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Abstract

Ponds play a larger role in the global freshwater methane (CH4) budget than predicted from surface area
alone. To improve our understanding of pond CH4 dynamics, we measured summer CH, production, concentra-
tions, and emissions to the atmosphere in nine Alaskan wetland ponds along with potential physical, chemical,
and biological regulators. Pond CH, production (0.64, 0.086-1.3 mmol m 2 d~'; median, interquartile range),
as assessed with slurry incubations, was positively related to water-column temperature and chlorophyll a
(Chl a), negatively influenced by oxygen levels, and varied with microbial community structure. Average water-
column CH,4 concentrations (0.39, 0.21-0.87 ymol L™") were lower in deeper ponds and at higher oxygen levels,
and as expected, they were correlated with diffusive emissions (0.055, 0.024-0.20 mmol m % d ') assessed with
flux chambers. Based on a mass balance approach, 39-99% of CH, produced in ponds was oxidized. Pond ebul-
lition (3.7, 0.60-24 mmol m~# d~') was higher and more variable than diffusive emissions. Additionally, pond
ebullition rates were better correlated with production rates from the previous month. We also systematically
compared the ratio of ebullition to diffusive CH4 emissions in our ponds and other northern lakes, which was
negatively related to water depth (n = 71), but positively related to Chl a (n = 28). Our study sheds light on the
factors that influence pond CH4 dynamics and demonstrates that pond ebullition is a significant CH4 source

worthy of continued study.

Recent studies suggest that small ponds may disproportion-
ately contribute to global CH, emissions (Holgerson and
Raymond 2016; Wik et al. 2016b; Rosentreter et al. 2021). For
example, smaller ponds and lakes (<0.1 km?) account for
around 25% of the global surface area of lakes and ponds, yet
the current best estimates suggest that they may produce
about three-quarters of CH, emissions from those systems
(Holgerson and Raymond 2016; Rosentreter et al. 2021). Due
to the shallow nature of some smaller lakes and ponds, incor-
porating CH, emissions mediated by plants and those from
ebullition (bubbling) is critical to reducing uncertainty in the
freshwater CH4 budget (Rosentreter et al. 2021).

*Correspondence: carmella.vizza@gmail.com

Additional Supporting Information may be found in the online version of
this article.

Present address: College of Natural and Computational Sciences, Hawai'i
Pacific University, Kaneohe, Hawaii, USA

Author Contribution Statement: C.V., S.EJ., and G.A.L. designed the
study. C.V. and J.A.H. performed the research. W.E.W. analyzed CH4 sam-
ples. C.V. wrote the paper with contributions from all co-authors.

450

Accurately estimating freshwater CH4 budgets is challeng-
ing and requires a mechanistic understanding of what regu-
lates the sources and sinks of CH,. Previous research suggests
that organic matter supply and microbial community struc-
ture influence CH,4 production in both ponds and lakes (Vizza
et al. 2017a; Bertolet et al. 2019; Grasset et al. 2021). Specifi-
cally, primary production increases the amount of carbon
available in the sediments (Juutinen et al. 2003; Rasilo
et al. 2015), but the source of that carbon is also important for
methanogens, or the microbial organisms responsible for CHy
production. For example, West et al. (2012) found that algal
additions had a greater effect on CH4 production in lake sedi-
ments than maple leaves thus corroborating the well-
established principle that autochthonous or aquatic sources
are more readily preferred by microbes than allochthonous or
external carbon sources (Kritzberg et al. 2004). However, not
all autochthonous sources of carbon are created equal, which
has been demonstrated by (1) Vizza et al. (2017a) who found
that only a subset of aquatic plant additions enhanced CH4
production in pond sediments; (2) Grasset et al. (2018) who
found that while one aquatic plant enhanced CH4 production
as much as phytoplankton, another species matched the lower
rates from an allochthonous source; and (3) Grasset
et al. (2019) who observed that macrophytes with high water
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content and lower C/N ratios induced higher CH, production
rates. Therefore, both organic matter quality and quantity
(Grasset et al. 2021), as well as the microbial communities uti-
lizing the organic matter, can influence CH,4 production in
aquatic ecosystems.

To better quantify the sinks and sources of CH,, we must
consider the factors that govern the processes of CH4 oxida-
tion and emissions. The process of CH, oxidation can be lim-
ited by the availability of CH4 and O, (Segers 1998), but O,
can also be inhibitory at high concentrations (Thottathil
et al. 2019). Additionally, deeper water layers tend to have
greater oxidation rates because stratification can lead to more
CH, buildup and thus increases the likelihood that CH, is oxi-
dized at the sediment-water interface or even in the water col-
umn (Bastviken et al. 2002a, 2008). Additionally, CH4 can
build up in stratified aquatic ecosystems for months at a time
before being released during seasonal turnover (Riera
et al. 1999). While diffusive emissions are often affected by
wind speed, turbulence, and surface area (Vachon et al. 2019;
Deemer and Holgerson 2021; MacIntyre et al. 2021), West
et al. (2016) showed that shallow water depths and greater
CH,4 productions rates could be predictive of higher lake ebul-
lition. Additionally, Deemer and Holgerson (2021) found that
ebullition in 116 lakes was positively associated with chloro-
phyll a (Chl a). Therefore, understanding how CH, oxidation
and emissions are affected by these physical, chemical, and
biological factors will be key in predicting pond CH4 budgets.

Understanding how CH, dynamics are affected by biological,
physical, and chemical factors is important for estimating the
impact of freshwater systems on the global CH4 budget. In this
study, we surveyed pond CH, production, water-column concen-
trations, diffusive emissions, and ebullition in nine Alaskan
ponds varying in size (0.004-0.2 km?). Our primary objectives
were (1) to identify biological, physical, and chemical factors that
influenced pond CH, dynamics during the summer; 2) to deter-
mine whether the summer CH4 dynamics in these ponds could
be balanced with a budget approach; and (3) to compare the rela-
tive importance of ebullition to diffusive emissions in these Alas-
kan ponds and previously studied northern lakes. We
hypothesized that pond CH,4 production would be regulated by
substrate supply and microbial communities, while CH, emis-
sions would be regulated by physical and chemical factors. Addi-
tionally, we hypothesized that the ratio of ebullition to diffusive
emissions would be higher in these Alaskan ponds relative to
other systems due to their shallow depths and high productivity.

Methods

Study area

The Copper River Delta in southcentral Alaska is the largest
contiguous wetland along the Pacific Coast of North America
with about 283,000 ha of habitat supporting high biodiversity
(Bryant 1991). The Great Alaska Earthquake of 1964 elevated
the Copper River Delta by 1-4 m depending on location,
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thereby uplifting and creating numerous wetland ponds
(Thilenius 1995). Ponds are distributed across the continuum
of glacial headwaters to the Gulf of Alaska with variable physi-
cal and chemical characteristics and ecosystem processes
(Vizza et al. 2017b). Many of these ponds are predominantly
precipitation-fed since many became hydrologically isolated
during the 1964 earthquake. These ponds are embedded
within a wetland landscape where the discrete transition from
wetland to pond is often marked by the end of a Sphagnum
spp. mat, followed by a fringe of Menyanthes trifoliata or Carex
spp., and finally substantially deeper water (> 0.3 m). Vegeta-
tion covers < 25-75% of a pond’s water surface with the domi-
nant emergent macrophytes consisting of Nuphar polysepalum,
Hippuris vulgaris, and Equisetum variegatum (Table S1). Sub-
merged vegetation (Fontinalis spp. and Myriophyllum spp.),
when present, often covers more than 67% of the benthos
(Table S1). Our study focused on nine ponds (Table 1) that we
were able to access regularly. During the summer of 2014, the
study ponds were visited on three occasions (late June, mid-
July, and early August) either in the morning or early after-
noon at approximately 3-week intervals. We measured CH,
dynamics along with potential physical, chemical, and biolog-
ical regulators (Fig. S1) during each sampling occasion.

Physical and chemical parameters

We measured water depth, dissolved oxygen (DO), and tem-
perature for each pond, while wind speed data were obtained
from the nearby airport. Water depth was measured at each site
where sediment was collected using a stadia rod (7 = 5 per pond
per sampling period). We also measured DO in the lower water
column (i.e., ~0.4-0.8 m below the surface depending on the
pond’s depth) at each sampling period using an YSI Pro Plus
multiparameter water quality meter (YSI). Additionally, water-
column temperature was measured hourly using a HOBO Pen-
dant Temperature Logger (Onset Computer Corporation),
which was deployed in the center of each pond at a water depth
of 0.1 m. Temperature, as measured with a YSI, did not vary
with depth during most sampling events, while DO was more
variable (Table S2). The daily average wind speed was deter-
mined from hourly recordings at the Merle K. (Mudhole) Smith
Airport located centrally on the west side of the Copper River
Delta (4-26 km away from each pond). These quality-controlled
climatological data were provided by National Centers for Envi-
ronmental Information (National Oceanic and Atmospheric
Administration) with each station using an anemometer to
measure wind speed at a height of approximately 10 m.

Substrate quantity and quality

These Alaskan ponds often had floating algae associated
with submerged macrophytes and sometimes emergent vege-
tation. Chl a in the water column was positively correlated
with vegetation cover (rp = 0.90, n = 9, p < 0.001); vegetation
cover was scored on a scale of 1-7 after ranking ponds on a
scale of 1-3 for submerged vegetation in increasing
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Table 1. Location and size of the nine wetland ponds in the Copper River Delta, Alaska.

Pond Latitude (°N) Longitude ("W) Elevation (m) Surface area (m?)
Eyak N (EYN) 60.492 —145.661 5.2 6670
Eyak S (EYS) 60.477 —145.683 5.5 6640
Lily (LIL) 60.520 —145.601 8.2 20,540
Rich Hate Me (RHM) 60.478 —145.382 18.3 3570
Scott S (SCS) 60.491 —145.547 13.4 10,370
Storey N (STN) 60.323 —145.161 4.6 151,750
Storey S (STS) 60.306 —145.178 2.1 177,490
Tiedeman N (TIN) 60.431 —145.466 5.5 6770
Tiedeman S (TIS) 60.425 —145.473 5.5 57,000

increments of 33% and 1-4 for emergent vegetation in
increasing increments of 25% and combining the submerged
and emergent scores (Table S1). Due to this positive correla-
tion and the existence of temporal measurements, we used
Chl a instead of vegetation cover as an index of productivity
(Wetzel and Likens 2000).

We collected 1 liter of water from the water column at three
different sites per pond per sampling period. Water samples
(100-200 mL) were filtered through glass fiber filters (Whatman
GE/F, 0.7-um pore size), and these filters were frozen until anal-
ysis. Filters were processed and analyzed for Chl a after Ste-
inman et al. (2017). We extracted the filters in 10 mL of 90%
buffered acetone overnight and used a fluorometer (TD-700;
Turner Designs), which was calibrated with Chl a analytical
standards, to analyze the sample for Chl a the following day.

We collected sediment samples (~ 250 mL, up to a 20-cm
depth) from five sites per pond per sampling event using a
handheld bucket augur. Two subsamples of the sediment were
frozen for later analysis of (1) sediment organic matter (SOM)
and (2) microbial community structure, while the remaining
sediment was used to estimate methane production (see the
Methane production estimates section for more information).
The sediment was dried for at least 48 h at 60°C, the dry
weight was recorded, and then the organic matter in the sedi-
ment was combusted at 500°C in a muffle furnace for 4 h.
Finally, the sediment was rewetted with deionized water and
then dried at 60°C for at least 48 h before reweighing. SOM
was estimated as the percent of material lost during combus-
tion. To extract pore water from the sediment, ~ 50 mL of the
sediment was centrifuged for 45 min at 4°C at 4000 RCF (rela-
tive centrifugal force). This pore water was then analyzed on
the Dionex ICS-5000 (Dionex Corporation) for acetate and
sulfate; for more details please see Vizza et al. (2017a).

Microbial community structure

To characterize the microbial community structure of each
pond, DNA was extracted from a composite of the five sediment
samples from each of the nine ponds for the June time period
(n = 9) as described in Vizza et al. (2017a). Two genes, methyl
coenzyme reductase (mcr) and dissimilatory sulfite reductase
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(dsr), were targeted with quantitative PCR (qQPCR). The mcr gene
catalyzes the final step of reducing a methyl group to CH,4
(Thauer 1998), and its ubiquity in methanogens makes it power-
ful at assessing their abundance (Luton et al. 2002; Earl
et al. 2003; Castro et al. 2004). The dsr gene catalyzes the last
step in sulfate respiration and is possessed by all sulfate-reducing
bacteria, making it ideal to quantify their abundance (Wagner
et al. 1998; Klein et al. 2001; Zverlov et al. 2005). Specifically, we
used the ratio of mcr : dsr as a means of characterizing microbial
community structure at each pond. This characterization was
appropriate across the entire 6 weeks of sampling because previ-
ously microbial community structure did not change over the
course of a few weeks even when exposed to different conditions
(i.e., flooding pond sediments with sulfate-rich, brackish water
per Vizza et al. (2017a)). More details about amplification and
qPCR can be found in Vizza et al. (2017a).

Methane production estimates

Because sediment samples (up to 20 cm in depth) were col-
lected from five sites that were representative of the pond’s
habitat (i.e., each site corresponded to ~20% of the pond
area), CHy production rates inferred from the incubation of
sediment from each site were averaged to generate a whole-
pond estimate. Methane production rates were estimated from
2-week anaerobic sediment slurry incubations after Vizza
et al. (2017a). For each incubation, approximately 50 mL of
sediment and 60 mL of unfiltered pond water were incubated
in a 250-mL serum bottle in the dark. Each bottle was made
anoxic by vigorously swirling and purging it with N, gas for
5 min. Headspace samples (10 mL) were removed at five inter-
vals (2, 5, 8, 11, and 14 d) and injected into individual 2-mL
serum vials (pre-evacuated with a vacuum pump), and stored
upside down in water for less than 3 months until the samples
could be analyzed using gas chromatography. To maintain
pressure in the incubations, 10 mL of N, gas was added after
each sampling point, which was accounted for in the calcula-
tions. All headspace samples were analyzed after West
et al. (2016) on an Agilent 6890 Gas Chromatograph. Because
all headspace samples had positive pressure when analyzed,
we were not concerned about sample dilution during storage.
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Since the incubation temperature (14-15°C) was slightly lower
than the average pond temperature (June: 17.3°C + 0.9°C, July:
17.2°C £ 1.2°C, August: 18.4°C + 1.2°C), CH4 production esti-
mates were considered conservative. Production rates were
inferred from the slope of the linear regression of CH4 concentra-
tions over time per incubation, which were converted to areal
rates by assuming an active sediment depth of 20 cm such that
the average incubation (~ 50 mL of sediment) represents about
0.01 m? of pond sediment surface area. We chose this active sedi-
ment depth based on other studies (Kelly and Chynoweth 1981;
Schwarz et al. 2008; West et al. 2016) and because we believed it
be conservative considering observations of CH, production as
deep as 60-70 cm (Banning et al. 2005). Over the course of the
study, we conducted a total of 135 incubations (9 ponds x 3
sampling events x 5 sites). The production rates of 10 incuba-
tions out of 135 were excluded from analyses because their 7*
values from linear regressions of CH4 over time were lower than
0.5; the remaining 125 rate estimates had 7* values of
0.86 £+ 0.12 (mean + SD).

Water-column CH,4 concentrations

To measure CH4 concentrations in the water column, water
samples were collected at three different sites per pond per sam-
pling event at a surface depth (0.1 m) and a bottom depth just
above the sediment (0.3-0.8 m) for a total of 162 samples
(9 ponds x 3 sampling events x 3 sites x 2 depths). Generally,
water depth did not vary across the three sites within a pond
(< 10%) at any single sampling event. We used a Van Dorn (hori-
zontal water) sampler with an airtight valve installed on the side
to collect the water and then transferred it to a 60-mL syringe
equipped with a gastight valve. Upon returning to the lab,
15 mL of N, was added to 45 mL of water for each sample,
shaken vigorously, and allowed to equilibrate for 30 min. All
headspace samples were stored and analyzed like the production
samples. We then converted the analyzed headspace concentra-
tions to water-column CH,4 concentrations using Henry’s Law
(Griffiths et al. 1982). Methane concentrations for each sampling
event did not vary by depth within a pond (repeated measures
ANOVA: p >0.80) and are therefore presented and analyzed as
cross-depth means. We excluded seven samples where the ben-
thos was unintentionally disturbed, which increased the coeffi-
cient of variation (CV) above 1 for a pond’s sampling event, as
well as two statistical outliers that were three standard deviations
higher than the mean.

Methane emissions

Methane emissions to the atmosphere were estimated after
West et al. (2016) using five floating chambers (0.062 m?, 6.3 L)
placed in open water per pond per sampling event. We avoided
including emergent vegetation in the chambers, and therefore
did not quantify plant-mediated CH, emissions during this
study. At the end of each 1.5-h deployment, we mixed the
chamber headspace with a 10-mL syringe at least three times
and then withdrew 10 mL of gas for a total of 135 samples
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(9 ponds x 3 sampling events x 5 chambers). To determine the
atmospheric concentration of CHy, three 10-mL air samples were
collected above each pond for each sampling event for a total of
81 samples (9 ponds x 3 sampling events x 3 replicates). The
average atmospheric CH; concentration across all ponds and
sampling events was 5.2 £ 1.6 ppm. All flux chamber and atmo-
spheric samples were stored and analyzed in the same manner as
the production and concentration samples.

To estimate chamber-based emission rates, we first calculated
the rate of change in CH4 concentration, which is the chamber
CH4 concentration minus that of the atmosphere based on
deployment length (~1.5 h or 0.0625 d), multiplied by the
chamber’s volume and divided by its surface area. Because the
diffusive flux of gas into a chamber decreases over time in a
nonlinear fashion as it becomes more concentrated, we also cal-
culated instantaneous emission rates to correct for this nonlinear
response as detailed in Bastviken et al. (2004). However, this
method cannot calculate rates when the concentration of CH,
in the chamber is much higher than expected if it were in equi-
librium with the surface water CH4 concentration; this happened
in 20 out of 135 cases. Due to short deployment periods,
chamber-based rates were roughly equivalent to instantaneous
rates with only an average 6% difference. Therefore, we chose to
report and analyze chamber-based rates since these rates could
be calculated for an additional 20 chambers; 10 chambers with
negative emissions to the atmosphere were excluded from ana-
lyses after comparison to other chambers from that sampling
event deemed a leak likely.

To determine whether CH4 emissions were impacted by diffu-
sion or ebullition, we used the method first proposed by
Bastviken et al. (2004) and later by Cole et al. (2010), which was
verified to accurately estimate ebullition 86% of the time by
Barbosa et al. (2021). Briefly, we calculated a chamber-based kgoo
by calculating a chamber-based kcy, as described in Cole
et al. (2010):

1%

KnRTA (1)

kCH4 = In (PW B

P, —Pf) /(t —t;)
where V is the chamber volume in (m®), K, is the Henry’s law con-
stant for CH4 (moles m™> Pa~!), R is the gas constant
(8.314m* Pa K™' mol™"), T is the temperature (K), 4 is the area
of the chamber (m?), Py, is the partial pressure (Pa) of CH, in the
water, P; is the initial partial pressure (Pa) of CH4 in the chamber,
and Py is the final partial pressure (Pa) of CHy4 in the chamber.

Then, we normalized kcp, to a Schmidt number of 600 as
described in Cole et al. (2010):

600 \"
keoo = k 2
0= (o) ke @
where n = —0.5, a value appropriate for low-wind systems, and
Sccn, is the Schmidt number as calculated from Matthews

et al. (2003):
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Sccn, = 1897.9 — 114.28t +3.2902t% —0.039061>  (3)
where 7 is the temperature in °C.

If the chamber-based kgog was more than double the kgog of
the minimum chamber for a given pond on a given sampling
date, that chamber was considered impacted by ebullition. We
also considered the 20 flux chambers where we could not cal-
culate instantaneous rates or keoo impacted by ebullition.
Additionally, we believe that all five chambers at Tiedeman
North in July and all five chambers at Tiedeman South in
August were impacted by ebullition because their minimum
kesoo values were more than an order of magnitude higher than
the median value for all pond/sampling event combinations
(i.e., 2.4 and 2.7 in comparison to 0.24). The kgoo values for all
10 chambers (i.e., 5 at Tiedeman North in July and 5 at
Tiedeman South in August) were also at least four times
greater than their k¢op values based on wind speed (Cole and
Caraco 1998); therefore, these 10 chambers were classified as
ebullition. We captured ebullition in approximately 63% of
our flux chambers. Diffusive CH, emission rates and ebullition
rates were then averaged on an arithmetic basis as the five flux
chambers were placed in areas representative of each pond.

Dissolved CH,4 budgets, oxidation estimates, and
water-column §'3CH,4

We created dissolved CH4 budgets for the two 3-week inter-
vals that elapsed during our sampling events. First, we aver-
aged CH, production and diffusive emission rates for the
interval’s start and end sampling date. These areal rates were
then converted to changes in volumetric concentrations
(mmol m~%) by multiplying by the interval length and the
surface area of the pond and then dividing by the pond vol-
ume, which is pond surface area multiplied by mean depth.
We also calculated the change in CH4 concentration in water-
column samples from the start and end sampling date, which
should reflect the balance of CH4 inputs and outputs. Possible
inputs are pond CH, production and any external CHy inputs
including hydrologic sources, while possible outputs are CHy
oxidation in the water column, diffusive CH,4 emissions, and
other outputs (e.g., hydrologic outflow). We assumed that
hydrologic CH4 inputs and outputs were negligible because
the primary hydrologic source of a subset of our study ponds
across the glacial headwater to ocean continuum was con-
firmed to be precipitation using piezometers (Luca Adelfio,
U.S.D.A. Forest Service, unpubl. data). Therefore, our simpli-
fied mass balance equation was:

Awater — column CHy4 = production — oxidation

— diffusive emissions (4)

We then solved for oxidation and calculated the percentage of
CH,4 produced that was oxidized (Table S3).

For these simplified budget calculations, we assumed that

the CH, produced in our incubations had only three potential
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fates—temporary storage in the water column as dissolved
CH,, oxidation, or diffusive flux to the atmosphere—and that
budgets could be balanced with oxidation over the 3-week
interval. We ignored ebullition in the budget calculations for
two reasons: (1) laboratory production assays are unlikely to
mimic pond bubbling after the destruction of sediment
macropores and (2) ebullition is a quick process likely to
bypass dissolution or oxidation in the water column (Walter
et al. 2008), especially in shallow systems. If laboratory pro-
duction assays indeed capture pond bubbling activity that
would normally bypass oxidation, then we may be over-
estimating how much CH4 moves from the sediments into
the water column and therefore how much is oxidized. In
contrast, any external inputs not accounted for would increase
the water-column CH4 concentration, thus leading to an
underestimate of oxidation.

Because we acknowledge that our measurements were more
spatially than temporally robust for such a budget approach,
we tested the assumptions made in our dissolved CH4 mass
balance calculations by measuring stable carbon isotope signa-
tures (6'3C) of CH,4 on two occasions in each pond. Methane
oxidation discriminates against the heavier '*C isotope
(Whiticar 1999), so we can expect CH, in the water column to
be enriched in '3C relative to the source, which should be pro-
portional to the magnitude of CH4 oxidation occurring there
(Bastviken et al. 2002b). Generally, acetotrophic and met-
hylotrophic methanogenesis produce CH, with a 8'3C of
—70%0 to —50%o0, while hydrogenotrophic methanogenesis
can range from —120%o0 to —60%0 (Whiticar 1999). Because
our previous research has demonstrated that acetate is impor-
tant for methanogens in these ponds (Vizza et al. 2017a), we
assumed that the 8'3C of CH, produced in the sediments
would exhibit a relatively narrow range as long as the source
was not hydrogenotrophic methanogenesis. Any variation in
8'3C of CH, sources or in the methanogen and methanotroph
communities would only decrease our ability to detect a rela-
tionship with oxidation estimates as would any external CH,
inputs or outputs that were unaccounted for, therefore
resulting in an even stricter test of our assumptions. Neverthe-
less, it is important to note that detecting a correlation
between §'3CH, and our mass-balance-based oxidation rates
provides support for relative, but not absolute, differences in
oxidation rates between these ponds.

To measure 8 3C of CH, in the water column, we collected
water samples directly above the sediment and any submerged
vegetation using a Van Dorn sampler during July and August
(9 ponds x 2 sampling events x 2 sites). Methane was col-
lected and extracted from the water column as detailed in
West et al. (2016) and the Water-column CH, concentrations
section, but these samples were stored in 12-mL exetainers
flipped upside down in tap water. They were analyzed within
6 months on a Thermo Delta V Advantage interfaced with a
Thermo Gasbench II/Precon at the University of Notre Dame
Center for Environmental Science; instrumental precision
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was < 0.2 %o. Isotopic data are reported in & notation (%o) rel-
ative to the Pee Dee belemnite standard where §'3C = ([Rsample
- Rytandara] = 1), and R is the 3C/'2C ratio. We were unable to
detect a large enough CH,4 peak to obtain 8'3C values for 17 of
the 36 samples.

Statistical analyses

To determine which factors influenced CH,4 production,
concentrations, diffusive emissions, and ebullition, we used
mixed-effect model selection after Zuur et al. (2009), which
includes checking for collinearity among predictor variables.
The candidate predictor variables that we included in the full
model for each response variable are detailed in Fig. S1 and
Table S4. Any predictors that were characterized at the pond-
level only once such as pond surface area and microbial com-
munity structure (i.e., the ratio of methanogens relative to
sulfate-reducers or mcr : dsr) had the same values for each sam-
pling event. Pond was included as a random factor for each
model to account for pseudoreplication incurred from
repeated sampling at the site level, and variables with right-
skewed distributions were logjo-transformed to better meet
assumptions of normality. We calculated a pseudo-r* for each
best-fit model to partition variance between the fixed effects
and random effects after Nakagawa et al. (2017). Additionally,
we conducted a linear regression of the observed data vs. data
predicted from the model parameters for all four of the
response variables. For each regression line, we conducted
two-tailed t-tests to determine whether the slope differed from
1 or the intercept differed from O (Zar 2010). To test the
assumptions of our mass-balance-based oxidation rates, we
created a mixed-effect model with the percentage of CH4 oxi-
dized as the response variable, pond as a random factor, and
water-column §'3CH, as a fixed factor. Because ebullition rates
often exceeded production estimates, we thought it possible
that ebullition might be integrating CH, production over
larger spatial and temporal scales, especially since the physics
of bubbling are characterized by a critical threshold that must
be overcome (Peltola et al. 2018). To examine the possibility
of temporal integration, we investigated whether ebullition
rates were influenced by the previous month’s production
rates. We therefore created a single mixed-effect model with
ebullition rates from both July and August as the response var-
iable, pond as a random factor, and the previous month’s pro-
duction rates (i.e., June for July ebullition and July for August
ebullition) as the fixed factor. We conducted all statistical ana-
lyses in R, using a significance level of a« = 0.05 for parametric
tests.

We also conducted a systematic comparison of the ratio of
ebullition to diffusive CH4 emissions by combining our data
from nine ponds with the 40 Alaskan lakes in Sepulveda-
Jauregui et al. (2015), the 3 Canadian lakes in DelSontro
et al. (2016), the 16 Wisconsin lakes in West et al. (2016), and
the 3 Swedish lakes in Jansen et al. (2019). We calculated the
ratio from the average summer emissions of each site for
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ebullition and diffusion (n = 71). Then, we analyzed how the
ratio of ebullition to diffusive CH,4 emissions was influenced
by both maximum depth and area; all variables were log;o-
transformed, and study was included as a random factor. For
the three Canadian lakes, we used mean depth because maxi-
mum depth was not reported (DelSontro et al. 2016). Finally,
using the subset of studies with water chemistry data
(DelSontro et al. 2016; West et al. 2016) including our own
(n = 28), we used mixed-effect model selection to determine
what physical (i.e., mean depth and area) and chemical vari-
ables (i.e., total phosphorus, Chl a, and dissolved organic car-
bon) influenced the ratio of ebullition to diffusive CH,
emissions with study as a random factor. Because we did not
measure total phosphorus data for these ponds in 2014, we
used 2013 data instead. Again, variables with right-skewed dis-
tributions were log;o-transformed to better meet assumptions
of normality.

Results

Methane production

Methane production rates were variable across the summer
(Table 2; Fig. 1a) and related to biological, physical, and chem-
ical factors. The best-fit model therefore included pond as a
random effect and DO in the lower water column just above
the benthos (DO; p = 0.004), water-column Chl a (p = 0.02),
the ratio of methanogens to sulfate-reducers (mcr : dsr;
p = 0.07), and water temperature (p = 0.07), as fixed effects
(Table 3); pond and fixed effects explained 2% and 49% of the
variation in CH4 production rates, respectively. In addition,
the observed vs. predicted values from the best-fit model did
not statistically differ from the 1 : 1 line (Hy: slope = 1 and
intercept = 0, p 2 0.9 for both t-tests, df = 25; Fig. 1b). While
some microbial and substrate supply predictors were positively
related to CH4 production as hypothesized (Table 3; Fig. S1),
the inclusion of SOM or pore-water acetate and sulfate avail-
ability did not significantly enhance fit, but sulfate did have a
negative effect in one of the top four models with a AAIC. < 1
(Table S4).

Methane concentrations

Water-column CH,4 concentrations varied across ponds and
by water depth, but not consistently by sampling month
(Table 2; Fig. 1c). The best-fit model therefore included pond as a
random effect and depth (p = 0.02) as a fixed effect (Table 3).
The spatial heterogeneity captured by the random effect
explained 61% of the variation in CH4 concentrations, while
pond depth had a negative effect as hypothesized (Table 3;
Fig. S1), explaining 18% of the variation. This model accurately
predicted observed CH4 concentrations with the best-fit line of
observed vs. predicted values corresponding closely to the 1 : 1
line (i.e., Hy: slope = 1 and intercept = 0, p > 0.35 for both t-tests,
df = 23; Fig. 1d). Neither CH,4 production rates nor physical and
chemical factors other than water depth (i.e., pond surface area,
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Table 3. Best-fit models for CH4 production, water-column CH,4 concentrations, diffusive emissions, and ebullition. DO in the lower
water column, water-column Chl a, microbial community structure (mcr : dsr), water temperature (Temp), water-column CH,4 concen-
tration [CH,], and water depth were some of the potential parameters. Pseudo-r* after Nakagawa et al. (2017) was used to partition var-
iance between the random and fixed effects. The hypothesis column indicates whether we predicted these factors would have a positive
(+) or negative (—) effect (Fig. S1), and nonsignificant effects with a p value > 0.05 were marked “ns.”

# of Random Pseudo-r* Standard
Response variable observations  effect  (random/fixed) Hypothesis Parameter Estimate error p
logqo CH4 production 27 Pond 0.02/0.49 — DO -0.143 0.043 0.004
+ logqo Chla 0.820 0.324 0.02
+ logyo mcrdsr 0.671 0.315 ns (0.07)
+ Temp 0.148 0.076 ns (0.07)
Intercept -3.22 1.23 0.02
log10 CH4 concentration 25 Pond 0.61/0.18 — Depth -1.52 0.58 0.02
Intercept 0.558 0.388 ns (0.17)
logn diffusive CH4 emissions 25 Pond 0.04/0.38 + [CH4] 0.601 0.159 0.002
Intercept -1.06 0.12 <0.001
logqo CH4 ebullition* 26 Pond 0.07/0.15 - Depth 5.19 2.65 ns (0.07)
+ Temp —0.090 0.155 ns (0.57)
Intercept -1.09 1.66 ns (0.15)

*The best-fit model’s residuals violated the assumption of normality (i.e., log;o CH4 ebullition ~ depth), so we added an insignificant predictor variable

back into the model (i.e., Temp) after Zuur et al. (2009).

wind speed, and DO) significantly enhanced fit during mixed-
effect model selection, but DO was found in the next two best
models with a AAIC. < 0.3 (Table S4).

Methane emissions

Diffusive CH,4 emission rates as assessed with flux chambers
were highly variable (Table 2; Fig. le), and positively corre-
lated with average water-column CH, concentrations. The
best-fit model included pond as a random factor and average
water-column CHy4 concentrations (p = 0.002) as a fixed effect
(Table 3), which explained 4% and 38% of the variation in dif-
fusive emissions, respectively. Although predictions were not
as accurate for diffusive CH,4 emissions relative to production
rates and water-column CH, concentrations, the best-fit line
of the observed vs. predicted values did not statistically differ
from the 1 : 1 line (i.e., Hy: slope = 1 and intercept = O,
p > 0.7 for both t-tests, df = 23; Fig. 1f). The inclusion of other
physical and chemical variables—including DO, surface area,
water depth, and wind speed—did not significantly enhance
fit during mixed-effect model selection.

Additionally, we were able to balance pond CH,4 inputs and
outputs across sampling intervals in most cases with 39-99% of
the CH,4 produced being oxidized across these ponds using a bud-
get approach (Table S3). This oxidation percentage was also
strongly and positively correlated with the 8'*C of CH, in the
lower water column (p = 0.0008; Fig. 2); pond as a random effect
explained 6% of the variation, while 8'3C of CH, explained 75%.

Methane ebullition rates were challenging to predict.
Some ponds exhibited higher ebullition rates at the August
sampling event, but median ebullition rates were similar
across sampling events (Table 2; Fig. 1g). The best-fit model
complying with statistical assumptions included pond as a
random effect and both water depth (p = 0.07) and water
temperature (p = 0.57) as fixed effects (Table 3), which
explained 7% and 15% of the variation, respectively. Water
depth tended to have a positive, yet statistically insignifi-
cant, effect contrary to what we predicted (Fig. S1). The
overall performance of the best-fit model was worse than
other CH4 dynamics, but the best-fit line of observed
vs. predicted values did not differ significantly from the

Fig.1 Boxplots of (a) CH4 production rates, (€) water-column CH,4 concentrations, (e) diffusive CH, emissions rates, and (g) CH, ebullition rates by
sampling month. The boundaries of the box extend from the lower quartile to the upper quartile with the central dark line marking the median; the whis-
kers extend from the box to 1.5x the interquartile range unless no data points exceed 1.5x the interquartile range, in which case the whiskers represent
either the minimum or maximum value. Mean values by sampling month are listed to two significant digits above each box. Methane ebullition rates
were logje-transformed in g so that all observations could be visualized on the same plot. Predicted values from the best-fit model equations in Table 3
are compared to the actual values of (b) CH, production rates, (d) water-column CH,4 concentrations, (f) diffusive CH4 emissions rates, and (h) CH, ebul-
lition rates on logyg scales. In panels on the right, the dashed line represents the 1 : 1 line and the white circle = June, the gray triangle = July, and the
gray square = August. The r* and p values are reported from the linear regression of observed vs. predicted values.
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was included as a random factor. Specifically, June-July oxidation rates are
plotted vs. July 8'3CH, and July-August oxidation rates vs. August
8'3CH,. Site replicates (n = 2) from a single pond and sampling event
were averaged if these data existed, and 5'3C of CH, values were not
included in this plot without a corresponding oxidation estimate
(Table S3); six ponds are represented.
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Fig. 3. Methane ebullition rates from July and August are plotted against
the previous month’s CH4 production rates (i.e., June and July, respec-
tively). The solid line represents the equation from their linear regression
where pond was included as a random factor, but explained less than 1%
of the variation. All nine ponds are represented here for both sampling
periods except for Eyak N where we only detected ebullition in August.

1:1 line (i.e., Ho: slope = 1 and intercept = 0, p = 0.5 for
both t-tests, df = 24; Fig. 1h). Methane production rates
and wind speed were also considered in model selection,
but they did not significantly enhance fit.
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ear regression where study was also included as a random factor, but
explained less than 1% of the variation. Maximum depth was plotted for
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Because it is possible that bubbles were integrating sources
of CH4 over longer time scales than our incubations, we also
examined the effect of CH4 production rates from the previ-
ous sampling event on July and August ebullition rates
(Fig. 3). When pond was included as a random factor, the pre-
vious month’s production (p = 0.04) explained about 1.5x
more variation (i.e., 23%) in ebullition than water depth and
water temperature together (i.e., 15%).

Ratio of ebullition to diffusive CH4 emissions

The ratio of ebullition to diffusive CH4 emissions was gen-
erally high in these Alaskan ponds (range: 2.3-87,000,
median = 260). When we examined this ratio in the four
other studies in northern lakes, we found that water depth
had a significant, negative effect (p = 0.002; Fig. 4), but area
was not significant (p >0.5). Study as a random factor
explained less than 1% of the variation in the ratio of ebulli-
tion to diffusive CH,4 emissions, while depth explained 13%.
In the subset of studies with water chemistry data, the best-fit
model included study as a random factor, which explained
less than 1% of the variation, and mean depth and Chl a as
fixed effects. Depth had a significant, negative effect
(p = 0.0008) and Chl a had a significant, positive effect
(p = 0.03), which together explained 48% of the variation in
the ratio of ebullition to diffusive CH, emissions. Area,
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Fig. 5. Conceptual diagram of the CH,4 cycling dynamics observed in Alaskan ponds. A pond is represented by a trapezoid. Solid arrows depict a direct
effect, while a dashed arrow depicts an indirect effect. Positive (+) and negative (—) signs indicate the direction of the effect observed with best mixed-
effect models (Table 3). The median of all observations is reported for each estimate along with the range in parentheses. Oxidation rates were estimated
using a mass balance equation. “?” indicates no direct measurement of this process. Chl a = chlorophyll a, DO = dissolved oxygen, mcr:dsr = the ratio
of methanogens relative to sulfate-reducers, and temp = water temperature.

dissolved organic carbon, and total phosphorus did not signit-
icantly enhance the fit of the model, and there was no other
model within AAIC, < 2.

Discussion

We conducted a cross-scale exploration of the CH, dynam-
ics from microbe to ecosystem budget (Fig. 5), including mea-
suring CH,4 production in conjunction with emissions, which
is rare in many of the previous studies in lakes or ponds (but
see Huttunen et al. 2006; West et al. 2016; Aguirrezabala-
Campano et al. 2021). By exploiting the spatial and temporal
heterogeneity of CH, dynamics in these Alaskan ponds, our
study also identified important biological, physical, and chemi-
cal factors. Specifically, pond CH, production was influenced
by DO, Chl g, and microbial communities, while average
water-column CH,4 concentrations varied across ponds by total
pond depth and DO levels, and diffusive emissions assessed
with flux chambers were directly related to water-column CH,
concentrations. We also observed a strong relationship between
oxidation estimates calculated from a mass balance equation
and water-column 8'*CH, (Fig. 2), suggesting that dissolved
CH,4 dynamics across the summer in these ponds can indeed
be explained with a budget approach, which is even more com-
pelling considering the study’s low temporal resolution.

CH4 dynamics across the summer
Interestingly, CH4 production peaked in July, while CH,4
diffusive emissions and ebullition peaked in August suggesting
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high oxidation rates in July and perhaps a delayed release of
bubbles, respectively. We have previously hypothesized that
CH,4 production is low early in the growing season when less
organic matter (i.e., Chl a; Table 2) is available, then reaches
its maximum during peak growing season (Fig. 1a) when labile
plant exudates are abundant (Vizza et al. 2017a). We also
observed the highest sulfate availability in June (Table 2)
suggesting that competition with sulfate-reducers may be
greatest earlier in the summer. This trend is also supported by
an osmosampler study conducted in two of the same Alaskan
ponds over the period of a year, which revealed that increases
in pore-water CH, concentrations tended to lag behind the
decrease in pore-water sulfate early in the summer (J. Buser,
unpubl. data), thus supporting the idea that seasonal fluctua-
tions in redox conditions and microbial community activity
do occur even over a few months.

Despite observing the highest rates of CH4 production in July
(Fig. 1a), July oxidation rates were likely also high resulting in
lower emissions (Fig. 2; Table 2). Then as the plants started to
senesce around August, more organic matter was available, and
oxygen levels remained lower than their peak in June (Table 2),
which resulted in generally higher water-column CH,4 concentra-
tions, diffusive CH, emissions, and ebullition in August (Fig. 1).
Methane production in these Alaskan ponds may remain high
early in fall until colder temperatures drive down microbial
processing rates (Lofton et al. 2014). We hypothesize that macro-
phyte phenology influences the availability of organic matter
and electron acceptors (Lyautey et al. 2021), which ultimately
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drive the temporal differences in microbial activity, while the
fate of CH, in these Alaskan ponds appears to be largely driven
by physical and chemical factors (Vachon et al. 2019).

Methane production is shaped by physical, chemical, and
biological factors

Methane production can be challenging to measure in situ.
For example, while CH4 concentrations can be measured in
the pore water using osmosamplers on site, these data reflect
both CH,4 production and oxidation. One of the most widely
used methods to estimate production involves anoxic incuba-
tions of sediment or slurries in the dark. The rates from these
incubations are generally considered to be production poten-
tials because they are not conducted at in situ temperature
and light levels. Additionally, the possibility of some anaero-
bic CH4 oxidation when manganese, iron, or sulfate is present
cannot be ruled out. In light of these limitations, our CHy4 pro-
duction rates are likely underestimates, but relative compari-
sons of these rates can still be illuminating.

Methane production rates in these Alaskan ponds were most
influenced by DO levels followed by biological factors and then
temperature. In light of the incubations being anoxic and held
at a relatively constant temperature, DO and temperature do not
actually represent conditions experienced in the incubations, but
may instead be capturing temporal variation in the availability of
organic matter and electron acceptors associated with macro-
phyte phenology (Lyautey et al. 2021; see the CH4 dynamics
across the summer section above). Additionally, microbial com-
munity structure played a role whereby methanogens, the micro-
bial organisms responsible for CH; production, can be
outcompeted for organic matter substrates by other microbial
organisms (e.g., sulfate-reducers) when alternate electron accep-
tors like sulfate are readily available (Lovley and Klug 1983;
Lovley and Phillips 1987). Therefore, higher mcr : dsr likely indi-
cates better habitat suitability at the sediment-water interface for
methanogens relative to their competitors, sulfate-reducers.
While some studies examine methanogen community structure
(Matheus Carnevali et al. 2018; Kadnikov et al. 2019), very few
simultaneously measure CH4 production and microbial commu-
nity composition (but see Heslop et al. 2019). This direct link
between CH,4 production estimates in our ponds and the relative
abundance of methanogens to sulfate-reducers suggests that
microbial community structure and their competitive interac-
tions directly impact ecosystem function across these Alaskan
ponds; mcr : dsr could therefore be a potential tool for under-
standing CH4 dynamics in ecosystems near the coast or with
high sulfate availability.

Pond CH,4 production estimates were likely influenced by
an indicator of primary productivity (i.e., Chl a). This finding
is consistent with research in northern Wisconsin lakes that
Chl a was correlated with total CH4 production (West
et al. 2016), which is fueled by high-quality autochthonous
sources (West et al. 2012, 2015). While this study did not
directly examine the effect of substrate quality, we have
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previously observed that the addition of only some macro-
phyte species enhanced CH,4 production in these ponds (Vizza
et al. 2017a). Macrophyte stoichiometry (i.e., ratios of carbon
to nitrogen or phosphorus) can influence CHy production
(Grasset et al. 2019), but so can specific compounds. For exam-
ple, in a Canadian boreal lake, Emilson et al. (2018) demon-
strated that phenol availability, which was lower in aquatic
relative to terrestrial litter, regulated CH, production. As tissue
stoichiometry did not appear to responsible, phenol inhibi-
tion could be a plausible mechanism for explaining why only
a subset of aquatic vegetation species enhanced CH4 produc-
tion in these ponds (Vizza et al. 2017a). Models that use
organic matter quality and quantity to predict CH4 production
(Grasset et al. 2021) could therefore be useful in reducing
uncertainty in the freshwater CH4 budget.

Methane concentrations are influenced by water depth and
a pond’s DO levels

While physical and chemical factors tended to influence
water-column CH,4 concentrations, the spatial heterogeneity
of these ponds that we were unable to capture with our mea-
surements was most influential. Even across a small range
(0.4-0.9 m), depth was still negatively correlated with mean
water-column CH4 concentrations across these Alaskan ponds.
Deeper systems tend to have larger water volumes, which can
dilute CH,4 but also lead to higher rates of CH, oxidation by
increasing CH4's exposure to oxygen in the water column
(Bastviken et al. 2004, 2008). Pond as a random factor (n = 9)
explained most of the variation in CH4 concentrations, but if
removed, DO had a statistically significant, negative effect on
CH,. Together, depth and DO could explain 35% of the varia-
tion in CH4 concentrations, which about doubles the percent-
age explained by fixed effects in the best-fit model. This trend
suggests that DO may influence how much CHy is removed
from the water as previously seen in shallow Alaskan lakes
(Lofton et al. 2014). Additionally, Sepulveda-Jauregui
et al. (2015) showed the summer CH,4 concentrations in Alas-
kan lakes were inversely related to DO levels in the lower
water column; their highest CHy4 concentrations were at least
an order of magnitude higher (~ 60-800 ymol L™') when DO
rose above 2 mg L~! than our Alaskan ponds, with their top
three lakes ranging from 3.3-6 m in maximum depth. There-
fore, depth and DO influence water-column CH,4 concentra-
tions by shaping the microbial processes that consume CH, in
both shallow and deep aquatic ecosystems.

Pond CH,4 oxidation estimates are comparable to those in
deeper lakes

Because oxidation percentages were highly correlated with
8'3CH, in the lower water column (Fig. 2), we believe that dis-
solved CH, dynamics across the summer in these ponds can
indeed be explained with a budget approach. The percentage
of CH; produced that was oxidized in the water column
ranged from 39% to 99% (Table S3), which is comparable to
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the 22-100% observed by Bastviken et al. (2008) across all
layers in three lakes in the northern United States (3.7-5.7 m
mean depth), the 24-64% observed by Jansen et al. (2019) in
three Swedish lakes (1.1-6.7 m maximum depth), and the
91% observed by Saarela et al. (2019) in a boreal lake in
Finland (13 m maximum depth). This similarity may be sur-
prising in light of the greater depths of most of those lakes.
However, any hydrologic or other external inputs of CHy
would result in underestimating, not overestimating, oxida-
tion with our mass balance approach. Perhaps what matters
most is the degree of stratification and how dramatic the
oxycline, or the change in DO with depth. For example, DO
decreased at a rate of around 1 mgL™! m~' when the hypo-
limnion was most hypoxic and the greatest oxidation was
observed in a deep Finland lake (Saarela et al. 2019), whereas
our ponds averaged 3 mg L™' m~"! across all ponds and sam-
pling events (Table S2). Therefore, we hypothesize that a large
percentage of CH4 produced may be oxidized in shallow eco-
systems especially if there is a dramatic change in oxygen
levels at the sediment-water interface where most CH, is oxi-
dized (Whalen 2005).

Diffusive CH4 emissions and ebullition are driven by other
CH,4 dynamics

Our best-fit model did a reasonable job of predicting diffu-
sive emissions for such a heterogeneous landscape as the Cop-
per River Delta (Vizza et al. 2017b). Specifically, average water-
column CH,4 concentrations were the most important predic-
tor of pond diffusive CH, emissions as assessed with flux
chambers. We expected this pattern because many studies
using Fick’s law of diffusion to directly estimate diffusive emis-
sions from water-column CH,; concentrations (Huttunen
et al. 2006; Juutinen et al. 2009; Matveev et al. 2016). How-
ever, quantifying the gas transfer coefficient at the air-water
interface is complicated when considering turbulence and
stratification of aquatic ecosystems (MacIntyre et al. 2010;
MacIntyre et al. 2018).

However, ebullition can be difficult to predict due to spatial
and temporal heterogeneity, with estimates varying by several
orders of magnitude in these Alaskan ponds as well as in Alas-
kan and Siberian lakes (Walter Anthony et al. 2010). While
DelSontro et al. (2016) found that CH,4 ebullition in Québec
lakes and ponds was regulated by the interaction of ecosystem
productivity and sediment temperature, Burke et al. (2019)
found very weak correlations with environmental variables
and their high-frequency ebullition measurements (n = 2063)
in eight small thaw ponds in Sweden. Similarly, our best-fit
model in Table 3 failed to provide additional mechanistic
understanding of ebullition. However, we were able to explain
about a quarter of the variation in ebullition by the previous
month’s CH, production suggesting that bubbles integrate
CH,4 sources over at least a month in these ponds, which
makes sense when one considers how bubbles are formed and
released (Peltola et al. 2018). Models of the physical process of
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ebullition often use a threshold-based approach for CH, pore-
water concentration, pressure, or bubble volume (Peltola
et al. 2018). Therefore, CH,4 in gaseous form could accumulate
in the pore spaces of sediment for a period longer than a few
weeks before it reaches the threshold necessary for emission to
the atmosphere; these events can often be triggered by fluctua-
tions in atmospheric pressure (Tokida et al. 2007; Zhao
et al. 2021).

What are the potential sources of CH,4 ebullition in these
Alaskan ponds?

Despite the low temporal resolution of our measurements,
which has been reasonably criticized by Wik et al. (2016a) as
problematic for extrapolation to global CH,4 budgets, it is still
worth noting that daily ebullition rates exceeded daily produc-
tion estimates in 70% of the pond sampling events (Table 2).
Although Wilkinson et al. (2015), found that sediment CHy,
bubble formation was dominant at 0.14-0.2 m in depth, Liu
et al. (2016) observed a similar pattern for active bubble for-
mation, but the active depth varied by sediment type. Even if
we scale up production estimates based on an active depth of
1 m instead of 0.2 m and use the highest Qo estimate
(i.e., 12) from Bergman et al. (2000) to account for the incuba-
tion temperatures being lower than those of the ponds, ebulli-
tion still exceeded these scaled-up production estimates in
41% of the events. If we go further and assume that a day’s
ebullition is reflective of 2 weeks of scaled-up production esti-
mates, a single sampling event’s daily ebullition rate still
exceeds these 2-week production estimates in 30% of the
pond sampling events. In comparison, Scandella et al. (2017)
observed that bubble outlets, or ebullition hotspots, in sedi-
ments can demonstrate activity for a few days to even
months. Our scale-up comparisons along with the decent rela-
tionship between ebullition and the previous month’s produc-
tion (Fig. 3) suggests that the bubbles in these ponds, at the
very least during our sampling events, can integrate sources of
CH,4 over a month or more.

While the ability of bubbles to integrate older sources of
CH4 has been observed in arctic lakes (Walter et al. 2008), our
study ponds are located in the temperate zone of Alaska,
which has glaciers but lacks permafrost. Since glacial carbon
has a distinct radiocarbon signature (**C/'*C) from contempo-
rary primary production (Fellman et al. 2015), the possibility
that glacial carbon fuels ebullition could be investigated by
capturing bubbles after Walter et al. (2008) and comparing
their radiocarbon signatures to that of aquatic/wetland pri-
mary producers, pond sediments at different depths, and gla-
cial sediments.

Alternate sources of CH, bubbles could include hydrologic
or geological inputs, but we think these inputs are unlikely
for these Alaskan ponds. For some aquatic systems, hydro-
logic inputs can affect CH4 dynamics, especially in areas with
permafrost (Paytan et al. 2015; Kohnert et al. 2017).
Although we assumed minimal hydrologic inputs to estimate
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oxidation rates, the strong relationship between oxidation
estimates and water-column 8'>*CH, would be even more
unlikely if that assumption were violated. Additionally,
hydrologic inputs from surface runoff or groundwater are
likely to contribute to dissolved CHy, not bubbles. However,
it should be noted that geological sources of CH4 can seep
out along fault lines in southcentral Alaska (Walter Anthony
et al. 2012), which may contribute to ebullition in these
ponds. Because 5'3C of CH,4 from geological sources tends to
be more enriched (i.e., —40%o0 to —20%o0) than what we
observed (Whiticar 1999), we think that biogenic sources
from nearby wetlands are more likely to contribute to bub-
bles than geological sources.

Lateral clustering and transport of CH, bubbles (Scandella
et al. 2017) from the wetland fringes may contribute to high
ebullition rates in these systems. Bubbles could be trapped
under the vegetation mats that fringe these ponds gradually
traveling towards open water where they can be emitted fol-
lowing a drop in hydrostatic pressure (Scandella et al. 2017).
Most of the ponds have a large Sphagnum/wetland fringe,
especially the systems where we observed some of the highest
ebullition rates (i.e.,, EYN, TIN, and TIS; Table 2). Even
though flux samples were collected by raft, it is possible that
we inadvertently increased these lateral inputs by traversing
the wetland fringe to access the pond. To truly tease apart
whether the source of these bubbles is from geological seeps
or the surrounding wetlands, '*C of the bubbles should be
measured after Walter Anthony et al. (2012). Additionally, we
did not include decomposing macrophyte tissue in our sedi-
ment slurry incubations, but we have previously shown that
the addition of some macrophytes species can enhance CH,
production (Vizza et al. 2017a). Decomposition of macro-
phytes could contribute the CHy that is emitted by ebullition.
While we may be unsure of the exact source of these high
ebullition rates, this process is fueled by CH4 sources other
than pond production rates from a single sampling event
alone.

The ratio of diffusive CH4 emissions to ebullition across
northern ponds and lakes

While diffusive CH4 emissions in these Alaskan ponds were
relatively modest, ebullition dominated fluxes in comparison
to northern lakes. Average and interquartile range of our pond
diffusive emission means (0.15, 0.05-0.22 mmolm~2 d7!)
were much lower than those from 73 glacial/post-glacial lakes
(0.8, 0.2-1.1 mmol m~2 d~!) and 70 thermokarst waterbodies
(2.1, 0.2-2.4mmol m ? d '), which were measured during
ice-off periods and compiled in Wik et al. (2016b). While high
ebullition rates up to 1500 mmol m 2 d~' have been captured
in Siberian and Alaskan lake seeps identified with ice-bubble
classification (Walter Anthony et al. 2010), northern lakes
generally exhibited lower ebullition rates than those in these
Alaskan ponds. For example, average ebullition rates along
with their interquartile ranges for 29 glacial/post-glacial lakes

463

CH, dynamics in Alaskan ponds

(2.0, 0.6-3.6 mmol m~2 d™!) and 18 thermokarst waterbodies
(5.5, 0.4-8.2mmol m~2 d~!; Wik et al. 2016b) were much
lower than in the nine Alaskan ponds in this study (520, 12—
810 mmol m 2 d'). In contrast to the deeper, northern
waterbodies in Wik et al. (2016b), fluxes from these Alaskan
ponds were more dominated by ebullition relative to
diffusion.

To our knowledge, a systematic comparison of ebullition to
diffusive CH4 emissions has not been conducted. Using data
from our Alaskan ponds and other northern lakes (Sepulveda-
Jauregui et al. 2015; DelSontro et al. 2016; West et al. 2016; Jan-
sen et al. 2019), we established that the ratio of ebullition to dif-
fusive CH4 emissions tends to be larger in shallower aquatic
ecosystems (Fig. 4), which supports the finding that depth influ-
ences ebullition (DelSontro et al. 2016; West et al. 2016). How-
ever, when we examine the ratio of ebullition to diffusive CH,
emissions in our ponds alone, maximum depth only ranges from
0.6 to 0.9 m and is not a good predictor, but Chl a explains a lit-
tle more than 20% of the variability in the log-transformed ratio
of these emission pathways. Interestingly, Chl a, an indicator of
productivity, also had a positive effect on the ratio of ebullition
to diffusive CH, emissions across studies, while total phosphorus
or CH4 production were the positive predictors of ebullition in
DelSontro et al. (2016) and West et al. (2016), respectively.
Deemer and Holgerson (2021) also found that Chl a was the best
predictor of ebullition in 130 lakes and reservoirs. Together these
findings suggest that indicators of ecosystem productivity influ-
ence the pathways of CH4 emissions.

Conclusion

Our study examined potential physical, chemical, and biologi-
cal factors that influence CH, production, water-column CH,
concentrations, diffusive emissions, and ebullition in nine Alas-
kan ponds during summer. While pond CH4 dynamics were gen-
erally similar to those observed in northern lakes, pond
ebullition played a significantly larger role than diffusive emis-
sions with even greater ebullition rates than most of those previ-
ously observed in northern lakes (Wik et al. 2016b). Pond
ebullition rates often exceeded our CH, production estimates
even when scaled up to account for methodological limitations
(i.e., active depth assumption, lower incubation temperature,
and the likelihood that ebullition rates integrate production over
comparatively longer time frames), which suggests that CH4 bub-
bles may integrate sources over a month and/or across the wet-
lands fringing a pond. Our study demonstrates that ignoring
ebullition from ponds and other productive, shallow ecosystems
would greatly underestimate their importance to the freshwater
CH4 budget.
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