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A B S T R A C T   

Freshwaters have been recognized as important sources of greenhouse gases (GHG) to the atmosphere. However, 
urban ponds have received little attention even though their number is increasing due to expanding urbanisation 
globally. Ponds are frequently associated to urban green spaces that provide several ecosystemic services such as 
cooling local climate, regulating the water cycle, and acting as small carbon sinks This study aims to identify and 
understand the processes producing GHGs (CO2, CH4, and N2O) in the urban ponds of the temperate European 
city of Brussels in Belgium. 22 relatively small ponds (0.1–4.6 ha) surrounded by contrasted landscape (strictly 
urban, bordered by cropland or by forest), were sampled during four seasons in 2021–2022. The mean ±
standard deviation was 3,667 ± 2,904 ppm for the partial pressure of CO2 (pCO2), 2,833 ± 4,178 nmol L− 1 for 
CH4, and 273 ± 662% for N2O saturation level (%N2O). Relationships of GHGs with oxygen and water tem
perature suggest that biological processes controlled pCO2, CH4 concentration and%N2O. However, pCO2 was 
also controlled by external inputs as indicated by the higher values of pCO2 in the smaller ponds, more subject to 
external inputs than larger ones. The opposite was observed for CH4 concentration that was higher in larger 
ponds, closer to the forest in the city periphery, and with higher macrophyte cover. N2O concentrations, as well 
as dissolved inorganic nitrogen, were higher closer to the city center, where atmospheric nitrogen deposition was 
potentially higher. The total GHG emissions from the Brussels ponds were estimated to 1kT CO2-eq per year and 
were equivalent to the carbon sink of urban green spaces.   

1. Introduction 

The three main greenhouse gases (GHGs) emitted to the atmosphere 
by human activities are carbon dioxide (CO2), methane (CH4) with a 
global warming potential (GWP) 34 times greater than CO2 on a 100- 
year time scale, and nitrous oxide (N2O) with a GWP 298 times 
greater than CO2 on a 100-year time scale (Myrhe et al., 2013). In inland 
waters, the production of CO2 and CH4 are mainly due to the degrada
tion of organic matter (OM) through mainly aerobic processes for CO2 
(Del Giorgio et al., 1999; Cole and Caraco, 2001) and by anaerobic 
archaeal methanogenesis for CH4 (Conrad, 2020). The OM in inland 
waters can be autochthonous or allochthonous. Autochthonous pro
duction of OM is from phytoplankton (McClure et al., 2020; Bartosie
wicz et al., 2021) or aquatic macrophytes (Grasset et al., 2019; 
Desrosiers et al., 2022). The relation between autochthonous biomass 
(phytoplankton and macrophytes) and CH4 emissions is well established 
(DelSontro et al., 2018; Borges et al., 2022; Bastviken et al., 2023). The 

impact of autochthonous biomass on CO2 depends on the phase of the 
bloom development, high concentrations of chlorophyll-a (Chl-a) during 
the growth and peak phases coinciding with intense photosynthesis and 
CO2 consumption (Grasset et al., 2020; Borges et al., 2022), and phases 
of senescence leading to CO2 production. Allochthonous OM in small 
water bodies (e.g., ponds) comes from fallen leaves of the surrounding 
vegetation and from particulate and dissolved OM from surface runoff or 
from soil-water and groundwater inputs (Gasith and Hosier, 1976; 
Weyhenmeyer et al., 2015). The N2O production is mainly due to mi
crobial nitrification and denitrification and is dependent on the avail
ability of dissolved inorganic nitrogen (DIN) and O2 (Codispoti and 
Christensen, 1985; Mengis et al., 1997). Anthropogenic nitrogen inputs 
from leakage of fertilizers from croplands or from atmospheric deposi
tion may enhance the N2O emissions in freshwater wetlands, lakes and 
rivers (McCrackin and Elser, 2011; Bettez and Groffman, 2013; 
Sønderup et al., 2016; D’Acunha and Johnson, 2019; Decina et al., 2020; 
Bonetti et al., 2022). 
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The emissions from inland waters (rivers-streams, lakes and reser
voirs) of GHGs were estimated at 14.3 Pg CO2 yr− 1 for CO2 (Drake et al., 
2018), 6.03 Pg CO2 equivalent (CO2-q) yr− 1 for CH4 (Rosentreter et al., 
2021) and 0.05 Pg CO2-eq yr− 1 for N2O (Lauerwald et al., 2019). Yet, 
these estimates remain highly uncertain because of the low number of 
measurements that is insufficient to account for the strong spatial and 
temporal variability of the fluxes within a given system, as well as the 
high diversity of systems due to differences in size, climate, catchment 
morphology, land cover, and anthropogenic pressures. 

Several studies have shown the importance of small water bodies 
(surface area < 0.1 ha) as hotspots for GHG emissions (Holgerson and 
Raymond, 2016; Grinham et al., 2018; Rosentreter et al., 2021; Peacock 
et al., 2021). Although only representing 9 % of the total area of lentic 
waters, small water bodies account for 15 % and 40 % of diffusive 
emissions from lakes of CO2 and CH4, respectively according to Hol
gerson and Raymond (2016). Urban areas have a large number of small 
water bodies in the form of ponds mostly associated to green spaces such 
as public parks, and their number is increasing due to rapid urbanisation 
worldwide (Brans et al., 2018; Audet et al., 2020). Yet, only a very 
limited number of studies have investigated GHG emissions from urban 
ponds (Singh et al., 2000; Natchimuthu et al., 2014; van Bergen et al., 
2019; Audet et al., 2020; Peacock et al., 2021). Urban ponds are small 

and thus have high ratio of perimeter to surface area (Hanson et al., 
2007), surrounded by impervious surfaces (Davidson et al., 2015; Pea
cock et al., 2021), and a high stormwater runoff that combined result in 
high inputs of OM and DIN that should sustain emissions of CO2, CH4, 
and N2O to the atmosphere. Additionally, urban ponds are usually very 
shallow so there is a strong influence on the water column of GHG 
production in sediments. 

Brussels is the most densely populated area in Belgium and the 
largest city of the country and contains 158 ponds totalling a surface 
area of 101 ha. The population is more than 1 million inhabitants, 
equating to less than 1m2 of water body per inhabitant, indicating a high 
degree of anthropogenic pressure on these ecosystems. However, not all 
urban ponds are subject to the same degree of anthropogenic pressure, 
as the periphery of the city is bordered by cropland and forest. Yet, the 
ponds in Brussels are highly eutrophied with in some cases high algal 
biomass but also macrophytes which compete with phytoplankton for 
nutrients (Peretyatko et al., 2007; de Backer et al., 2010, 2012; Descy 
et al., 2016). Yet, the equilibrium between the prevalence of macro
phytes and phytoplankton entails a gradual shift rather than an abrupt 
process and is influenced by additional factors other than nutrient levels 
(Van Nes et al., 2002; Davidson et al., 2023). It can be hypothesized that 
water bodies with a dominance of phytoplankton and a dominance of 

Fig. 1. Map of the metropolitan area of the region of Brussels delineated by the black line and surrounding region of Flanders in Belgium showing land cover and 
sampling locations in ponds (red diamonds). The star corresponds to the center of the city (50.8504◦N, 4.3487◦E). The acronyms correspond to the official names of 
the ponds of Bruxelles Environnement, the regional water management agency (Baud 1: Etang Parc Roi Baudouin Phase I; Baud2: Etang Parc Roi Baudouin Phase II; 
Btsf: Etang de Boitsfort; Era 1: Etang Erasme amont; Era 2: Etang Erasme aval; GrMe: Grand étang Mellaerts; Jos1: Parc Josaphat - Etang aux canards; Jos2: Parc 
Josaphat – Etang aux pigeons; Jos3: Parc Josaphat – Etang de la laiterie; Leop: Etang parc Leopold; Leyb: Etang du Leybeek; Pech: Etang Pêcheries Royales; Ped1: 
Etang de la Pède Grand Etang; Ped2: Etang de la Pède; RC2: Grand ́etang des Clabots (Etang 2); RC3: Etang du moulin (Etang 3); Slx: Etang du Silex; Solv: Grand ́etang 
– Parc Tournay Solvay; Trk: Etang Parc Ten Reuken; WolR: Etang rond – Parc de Woluwe; XL1: Etang d’Ixelles Nord; XL2: Etang d’Ixelles Sud). The shape of each 
pond and connection to the hydrological network is shown in Fig. S1. 
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macrophytes should have different GHG dynamics, although this has 
seldom been tested (Harpenslager et al., 2022; Baliña et al., 2023). 

Here, we report CO2, CH4, and N2O dissolved concentrations and 
complementary variables (water temperature, chlorophyll-a (Chl-a), 
DIN, and O2) sampled in 22 small urban ponds (0.1–4.6 ha) of the city of 
Brussels, during the four seasons in 2021–2022. Potential drivers of CO2, 
CH4, and N2O dynamics are investigated by comparing pond size, 
presence of macrophytes, relative distance to the city center, sur
rounding landscape (strictly urban, bordered by cropland or by forest). 
We test if the most frequent accepted hypotheses of the drivers of CO2, 
CH4 and N2O seasonal and spatial variations in natural lakes and ponds 
also apply to urban ponds The CO2, CH4, and N2O diffusive emissions are 
computed and compared to the official inventory of GHG emissions from 
the city of Brussels. 

2. Material and methods 

2.1. Pond selection and sampling frequency 

22 ponds were selected within the Brussels region (Fig. 1). All of the 
ponds are artificial and were built during the past century, the majority 
with the primary aim of landscaping and embellishing parks. Recrea
tional fishing activities are allowed in four of the sampled ponds 
(Table S1). Some of the sampled ponds are connected to a river network 
(flow-through ponds) and others are fed directly by groundwater and 
small watercourses (overflow ponds), where water level is kept constant 
by an overflow outlet (Table S1). The sampled ponds are in the four main 
catchment areas of the city of Brussels (Molenbeek (n = 2), 
Neerpedebeek-Vogelzangbeek (n = 4), Maelbeek (n = 6), and Woluwe (n 
= 10) catchments) (Table S1). Four sampling campaigns were carried 
out on the 22 ponds, corresponding to the four seasons: November 2021 
(Fall), February 2022 (Winter), May 2022 (Spring) and August 2022 
(Summer). 

2.2. Meteorological data 

Air temperature, rainfall and wind speed were retrieved from http 
s://wow.meteo.be/fr for the meteorological station of the Royal Mete
orological Institute of St-Lambert (50.8408 ◦N, 4.4234 ◦E) in Brussels, 
located between 1 and 10 km from the sampled ponds. Wind speeds and 
air temperatures were averaged over 24 h to obtain a daily average 
value. The rainfall was integrated on each day to obtain the daily 
rainfall. 

2.3. Sampling in field 

Water was sampled and collected from pontoons. Water pH, tem
perature, conductivity and oxygen saturation level (%O2) were 
measured by a VWR MU 6100 H probe. Water was collected in 2 L 
polypropylene bottles for subsequent sampling for Chl-a, total sus
pended matter (TSM) and dissolved inorganic nutrients (ammonium 
(NH4

+), nitrite (NO2
− ), nitrate (NO3

− ), soluble reactive phosphorus (SRP)). 
Three 50 mL falcon tubes were filled with unfiltered water to which was 
added 200 µL of HNO3 (65 %) for total phosphorus (Ptot) analysis. 

Macrophytes were defined as vascular aquatic plants, excluding 
filamentous algae, mosses and liverworts, (Bowden et al., 2017). The 
percentage of macrophyte cover was estimated visually during sam
pling. Dominant species of macrophytes (Potamogeton pectinatus, Cera
tophyllum demersum, Chara sp., Nitella sp., Lemna trisulca, Zannichellia 
palustris) were identified in August 2022, when macrophyte cover was 
maximal. This list of species of macrophytes agreed with past studies in 
Brussels ponds (Peretyatko et al., 2010; de Backer et al., 2010). 

2.4. Laboratory analysis 

Water was filtered on Whatman filters 0.7 µm GF/F glass microfibers 

with diameter of 47 mm for TSM and Chl-a (stored frozen). Filtered 
water was stored in 50 ml plastic vials and stored frozen for dissolved 
nutrients analysis. Chl-a was measured on extracts with 90 % acetone by 
fluorimetry (Kontron SFM 25 model) (Yentsch and Menzel, 1963). NH4

+

was determined with the nitroprusside-hypochlorite-phenol coloration 
method (Grasshoff and Johannsen, 1972). NO2

− and NO3
− were deter

mined before and after reduction of NO3
− to NO2

− by a cadmium-copper 
column, with Griess’ reagent in acidic medium coloration method 
(Grasshoff and Kremling, 2009). SRP was determined with ammonium 
molybdate, ascorbic acid and potassium antimony tartrate coloration 
method (Koroleff, 1983). 

Ptot was determined by inductively coupled plasma spectroscopy 
(ICP) on an ICP-OES Perkin Elmer Avio 200 model. The assay protocol 
was based on the US EPA (1994) method 200.7 for analysis of metals and 
trace elements in water by ICP with prior microwave acid digestion 
based on US EPA (2007) method 3015A. 

2.5. Measurement of GHG concentrations and computation of fluxes 

CO2 measurements were carried out on the field with a Li-Cor Li-840 
CO2/H2O gas analyser using the headspace technique with 4 poly
propylene syringes of 60 mL. The technique consisted in equilibrating 
inside the syringe 30 mL of sample water with 30 mL of atmospheric air 
by vigorous shaking during 5 min. The headspace of each syringe was 
injected sequentially in the Li-840 and a fifth syringe was used to 
measure atmospheric CO2. The final pCO2 value was computed taking 
into account the partitioning of CO2 between water and the headspace, 
as well as equilibrium with HCO3

− (Dickson et al., 2007) using water 
temperature measured in-stream and after equilibration, and total 
alkalinity (data not shown). Samples for total alkalinity were condi
tioned, stored and analysed as described by Borges et al. (2019). The 
Li-Cor Li-840 was calibrated before and after each sampling period with 
ultrapure N2 and a suite of gas standards (Air Liquide Belgium) with CO2 
mixing ratios of 388, 813, 3788 and 8300 ppm. The overall precision of 
pCO2 measurements was ±2 %. 

Samples for dissolved CH4 and N2O were collected directly in surface 
waters with 60 ml plastic syringes and transferred with a plastic tube 
into two 60 mL borosilicate serum bottles and poisoned with 200 µL of 
saturated HgCl2 solution. The vials were sealed with a butyl stopper and 
crimped with an aluminium cap. Measurements were carried out using 
the headspace technique with a SRI 8610C gas chromatograph with a 
flame ionisation detector (FID) for CH4 and an electron capture detector 
(ECD) for N2O, calibrated with CH4:N2O:N2 gas mixtures (Air Liquide 
Belgium) with mixing ratios of 1, 10, 30, 509, and 2010 ppm for CH4, 
and 0.2, 2.0 and 6.0 ppm for N2O. The precision of measurement was 
±11 % for CH4 and ±6 % for N2O based on 176 replicates. Ebullitive 
CH4 fluxes were not measured during this study, but were measured 
with inverted funnels (e.g. Keller and Stallard 1994) in four ponds 
(Leybeek, Pêcheries Royales, Silex, Ten Reuken) for the period of 
29/03/22 to 09/09/23 (unpublished data). 

The CO2 concentration is expressed in terms of partial pressure of 
CO2 (pCO2 in ppm), the CH4 dissolved concentration in nmol L− 1 cor
responding to the usual convention in topical literature. N2O concen
trations oscillated around atmospheric equilibrium, so the data are 
presented as a percentage of the saturation level (%N2O), where 100 % 
corresponds to atmospheric equilibrium. The atmospheric pCO2 was 
measured on the field with the Li-Cor Li-840. The equilibrium with at
mosphere for N2O was calculated from the average air mixing ratios of 
N2O provided by the Global Monitoring Division (GMD) of the National 
Oceanic and Atmospheric Administration (NOAA) Earth System 
Research Laboratory (ESRL) (Dutton et al., 2017). A constant atmo
spheric concentration of 1.9 ppm was assumed for CH4. 

The exchange of CO2, CH4, and N2O between surface water and the 
atmosphere was calculated according to: 

FG = kg▵C 
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FG (mmol m − 2d− 1) is the flux of a specific gas (G), kg (cm h − 1) is the 
specific gas transfer velocity, and ΔC is the gas concentration gradient in 
water and the atmosphere (mmol L− 1). 

The kg values were derived from the gas transfer velocity normalized 
to Schmidt number of 600 (k600) according to: 

kg = k600x(Sc/600)− 0.5  

where Sc is the Schmidt number of the given gas in freshwater at in-situ 
water temperature computed according the algorithms given by Wan
ninkhof (1992). k600 was computed from wind speed using the param
eterisation of Cole and Caraco (1998): 

k600 = 2.07 + 0.215u1.7  

where u is the wind speed (m s − 1). 
The average daily u value on the day of sampling of each sampled 

pond was used. The u data were measured at the meteorological station 
of the Royal Meteorological Institute of St-Lambert (50.8408 ◦N, 4.4234 
◦E) in Brussels (located between 1 and 10 km from the sampled ponds) 
(retrieved from wow.meteo.be). The area-weighted average of FG from 
the 22 sampled ponds (totaling a surface area of 34 ha) for each of the 4 
seasons was averaged to obtain an annual value that was extrapolated to 
the total surface area (101 ha) of the all of the 158 urban ponds of the 
city of Brussels. 

The emissions of CH4 and N2O were expressed in CO2 equivalents 
(CO2-eq) by multiplying the respective fluxes by global warming po
tential (GWP) values of 34 for CH4 and 298 for N2O corresponding to a 
time horizon of 100 years (Myrhe et al., 2013). 

2.6. Statistical analysis 

The statistical analyses were conducted using R version 4.1.1 (2022) 
(R Core Team, 2022) and graphs were produced with GraphPad Prism 
v9. Prior to analysis, data underwent logarithmic or square root trans
formations to ensure normality. Shapiro tests were performed to assess 
the normality of the distribution. 

To investigate relationships between variables, quantile regressions 
were performed with the quantreg package v5.95 (Koenker, 2005). 
Quantile regressions were chosen over linear regressions due to their 
ability to provide a more comprehensive understanding of potential 
causal relationships in ecological processes (Cade and Noon, 2003). 
Significance levels for the quantile regression were determined using 
Wald statistical tests. 

For comparisons of medians in the boxplots, permutational multi
variate analysis of variance (PERMANOVA) on each Bray-Curtis distance 
matrix with 999 permutations was performed. A post-hoc test was per
formed to establish significant differences between sample pairs. For 
multiple comparisons, p-values were adjusted using the Bonferroni 
correction. Simultaneously, a test for homogeneity of multivariate dis
persions (PERMDISP) was conducted. This test allowed for the exami
nation of dispersion effects independent of location effects, as significant 
differences could be attributed to variations in within-group dispersion 
rather than differences in medians values among the groups (Anderson, 
2006). PERMANOVA and PERDISP were performed using the vegan 
package v2.6.4 (Oksanen et al., 2013). 

Data availability 

The time-sampled and georeferenced data-set presented in this paper 
is publicly available (Bauduin et al., 2024). 

3. Results 

3.1. Seasonal variations of meteorological conditions and GHGs 

In 2022, the average air temperature in Brussels was 12.2 ◦C, above 

the average of 11.0 ◦C for the 1991–2020 period. With the exception of 
April, September and December, air temperature monthly averages were 
above the reference value for the 1991–2020 period. A total of 701 mm 
of rain fell in Brussels (837 mm for the 1991–2020 period), during 149 
days (190 days for the 1991–2020 period). The year 2022 was the fourth 
driest and the first (ex-aequo with 2020) warmest year of the current 
reference period. During the sampling period from 22/11/21 to 18/08/ 
22, the air temperature and wind speed averaged 11.9 ± 6.3 ◦C and 0.6 
± 0.6 m s − 1, respectively, and the total precipitation was 321 mm in the 
city of Brussels (Fig. 2A). Air temperature was highest in summer (22.2 
± 1.6 ◦C) and lowest in fall (6.1 ± 0.7 ◦C). The highest wind speed was in 
spring (Fig. 2B) (1.7 ± 0.5 m s − 1). In the 15 days prior to sampling, it 
rained a total of 13 mm in fall, 53 mm in winter, 13 mm in spring, and 
less than 1 mm in summer. 

During the four sampling periods, pCO2 averaged 3667 ± 2904 ppm, 
CH4 concentration averaged 2833 ± 4178 nmol L− 1, and%N2O aver
aged 273 ± 662% in the 22 sampled ponds in the city of Brussels. The 
maximum pCO2 value was observed in fall (15,029 ppm) and the min
imum value in summer (121 ppm). Median pCO2 was higher in fall than 
during the other seasons and was lower in winter than spring (Fig. 3A). 
The maximum and minimum CH4 concentration values were both 
observed in summer, 29,190 and 10 nmol L− 1, respectively (Fig. 3B). 
The CH4 concentrations showed seasonal variations, with significantly 
lower median concentration in winter than other seasons, and higher 
concentrations during spring and summer (Fig. 3B). The minimum and 
maximum values of%N2O were both observed during summer (0 and 
10,354 %) (Fig. 3C). The median concentration of%N2O was lower 
during summer than fall and winter. The%N2O values showed a higher 
dispersion during summer than other seasons (Fig. 3C). Undersaturation 
of CO2 with respect to atmospheric equilibrium was observed only on 7 
occurrences (out of 88 observations), during spring (2 times) and sum
mer (5 times). For N2O, undersaturation with respect to atmospheric 
equilibrium was observed at each season, 3 times in fall, 5 times in 
winter, 7 times in spring and 10 times during summer. CH4 concentra
tions were always above saturation. 

The average, median, minimum and maximum values of ancillary 
variables (%O2, Chl-a, SRP, Ptot, NH4

+, NO3
− and NO2

− ) are given in 
Table S2. The median%O2 values were significantly lower in fall than in 
the other seasons (Table S2). The median Chl-a concentration value was 
significantly lower in winter than in fall and the highest concentrations 
were measured in summer, when values were the most variable. There 
were no differences between seasons for SRP. Ptot had higher concen
trations in spring and summer than in fall and winter. DIN concentra
tions were significantly higher in fall and winter than during spring and 
summer. NH4

+, NO3
− and NO2

− concentrations were significantly higher in 
fall than during the other seasons. pCO2, CH4 concentration and%N2O 
were negatively related to%O2 (Fig. 4A, 4G, 4M). CH4 concentration was 
positively related to water temperature (Fig. 4H) and%N2O was nega
tively related to water temperature (Fig. 4N). There was no relation 
between pCO2 and water temperature (Fig. 4B), nor Chl-a concentration 
(Fig. 4C). pCO2 was positively related to SRP (Fig. 4E). CH4 was nega
tively related to Chl-a (Fig. 4I). There was a positive correlation between 
CH4 and Ptot (Fig. 4L), that was also observed during each individual 
season, except in winter (Fig. S2A–S2D). The negative relation observed 
between CH4 and DIN (Fig. 4J) could be spurious and be attributed to 
parallel seasonal changes of both variables, as there were no correlations 
between CH4 and DIN when analysed independently for each season, 
except in spring (Fig. S2E–S2H).%N2O was positively correlated to DIN 
for the whole dataset (Fig. 4P) as well as for each season analysed 
independently (Fig. S2I–S2L).%N2O was statistically more strongly 
correlated to NO2

− (Fig. 5C) and NO3
− (Fig. 5D) than to NH4

+ (Fig. 5B).% 
N2O was negatively related to O2:DIN (Fig. 5E), O2:NO2

− (Fig. 5G) and 
O2:NO3

− (Fig. 5H) but unrelated to O2:NH4
+ (Fig. 5F). 
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3.2. Spatial variations of GHGs 

As pond perimeter (r = 0.90, p<0.0001) and depth (r = 0.45, p 
0.014) were correlated to surface area; hereafter, only relationships 
between GHGs and pond surface area are presented (Fig. 6A, 6E, 6I). 
Both pCO2 and%N2O were negatively related to pond surface area 
(Fig. 6A, 6I) and CH4 was positively related to pond surface area 
(Fig. 6E). The ponds closer to the city center had lower CH4 concen
trations (Fig. 6F) and higher%N2O (Fig. 6J) than the ponds closer to the 
periphery of the city.%N2O values showed a higher dispersion in small 
ponds than larger ponds and in ponds closer to the city center compared 
to the periphery of the city. pCO2 did not show a clear pattern with 
regards to the city center (Fig. 6B). DIN, NO3

− and NO2
− concentrations 

decreased with distance from the city center but not NH4
+ (Fig. 7). At

mospheric nitrogen dioxide (NO2) concentration decreased with dis
tance from the city center (Fig. 7E).%N2O was positively correlated to 
the atmospheric NO2 concentration (Fig. 7F). Elevated CH4 concentra
tions were observed in ponds with higher macrophyte cover (Fig. 6G). 
Ponds with high macrophyte cover were located farther away from the 
city center (Fig. S3A), had larger surface areas (Fig. S3B), and lower 
residence times (Fig. S3C). Ponds with high macrophyte cover exhibited 
lower concentrations of DIN and Chl-a than ponds with low macrophyte 
cover (Fig. S3D,E). Ponds with high and low macrophyte cover had no 

difference in SRP and Ptot concentration (Figs. S3F,G). No significant 
correlation was observed between Chl-a and distance from city center 
(Fig. S4). 

3.3. Fluxes of GHGs 

The mean and median concentrations of the three GHGs in the 
sampled ponds were consistently higher than their respective equilib
rium concentrations (Fig. 3). Consequently, the sampled ponds were 
sources of GHGs to the atmosphere during all four season, although 
negative flux values were observed on some rare occasions (Fig. S5). 
Seasonal variations of the GHG fluxes mirrored those of the respective 
concentrations because of modest variations of wind speed and 
computed k600, although higher fluxes were observed during spring 
characterized by the highest daily wind speeds (Fig. S5A). 

In terms of GHG emissions expressed in CO2 equivalents, CO2 was the 
dominant GHG emitted, with a median annual emission to the atmo
sphere of 732 g CO2 m − 2 yr− 1. Median annual emission of CH4 and N2O 
was 97 and 9 g CO2-eq m − 2 yr− 1

, respectively. CO2 contributed to 88 % 
of the total CO2 equivalent emissions, CH4 contributed to 11 %, and N2O 
contributed to 1 %. The total annual diffusive emissions of CO2, CH4, 
and N2O amounted to 0.8 kT of CO2-eq for all of the ponds in the city of 
Brussels (n = 158) (Fig. 8). 

Fig. 2. Daily mean air temperature (light grey line), daily precipitation (black line) (A) and daily wind speed (dark grey, right) (B). The empty red squares on (A) 
indicate the in-situ water temperature during sampling and the empty black diamonds on (B) indicate the average wind during each sampling period. Meteorological 
data were obtained from crowdsourcing platform of the Royal Belgian Meteorological Institute (wow.meteo.be) at the Brussels–Woluwe Saint Lambert station 
(50.8408 ◦N, 4.4234 ◦E). 

Fig. 3. Seasonal variations of partial pressure of CO2 (pCO2 in ppm) (A); dissolved CH4 concentration (CH4 in nmol L− 1) (B) and N2O saturation level (%N2O in%) (C) 
in 22 ponds in the city of Brussels during 4 seasons. Dashed lines indicate the equilibrium with atmosphere (493 ppm for pCO2 (mean of measurements) and 100 % 
for%N2O). Box plots show median (horizontal line), mean (cross), and 25–75 % percentiles (box limits). Whiskers extend from min to max. The common letters above 
the box plots indicate groups that are not significantly different (Permanova). Statistical results of Permanova and Betadisper are summarized in Table S5. 
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Fig. 4. Partial pressure of CO2 (pCO2, ppm), dissolved CH4 concentration (CH4, nmol L− 1), and N2O saturation level (%N2O,%), versus oxygen saturation level (%O2, 
%), water temperature ( ◦C), concentration of chlorophyll-a (Chl-a, in μg L− 1), concentration of dissolved inorganic nitrogen (DIN= NH4

+
+ NO2

−
+ NO3

− , in μmol L− 1), 
concentration of soluble reactive phosphorus (SRP, in μmol L− 1) and total phosphorus concentration (P tot, mg L− 1) in 22 ponds in the city of Brussels during 4 
seasons. Median quantile regression shown as solid lines, 25th-75th quantile regression as dashed lines. Significance indicated by ns (non-significant) * (p<0.05), ** 
(p<0.01), ****(p<0.0001). Statistical results of quantile regressions are summarized in Table S7. 

Fig. 5. N2O saturation level (%N2O,%) versus dissolved inorganic nitrogen (DIN= NH4
+ + NO2

− + NO3
− , in μmol L− 1) (A), ammonium concentration (NH4

+, μmol L− 1) 
(B), nitrite concentration (NO2

− , μmol L− 1) (C), nitrate concentration (NO3
− , μmol L− 1) (D), ratio of dissolved inorganic nitrogen (DIN= NH4

+
+ NO2

−
+ NO3

− , in μmol 
L− 1) to dissolved oxygen (O2, in μmol L− 1) (E), ratio of NH4

+ to O2 (μmol:μmol) (F), ratio of NO2
− to O2 (μmol:μmol) (G), ratio of NO3

− to O2 (μmol:μmol) (H) in 22 
sampled ponds in the city of Brussels during 4 seasons. Median quantile regression shown as solid lines, 25th-75th quantile regression as dashed lines. Significance 
indicated by * (p<0.05), ****(p<0.0001). Statistical results of quantile regressions are summarized in Table S6. 
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4. Discussion 

4.1. Seasonal variations 

Seasonal variations of dissolved CO2 in lacustrine systems at mid and 
high latitudes depend on the seasonal alternation between periods of net 
ecosystem heterotrophy and periods when the aquatic ecosystem 
evolves to more autotrophic conditions. This seasonal alternation de
pends on light conditions, with a higher aquatic primary production in 
spring and summer. Light conditions co-vary with temperature, and 
warmer conditions coincide seasonally with the sunnier conditions in 
summer. Allochthonous organic matter inputs from the watershed can 
also vary seasonally and are usually stronger in fall and winter than 
spring and summer. 

In the sampled ponds of the city of Brussels, the overall negative 
relation between pCO2 and%O2 (Fig. 4A) reflected an alternation be
tween autotrophy-heterotrophy (balance between photosynthesis and 
community respiration), as also observed in other studies in rivers and 
lakes (Borges et al., 2015, 2018). This confirmed by the observed rela
tionship between pCO2 and SRP (Fig. 4F) that may reflect the uptake of 
nutrients by autotrophic groups leading to the lowering of SRP and 
pCO2, and, conversely, high SRP and pCO2 resulting from the degrada
tion of OM in the water column and sediments (Allesson et al., 2020). 
The pCO2 values in the sampled ponds of the city of Brussels were 
highest in fall and lowest in summer. In fall, the senescence of photo
synthetic organisms, induced by a decrease in light intensity and water 
temperatures, will lead to a large amount of potentially degradable 

autochthonous OM (Bartosiewicz et al., 2021), which will be respired 
and lead to higher pCO2 in fall than in winter and summer. The input in 
fall of allochthonous OM to ponds is increased with leaf fall from sur
rounding trees (Sønderup et al., 2016) and with runoff due to higher 
precipitation . In spring, the occurrence of aquatic primary production in 
response to the increase of the photoperiod and water temperature, lead 
to a CO2 consumption and O2 production. 

In summer, the median (average) pCO2 was not significantly 
different compared to other seasons, but there was a higher dispersion of 
the values that explained the lack of relation between pCO2 and water 
temperature and Chl-a (Fig. 4B, 4C), unlike CH4 and%N2O that corre
lated to water temperature (Fig. 4H, 4N). The high dispersion of pCO2 
values in summer may be attributed to sampling different stages of 
phytoplankton development in various ponds during the summer 
campaign (Fig. S4). Low pCO2 values were observed in ponds where 
phytoplankton was blooming and high pCO2 values were observed in 
ponds where phytoplankton was senescent. The relation of pCO2 and 
Chl-a was further complicated by the variable density of macrophyte 
cover among the different sampled ponds. High macrophyte cover cor
responded to low Chl-a concentrations, while low macrophyte cover 
corresponded to higher Chl-a levels (Fig. S3D). 

Low%O2 values in the water column indicate a generalized net 
heterotrophy within the sampled ponds including the sediments and 
therefore also a high methanogenesis, leading to an overall negative 
relation between CH4 and%O2 (Fig. 4G), as also observed in other urban 
ponds (Audet et al., 2020; Peacock et al., 2021). Since methanogenesis 
occurs in sediments rich in organic matter, seasonal variations of 

Fig. 6. Median quantile regressions of mean partial pressure of CO2 (pCO2, ppm), dissolved CH4 concentration (CH4, nmol L− 1), and N2O saturation level (%N2O,%) 
as function of surface area (A, E, I) and distance from city center (B,F, J) and boxplots of mean GHG with low (<40 %, n = 14) and high (>40 %, n = 8) macrophyte 
cover (MC) (C,G, K). Median quantile regression shown as solid lines, 25th-75th quantile regression as dashed lines. Significance indicated by ns (non-significant) * 
(p<0.05), ** (p<0.01). Box plots show median (horizontal line), mean (cross), and 25–75 % percentiles (box limits). Whiskers extend from min to max. The common 
letters above the box plots indicate groups that are not significantly different (Permanova). Graphs D, H, L represent respectively mean pCO2 (ppm), CH4, (nmol L− 1) 
and%N2O (%) for each pond during the four spatial surveys plotted against coordinates (◦E,◦N). City perimeter shown in light grey, city center (50.8504◦N, 
4.3487◦E) marked with star. Red circles evidence zones with highest values of CH4 concentrations and%N2O. Statistical results of Permanova and Betadisper are 
summarized in Table S6. Statistical results of quantile regressions are summarized in Table S7. 
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methanogenesis are very strongly dependent on temperature variations 
(Zeikus and Winfrey, 1976; Yvon-Durocher et al., 2014; Chen et al., 
2021). Consequently, there was also a highly significant positive cor
relation between CH4 and water temperature (Fig. 4H). There is a highly 
significant positive correlation between Ptot and CH4, as in other urban 
ponds (Peacock et al., 2019; Rabaey and Cotner, 2022), probably 
reflecting the delivery of fresh, labile organic matter to sediments 
enhancing methanogenesis (Grasset et al., 2021; Gruca-Rokosz and 
Cieśla, 2021; Nijman et al., 2022). Ptot was similar in ponds with high 
and low macrophyte cover (Fig. S3G), indicating Ptot gives a measure of 
potentially degradable OM from both phytoplankton and macrophytes. 
Consequently, Ptot was higher in spring and summer (Table S2), when 
primary production from phytoplankton and macrophytes is highest. 

N2O in lakes and ponds results from nitrification and denitrification 
that show seasonal variations, mainly as a function of DIN availability 
and O2 conditions (in particular in thermally stratified systems), as well 
as water temperature (Myrstener et al., 2016; Palacin-Lizarbe et al., 
2018; Mander et al., 2021). Additionally, the yield of N2O production 
from both nitrification and denitrification also depends on O2 levels and 
water temperature. In the sampled ponds,%N2O was higher in fall than 
summer, as observed by Mander et al. (2021) in artificial wetlands. 
During fall, high heterotrophic degradation of organic matter and 
ammonification, combined with lower uptake of NH4

+ by phytoplankton, 
resulted in high concentrations of NH4

+ (Table S2). This led to high N2O 
production from nitrification due to higher NH4

+ availability, and the 
N2O yield from nitrification was possibly enhanced by low O2 conditions 
(Rosamond et al., 2012; Soued et al., 2016). In spring and summer, the 
NH4

+ was assimilated by phytoplankton and there was substrate limita
tion for N2O production by nitrification in the water column. The 

Fig. 7. Mean dissolved inorganic nitrogen (DIN= NH4
+ + NO2

− + NO3
− , in μmol L− 1) (A), ammonium (NH4

+, in μmol L− 1) (B), nitrite (NO2
− , in μmol L− 1) (C), nitrate 

(NO3
− , in μmol L− 1) (D), and atmospheric NO2 (µg m− 3) (E) concentrations as function of the distance from city center (50.8504◦N, 4.3487◦E) in 22 ponds in the city 

of Brussels during 4 seasons. N2O saturation level (%N2O,%) as function of atmospheric NO2 concentration (µg m− 3) (F). Median quantile regression shown as solid 
lines, 25th-75th quantile regression as dashed lines. Significance (ns non-significant, * p<0.05, ** p<0.01) indicated top right. Statistical results of quantile re
gressions are summarized in Table S6. The atmospheric nitrogen dioxide (NO2) concentration (µg m− 3) was extracted from the Curieuzenair initiative, which 
analyzed 2483 air samples in September 2021 covering the whole of the city of Brussels with a homogeneous distribution (https://curieuzenair.brussels/en/the-res 
ults/). Each data point corresponds to the average value of the six atmospheric NO2 stations closest to each sampled pond, a distance between 50 and 450 m. 

Fig. 8. Official inventory of annual emissions of greenhouse gases (kT CO2 
equivalents per year) for the city of Brussels in 2020 (https://environnement. 
brussels) Energy (residential/tertiary buildings), Transport (road), Industry 
(industrial processes and product use), Waste (mainly wastewater treatment), 
Agriculture (few soils), Forest (mainly Sonian forest), greenspace (private and 
public gardens, grassland) and diffusive emissions estimated from Brussels 
ponds (Ponds) in this study (2021–2022). The specific budget for each GHG is 
given in Table S4. 
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combination of high and low nitrification in fall and spring, respectively 
explained the observed overall relationship between%N2O and NH4

+

(Fig. 5B). NO2
− and NO3

− are, respectively, intermediate and final product 
of the nitrification, which explained the observed overall relationship 
between%N2O and NO2

− and NO3
− (Figs. 5C, 5D) that was statistically 

more significant than the relation between%N2O and NH4
+. Low O2 

levels will favour N2O production over NO2
− production during nitrifi

cation (Goreau et al., 1980; Ni et al., 2011), leading to a negative rela
tion between%N2O and O2:DIN, O2:NO2

− and O2:NO3
− (Fig. 5E, 5G, 5H). 

While the correlations between N2O and NH4
+, NO3

− and NO2
−

(Fig. 5B–5D) in the sampled ponds of the city of Brussels indicate the 
importance of nitrification in driving the variability of N2O, denitrifi
cation should also have played a role in N2O dynamics. An indication of 
this is given by the overall negative relationship between%N2O and 
water temperature (Fig. 4N), as the last step of denitrification is 
inhibited at low temperatures (Liao et al., 2018; Velthuis and Veraart, 
2022), leading to an accumulation of N2O in the water column during 
fall and winter. A pattern of higher N2O levels during wintertime was 
also observed in boreal lakes and attributed to the effect of temperature 
on the N2O yield from denitrification (Kortelainen et al., 2020). 

4.2. Spatial variations in GHGs 

The levels of CO2 and CH4 in lakes vary as a function of lake size 
(Lapierre and del Giorgio, 2012; Kankaala et al., 2013; Raymond et al., 
2013; Holgerson and Raymond, 2016; Casas-Ruiz et al., 2021; Borges 
et al., 2022; Chiriboga et al., 2024) as well as land cover (Maberly et al., 
2013). Combined lake size and land cover determine relative levels of 
allochthonous organic matter inputs to aquatic systems and the general 
balance of autotrophy and heterotrophy largely determining CO2 levels 
(del Giorgio and Peters, 1994), as well as benthic methanogenesis. The 
size of the water body will also largely determine the relative impor
tance of soil-water and ground-water inputs of CO2 and CH4 (Wey
henmeyer et al., 2015; Olid et al., 2022). The size of the water body will 
also determine to a larger extent its depth, with smaller systems being in 
general shallower (Wetzel, 2001). Depth will in turn determine the de
gree of coupling between sedimentary processes and surface waters, as 
well as the possibly development of macrophytes. Yet, given the low 
number of studies, it has not been investigated if these general patterns 
established from studies in natural lakes and ponds can be applied to 
urban ponds. In urban ponds the catchment cover is obviously very 
different from more natural systems, and there is a very strong atmo
spheric nitrogen deposition. Inter-lake variations of N2O have been less 
investigated than CO2 and CH4, although DIN levels and depth are ex
pected to exert a strong influence on N2O lacustrine levels (Lauerwald 
et al., 2019; Borges et al., 2022). 

The surface area of the sampled ponds was overall low and the range 
of variation was small (0.1–4.6 ha), so that other properties than pond 
size might have driven inter-system differences. The analysis of spatial 
patterns of GHGs in the sampled ponds was complicated by the fact that 
the smaller systems were located towards the center of city, and the 
larger ones at the periphery in contact with either cropland to the West 
and the Sonian forest to the East. Furthermore, the larger systems were 
characterized by a more important macrophyte cover. 

The pCO2 values in the sampled ponds did not show a significant 
relation to the distance from the city center or macrophyte cover 
(Fig. 6B, 6C). However, the pCO2 values were significantly higher in the 
smaller systems than the larger ones (Fig. 6A). This agrees with several 
studies at local, regional or global scales showing a negative relation 
between pCO2 and lake surface area (Lapierre and Del Giorgio, 2012; 
Kankaala et al., 2013; Raymond et al., 2013; Holgerson and Raymond, 
2016; Casas-Ruiz et al., 2021). The causes of such relations are related to 
the overall influence of lake size on inputs from the landscape and lake 
carbon cycling and have been discussed in detail in several other studies 
(del Giorgio and Peters, 1994; Sand-Jensen and Staehr, 2007; Borges 
et al., 2022). 

The CH4 concentration in the sampled ponds was significantly higher 
in the larger systems than the smaller ones (Fig. 6E). Several studies 
reported a negative correlation between CH4 concentration and lake size 
(surface and/or depth) across spatial scales (local to global) (Borges 
et al., 2011; Kankaala et al., 2013; Holgerson and Raymond, 2016; 
Borges et al., 2022; Chiriboga et al., 2024), yet one study reported no 
relationship (Peacock et al., 2019) and another a positive correlation 
(Rabaey et al., 2022). The positive relationship between CH4 concen
tration and pond size in the ponds of the city of Brussels was probably 
indirect and reflected another driver. The relationship of CH4 concen
trations in relation to the distance from the city center and to macro
phyte cover was statistically more significant than to surface area 
(Fig. 6E–6G). We hypothesize that macrophyte cover was the predom
inant driver (given the stronger statistical significance) that was itself a 
function of distance from the city center. The statistically weak negative 
relationship between Chl-a and CH4 (Fig. 4J) could reflect the fact that 
ponds with high macrophyte cover tended to exhibit lower Chl-a con
centrations (Fig. S3D) but had significantly higher CH4 concentrations 
(Fig. 6G). 

Submerged macrophytes have a complex impact on CH4 dynamic in 
lakes and ponds, as synthesized by Bastviken et al. (2023), with both 
positive and negative effects on the CH4 emissions. In the urban ponds of 
the city of Brussels, the CH4 concentration was significantly higher in 
ponds with a high macrophyte cover (Fig. 6G), located in the periphery 
of the city and closer to the Sonian Forest (Fig. 6F, 6H). In addition to the 
potential positive impact of macrophytes on CH4, the Sonian forest 
likely transfers allochthonous carbon as plant litter promoting CH4 
production compared to other ponds. Litter from trees can induce 
sediment anoxia (Mehring et al., 2014) enhancing CH4 production. Yet, 
this potential additional input of allochthonous organic carbon from the 
Sonian Forest did not seem to affect the pCO2 in ponds for which the 
effect of size seemed more important. 

The%N2O levels were significantly higher but also more variable in 
the sampled urban ponds closer to the city center than at the periphery 
of the city (Fig. 6J, 6L).%N2O was strongly correlated to DIN, NO2

− and 
NO3

− concentrations (Fig. 5) that were higher close to the city center 
(Fig. 7). The higher DIN, NO2

− and NO3
− concentrations in the city center 

could have resulted from higher N deposition as indicated by the pattern 
of atmospheric NO2 (Fig. 7E). No correlation was found with macro
phyte cover (Fig. 6K), although the presence of macrophytes strongly 
influences nitrogen cycling in sediments (Barko et al., 1991; Choudhury 
et al., 2018; Dan et al., 2021; Ni et al., 2022) and could in theory 
potentially have affected N2O levels. 

4.3. Comparison with other urban and natural ponds 

There are only a few equivalent studies of GHG emissions in urban 
ponds for comparison (Table S3). We restricted the comparison to dis
solved GHG concentrations rather than fluxes across the air-water 
interface. Fluxes measured with floating chambers and computed 
fluxes from k can provide diverging results, so are not necessarily 
comparable (Duchemin et al., 1999; Guérin et al., 2007; Klaus and 
Vachon, 2020; Erkkilä et al., 2018; Perolo et al., 2021). This is possibly 
related to measurement biases using floating chambers (Belanger and 
Korzun, 1991; Lorke et al., 2015; Vingiani et al., 2021), although the 
computation of k can be made with different parameterizations derived 
from several methods (including floating chambers) and that provide 
different values particularly at high wind speeds. It is unclear which 
wind parametrization is the most appropriate (Klaus and Vachon, 2020), 
in particular with regards to effects of size and fetch limitation (Wan
ninkhof, 1992) which might become very important in small water 
bodies such as ponds (Holgerson et al., 2017; Jansen et al., 2020). We 
computed the fluxes from dissolved concentrations of CO2, CH4 and N2O 
and the gas transfer velocity computed from the parameterization as a 
function of wind speed of Cole and Caraco (1998). The parametrization 
of Cole and Caraco (1998) was built from a large compilation of 
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deliberate tracer based estimates of k600 in 11 lakes with a wide range of 
maximum depth (1–109 m) and surface area (0.2–487 km2). The 
parametrization of Cole and Caraco (1998) parameterization as function 
of wind speed intrinsically integrates other sources of turbulence 
(night-time convection due to cooling) and fetch limitation, because it is 
built on compilation of repeated tracer measurements in several lakes 
with a wide range of size and depth. Yet, the parameterization of Cole 
and Caraco (1998) is based on k600 data acquired in water bodies with a 
surface area larger (>4 ha) than the ponds we sampled (0.1–4.6 ha), 
which admittedly introduces uncertainty in the computation of k600. The 
computed k600 from the sampled ponds with the parametrization of Cole 
and Caraco (1998) ranged from 2.1 to 2.6 cm h − 1 in summer and spring, 
respectively. The overall annual average k600 value of 2.3 cm h − 1 was 
within the range of k600 values (0.9–3.0 cm h − 1) reported by Holgerson 
et al. (2017) in four ponds located in a dense forest, with surface area 
~0.02 ha. These four ponds located in a dense forest were smaller than 
the ponds we sampled (0.1–4.6 ha) that were located in recreational 
urban parks, hence, less sheltered from wind that in a dense forest. The 
values of computed k600 from the sampled ponds with the parameteri
zation of Cole and Caraco (1998) are also comparable to the values of 
k600 used by Holgerson and Raymond (2016), in a global analysis of CO2 
and CH4 emissions from ponds, of 1.5 cm h − 1 for ponds with a surface 
area <0.1 ha and of 2.0 cm h − 1 for ponds with a surface are of 0.1–1.0 
ha. 

The average of CH4 dissolved concentrations (annual or summer 
average) in the sampled ponds of Brussels was comparable to the values 
reported in other urban ponds in the cities of Silkeborg (Denmark, Audet 
et al., 2020), Uppsala (Sweden, Peacock et al., 2019; Ray et al., 2023), 
Linkoping (Sweden, Natchimuthu et al., 2014), Minnesota (United 
States, Rabaey and Cotner, 2022; Ray et al., 2023) and in Salaspils 
(Latvia, Ray et al., 2023). The average dissolved CO2 concentrations in 
the sampled ponds was also equivalent to the values in the ponds of 
Silkeborg (average of 4 seasons) (Audet et al., 2020) and possibly lower 
in summer than the ponds in Uppsala (Peacock et al., 2019). 

The extreme variability of CH4 and CO2 concentrations seasonally 
and among ponds indicated by the large values of the standard de
viations was observed in all systems (Brussels, Silkeborg, Uppsala, 
Minnesota and Salaspils) and probably obscured differences among 
different studies that could have emerged from differences in inputs of 
allochthonous carbon and nitrogen, despite the differences in the size of 
the cities, as Brussels (> 1 million inhabitants) is larger than Silkeborg 
(<50,000 inhabitants) and Uppsala (140,000 inhabitants). The N2O 
concentration in the sampled ponds of Brussels was higher than values in 
the ponds of Silkeborg (average of 4 seasons) (Audet et al., 2020), which 
might be a consequence of a larger anthropogenic input of nitrogen from 
atmospheric deposition due to the larger size of the city of Brussels 
compared to Silkeborg. This was consistent with a higher value of the 
annual average NH4

+ concentration in the ponds of Brussels (27±63 
µmol L− 1) compared to the ponds of Silkeborg (9 ± 14 µmol L− 1, Audet 
et al., 2020). A stronger eutrophication (nitrogen levels) sustaining a 
higher primary production, might also explain potentially lower CO2 
concentrations in Brussels in summer than in Silkeborg and Uppsala 
(Table S3). 

Concentrations of CO2 and CH4 in the sampled ponds of Brussels 
were >3 times higher than those in natural (non-urban) ponds of similar 
size reported by Holgerson and Raymond (2016) (Fig. 9). This confirms 
the emerging idea that artificial inland water bodies (agricultural res
ervoirs, urban ponds, storm-water retention basins, …) have higher 
emission rates per m2 than natural systems (Martinez-Cruz et al., 2017; 
Grinham et al., 2018; Herrero Ortega et al., 2019; Gorsky et al., 2019; 
Ollivier et al., 2019; Peacock et al., 2019, 2021; Webb et al., 2019). This 
seems to result from more important anthropogenic allochthonous in
puts of carbon and nitrogen in artificial systems but might also reflect 
other differences compared to natural systems such as in hydrology 
(Clifford and Heffernan, 2018). 

4.4. Contribution of urban ponds to the GHG budget of the city of Brussels 

The CO2, CH4 and N2O air-water fluxes were converted into CO2 
equivalents and the average scaled to total surface area of ponds in the 
city of Brussels (101 ha). The diffusive emissions were dominated by 
CO2 (88 %), followed by CH4 (11 %) and N2O (1 %). The GHG emissions 
officially accounted from the city of Brussels are overwhelmingly 
dominated by CO2 (99.1 %) with a very small contribution from N2O 
(0.6 %) and CH4 (0.3 %). The relative additional contribution of emis
sions of GHG from ponds to the total urban emissions is different for 
each of the three GHGs individually (Table S4). The diffusive emissions 
from ponds correspond to a fraction of the other urban emissions of 1.2 
% for CH4, 0.05 % for N2O and 0.03 % for CO2. The total annual GHG 
diffusive emissions from ponds of 0.8 kTCO2eq is several orders of 
magnitude lower and very marginal compared to the three major 
anthropogenic emissions in the city of Brussels such as energy (1804 
kTCO2eq yr− 1), transport (807 kTCO2eq yr− 1), and industries (277 
kTCO2eq yr− 1) (Fig. 8). Ebullitive fluxes of CH4 were measured in four 
ponds (Leybeek, Pêcheries Royales, Silex, Ten Reuken) during 2021, 

Fig. 9. dissolved CO2 concentration (CO2, μmol L− 1) (A) and dissolved CH4 
concentration (CH4, nmol L− 1) (B) in 22 sampled ponds in Brussels during 4 
seasons (n = 88) and natural ponds of similar size reported by Holgerson and 
Raymond (2016) (n = 81 for CO2, n = 53 for CH4). Box plots show median 
(horizontal line), mean (cross), and 25–75 % percentiles (box limits). Whiskers 
extend from min to max. Both comparisons are significant based on Permanova 
test. Statistical results of Permanova and Betadisper are summarized 
in Table S5. 
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2022, and 2023 and ranged from 0.0 to 59.2 mmol CH4 m − 2 d − 1 

(unpublished data). Based on an exponential relationship between 
ebullitive CH4 and temperature in the 4 sampled ponds (n = 39, r2=0.54, 
not shown), we scaled the ebullitive CH4 fluxes to all of ponds in the city 
of Brussels that summed correspond to an additional GHG emission of 
0.2 kTCO2-eq yr− 1. When additionally accounting for CH4 ebullition, the 
total CH4 emissions from the urban ponds (0.2 kTCO2-eq yr− 1) corre
spond to 3.7 % of the total urban emissions of CH4.Yet, the total CH4 
emissions (including CH4 ebullition) from the urban ponds only repre
sented 0.01 % of the total GHG emissions of the city of Brussels (2885 
kTCO2-eq yr− 1). This was consistent with the contribution of CH4 
emissions from streams and ponds of 0.004 % to the total GHG emissions 
from the city of Berlin reported by Herrero Ortega et al. (2019). The total 
annual GHG emissions from urban ponds, (1.0 kTCO2-eq yr− 1 including 
CH4 ebullition) is of the same order of magnitude as smaller GHG 
emissions such as waste (5.3 kTCO2eq yr− 1) and agriculture (1.3 
kTCO2eq yr− 1). The total annual GHG emissions from urban ponds was 
nearly identical than the estimated sink of GHGs from urban green 
spaces (1.2 kTCO2eq yr− 1). Urban green spaces (parks and gardens) 
provide several ecosystem services reviewed by Pataki et al. (2011) 
including reducing or offsetting GHG emissions. Here, we showed that 
the emissions of GHGs from ponds almost fully balance the reported 
GHG sink reported for green spaces in the city of Brussels. As such, GHG 
emissions from ponds should be accounted among the negative conse
quences or tradeoffs of implementing green infrastructure, the so-called 
“ecosystem disservices” according to Pataki et al. (2011). 

5. Conclusions 

Our study showed that small urban ponds in the public parks of the 
city of Brussels emit CO2, CH4 and N2O to the atmosphere. The GHG 
concentrations and emissions in the sampled ponds showed geograph
ical variations that were partly related to differences in morphology 
(size) but also the position with regards to the city center, and the sur
rounding landscape for those in the urban periphery (cropland versus 
forest), as well as the presence of macrophytes. Smaller ponds received 
larger amounts of allochthonous carbon, either directly as CO2 or as OM 
resulting in larger CO2 production from respiration. Larger ponds 
emitted more CH4 contrary to the pattern most commonly described in 
the literature. This effect was due to the presence of macrophytes and 
the proximity of the forest in larger ponds at the periphery of the city 
compared to the smaller ponds located closer to the city center. N2O 
levels were higher closer to the city center that we hypothesize resulting 
from a stronger atmospheric nitrogen deposition based on the patterns 
of atmospheric NO2. 

Biological processes were the main drivers of GHG production, as 
showed from relationships of the three GHGs with water temperature, 
oxygen saturation and nutrients. CH4 concentrations were positively 
related to temperature on seasonal time scales due to the dependence of 
methanogenesis on temperature, as usually observed in aquatic systems 
(Yvon-Durocher et al., 2014), including urban ponds (Bartosiewicz 
et al., 2016). On the contrary the N2O levels were negatively related to 
temperature possibly reflecting incomplete denitrification at low tem
peratures, although DIN levels also increased in winter, so it is difficult 
to separate the impact of both potential drivers. 

The GHG emissions from the studied ponds were lower than the 
other GHG sources from the city such as road transport and building 
heating. However, urban green spaces are described as important carbon 
sinks by Pataki et al. (2011), but this sink was offset by emissions from 
the ponds within these same green spaces in the city of Brussels. CH4 
emissions from inland waters were incorporated in the latest IPCC 
assessment report (IPCC, 2019) and should now be included in current 
national inventories. We show that the total CH4 emissions from the 
urban ponds (including diffusive and ebullitive components) correspond 
to a larger fraction of the total respective urban emissions (3.73 %) than 
CO2 (0.05 %) and N2O (0.03 %). The emissions of GHGs from the urban 

ponds were equivalent to the reported GHG sink reported for green 
spaces in the city of Brussels. 

Audet et al. (2020) proposed to consider the GHG emissions from 
ponds in the overall GHG assessment of cities to provide a more 
comprehensive quantification of a city’s carbon footprint and fully 
quantify the ecosystem services provided by urban green spaces. Yet, the 
total CO2, N2O, and CH4 emissions (including CH4 ebullition) from the 
urban ponds only represented 0.04 % of the total GHG emissions of the 
city of Brussels (2885 kTCO2-eq yr− 1). 
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Allesson, L., Andersen, T., Dörsch, P., Eiler, A., Wei, J., Hessen, D.O., 2020. Phosphorus 
availability promotes bacterial DOC-mineralization, but not cumulative CO2- 
production. Front. Microbiol. 11, 569879 https://doi.org/10.3389/ 
fmicb.2020.569879. 

Anderson, M.J., 2006. Distance-based tests for homogeneity of multivariate dispersions. 
Biometrics 62 (1), 245–253. https://doi.org/10.1111/j.1541-0420.2005.00440.x. 

Audet, J., Carstensen, M.V., Hoffmann, C.C., Lavaux, L., Thiemer, K., Davidson, T.A., 
2020. Greenhouse gas emissions from urban ponds in Denmark. Inland Waters 10 
(3), 373–385. https://doi.org/10.1080/20442041.2020.1730680. 

Baliña, S., Sanchez, M.L., Izaguirre, I., del Giorgio, P.A., 2023. Shallow lakes under 
alternative states differ in the dominant greenhouse gas emission pathways. Limnol. 
Oceanogr. 68 (1), 1–13. https://doi.org/10.1002/lno.12243. 

Barko, J.W., Gunnison, D., Carpenter, S.R., 1991. Sediment interactions with submersed 
macrophyte growth and community dynamics. Aquat. Bot. 41 (1–3), 41–65. https:// 
doi.org/10.1016/0304-3770(91)90038-7. 

Bartosiewicz, M., Laurion, I., Clayer, F., Maranger, R., 2016. Heat-wave effects on 
oxygen, nutrients, and phytoplankton can alter global warming potential of gases 
emitted from a small shallow lake. Environ. Sci. Technol. 50 (12), 6267–6275. 
https://doi.org/10.1021/acs.est.5b06312. 

Bartosiewicz, M., Maranger, R., Przytulska, A., Laurion, I., 2021. Effects of 
phytoplankton blooms on fluxes and emissions of greenhouse gases in a eutrophic 
lake. Water Res. 196, 116985 https://doi.org/10.1016/j.watres.2021.116985. 

Bastviken, D., Treat, C.C., Pangala, S.R., Gauci, V., Enrich-Prast, A., Karlson, M., 
Gålfalk, M., Romano, M.B., Sawakuchi, H.O., 2023. The importance of plants for 
methane emission at the ecosystem scale. Aquat. Bot. 184, 103596 https://doi.org/ 
10.1016/j.aquabot.2022.103596. 

Bauduin, T., Gypens, N., Borges, A.V., 2024. Biogeochemical data from urban ponds in 
Brussels [Data set] Zenodo. https://doi.org/10.5281/zenodo.10554478. 

Belanger, T.V., Korzun, E.A., 1991. Critique of floating-dome technique for estimating 
reaeration rates. J. Environ. Eng. 117 (1), 144–150. https://doi.org/10.1061/(ASCE) 
0733-9372(1991)117:1(144). 

Bettez, N.D., Groffman, P.M., 2013. Nitrogen deposition in and near an urban ecosystem. 
Environ. Sci. Technol. 47 (11), 6047–6051. https://doi.org/10.1021/es400664b. 

Bonetti, G., Limpert, K.E., Brodersen, K.E., Trevathan-Tackett, S.M., Carnell, P.E., 
Macreadie, P.I., 2022. The combined effect of short-term hydrological and N- 
fertilization manipulation of wetlands on CO2, CH4, and N2O emissions. Environ. 
Pollut. 294, 118637 https://doi.org/10.1016/j.envpol.2021.118637. 

Borges, A.V., Abril, G., Delille, B., Descy, J.P., Darchambeau, F., 2011. Diffusive methane 
emissions to the atmosphere from Lake Kivu (Eastern Africa). J. Geophys. Res. 
Biogeosci. 116 (G3) https://doi.org/10.1029/2011JG001673. 

Borges, A.V., Darchambeau, F., Lambert, T., Bouillon, S., Morana, C., Brouyère, S., 
Hakoun, V., Jurado, A., Tseng, H.C., Descy, J.P., Roland, F.A.E., 2018. Effects of 
agricultural land use on fluvial carbon dioxide, methane and nitrous oxide 
concentrations in a large European river, the Meuse (Belgium). Sci. Total Environ. 
610, 342–355. https://doi.org/10.1016/j.scitotenv.2017.08.047. 

T. Bauduin et al.                                                                                                                                                                                                                                

https://doi.org/10.3389/fmicb.2020.569879
https://doi.org/10.3389/fmicb.2020.569879
https://doi.org/10.1111/j.1541-0420.2005.00440.x
https://doi.org/10.1080/20442041.2020.1730680
https://doi.org/10.1002/lno.12243
https://doi.org/10.1016/0304-3770(91)90038-7
https://doi.org/10.1016/0304-3770(91)90038-7
https://doi.org/10.1021/acs.est.5b06312
https://doi.org/10.1016/j.watres.2021.116985
https://doi.org/10.1016/j.aquabot.2022.103596
https://doi.org/10.1016/j.aquabot.2022.103596
https://doi.org/10.5281/zenodo.10554478
https://doi.org/10.1061/(ASCE)0733-9372(1991)117:1(144)
https://doi.org/10.1061/(ASCE)0733-9372(1991)117:1(144)
https://doi.org/10.1021/es400664b
https://doi.org/10.1016/j.envpol.2021.118637
https://doi.org/10.1029/2011JG001673
https://doi.org/10.1016/j.scitotenv.2017.08.047


Water Research 253 (2024) 121257

12

Borges, A.V., Darchambeau, F., Lambert, T., Morana, C., Allen, G.H., Tambwe, E., 
Bouillon, S., 2019. Variations in dissolved greenhouse gases (CO2, CH4, N2O) in the 
Congo River network overwhelmingly driven by fluvial-wetland connectivity. 
Biogeosciences 16 (19), 3801–3834. https://doi.org/10.5194/bg-16-3801-2019. 

Borges, A.V., Darchambeau, F., Teodoru, C.R., Marwick, T.R., Tamooh, F., Geeraert, N., 
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Erkkilä, K.M., Ojala, A., Bastviken, D., Biermann, T., Heiskanen, J.J., Lindroth, A., 
Mammarella, I., 2018. Methane and carbon dioxide fluxes over a lake: comparison 
between eddy covariance, floating chambers and boundary layer method. 
Biogeosciences 15 (2), 429–445. https://doi.org/10.5194/bg-15-429-2018. 

Gasith, A., Hosier, A.D., 1976. Airborne litterfall as a source of organic matter in lakes. 
Limnol. Oceanogr. 21 (2), 253–258. https://doi.org/10.4319/lo.1976.21.2.0253. 

Goreau, T.J., Kaplan, W.A., Wofsy, S.C., McElroy, M.B., Valois, F.W., Watson, S.W., 1980. 
Production of NO2-and N2O by nitrifying bacteria at reduced concentrations of 
oxygen. Appl. Environ. Microbiol. 40 (3), 526–532. https://doi.org/10.1128/ 
aem.40.3.526-532.1980. 

Gorsky, A.L., Racanelli, G.A., Belvin, A.C., Chambers, R.M., 2019. Greenhouse gas flux 
from stormwater ponds in southeastern Virginia (USA). Anthropocene 28, 100218. 
https://doi.org/10.1016/j.ancene.2019.100218. 

Grasset, C., Abril, G., Mendonça, R., Roland, F., Sobek, S., 2019. The transformation of 
macrophyte-derived organic matter to methane relates to plant water and nutrient 
contents. Limnol. Oceanogr. 64 (4), 1737–1749. https://doi.org/10.1002/ 
lno.11148. 

Grasset, C., Moras, S., Isidorova, A., Couture, R.M., Linkhorst, A., Sobek, S., 2021. An 
empirical model to predict methane production in inland water sediment from 
particular organic matter supply and reactivity. Limnol. Oceanogr. 66 (10), 
3643–3655. https://doi.org/10.1002/lno.11905. 

Grasset, C., Sobek, S., Scharnweber, K., Moras, S., Villwock, H., Andersson, S., Hiller, C., 
Nydahl, A.C., Chaguaceda, F., Colom, W., Tranvik, L.J., 2020. The CO2-equivalent 
balance of freshwater ecosystems is non-linearly related to productivity. Glob. 
Chang. Biol. 26 (10), 5705–5715. https://doi.org/10.1111/gcb.15284. 

Grasshoff, K., Johannsen, H., 1972. A new sensitive and direct method for the automatic 
determination of ammonia in sea water. ICES J. Mar. Sci. 34 (3), 516–521. https:// 
doi.org/10.1093/icesjms/34.3.516. 

Grasshoff, K., Kremling, K., Ehrhardt, M., 2009. Methods of Seawater Analysis: 
Determination of Nitrite. John Wiley & Sons. 

Grinham, A., Albert, S., Deering, N., Dunbabin, M., Bastviken, D., Sherman, B., 
Lovelock, C.E., Evans, C.D., 2018. The importance of small artificial water bodies as 
sources of methane emissions in Queensland, Australia. Hydrol. Earth Syst. Sci. 22 
(10), 5281–5298. https://doi.org/10.5194/hess-22-5281-2018. 
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