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There is growing global concern that greenhouse gas (GHG) emissions from water bodies are increasing because
of interactions between nutrient levels and climate warming. This paper investigates key land-cover, seasonal
and hydrological controls of GHGs by comparison of the semi-natural, agricultural and urban environments in a
detailed source-to-sea study of the River Clyde, Scotland. Riverine GHG concentrations were consistently
oversaturated with respect to the atmosphere. High riverine concentrations of methane (CH4) were primarily
associated with point source inflows from urban wastewater treatment, abandoned coal mines and lakes, with
CH4-C concentrations between 0.1 - 44 pg 1"L. Concentrations of carbon dioxide (CO5) and nitrous oxide (N2O)
were mainly driven by nitrogen concentrations, dominated by diffuse agricultural inputs in the upper catchment
and supplemented by point source inputs from urban wastewater in the lower urban catchment, with CO»-C
concentrations between 0.1 - 2.6 mg 1! and N,O-N concentrations between 0.3 - 3.4 ug 171, A significant and
disproportionate increase in all GHGs occurred in the lower urban riverine environment in the summer,
compared to the semi-natural environment, where GHG concentrations were higher in winter. This increase and
change in GHG seasonal patterns points to anthropogenic impacts on microbial communities. The loss of total
dissolved carbon, to the estuary is approximately 48.4 + 3.6 Gg C yr_ !, with the annual inorganic carbon export
approximately double that of organic carbon and four times that of CO,, with CH4 accounting for 0.03%, with the
anthropogenic impact of disused coal mines accelerating DIC loss. The annual loss of total dissolved nitrogen to
the estuary is approximately 4.03 + 0.38 Gg N yr ! of which N,O represents 0.06%. This study improves our
understanding of riverine GHG generation and dynamics which can contribute to our knowledge of their release
to the atmosphere. It identifies where action could support reductions in aquatic GHG generation and emission.

1. Introductions

Greenhouse gas (GHG) evasion from inland waters is a significant
source of atmospheric GHGs. Global carbon dioxide (CO2) evasion has
been estimated as 1.8 + 0.25 Pg C yr ! from streams and rivers,
resulting in a global evasion rate from inland waters of 2.1 Pg C yr™!
(Raymond et al., 2013). The contribution from streams and rivers is
large relative to their surface area, acting as hotspots for the exchange of
gases with the atmosphere. The major sources of CO are direct input via
groundwater inflow, which transports CO; originating from soil respi-
ration, and in-stream mineralization of organic carbon (OC) often from
surface run-off (Winterdahl et al., 2016). Riparian wetlands also
contribute disproportionately to CO; emissions (Abril and Borges,
2019). The relative importance of these mechanisms changes with
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stream order as headwater streams have a larger soil-water interface
compared to lower reaches, resulting in the proportion of CO3 produced
from aquatic metabolism increasing with stream size (Marx et al., 2017;
Hotchkiss et al., 2015). The magnitude of CO4 riverine emissions is
highly dependant on hydrology (Gomez-Gener et al., 2016). In urban
areas significantly higher nutrients, organic matter content, and riverine
cyanobacteria impact CO, variation (Salgado et al., 2022). Global
methane (CHy4) evasion from inland waters was estimated at 398.1 +
79.4 Tg CH4 yr!, with rivers evading 30.5 + 17.1 Tg CH, yr™, with
aquatic ecosystems contributing about half of total global CH4 emissions
from anthropogenic and natural sources (Rosentreter et al., 2021). Total
CH4 emissions were found to increase from natural to impacted and from
coastal to freshwater ecosystems, with emissions expected to increase
due to urbanization, eutrophication and positive climate feedbacks,
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although there is significant uncertainty in the production, trans-
portation and consumption processes (Rosentreter et al., 2021, Stanley
et al., 2016). Similarly the production and emission of nitrous oxide
(N20) from aquatic systems are uncertain (0.3 - 2.1 Tg NyO-N yrfl) with
large spatial and temporal variability in emission estimates (Seitzinger
and Kroeze, 1998; Beaulieu et al., 2011; Ciais et al., 2013). However
N,0O emissions from rivers, reservoirs and estuaries have been estimated
as 148 — 277 Gg N yr~! with anthropogenic perturbations to river sys-
tems resulting in a two to four-fold increase in N3O emissions from
inland waters (Maavara et al., 2019). The dominance of N5O emissions
emanating from nitrification or denitrification in inland waters is partly
dependant on residence time (Zarnetske et al., 2011).

Urban rivers and lakes are potential hotspots for GHG emissions and
there is an increasing body of literature concerned with quantifying their
contribution to aquatic GHG emissions (Zhang et al., 2021; Wang et al.,
2021; Gu et al., 2021; Herrero Ortega et al., 2019; Martinez-Cruz et al.,
2017 and Garnier et al., 2009). In Mexico City water quality indicators
(such as trophic state index and phosphorous level) were positively
correlated with CH,4 emissions, suggesting a reduction in untreated
wastewater discharge could concurrently reduce GHG emissions. Fluxes
of CH4 were highly variable, both in and across ecosystem locations and
seasons (Martinez-Cruz et al., 2017) demonstrating the need for
comprehensive studies to understand these temporal dynamics. In water
bodies around the city of Berlin, a combination of high nutrient supply
and shallow depth produced large CH,4 emissions. However dissolved
oxygen and productivity were found to be poor predictors of CHy
emissions, suggesting a complex combination of factors governed CHy
fluxes from urban surface waters (Herrero Ortega et al., 2019).
Conversely in rivers and lakes within the city of Beijing, high CHy
emissions were attributed to high dissolved and sediment organic car-
bon, high aquatic primary production and shallow water depths,
although results were again highly variable (Wang et al., 2021). In the
Chaohu Lake basin in eastern China, diffusive CH4 and N3O emissions
from rivers were due to large nutrient supply and hypoxic environments,
with CO, impacted by temperature-dependant rapid decomposition of
organic matter (Zhang et al., 2021). Positive correlations between
temperature and GHG concentrations have been routinely observed
(Wang et al., 2021; Herrero Ortega et al., 2019 and Rosentreter et al.,
2021). The presence of ammonia, entering inland water from agriculture
or wastewater, can inhibit CH4 oxidation resulting in elevated CH4
concentrations compared to low nitrogen systems and high evasion to
atmosphere (Dunfield and Knowles, 1995; Bosse et al., 1993; Cotovicz
et al., 2021). Conversely in an investigation of N2O concentrations up-
stream and downstream of wastewater treatment plants (WWTPs) in an
urban river in Japan, lower NO concentrations were found in summer
(Y. Zhou et al., 2022). Positive correlations between GHGs in surface
waters and catchment agricultural landcover linked to higher levels of
organic matter and dissolved inorganic nitrogen from the agricultural
dominated areas have been found significant, with increases in GHG
levels during prolonged low water levels (Borges et al., 2018).

GHG emissions are difficult to attribute to sources due to multiple
generation and consumption pathways and high spatial and temporal
variability (Rosentreter et al., 2021). Their production results from the
interplay of multiple drivers and is influenced by, high between and
within-system variation, with the causes of this variation unknown. This
variation causes difficulties in upscaling emissions from local-scale
studies resulting in a need for more detailed studies measuring more
in-water parameters across a large temporal and spatial scales. It is
hypothesised, in this paper, the reasons for the high variation and poor
predictably include:

1 GHGs are not conserved like dissolved nutrients but readily out-gas
especially in the riverine environment with flow intensity and high
stream slopes the primary controls (Long et al., 2015;Maurice et al.,
2017; Natchimuthu et al., 2017; Liu and Raymond, 2018).
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2 The number of different source types within the riverine environ-
ment, including: point, diffuse and in-water generation, change with
land-use and need to be distinguished.

3 The concentration of nutrients is only one aspect of GHG generation,
which changes with availability of electron donors and acceptors,
such that mixing of waters may stimulate GHG production (Wrage
et al., 2001; Furukawa et al., 2004; Broder et al., 2012; Zhang et al.,
2019).

4 Different GHG sources and dynamics dominate in different types and
sizes of water body dependant on: land-water interface, depth, hy-
draulic regime, sediments-water-air interfaces, residence time, land-
use, physio-chemical properties, microbial communities, season-
ality, and anthropogenic impacts on seasonal patterns of changing
water level and temperature.

The concentrations of GHGs in the riverine water column result from
the balance between input, consumption, production and output
(Fig. 1).

Given the potential significance, but inadequate quantification and
characterisation of urban catchment fluvial GHG dynamics, further
insight into how to quantify and interpret riverine GHG concentration
data could support improved estimates. This study addressed the
following key objectives: (1) does using a source-to-sea investigative
approach allows quantification of how changes in the nature and size of
the riverine environment impact GHG concentrations, (2) can the key
controls on GHG generation be determined by comparison of the semi-
natural, agricultural and urban environments, including key land-
cover, seasonal and hydrological controls, and (3) can point source,
diffuse source and in water generation be distinguish for different GHGs.
A large temperate catchment was selected for the investigation, where
landcover transitioned from semi-natural, through pastoral and arable
agricultural to urban (including legacy industrial), as representative of
many urbanised catchments globally.

2. Materials and method
2.1. Study area

The River Clyde is the third longest river in Scotland (170 km) with a
total river network length of 4244 km and drains a of 1903 km? (Clyde
River Foundation, 2020). The River Clyde together with the rivers
Kelvin, White Cart, Black Cart and Leven enter the Clyde estuary, with a
catchment area of 3854 km? (Nedwell et al., 2002), which is home to
33.8% (1.79 million) of Scotland’s total population (Clyde River Foun-
dation, 2020). Surface water quality, as assessed in accordance with the
European water framework directive (SEPA, 2018 and Natural Scot-
land, 2015), ranges from ‘High’ in some small tributaries to ‘Bad’ in
some urban tributaries, with much of the River Clyde rated as ‘Moder-
ate’. The groundwater quality is also rated as ‘Poor’, both in the upper
catchment in the Leadhills area and the lower urban catchment. The
River Clyde’s mean annual flows is 48.3 m® s~! with the maximum flow
of 560.5 m>s~! (24th January 2018) as measured at Daldowie gauging
station (supplementary data Table Al.1) based on data between 1963
and 2019 (UK Centre of Ecology & Hydrology (UKCEH), 2020). The
upper moorland catchment consists of steep rough ground with hill
pasture and some forestry as the major land use. In the middle catch-
ment there is mixed farming including arable and pastoral and signifi-
cant urbanisation in the lower catchment.

2.2. Sites description and data collections

Twenty-six measurement locations were selected on the River Clyde
and its major tributaries. The locations were distributed along the River
Clyde from near the source on Daer Water, above Daer reservoir, to
Glasgow Green just above the Clyde tidal weir, which separates two
distinct habitats of fresh and salt water. The sample locations are shown
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: Fig. 1. GHG generation, transport and loss. In the sche-
Air matic the arrows show the direction of GHG movement into/
out-from the sediment (brown), water (blue) and air (grey).
The balance between the different sources and sinks changes
along the river course. Both river slope and hydrology impact
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this balance as they influence water residence times, sedi-
mentation, out-gassing and nutrient concentrations from point
and diffuse sources. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web
version of this article.)

spatially against both the water network of the River Clyde and tribu-
taries (Fig. 2A) and the catchment land cover (Fig. 2B). Full details of the
survey locations are provided in the supplementary information Table
Al.1 with photographs in Figure A2. Samples were collected monthly
between January 2020 and December 2021 at all locations. Twenty-one
sampling campaigns were undertaken as no sampling was permitted
during the period April to June 2020 due to Covid-19 working re-
strictions. Each sampling campaign was undertaken over two
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consecutive days with samples collected at the upper catchment sites on
day one and in the lower catchment on day two. Sample filtration and
processing was undertaken on the same day as sample collection.

2.3. Field sampling and laboratory measurements

Dissolved gas samples were collected in triplicate at each location
using the headspace method, prior to the collected water being
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Fig. 2. Spatial plots of the River Clyde catchment. Panel A shows the River Clyde and tributaries (Ordnance Survey, 2022) and Panel B shows the land cover (UK
Centre for Ecology & Hydrology (UKCEH), 2020). The source-to-sea survey locations are denoted with the lowest number near the source of the River Clyde and the
highest number near the river-sea interface. The measurements on the River Clyde are indicated by a "C" and the tributaries by a "T* and where the tributary is direct
inflow from a loch this is indicated by an "L’.
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disturbed by other measurements, together with ambient air samples
(Billett and Moore, 2008). Conductivity (EC), water temperature (Ty),
dissolved oxygen concentration (DO) and pH were measured, and a
two-litre water sample was retained for later analysis, which was kept in
a dark, cool-box until returned to the laboratory for processing, to
minimise biological activity. Full details of the data collection and lab-
oratory measurement methodologies are described (Brown et al., 2023).

Headspace samples were analysed using an Agilent 7890B gas
chromatograph (GC) and 7697A headspace auto-sampler (Agilent, Santa
Clara, California), with CO3, CH4 and N2O concentrations determined by
running gas vials containing four mixed gas standards prepared in a
consistent way to the ambient air samples. The concentrations of the
standards gases were: 1.12 to 98.2 ppm for CHy4; 202 to 5253 ppm for
COgy; and 0.208 to 1.04 ppm for N,O. Water samples were filtered within
12-hrs of collection through a Whatman GF/F 0.7 um, under vacuum.
Filtrate was then analysed for: total dissolved nitrogen (TDN), total
dissolved carbon (TDC) and dissolved organic carbon (DOC), anion &
cation concentration, UV-Vis absorbence. Total phosphorus (TP) anal-
ysis was undertaken on unfiltered samples. Analysis for TDN, TDC and
DOC were undertaken using a Shimadzu TOC-L series Total Organic
Carbon Analyser with all samples run within 36-hrs of collection. The
difference between TDC and DOC was used to calculate dissolved inor-
ganic carbon (DIC). The filtration resulted in outgassing of gases
including CO; raising the pH, such that most DIC measured by this
method was in the form of bicarbonate and will underestimate the total
DIC in the original stream waters (bicarbonate plus CO5). Absorbence at
254 nm, indicative of aromaticity, was measured using a Perkin Elmer
LAMBDA® 365 UV-Vis Spectrophotometer to evaluate the Specific Ul-
traviolet absorbence (SUVA). A low SUVA,s4 indicates a smaller portion
of aromatic humic matter present in the water and can be used as an
indicator of the anthropogenic impact (Williams et al., 2016). Ion
chromatography using a Metrohm 930 Compact IC Flex was undertaken
to determine both anion and cation concentrations. A mixed ion stan-
dard containing 11,000 ppm chloride (Cl7), 5000 ppm nitrate (NO3),
4000 ppm sulphate (SO37), 10,000 ppm sodium (Na®), 5000 ppm
ammonium (NHJ), 1000 ppm potassium (K ), 1000 ppm calcium (Ca2+)
and 1000 ppm magnesium (Mg2"), was diluted to make 7 standard so-
lutions for calibration. These included dilutions of 0.1:100, 0.5:100,
1:100, 2:100, 5:100, 10:100, and 25:100. Total phosphorous (TP) was
measured using a SEAL AQ2 analyser. Four standards were included in
each run for calibration of between 0.025 to 0.20 mg P L ~1* Where
concentrations exceeded the top standard, the machine diluted and
re-measured the sample. For all techniques all sample points from each
survey were run together.

2.4. Gas partial pressures

To calculate dissolved gas concentrations and partial pressures from
the headspace equilibration method the following mass-balance equa-
tion was applied (Hamilton, 2006).

(Coiig)-(Vita) + (Cogas) - (Veas) = (Ciig)- (Viig) + (Caas)- (Vigas) (@]

Where: Cojiq and Cog,s are the original gas concentration, Cjjq and Cgas
are the concentrations in the liquid and gas phases after equilibration
(shaking) and Vjjq and Vg, are the volumes of the liquid and gas in the
syringe (assumed to be the same before and after shaking). Assuming
equilibrium inside the vessel then Cj;q can be replace by:

Cliq = Pgas v/}TvPBAR (2)

Where: Pgap is the barometric pressure at the measurement time and
altitude, Pg,s is the partial pressure in the gas phase, fr is the Bunsen
solubility coefficient as a function of temperature. This can be
rearranged:

(COqu) = (Pgas 'ﬁT‘PBAR) =+ (Cgas - Cl]gas) . (Vgas) / (Vliq) (3)
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This gas concentration in pmoles/L can be converted to units of ppmv
using the Ideal Gas Law, where ppmv = (pmoles/L).(RT), where R is the
gas constant and T is the temperature in Kelvin.

This method is effective for CH4 and N,O but can lead to errors in
CO,, estimates as dissolved COs is in dynamic chemical equilibrium with
other carbonate species. The error incurred by headspace analysis of
CO,, is less than 5% for typical samples from boreal systems which have
low alkalinity (<900 pmolL 1), with pH <7.5, and high pCO, (>1000
patm). This was the case for (98% of the samples here but errors in the
lower Clyde tributaries, with both higher alkalinity and pH, were esti-
mated as reaching 10% (Koschorreck et al., 2021).

2.5. Data sources and processing

Flow data measured by SEPA at their various gauging stations was
used for all hydraulic calculations, details of the data applied at each
location are provided in the supplementary information Table Al.1
(Scottish Environment Protection Agency, 2020 and (UK Centre of
Ecology & Hydrology (UKCEH), 2020). River flow, over the period
January 2020 to December 2021, for the Sills of Clyde in the upper
catchment ranged between 2.5 and 345 m® s™! (the survey captured a
range of 3.3 - 113 m® s 1) and Daldowie in the lower catchment ranged
between 4.8 and 522 m3s~! (the survey captured a range of 5.6 - 170 m>
s™1) (Fig. 3A & B). The River Clyde experiences significant height loss
between 75 and 100 km from source, which would be expected to
produce significant outgassing (Fig. 3C), and significant inputs from
urban wastewater treatment (UWWT) and mine water outflows (MW)
(Fig. 3D).

Data was analysed using a combination of approaches. Spatial
analysis of all measured parameters was undertaken using Quantum
Geographic Information System (QGIS) version 3.22. Land cover anal-
ysis was undertaken by generation of the catchment area for each
measurement point and applications of a land cover date; (UK Centre for
Ecology & Hydrology (UKCEH), 2020) also using QGIS. Pearson’s cor-
relation was applied to determine relationships between the GHG con-
centrations, water physiochemical properties and land cover. Locations
were grouped using K-cluster analysis, to help investigate the impact of
seasonality, based on measured water chemical properties (DOC, DIC,
TDN, TP, Cl~, NO3, SO%~, Na®, NH{, K', Ca?* and Mg?"). Physical
parameters such as temperature (which mainly distinguish sites by
elevation) and conductivity (a function of all dissolved ions) were not
included.

Load appointment modelling (Bowes et al., 2008) was applied to all
the GHG and chemical concentration data at all locations where flow
data was available or could be calculated. The difference in the occur-
rence of point and diffuse sources is linked to the concentration-flow
relationship, and can be calculated by using Eq. (4), where Q is volu-
metric flow rate and Cp and Cp are the point and diffuse source con-
centrations respectively. The constants A, B, C and D need to be
calculated by iteration for each solute (Bowes et al., 2008). The models
for the point and diffuse sources once generated were then applied to the
full 2 years of flow data from January 2020 to December 2021 to
determine volume transport for each GHG or solute.

Cr = Cp +Cp, where Cp = A.Q®™) and Cp =C.QPY Q)
3. Results
3.1. GHG concentrations and water contamination from source-to-sea

Maximum concentrations for all GHGs occurred in the river urban
section during July-September 2021, where concentrations reached;
CH,4-C 44 pgL™1, CO5-C 2.6 mg L ~ ! and N,O-N 3.4 gL}, with corre-
sponding saturations of 130,400%, 1170% and 1310%, respectively. All
GHG concentrations exhibited both strong spatial and temporal vari-
ability. Riverine dissolved GHGs (CH4, CO2 and N20) were typically
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Fig. 3. River Clyde volumetric flow and contaminant inputs, The first two panels show the volumetric flow (Q) for the upper (Sills of Clyde) (A) and lower
(Daldowie) (B) River Clyde relative to the survey dates for the first and second days of the surveys respectively. Effort was made to get consistent riverine flows over
the two days of sampling, although during high river flows this was not possible (e.g. August 2020). In the spring and summer of 2021 (from April to September
inclusive) a period of very low rainfall persisted, which was twice the duration as for 2020 and resulted in very dry conditions across the Clyde catchment. The third
panel (C) shows the height and area of the Clyde catchment compared to distance from source for the different measurement points. The final panel (D) provides
information on cumulative point sources entering the River Clyde from both urban wastewater treatment plants (UWWTP) in per 1000 person equivalent (1000ppe)
and the cumulative number of known sources for Mine Water (MW) outflows. Note that this provides no information on the volume of MW entering the River Clyde
or the degree of treatment. MW volumetric flow varies widely from different sources.

supersaturated with respect to the atmosphere, with >97% above the
theoretical equilibrium value. The lowest saturations occurred in areas
of steep slope and high turbulence, which included the head waters of
the Clyde (C3) and the areas surrounding the Falls of Clyde (C12, T13,
Cl4, T15, C16 and T17), with CH4 showing the largest change in
concentrations.

Riverine dissolved GHG (CH4-C, CO,-C and N,O-N) and water
physiochemical property (TP, TDN, DOC, DIC, Cl~, NO3, SOZZf, Na™,
NHZ, Kt, Ca®tand Mg?") concentrations for the different locations
measured on the River Clyde (Fig. 4A) and its tributaries (Fig. 4B) all
increased from source-to-sea, in line with increasing percentage of both
agricultural and urban land cover (Fig. 4C). Average concentrations for
all locations are included in supplementary data Tables A3.1 and A3.2.

3.2. Land cover relationship with and methane and nitrous oxide
dynamics

To determine land cover influences on nutrient and GHG concen-
trations, the land cover was correlated to the measured GHG concen-
trations and water physio-chemical properties (Table 1 and
supplementary data Table A4.1). Analysis was for the tributaries and
Clyde headwaters only, to ensure all data was independent and points
within the analysis were on a similar spatial scale (catchment area <
250km?). The measurements points in the lower urban River Clyde
catchments (with the highest GHG concentrations) are not included to
avoid confounding of data.

Conductivity, pH, TDN, TP, DIC, DOC, Cl~, NO3, SO3~, Na*, NH{,
K", Ca**, Mg?*and N2O-N were strongly negatively correlated with
percentage cover of acid (semi-natural) grassland and positively corre-
lated with improved (pasture) grassland, suggesting that acid grassland
behaved as a nutrient sink while improved grassland behaved as a
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River Clyde for comparison with panel A. Semi-natural (acid grassland, heather and forest) is in green, agricultural (arable and improved grassland) in light blue and
urban (urban and suburban) in dark blue (UK Centre for Ecology & Hydrology, 2020). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 1
Pearson’s Correlation Coefficient between nutrients and GHGs (EC, DO%, pH SUVAys4, TP, DOC, DIC, TDN, CHy4, N2O and CO-) and percentage land-cover across all
Clyde tributaries and headwaters.

CH4 CO, N0 EC DO% pH DOC DIC TDN TP SUVAs4

Acid grassland —-0.38 0.06 —0.40 —0.84 0.24 —0.84 —0.88 -0.77 —0.94 —0.93 0.79

Arable & horticulture 0.51 —0.05 0.07 0.65 —0.06 0.73 0.48 0.77 0.74 0.67 —0.63
Bog 0.04 —0.41 0.02 0.36 0.23 0.63 0.64 0.27 0.61 0.77 -0.41
Coniferous woodland 0.05 0.28 0.08 0.16 0.15 0.05 0.61 0.20 0.27 0.30 -0.11
Freshwater 0.12 —-0.05 —0.10 —0.10 0.13 —0.03 -0.22 —0.09 —0.10 —0.16 —0.04
Heather -0.15 -0.20 —-0.01 0.19 —-0.01 0.08 0.55 0.08 0.33 0.14 -0.27
Heather grassland —0.03 0.13 0.15 —-0.05 -0.21 -0.22 0.10 —0.06 —0.10 —-0.07 —0.06
Improved grassland 0.21 —0.20 0.38 0.76 -0.18 0.82 0.91 0.64 0.91 0.94 —0.70
Inland rock 0.71 0.56 0.55 0.73 —-0.55 0.48 0.36 0.85 0.54 0.44 —-0.51
Urban & Suburban 0.59 0.06 0.49 0.88 —0.56 0.85 0.36 0.84 0.78 0.70 —0.81

Notes

Values are the Pearson’s correlations coefficient with the values in bold considered significant with at P-value < 0.05.

2There is a strong correlation between broadleaf woodland and urban and suburban land-cover within the Clyde catchment (R? =0.91, P-value <0.001), possibly
because broadleaf woodland has been planted within the suburban and urban environment. Hence broadleaf woodland has not been included.

3To ensure all data points are independent only tributaries and the upper River Clyde are included. As a result the lower Clyde points (including the large UWWTP
linked to high CH,4 concentrations) are not included to avoid confounding of catchments.
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nutrient source. Arable & horticulture (arable) cover was positively
correlated with EC, pH, DIC, TDN, TP, CI~, NO3, NH{, K*, Ca%*,
Mg?*and behaved as a nutrient source. The area of arable & horticulture
cover is an order of magnitude lower than for improve grassland, but
correlations are similar (Table 1 and supplementary data Table A4.1).
Urban & suburban (urban) cover was strongly positively correlated

Methane - Carbon (ug I")
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with EC, pH, TDN, TP, DIC, Cl~, NO3, SO%~, Na®, NH{, K, Ca®*, Mg?*,
CHj4-C and NO-N suggesting that the urban cover acts as both a nutrient
and GHG source. Urban land cover was negatively correlated with DO%
while other land-cover types had no statistically significant impact of
river oxygenation. Improved grassland, urban and arable cover were all
negatively correlated with SUVAgs4 suggesting an anthropogenic

Nitrous Oxide - Nitrogen (ug I'')

Fig. 5. Spatial average of CH4, CO2, N,O and SUVA at 254 nm across the Clyde catchment. The average concentration data for CH4-C, N2O-N, CO,-C and
SUVA,s, shown spatially (for Ty, EC, pH, DO, TP, TDN, DOC, DIC, CI-, NO3, SO3~, Na*, NHZ, K*, Ca®*, Mg>*see supplementary information Figure A5). The size of
the marker denoting the average concentration / value at each measured location. The concentrations of all three GHGs (CH4-C, CO,-C and N;0-N) are low in the
middle Clyde catchment due to high out-gassing corresponding to regions of high turbulence. Both CH4 and N»O concentrations are high in the lower catchment. Both
CH4-C and CO,-C concentrations are elevated in tributaries that have significant MW inflow (e.g., at T10). The SUVA ;54 values decrease from the upper to

lower catchment.
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influence as land cover linked to nutrient concentrations and human
density have been found to impact humic composition (Williams et al.,
2016). No statistically significant correlations are detected for CO,
(Table 1 and supplementary data Table A4.2).

3.3. GHG spatial heterogeneity

The spatial patterns of CH4, NoO and CO; are similar, with the lower
(urban) catchment to the northwest having the highest concentrations
(Fig. 5). The concentrations of CHy4, N2O and CO3 in the middle catch-
ment associated with the Falls of Clyde (C12-C18, 78 to 100 km from
source), an area of high turbulence with an elevation drop of 150 m,
were the lowest and are typically at or near atmospheric equilibrium,
likely associated with high evasion due to increased turbulence. The
upper more rural catchment has more variability between the different
GHGs. For example, T10 has both high CH4 and CO; but lower relative
N3O concentrations and was observed associated with MW inflows,
conversely the C9 has higher N>O but lower relative CH4 and CO,
concentrations and has high agriculture land cover.

Average SUVAjs4 values of 5 (35% aromaticity) occured in the upper
catchment dropping to 3 (20% aromaticity) in the lower catchment. The
three most urban tributaries (T19, T22 & T23) consistently demon-
strated the lowest SUVAys4 values, characteristic of high anthropogenic
impact. The spatial patterns for DIC, SO3~, Ca%*, Mg?" and K* (sup-
plementary data Figure A5) are similar and exhibit high concentrations
in the tributary measurements (T10, T13, T19, T22), all of these
catchments are influenced by legacy coal mines and outflows of MW
(Fig. 3D). The tributary T23 also exhibited high SO3~ and Na* compared
to other ions suggestive of a different industrial legacy waste history.
The Ions, C1~, NO3, NaTand NHZ, all increase with urbanisation of the
catchment and are consistent with anthropogenic sources (Herlihy et al.,
1998).

Table 2

Cluster analyses based on the measured water chemical properties (DOC, DIC,
TDN, TP, C1~, NO3, SO3~, Na*, NHZ, K+, Ca®>* and Mg?>*) distinguishes locations
by position in the catchment.

No Cluster Name Locations Description
1 Upper Clyde- Cc7, C8, C9 Upper section of the River Clyde,
Agricultural with both pastoral and arable
agriculture
2 Middle Clyde- Cl1, C12, Middle section of the River Clyde
suburban arable C14, C16, with a mixed signal of suburban,

C18 mining and agriculture

3 Lower Clyde- C21, C24, Lower section of the River Clyde,
highly urban C25, C26 dominated by high urban land
coverage and increases in Cl~, TDN
and TP
4 Upper tributaries- T1, C2, T4, Upper Clyde tributaries, flowing
Semi-natural T5, T6 from semi-natural or pastoral envi-
ronments including streams from
reservoirs.
5 Middle tributaries- T10, T14, Middle Clyde tributaries, dominated
rural plus mining T15, T17 by pastoral and arable agriculture,
disused coal mines and DOC from
peat
6 Lower tributaries- T19, T22, Lower Clyde tributaries, dominated

urban plus mining T23 by urban, coal mining and legacy
industry with the highest

concentrations of all ions.

Note:

IK-Cluster analyses based for 6 clusters using measured water chemical prop-
erties effectively distinguishes locations on the river Clyde and tributaries by
their position in the catchment.

2C3 (measured below Daer reservoir) and L20 (Strathclyde Loch) were not
included in the cluster analysis as these primarily represent lake properties
rather than riverine properties.
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3.4. Seasonal GHG distribution by land use characteristics

Locations were grouped using K-cluster analysis based on measured
water chemical properties. The result with six clusters was selected and
summarised in Table 2.

Seasonal patterns for riverine dissolved GHGs (CH4, CO2 and N5O)
and water physiochemical properties (TDN and TP) were investigated
using the clustering in Table 2 and were found to be inconsistent
throughout the catchment (Fig. 6). In the upper and middle catchment
for both the River Clyde and its tributaries, CH4 and TP concentrations
exhibited low variability by season. However, in the lower urban
catchments both the highest mean and maximum concentrations
occured in summer and autumn. Concentrations of CH4 in the lower
urban catchment increased by an order of magnitude and TP by at least
four times. Conversely N»O, CO, and TDN exhibited their lowest average
values in summer with the highest values in spring and winter in the
upper and middle catchments. However, in the lower urban catchment
the seasonality pattern changes with the highest concentrations of N,O,
CO5 and TDN in the summer.

The seasonal change in summer could be driven by temperature or
reduced river flow. Temperature is correlated with reduced river flow
and this correlation becomes more significant in the lower urban
catchment (at C9 (upper catchment); R? = 0.5, p-value <0.03 and at C24
(lower catchment); R%?=0.61, p-value <0.003 (August 20 data excluded
and log-linear relationship applied)). The low river flow in summer
would impact contaminant and nutrient concentrations particularly
where these are linked to point rather than diffuse sources. Thus this
seasonal impact could be driven by temperature and concentrations of
nutrients from point sources.

3.5. GHG, nutrient and contaminant correlations

Correlations over the whole catchment show that both CH4 and N,O
were significantly positively correlated with TP, TDN, NO3 and NH}
with CHj also significantly positively correlated with DIC and Mg?* and
N0 significantly positively correlated with Cl~, CH4, CO2 and N3O are
all negatively correlated with DO% (Table 3 and supplementary data
Table A4.2). In the urban sector (L20 to C26) DO values are lower
(supplementary data Table A3.1), suggesting reduced water aeration.
Conductivity, DIC, C1-, SO3~, Na™, K*, Ca%*, Mg?*, are all strongly
inter-correlated. TDN is strongly correlated with NO3 but also TP. These
correlations are not consistent across the whole the catchment and are
investigated using the clustering from Table 2. The correlations for
clusters 1, 3, 4 and 6 are shown in Fig. 7.

There are few significant correlations for GHGs in the upper catch-
ment, especially for CHy, N2O is positively correlated with T,,, NO3 and
TDN, and CO; negatively correlated with DO% (Fig. 7A and B). How-
ever, in the lower urban catchment strong correlations occured between
almost all GHGs and physiochemical properties, suggesting high GHG
concentrations occured as contaminate concentrations increased and
DO% decreased (Fig. 7C and D). The correlation between TDN and TP is
high in the urban environment (R%= 0.76), both linked to UWW. This
may result in some correlations which are unlikely to be causal. In the
urban area CHy is highly correlated with TP and N,O with TDN (asso-
ciated with UWW), and CH4 with the DIC, SO, Ca’" and Mg?"
grouping (associated with MW), suggesting different mechanisms for
CH4 production compared to the semi-natural environment. In the urban
area significant negative correlations occured between both DO% and
SUVA3s4, and most physiochemical properties and GHG concentrations.

3.6. Drivers for greenhouse gas concentrations

A load apportionment model was used to model the GHG and solute
concentrations and the exponents (B and D) from the relationships for
concentration as a function of flow (Eq. (4)) were estimated for point
and diffuse sources and used to distinguish four source types: (1) point
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Fig. 6. Seasonal analysis of GHGs for the
upper, middle and lower River Clyde and trib-
utaries, Box plots of concentrations of dissolved
CH4-C, CO2-C, N2O-N, TDN and TP in the Clyde
catchment, showing the median, 25% and 75%
quantiles, minimum and maximum for a sea-
sonal analysis: spring (March-May) in light
blue, summer (June to August) in yellow,
autumn (September to November) in red and
winter (December to February) in blue. The

€0,-C (mgll)
g = N N
o w o wv

o
“«

results are grouped by six different regions of
measurements on the upper, middle and lower
River Clyde and tributaries that enter the River
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middle catchment are changed when the Clyde
enters the highly urban lower catchment. (For
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Table 3
GHG correlation with water physiochemical properties over the whole Clyde catchment.
GHG EC Tw pH DO DO% DOC DIC TDN TP SUVA,s,
CH4-C 0.41 0.34 0.13 —0.47 —0.42 0.03 0.41 0.43 0.45 -0.18
CO,-C 0.23 —0.04 —0.10 —0.28 —0.64 —0.02 0.19 0.23 0.19 0.02
N3O-N 0.49 —0.14 0.12 —-0.11 —0.38 0.01 0.16 0.47 0.51 —0.10
Notes:

(1) Additional GHG correlations with water physiochemical properties over the whole Clyde catchment are included in supplementary data - Table A4.2.
(2) Correlation significance increases when the catchment is divided between semi-natural, agrilcultural and urban.

sources which are fully independent of flow (B = 0), (2) point sources
where concentration appears influenced by flow or rainfall (0 < B < 1),
(3) diffuse sources where the concentration increases with flow (D > 1)
and (4) diffuse sources where concentrations remain constant with flow

(D = 1). The ions, nutrients and GHGs are categorised for these four
source types in Table 4 and show different behaviours in the upper and
lower catchment.

Mean concentrations together with calculated point and diffuse
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Fig. 7. Correlation between GHGs and physiochemical water properties, Correlations are for A) the upper and B) lower River Clyde and C) upper and D) lower Clyde
tributaries as selected from the groups in Table 2. Positive correlations are depicted in blue and negative correlations in red with the stronger correlations in a darker
shade. Positive correlations ( 0.4 and negative correlations ) —0.4 have been excluded as do not meet this significance criteria (p-value <0.005) Correlation increases
in the lower catchment, with GHGs strongly correlated with contaminates and inversely correlated with DO%.

concentrations for the River Clyde from source-to-sea (Fig. 8 and sup-
plementary data Figure A6), show the increasing significance of point
source inputs in the lower urban river for both GHGs and nutrients. In
the upper catchment GHG concentrations were dominated by diffuse
agricultural sources. In the lower, urban catchment point sources
became dominant over diffuse sources for CH4, TP and NHZ and became
significant for NoO, CO, NO3 and TDN. Additionally, while NO3, N,O
and CO5 are dominated by diffuse flow their concentrations remain
constant with flow, suggesting a reduced connection with their catch-
ment. Generation of N5O and CO, would be in the water column, with
in-water generation and out-gassing approximately in balance (N2O by
(de)nitrification of dissolved nitrogen compounds and CO; by in-stream
mineralization of DOC rather than input via groundwater). The CHy
concentrations best reflect those of TP (R? = 0.5, P-value <0.005), while
TDN concentrations are reflected in N,O R? = 0.65, P-value <0.0005)
and CO, ®R? = 0.71, P-value <0.0002) concentrations. The locations
C21 (112 km from source) and C26 (134 km) (Fig. 8) show the highest
concentrations of CH4 and N-O, which are within 0.3 km and 3.4 km of

10

UWWTP outfalls. The tidal weir (400 m downstream of this C26) locally
reduces flow and increases water residence times, which may act to
reduce DO% seen at this location. The major point sources identified in
the lower catchment included inflows from UWWTP and MW from
abandoned coal mines (Fig. 3D).

3.7. Carbon and nitrogen exports to the estuary

Data measured at C26, was used to estimate the carbon, nitrogen and
other direct riverine exports into the Clyde estuary. The horizontal flux
models for these exports are included in Table 5 based on volumetric
flow rate (Q) in m? s, The annual export, based on flow data for the
survey period (1-Jan-20 to 31-Dec-21) is included in the final column of
Table 5. This estimate only includes fluxes attributed to continuous
point or diffuse sources. Sporadic pollution from winter road salting or
periodic agricultural fertiliser application is estimated separately.

Storm events dominated riverine loading of DOC and nutrients from
agricultural run-off and low water levels dominated inputs from point
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Table 4

Categorisation of the dominant sources of GHG and nutrients between point and
diffuse sources and their dependence on flow in upper and lower Clyde
catchment.

Lower catchment
dominant source

Upper catchment
dominant source

Point Diffuse Point Diffuse
Flow Independent Cl,Na*™®  CH,, TP, Cl-, Na®
of flow NHj @
(TDN, N,O,  NOs3,
cox)” N0,
CO,
Influenced by DIC, SO7°, CH4 N,O,  DIG,SO3-,  TDN,K',
flow Ca?, €O, ¥, ca?t, DOC
Mg?+ @ DOC Mg+ @
TP, TDN,
NO3, NH{,
K+
Notes.

1 point sources independent of flow are only evident in the lower (urban)
catchment and all GHGs are influenced by this type of source. Values in brackets
are significant sources not the dominant source.

2 Point sources influenced by flow (DIC, S03-, ca%t, Mgz‘) are related to
groundwater inputs. This type of source occurs in both the upper and lower
catchment for this group of ions. Ions concentrations increase by an order of
magnitude between the upper and lower catchment. This can be attributed (due
to extensive further investigation by the authors) to mine water outflows from
disused coal mines, which is a feature of the middle and lower Clyde catchment.
Rainfall influences both the water residence time within the mine system and
source flow rate influence the point source characteristics.

3 Diffuse sources where the concentration increases with flow, such as for DOC
are dominated by storm runoff events (Vaughan et al., 2017). GHGs in the upper
catchments behave similarly to nutrient suggesting a similar source, however in
the lower catchment point sources dominate GHG concentrations to the extent
that for CH, diffuse generation is difficult to detect.

* Diffuse sources where the concentrations are independent of flow are
exhibited by Cl~ and Na*, throughout the catchment. Salt in river water is
typically found to be damped by the catchment and independent from atmo-
spheric inputs. (Neal and Kirchner, 2000). This type of analysis does not account
for period inputs such as those caused by winter road salting.

sources, particularly those near to measurement locations. Variability in
this relationship does arise due to hysteresis. For example DOC con-
centrations during storm events are related to the whether the DOC
source is plentiful or exhaustible (Vaughan et al., 2017; Vaughan and
Schroth, 2019 and Pohle et al., 2021). In this study continuous mea-
surements were not available, resulting in the inability to quantify any
hysteresis.

The annual loss of TDC from DIC, TOC, CO2 and CHy, to the estuary
was estimated as 48.39 + 3.6 Gg C yr~!, with annual DIC export
approximately double that of DOC and four times that of CO, with CHy
accounting for 0.03%. The annual loss of total nitrogen, from TDN and
N30, to the estuary was estimated as 4.03 + 0.38 Gg N yr! of which
N5O represents 0.06%. The largest exports are for TDC, Cl ™, SO?{, ca’t,
all exceeding 40 Gg yr~!, with Nat exceeding 36 Gg yr~!, with road
winter salting contributing an additional 10 Mg yr! of CI~ and 5.6 Mg
yr~! of Na™.

Despite the focus on measuring DOC in rivers, a recent UK modelling
study demonstrated that DIC accounted for 80% of the TDC flux from the
UK’s 7 largest rivers (Jarvie et al., 2017) and a one-year study (2017)
measured DIC as 78% of the TDC flux for the same rivers (Tye et al.,
2022). Table 6 provides a ranked comparison of DIC and DOC export
from various UK rivers, including the River Clyde from this study, based
on river catchment area on a per annum basis, showing the dominance
of DIC export over DOC in the UK.

11
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4. Discussion
4.1. Urban nutrients and climate warming increase GHG emissions

Our study supports the growing global concern that GHG emissions
from water bodies are increasing because of the interaction between
nutrient levels and climate warming. More specifically our study points
to the largest increase in riverine GHGs coming from urban nutrients and
the riverine climate stressors of low summer water levels resulting in
increased water residence times and reduced river oxygenation. Our
source-to-sea methodology showed clearly that seasonal patterns of
CH4, CO;3 and N3O changed between the semi-natural environment in
the upper catchment and urban environment in the lower catchment. In
the semi-natural upper catchment GHGs were higher in winter, while in
the lower urban catchment, GHG were significantly higher in summer.
The GHGs from the urban catchment were dominated by point source
inputs and their impact increased during low river flow and high tem-
perature conditions. In the agricultural middle catchment GHG con-
centrations increased slightly above those of the semi-natural upper
catchment but did not exhibit a change in seasonal pattern. This sea-
sonal change in GHG concentrations may be related to changes in mi-
crobial community composition and activities, which have been
observed downstream of UWWTP (Y. Zhou et al., 2022; Beaulieu et al.,
2010). The abundance of sediment microbial community have been
found to be correlated with EC, organic matter, TP, DO and TN (Feng
et al., 2022). This suggests microbial adaptation to changing conditions.

Riverine dissolved GHG, nutrient and chemical concentrations all
increased from source-to-sea, in line with the increasing percentage of
urban and agricultural land cover. The increase in GHG concentrations
between the semi-natural and urban environment was on average three
times higher for NoO and COg, but twenty times higher for CHy4, sug-
gesting the significant nature of CH4 as an urban marker. While there
were few significant correlations for any GHGs in the upper catchment,
in the lower urban catchment strong correlations occurred between all
GHGs and water physiochemical properties, suggesting that removal of
contaminates from river systems, could lower GHG concentrations.
Three main anthropogenic sources were identified that increased GHGs
these included: (1) UWW outflows as a major point source of both CHy
linked to TP and TDN, and N-O linked to TDN; (2) MW outflows as a
major point source of CH4 and CO2 emanating from groundwater
interacting with disused coal mines and (3) agricultural activities as a
major diffuse source of N,O linked to TDN. Additionally, three major
hydrological-environmental interactions were found that increased
GHG concentrations in addition to those directly attributed to the
nutrient increases. These included: (1) low oxygen conditions, (2) higher
temperatures and (3) changes in river geometry linked to increased
water residence times, and made it challenging to attribute causes
absolutely.

4.2. High nutrient-residence time interactions promote GHG generation

Once the availability of TDN is accounted for (N2O/TDN) neither Ty,
(in the range 0-22°C) or DO% (>90%) have significant effects on N,O
concentration. However where water residence time increases, Ty and
DO% appear significant. In low flow situations, residence time is further
increased, decreasing DO% and providing more time for temperatures to
increase in summer. Both this increased residence time (Zarnetske et al.,
2011) and low oxygen level (Frey et al., 2020; Rosamond et al., 2012)
will act to increase N»O, by promoting dentification and increasing the
proportion of NoO per unit TDN.

In the upper Clyde catchment CH,4 concentrations are low and highly
variable, with higher CH4 observed with elevated DOC occurring in high
flow events, suggesting DOC availability may be limiting CH4. However
in the lower urban catchment CHy is strongly positively correlated to Ty,
TP, TDN and DIC and negatively correlated with flow and DO%. This
point source CH4 generation is over 20 times higher than that derived
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Table 5
Flux of CO,, CHy, N2O, TP, TDN, DOG, DIG, Cl-, NO3, SO2~, Na*, NHJ, K*,Ca®",
Mg?*into the Clyde Estuary.
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Table 6
Comparison of DIC and DOC export from UK Rivers as a function of catchment
area.

Flux Concentration equations ~ R? P- Annual
(Qisin m? s’l) CT=A. value export
Q®V L c.Q®D (tonnes)
Fpoc (mgl™) =36.0526.Q ! + 0.425 <0.005 13,534 +
0.4979 . Q 0.6940559 1510
Fpic (mgl ™) = 60.70614. Q~0-36701 0.891 <0.001 27,629 +
1448
Frpy (mgl™) =221784.Q7 ' + 0.819 <0.001 4023 +
1.5727 377
Fcozc(mgl™)  =9.66653.Q " + 0.781 <0.001 7213 +
0.825557 654
Femac (ugl™)  =184.1654.Q7 ' + 0.798 <0.001 14.4+3.3
0.000000394 . Q 293923
Fnoon (ngl™)  =13.291247 . Q71 + 0.753 <0.001 2.3+0.14
0.07187. Q0.38284
Frp (mgl ™) = 2.490657. Q! + 0.964 <0.001 229+ 36
0.000132 . Q 131679
Fer-(umoll 1) =8303.752. Q' + 0.719"*  <0.001 48,273 +
494.1491 5186
Fos(umoll ) =1533.528.Q ' + 0.773 <0.001 13,978 +
74.2137 1543
Fso (umoll™!)  =1140.427 . Q 2430324 0744 <0.001 40,968 +
3778
Fna:(umoll ™)) =10,460.07 . Q! + 0.837'" <0.001 36,001 +
524.7421 @ 5734
Frip;(umoll ) =139.6026 . Q™" + 0.342 <0.001 498 + 62
11.07243
Fx-(umoll™1) =863.9982. Q' + 0.927% <0.001 5805 +
55.69099 . Q 10009 474
Feae(umoll™)) = 1986.658 . Q031986 0.841 <0.001 42,040 +
3376
Fuge:(umoll™!)  =1349.282. Q 415%  0.873 <0.001 12,598 +
1412

Notes:

@ CT = CP + CD, where CP = A.Q® ™ and CD = C.Q®Y (C = concentration,
T = Total, P = Point, D = Diffuse).

@ Two values removed for January 21 and February 21 and assumed due to
winter salting, as salt evident on the roads

® One value removed for August 2021 due to tidal ingress at Glasgow green,
this most influenced K™ Mg?*Na*and Cl concentrations.

from diffuse sources. Generation of CH4 in the lower urban catchment
may be linked to eutrophication (nutrient enrichment). Our SUVAgs54
values show a shift in riverine OC sources toward a more microbial and
algal origin, as has been found as human disturbance increases (Lambert
et al., 2017). High CH4 in many shallow lakes is produced by eutro-
phication, mostly driven by TP and TDN enrichment and sediment
microbiome (Davidson et al., 2018; Aben et al., 2017; Nijman et al.,
2022). This mechanism is less likely in river ecosystem due to continual
flushing, but during low water levels, increased residence times in
combination with the high nutrient concentrations from UWW appear
responsible for eutrophication and significant CH4 generation. This may
be enabled by electron donor availability in the receiving waters. This
effect was most exacerbated when water residence times were further
increased by the flow restriction at the tidal weir.

4.3. Main uncertainty in the causes of GHG variation

Greenhouse gas concentrations were inversely correlated with river
oxygenation. This correlation was influenced by several mechanisms,
where the dominance changed with position in the catchment. High
turbulence caused oxygenation of the water and outgassing of the su-
persaturated GHGs. Respiration, photosynthesis and decomposition can
create inverse relationships between oxygen and CO5 dependant on their
balance in the water column (Aho et al., 2021). Low oxygen conditions
can result in anaerobic condition, promoting both methanogenesis and
denitrification, which increase CH4 and NoO production respectively,
from the available resources. While turbulence outgasses GHGs to
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DIC
export
Mg

Ratio
DIC/
DOC

Catchment
Size (km~?)

River DOC export

Mgkm’zyr’1

Halladale 193 13.06 0.1 (Garcia-Martin
et al., 2021), (
Tye et al.,
2022)
(Garcia-Martin
et al., 2021), (
Tye et al.,
2022)
(Garcia-Martin
et al., 2021), (
Tye et al.,
2022)
(Garcia-Martin
et al., 2021), (
Tye et al.,
2022)
(Garcia-Martin
et al., 2021), (
Tye et al.,
2022)

(Jarvie et al.,
2017)
(Garcia-Martin
et al., 2021), (
Tye et al.,
2022)
(Garcia-Martin
etal., 2021), (
Tye et al.,
2022)

(Gu et al.,
2021)

This Study

Conwy 340 3.9 12.15 0.3

Forth 1025 9.4 11.41

Tay 5042 5.4 4.91 1.1

Tamar 956 9.0 7.64 1.2

Tay 4587 6.8 5 1.4

Tyne 2262 9.25 4.93 1.9

Dart 257 8.9 5.18 1.7

Kelvin 331 9.25 4.93 1.9

River 2003 13.78 6.74 2.0
Clyde
Clyde 2003 13.5 6.04 2.2 (Garcia-Martin
et al., 2021), (
Tye et al.,
2022)
(Garcia-Martin
et al., 2021), (
Tye et al.,
2022)
(Jarvie et al.,
2017)
(Jarvie et al.,
2017)
(Jarvie et al.,
2017)
(Jarvie et al.,
2017)
(Garcia-Martin
et al., 2021), (
Tye et al.,
2022)
(Jarvie et al.,
2017)
(Jarvie et al.,
2017)
(Garcia-Martin
et al., 2021), (
Tye et al.,
2022)
(Garcia-Martin
et al., 2021), (
Tye et al.,
2022)
(Garcia-Martin
et al., 2021), (

Clwyd 12.7 2.5

Tweed 4390 8.3 2.9 29

Yorkshire
Ouse
Severn

3315 16.2 4.3 3.8

9895 14 3.3 4.2

Trent 8231 2.4 7.4

Humber- 8209 14.6 1.77 8.2

Trent

Ely Ouse 3430 10.6 1.2 8.8

Thames 9948 13.4 1.4 9.6

Thames 9948 9.3 0.57 16.3

Avon 1712 18.5 0.86 21.5

Test 1035 19.3 0.51 37.8

(continued on next page)
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Table 6 (continued)

River Catchment DIC DOC export Ratio
Size (km™?)  export Mgkm 2yr—! DIC/
Mg DOC
km 2
yr !
Tye et al.,
2022)
Average export 111 4.9 2.4
Catchment weighted 12.32 2.98 4.1

Average export

Note

1Load of dissolved inorganic carbon (DIC) and dissolved organic carbon (DOC)
for the significant British rivers as function of catchment area as a comparator
for the river Clyde.

2DOC exports are from (Garcia-Martin et al., 2021) and DIC exports estimated
from (Tye et al., 2022), but data in these papers was gathered as part of the same
study.

atmosphere it also produces conditions less likely to promote CH4 and
N5O production making it difficult to fully distinguish the mechanisms.
The lower urban river has the highest correlations, with GHGs
increasing exponentially with reducing oxygen levels. The oxygen con-
centration primarily influences CHy, while CO2 and N3O are influenced
by the DO% (CH4 R? = 0.45, CO5 R? = 0.74, N0 R? = 0.24 (P-value >
0.001)), suggesting CH4 generation is less influenced by temperature.

Summer seasonal changes impact both temperature and rainfall,
which together impact GHG concentrations. Lower rainfall reduces river
flow and diffuse nutrients inputs and increases the impact of point
source inputs. Higher temperatures reduce the available oxygen, due to
reduced solubility and can increase microbial activity. As flow and
temperature are often highly correlated this can make distinguishing
these mechanisms difficult. Many researchers suggest temperature is a
major effect (Wang et al., 2021; Herrero Ortega et al., 2019 and Rose-
ntreter et al., 2021). However, this study found that the size of the
impact of flow and temperature on GHG concentrations is dependant on
the location in the catchment and specifically the balance between
diffuse and point source inputs. The upper catchment is dominated by
diffuse inputs, which increase in higher flow and correspond to an in-
crease in GHG concentrations. The lower urban catchments is domi-
nated by point source inputs and corresponds to an increase in GHG
concentrations with low flow. Flow and hence nutrient concentrations
being more significant than direct impact of temperature in accounting
for GHG variability. After flow, TP is the major influence on CH4 and
TDN on N3O. The use of the load appointment model to distinguish
between points and diffuse sources of GHGs and nutrients suggests that
nutrients, however they are delivered, are dominating GHG production.
Fully distinguishing between temperature and flow impacts would
require longer data set with more instances of high flow during the
summer.

Changes in river geometry that reduce river velocity and increase
water residence times also cause deposition of sediments and nutrients
and reduce oxygen saturation. River sections with increased residence
time exhibited higher GHG concentrations, with the largest increases
occurring in low flow conditions. However, proportioning the cause of
this increase between; increased residence time, reduced outgassing due
to lower turbulence, lower oxygen conditions, or deposition of sedi-
ments and nutrients as a source of GHG production is challenging. These
higher residence time river sections act as point source locations for
GHG generation compared to the surrounding river with CH4 concen-
trations showing the most significant increase suggesting the creation of
anaerobic sediments may be the most significant impact.

Our results show an increase in GHGs, particularly CH4, in the
receiving river after UWWTPs, with the riverine CH4 concentrations
dominated by point source characteristics, pointing to the UWWTP in-
flows as causal. UWWTP generate CHy, in locations such as sewer pipes
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and primary sedimentation, although CH4 was not noted as discharged
in effluent water (Masuda et al., 2018). We made measurements of GHG
concentrations in some UWWTPs outflows, which were low in dissolved
GHG including CHy4, and this suggested that CH4 was generated within
the receiving river due to changes in the river physicochemical prop-
erties, including nutrient availability, rather than transferred from the
UWWTP. However, we made insufficient measurements in UWWTP
outflows, due to their inaccessibility, to confirm this absolutely. Unex-
plained CH4 concentrations in the stream sections after UWW treatments
works in southwest Germany were attributed to in-water generation due
to additional organic carbon load in the effluent water (Alshboul et al.,
2016). After hydrology was accounted for TP, also dominated by point
source characteristics, had the highest correlation with unexplained CH,4
concentrations (TP R? = 0.59 at C26), although this correlation changed
with proximity to UWWTP. Other authors indicated correlations be-
tween TP and CH4 concentrations, in urban settings usually by impact-
ing microbial activity (Zhang et al., 2021; Martinez-Cruz et al., 2017;
Hao et al., 2021).

4.4. Carbon dioxide concentration variability reduced by carbonate
buffering

Concentrations of CO3 were less variable than those of NoO and CHy,
mostly driven by diffuse sources, with point source inflows associated
with tributaries receiving MW, causing short-term CO; increases. In-
stream mineralization of DOC, the most likely generation mechanism
for the consistent super-saturation of CO;, would require a constant
input of carbon to sustain CO5 supersaturation levels (Winterdahl et al.,
2016). DOC concentrations varied little through the catchment
emanating from diffuse input, while DIC increased from source-to-sea,
dominated by MW inflows. These MW inflows added significant
amounts of DIC from the dissolution of limestone, producing high
alkalinity, and many dissolved contaminates. The MW inflows are su-
persaturated with COg, which outgases very rapidly in treatment cas-
cades or headwater streams. This rapid outgassing was observed to shift
the pH upwards creating a new carbonate equilibrium. This changing
equilibration would convert some of the remaining CO5 to bicarbonate
rather than emitting it to the atmosphere, thus reducing the gradient of
CO; across the air-water interface (Stets et al., 2017). Aquatic primary
productivity produces oxygen and consumes CO;. However, primary
productivity can be maintained with diminished CO, in high alkalinity
waters by converting bicarbonate to CO; to support productivity (Aho
etal., 2021). Conversely mineralisation of DOC to CO5 would change the
carbonate balance increasing bicarbonate concentrations. It is likely that
this significant carbonate buffering available in the Clyde is responsible
for the low variability in CO5 concentrations and the reason why nu-
trients rather than carbon availability appear to influence CO,
concentrations.

4.5. Acid mine inflows are a major source of GHG

In the middle and lower catchment tributaries, high concentrations
of both CO, and CH4 occurred linked to outflows from disused coal mine
adits. Where carbonate rock is present, and much coal bearing strata in
the UK is associated with Carboniferous limestone (British Geological
Survey, 2022), the sulphuric acid generated in the mine dissolves the
calcium carbonate to produce COy (Hedin and Hedin, 2016; Vesper
et al., 2016; Jarvis, 2006). Details of CHy4 released in MW have not, to
our knowledge, been published. Most GHGs from MW had out-gassed
before reaching the River Clyde. However high CO5 and CH4 concen-
trations in T10 were traced back to several MW inflows. These MW in-
flows had high concentrations of DIC, SO%’, Ca2+, Mg2+ and K, which
together acted as a marker for legacy coal mining. Many other MW
sources were traced in the catchment with this marker, although not
included within this publication. Despite the focus on measuring DOC in
rivers, our data suggest that for the River Clyde carbon loss is dominated



A.M. Brown et al.

by DIC, with the annual DIC export approximately double that for DOC.
Comparison with other riverine studies demonstrated that DIC is the
major component of the dissolved carbon in UK Rivers, with DIC ac-
counting for 70 to 80% of carbon loss (Table 6). Our results suggest that
the anthropogenic impacts of disused coal mines are accelerating carbon
loss.

4.6. Legacy industry is still detectable in our rivers

Other increases in ion concentrations and pH were identified in the
three most urban tributaries (T19, T22 and T23). Urban tributaries T19
and T22, had the highest concentrations of DIC, SOF, Ca®*, Mg?" and
KT, attributed to inflows of MW from legacy coal mining. Both tribu-
taries had legacy iron or steel making near to the rivers and may have
iron slag buried within the catchment (Historic Environment Scotland,
2022). Steel slag is known to increase pH, alkalinity, and Ca%t con-
centration (Riley and Mayes, 2015). The urban tributary T23, had the
highest concentrations of Na™ and SO3~ probably associated with
leachate from legacy paper production (Skinner, 1939). T22 also expe-
rienced the highest Na* and Cl™ ion concentrations in the winter likely
from winter road salting, as this tributary has the biggest road network,
including a motorway. Data suggests that road drainage is entering the
river directly adding an estimated 15 Mg yr ' of NaCl.

5. Conclusions
5.1. Benefits of a source-to-sea approach in interpreting riverine GHGs

We have used the Clyde catchment, with its transitioning land cover
from semi-natural through agricultural and legacy industrial to highly
urban as a source-to-sea study to support identification of GHG sources.
This source-to-sea investigative approach was found effective in tracing
how changes in the nature and size of the riverine environment
impacted GHG concentrations, particularly as GHGs were not conserved
but outgased in turbulent riverine sections. This variable outgassing
makes correlations on a catchment scale misleading and is probably one
reason for the high variability in GHG-to-nutrient relationships reported
in the literature. A key aspect of GHG source identification included the
use of load appointment modelling to distinguish point and diffuse
sources by their degree of dependence on flow. This was effective in
confirming diffuse GHG sources from agriculture and point GHG sources
from UWW and MW. This load appointment modelling approach
enabled two main seasonal impacts, high temperature and low water
levels, to be distinguished. Analysis suggested that the impact of low
water levels dominated over temperature change and failure to account
for changing water levels, with their implications for oxygen and resi-
dence times, may account for some of the variability in the impact of
temperature on GHG generation reported in the literature.

Measurement of a high number of water physiochemical properties
allowed source fingerprinting of different inflows, which enabled
detection even when the inflows were not physically identified, sup-
porting identification of contamination from legacy industry. Results
suggested that outflows from UWW treatment plants caused generation
of GHG within the riverine water column. Changes in the seasonal
pattern of GHG generation associated with urban wastewater inflows
could be due to changes in microbial community structure, eutrophi-
cation at low water levels and supported by the availability of electron
donors and acceptors in receiving waters. This was not confirmed as part
of this study, and it is suggested that future surveys should be designed
to quantify in-water generation resulting from mixing of UWW and
riverine water.

The most important anthropogenic GHG from inland waters is CHy
(Rosentreter et al., 2021), but CH4 outgases the most rapidly, due to its
high concentration to solubility ratio, as such catchment scale analysis
can be misleading. Improved methods to detect and quantify CH,4 con-
centrations are required. A drone-mounted CH4 sensor might be
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effective in identifying point sources while continuous in-situ CHy4
measurements would better define source-flow relationships, although
sensor reliability and sensitivity needs improvement. Where the source
of nutrient pollution is unclear, human tracers such as caffeine could be
applied to support understanding of contributions to nutrient pollution
(Mizukawa et al., 2019, and Chen et al., 2002).

5.2. Implications and ideas for policy makers

To effectively reduce anthropogenic GHGs from the riverine envi-
ronment it is important to understand their sources. For the River Clyde,
UWW outflows were a major point source of both anthropogenic CH4
and N0, MW outflows a major point source of anthropogenic CH4 and
CO3 and agricultural activities (including field and farmyard run-off and
poorly maintained septic tanks (septic tank are not effective in removing
nitrogen and phosphorous (O’Keeffe et al., 2015)) were a source of
anthropogenic N2O. All sources of GHGs were associated with high
concentrations of nutrients. Hence reducing nutrient loading, industrial
and legacy contamination and agricultural run-off would ultimately act
to reduce GHGs within riverine environments. Pollution point sources
are easier to tackle as the location of the inflows are known.

While many UWWTP in the Clyde have phosphorous removal, our
measurements suggest that levels of effectiveness vary between plants,
suggesting improvement is possible. Additionally none of the UWWTP in
this area have nitrogen removal (European Commission (Directorate
General Environment), 2016). Riverine environments with low
oxygenation, increased river residence times and high levels of nitrogen,
should be prioritised for nitrogen removal from UWWTP to have the
largest impact on NO reduction. Urban influences may have stimulated
adaptation in microbial communities, further increasing GHG produc-
tion, and further studies of microbial activity may support GHG reduc-
tion. Nitrogen capture at UWWTP could ultimately act as an important
source of fertiliser, avoiding outflows to the environment (van der Hoek
et al., 2018). Mine water is more difficult to tackle in terms of GHG
generation as GHGs are generated below ground with the generation
mechanism poorly understood.

While agricultural pollution was primarily from diffuse sources
additional measurements showed a significant proportion entered the
Clyde via the numerous field drainage ditches and small streams, which
could be treated as point sources. Approaches to reduce run-off may
include: (1) use freshwater wetlands for nitrogen and phosphorus
removal (Land et al., 2016) and wetlands have been shown as effective
for diffuse run-off (Ockenden et al., 2012); (2) use of biochar filtration,
an effective technology for both cleaning of wastewater and run-off
water. Its capabilities include removal of pesticides, organic chemicals
and nutrients. However, a practical approach for application to small
streams is needed. After use the biochar could be redeployed onto
farmland supporting carbon sequestration and a circular economy,
recycling nutrients and further preventing run-off (Catizzone et al.,
2021; Phillips et al., 2022; Kamali et al., 2021); (3) Riparian buffer zones
are recommended between crops and rivers. In Scotland, General
Binding Rule 20 requires a buffer strip at least 2 m wide to be left be-
tween surface waters and wetlands and cultivated land (SEPA, 2009).
This rule was not set with the objective of reducing nutrient leeching.
Further research demonstrates that woody vegetation is more effective
than shrubs or grass at preventing nutrient leaching to rivers, with a 60
m buffer strip effectively removing all nutrients (Aguiar et al., 2015).
While this would take considerable agricultural land, approximately
70% of nutrients are removed by a 12 m strip, which would also stabilise
river banks, reduce erosion and sediment loss, increase biodiversity and
provide shade making the riverine system more robust to climate change
(Cole et al., 2020).
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