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Abstract

Ponds are increasingly recognized as significant sources of greenhouse gases (GHG) emitted to
the atmosphere. Concomitant with increasing urbanization, more urban ponds are created, many
with the aim of buffering peak runoff flow and improving water quality in downstream
waterbodies. However, the impact of urban ponds on GHG emissions is poorly elucidated. In this
study, we measured the dissolved concentrations of carbon dioxide (CO2), methane (CHa4), and
nitrous oxide (N20) four times over a year in 37 ponds located in the city of Silkeborg, Denmark.
The results show that the ponds generally acted as a source of GHG with concentrations of
193842208 g C-CO2 L1, 444198 ug C-CH4 L1, and 0.8+1.8 pug N-N20 L. Boosted regression
tree models show that vegetation cover, water temperature, and nitrate concentration were the
main drivers of CO2, CH4, and N20 concentrations, respectively. Upscaling of the results to
Danish national level showed that urban ponds emit about 38x10°g CO-equivalent per year,

which suggests that urban ponds are significant sources of GHG in urban landscapes.
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Introduction

The importance of small waterbodies as hotspots for greenhouse gas (GHG) emissions is
increasingly recognized (Holgerson and Raymond 2016; Grinham et al. 2018). Indeed, small
waterbodies (<0.1 ha) are reported to be a major source of GHGs accounting for 15% of all
carbon dioxide (COz2) and 40% of all diffusive methane (CH4) emissions from lakes and ponds,
although they comprise only 9% of the total area of lentic fresh waters (Holgerson and
Raymond 2016). In Queensland, Australia, CH4 emissions from small artificial waterbodies
constituted about 10% of the state’s entire land use, land use change, and forestry (LULUCF)
sector emissions (Grinham et al. 2018). Nevertheless, the overall contribution of small
waterbodies to the total GHG emissions from aquatic ecosystems remains highly uncertain due
to i) lack of spatially and temporally representative GHG measurements and ii) poor inventories

of natural and human-made waterbodies (Grinham et al. 2018; Koschorreck et al. 2019).

Ponds in urban landscapes have been largely overlooked as sources of GHG, although their
number, and therefore spatial extent, is increasing as a consequence of rapid urbanization at the
global scale. Hence, in 2018, 55% of the world’s population lived in cities and this proportion is
projected to reach 68% by 2050 (United Nations 2018). Change in land use, especially increased
impervious surfaces due to urbanization, generally results in increased risk of flooding and thus
potentially impaired water quality in waterbodies receiving runoff water. To mitigate these risks,
ponds are often built to collect stormwater runoff, thus buffering peak events and improving the
water quality for receiving waterbodies located further downstream. This is especially relevant in
areas of the globe that will face increasing amounts and/or intensity of precipitation.
Furthermore, many cities have a stated goal of becoming more sustainable and blue-green

infrastructures, including ponds, are set to become more common in urban landscapes. However,
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as urban ponds receive nutrients and particles transported in stormwater runoff, they might be
important zones for production of GHGs (McPhillips and Walter 2015; D'Acunha and Johnson

2019; Peacock et al. 2019).

In Sweden, Peacock et al. (2019) found that ponds were hotspots for CO2 and CH4 emissions in
urban areas and recommended a better quantification of their emissions. In addition, most
existing studies on GHG emissions from urban ponds have focused on CO2 and CH4 emissions,
while the emission of the potent GHG nitrous oxide (N20) has generally been omitted. However,
significant amounts of nitrogen (N) transported to stormwater ponds can be processed here (e.g.
denitrified) (Senderup et al. 2016) which may cause the release of N20 to the atmosphere
(Grover et al. 2013; D'Acunha and Johnson 2019). Hence, it is necessary to assess the

significance of urban ponds for GHG emissions.

We measured CO2, CHa, and N20 concentrations in 37 urban ponds in Silkeborg, Denmark, four
times during a year. The aim being to quantify and characterise the emissions of GHG from
urban ponds with the hypothesis that, despite their limited spatial extent, ponds contribute

significantly to the carbon (C) footprint of urban areas.
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Material and methods

Study sites

The 37 ponds included in the present study are located in the municipality of Silkeborg,
Denmark (Supplementary Table 1). The ponds were selected using aerial photographs. All the
ponds, with one exception, were artificial and all were affected by urbanization, i.e. they
received urban runoffs from residential areas, industrial areas, parking lots, or roads. The ponds
included in this study are intended to remain wet all year round, and some of them are probably
influenced by groundwater. The size of the ponds was estimated using aerial photographs and
ArcMap version 10.3.1 (ArcGIS, ESRI, Redlands, USA) and varied in size between 135 and
6520 m? (Supplementary information). Visual observation revealed that, generally, the maximum
depth of the ponds did not exceed 1.5 m. Based on a comparison with aerial photographs from
1954, it appeared that most of the ponds have been built within the last 65 years. Many of the
ponds had footpaths around them for recreational purposes. Finally, most ponds hold vegetation,

except one with a geotextile bottom which prevents the establishment of rooted macrophytes.

The ponds were sampled four times: August 2018, November 2018, March 2019, and June 2019.
The samples were taken between 08.00 and 16.00. The percent cover of the vegetation was
estimated visually at every pond and every sampling. The most abundant plant species were

identified in June 2019 (Supplementary Table 1).

Sampling methods, chemical analysis, and weather data
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Percent oxygen saturation, temperature, and pH in the pond water were recorded in situ at about
10 cm depth using a YSI Pro Plus multiparameter meter (YSI, Ohio, USA). Air temperature,
atmospheric pressure, and precipitation at the ponds were obtained from the Danish
Meteorological Institute (DMI) for the corresponding climatic grid cells (10x10 km grid for

precipitation and 20x20 km for daily mean temperature and daily mean atmospheric pressure).

Water samples for nutrient analyses were collected from each pond using a 250 ml
polypropylene bottle. Fifty mL subsample were filtered through 0.45 um filters upon arrival at
the laboratory. Both filtered and unfiltered samples were stored in dark at 2°C until analysis,
within a week. Filtered samples were used to measure dissolved reactive phosphorus (PO4+*) and
ammonium (NH4") using colorimetric analysis on a Shimadzu 1700 spectrophotometer
(Shimadzu Corp., Kyoto, Japan) according to a Danish/European standard method (DS/EN 1SO
11732 2005). Total nitrogen (TN) and total organic carbon (TOC) in the unfiltered samples were
measured on a TOC-L analyzer equipped with a TNM-L module (Shimadzu, Kyoto, Japan)
using standard methods (DS/EN 1484 1997; DS/EN 1SO 12260 2003).The method for TN
determination was based on oxidation to nitrogen oxides and chemiluminescence detection. TOC
determination was based on the non-dispersive infrared detection of the produced CO: after a
total combustion of the sample. Total phosphorus (TP) in unfiltered samples was analyzed using
colorimetric analysis after peroxodisulfate oxidation (DS/EN ISO 6878 2004) on a Shimadzu
1700 spectrophotometer (Shimadzu Corp., Kyoto, Japan). Chloride (CI), nitrate (NOs’), and
sulphate (SO4?) were measured on an ion chromatograph (IC) (DS/EN 1SO 10304-1 2007) after
filtration at 0.22 um following sample preparation protocol described in Thermo Scientific

(2014).
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Greenhouse gas samples and fluxes

Concentrations of CO2, CH4, and N20 in the pond water were measured using the headspace
technique (McAuliffe 1971). From all ponds, a 20 mL water sample was collected in the upper
10 cm of the water using a 50 mL polypropylene syringe. Upon sampling, 20 mL Nz from a gas
cylinder were introduced in the syringe to create a headspace and the syringe was vigorously
shaken for approx. 60 seconds. Thereafter, the 20 mL headspace was transferred into a 12-ml
pre-evacuated borosilicate glass vial (Exetainer, Labco, High Wycombe, UK). The
concentrations of CO2, CH4, and N2O were determined using a dual-inlet Agilent 7890 GC
system interfaced with a CTC CombiPal autosampler (Agilent, Neerum, Denmark) configured
and calibrated with standard gases as described in detail by Petersen et al. (2012). The aqueous
concentrations of CO2, CH4, and N2O were calculated from the headspace gas concentrations
according to Henry's law and using Henry's constant corrected for water temperature and
atmospheric pressure at the sampling time (Weiss 1974; Wiesenburg and Guinasso 1979; Weiss
and Price 1980). Because GHG solubility is temperature dependent, all GHG concentrations
were standardized to a water temperature of 20°C to ease comparison across seasons. This was

done as follow:

Ceq.g,20°

Cwat,g,20° = Cwat,g,t° X C
eq.g,t°

Where C,,qt,g,20° 1S the concentration of a specific gas g dissolved in the water at 20°C, C,qt,g ¢
is the concentration the concentration of a specific gas g dissolved in the water at temperature of
sampling t°, C.q 4207, IS the concentration of gas that the water would have at 20°C at

equilibrium with the atmosphere assuming atmospheric concentrations of 410, 1.8, and 0.330
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ppm for CO2, CHa, and N20, respectively. C,q 4. is the concentration of gas that the water

would have at the sampling temperature t° at equilibrium with the atmosphere.

The fluxes of N20, CHa, and CO2 between the water and the atmosphere were estimated as:

fg = kg (Cwat,g - Ceq,g)

where £, (g m?h™) is the flux of a specific gas g, k, (m h") is the gas transfer velocity, and
Cwat,g — Ceq,g (9 m3) is the gradient of concentration between the concentration of gas
dissolved in the water (C,,4¢ 4) and the concentration of gas that the water would have at

equilibrium with the atmosphere (Ceq 4).

Scy x
kg = Koo (w)

Scg is the Schmidt number (Wanninkhof 1992). We chose x =-2/3 as this factor is used for

smooth liquid surface (Deacon 1981). The total greenhouse gas flux was calculated as the sum of

COg2, CH4, and N20 after conversion to CO2z-equivalents (CO2-eq), assuming a global warming

potential (GWP) of 34 for CH4 and 298 for N2O (IPCC 2013). We assigned a gas transfer

velocity koo 0f 0.36 m d* as used by Holgerson and Raymond (2016) in their global estimate of

CO2 and CH4 emissions from small ponds (<0.001 km?). Annual fluxes were estimated by taking

the daily average fluxes for the four sampling days and multiplying by 365 days as there was

virtually no ice cover that winter (only 12 days with negative daily mean air temperature over the

study period).
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An inventory of all the urban ponds in a 10x10 km frame centred on Silkeborg, Denmark (lat.
56.176° long. 9.554°) was made using aerial photographs. To estimate the area of ponds in
Denmark, we assumed that the ratio of ponds to urban area in the 10x10 km frame of Silkeborg
was representative of the total built-up areas (urban, commercial, industrial, and transport
infrastructures) of Denmark. We then applied the mean annual fluxes of GHG from ponds to the

total surface of ponds in Denmark to obtain a national estimate.

Statistics

Linear mixed effect models were used to test for differences between the CO2, CH4, and N20O
concentrations in the ponds across the four sampling periods as these are particularly suitable to
examine the patterns in time series datasets from different sites (Zuur et al. 2009). The mixed
models were checked for normality and homogeneity of variance by visual inspection of plots of
residuals against fitted values (Zuur et al. 2009). The significance of the models was assessed by
comparison with a null-model using the likelihood ratio. To meet the assumption of variance
homogeneity in the data when using linear mixed effect models, CO2, CHa, and N20O were

transformed using natural-logarithm. The ponds were included as a random effect in the models.

Boosted regression trees (BRT) (De'ath 2007) were used to identify the variables best describing
patterns in CO2, CH4, and N20 concentrations in the ponds. We followed the approach of Elith et
al. (2008) to find the optimal number of trees. Tree complexity was set at three with a learning
rate of 0.001, and with the bag fraction set at 0.7, implying that each individual tree was
constructed using 70% of the data, with its predictive ability tested on the remaining 30% (Elith
et al. 2008). BRTs are excellent tools for identifying patterns in large complex data sets by using

thousands of small trees to find variables that (in this case) best predict the pond concentrations
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of CO2, CH4 and N20. The set of predictor variables consisted of CI, TN, NOs", NH4*, TP, POs*
, TOC, SO4%, oxygen saturation, pH, vegetation cover, and water temperature. Carbon dioxide,
CHa, and N20 were transformed using natural logarithm prior to the BRT analysis to obtain

variance homogeneity (De'ath and Fabricius 2000).

The statistical analyses were performed applying the open source statistical software R version
3.4.4 for Windows (R Development Core Team 2018), employing the package “nlme” and the
function “Ime” therein (Pinheiro et al. 2012) for the mixed models and the package “gbm”

(Greenwel et al. 2019) and the function “gbm.step” for the BRTs (Elith and Leathwick 2017).
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Results

The mean air temperature for the period July 2018 to June 2019 was 9.5°C and the sum of the
precipitation was 707 mm (Figure 1). The mean (x standard deviation) pond concentrations of
dissolved gases across all sites and sampling periods were 1938+2208 pug CO2-C L, 43.5+198
ug CH4-C L, and 0.8+1.8 pug N20O-N L™ (Table 1). Considering that equilibrium concentrations
are about 193 pug C-CO2 L1, 0.033 pg C-CH4 L%, and 0.27 pg N-N20 Lt at 20°C, the ponds
generally acted as sources of CO2, CH4, and N20 to the atmosphere. Across the sites and
sampling periods, the mean values for water temperature, pH, and oxygen were 11.9+7.33°C,
7.6+0.6, and 9.4+2.5 mg Oz L™, respectively. Mean pond water concentrations of TN, NOs", and
NH4* were 1.07+0.65, 0.35+0.36, and 0.12+0.19 mg N L™, respectively (Table 1). Mean TP,
PO4*, and TOC were 0.14+0.19, 0.02+0.04 mg P L%, and 8.2+7.7 mg L™, respectively. Mean CI-

was 50.4+77.8 mg L, while mean SO4% was 17.4+27.5 mg L (Table 1).
Seasonal variations in GHG concentrations and controlling factors

The concentrations of CO2, CHa, and N20 varied across the different sampling periods (Figure
2). Specifically, the CO2 concentrations in the ponds were significantly lower in March than in
August, November, and June (linear mixed models, Supplemental Tables S2 and S3). Methane
concentrations in the ponds differed significantly across the four sampling periods, except
between November and March when the concentrations also were the lowest (Table 1,
Supplemental Tables S2 and S3). The highest CH4 concentrations were measured in June, which
was also the period having the highest water temperature (20°C) (Table 1). The N20O
concentration in the ponds was significantly higher in August compared with November, March,

and June (Table 1 and Supplemental Tables S1 and S2). Total nitrogen, NOs", TP, and TOC did
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not vary much between the sampling periods (Table 1). Vegetation cover was lowest in March

2019 and highest in June 2019 (Table 1).

Boosted regression trees explained 39, 61, and 46% of the cross validation deviance for COz,
CHys, and N20, respectively. The BRT helped to identify the variables explaining some of the
variation in GHG concentrations. For CO2 concentrations, the vegetation cover was identified as
having the strongest relative influence, explaining 24% of the variation, and higher CO2
concentrations were found at greater vegetation cover (Figure 3). It was followed by, in order of
importance, pH (18%), SO4% (12%), oxygen saturation (10%), NH4 (7%), water temperature
(7%), and NOs™ (6%), while the other variables were below 5%. For CHa, the five most
influential variables were water temperature (31%) followed by NOs™ (13%), oxygen saturation
(9%), PO4+*> (9%), and NH4* (8%) (Figure 4). Increasing water temperature and decreasing NOs™
seemed connected with an increase in CHa concentrations. The pattern of N2O concentrations
was best explained by NOs™ (37%), water temperature (17%), SO4> (11%), oxygen saturation
(9%), and vegetation cover (7%), while the other variables were below 5% (Figure 5). Thus,
increasing NOs™ concentrations, water temperatures, and SO% concentrations seemed correlated
with greater N2O concentrations. Plotting the GHG concentrations as a function of the best
explanatory variables identified in the BRT models suggests that the relationship between CO2
and vegetation cover was valid across all seasons (Figure 6a). Although water temperature was
identified as the best explanatory variable in the BRT when all sampling periods were
considered, concentrations in CHa vary largely within each sampling period (Figure 6b). The
general trend in greater N2O concentrations at greater NOs™ concentration appeared to hold true

for every sampling period although it appeared that at similar concentrations of NOs", June and

12
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August samples had higher N2O concentrations compared to March and November samples

(Figure 6c¢).
Greenhouse gas fluxes and national upscaling

The mean fluxes from the ponds were 628+795 mg C m? d, 15+70 mg C m?d?, and,
0.1940.63 mg N m? d for CO2, CHa, and N20, respectively. The ponds were always a source of
CHg4, but negative fluxes of CO2 and N20 occurred, i.e. the ponds acted as a sink for CO2 (7% of
the fluxes) and for N20 (35% of the fluxes). Although 35% of the N20 fluxes were negative (52

individual fluxes), they were close to zero as the lowest was -0.06 mg N m2 d™.

A total of 71 urban ponds were identified in a 10x10 km frame centred on Silkeborg, Denmark.
The ponds covered an area of 14.3 ha, while the urban area covered 1760 ha. Hence, the ratio
pond:urban area was 0.8%. Assuming that this ratio is representative for urban areas in Denmark
(4140 km?), Danish urban ponds would cover a total surface area of about 34 km?. Applying the
fluxes calculated above to our estimated pond area at national scale amounts to 7.8 x10° g C y%,
191 x10%g C y?1, 2.4x10°% g N y*! for CO2, CHa, and N20, respectively. Conversion of these
fluxes into COz-equivalents using a GWP of 34 for CH4 and 298 for N20 represents gives a total
emission of 38x10° g CO2-eq y* from Danish urban ponds. Carbon dioxide constituted 75% of

the emissions from the ponds, while CH4 and N20 constituted 22% and 3%, respectively.

13
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Discussion

GHG emissions

The 37 ponds surveyed in our study generally acted as sources of GHG to the atmosphere. Our
measured concentrations of CO2 and CH4 were within the range found in previous studies on
urban ponds, comparable with the values (1350 and 26 pg C L™ for CO2and CHa, respectively,
median values) recorded in 40 urban ponds in Sweden in late spring (Peacock et al. 2019). The
mean CO2 and CH4 concentrations (1608 and 91 pg C L™ for CO2and CHy, respectively) found
in a global assessment of small natural and artificial ponds (<0.1 ha) were also comparable to our

study (Holgerson and Raymond 2016).

In terms of fluxes, our estimates were greater for CO2 and N20 but lower for CH4 than measured
in stormwater ponds in Virginia, USA ( CO2, 412 mg C m2 d!; CH4, 203 mg C m2 d*; N20, 64
ug N m2d?), by Gorsky et al. (2019). However, they only measured summer fluxes and used
floating chambers, which means that ebullition events of CH4 might have been recorded,
whereas only diffusive fluxes derived from dissolved concentrations were estimated in our study.
Methane fluxes measured from urban ponds in Berlin (88 mg C m™ d%, diffusion only) were
lower than ours (Herrero Ortega et al. 2019). Nitrous oxide emissions measured in stormwater
ponds in New York, USA, were also comparable (0.11 mg N m* d!) with our values
(McPhillips and Walter 2015). However, most studies measuring N2O have found highly
variable emissions rates; thus, peak events up to 1.1 mg N h™* were measured in an urban pond in
Melbourne, Australia (Grover et al. 2013), while occasional negative fluxes of N2O were

recorded in an urban pond in Vancouver, Canada (D'Acunha and Johnson 2019).

Seasonal variation

14
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The GHG concentrations in the ponds differed across the sampling period. Carbon dioxide was
highest in June and lowest in March, while August and November concentrations were relatively
similar despite much colder water temperatures in November. However, in November the
vegetation was observed to be decaying, which may partly explain the high CO2 levels despite
the lower temperature. Methane concentrations were the highest in the two warmest sampling
occasions, i.e. June and August, which was expected since metabolic rates of CHa4 scale with
temperature (Conrad 1996). Nitrous oxide concentrations were relatively similar in November,
March, and June but were markedly higher in August. These differences could not be explained
by variations in NOs™ levels as these were relatively constant over the four sampling campaigns.
However, average Oz saturation was lower in August than in the other sampling periods, which

may have created favourable conditions for denitrification and the production of N20.
Controlling factors

The BRT suggested that the CO2 concentrations in the ponds were linked to vegetation cover.
Photosynthetic activity affects CO2 concentrations in the pond water, but the higher plant cover
would be expected to reduce CO2 concentrations as seen in other studies (Davidson et al. 2015),
which is in apparent contradiction with our findings. However, the pond mesocosms used in the
study by Davidson et al. (2015) only hold submerged vegetation, whereas the urban ponds from
the present study usually hold emerged species (Supplemental Material Table S1). Therefore, the
main source of CO2 for the vegetation most likely comes from the atmosphere and not from CO2
dissolved in the water (Sand-Jensen et al. 1992). Furthermore, emerged rooted aquatic
macrophytes oxygenate the sediment and provide labile C via their root exudates, which might
promote degradation processes and the subsequent release of COz2 to the water. Another possible

explanation for the positive association between CO2 concentrations and plant cover would be
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that allochthonous CO: (e.g. from groundwater or runoff) tends to accumulate in ponds having
greater plant cover, because of slower degassing to the atmosphere. It has been shown that high
vegetation cover by emergent and floating-leaved aquatic plants can reduce turbulence at the
surface of the water, resulting in a decreased gradient in CO2 between air and thus a reduced
diffusion of CO2 (Attermeyer et al. 2016). An alternative hypothesis would be that more particles
are trapped in the ponds at greater plant cover and trapped organic matter can, therefore, increase
respiration processes (Braskerud 2001). Finally, plants are also a source of C-compounds
fuelling respiration processes, especially when decaying in autumn. Carbon dioxide was also
strongly correlated with pH in the BRTs, which probably illustrates the link between CO2 and pH

through the carbonate system.

The BRT fitted a positive relationship between CH4 concentrations and water temperature, which
has been demonstrated in several studies (Marotta et al. 2014; van Bergen et al. 2019). However,
the reported effect of temperature also reflects seasonal variations and associated changes in
ecological composition and structure rather than the sole effect of temperature (Davidson et al.
2015). Hence, it is challenging to disentangle direct and indirect effects of temperature on CHa
concentration. Oxygen and NOs™ concentrations were negatively associated to CHa4
concentrations. Methane production usually becomes significant only when the more favourable
electron acceptors have been depleted, for example Oz and NOs™. There was a positive
relationship between PO4+* and CH4 concentrations, which is in line with previous research that
has shown an increase in CH4 emissions with increasing eutrophication (Davidson et al. 2015;
Davidson et al. 2018; DelSontro et al. 2018; Beaulieu et al. 2019). The mechanism behind
increased CH4 emissions in eutrophic ponds and lakes is still unclear but might be linked to

alteration of ecological structure provoked by excess nutrients, for instance disappearance of
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macrophytes, formation of algal blooms and production of more labile dissolved organic matter

(Davidson et al. 2018; Zhou et al. 2019).

Nitrous oxide concentrations increased at higher NOs™ concentrations, most likely as a result of
N20 produced by denitrification, although other N2O production pathways such as nitrification
cannot be excluded. Warmer water temperature also appeared to increase N2O concentrations.
Water temperature exerts strong control on metabolic processes and at higher water temperature,
O2 will be more rapidly depleted, which is a prerequisite for the creation of anoxic zones in the
sediment and for denitrification to occur (Tiedje 1982). Greater SO4?* was also associated with
higher N20O concentrations. Some studies have shown that the conversion from N20 to N2 might

be inhibited by sulphide, which is produced by the reduction of SO4> (Sgrensen et al. 1980).

Hydraulic residence time is probably a key variable explaining some of the variation in GHG
production in the ponds as it influences the interactions across water, sediment, and biota
(Persson and Wittgren 2003). Unfortunately, we did not have any information on the discharge at

the ponds, their volume, or the size and land use of the catchment that they drain.
Uncertainties in GHG measurements

In our study, we only measured diffusive emission of CHas; however, CH4 ebullition is a major
pathway for CH4 emission. For urban ponds in Berlin, only a fifth of their total CH4 emission
was found to be diffusive (Herrero Ortega et al. 2019), and ebullition constituted 50% of all
GHG emissions (in CO2-eq) in an urban pond in the Netherlands (van Bergen et al. 2019).
Consequently, CH4 emission in our study is underestimated. Stormwater ponds are very
hydrologically dynamic and this will affect the production and emission of GHG. Hence, the use

of continuous monitoring methods would be beneficial to better constrain GHG estimates. In
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addition, the presence of primary producers (e.g., plants, algae) in the ponds will have an effect
on the seasonality of production and senescence and on diurnal variation in CO2. Consequently,
continuous monitoring is needed to obtain reliable estimates of CO2 emissions. Furthermore, the
impact of drought and rewetting events might also have a very strong impact on GHG emissions
as some studies have shown that drying out of the sediment can lead to substantial emissions of
COg2, and perhaps also of N20 as highlighted by some studies on streams and ponds (Catalan et
al. 2014; Marcé et al. 2019). While it is established that ponds are a hotspot for GHG emissions
in urban areas, the true impact of urban ponds on climate is unclear because they might also bury
substantial amounts of organic C in their sediments, which may compensate, at least to some
extent, for the release of GHGs (Downing et al. 2008; Taylor et al. 2019). However, the burial of
organic C in an urban pond in the Netherlands accounted only for 6% of the total emissions of
GHG (van Bergen et al. 2019). The effect of pond age on GHG emissions is also unknown; yet, a
study by Sgnderup et al. (2016) showed that ponds younger than 5 years were the most effective

in retaining nutrients, whereas almost no nutrients were retained in ponds older than 10 years.
GHG emissions from urban ponds on a national scale

Assuming that the density of ponds is similar in all urban areas of Denmark, we estimated that
the total GHG emissions from Danish urban ponds are 38x10° g CO2-eq y*. This estimate is
equivalent to about 21% of the emissions from waste water treatment and discharge (177x10° g
CO2-eq y1) accounted for in the Danish National Inventories report for the IPCC (Nielsen et al.
2018). Hence, in spite of uncertainties, our study demonstrates that ponds are a significant source
of GHG in urban areas. This result is in line with the findings from a recent study on CHas
emissions from urban waterbodies, including urban ponds, in Berlin, Germany, emphasizing that
these emissions ought to be considered in GHG inventories (Herrero Ortega et al. 2019).
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Implications for climate adaptations and management

A large number of cities envision becoming “Carbon Neutral” within the next decades (Kennedy
and Sgouridis 2011), and therefore we recommend including GHG emissions from urban ponds
in their overall GHG assessment. Noteworthy, these emissions have been recently incorporated
into IPCC inventories (IPCC 2019). We have shown that emissions of CO2, CH4, and N20 are
influenced by water temperature and in a warmer climate, these emissions might therefore
further increase. It is, though, unclear whether GHG emissions are more impacted by the direct
effect of temperature on metabolic processes or by temperature-induced changes in the nutrient
processes and ecological status of ponds (Davidson et al. 2015; Davidson et al. 2018). Hence,
temperature driven CH4 emissions can probably be mitigated by measures aiming at improving
the ecological status of ponds. Still, the warming effect might be even stronger in urban areas
because of urbanization-driven warming (urban heat island effect), which also increases the
water temperature in ponds (Brans et al. 2018). Even though our results indicate that ponds are a
significant source of GHG in urban areas, measurement of C-sequestration in these systems is
necessary to critically assess their actual C-footprint. High resolution monitoring of GHG
emissions would be advantageous to characterize CH4 ebullition and to capture temporal
variations in COz. The links identified between GHG emissions and nutrient concentrations
might provide opportunities for mitigation by controlling nutrient inputs to urban ponds
(Teurlincx et al. 2019). Furthermore, the apparent influence of vegetation on GHG emissions
suggests that vegetation management might also have a significant impact on pond GHG budgets
(Badiou et al. 2019), although this mitigation option would require further research to clearly
characterize how vegetation type, cover, and assemblage affect GHG emissions from urban

ponds.
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Table 1. Characteristics of the water samples collected in urban ponds in four different sampling periods.

Parameters units Sampling period

August 2018 November 2018 March 2019 June 2019 All four sampling periods

mean *sd min max n |mean *sd min max n |mean zsd min - max n |mean #sd min  max n |mean #sd min  max n
Water temperature °C 178 1.0 150 19.2 37 |46 1.7 1.9 9.2 36 |5.2 0.6 43 70 37 1200 3.6 121 269 36 |119 73 19 269 146
pH 7.5 0.7 51 95 37 |75 0.3 6.9 8.3 36 |75 0.2 69 79 37 18.0 0.7 73 938 36 |7.6 0.6 51 98 146
Oxygen mg L? 7.2 19 27 111 37 |109 23 5.9 131 36 (111 16 6.7 140 37 |86 1.9 55 142 36 |94 25 27 142 146
Oxygen saturation % 74 23 9 120 37 186 19 46 111 36 |88 12 55 112 37 |91 25 12 156 36 |85 21 9 156 146
Total nitrogen mgNL? [1.1 0.6 05 30 37 |12 1.0 0.1 49 36 |11 0.3 03 20 37 10.9 0.4 03 21 36 [1.07 0.6 01 49 146
Nitrate mgNL* |04 03 00 14 37 (0.4 04 00 18 36 [0.5 03 00 16 37 (0.2 0.3 00 13 36 (035 04 00 18 146
Ammonium mgNL* 0.2 0.2 0.0 0.7 37 0.2 0.3 0.0 11 36 0.1 0.0 00 0.2 37 0.1 0.1 00 07 36 [0.12 0.2 00 11 146
Total phosphorus mgPL? |0.15 017 0.2 078 37 [0.14 022 000 0.85 36 [0.08 008 001 043 37 |018 024 002 124 36 [0.19 019 0.00 124 146
Phosphate mgPL? [002 0.04 000 023 37 |002 004 000 022 36 [0.01 002 000 010 37 [0.02 006 000 036 36 [0.02 004 0.00 036 146
Total organic carbon mg L* 9.8 106 19 454 37 (75 6.7 2.0 358 36 [6.2 54 01 243 37 |95 6.7 31 372 36 (82 7.7 0.1 454 146
Chloride mg L? 51 136 18 7758 37 |548 47 8.3 207.8 36 |53.3 46 11.2 2084 37 |430 39 24 1272 36 |504 78 18 7758 146
Sulphate mg L* 14 39 0.1 2370 37 |223 25 05 1292 36 |132 16 1.1 907 37 (204 25 03 1071 36 |174 28 01 2370 146
Vegetation cover % 38 33 0 100 37 |32 31 0 100 36 |12 22 0 80 37 |50 34 2 100 36 |33 33 0 100 146
Carbon dioxide pgCL* 1697 1535 75 8116 37 1956 1894 196 8476 36 (985 924 78 3784 37 |3148 3282 80 15024 36 [1938 2208 75 15024 146
Methane ugcLt |19 43 0.3 258 37 [24.2 59 0.1 264 36 7.2 13 01 57 37 |125 384 14 2257 36 |44 1982 0.1 2257 146
Nitrous oxide MgNL?T |15 31 04 19.7 37 (0.7 1.0 0.1 4.7 36 0.4 0.3 01 11 37 0.7 1.0 02 53 36 0.8 1.8 0.1 197 146
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Figures

Figure 1. Daily mean air temperature (°C) and precipitation (mm) at the studied ponds. Data

obtained from DMI.

Figure 2. Boxplot showing the concentrations of a) CO2, b) CH4, and ¢) N20O in the ponds in the
four sampling periods. Horizontal bold lines indicate the median, boxes the 25% and 75%
percentiles, and whiskers extend to the most extreme values (minimum or maximum) provided
that they are within 1.5 times the interquartile range from the top (bottom) of the box. Otherwise,

the value is represented individually as points.

Figure 3. Functions fitted for 12 environmental variables by a boosted regression tree (BRT)
model relating the probability of carbon dioxide (CO2) concentrations in urban ponds to the

environment. A common scale is used on the vertical axis for all plots.

Figure 4. Functions fitted for 12 environmental variables by a boosted regression tree (BRT)
model relating the probability of methane (CHa4) concentrations in urban ponds to the

environment. A common scale is used on the vertical axis for all plots.

Figure 5. Functions fitted for 12 environmental variables by a boosted regression tree (BRT)
model relating the probability of nitrous oxide (N20) concentrations in urban ponds to the

environment. A common scale is used on the vertical axis for all plots.

Figure 6. Plots showing the concentrations in CO2 (a), CH4 (b), and N20 (c) as a function of the
best explanatory variables identified in the BRT models, i.e. vegetation cover, water temperature
and NOs™ concentration, respectively. The different symbols represent the different sampling

periods.
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