 
equals pCO2 times the solubility of CO2 corrected using water temper
ature (Henry’s law constant at a given temperature and salinity). Thus: 

Free CO2C = Kh x pCO2,w–Kh x pCO2,a (3) 

Where Kh represents Henry’s law constant for freshwater and cor
rected for water temperature, pCO2,w and pCO2,a are the pCO2 in the 
surface water and the pCO2 in equilibrium with the overlying air, 
respectively (Wang et al., 2017). 

2.5. Ancillary data 

Ancillary data used in the statistical and modelling analysis were the 
same as used in Williamson et al. (2021) which describes the DOC results 
from this survey, enabling consistent comparison between the DIC and 
DOC results. Mean catchment altitude and average annual precipitation 
(as Standard period Average Annual Rainfall (SAAR)) were included in 
the modelling data set, both being likely key gradients for controlling 
DIC across GB (see SI:3 and SI:4). Catchment area and land cover 
characteristics (14 broad habitats) were obtained from the 2015 UKCEH 
Land Cover Map 2015 (Rowland et al., 2017a, 2017b) and are shown in 
SI:5. The different grassland types were not aggregated as they typically 
represent soils with different pH values (e.g. acid or calcareous grass
land) or where pH may be manipulated using agricultural lime (e.g. 
improved grassland), thus influencing river DIC concentrations (see 
SI:5). 

Additional variables included the percentage of carbonate and 
sedimentary sandstone in survey catchments (see SI:2). These were 
obtained by combining UK catchment and sub-catchment maps with the 
BGS 50 k soil parent material model and using the European Soil Bureau 
bedrock classification. Catchment areas of basalt and shale, known to be 
important in CO2 drawdown via silicate weathering, were obtained in a 
similar manner. However, the contributions from these rocks to catch
ment geology was minimal. Estimates of catchment population were 
made by summing the proportion of population for each local authority 
area that intersected the catchment. 

Mean daily gauged river flows were obtained from the national 
agencies for England, Scotland and Wales (Environment Agency (EA), 
Scottish Environmental Protection Agency (SEPA) and Natural Re
sources Wales (NRW), respectively. At most sites, water sampling and 
flow gauging were located within a few hundred metres of each other. 
Flows at the gauging station were assumed to be indicative of those at 
the water sampling site. Upstream gauging data were used to estimate 
flows for four rivers (Eden, Mersey and Welsh Dee), where co-located 
flow data were not available during 2017. Past annual discharge data 
were calculated for each comparison gauging station to ensure that total 
annual discharge was estimated to within 10% of observations, with a 
correction made to the annual discharge calculation for 2017 if differ
ences between upstream and downstream gauging stations were >10%. 
The relationship between upstream and downstream daily flows during 
2015, the most recent year with comparable data, was calculated using 
regression analysis, and daily flows for the sampling site for 2017 were 
estimated from the regression equation (Williamson et al., 2021). Daily 
flows for the Conon were used to represent those in the nearby Beauly 
assuming the same mean areal runoff for both catchments, since they are 
similar in area and topography. Daily flow data for 2017 were 

A.M. Tye et al.                                                                                                                                                                                                                                  



Journal of Hydrology 615 (2022) 128677

5

unavailable for the Dyfi, whilst only half a year’s data was collected for 
the Dorset Stour, so these two rivers were excluded from calculations of 
DIC flux and yield. Catchment mean elevation (m) and area along with 
hydrogeology including Base Flow Index were obtained from the UK 
National River Flow Archive (NRFA) (http://nrfa.ceh.ac.uk). 

2.6. Data treatment 

All statistical analysis was undertaken using the R statistical package 
v3.5.1 (R Core Team, 2018). Stepwise regression analysis was under
taken using the ‘MASS’ and ‘leaps’ packages to identify the explanatory 
land-use and hydrogeological variables that best predicted the concen
trations of DIC species. A complete list of variables used in the regression 
analysis can be found in SI:7. Prior to running regression models, cor
relation matrices were used to eliminate variables where co-linearity 
was exhibited. The model selected was the one which reported the 
lowest Bayesian Information Criteria (BIC) value. Tests for skewness 
were undertaken on the dependent variables and were Log10 trans
formed if skewness was < − 1 or > 1. EpCO2 values were converted into 
concentrations of free CO2 prior to models being parameterised. For 
river free CO2 concentrations, initial modelling was carried out using the 
above dataset and a second dataset of river mean macronutrient con
centrations collated from the survey data. 

DIC fluxes were calculated using “method 5” of Littlewood et al. 
(1998) to be consistent with data analysis for the DOC component of the 
study undertaken in Williamson et al. (2021). Some underestimation 
may occur using such methods as compared to using high resolution 
data (Worrall et al., 2013). ‘Method 5’ is detailed in Eq. (4), whereby k 
specifies a conversion factor for the length of sampling, Ci refers to the 
DOC concentration at sampling time i, Qi refers to flow at sampling time 
i, QT refers to the mean flow over the whole sampling period, and n is the 
number of samples taken. 

DIC flux = k

∑n

i=1
[CiQi]

∑n

i=1
Qi

QT (4) 

Stepwise regression analysis was again undertaken on the annual 
river flux estimates to identify the explanatory variables that most likely 
explained the annual flux across GB. 

3. Results 

3.1. Initial dataset 

The relationship between the THINCARB modelled DIC data and the 
measured (by subtraction) alkalinity results (SI:8) was significant (y =
0.9525×-0.4572; R2 = 0.99, n = 518), giving confidence to the inter
pretation of the modelling results. Some over-prediction of DIC occurred 
when DOC concentrations were high, due to the greater role for organic 
C buffers such as organic acids (Jarvie et al., 2017). Fig. 2 describes the 
range of concentrations of DIC species for the entire survey (mg C L− 1) 
for DIC, HCO3

− , CO3
2− and H2CO3*. As expected, for the range of pH 

values recorded, HCO3
− dominated DIC, accounting for >80% of DIC in 

river waters with pH >7 and 40–80% of DIC in rivers with pH <7. A 
median HCO3

− concentration of ~10 mg C L− 1 was found. The highest 
values (>95th percentile) for HCO3

− exceeded 57 mg C L− 1 and were 
associated with two rivers (Stour and the Great Ouse in Eastern England) 
with high proportions of chalk geology (44 and 95% respectively) within 
their catchments. These catchments also received the two lowest annual 
average precipitation rates (580 and 587 mm yr-1 respectively). The 
contribution of CO3

2− was low across the sites, with a median value <1 
mg C L− 1, whilst H2CO3* concentrations were generally <2 mg C L− 1. 
Most samples had EpCO2 values >1, representing oversaturation with 
respect to atmospheric CO2 partial pressure, and suggesting potential 
efflux of CO2 from rivers to the atmosphere. Only 2% of EpCO2 results 
had values <1, indicating under-saturation with respect to atmospheric 
pressure, suggesting potential influx of CO2 to rivers from the atmo
sphere. The 95th percentile value of EpCO2 results was 9.6 × atmo
spheric partial pressure and the highest estimated value was 21.3 ×
atmospheric partial pressure. 

3.2. Spatial patterns of DICMeasured, HCO3
− and free CO2 concentrations 

across GB 

The highest flow-weighted mean concentrations of DIC were found 
in England and southern Scotland (Fig. 3a) and the lowest concentra
tions were found in the west of England, Wales and north-eastern 
Scotland. This pattern demonstrates the role of the catchment bedrock 
geology, particularly those with high proportions of carbonate rocks, on 
DIC concentrations. Flow-weighted mean HCO3

− concentrations showed 
a similar pattern, as HCO3

− generally makes up the greatest proportion of 
DIC in these catchments (Fig. 3b). The spatial pattern of concentrations 
of free CO2 (mg C L− 1) (Fig. 3c) showed the highest concentrations in the 
peat-dominated Halladale catchment, and the River Mersey in 

Fig. 2. Boxplots showing the ranges of DICTotal, HCO3
− , CO3

2− , H2CO3 (mg L− 1) and EpCO2 (x atmospheric pressure) for the 41 rivers sampled on a monthly basis.  
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Northwest England. Catchments in the west of Scotland, along with the 
large lowland agricultural catchments of southern GB, also demon
strated relatively high concentrations of free CO2. 

3.3. Modelling concentrations of DIC species using catchment land cover 
and catchment characteristics 

The best fit model to predict DIC had an R2 of 0.77 (Table 1). In this 
model DIC was positively correlated with the percentages of carbonate 
rocks and sedimentary sandstone within the catchment and negatively 
correlated with average annual precipitation and heather grassland 
area. Whilst most GB catchments possess a small area of heather grass
land, it is the catchments of northern Britain that generally have greater 
areas. The inclusion of heather grassland increased the R2 to 0.72 from 
0.77. The best model for HCO3

− (R2 = 0.77) included the catchment 
percentages of carbonate and sedimentary sandstone rocks and the base 
flow index (BFI) (positive coefficients), and the percentage of heather 
grassland and average annual precipitation (negative coefficients) 
(Table 2). In a similar manner to the DIC model, the inclusion of the land 
cover variable heather grassland increased the model R2 from 0.69 to 
0.77. 

The initial regression model for free CO2 concentrations used only 
catchment characteristics in the pool of potential explanatory variables. 
It had an R2 value of 0.50 and included altitude (negative coefficient) 
and neutral grassland (positive coefficient). A second model based on 
the river macro-nutrient concentrations (TN, TP and DOC) produced an 
R2 of 0.72 (Table 3). No improvement was found in model prediction 
using PO4-P and NO3-N, as they were highly correlated with TP and TN 
(r = 0.99 and r = 0.98) respectively. 

3.4. Spatial distribution of DIC, HCO3
− and free CO2 flux (kt yr− 1) from 

rivers to the coastal sea 

Fig. 4 shows the spatial distribution of DIC, HCO3
− and free CO2 flux 

from rivers across Great Britain. The total flux (t yr− 1) of these species 
largely reflected catchment size (which scales with total water 
discharge). A total combined flux of DIC of 647 kt DIC yr− 1 was calcu
lated from the sampled rivers. As HCO3

− is the predominant species in the 
samples, the annual flux was 636 kt C yr− 1 and for free CO2-C it was 47.6 
Kt C yr− 1. 

3.5. Spatial distribution of DIC, HCO3
− and free CO2 yield (t km− 2 yr− 1) 

Catchment estimates of DIC fluxes were converted to estimates of 

Fig. 3. Spatial patterns of annual (a) Mean Flow Weighted (MFW) mean DIC (mg L− 1), (b) MFW mean HCO3
− and (c) MFW mean CO2-C concentrations across the UK 

for monthly river samples taken during 2017. Contains OS data © Crown copyright and database right 2022. 

Table 1 
Output from stepwise regression analysis to predict mean Log10 DICTotal-C 
concentrations (mg L− 1).   

Estimate Std. Error t value Significance 

(Intercept) 1.493e+00 1.292e-01 11.556 1.69e-13 *** 
Carbonate rocks 6.853e-03 1.647e-03 4.160 0.000196 *** 
Sandstone 2.461e-02 8.231e-03 2.990 0.005083 ** 
Annual precipitation -5.007e-04 9.244e-05 − 5.417 4.54e-06 *** 
Heather grassland − 1.229e-05 5.523e-06 − 2.226 0.032578 * 

Signif. codes: 
0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘’ 1. 
Residual standard error: 0.2342 on 35 degrees of freedom. 
Multiple R-squared: 0.7747, Adjusted R-squared: 0.749. 
F-statistic: 30.09 on 4 and 35 DF. 
p-value: 6.839e-11. 

Table 2 
Output from stepwise regression analysis to predict mean Log10 HCO3

− concen
trations (mg L− 1).   

Estimate Std. Error t value Significance 

Intercept 9.331e-01 2.617e-01 3.566 0.00110 ** 
Carbonate rocks 5.631e-03 2.269e-03 2.481 0.01819 * 
Annual precipitation − 5.284e-04 1.155e-04 − 4.577 6.03e-05 *** 
BFI 9.974e-01 4.140e-01 2.409 0.02156 * 
Heather grassland − 1.875e-05 7.068e-06 − 2.653 0.01205 * 
Sandstone 2.889e-02 1.005e-02 2.874 0.00695 ** 

Signif. codes: 
0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘’ 1. 
Residual standard error: 0.286 on 34 degrees of freedom. 
Multiple R-squared: 0.7749, Adjusted R-squared: 0.7418. 
F-statistic: 23.41 on 5 and 34 DF. 
p-value: 4.005e-10. 

Table 3 
Output from stepwise regression analysis to predict mean Log10CO2-C concen
trations (mg L− 1) across 40 rivers in Great Britain.   

Estimate Std. Error t value Significance 

Intercept 0.1193 0.0758 1.574 0.123 
DOC 0.0331 0.0087 3.775 *** 
Total N 0.0359 0.0148 2.423 * 
Total P 0.7949 0.2269 3.503 ** 

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘’ 1. 
Residual standard error: 0.1519 on 37 degrees of freedom. 
Multiple R-squared: 0.723, Adjusted R-squared: 0.7005. 
F-statistic: 32.19 on 3 and 37 DF, p-value: 2.064e-10. 
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yield (t C km− 2 yr− 1), with the range varying between 1.3 and 33.3 t C 
km− 2 yr− 1 for the rivers Helmsdale and Stour, respectively (Fig. 5a). 
Other than the Stour catchment, which is chalk dominated, higher 
DICTotal yield was associated with catchments on the western side of GB, 
where there is generally greater precipitation resulting in higher 
drainage. A similar pattern was found for HCO3

− (Fig. 5b). For free CO2 
yield (t C km− 2 yr− 1), the smaller, upland catchments of Scotland, had 
the highest yields (Fig. 5c). The larger agricultural catchments and 
lowland catchments of southern England had lower yields. 

3.6. Modelling yield of DIC species using catchment landcover 
characteristics 

Using stepwise regression, the significant land cover and catchment 
variables for predicting DIC yield were % carbonate rocks and acid 
grassland (positive coefficients), and peat (negative coefficient). The 
model had an R2 of 0.37 (Table 4). For HCO3

− the coefficients were 
similar to those for DIC (Table 5). The stepwise regression for free CO2 
yield (Table 6) had an R2 = 0.67, and the coefficients selected were 
negative for both the area of arable agriculture in catchments and BFI. 

4. Discussion 

4.1. DIC budgets and their contribution to terrestrial C loss 

A combined total DOC and DIC flux of 938 kt was estimated in the 39 
river systems with flow data sampled in 2017. The 2017 flux of DIC to 
the estuaries, 647 kt DIC yr− 1, is more than double the estimated DOC 
export of 290 kt for the same rivers and time period as reported by 
Williamson et al. (2021). The DIC contribution is therefore ~69% of 

Fig. 4. Spatial patterns of annual flux (kt yr− 1) of (a) DIC, (b) HCO3
− and (c) CO2-C concentrations across the UK for monthly river samples taken during 2017. 

Contains OS data © Crown copyright and database right 2022. 

Fig. 5. Spatial patterns of annual yield (T km− 2 yr− 1) of (a) DIC, (b) HCO3
− and 

(c) CO2-C concentrations across the UK for monthly river samples taken during 
2017. Contains OS data © Crown copyright and database right 2022. 

Table 4 
Output from stepwise regression analysis to predict Log10 DICTotal yield (t km2 

yr− 1) across 39 rivers in Great Britain.   

Estimate Std. Error t value Significance 

Intercept 7.206e-01 7.620e-02 9.457 3.58e-11 *** 
Peat − 7.769e-06 2.519e-06 − 3.084 0.00397 ** 
Acid grassland 4.888e-06 1.693e-06 2.888 0.00661 ** 
Carbonate rocks 6.880e-03 1.945e-03 3.538 0.00116 ** 

Signif. codes: 
0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘’ 1. 
Residual standard error: 0.2982 on 35 degrees of freedom. 
Multiple R-squared: 0.3698, Adjusted R-squared: 0.3158. 
F-statistic: 6.845 on 3 and 35 DF, 
p-value: 0.0009486. 

Table 5 
Output from stepwise regression analysis to predict Log10 HCO3

− yield (t km2 

yr− 1) across 39 rivers in Great Britain.   

Estimate Std. Error t value Significance 

Intercept 7.139e-01 7.667e-02 9.311 5.31e-11 *** 
Peat − 7.764e-06 2.535e-06 − 3.063 0.00420 ** 
Acid grassland 4.915e-06 1.703e-06 2.886 0.00664 ** 
Carbonate rocks 6.803e-03 1.957e-03 3.476 0.00138 ** 

Signif. codes: 
0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘’ 1. 
Residual standard error: 0.3 on 35 degrees of freedom. 
Multiple R-squared: 0.3646, Adjusted R-squared: 0.3102. 
F-statistic: 6.696 on 3 and 35 DF. 
p-value: 0.001086. 

Table 6 
Output from stepwise regression analysis to predict Log10 CO2-C yield (t km2 

yr− 1) across 39 rivers in Great Britain.   

Estimate Std. Error t value Significance 

Intercept 5.060e-01 1.281e-01 3.952 *** 
Arable − 1.822e-06 3.257e-07 − 5.595 *** 
BFI − 1.112e+00 2.558e-01 − 4.345 *** 

Significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘’ 1. 
Residual standard error: 0.2022 on 36 degrees of freedom. 
Multiple R-squared: 0.6731, Adjusted R-squared: 0.6549. 
F-statistic: 37.06 on 2 and 36 DF, p-value: 1.818e-09. 
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total GB aquatic carbon export. Similarly, DIC accounted for 63% of 
dissolved carbon export in a global analysis of river dissolved carbon 
flux (Li et al., 2017). A recent study of 39 years of Harmonised Moni
toring Scheme data suggested that DIC accounted for an average of 80% 
of the total TDC flux from the UK’s 7 largest rivers (Severn, Thames, 
Trent, Wye, Great Ouse, Ouse, Tay) (Jarvie et al., 2017). DIC export from 
the same rivers in our one-year study comprised, on average, 78% of the 
TDC flux, demonstrating excellent comparability. Thus, our study con
firms that DIC makes a dominant contribution to the GB annual land- 
ocean C budget. For the DOC results in this survey, Williamson et al. 
(2021) modelled an annual export of DOC from GB of 1150 kt C yr− 1 

which produced an upscaling factor of 3.96 from the survey results to GB 
scale. This figure was used to obtain a ‘first-order’ estimate DIC flux for 
GB of 2560 kt C yr− 1 for 2017. This estimate is within the range of 
2000–3000 kt C yr− 1 modelled using the LTLS macro-nutrient model for 
GB (Bell et al., 2021). 

The DIC yields (t C km− 2 yr− 1) determined in this survey are of 
similar magnitude to those reported previously for the long-term HMS 
monitoring dataset of the UK (Jarvie et al., 2017). Yields from the 246 
rivers in the Harmonised Monitoring Scheme (HMS) ranged from 6.8 t C 
km− 2 yr− 1 in the Tay to 17.7 t C km− 2 yr− 1 in the Yorkshire Ouse and 
Trent over the years 1974–2012. DIC yields calculated from the 2017 
survey range from 1.2 t C km− 2 yr− 1 for the Helmsdale (which wasn’t 
available as part of the HMS dataset in the Jarvie et al. (2017) analysis), 
to 33.3 t C km− 2 yr− 1 for the Stour. The mean DIC values for the two 
surveys were compared where data (n = 35) existed (SI 9). An R2 of 0.95 
was found with a slope of 0.99 between the two sets of data suggesting 
that concentrations were largely comparable, even though they repre
sent two very different time periods (i.e. 36 years for the HMS moni
toring dataset and 1 year in the current study). With respect to the 2017 
survey, precipitation was close to the long-term average (https://www. 
metoffice.gov.uk/about-us/press-office/news/weather-and-climate 
/2017/weather-review-of-2017), with a UK average of 1106 mm being 
95.9% of the long-term average (1981–2010). This comparison suggests 
the 2017 results are not biased towards an extreme dry or wet year. 

4.2. Controls on DIC and HCO3
− concentrations 

DIC and HCO3
− concentrations were strongly associated with geology 

and geomorphology (i.e. rock type, altitude and precipitation). The 
important variables driving the concentration of DIC and HCO3- are 
identified in the regression models (Tables 1 & 2). The relationships 
between these variables and DIC concentrations are demonstrated in 
plots (SI:10). High concentrations of DIC and HCO3

− were found in 
catchments with a large percentage of either carbonate or sedimentary 
sandstone (e.g. Severn). Sedimentary sandstones contain carbonate ce
ments in their mineral matrices and are a known additional source of 
HCO3

− through the weathering of this cement. The graphs in SI:10 show 
that there are no direct relationships between % of carbonate and 
sandstone in catchments and the DIC concentrations. Catchments will 
often contain both of these lithologies, and the form of carbonate rocks 
may be chalk, limestone or both. The regression models identify the 
relative contributions of both. Rivers draining silicate rocks (e.g. Spey, 
Dee Scotland and Tay) produced the lowest concentrations of DIC and 
HCO3

− (< 5 mg L− 1). A global analysis of the contributions of major rock 
types to drawdown of CO2 through weathering reactions identified the 
importance of carbonate and sedimentary sandstone (Suchet et al., 
2003). Basalts are particularly recognised for their ability to draw down 
CO2 through Ca and Mg-silicate weathering, whilst the magnitude is less 
for shales (Suchet et al., 2005). However, none of the monitored 
catchments had large percentages of shale or basalt geology. 

The chalk, limestone and sedimentary sandstone lithologies also 
contribute to high catchment base flow, identified as positive co
efficients in both the DIC and HCO3

− concentration models (the rela
tionship between Base Flow and DIC concentrations is shown in SI:10). A 
negative relationship between DIC and HCO3

− concentrations with 

annual precipitation was reported in the models (and shown in SI:10). 
Altitude was also identified by the regression models and had a strong 
negative relationship (see SI:10). The influence of altitude and precipi
tation is linked. Firstly, at the highest mean altitudes, catchments are 
predominantly comprised of non‑carbonate geology. Secondly, as alti
tude increases, the contribution of soil-derived DIC decreases, as a result 
of shorter growing seasons, typically thinner soils, and reduced annual 
mean temperatures that constrain rates of ecosystem respiration and 
weathering. Altitude and prevailing wind direction also create the pre
cipitation gradient from west to east across GB. The negative coefficients 
for average annual precipitation in the DIC and HCO3

− concentration 
models likely identifies the lowland, drier areas in the south east of the 
country that also tend to have the highest percentages of carbonate 
geology within catchments. The inclusion of heather grassland as a land 
cover variable in both the DIC and HCO3

− concentration models, where it 
increased R2 by small amounts, is likely acting as a proxy for acid peaty 
soils and accounting for extra variability regarding low DIC and HCO3

− . 
The DIC and HCO3

− concentration models demonstrate the influence 
of geology and other associated physical gradients (e.g. altitude, average 
annual precipitation) on the spatial pattern of their concentrations. 
Previous studies have suggested some human influences on river DIC 
concentrations, particularly around land-use change (Raymond et al., 
2008), urbanisation (Barnes and Raymond, 2009) or the use of soil 
liming materials (e.g. Oh and Raymond, 2006; Stets et al., 2014). In this 
study, it is the large agricultural and urbanised catchments of southern 
England where greater human impacts on DIC concentrations may be 
expected. However, indicators of human impact such as catchment 
population and the area of catchment urbanisation were not identified 
within the regression analysis. 

Whilst the regression models were based on MFW concentrations of 
DIC and HCO3

− , seasonal and water flow influences were also examined. 
These are shown for individual rivers in SI:11 &12. Overall, there was 
relatively little influence of either season or flow on concentrations of 
DIC and HCO3

− (SI: 11 & 12). For those catchments with greater % chalk 
and sandstone-based catchments (Avon, Great Ouse, Stour, Test, 
Thames, Trent) there were slightly higher concentrations of DIC in the 
winter (Jan – Mar). 

4.3. Catchment controls on DIC yield 

The total flux (t yr− 1) of DIC and HCO3
− from catchments largely 

reflected catchment size and average annual precipitation which pro
motes the flushing of the products of silicate weathering and respiration 
(Öquist et al., 2009). When flux is converted to yield (t km− 2 yr− 1) the 
effect of precipitation is apparent for much of the country, with only the 
small chalk-based Stour catchment having a high yield when compared 
to western GB. Both the DIC and HCO3

− yield models were parameterised 
using the variables carbonate rocks (+), peat (− ) and acid grassland (+). 
Whilst the carbonate rock and peat variables describe the end points of 
catchment geochemistry with respect to DIC concentrations, the acid 
grassland represents the best descriptor of catchments with high pre
cipitation and soils with pH values <5.5. Thus, a greater proportion of 
DIC and HCO3

− may be derived from soil respiration and silicate 
weathering and flushed from the terrestrial system through high rates of 
rainfall and runoff. Acid grassland is predominantly found in the wetter 
western and northern parts of GB (see SI:5) and highlights the influence 
of precipitation and altitude. In addition, many of the large catchments 
(e.g. Thames (chalk & limestone), Severn (sandstone), Trent (sandstone 
and limestone) and Great Ouse (chalk)) have large areas where precip
itation effectively recharges major groundwater aquifers, which will 
result in lower surface runoff to river systems. Thus, whilst the geology 
may largely control concentrations of DIC and HCO3

− , the distribution of 
precipitation is a key variable for yield. The importance of annual 
average precipitation was also seen in the DOC yield model produced 
from results of this sampling program (Williamson et al., 2021). For the 
yield of DOC across GB, a model that explained 90% of the variability 
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was obtained with only three variables (annual average precipitation, % 
Peat soils and % Forest). 

4.4. Catchment controls on concentrations of free CO2 

Beyond the estimation of DIC flux and yield, particular interest lies in 
the factors that contribute to the concentration and spatial distribution 
of free CO2 in the river waters. This pool is potentially available for 
atmospheric exchange (Harley et al., 2015). It has been shown that as 
catchment size increases, the residence time increases and concentra
tions of free CO2-C may reflect more in-stream processes rather than 
catchment processes (particularly groundwater inputs) as stream water 
will get close to EpCO2 = 1 (Worrall and Lancaster, 2005). Sources of 
free CO2 from terrestrial ecosystems include soils and groundwater. It 
can also be generated within river, particularly through the respiration 
of terrestrial and autochthonous derived DOC. Results showed that the 
large southern catchments with a high percentage of carbonate geology 
generally had relatively high concentrations of dissolved free CO2 
(Fig. 3c), although it may be expected that because of their higher water 
pH values, a smaller fraction of the DIC would exist as free CO2. Two 
catchments in particular had very high free CO2 concentrations. Firstly, 
the River Mersey, possibly due to large sewage effluent contributions as 
previously identified by Jarvie et al. (2017). Secondly, the Halladale 
(the most northerly catchment) which had high EpCO2 year-round but 
had a dramatic increase in EpCO2 in September 2017, reaching 20 x 
atmospheric CO2. The Halladale catchment drains the large Flow 
Country blanket bog, and flushing of free CO2 from catchment respira
tion is suspected as the likely cause here. 

Concentrations of free CO2 were of similar magnitude to those found 
by Rawlins et al. (2014) who estimated median free CO2 concentrations 
in May and November across England and Wales as 1.78 and 1.11 mg C 
L− 1, respectively. Lower and upper 95% confidence intervals were 1.97 
and 1.47 mg L− 1 for May and 0.91 and 1.24 mg L− 1 for November. 
Dawson et al. (2002) generally found concentrations <2 mg L− 1 for free 
CO2 in streams in peat dominated catchments in Scotland and Wales, 
although concentrations increased in areas of greater and thicker peat 
coverage, where gas retention in water may be higher and streams are 
more strongly coupled to the terrestrial environment and the super- 
saturated soil pore waters therein. 

The initial regression model identifying catchment controls on free 
CO2 gave a negative coefficient for altitude and a positive coefficient for 
neutral grassland. These variables suggest that greater concentrations of 
free CO2 were found in low altitude catchments. However, the per
centage of free CO2 as a fraction of DIC in the low altitude catchments is 
the lowest in our survey (2–3%), and it may be that free CO2 is highest in 
these catchments simply because DIC is highest. These catchments also 
have the highest water pH. Along with temperatures, these may influ
ence the DIC speciation, and are accounted for in the calculation by 
ThinCarb of EpCO2. However, when macro-nutrients (TN, TP, DOC) 
were used to model free CO2 concentrations, an improved model was 
found (Table 3). Thus, the concentration of free CO2 in the river waters 
at the river/estuary interface appears to reflect the macro-nutrient status 
of the whole catchment, which in term suggests a relationship with land- 
use intensity. However, in the regression model, arable agriculture, 
population and urban area were not identified as explanatory variables. 
This may reflect the fact that some large urban areas (or large parts of 
them) are below the tidal limit (e.g. London), but also that greater 
population and land use intensity are found at lower altitudes, and are 
accounted for within this variable. The lack of relationship with arable 
land extent may simply reflect the dominance of grassland agriculture at 
a GB scale, which may therefore exert the greatest influence on river 
macronutrient concentrations. There appeared to be little effect of free 
CO2 derived from groundwater sources (Pitman, 1978; Worrall and 
Lancaster, 2005). This is likely a reflection of the dominance of proximal 
sources of CO2 in the lower river reaches, and the distal sources of CO2 
from groundwater higher up in the catchments. Subsequent calcite 

precipitation, in addition to CO2 degassing with travel from the source, 
may reduce free CO2 concentrations from groundwater sources (e.g. 
Neal et al., 2002). 

Increased soil respiration bought on by agricultural fertilisation 
(Borges et al., 2018) in the catchment has been identified in river waters. 
Over prolonged periods, regional increases in stream CO2 evasion are 
positively correlated with total precipitation, with increased flushing 
from the soil a contributory factor (Butman and Raymond, 2011; Daw
son et al., 2002). In addition, nutrients released from sewage effluent 
will contribute to in-stream production of free CO2 (Marescaux et al., 
2018; Wang et al., 2017). However, an additional groundwater influ
ence may exist through the release of nutrients (particularly nitrate) 
from those rivers with a high base flow index (BFI) (Wang et al., 2013a, 
2013b). Further evidence as to the role of nutrients in the concentrations 
of free CO2 are the strong relationships between TN and TP (and PO4-P 
and NO3-N) with both altitude and annual average precipitation (SI:13 
and SI:14). These relationships suggest that nutrient enrichment, and 
resulting higher rates of microbial respiration in the more intensive 
agricultural lowland catchments, are a driver of free CO2 concentrations. 
These catchments have high population density and large nutrient load 
contributions from sewage effluent (Ascott et al., 2016; Jarvie et al., 
2018; Holden et al., 2017; Bowes et al., 2011). 

4.5. The flux and yield of free CO2 

The flux to estuaries (and potentially to the atmosphere) of CO2 in 
2017 was ~47.6 kt for the 39 rivers where estimates could be quantified 
(Fig. 4c). The only other available figure was a modelled estimate 
(Rawlins et al., 2014) based on the alkalinity of headwater streams 
analysed through the national geochemical sampling program (G-BASE) 
(Johnson et al., 2005). The Rawlins et al. (2014) study produced an 
estimate of CO2 loss from England and Wales (68% of GB landmass) of 
65.4 kt with 95% confidence limit of 46.1–77.2 kt. The figures of un
certainty quoted are associated with the prediction of pCO2 concentra
tions and do not account for the uncertainties in the computation of flow 
or with stream temperature estimation (used to compute Henry’s con
stant). These would also be of relevance in this study. Both the current 
and Rawlins et al. (2014) estimates should be considered high, as both 
assume complete CO2 evasion. Indeed, the higher pH in coastal waters 
where CO2 evasion is likely to occur would change the carbonate 
speciation such that free CO2 is converted to HCO3

− (free CO2 in seawater 
is typically <0.5% of DIC). Nevertheless, this flux is likely to contribute 
to substantial CO2 evasion as measured in GB estuarine waters (Yang 
et al., 2019). Whilst the Rawlins et al. (2014) estimate covers a larger 
area, it does not include the significant losses of CO2 from the peatlands 
of Scotland, which are only partially accounted for in the estimates from 
our study. 

For free CO2 (Fig. 5c), there was a strong pattern of increased yield (t 
km2 yr− 1) from catchments on the western side of GB, likely influenced 
by high average annual precipitation and thus runoff. In addition, the 
lower pH values of the rivers would ensure that free CO2 would repre
sent a higher proportion of the lower DIC concentrations. The chalk- 
based catchments of southern England had lower yields of free CO2, 
possibly reflecting both higher water pH favouring HCO3

− , longer resi
dence times allowing degassing of groundwater derived EpCO2, as well 
as lower precipitation. The lower yields may also partly reflect the ef
fects of groundwater recharge on river flows in these lowland permeable 
catchments. Estimates of free CO2 export from catchments in this paper 
are based on samples collected close to the tidal maximum, before 
entering the estuarine system. Therefore, this probably only represents a 
proportion of CO2 that has evaded from catchments. Losses of catchment 
CO2 through evasion can be greater than that carried as dissolved gas 
downstream (Billett and Moore, 2008). Other sources of catchment CO2 
evasion include surface waters such as ponds, lakes and reservoirs 
(Tranvik et al., 2009), peat and bog ecosystems, along with the head 
waters and tributaries of the major rivers. Estimates of CO2 evasion from 
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catchment surface waters have been placed at ~10% (Sun et al., 2011) 
and ~ 70% (Hope et al., 2001) of net ecosystem exchange at the con
tinental scale and peatland catchment scale, respectively. Headwater 
streams in particular have been identified as CO2 sources within 
catchments with evasion being driven by turbulence generated by steep 
slopes, rough channel bottoms and high velocity (Maurice et al., 2017). 
Our river-estuary free-CO2 yields may therefore represent only a small 
fraction of the CO2 evasion that occurs within the catchment, with much 
degassed to the atmosphere upstream of the sampling points. 

The model predicting free-CO2 yield (t km− 2 yr− 1) had coefficients 
which were negative for both arable and BFI suggesting that the larger 
intensive agricultural catchments and chalk-based ones (with High BFI 
and lower proportion of DIC as free CO2) had a lower potential CO2 
evasion per km2. This likely reflects their lower annual average pre
cipitation and the greater recharge to aquifers, as they had relatively 
high concentrations of CO2. This also suggests that groundwater does 
not act as a large source of EpCO2 at the tidal limit in the chalk and 
limestone dominated catchments because of the greater residence time 
of the water in rivers. Based on the total area of land our survey covered 
and the total flux (47.6 kt), a yield of 0.56 t C km− 2 yr− 1 can be derived 
which is slightly higher than the 0.44 t C km− 2 yr− 1 figure that Rawlins 
et al. (2014) published for England and Wales. For two peat dominated 
streams in Scotland, Dawson et al. (2002) reported yields of 0.26 and 
0.87 t C km− 2. 

There remains uncertainty in global estimates of CO2 flux from 
riverine and freshwater systems to the atmosphere, with values esti
mated to be up to 4 Gt C yr− 1 (Drake et al., 2017). Regardless, the figure 
obtained from the current study suggests a considerable export from 
terrestrial to estuarine systems where CO2 evasion may occur (Laruelle 
et al., 2017). Examining ocean-air fluxes of CO2 on the NW European 
shelf, Kitidis et al. (2019) suggest that most river-borne C losses largely 
occur within estuaries, with CO2 accounting for much of this C loss. 
Whilst estuarine CO2 efflux is biased towards large estuaries as these are 
where work is often focused, these large estuaries are also likely to be 
more urbanised/industrial, and have longer residence times for CO2 
efflux to occur. 

4.6. Potential responses to environmental change 

The current DIC concentration results are very similar to ones taken 
from a > 30 year dataset (SI:9). However, the flux of DIC from terrestrial 
ecosystems to the ocean may become more variable in the future, with 
land use and climate (temperature and precipitation) change potentially 
acting as drivers (Ren et al., 2015). Raymond and Hamilton (2018) 
acknowledge the difficulties in assessing chemical weathering because 
of the numerous interacting biotic and abiotic processes that have to be 
considered in assessing landscape level controls, even before the added 
complications of anthropogenic disturbances. However, future UK 
climate projections of increased probabilities of higher rainfall and 
temperature (Met Office, 2019) may introduce greater seasonal and 
spatial variability into the DIC cycle, possibly due to changes in chemical 
weathering rates and runoff (White & Blum, 1995; Oliva et al., 2003; 
Dessert et al., 2003). Temperature is less likely to induce major changes 
in DIC concentrations in the carbonate geology (chalk, limestone) of GB. 
It is recognised that soil pCO2 can be controlled by temperature and soil 
moisture which help determine ecosystem respiration (Romero-Mujalli 
et al., 2019) and it would be expected that higher pCO2 concentrations 
would increase chemical weathering. However, in a global river study of 
rivers in carbonate rock-based catchments, a temperature effect was 
identified whereby river alkalinity concentrations appear to reach a 
maximum, before declining, at land temperatures ~11 ◦C (Gaillardet 
et al., 2019). This was primarily due to the role temperature plays on 
solubility in the carbonate system. Whilst, increased temperatures may 
increase pCO2 through respiration, cold water would be expected to 
contain greater CO2 leading to calcite dissolution being favoured at 
lower temperatures. Thus, the temperature effect on carbonate 

dissolution intensity represents a balance of two competing mecha
nisms; the effect of increasing temperature on the thermodynamic 
constants of the carbonate system, particularly in decreasing Henry’s 
constant countered by the increase in production of ecosystem soil CO2 
(Gaillardet et al., 2019). Other processes that may impact changes in DIC 
may involve the precipitation of secondary carbonates. Higher temper
atures will increase soil respiration leading to increased pCO2 and 
during carbonate dissolution the water will equilibrate with the higher 
pCO2 in soils. When the water comes into contact with air, degassing of 
CO2 will increase the pH, promoting carbonate precipitation (Gaillardet 
et al., 2019). On the other hand, Ca and Mg silicate weathering may be 
expected to increase with temperature, without the same mineral pre
cipitation constraints as those found for carbonate-based rocks, and 
unlike carbonates this weathering will be effective at drawing down CO2 
(Gaillardet et al., 1999). 

However, changes are most likely to occur in runoff due to changes in 
seasonal precipitation and this may alter seasonal flux and yield. Results 
from this study have demonstrated the effect of relatively greater pre
cipitation and runoff on DIC fluxes across the country. To add to the 
complexity of the DIC system, increasing temperature may increase soil 
respiration and also influence evapotranspiration rates, leading to 
changes in runoff and silicate weathering (Kelly et al., 1998; Richter and 
Billings, 2015). 

Land-use change may also influence the future DIC budget. In agri
culture, the expected trend is that there may be an increase in the area of 
arable farmland, with a decrease in grassland and continued reforesta
tion and urban area expansion (CCC, 2020). To demonstrate the influ
ence that different vegetation types have on DIC export, Kindler et al. 
(2011) examined losses of biogenically-derived DIC from grasslands, 
forests and croplands across Europe. They found leaching of biogenic 
DIC to be 8.3 ±4.9 g m− 2 yr− 1 for forests, 24.1+/− 7.2 g m− 2 yr− 1 for 
grassland and 4.1±1.3 g m− 2 yr− 1 for crop systems. This would suggest 
that any shift towards either arable and forest land coverage may alter 
DIC export. Concentrations of CO2 have been found to be significantly 
higher in grasslands than forests because of the greater rates of root and 
microbial respiration, and because greater soil wetness reduces diffusion 
rates (Parfitt et al., 1997). In addition, if fertilised, there is the potential 
for increases in soil respiration, strong acid production (through nitri
fication) and weathering (Raymond and Hamilton, 2018). 

Urbanisation within catchments may also impact DIC budgets 
through increasing sewage effluent discharges and urban diffuse runoff 
from impermeable surfaces (Barnes and Raymond, 2009). Differenti
ating the role of land-use in DIC loss to surface waters can be difficult to 
decouple from lithology and surficial materials, but some studies have 
found a possible response to urban areas. For example, Barnes and 
Raymond (2009) demonstrated that both agricultural and urban areas 
can enhance stream water DIC concentrations relative to forestry in a 
series of small catchments on the same bedrock and superficial geology. 
Those catchments with greater percentages of urban areas had higher 
DIC exports. This confirms other studies demonstrating increases in DIC 
observed in urban areas (Baker et al., 2008; Jarvie et al., 2017). Sources 
of DIC within urban systems may include weathering of CaCO3 in con
crete and the weathering of limestone road capping (Baker et al., 2008; 
Raymond and Hamilton, 2018). However, in our study the role of urban 
areas within catchments did not significantly improve model perfor
mance, possibly because there were strong links to altitude, since major 
urban areas are located in the lowland catchments. 

Finally, increasing attention is being given to enhanced rock 
weathering (i.e. application of basaltic rock to agricultural land) as a 
means of removing CO2 from the atmosphere (Beerling et al., 2020). 
This has been estimated to have a maximum technical potential for the 
UK of 19 Mt. CO2 yr− 1 to greenhouse gas removal in the UK (Simon et al., 
2021). While large-scale implementation of enhanced weathering as a 
climate mitigation measure is unlikely in the near-term, even modest 
implementation could lead to measurable changes in the GB DIC flux. 
The application of agricultural liming has previously been identified in 
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DIC fluxes (Oh and Raymond, 2006). Potential exists for increased HCO3
−

flux to rivers and the increased precipitation of Ca, Mg and Fe carbon
ates in soils. In this context, our data provides an update on current DIC 
flux, and a valuable baseline against which to monitor and verify any 
additional CO2 drawdown resulting from this process, and to support the 
assessment of any biogeochemical or ecological impacts. 

5. Conclusions 

Results from a year-long survey of 41 rivers across GB, representing 
36% of the landmass and where land-cover was representative of the 
whole of Great Britain are reported. DIC represented ~69% of the total 
dissolved carbon flux from the surveyed catchments. The concentration, 
flux and yield recorded for DIC species supported previous published GB 
estimates, based on data collected between 10 and 30 years old. The 
study suggests that river DIC and HCO3

− concentrations are largely 
controlled by catchment geology, whilst average annual precipitation 
influenced flux and yield. An average DIC yield of 8 13 t ha− 1 yr− 1 was 
calculated from the survey results. Concentrations of dissolved free CO2 
appeared to be related to catchment macro-nutrient status with probable 
sources being both from agriculture and urban land-uses (sewage 
treatment). Understanding this pool of dissolved CO2 is of importance as 
it is a source of greenhouse gas emission through evasion to the atmo
sphere. Whilst increases in free CO2 concentrations were linked to the 
lowland agricultural and densely populated catchments, yield estimates 
(t C Km− 2 yr− 1) identified the northern, peat dominated catchments as 
being of great importance. An overall yield of 0.56 t C Km− 2 yr− 1 of free 
CO2 was found for the sampled catchments. The results provide further 
evidence of the importance of land–ocean C fluxes in the national C 
budget, and offers an updated baseline for DIC land-ocean transport in 
GB. 
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