
1. Introduction

Inland waters play a key role in global carbon (C) and greenhouse gas (GHG) cycling. They are a source of 

carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) to the atmosphere (Raymond et al., 2013; Rosen-

treter et al., 2021; Tian et al., 2020), but also sequester C through burial in sediments (Anderson et al., 2020; 

Downing et al., 2008). The smallest waterbodies (i.e., ponds) have high areal rates of both GHG emissions and 

C burial relative to other lentic systems (Holgerson & Raymond, 2016; Taylor et al., 2019). Globally, high areal 

emissions and burial rates are compounded by the sheer number of ponds (up to 3.2 billion; Downing, 2010) and 

waterbodies smaller than 1,000 m 2 likely contribute >5% of all global CH4 emissions (Rosentreter et al., 2021). 

Constructed ponds are already prominent landscape features (e.g., 25% of all runoff in the coterminous United 

States is captured by a constructed pond; Renwick et al., 2006) and are likely to play an important role in both 

current and future global GHG and C cycling. For instance, the global number of constructed ponds is increasing 

as new ponds are built to provide climate-resilience in agricultural systems, manage stormwater in urban areas, 

provide food through inland aquaculture production, and for leisure activities (FAO, 2020; Malerba et al., 2022; 

Sinclair et al., 2020). Yet, GHG emission estimates from ponds at a global scale are still highly uncertain (Canadell 

et al., 2021; Rosentreter et al., 2021).

One major reason for this uncertainty is a lack of sufficient temporal measurements (Hofmann,  2013; Wik, 

Thornton, et  al.,  2016), as many studies investigating aquatic GHG emissions sample during only summer 

months, once per season, or monthly. Yet, monthly measurements of GHG fluxes from lakes and reservoirs do 
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not follow a smooth curve and can vary several orders of magnitude over the course of 2–3 months, particularly 

in the shoulder seasons when changes in the physical, chemical, and biological functions and properties of an 

ecosystem may yield high rates and possibly unexpected source-sink behavior (e.g., Vachon et al., 2020; Waldo 

et al., 2021). Temporal variability in pond GHG concentrations is high relative to larger waterbodies and may 

relate to intermittent periods of water column mixing and stratification (Ray et al., 2023). Specifically, stratifica-

tion can lead to the accumulation of GHGs and reduced oxygen availability in bottom waters, whereas mixing can 

release these gases and reintroduce oxygen to the sediment-water interface (Bastviken et al., 2008; Søndergaard 

et al., 2023). Identifying drivers of inter- and intra- seasonal variability in pond GHG emissions is necessary to 

improve global GHG budgets and understand the role of constructed ponds in the future global climate system.

In this study, we quantified CO2, CH4, and N2O exchange between constructed ponds and the atmosphere through-

out the ice-free season in a temperate region of North America. We then identified drivers of temporal variability 

in flux, and combined our results with recently measured rates of C burial in adjacent constructed ponds to esti-

mate annual emissions on a kg-CO2-equivalent m −2 yr −1 basis.

2. Methods

2.1. Sampling Site and Scheme

We intensively sampled four constructed ponds (30 × 30 m, 2.1 m maximum depth; Figure S1 in Supporting 

Information  S1) located at the Cornell Experimental Pond facility (42.50  N, −76.44  W) during the ice-free 

period of 2021. The sampled ponds are dominated by macrophytes (Elodea canadensis, Ceratophyllum demer-

sum, Myriophyllum sibiricum, and to a lesser extent Potamogeton spp.). Fish communities consisted of sunfish 

(Lepomis spp.), fathead minnows (Pimephales promelas), and banded killifish (Fundulus diaphanus).

We collected all samples from the end of 6m floating docks, except for bubble trap samples and the first round of 

flux chamber samples, which were sampled from a kayak.

2.2. Weather

We collected weather data using an onsite weather station (Onset Data Loggers, Bourne, MA, USA; 10 June to 10 

November), supplemented with data from the Ithaca-Tompkins Airport NOAA weather station (WBAN-94761; 

1 January to 10 June and 11 November to 31 December). The onsite weather station recorded temperature, wind 

speed, and precipitation. The two sites had similar temperature and precipitation, though the airport weather 

station recorded higher wind speed. For the period that we used airport weather data, we corrected for this 

difference using the calculated regression of overlapping sampling dates (pond wind speed  =  airport wind 

speed × 0.523–0.291).

2.3. Dissolved Nutrients, Dissolved Oxygen, and Chlorophyll-a Sampling and Analysis

We measured dissolved oxygen (DO) concentrations in surface (0.25 m) and deep (1.75 m) water using an optical 

DO sensor attached to a Manta +35 sonde (Eureka Water Probes). We collected dissolved nutrient samples from 

surface water using an acid-washed syringe passed through a 0.7 μm GF/F filter into acid-washed polyethylene 

bottles. Samples were kept on ice in the field, and frozen until analysis. Chlorophyll-a (chl-a) samples were 

collected similarly with non-acid washed syringes and the GF/F filter was frozen until analysis. We collected all 

samples between 0900 and 1700.

We analyzed dissolved nutrients using high resolution digital colorimetry (Seal Autoanalyzer 3; SEAL Analyt-

ical) at Boston University. Dissolved NO3 
− concentrations were determined as the difference in concentration 

between NOx and NO2 
−. Minimum detection limits were 0.04  μmol  L −1 for NH4 

+, 0.02  μmol  L −1 for NOx, 

0.02 μmol L −1 for NO3 
−, 0.006 μmol L −1 for NO2 

−, and 0.021 μmol L −1 for PO4 
3−. We analyzed chlorophyll-a 

using standard fluorometric protocols (Yentsch & Menzel, 1963).

2.4. Quantifying Stratification and Mixing

Thermistors (Onset HOBO pendants) at the pond surface (0.10  m) and bottom (1.95  m) logged temperature 

every 10  min. We calculated water density from water temperature using the rLakeAnalyzer package (Read 
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et al., 2011; assuming salinity = 0), and considered the pond mixed if the density gradient between the sensors 

was <0.287 kg m −3 m −1 (Holgerson et al., 2022).

2.5. Diffusive Flux Sampling

We used floating chambers (18.93 L; 0.071 m 2 cross sectional area; Dacey & Klug, 1979) to measure diffusive 

GHG flux between ponds and the atmosphere approximately biweekly from 5 April to 10 November (n = 16 

sampling events). On each sampling date, we deployed two floating chambers on each pond. A luer-lock valve on 

the chamber was left open for 10 minutes following chamber deployment to equilibrate with atmospheric pres-

sure. We collected 45 ml samples from the chamber every 30–40 min over ∼2 hr (n = 5 sampling points), which 

we stored in 22 ml evacuated glass vials.

2.6. Ebullitive Flux Sampling

We deployed three bubble traps across a transect in each pond to measure ebullition rates from April 14 to 

November 10 (n  =  23 sampling events). We constructed traps from funnels (cross sectional area 0.059  m 2) 

attached to 500 ml plastic graduated cylinders (similar to Wik et al., 2013). Around each cylinder, we loosely 

attached a square piece of wood and foam insulation to maintain buoyancy while allowing the cylinder to slide 

up and down. We deployed chambers by inverting them and fully submerging them, before flipping them and 

ensuring they were full of water with no headspace. We recorded the volume of accumulated gas collected in the 

bubble traps at least weekly in the summer, and every 2–3 weeks in spring and fall when less ebullition occurred. 

One trap in each pond was equipped with a sampling port to collect samples for GHG analysis. We collected 

GHG samples each time gas volume was measured, except when not enough volume accumulated in the trap 

(17/92 sampling  events) or when the valve was found open prior to sampling (22/92 sampling events). On these 

occasions, we used the mean CH4 concentration from other ponds sampled on the same date or the mean value 

of the preceding and following week if no ponds were sampled. In early spring and fall when little bubbles were 

produced, we took the average CH4 concentration from all traps over all sampling times.

2.7. Analysis of Gas Concentrations and Flux Calculation

We analyzed gas samples using a Shimadzu GC 2014 equipped with a flame ionization detector, methanizer, and 

electron capture detector. We estimated diffusive flux as the linear change in gas concentration over time 
(

∆ppm

∆hr

)

 . 

We considered fluxes with R 2 ≥ 0.65 as significant and those with R 2 < 0.65 as non-significant, and equal to 

zero (33/119 for CO2, 10/115 for CH4, and 83/119 for N2O; Prairie, 1996; Ray & Fulweiler, 2021). We converted 

non-zero fluxes from 
∆ppm

∆hr
 to 

∆atm

∆hr
 by multiplying by the atmospheric pressure (atm) during the incubation divided 

by 1,000,000 to remove the ppm conversion. Diffusive fluxes were calculated similarly to DelSontro et al. (2016):

Diffusive Flux
(

mmolm−2 hr−1
)

=

(

∆atm

∆hr

)

× Chamber Volume (𝐿𝐿) ×
1000mmol

1mol

𝑅𝑅
(

𝐿𝐿 atmK−1 mol−1
)

× Temperature (𝐾𝐾) × Area(𝑚𝑚2)
 (1)

Where R is the universal/ideal gas constant (0.082056 L atm K −1 mol −1) and K is the air temperature (K) at the 

incubation start.

Ebullitive fluxes were calculated similarly to Wik et al. (2013):

Ebullitive Flux
(

mmolm−2 hr−1
)

=
[CH4] × BubbleVolume(𝐿𝐿) ×

1mmol

1000 μmol

Area (𝑚𝑚2) × Time(hr) × 𝑉𝑉𝑚𝑚

 (2)

Where [CH4] is the concentration of CH4 in the trapped bubble (μL L −1), and Vm is the molar volume of gas at 

standard conditions (22.4 L mol −1).

2.8. Identifying Drivers of Flux Variability

We used a multivariate approach to identify the best predictors of temporal variability in fluxes. There was 

substantial correlation among mean, maximum, and minimum air temperature and among dissolved nutrient 
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concentrations (Table S1 in Supporting Information S1). Thus, we use mean air temperature to represent temper-

ature measurements and NH4 
+ to represent dissolved nutrients.

For each diffusive flux, we constructed a linear mixed model that included mean daily air temperature, mean wind 

speed, total daily precipitation, NH4 
+ concentration, and chlorophyll-a concentration (all scaled) as fixed effects, 

and “pond” as a random effect to account for repeated measurements via the lme4 package (Bates et al., 2015). 

We compared all possible combinations of these fixed effects using corrected Aikake Information Criterion 

(AICc) via the MuMin package in R (Barton, 2020). We considered the best model to have the lowest AICc and 

any models within 2 ΔAICc to be well supported (Burnham & Anderson, 2002; Tables S2–S4 in Supporting 

Information S1). We report AICc values for the base model, the null model, the best model, and all models within 

2 ΔAICc of the best model. We repeated this approach for ebullitive CH4 flux, using the mean air temperature and 

wind over the sampling period, total precipitation over that period, and NH4 
+, and chl-a concentrations during the 

sampling period (i.e., samples collected between ebullition sampling days). Since nutrients and chl-a were not 

collected during each ebullitive flux sampling period, several dates were not included in model selection (model 

n = 52).

We excluded pond stratification status from multivariate models as it was associated with mean temperature (logit 

regression p < 0.001; Figure S4 in Supporting Information S1). To test if pond stratification influenced GHG 

flux, we created mixed effects models with stratification as a fixed effect and pond as a random effect and used 

pairwise least square means tests via the emmeans package (Lenth, 2018). To compare ebullitive flux during 

periods of mixing/stratification, we determined whether there was a mixing event during the bubble accumu-

lation  period and classified that period as “Stratified” if no mixing occurred or “>1 Mixed Day” if there was a 

mixing event.

2.9. Calculating an Annual GHG Budget

We estimated monthly emissions by integrating the area between the mean flux rate and zero for each GHG using 

the AUC command in the DescTools package in R (Signorell et al., 2017), using a trapezoidal method for diffu-

sive fluxes and step method for ebullitive fluxes. We converted from molar rates to g CO2-equivalents using used 

100-year global warming potential values of 27.2 for CH4 and 298 for N2O. We assumed flux was constant over a 

24-hr period. To calculate a net GHG budget, we subtracted an annual organic C (OC) burial of 245.8 g CO2 m −2 

estimated from 22 adjacent experimental ponds (mean burial rate: 67.1 g OC m −2 yr −1; Holgerson et al., 2023).

3. Results

3.1. Weather and Pond Conditions

Weather conditions followed typical temperate patterns (Figures S2a–S2c in Supporting Information  S1). 

Dissolved nutrient concentrations in surface water were low throughout the year with no discernible patterns 

(0.39 ± 0.02 μmol NH4 
+ L −1; mean ± SE; 0.26 ± 0.04 μmol NOx L −1; 0.07 ± 0.04 μmol PO4 

3− L −1). Ponds were 

highly productive due to substantial macrophyte growth beginning in late spring, when DO was supersaturated 

and concentrations were higher in bottom waters near to the macrophytes (Figure S2d in Supporting Informa-

tion  S1). Macrophyte growth slowed in mid-July when they had grown near to the surface and DO became 

undersaturated in bottom waters while surface waters maintained ∼100% saturation until mid-September, when 

macrophytes began to senesce and the water column mixed. Snorkel surveys revealed 100% vegetation cover of 

the pond centers in August. Chl-a concentrations were low (3.70 ± 0.21 μg L −1) throughout the year.

Ponds were generally mixed throughout the spring (100% of measured days in April and 87% of days in May; 

Figure S3 in Supporting Information S1) and stratified during summer (mixing only occurred on 43%, 37%, 

and 16% of days in June, July, and August respectively). The ponds mixed frequently in the fall (94% of days in 

September, and all days in October and November).

3.2. Annual Emissions Patterns

Diffusive GHG exchange between the constructed ponds and atmosphere followed a clear seasonal pattern, 

with little exchange until late spring when ponds became a CO2 sink (May mean flux −0.48 ± 0.16 mmol CO2 
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m −2 hr −1) and remained so throughout the summer (June and July mean flux 

−0.67 ± 0.08 mmol CO2 m −2 hr −1) until the transition to fall (August and 

September) when they bounced between source-sink behavior (Figure 1a). 

The ponds released CO2 in October and November at rates similar in magni-

tude to the summer CO2 sink period (October and November mean flux 

0.47 ± 0.10 mmol CO2 m −2 hr −1). The ponds were always a source of CH4 

to the atmosphere via diffusion (Figure 1b), with low emissions in spring 

(April and May mean flux 0.11 ± 0.03 mmol CH4 m −2 hr −1) followed by a 

rapid increase in emission mid-summer (July mean flux 0.71 ± 0.11 mmol 

CH4 m −2 hr −1) that slowly declined until ice formation. The best model to 

predict diffusive CO2 flux included mean daily temperature (β  =  −0.28; 

SE = 0.05) and [NH4 
+] (β = 0.36; SE = 0.05; p < 0.01; marginal R 2 = 0.60; 

Table S2 in Supporting Information  S1), while the best model to predict 

diffusive CH4 flux was temperature alone (β = 0.06; SE = 0.01; p < 0.01; 

marginal R 2 = 0.49; Table S3 in Supporting Information S1). N2O emissions 

bounced between release and uptake throughout the year (Figure 1c), and 

none of the variables we measured predicted N2O flux (Table S4 in Support-

ing Information S1).

Bubble production was highest in late spring (Figure S5 in Supporting 

Information  S1). Bubble CH4 concentration varied throughout the year 

(2.0%–49.5% CH4; Figure S5 in Supporting Information  S1) with lowest 

concentrations generally coinciding with the highest rates of bubble 

production (linear regression, F = 5.19, R 2 = 0.20, p = 0.04). Like diffu-

sive emissions, ebullitive CH4 emissions followed a clear seasonal pattern 

(Figure 1d), best predicted by mean temperature (β = 0.10; SE = 0.01) and 

[NH4 
+] (β  =  −0.06; SE  =  0.01; p  <  0.01; marginal R 2  =  0.66; Table S5 

in Supporting Information  S1). Ebullitive emissions were low in spring 

before a rapid increase in mid-May, when mean ebullitive flux increased 

from 0.01 ± 0.01 mmol CH4 m −2 hr −1 between May 6–20 to a peak emission 

rate of 0.39 ± 0.04 mmol CH4 m −2 hr −1 between June 10–14. Following this 

peak, CH4 ebullition steadily declined before returning to springtime levels 

in mid-fall (0.03 ± 0.00 mmol CH4 m −2 hr −1 the week ending October 11).

3.3. Mixing Status as a Predictor of Temporal Variability in 

Greenhouse Gas Fluxes

Diffusive CO2 and CH4 fluxes followed seasonal temperature patterns, but 

also displayed high variability within short time frames. For example, the 

difference in diffusive CH4 flux between June 24 (0.09 ± 0.02 mmol CH4 

m −2 hr −1) and July 9 (0.49 ± 0.06 mmol CH4 m −2 hr −1) was comparable to 

the difference between mean spring (April & May; 0.11 ± 0.04 mmol CH4 

m −2  hr −1) and summer (June—August; 0.43  ±  0.05  mmol CH4 m −2  hr −1) 

fluxes. Mean daily temperature only differed 3.24°C between these two 

sampling events (average mean daily temperature in spring and summer were 

10.2 and 21.0°C respectively), indicating temperature alone is not responsi-

ble for the observed differences in flux. Rather, mixing may explain these 

results as ponds were mixed on June 24, and stratified on July 9.

We compared diffusive exchange measured when the water column was strat-

ified (n = 20 samples) and mixed (n = 36) and found that CO2 fluxes were 

significantly higher, and on average ponds were a source of CO2 to the atmosphere, when the water column 

was mixed (0.096 ± 0.096 mmol m −2 h −1) compared to when ponds were stratified, and served as a CO2 sink 

(−0.451 ± 0.101 mmol m −2 h −1; least square means, df = 52, t-ratio = 3.635, p < 0.001; Figure 2a). The opposite 

was true for diffusive CH4 fluxes—emissions during periods of stratification (0.504 ± 0.072 mmol m −2 h −1) were 

Figure 1. Diffusive fluxes of (a) carbon dioxide, (b) methane, and (c) nitrous 

oxide (n = 16 dates), and (d) ebullitive flux from constructed ponds on an 

annual basis (n = 23 dates). Thin black lines indicate flux from each replicate 

pond and the thicker, colored lines represent the mean flux (n = 4). Fluxes 

above the zero line indicate release to the atmosphere. Those below the line 

indicate uptake by the pond.
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more than twice as high as periods of mixing (0.177 ± 0.030 mmol m −2 h −1; 

least square means test, df = 51.1, t-ratio = −4.052, p < 0.001; Figure 2b). N2O 

flux did not differ between periods of mixing (0.010 ± 0.016 μmol m −2 h −1) 

or stratification (0.039  ±  0.033  μmol  m −2  h −1; least square means test, 

df = 51.7, t-ratio = −0.891, p = 0.377; Figure 2c).

Ebullitive CH4 flux was higher when the water column was stratified the 

entire period of bubble accumulation (0.202  ±  0.032  mmol  m −2  h −1) 

compared to when mixing occurred at least once during this accumulation 

period (0.135  ±  0.012  mmol  m −2  h −1; least square means test, df  =  87.1, 

t-ratio = −2.410, p = 0.018; Figure 2d).

3.4. Annual GHG Budget

Annually, we estimate the constructed ponds were a sink for 0.47  mol 

CO2 m −2 yr −1 and released 1.90 mol CH4 m −2 yr −1 (1.32 mol CH4 m −2 yr −1 

via diffusive flux and 0.59  mol CH4  m −2  yr −1 via ebullitive flux) and 

0.05  μmol N2O m −2  yr −1. In CO2-equivalents, this equates to release of 

810.3  g CO2-eq m −2  yr −1 (Figure  3). Despite burial of 245.8  g CO2-eq 

m −2 yr −1 (Holgerson et al., 2023), the ponds were a net source of GHGs to 

the atmosphere on an annual basis (net 564.4 g CO2-eq m −2 yr −1; Figure 3). 

Diffusive CH4 flux drove total emissions, contributing 71% of GHG release 

in terms of g CO2-eq m −2 yr −1. Summertime diffusive CH4 emissions were 

particularly important, with diffusive CH4 emissions in July (194.6 g CO2-eq 

m −2  month −1) and August (149.9  g CO2-eq m −2  month −1) nearly equal to 

annual CH4 ebullitive flux (256.5 9 g CO2-eq m −2 yr −1).

4. Discussion

Temporal variability is a major uncertainty in pond GHG budgets. Here, 

we used a high-resolution sampling campaign to demonstrate that temper-

ate constructed ponds are a net source of GHGs to the atmosphere. On an 

annual basis total GHG emissions—in g CO2-eq m −2  yr −1—are driven by 

temporally variable diffusive CH4 flux. While GHG exchange with the 

atmosphere followed clear seasonal patterns, we recorded high intra-seasonal 

variability in both CO2 and CH4 fluxes that was linked with temperature and 

water column stratification. Importantly, seasonal patterns and intra-seasonal 

variability in GHG fluxes were synchronous across the four ponds sampled. 

These results demonstrate that external processes can control inter- and 

intra-seasonal variability in pond GHG fluxes.

Diffusive CO2 fluxes followed a clear seasonal pattern, with net CO2 

consumption from late spring through summer and net CO2 release in the fall, 

similar to previously reported seasonal CO2 emissions patterns from temper-

ate ponds and lakes (e.g., Baliña et  al.,  2023; Natchimuthu et  al.,  2014; 

Riera et al., 1999). We see two, not mutually exclusive explanations for this 

seasonal cycle. First, the ponds exhibited rapid macrophyte growth and CO2 

uptake in spring and summer, whereas in fall, respiration from senescence 

outpaces production and ponds release CO2. The relationships between 

temperature and [NH4 
+] and diffusive CO2 flux fit with this seasonal biolog-

ical process—during warm seasons, plants take NH4 
+ from the water column 

to support growth and primary production (Ozimek et al., 1993), leading to 

undersaturation of water column CO2. During cooler seasons, decomposition releases CO2 and NH4 
+ to the water 

column (Pieczyńska,  1993). The second explanation considers pond mixing status. CO2 was released during 

the fall months when ponds were mixed and was consumed during summer months when ponds were stratified. 

Figure 2. Diffusive fluxes of (a) carbon dioxide, (b) methane, and (c) nitrous 

oxide when ponds were mixed or stratified during sampling. (d) Ebullitive CH4 

fluxes when ponds were fully stratified (“Stratified”) or experienced at least 

one mixing event (“Mixed”) during the gas accumulation period. P-values 

indicate results of least-square means tests, points indicate individual flux 

measurements, the solid line in each box indicates the median and the box 

edges indicate the 25th and 75th percentiles. Fluxes above the zero line indicate 

release to the atmosphere. Those below the line indicate uptake by the pond.
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During mixing, CO2 produced during benthic respiration can vent to the atmosphere (Eugster et al., 2003) and 

NH4 
+ produced in the benthos is more likely to be available in surface waters (MacIntyre et al., 2006). Untangling 

the role of macrophyte growth or mixing dynamics on regulating CO2 emissions is further complicated by the 

physical structure of dense macrophyte communities promoting stratification (Andersen et al., 2017). Resolving 

the independent and synergistic effects of macrophytes and mixing is an important next step to better constrain 

annual emissions from ponds.

Both diffusive and ebullitive CH4 fluxes tracked temperature (Figure S6 in Supporting Information S1) with 

highest emissions during the warmest months, similar to previous observations (e.g., Aben et al., 2017; Davidson 

et al., 2018; Wik et al., 2014). Yet, summertime CH4 emissions also displayed high variability over short time-

frames, which cannot be explained by temperature alone. Rather, variability in CH4 flux was likely driven by pond 

stratification dynamics—both diffusive and ebullitive CH4 emissions were higher during periods of stratification 

and lower during periods of mixing. Stratification affects the extent to which CH4 accumulating in bottom waters 

is stored, oxidized, or diffused to surface waters (Bastviken et al., 2008; Søndergaard et al., 2023). Storage will 

be higher if waters are anoxic and stratified, whereas mixing will release accumulated CH4 to surface waters and 

the atmosphere (Søndergaard et al., 2023) and simultaneously reintroduce oxygen to bottom waters (Andersen 

et al., 2017). We observed the highest CH4 fluxes in July and August, when ponds were warm and mostly strat-

ified, and benthic DO was undersaturated. We propose that despite stratification storing CH4 in bottom waters, 

diffusive CH4 fluxes were high due to diffusion across a relatively shallow water column, and may have been 

promoted by partial mixing events and internal turbulence. We suspect that when we sampled ponds in the 

mixed state, we missed the short-term pulses of accumulated CH4 release, instead capturing lower rates of CH4 

emission. Fluxes were lower in May and June, when the ponds mixed more and benthic DO was higher (Figure 

S2d in Supporting Information S1). The negative relationship between ebullitive CH4 emissions and [NH4 
+] may 

also result from stratification. Increased macrophyte density and height strengthens stratification, may lead to 

low surface [NH4 
+] due to plant uptake, and promotes the accumulation of CH4 in bottom waters, which likely 

increases ebullition. In contrast, mixing increases aerobic conditions that favor NH4 
+ production from aero-

bic decomposition, while also potentially promoting methanotrophy and limiting methanogenesis. Stratification 

status has been linked with pond CH4 emissions previously: van Bergen et al. (2019) report highest CH4 emis-

sions in summer months when an urban pond became stratified during the daytime and mixed at night compared 

to months when the pond was consistently mixed.

Figure 3. Greenhouse gas emissions (in g CO2-eq m −2) from temperate constructed ponds on (a) a monthly and (b) annual basis. The sediment CO2 sink value is from 

Holgerson et al. (2023). The contribution of nitrous oxide (N2O) emissions is too small to be seen on the graph.
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The annual GHG budget for the constructed ponds was largely driven by CH4 emission and C burial, with negli-

gible influence from CO2 and N2O. Importantly, more than twice as much CH4 was released to the atmosphere 

via diffusion than ebullition. This contrasts global syntheses of lentic CH4 emissions where ebullition has been 

suggested as the dominant CH4 emission pathway (e.g., Aben et al., 2017; Wik, Varner, et al., 2016; though other 

work indicates the importance of ebullition varies dramatically across systems, e.g., Deemer & Holgerson, 2021). 

This disparity may be associated with differences in mixing dynamics in ponds compared to lakes. In the inter-

mittently mixed ponds measured here, diffusive and ebullitive emissions were similar under mixed conditions 

(mean flux of 0.177 and 0.123 mmol CH4 m −2 hr −1 respectively), but diffusive fluxes were more than twice as 

high as ebullitive fluxes during periods of stratification (0.504 and 0.202 mmol CH4 m −2 hr −1 respectively). Thus, 

a better understanding of how pond mixing regimes influence ebullitive and diffusive CH4 fluxes appears impor-

tant for reducing uncertainty in pond CH4 emissions. Similarly, studies should be conducted in ponds dominated 

by phytoplankton and in other climatic regions to test if the patterns observed here hold.

Improving our understanding of mixing dynamics in ponds is necessary to accurately upscale global aquatic 

GHG emissions, particularly as periods of stratification increase under global warming and stilling (Jane 

et al., 2023; Woolway et al., 2019). More stratification is likely to enhance CH4 emissions from inland waters 

(Jansen et al., 2022), an increase that will be compounded by greater CH4 production in the benthos associated 

with faster microbial metabolism (Aben et  al.,  2017), further exacerbating anthropogenic CH4 emissions and 

increasing the contribution of small waterbodies to global CH4 emissions inventories. Identifying strategies to 

convert CH4 to CO2 in constructed ponds, or designing constructed ponds to favor persistent mixed conditions, 

presents an opportunity to reduce their GHG footprint at the global scale.

Data Availability Statement

The data from this study can be accessed via the Figshare repository (https://doi.org/10.6084/ 

m9.figshare.22626862.v1).
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