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the surface waters of the Meuse River

• Highest fluvial CO2, CH4, and N2O con-
centrations during low water

• Highest fluvial CO2, CH4 and N2O con-
centrations in agriculture dominated
catchments
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We report a data-set of CO2, CH4, andN2O concentrations in the surfacewaters of theMeuse river network in Bel-
gium, obtained during four surveys covering 50 stations (summer 2013 and late winter 2013, 2014 and 2015),
from yearly cycles in four rivers of variable size and catchment land cover, and from 111 groundwater samples.
Surface waters of the Meuse river network were over-saturated in CO2, CH4, N2O with respect to atmospheric
equilibrium, acting as sources of these greenhouse gases to the atmosphere, although the dissolved gases also
showed marked seasonal and spatial variations. Seasonal variations were related to changes in freshwater dis-
charge following the hydrological cycle, with highest concentrations of CO2, CH4, N2O during low water owing
to a longer water residence time and lower currents (i.e. lower gas transfer velocities), both contributing to
the accumulation of gases in thewater column, combinedwith higher temperatures favourable tomicrobial pro-
cesses. Inter-annual differences of discharge also led to differences in CH4 and N2O that were higher in years with
prolonged low water periods. Spatial variations were mostly due to differences in land cover over the catch-
ments, with systems dominated by agriculture (croplands and pastures) having higher CO2, CH4, N2O levels
than forested systems. This seemed to be related to higher levels of dissolved and particulate organic matter,
as well as dissolved inorganic nitrogen in agriculture dominated systems compared to forested ones. Groundwa-
ter had very low CH4 concentrations in the shallow and unconfined aquifers (mostly fractured limestones) of the
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Meuse basin, hence, should not contribute significantly to the high CH4 levels in surface riverinewaters. Owing to
high dissolved concentrations, groundwater could potentially transfer important quantities of CO2 and N2O to
surface waters of the Meuse basin, although this hypothesis remains to be tested.

© 2017 Elsevier B.V. All rights reserved.
Table 1
Characteristics of four rivers in the Meuse basin that were monitored from February 2011
to February 2013 (July 2014 for the Meuse station). Catchment surface and fresh-water
discharge correspond to values upstream of sampling point (Fig. 1) and not the values
of the whole river basin.

Meuse Ourthe Geer Colonster

Catchment (km2) 16,672 1837 115 19
Fresh-water dischargea (m3 s−1) 207 41 0.5 n.d.
Channel width (m) 110 50 8 1
Land cover

Urban (%) 8.5 6.3 25.8 28.0
Croplands (%) 32.5 28.2 74.2 0.0
Pasture (%) 21.8 20.7 0.0 6.4
Forest (%) 34.9 43.3 0.0 65.6
Grassland (%) 2.0 1.3 0.0 0.0
Wetlands (%) 0.0 0.2 0.0 0.0

a Average 2011–2014.
1. Introduction

Inland waters are important players in the global budgets of long-
lived green-house gases (GHGs), acting as vigorous sources to the atmo-
sphere of carbon dioxide (CO2) (Raymond et al., 2013; Lauerwald et al.,
2015; Borges et al., 2015a), methane (CH4) (Bastviken et al., 2011;
Borges et al., 2015a; Stanley et al., 2016), and nitrous oxide (N2O)
(Seitzinger and Kroeze, 1998; Hu et al., 2016). The largest fraction of
global CO2 and CH4 emissions from riverine networks occurs at tropical
and sub-tropical latitudes (Bloom et al., 2010; Raymond et al., 2013;
Lauerwald et al., 2015; Borges et al., 2015b) that are in general more
pristine than their temperate counter-parts. Conversely, the largest
fraction of global N2O emissions from riverine networks is assumed to
occur in human impacted temperate rivers (Seitzinger and Kroeze,
1998; Hu et al., 2016).

In pristine river networks, CO2 and CH4 emissions are driven by in-
stream production related to the degradation of terrestrial organic
matter (Cole and Caraco, 2001; Richey et al., 2002), as well as lateral in-
puts from groundwater and/or wetlands (Abril et al., 2014; Borges et al.,
2015a, 2015b). Pristine rivers are usually nitrogen poor and seem to be
low sources or even sinks of N2O, related to sediment denitrification
that removes N2O from the water column (Richey et al., 1988; Baulch
et al., 2011; Borges et al., 2015a).

In strongly human influenced rivers typically located in Europe,
North America, Asia and Australia, the CO2, CH4 and N2O dynamics are
modified in several ways. Organic matter inputs from wastewater en-
hance organic matter degradation and the production of CO2 and CH4

(Abril et al., 2000; Garnier et al., 2013; Marwick et al., 2014); effluents
from wastewater treatment plants are enriched in CO2 and CH4 that
are degassed within the river network (Alshboul et al., 2016). In ex-
treme cases of wastewater pollution, anoxic conditions will lead to
low N2O levels due to denitrification (Rajkumar et al., 2008), but in
oxic conditions nitrification fuelled by NH4

+ inputs from wastewater
leads to N2O production (Garnier et al., 2009; Yu et al., 2013; Marwick
et al., 2014). Impoundments increase water residence time that favour
organic matter sedimentation and CH4 production (Maeck et al., 2013;
Crawford et al., 2016). Increased water residence time and water trans-
parency due to impoundments can lead to low CO2 levels related to en-
hanced primary production (Crawford et al., 2016). Agriculture can
enhance mobilisation of labile soil organic matter (Wilson and
Xenopoulos, 2009; Graeber et al., 2012, 2015; Lambert et al., 2017)
and potentially enhance organicmatter degradation and the production
of CO2 and CH4 in rivers, although this has been seldom investigated
(Bodmer et al., 2016). Leaching of nitrogen from artificial fertilizers
from agricultural soils leads to enhanced in-stream N2O production,
presumably related to enhanced denitrification (Beaulieu et al., 2011).
Enhanced nutrient inputs will fuel primary production leading to low
CO2 and high CH4 concentrations, the latter related to enhanced organic
matter delivery to sediments (Crawford et al., 2016). Other human im-
pacts that affect carbon and nitrogen cycling in river networks that can
potentially influence cycling of GHGs are river bank stabilization and
floodplain drainage that disrupt the river-wetland connectivity that is
important for CO2 and CH4 dynamics in rivers (Abril et al., 2014;
Teodoru et al., 2015; Borges et al., 2015a, 2015b; Sieczko et al., 2016).

The introduction of invasive animal species such as the zebramussel
(Dreissena polymorpha) in US rivers and lakes (Caraco et al., 1997; Evans
et al., 2011) and the Asian clam (Corbicula spp.) in European rivers,
including the Meuse (Descy et al., 2003; Pigneur et al., 2014) led to
major changes in phytoplankton dynamics, with potential but undocu-
mented effects on GHGs fluxes. Several alien aquatic plants have been
reported in European inland waters (Hussner, 2012), some with high
production and biomass (Hussner, 2009); invasive floating macro-
phytes such as thewater hyacinth (Eichhornia crassipes) have been doc-
umented to increase CO2 and CH4 levels in tropical rivers (Koné et al.,
2009, 2010), but this remains undocumented in temperate rivers.

We report a dataset of CO2, CH4, and N2O concentrations in the sur-
facewaters of theMeuse river network in Belgium, obtained during four
surveys of 50 stations (summer 2013 and late winter 2013, 2014 and
2015), and from yearly monitoring at four rivers of variable catchment
size and land cover (Table 1). The aim of this study is to describe the
temporal and spatial variability of CO2, CH4, and N2O concentrations
and to check if the spatial variability can be related to catchment land
use. The Meuse is a large European river (total length 885 km, catch-
ment of ~34,550 km2, average annual discharge of 10 km3 yr−1) that
rises in eastern France and flows through Belgium and The Netherlands
before discharging into theNorth Sea in conjunctionwith the Rhine. It is
densely populated (~7 106 inhabitants, ~200 inhabitants km−2) and
has experienced numerous impacts from human activities since the
19th century such as river bank stabilization, and eutrophication related
to nutrient leaching from croplands and waste water from cities (Descy
et al., 2009). Throughout the catchment, there has been a large conver-
sion of forests to agriculture and pastures, as well as urbanization. In the
Meuse basin situated in Belgium (Wallonia) about 34% of the catchment
is covered on average by croplands, 15% by pastures, 37% by forests, and
13% by urban areas; major cities along water courses are Charleroi
(205,000 inhabitants), Liège (196,000 inhabitants), Namur (110,000 in-
habitants), and Verviers (57,000 inhabitants). Nowadays, about 96% of
the wastewater from urban agglomerations in Wallonia is collected,
while 84% is effectively treated in wastewater treatment plants, mean-
ing that only 20% of domesticwastewater is delivered untreated directly
into streams and rivers.

2. Material and methods

Four surveys of 50 stations (Fig. 1)were carried out (08-01-13 to 15-
04-13; 12-07-13 to 31-07-13; 18-02-14 to 27-03-14; 03-02-15 to 12-
03-15) covering 35 sub-basins. The duration of each survey was differ-
ent because sampling on some occasions was not possible mainly due
to bad weather conditions (snow or heavy rains), in particular during



Fig. 1. Sampling stations and land cover in the Meuse basin inWallonia (Belgium). Survey stations (n= 50, blue dots) were sampled on four occasions (summer 2013 and in late winter
2013, 2014 and 2015), fourfixed stations (purple dots; C: Colonster stream;O:Ourthe river;M:Meuse river;G:Geer river)were sampled every 1–2weeks fromFebruary 2011 to February
2013 (July 2014 for theMeuse), groundwater sites (n=111, green square)were sampled from2014 to 2016. (For interpretation of the references to colour in thisfigure legend, the reader
is referred to the web version of this article.)
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latewinter 2013. Fourfixed stationsweremonitored atweekly intervals
during rising-high-declining water period and every two weeks during
low water at four rivers (Table 1), from 07-02-11 to 28-02-13 for the
Ourthe, Geer and Colonster rivers, and from 07-02-11 to 03-07-14
for the Meuse river. Groundwater was sampled at 111 stations from
15-09-14 to 26-10-16.

CH4 and N2Owere sampled at all stations, and the partial pressure of
CO2 (pCO2)wasmeasured during the last three spatial surveys, and dur-
ing the last year of monitoring of theMeuse river. Samplingwas carried
out in surface waters from the shore or from bridges using a 1.7 L Niskin
bottle (General Oceanics) for dissolved gases, and a polyethylene bucket
(5 L) for other variables. Samples for CH4 andN2Owere transferredwith
tubing from the Niskin bottle to 50 ml borosilicate serum bottles that
were poisoned with a saturated solution of HgCl2 (100 μl), sealed with
a butyl stopper and crimpedwith an aluminumcap. Four polypropylene
syringes of 60 ml for measurements of pCO2 were also filled from the
Niskin bottle. Riverwaterwas stored in a polyethylene 2 L bottle for fur-
ther processing in the laboratory. Water temperature, specific conduc-
tivity, pH and dissolved oxygen were measured with a multiprobe
(YSI ProPlus). Groundwater samples were collected in a similar fashion,
with pumps from piezometers, after stabilization of the water tempera-
ture and electrical conductivity monitored with a portable probe.

The concentrations of dissolved CH4 and N2O were measured with
the head-space equilibration technique (Weiss, 1981) and a gas chro-
matograph fitted with a flame ionisation detector and an electron cap-
ture detector (SRI 8610C) calibrated with CH4:CO2:N2O:N2 mixtures
(Air Liquide Belgium) of 1, 10 and 30 ppm CH4 and of 0.2, 2.0 and
6.0 ppm N2O. The pCO2 was measured with an infra-red gas analyser
(Li-Cor Li-840) within minutes after sampling, with head-space equili-
bration technique (Abril et al., 2015) by creating a headspace with am-
bient air in the polypropylene syringes (1:1 ratio of air and water). The
Li-840 was calibrated with a suite of CO2:N2 mixtures (Air Liquide Bel-
gium) with mixing ratios of 388, 813, 3788 and 8300 ppm CO2. The re-
producibility of measurements was ±2.0, ±3.9, and ±3.2% for pCO2,

CH4, and N2O, respectively.
Water was filtered on Macherey-Nagel 47 mm diameter GF-5 filters

for the determination of chlorophyll-a (Chl-a) concentration that were
stored frozen (−20 °C). Total suspendedmatter (TSM)was determined
after filtration of water on pre-weighted and pre-combusted (4 h at 500
°C) Whatman GF/F 47 mm diameter filters. Samples for particulate or-
ganic carbon (POC) were filtered on pre-combusted (4 h at 500 °C)
Whatman GF/F 25 mm diameter filters. The filtrate was further filtered
on polyethersulfone syringe filters (0.2 μm porosity) for samples to
determine dissolved organic carbon (DOC) that were stored in 40 ml
borosilicate vials with polytetrafluoroethylene (PTFE) coated septa
and poisoned with 50 μL of H3PO4 (85%), and for samples to determine
inorganic nutrients (NO3

−, NO2
− and NH4

+) that were stored frozen
(−20 °C) in 50 ml polypropylene vials.

Chl-a concentration was analysed by high performance liquid chro-
matography on acetone (90%) extracts, according to Descy et al. (2005),
using a Waters system equipped with a Waters 996 photo-diode array
detector. POC concentration was determined with elemental analyser
- isotope ratio mass spectrometer (EA-IRMS, ThermoFinnigan Flash HT
and Delta V Advantage). DOC concentration was determined with a
wet oxidation total organic carbon analyser (IO Analytical Aurora
1030 W) coupled with an EA-IRMS (ThermoFinnigan DeltaV
Advantage). NO3

− and NO2
− were determined with the sulfanilamide

colorimetric with the vanadium reduction method (APHA, 1998), and
NH4

+with the dichloroisocyanurate-salicylate-nitroprussiate colorimetric
method (SCA, 1981).

Data on land cover were retrieved from the CORINE land cover
dataset (EEA, 2014) using the geographic information system software
ArcGis® (10.3.1).

The georeferenced and timestamped data-set is available in a Sup-
plemental File.

3. Results and discussion

Minimal temperatures were observed in late winter and maximal
values in mid-summer in the Meuse, Ourthe, Geer and Colonster rivers,
during the annual monitorings of 2011 and 2012 (Fig. 2, Table 1).

The seasonal amplitude of water temperature was lower in the
Colonster stream (~14 °C), a small system under forest canopy than in
the large Meuse main-stem (~23 °C). Chl-a concentrations were mini-
mal in the forested Colonster stream; high Chl-a concentrations in the
Meuse (up to 80 μg L−1) were observed during the spring diatom
bloom. The average Chl-a in theMeuse fromearlyMarch to late Septem-
ber was ~20 μg L−1 in 2011, but was ~40 μg L−1 for the same period of



Fig. 2. Evolution in four rivers (Meuse, Ourthe, Geer and Colonster) of freshwater discharge (m3 s−1, Meuse only), water temperature (°C), Chlorophyll-a (μg L−1), partial pressure of CO2

(pCO2, ppm, Meuse only), oxygen saturation level (%O2, %), dissolved CH4 concentration (nmol L−1), N2O saturation level (%), and dissolved inorganic nitrogen (DIN, μmol L−1).
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the year in 2000 (Descy et al., 2002), and ~42 μg L−1 in 1984 (Descy et
al., 1987). The Chl-a peaked in spring in 2010–2011, and strongly de-
clined in summer, contrary most observations made before the 2000s,
when phytoplankton also developed throughout summer and autumn
(Everbecq et al., 2001). These changes most probably reflect the effect
of population growth of invasive benthic filter-feeders such as the
zebra mussel (Dreissena polymorpha), the quagga mussel (Dreissena
rostriformis) and the Asian clam (Corbicula spp.) (Descy et al., 2003;
Pigneur et al., 2014; Marescaux et al., 2015). Surface waters were close
to saturation regarding dissolved oxygen in the forested Colonster
stream (average %O2 = 92%) and in the Ourthe (average %O2 =
101%), distinctly under-saturated in the Geer river (average %O2 =
Table 2
Average ± standard deviation (minimum;maximum) of water temperature (temp., °C), total s
(POC, mg L−1), dissolved organic carbon (DOC,mg L−1), dissolved inorganic nitrogen (DIN, μm
tration (nmol L−1), N2O saturation level (%) in surface waters from seasonal (bi)weekly monit
tion)), from four spatial surveys at 50 stations (summer 2013 and late winter 2013, 2014 and

Water temp.
(°C)

TSM (mg
L−1)

Chl-a (μg
L−1)

POC (mg
L−1)

DOC (mg
L−1)

D
L−

Seasonal monitoring stations (river)
Meuse 14.4 ± 6.1

(2.6;25.7)
12.7 ± 17.1
(1.7;130.0)

9.6 ± 15.0
(0.1;59.2)

1.4 ± 0.6
(0.7;3.2)

3.2 ± 0.7
(1.9;4.8)

24
(1

Ourthe 10.2 ± 5.4
(0.2;22.6)

11.0 ± 16.9
(0.3;139.2)

7.8 ± 9.4
(0.1;50.3)

21
(6

Geer 10.2 ± 3.8
(1.5;18.6)

29.6 ± 28.4
(7.4;187.2)

8.8 ± 12.2
(0.6;58.0)

40
(1

Colonster 9.4 ± 3.0
(1.7;16.1)

7.7 ± 7.4
(1.0;41.2)

0.8 ± 1.9
(0.1;15.0)

20
(1

Spatial surveys (river)
08-01/15-04-13 5.7 ± 2.0

(0.7;10.8)
18.6 ± 24.3
(0.2;147.5)

1.6 ± 1.4
(0.3;6.8)

2.5 ± 1.3
(0.9;6.6)

29
(5

12-07/31-07-13 18.1 ± 3.1
(13.3;25.9)

6.7 ± 4.3
(1.7;20.8)

1.0 ± 0.5
(0.4;2.7)

2.7 ± 0.9
(1.2;4.8)

23
(3

18-02/27-03-14 8.0 ± 1.1
(5.5;9.9)

7.6 ± 11.2
(0.2;64.5)

1.1 ± 1.0
(0.3;5.2)

2.3 ± 0.9
(1.0;5.4)

26
(5

03-02/12-03-15 5.6 ± 1.1
(3.2;7.5)

20.4 ± 29.7
(0.2;111.2)

1.9 ± 1.7
(0.3;6.7)

1.7 ± 1.0
(0.2;4.3)

26
(3

Groundwater
11.6 ± 1.9
(8.68;23.0)

52
(0
29%) and theMeuse (average %O2=86%) (Table 2).Minimal %O2 values
were observed in summer in both the Meuse and the Geer rivers, coin-
cidingwithmaximal values of pCO2 in theMeuse. This is consistentwith
the summer time maximum of bacterial biomass and production in the
Meuse (Servais, 1989). CH4 concentrationswere well above the value at
equilibrium with the atmosphere (~2 nmol L−1), and were highest in
theGeer river (average6709nmol L−1) followedby theMeuse (average
422 nmol L−1) and lowest in the Colonster river (average 20 nmol L−1),
and the Ourthe (average 66 nmol L−1) (Table 2). Similarly, N2O satura-
tion levels were well above equilibrium (100%), and were distinctly
higher in the Geer river (average 1406%, i.e. 168 nmol L−1) than in the
Colonster river (average 127%, i.e. 16 nmol L−1), followed by the
uspendedmatter (TSM, mg L−1), chlorophyll-a (Chl-a, μg L−1), particulate organic carbon
ol L−1), oxygen saturation level (%O2, %), partial pressure of CO2 (pCO2, ppm), CH4 concen-
oring at four fixed stations (February 2011 to February 2013 (July 2014 for the Meuse sta-
2015) and 111 stations in groundwater of the Meuse basin in Wallonia (Belgium).

IN (μmol
1)

%O2 (%) pCO2 (ppm) CH4 (nmol L−1) N2O (%)

2 ± 36
61;369)

85.7 ± 22.8
(34.9;139.0)

2004 ± 912
(971;3921)

422 ± 339
(62;1407)

197 ± 88
(72;637)

4 ± 54
1;319)

101.1 ± 8.5
(85.0;127.2)

66 ± 37
(25;213)

136 ± 22
(100;214)

4 ± 90
72;611)

28.9 ± 15.0
(1.2;62.5)

6709 ± 2249
(3275;15,709)

1406 ± 1390
(492;12,480)

2 ± 26
01;270)

92.1 ± 6.5
(50.2;104.6)

20 ± 15 (4;77) 127 ± 30
(76;238)

1 ± 123
9;585)

102.7 ± 12.5
(58.4;161.9)

207 ± 439
(7;2827)

170 ± 139
(78;923)

0 ± 97
5;555)

90.4 ± 19.6
(39.4;127.8)

2292 ± 2037
(176;10,033)

556 ± 955
(26;4594)

370 ± 457
(91;2757)

4 ± 110
0;493)

111.4 ± 14.1
(72.7;141.8)

1281 ± 1450
(34;8151)

246 ± 493
(13;2602)

179 ± 152
(77;730)

6 ± 116
6;580)

108.0 ± 9.8
(74.0;125.0)

1281 ± 1140
(444;6815)

267 ± 604
(15;3533)

180 ± 129
(86;672)

6 ± 406
;2592)

54.7 ± 23.7
(1.8;97.4)

20,297 ± 13,420
(1769;100,514)

44 ± 166
(0;1064)

7027 ± 10,016
(11; 418,920)



Fig. 3.Dissolved CH4 concentration (nmol L−1), N2O saturation level (%), oxygen saturation level (%O2, %) versus freshwater discharge (m3 s−1) and water temperature (°C) in theMeuse
river in 2011, 2012, 2013 and 2014.
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Meuse (average 197%, i.e. 20 nmol L−1) and the Ourthe (average 136%,
i.e. 17 nmol L−1) (Table 2). The N2O pattern was consistent with much
the higher dissolved inorganic nitrogen (DIN) values in the Geer river
(average 404 μmol L−1) than in the Colonster stream (average 202
μmol L−1) (Table 2). The lowest values of O2, and highest values of
CH4, N2O and DIN in the Geer were most probably related to its small
size and discharge (leading to high water residence time), as well as
the dominance of cropland on its catchment (Table 1).

The seasonal cycles of O2, CH4 and N2Owere relatively similar in the
four rivers (albeit the seasonal amplitudes are very different), with
Fig. 4.Partial pressure of CO2 (pCO2, ppm) versus freshwater discharge (m3 s−1), water tempera
2014. The C6 component is derived from a parallel factor analysis of excitation–emission matr
minimal %O2 and maximal CH4 and N2O in summer coinciding with
the highest temperatures (Fig. 2). This would suggest an enhancement
of microbial activity in summer related to temperature, as suggested
by the positive relationship in the Meuse with temperature of CH4 and
N2O, and the negative relationship with temperature of %O2 (Fig. 3).

Similarly, the pCO2 in the Meuse was positively related to tempera-
ture and to a specific fraction of the dissolved organic matter (DOM)
pool (C6) (Fig. 4) that characterizes in-stream microbially produced
compounds (Lambert et al., 2017). Bodmer et al. (2016) showed a sim-
ilar correlation between pCO2 and DOM composition across a spatial
ture (°C), and theC6 component of dissolvedorganicmatter in theMeuse river in 2013 and
ices of dissolved organic matter from a parallel study (Lambert et al., 2017).



Fig. 5.Dissolved CH4 concentration (nmol L−1), N2O saturation level (%), oxygen saturation level (%O2, %) versus freshwater discharge (m3 s−1) andwater temperature in the Ourthe river
in 2011 and 2012.
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gradient of different rivers, while here we show a correlation between
those same quantities at a single site but across seasons. The summer-
time lowering of O2 in the water column should lead to a lower O2 pen-
etration in sediments, enhancing reducing and anoxic conditions in sed-
iments favourable to CH4 and N2O production. Finally, the decrease of
freshwater discharge in summer leads to an increase of the water resi-
dence time, enhancing an accumulation of CH4, N2O and CO2 in the
water, as well as decreasing the loss of these gases to the atmosphere
due to the decrease the gas transfer velocity (Raymond et al., 2012).
While the increase of CH4, N2O and CO2with the lowering of freshwater
Fig. 6. Freshwater discharge (m3 s−1, Meuse only) from 2013 to 2015, and average partial pre
(nmol L−1), N2O saturation level (%) from the spatial surveys in the Meuse basin. The thick
horizontally for clarity, but all variables were sampled simultaneously.
discharge could also be interpreted as resulting from the increase in
groundwater inputs, this would not explain the CH4 distribution, since
groundwater in the Meuse basin was characterized by very low CH4

concentrations (see hereafter). A second yearlymaximumof CH4 occurs
in theGeer basin in late autumn (November) that could be related to ag-
ricultural activities such as fertilisation of cropland with manure.

In the Meuse river, the CH4 concentration was distinctly higher in
2011 (yearly maximum of 1407 nmol L−1) than the other three follow-
ing years (yearly maximum ranging between 822 and 920 nmol L−1).
The low water period was longer and the average discharge was
ssure of CO2 (pCO2, ppm), oxygen saturation level (%O2, %), dissolved CH4 concentration
line in the discharge plot indicates the duration of the survey. Data points were spread



Fig. 7. N2O saturation level (%), dissolved CH4 concentration (nmol L−1), and partial
pressure of CO2 (pCO2, ppm) versus oxygen saturation level (%O2, %) for all of the data
gathered from fixed station monitoring and spatial surveys in the Meuse basin from
2011 to 2015. Data from the Geer (star) are separated from the other rivers for the basin
referred to as “Meuse” (circles).
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lower in 2011 compared to the other years, with average discharge from
early April to late October of 54 m3 s−1 in 2011 compared to 148, 156
and 94m3 s−1 in 2012, 2013 and 2014, respectively. Also, theminimum
daily discharge was lower in 2011 (31 m3 s−1) compared to the other
years (range 45–51 m3 s−1). The CH4 concentrations in the Meuse
were negatively correlated to discharge (Fig. 3), with the highest CH4

values in 2011 associated to the lowest discharge values. We hypothe-
size that the lower discharge and longer residence time likely promoted
CH4 accumulation in the water leading to higher CH4 in the 2011 com-
pared to the other years at similar temperatures for values between
10 and 25 °C (Fig. 3). N2O and %O2 in theMeuse river showed consistent
patterns with the one of CH4 (Fig. 3) with higher N2O and lower %O2 in
2011 in particular at low discharge values, and deviations at similar
temperatures compared to the other years. Althoughdata are only avail-
able in 2011 and 2012, CH4 shows similar patterns in the Ourthe river
(Fig. 5), although less obvious for N2O. However, the %O2 patterns in
the Ourthe were different from the Meuse river, with values well
above saturation in summer, in particular at low discharge values. This
most probably reflects the effect of primary production from aquatic
plants (mostly Ranunculus fluitans) and filamentous green algae such
as Cladophora glomerata that reach maximum development in summer,
combined to lower water levels and lower water residence time due to
lower discharge, both promoting the accumulation of O2 in the water
column.

The basin-wide average of O2 and GHGs obtained during the four
basin surveys showed similar seasonal variations as those described
above for the four “monitoring” sites (Fig. 2), with highest pCO2,
CH4 and N2O values in summer and lowest in winter mirrored by
the %O2 variations (Fig. 6, Table 2). Despite the different duration
of each of the four sampling surveys, mainly due to bad weather
conditions that slowed down sampling on some occasions, the aver-
age values of pCO2, CH4 and N2O from the three late winter surveys
were very similar (Fig. 6, Table 2). The analysis of the whole data-
set (“monitoring” and “survey” merged) suggests a control of both
spatial and seasonal variations of CO2, CH4 and N2O by microbial
processing, as indicated by the negative relationships between
GHGs and O2 (Fig. 7), with the most extreme values observed in
the Geer river.

CH4 and N2O were not significantly correlated to NO3
− and to DOC

(not shown), so that the dynamics of these two gases in the Meuse
river network did not fit the conceptual model of Schade et al. (2016)
developed from data in New Hampshire streams, whereby the CH4

and N2O were both positively correlated to DOC, while negatively and
positively related to NO3

−, respectively. In the global meta-analysis of
riverine CH4 by Stanley et al. (2016) there were also no significant cor-
relations between CH4 and DOC or NO3

−. However, in the Meuse river
network, CH4 was positively linearly correlated to NH4

+ (not shown, r2

= 0.81, p b 0.0001, n=648), and N2Owas positively linearly correlated
to NO2

− (not shown, r2 = 0.72, p b 0.0001, n = 647) and NH4
+ (not

shown, r2 = 0.62, p b 0.0001, n = 646) (excluding the two highest
N2O values). A correlation between N2O and NO2

− has also been
shown in English andWelsh rivers by Dong et al. (2005), while a corre-
lation of N2O and NH4

+ has also been shown in the Shanghai river net-
work (Yu et al., 2013). It is unclear if such correlations imply a direct
causality or if they are spurious resulting indirectly from a common
driver such as O2 variability, as NO2

− (r2 = 0.60, p b 0.0001, n = 648)
and NH4

+ (r2 = 0.63, p b 0.0001, n = 647) were also correlated to %O2

(not shown), as N2O and CH4 (Fig. 6).
Groundwater can be a source of GHGs to riverine systems in partic-

ular in lower order streams and headwaters (Johnson et al., 2008;
Hotchkiss et al., 2015). The comparison of CO2 and CH4 in groundwater
and riverine waters of the Meuse basin (Fig. 8) shows that part of the
CO2 in riverinewaters could come fromgroundwaterwhere the average
pCO2 value (20,297 ppm, Table 2) was distinctly higher than in river
waters (1684 ppm), and in both cases above atmospheric equilibrium
(~400 ppm).
The opposite was observed for CH4 with a lower average value in
groundwater (44 nmol L−1, Table 2) than in surface waters
(360 nmol L−1). This would then suggest that the CH4 in river waters
in the Meuse basin were produced in-stream or in riparian areas but
not discharged through groundwater. Since pCO2 and CH4 in riverine



Fig. 8. Dissolved CH4 concentration (nmol L−1) versus partial pressure of CO2 (pCO2, ppm), and N2O saturation level (%) versus dissolved inorganic nitrogen (DIN, μmol L−1) in
groundwater (diamonds) and surface riverine waters (from all of the data gathered from fixed station monitoring and spatial surveys) in the Meuse basin from 2011 to 2015. Data
from the Geer (dark circles) are separated from the other rivers for the basin referred to as “Meuse” (light circles). Data of pCO2 are unavailable for the Geer.
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waters were positively correlated (r2 = 0.60, p b 0.0001, n = 180) this
would suggest that most of the CO2 in riverine waters might also have
resulted from in-stream production. Extremely high N2O values were
observed in groundwater (maximum 418,920% or 37,060 nmol L−1)
that are among the highest reported in groundwater (Jurado et al.,
2017). This is probably related to a strong contamination of groundwa-
ter in Belgium by NO3

− from use of artificial fertilizers (e.g. Orban et al.,
2010; Hakoun et al., 2017). Further, oxic conditions prevail in ground-
water of the shallow (1–100 m) and unconfined sampled aquifers
(mostly fractured limestone aquifers) that dominate in Wallonia. The
%O2 values in the sampled groundwater stations ranged between 1.8
and 97.4%, and averaged 55.1% (Table 2). Due to general oxic conditions,
the removal of NO3

− by denitrification is likely to be low in groundwater
in Wallonia. These oxic conditions also explain the low CH4 concentra-
tions in the Meuse groundwater (Table 2). The average of DIN was
higher in groundwater (526 μmol L−1, Table 2) than in surface waters
(266 μmol L−1), as well as N2O, 70,027 and 183%, respectively. Hence,
part of N2O in rivers could come from groundwater in the Meuse
basin, although the actual fraction remains to be quantified.

The spatial variations in surface riverine waters were in part related
to the stream/river size, with a decreasing pattern of CO2 and CH4 with
Strahler order mirrored by an increase of O2 (Fig. 9). Such a pattern has
been previously reported for CO2 in US rivers (Butman and Raymond,
2011), and might be interpreted as resulting from decreasing input of
CO2 rich groundwater with increasing Strahler order (Hotchkiss et al.,
2015). However, this is inconsistent with the decreasing pattern of
CH4 with Strahler order since groundwater in the Meuse basin has
low CH4 concentrations (Fig. 8). There was an increasing pattern of
TSM and POC with Strahler order, while other variables such as DOC
and DIN showed no discernible patterns with Strahler order.

Besides the size of streams and rivers, the catchment characteristics,
such as lithology and land cover, control water composition and biogeo-
chemical processes (e.g. Kempe, 1984; Meybeck, 1987). TSM, POC, DOC
and DIN were positively related to the fraction of agriculture cover of



Fig. 9. Average and standard deviation of total suspendedmatter (TSM, mg L−1), particulate organic carbon (POC, mg L−1), dissolved organic carbon (DOC, mg L−1), dissolved inorganic
nitrogen (DIN, μmol L−1), oxygen saturation level (%O2, %), partial pressure of CO2 (pCO2, ppm), dissolved CH4 concentration (nmol L−1), N2O saturation level (%) as a function of Strahler
order from the four spatial surveys in the Meuse basin (summer 2013 and in late winter 2013, 2014 and 2015).
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the catchment (Fig. 10), whereby agriculture cover is the sum of crop-
land and pasture, with an overall dominance in the data-set of cropland
that represented on average 33% of the cover over studied catchments,
while pastures represented 19%. TSM, POC/DOC andDINpatterns reflect
the delivery of nutrients, particulate organic matter and DOM to fluvial
systems from agricultural catchments. A parallel study showed the in-
creasing fraction of agriculture cover of the catchment also affected
the quality of DOM delivered to the rivers that tended to bemore labile
(Lambert et al., 2017), in agreementwith a similar study in German riv-
ers (Bodmer et al., 2016). The delivery of more labile DOM is consistent
with the decrease of O2 and increase of pCO2 and CH4 with the increas-
ing fraction of agriculture cover due to enhanced in-stream microbial
activity. The parallel increase of N2O could result from both the increase
of DIN and decrease of O2, as the yield of N2O production from nitrifica-
tion or denitrification is highest at low O2 levels (Codispoti and
Christensen, 1985). An increased delivery of dissolved organic nitrogen
to rivers from agricultural catchments has been also been reported
(Graeber et al., 2012) although not measured during the present study.

Forest was the main catchment land cover substituting agriculture
when the latter was a less prominent land use type (Supplemental Fig.
1). The comparison of catchments mainly occupied (N60%) by forest
and by agriculture also showed the importance of agriculture on the
catchment in generating GHGs in the river network (Fig. 11).

Catchments dominated by agriculture compared to those dominated
by forest were characterized by higher TSM, POC, DOC, consequently by
higher pCO2 and CH4, and lower %O2, and by higher DIN, consequently
by higher N2O (Fig. 11). This conclusion is different from the study of
Butman and Raymond (2011) that showed higher CO2 values associated
to forested watersheds across the US. This difference might be due to
cross-correlations of land cover with altitude and precipitation that
also affect CO2 in the large scale study across the US compared to our
much smaller scale regional study. Our results converge with those of



Fig. 10. Total suspendedmatter (TSM, mg L−1), particulate organic carbon (POC, mg L−1), dissolved organic carbon (DOC, mg L−1), dissolved inorganic nitrogen (DIN, μmol L−1), oxygen
saturation level (%O2, %), partial pressure of CO2 (pCO2, ppm), dissolved CH4 concentration (nmol L−1), N2O saturation level (%) as a function of the agriculture (cropland and pastures)
land cover over the catchment from the four spatial surveys in the Meuse basin (summer 2013 and in late winter 2013, 2014 and 2015). Light circles indicate the individual stations, the
dark circles indicate the average and standard deviation of data-bins every 20% of agriculture cover.
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Bodmer et al. (2016) that also showed an increase of CO2 in agriculture
impacted streams in Germany compared to forested ones, but not for
CH4. Urban areas occupied on average 9% of the land cover in the sam-
pled sub-catchments but therewere no significant correlations between
sampled variables and urban area cover (not shown). Large cities can
lead to an increase of fluvial GHGs, as shown for CH4 in the Seine
River in response to effluent inputs from the city of Paris (Garnier et
al., 2013). However, such effects are very local and large scale spatial
variations of fluvial GHGs seem to be related to variations of the more
dominant land cover such as agriculture and forest. Furthermore,
about 80% of domestic wastewater from urban agglomerations in Wal-
lonia is nowadays collected and processed in wastewater treatment
plants.

Finally, in order to further characterize human-impacted river
networks compared to relatively pristine ones, and also to compare
temperate and tropical rivers we compared CH4 and N2O in the Meuse
with our own data-sets obtained in the Congo and Zambezi rivers
(Borges et al., 2015a; Teodoru et al., 2015) (Fig. 12). At moderate and
high O2 levels (%O2 N 50%), the CH4 in the Meuse basin was lower
(average 203 nmol L−1) than in the Congo and Zambezi (average 351
and 325 nmol L−1, respectively), owing to higher temperatures and or-
ganic matter inputs typical of tropical rivers. However, the Geer River,
highly impacted by agriculture and with a high water residence time
owing its impounded nature, was characterized by much higher CH4

average concentrations (6709 nmol L−1) than the Congo and the
Zambezi (3073 and 4440 nmol L−1, respectively) within the same %O2

range (5–60%). The highest CH4 concentrations were observed in the
wetlands of the Congo (up to 56,240 nmol L−1) where nearly anoxic
conditions were observed in surface waters (Fig. 11). At low O2 values
(%O2 b 50%), the N2O distribution is radically different, with values
close to or below saturation in the Congo and Zambezi (100 and 69%, re-
spectively) in these DIN poor systems (average ~15 μmol L−1 for both
rivers), due to low pressure of agriculture (that is not based anyway
on artificial fertilizers) in these two near pristine systems. On the



Fig. 11. Average and standard deviation of total suspendedmatter (TSM,mg L−1), particulate organic carbon (POC, mg L−1), dissolved organic carbon (DOC,mg L−1), dissolved inorganic
nitrogen (DIN, μmol L−1), oxygen saturation level (%O2, %), partial pressure of CO2 (pCO2, ppm), dissolved CH4 concentration (nmol L−1), N2O saturation level (%) for river basins
dominated by forest (N60% of cover) and by agriculture (cropland and pastures) (N60% of cover).
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contrary, the N2O levels strongly increase in the Meuse basin owing to
much higher DIN values (average 265 μmol L−1), in particular in the
Geer (Fig.10, Table 2), due leaching from agricultural soils strongly im-
pacted by the use of artificial fertilizers (Hakoun et al., 2017).

4. Conclusions

A recent synthesis on the sensitivity of river ecosystem processes to
environmental stressors (von Schiller et al., 2017) did not list GHG
emissions among the riverine processes, although these are known to
be important in global budgets. The present study showed that surface
waters of the rivers and streams of Meuse river network were
oversaturated in CO2, CH4, N2O with respect to atmospheric equilibri-
um,which should lead to an emission of these GHGs to the atmosphere,
although not quantified in the present study. This study also adds to
others that show that GHG emissions from inland waters are sensitive
to humanmodifications of hydrology and catchment land use. Cropland
and pasture cover about 40% of the Earth's ice-free surface area (Foley et
al., 2005). Here, we show that the concentrations of dissolved CO2, CH4

and N2O in rivers – and hence, their emissions, increased with fraction
of agriculture on the catchment owing to a larger delivery of DIN and or-
ganic matter. Agriculture (livestock and rice cultivation) contributes
globally to about 57% of total anthropogenic CH4 emissions (Saunois
et al., 2016). Here, we show that rivers can be an additional source of
CH4 related to agricultural practise (croplands and pastures) that has
not been previously accounted, although already acknowledged for
N2O (Yu et al., 2013). Unlike impounded rivers such as the Mississippi
where low CO2 values have been reported due to planktonic primary
production (Crawford et al., 2016), the Meuse was characterized by
CO2 oversaturation that increased in summer. This difference might re-
sult from the occurrence of invasive benthic filter feeders (mussels and
clams) that exert a strong top-down control on phytoplankton develop-
ment that is nowadays confined to early spring in the Meuse. Compari-
son with pristine tropical rivers showed that the use of artificial



Fig. 12.Dissolved CH4 concentration (nmol L−1) andN2O saturation level (%) versus partial pressure of CO2 (pCO2, ppm), andversus oxygen saturation level (%O2, %) from for all of the data
gathered from fixed stationmonitoring and spatial surveys in theMeuse basin from 2011 to 2015 and in the Congo (triangles) and Zambezi (stars) rivers (Borges et al., 2015a; Teodoru et
al., 2015). Data from the Geer (light grey diamonds) are separated from the other rivers for the basin referred to as “Meuse” (light grey circles). Data of pCO2 are unavailable for the Geer.
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fertilizers on the catchments strongly enhanced N2O production, while
DIN poor pristine systems tended to be sinks of N2O at low O2 levels,
probably owing to sediment denitrification.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2017.08.047.
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