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Abstract
Ponds influence global carbon (C) cycling due to high rates of organic C (OC) burial and carbon dioxide

(CO2) and methane (CH4) emissions. Here, we quantified OC burial rates and CO2 and CH4 concentrations and
fluxes in two ponds that were similar in size and gross primary production, but differed in depth and dominant
primary producers. The deeper (3.9 m) Texas Hollow Pond was phytoplankton dominated with stronger and
longer (143 d) stratification compared to the shallower (2.7 m) macrophyte-dominated Mud Pond (85 d). Both
ponds exhibited high CO2 and CH4 emissions and high OC burial, yet C pathways differed. Strong stratification
in Texas Hollow Pond led to anoxic bottom waters, benthic CO2 and CH4 accumulation, and limited OC
decomposition, whereas Mud Pond remained oxygenated with similar gas concentrations across the water col-
umn. Texas Hollow Pond had 2.6 times higher CO2 emissions than Mud Pond, perhaps related to greater wet-
land C inputs in Texas Hollow. Despite similar diffusive CH4 emissions between ponds, the weakly stratified
Mud Pond had twice as much CH4 ebullition, likely due to warmer waters and macrophyte-derived OC fueling
methanogenesis. In summary, slight differences in depth and light attenuation can regulate stratification, plant
communities, oxygen availability, and C processing in ponds. Given that ponds are hotspots for C cycling and
are sensitive to climate-driven changes in stratification, understanding the mechanisms behind C processing is
critical for local management and predicting global C budgets.

Small inland freshwaters are an important component
of global carbon (C) and greenhouse gas (GHG) budgets
(Holgerson and Raymond 2016; Rosentreter et al. 2021). Lakes
and ponds sequester organic C (OC) in sediments and
exchange carbon dioxide (CO2) and methane (CH4) with the
atmosphere. Small lakes and ponds have an outsized role in C
cycling due to greater allochthonous inputs relative to their
water volume (Downing 2010) and high metabolic rates
(Rabaey et al. 2024). As a result, ponds (< 0.05 km2 and < 5 m
deep; Richardson et al. 2022) emit more GHGs and store more
OC than larger lakes on an areal basis (Downing et al. 2008;
Downing 2010; Rosentreter et al. 2021). While it is clear that
small lakes and ponds are important in global C budgets, sub-
stantial uncertainty remains in predicting rates of OC burial

and GHG emissions both for individual waterbodies and at
the global scale (Deemer and Holgerson 2021; Ray et al. 2023;
Holgerson et al. 2024). Better characterization of the physical,
chemical, and biological properties that predict GHG cycling
in ponds will reduce uncertainty and inform global upscaling
efforts.

Depth and light availability are two physical variables that
regulate C cycling in ponds by influencing stratification (Fee
et al. 1996; Holgerson et al. 2022; Søndergaard et al. 2023)
and primary producers (Søndergaard et al. 2013). While shal-
low waterbodies were once thought to be well mixed, recent
work emphasizes that with sufficient depth, ponds can stratify
for days, weeks, or months at a time (Holgerson et al. 2022;
Søndergaard et al. 2023). Stratification can regulate rates of
organic matter decomposition, GHG production, and CH4

consumption by influencing bottom water temperatures and
anoxia (Bartosiewicz et al. 2019; Ray et al. 2023; Rabaey
and Cotner 2024). First, stratification can thermally shield
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bottom waters, slowing methanogenesis and organic matter
decomposition (Bartosiewicz et al. 2019). Stratification also pro-
motes anoxic bottom waters under high nutrient or C concen-
trations (LaBrie and Maranger 2024), further slowing total
organic matter decomposition while increasing methanogenesis
(Sobek et al. 2009; Bartosiewicz et al. 2019). In shallow waters,
effects from anoxia may outweigh those from thermal shielding
as stratification has promoted diffusive and ebullitive CH4 fluxes
in ponds and shallow lakes (Ray and Holgerson 2023; Davidson
et al. 2024; Rabaey and Cotner 2024). Stratification may also
impact CO2 : CH4 emissions ratios, favoring high CO2 : CH4

under oxic, mixed conditions (Bartosiewicz et al. 2015).
Depth and light also influence the dominant type of pri-

mary producers in ponds, with implications for C cycling.
Shallower and clearer waters are more likely to be macrophyte
dominated, whereas deeper or darker waters can limit light
reaching sediments, resulting in phytoplankton dominance
(Scheffer et al. 1993). These differing plant communities could
alter the quantity and quality of organic matter loaded into
sediments, thereby influencing burial and GHG production
(Hilt et al. 2017; Baliña et al. 2023; Bauduin et al. 2025). It is
uncertain how C cycling differs in phytoplankton- or
macrophyte-dominated states because few studies have con-
trasted the balance of both OC burial and GHG emissions
across these systems (Hilt et al. 2017).

To better characterize C cycling in ponds, we measured
annual rates of GHG emissions and OC burial in two natural
ponds that were similar in size, but differed in stratification
and dominant primary producers. We hypothesized that the
deeper, phytoplankton-dominated pond with stronger stratifi-
cation would develop anoxic bottom waters leading to the
buildup of GHGs and reduced decomposition, thereby increas-
ing OC burial rates. In contrast, we hypothesized that the
shallower pond with weaker and shorter stratification would
have an oxic water column, leading to lower CH4 production
and emissions, greater CO2 emissions, and lower OC burial
rates.

Methods
Study sites

We studied two glacier-formed ponds, Mud Pond and
Texas Hollow Pond, located within temperate deciduous for-
ests of central New York State. Both ponds are in hollows,
similar in elevation (336–362 m), surface area (0.4–0.5 ha of
open water), and are each immediately surrounded by emer-
gent wetland (Table 1). Mud Pond is shallower, with a maxi-
mum depth (zmax) of 2.7 m, and submerged macrophytes
(Ceratophyllum demersum, Elodea canadensis, and Chara
vulgaris) grow throughout its basin. Mud Pond is fed from a
permanent or intermittent stream, and its 131-ha catchment
is 45% agricultural, 27% forest, and 20% wetland land cover.
In contrast, Texas Hollow Pond is deeper (zmax: 3.9 m) and
macrophytes (primarily Potamogeton pusillus) are limited to

shallow edges, with greater algal biomass (estimated via chlo-
rophyll a) in surface waters. Texas Hollow Pond has a smaller
(48 ha) catchment that contains 68% forest, 15% agricul-
tural, and 13% wetland land cover, and the pond lacks per-
manent inflows or outflows. Both ponds had minimal
(< 0.25 m) changes in zmax over the study. We surveyed each
pond’s bathymetry using a portable depth sounder (Hondex,
Honda Electronics; Fig. 1). We collected one sediment core
from each pond in August 2021, with all other sampling
occurring during the 2022 open-water season from late April
through mid-November when ice began to form.

Water column stratification
We deployed buoys with thermistor chains in late April

2022, with thermistors (HOBO pendants and ProV2s) placed
at 0.2, 0.7, 1.7, and 2.4 m from the surface in Mud Pond and
at 0.2, 1.5, 2.5, and 3.7 m from the surface in Texas Hollow
Pond. Thermistors recorded water temperature every 10 min.
In Mud Pond, the surface thermistor was accidentally set to
log hourly beginning 11 July; we interpolated to 10 min tem-
perature measurements for analyses. In Texas Hollow Pond,
the buoy was accidentally moved to a shallower location from
14 June to 16 August so we used sonde data (approximately
weekly) from this time to interpolate temperature below
1.5 m. We classified each time point as “mixed” or “stratified”

Table 1. Characteristics of the two study ponds. Water chemis-
try values represent seasonal averages of surface waters with
ranges in parentheses. The surface area is of open water, with the
surrounding wetland complex area representing the surface area
of adjacent emergent wetlands estimated from aerial imagery.

Texas
Hollow Pond Mud Pond

Latitude 42.41363 42.54674

Longitude �76.7874 �76.2664

Elevation (m) 362 336

Surface area (ha) 0.53 0.40

Surrounding wetland

complex (ha)

3.393 2.470

Catchment area (ha) 47.84 131.35

Maximum depth (m) 3.9 2.7

Surface pH 7.52 (6.45–8.47) 7.92 (7.43–8.53)

Surface chlorophyll a (μg L�1) 12.5 (0.35–21.60) 1.26 (0.14–2.80)

Soluble reactive phosphorus

(mg L�1)

0.004

(0.001–0.007)

0.002

(0.001–0.004)

Nitrate (mg L�1) 0.003

(0.001–0.003)

0.683

(0.447–1.510)

Ammonium (mg L�1) 0.006

(0.002–0.022)

0.105

(0.026–0.212)

Total dissolved nitrogen

(mg L�1)

0.403 (0.23–0.53) 0.811

(0.56–1.44)

DOC (mg L�1) 14.5 (11.8–15.7) 22.4 (12.7–34.2)
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using a threshold density difference between the top and bot-
tom sensor of 0.35 kg m�3 based on visual inspections of tem-
perature plots (Fig. 2; Supporting Information Fig. S1). While
there is no agreed upon threshold value to classify mixing, our
number was slightly larger than values used to calculate
mixing depth in lakes as reviewed by Gray et al. (2020) and
slightly lower than the density gradients used for ponds by
Holgerson et al. (2022). We calculated the Relative Thermal
Resistance to Mixing (RTRM) to compare stratification
strength through time (Wetzel and Likens 2000).

Environmental parameters
We sampled surface waters for dissolved nutrients (NO3

�,
NH4

+, soluble reactive phosphorus [SRP]), dissolved organic
carbon (DOC), total dissolved nitrogen (TDN), and chloro-
phyll a in late April and every 3–4 weeks from early June
through mid-November (n = 9 per pond). We filtered (0.7 μm
GF/F) water into acid-washed polyethylene bottles, which
were frozen prior to analysis of dissolved nutrients. We col-
lected chlorophyll a samples on GF/F filters, which were fro-
zen until analysis using standard fluorometric protocols
(Yentsch and Menzel 1963). Dissolved nutrients were analyzed
at the Academy of Natural Sciences at Drexel University using
a KPM SmartChem 200 Discrete Analyzer for NO3

� and SRP
and a SEAL Analytical AA500 Continuous Flow Analyzer for
NH4

+. Minimum detection limits were 0.008 mg L�1 for NH3/
NH4

+, 0.002 mg L�1 for NO3
�/NO2

� and 0.004 mg L�1 for
SRP. We analyzed DOC and TDN using a total carbon analyzer
(Shimadzu TOC-LCSN).

We used a sonde (Eureka Manta + 35; Eureka Water Probes)
to measure water column profiles (every 0.25 m) for dissolved
oxygen (DO) concentrations, temperature, pH, conductivity,
chlorophyll a, NO3

�, NH4
+, and photosynthetically active

radiation (PAR) about weekly through the study (n = 21 d per

pond). For each pond and sampling day, we calculated the
light attenuation coefficient (Kd) as the slope of a linear regres-
sion model of PAR (natural log) vs. depth. As we noticed obvi-
ous water color differences between ponds, we measured true
and apparent color in 2024 (Hach water color test kit).

We deployed one DO logger (miniDOT; PME) in the upper
mixed layer of each pond, placed at 0.5 m in Mud Pond and
0.7 m in Texas Hollow Pond. The loggers recorded DO
and temperature every 10 min from 28 April (Mud) or 5 May
(Texas Hollow) through 15 October 2022.

Calculating bathymetry and anoxia metrics
We calculated bathymetry from location, depth, and pond

polygon data using ArcGIS (ArcGIS Pro 2.9.0). We used the
interp package (Gebhardt 2024) in R (R Core Team 2020) to fit
a triangular irregular network surface model to interpolate
depth for each 1 � 1 m grid cell across each pond polygon.
We used these models to calculate the surface area of the pond
for each 0.25 m depth layer.

For each gas sampling date, we calculated the volume of
water that was hypoxic (DO < 2 mg L�1) and the proportion
of the pond’s surface area with anoxic sediments, termed the
anoxic fraction. The anoxic fraction includes all sediments
underlying hypoxic waters (Nürnberg 1987).

Modeling ecosystem metabolism
To assess if ponds differed in productivity, we estimated

volumetric gross primary production (GPP), ecosystem respira-
tion (ER), and net ecosystem production (NEP) using the max-
imum likelihood method in the LakeMetabolizer R package
(Winslow et al. 2016). Model inputs included pond DO and
temperature data and PAR from a central weather station
(≤ 30 km from the ponds). Models predicted mixing depth
from the temperature data and were run daily from sunrise to

Fig. 1. Bathymetric maps of Mud Pond and Texas Hollow Pond. Color gradations and contour lines denote 0.5 m depth differences. Maroon circles
mark sampling locations and orange squares mark the four bubble traps.
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sunrise. We assumed a constant k600 value of 0.51 m d�1 based
on the average value for 30 waterbodies < 0.1 km2 in Hol-
gerson et al. (2017), and similar to the 0.50 m d�1 proposed
for wind-sheltered lakes < 0.5 km2 (Cole et al. 2010). As both
ponds are located in hollows and surrounded by forest, wind
speed was typically < 3 m s�1, where wind speed models often
break down (Cole and Caraco 1998; Vachon and Prairie 2013).
In a study modeling metabolism for 35 shallow freshwater
ponds and lakes, a constant k600 yielded similar model fits to
using a wind-based k600, further supporting our approach
(Rabaey et al. 2024). We filtered data based on “good” or “bad”
fits similar to Rabaey et al. (2024) and excluded impossible
values (e.g., ER > 0 or GPP < 0), resulting in good model fits
for 26 d in Mud Pond and 47 d in Texas Hollow Pond. Poor
model fits primarily related to mixing in Mud Pond and diel

anoxia in Texas Hollow, which are common challenges when
modeling metabolism in shallow systems (Rabaey et al. 2024).

Carbon burial measurements
We collected one sediment core each from the zmax of Mud

Pond (92 cm) and Texas Hollow Pond (122 cm) in August
2021 using a rod-driven piston corer (Fig. 1; Wright 1991). We
sectioned each core vertically on site at 1 cm increments and
froze subsamples until subsequent analysis.

We measured 210Pb activity at 17–20 depth intervals from
each core to determine age and sediment accumulation rates
via alpha spectrometry following the methodology of Eakins
and Morrison (1978) on an alpha spectroscopy system (Ortec).
We estimated dates and dry mass accumulation rates
(DMAR) using the constant rate of supply model with errors

Fig. 2. Water column stratification for Texas Hollow Pond (left; gold) and Mud Pond (right; green). (a) and (b) show interpolated heat maps of water
temperature from four thermistors located across the water column (see Fig. S1 for temperature line plots), with gray contour lines at 10, 15 and 20�C.
(c) and (d) show density differences for the ponds, with the dashed line at 0.350 kg m�3 delineating the mixing threshold.
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calculated by first-order propagation of counting uncertainty
(Appleby 2001). We focus-corrected DMAR to whole-pond
estimates by calculating a focus factor from the annual flux of
210Pb measured at the core site divided by measured atmo-
spheric 210Pb deposition rates from the northeastern USA
(0.77 pCi cm�2 yr�1; Muir et al. 2009).

The percent organic matter content of each section was
estimated by loss-on-ignition and converted to percent OC via
a correction factor of 0.469 (Dean 1974). We calculated OC
burial via the product of the percent OC and focus-corrected
DMAR for each section (Heathcote and Downing 2012) and
excluded sediment intervals < 10 yr in age to minimize the
effect of incomplete diagenesis (Heathcote et al. 2015).

Greenhouse gas sampling
We sampled for dissolved GHG concentrations on 28 April

and then every 3–4 weeks from early June through mid-
November, with one extra sampling during fall mixing
(n = 10 sampling days per pond). We collected triplicate air
samples and collected surface water samples at three locations
to capture spatial variability (Fig. 1). We also collected one
bottom water sample � 0.25 m above the sediments at zmax

using a Van Dorn sampler. We used a headspace equilibration
approach with ambient air and stored the headspace gas in
pre-evacuated exetainers for later analysis on a gas chromato-
graph equipped with an electron capture detector (ECD) and
flame ionization detector (FID) with methanizer (Shimadzu
GC 2014). We used ambient air concentrations from each site
and date to determine partial pressures for each gas in the ini-
tial headspace composition before equilibration after remov-
ing 16 samples (of 180) where an ambient air concentration
appeared to be an outlier (over double the median standard
deviation and unlike other replicates). We determined atmo-
spheric pressure based on elevation and temperature. We then
calculated dissolved CO2 and CH4 concentrations for
each sample following Henry’s law and the ideal gas law using
constants determined by Weiss (1974) and Wiesenburg and
Guinasso (1979).

We measured ebullitive CH4 emissions from 13 June
through 15 November using four passive bubble trap samplers
deployed to capture spatial variability (Fig. 1). Bubble traps
consisted of a funnel attached to an inverted graduated cylin-
der held in a float, where accumulated bubbles displaced
water, allowing us to measure volume over time (Ray and Hol-
gerson 2023). We checked and reset traps every few days to
every few weeks depending on ebullition rates (n = 28 dates
for Mud Pond and n = 18 for Texas Hollow). We collected
gas from at least one bubble trap per pond for later analysis
of CH4 concentration, although we acknowledge that
bubble CH4 concentrations can vary across waterbodies (Wik
et al. 2013; Kuhn et al. 2023). When enough gas permitted,
we collected 20 mL of gas, which we stored and analyzed simi-
lar to dissolved gas concentrations using a dilution factor of
30. We analyzed the average volume of accumulated gas

across all traps in a pond on a given day. On sampling dates
where we did not collect any bubble samples (n = 8) or sam-
ples were compromised (n = 2), we used the seasonal average
CH4 concentration by pond (49.9% for Mud; 64.5% for Texas
Hollow). We calculated ebullitive emissions as:

Ebullitive flux mmolm�2d�1
� �

¼ CH4½ ��V�P
A�Δt�R�Twater

where [CH4] is the concentration of CH4 in the bubble
(μL L�1), V is the bubble volume (L), P is pressure derived from
elevation and temperature (atm), A is basal area of the bubble
trap (m2), Δt is deployment time (d), R is the universal gas
constant (0.08206 L atm K�1 mol�1), Twater is the water tem-
perature (K) at the sampling time.

Greenhouse gas flux estimates
We estimated diffusive GHG emissions using dissolved gas

concentrations and estimates of gas transfer velocity:

Flux mmolm�2h�1
� �

¼ k mh�1
� �

� Concsurf �Conceq
� �

where k is the gas transfer velocity for a given gas, Concsurf
is the gas concentration in the surface water (mmol m�3),
Conceq is the gas concentration in the water if it were in equi-
librium with the air (mmol m�3). We used atmospheric partial
pressure and Henry’s law to calculate Conceq for each gas on
each sampling date.

The gas transfer velocity was calculated according to Wan-
ninkhof (1992):

kgas2 ¼ k600
600
Scgas2

� �n

where k600 is the k for CO2 at 20�C and Sc is the Schmidt num-
ber of a gas for a particular water temperature and density. As
described above for ecosystem metabolism, we assumed a k600
value of 0.51 m d�1. We calculated Sc for CH4 and CO2 fol-
lowing equations from Wanninkhof (1992). We used an expo-
nent n value of �0.67, which is appropriate for low-wind
environments (Jähne et al. 1987; Matthews et al. 2003).

Calculating annual carbon fluxes
We estimated annual C emissions for each pond by numer-

ically integrating diffusive and ebullitive GHG fluxes over time
using the AUC command in the DescTools package in R
(Signorell 2024) with a trapezoidal method for diffusive fluxes
and step method for ebullitive fluxes (Ray and Hol-
gerson 2023). As our ebullitive flux measurements started
13 June, we linearly extrapolated earlier fluxes based on a con-
servative assumption of no ebullition at the start of gas
concentration sampling on 28 April. We assumed flux was
constant over a 24-h period, and assumed fluxes were 0 over

Holgerson et al. Pond carbon fluxes
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the winter, which is conservative as ice cover was not continu-
ous and ice melt occurred before the first sampling on 28 April.
We estimated emissions from fall mixing in Texas Hollow
Pond using the total CH4 accumulated in the hypoxic hypo-
limnion just prior to mixing, and assumed all of it vented to
the atmosphere (i.e., no CH4 oxidation). We did not include
fall turnover estimates from Mud Pond as CH4 did not accu-
mulate in bottom waters.

Results
Water column stratification

Texas Hollow Pond stratified from 2 May to 22 September,
resulting in 143 d of continual stratification (Fig. 2). In con-
trast, Mud Pond stratified for 85 d from 20 June to
13 September (Fig. 2). Texas Hollow Pond had higher surface
temperatures (average difference +2.7�C from May to August)
and cooler bottom waters (average difference �3.2�C between
May and August) than Mud Pond. As a result, stratification
strength (measured by RTRM) averaged 1.83 times greater in
Texas Hollow than Mud Pond in July and August when both
ponds were stratified (Supporting Information Fig. S2).

Water chemical and biological parameters
Texas Hollow Pond had consistently higher surface chloro-

phyll a concentrations compared to Mud Pond (Table 1;
Supporting Information Fig. S3). While surface DOC concen-
trations were higher in Mud Pond, we observed clear water in
Mud Pond and visibly stained waters in Texas Hollow Pond.
When we measured water color in 2024, both true and appar-
ent color were three times higher in Texas Hollow Pond.
Higher chlorophyll a concentrations and stained water
explain the greater light attenuation in Texas Hollow Pond,

with Kd values (1.75 � 0.10 [SE] m�1) more than double that
of Mud Pond (0.78 � 0.15 m�1). Despite macrophyte coverage
that likely influenced PAR readings, Mud Pond was entirely
euphotic whereas the compensation depth of Texas Hollow
averaged 2.63 m with no PAR reaching bottom waters. Differ-
ences in Kd help explain why sonde chlorophyll a readings
were typically highest toward the bottom of Mud Pond,
whereas Texas Hollow developed a deep chlorophyll maxi-
mum between 2 and 3 m in late June, which persisted
through to water column mixing in September.

Mud Pond had consistently higher surface water concentra-
tions of NH4

+, NO3
�, and TDN (Table 1; Supporting Informa-

tion Fig. S3). Our water column profiles show that Mud Pond
had similar NH4

+ and NO3
� concentrations throughout the

water column or sometimes values were higher in surface
waters, whereas NH4

+ accumulated at the bottom of Texas
Hollow Pond during summer stratification.

pH was similar in surface waters of Mud Pond (7.92 � 0.05 SE)
and Texas Hollow Pond (7.53 � 0.11; Table 1), but pH
decreased with depth in Texas Hollow. The bottom waters
of Texas Hollow (3.5 m) had an average pH of 6.3 � 0.11
(SE) compared to 7.8 � 0.06 in Mud.

The oxygen availability differed greatly between the two
ponds. Texas Hollow had a hypoxic hypolimnion, with the
depth to hypoxia (2 mg L�1) typically between 2 and 2.75 m
(Fig. 3). The anoxic fraction, or proportion of the pond’s
surface area with anoxic surface sediments, reached 0.44 in
July prior to a partial mixing event, and then reached 0.31
prior to fall mixing in September (Supporting Information
Fig. S4). Before fall mixing, we estimate that 21% of the
water volume was hypoxic. In contrast, Mud Pond was often
supersaturated in oxygen and we never observed anoxia in
the water column.

Fig. 3. Seasonal sonde snapshots (black dots) interpolated to show dissolved oxygen (% saturation) throughout the water column of (a) Texas Hollow
Pond and (b) Mud Pond. Cooler colors denote oxygen undersaturation, whereas warmer colors denote supersaturation.

Holgerson et al. Pond carbon fluxes
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Ecosystem metabolism
Mud Pond had slightly higher GPP (3.89 � 0.53 [SE] g O2

m�3 d�1) than Texas Hollow (2.91 � 0.24 g O2 m�3 d�1;
Fig. 4b). Both ponds tended to be more productive late sum-
mer, with the peak in Mud Pond exceeding Texas Hollow in
late August and early September. Texas Hollow Pond had con-
sistently greater ER rates (� 4.55 � 0.36 g O2 m�3 d�1) com-
pared to Mud Pond (� 3.78 � 0.52 g O2 m�3 d�1) (Fig. 4c,d),
leading to heterotrophic conditions in Texas Hollow and
slight autotrophic conditions in Mud (Fig. 4e,f).

Carbon burial
Our model estimates of OC burial rates in the two ponds

were similar, despite markedly different organic matter con-
tent and DMAR. Sediments in Texas Hollow Pond had more

than double the organic matter (70.5 � 1.41 [SE] %) than
those in Mud Pond (26.4 � 0.22%; Fig. 5a). There were two
dips in organic matter content in Texas Hollow Pond
reflecting visible lithologic anomalies associated with ter-
rigenic (clay and sand) inputs, which correspond to and plau-
sibly relate to the timing of 100-yr floods in the region in
1935 and 1956. Through time, the sediment DMAR was rela-
tively steady in Texas Hollow Pond, whereas DMAR increased
in Mud Pond, resulting in Mud Pond having more than dou-
ble the accumulation rates than Texas Hollow Pond in recent
decades (Fig. 5b). Rates of OC burial tended to be higher in
Texas Hollow Pond through time; however, differences
in organic matter content and DMAR counteracted each other
to reduce differences in recent years. From 1975 to 2000, the
OC burial rate averaged 182.9 � 3.0 (SE) g OC m�2 yr�1 in
Mud Pond and 245.5 � 11.5 g OC m�2 yr�1 in Texas Hollow
Pond (Fig. 5c; Supporting Information Fig. S5).

Fig. 4. Daily estimates of (a) gross primary production (GPP), (c) ecosystem
respiration (ER), and (e) net ecosystem production (NEP) in Mud Pond
(green) and Texas Hollow Pond (TXH; gold). Lines visualize locally estimated
scatterplot smoothing (loess). Violin boxplots depict seasonal data of
(b) GPP, (d) ER, and (f) NEP. Violin plots illustrate the distribution of the
data; boxplots show the median (middle bar), 25th and 75th percentiles (bot-
tom and top horizontal lines), values beyond 1.5� the interquartile range
(points), and averages (X symbol). Black dashed lines in (e) and (f) represent
the transition between net autotrophy and heterotrophy (NEP = 0).

Fig. 5. Sediment carbon characteristics for Texas Hollow Pond (gold)
and Mud Pond (green). (a) Organic matter content based on loss-
on-ignition (LOI) through the sediment core, (b) dry mass accumulation
rates (DMAR) through time, and (c) organic carbon (OC) burial rates
through time.

Holgerson et al. Pond carbon fluxes
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Greenhouse gas concentrations and fluxes
Mud Pond had similar CO2 and CH4 concentrations in surface

and bottom waters throughout the year (Fig. 6b,d). In contrast,
CO2 and CH4 concentrations built up in the bottom waters
of Texas Hollow Pond all summer, ultimately reaching
2197.8 μmol L�1 for CO2 and 695.2 μmol L�1 for CH4 (Fig. 6a,c).
The surface water CO2 concentrations (Fig. 6), and hence diffusive
flux rates (Fig. 7), in Texas Hollow Pond were often two to three
times higher than in Mud Pond. For example, surface CO2 con-
centrations averaged 81.2 � 14.6 (SE) μmol L�1 in Mud Pond and
210.0 � 14.5 μmol L�1 in Texas Hollow Pond from May until
early September, prior to fall mixing. Despite a buildup of CH4 in
the bottom waters of Texas Hollow, surface CH4 concentrations
and diffusive fluxes were similar between the two ponds, with
concentrations averaging 20.8 � 5.2 (SE) μmol L�1 in Mud Pond
and 18.2 � 10.0 μmol L�1 in Texas Hollow Pond from May until
early September (Figs. 6, 7). If all of the CH4 stored in the bottom
waters of Texas Hollow Pond was released during fall mixing, we
estimate that 0.231 mol CH4 was released at turnover (Table 2).

Measured CH4 ebullition (from 13 June through 15 November)
was higher in Mud Pond (24.8 � 2.9 [SE] mmol m�2 d�1)

compared to Texas Hollow Pond (10.5 � 1.4 mmol m�2 d�1).
Ebullitive emissions were much higher in Mud Pond in June and
July, with similar emissions in late summer and fall (Fig. 7c). The
ebullitive flux differences were driven by bubble volume, as the
CH4 bubble concentration was higher in Texas Hollow (seasonal
average: 58.3%) compared to Mud Pond (seasonal average:
47.3%; Supporting Information Fig. S6).

Annual carbon fluxes
On an annual basis, Texas Hollow Pond emitted

23.14 mol C m�2 yr�1 compared to 12.78 mol C m�2 yr�1

emitted from Mud Pond (Table 2). On a molar basis, CO2

comprised 86% of C emissions from Texas Hollow and 60%
from Mud Pond. The high CO2 emissions from Texas Hol-
low Pond resulted in a three times higher CO2 : CH4 diffu-
sive flux ratio (15.32) compared to Mud Pond (4.96). The
majority of CH4 emissions came from ebullition in both
ponds, with ebullition accounting for 70% of CH4 emitted
in Mud Pond and 53–57% of CH4 emitted in Texas Hollow
Pond, depending on if the fall turnover estimate is included.
If fall turnover released all the stored benthic CH4 from

Fig. 6. Greenhouse gas (GHG) concentrations for bottom (solid lines) and surface waters (dashed lines) in Texas Hollow Pond (left; gold) and Mud Pond
(right; green) for (a, b) CO2 and (c, d) CH4.

Holgerson et al. Pond carbon fluxes
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Texas Hollow Pond, it would account for 7% of the annual
CH4 emissions.

Despite emitting more C, Texas Hollow Pond also stored
more C (20.44 mol C m�2 yr�1) in the sediments compared to
Mud Pond (15.23 mol C m�2 yr�1). As such, Texas Hollow Pond
was a net source to the atmosphere (2.70 mol C m�2 yr�1),
whereas Mud Pond was a net sink (� 2.45 mol C m�2 yr�1) on a
molar balance basis (not considering downstream export).

Discussion
Our two study ponds were similar in size and topography,

yet a relatively small difference in zmax (1.2 m) and water color
altered stratification, primary producer communities, and ulti-
mately C cycling (Fig. 8). The deeper, darker waters of Texas
Hollow Pond led to nearly 2 months longer and nearly two
times stronger stratification than Mud Pond, resulting in

anoxic bottom waters, CH4 storage at depth, and enhanced
OC burial and CO2 emissions. In contrast, Mud Pond had
weaker stratification, warmer bottom waters (+3.2�C from
May to August), an oxic water column, and light that
penetrated to the sediments. Consequently, Mud Pond had
extensive macrophyte growth, which fueled organic matter
decomposition and methanogenesis.

Carbon burial rates relate to anoxia and temperature
Carbon burial rates (182.9 and 245.5 g OC m�2 yr�1 from

1975 to 2000) in these two natural ponds were an order
of magnitude greater than the average for north temp-
erate lakes (15.0 g OC m�2 yr�1; Heathcote et al. 2015)
and higher than or similar to artificial ponds (reviewed in
Holgerson et al. 2024). Texas Hollow Pond had higher OC
burial, where the greater OC content offset lower accumula-
tion rates compared to Mud Pond. While OC burial rates are
understudied in ponds compared to lakes, the mechanisms are
likely similarly related to oxygen availability, temperature,
and organic matter quality and quantity.

We suspect that oxygen and temperature most strongly
influenced OC burial in our two ponds. Specifically, the
higher OC burial in Texas Hollow Pond likely reflects the cold,
anoxic bottom waters compared to warmer, oxic bottom
waters in Mud Pond. The deepest part of Texas Hollow was
consistently hypoxic or anoxic, indicating a very short oxygen
exposure time that can drastically slow decomposition and
increase OC burial efficiency (Sobek et al. 2009). The colder
temperatures in Texas Hollow Pond will further slow decom-
position (Gudasz et al. 2010; Bartosiewicz et al. 2019).

Organic matter quality and quantity can also influence
OC burial. We did not discern differences in OC quality; C : N
ratios every 10 cm through the core were similar in Mud
(12.7 � 0.1 SE) and Texas Hollow (12.1 � 0.3). However, sediment

Fig. 7. Estimated greenhouse gas (GHG) flux to the atmosphere from
Texas Hollow Pond (gold) and Mud Pond (green) for (a) diffusive CO2,
(b) diffusive CH4, and (c) ebullitive CH4. Error bars in (a) and (b) repre-
sent SE. Dashed lines in (c) represent estimated fluxes (see text). Black
dot-dashed line indicates no net flux.

Table 2. Annual molar carbon (C) budget for atmospheric
fluxes and sequestration for Texas Hollow Pond and Mud Pond.
Standard error estimates are included for diffusive GHG fluxes
and organic carbon (OC) burial. Spring ebullition rates were esti-
mated between 28 April and 13 June (see Methods). The budget
does not include any C from inflows or outflows (see Methods).

Molar flux (mol m�2 yr�1)

Texas Hollow Mud Pond

C flux to atmosphere

CO2 19.868 � 0.380 7.639 � 0.546

CH4—diffusive 1.297 � 0.311 1.541 � 0.478

CH4—ebullitive 1.615 3.094

CH4—spring ebullitive, est. 0.127 0.505

CH4—fall turnover 0.231 NA

Total C emissions 23.138 12.778

OC burial (1975–2000 average) 20.440 � 0.958 15.228 � 0.250

Net flux (emissions—burial) 2.698 �2.450

Holgerson et al. Pond carbon fluxes
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loads (as measured by DMAR) were more than double in Mud
compared to Texas Hollow, running counter to the trends in
OC burial. The DMAR in Mud Pond increased through time
(Fig. 5b), which may relate to runoff. In a description of Mud
Pond from the 1920s, Needham (1921) mentioned landscape
erosion, and suggested the pond could fill in by the 1970s.
While the pond has yet to fill in, catchment development for
agriculture, a golf course, and residential land likely contrib-
uted to increasing DMAR and OC burial, as seen in lakes glob-
ally (Heathcote et al. 2015; Anderson et al. 2020). To a lesser
extent, aquatic macrophytes may facilitate increased DMAR in
Mud Pond (Holgerson et al. 2024, but see Hilt et al. 2017). A
greater pond sample size would further help link stratification,
anoxia, temperature, and macrophyte biomass to OC burial
mechanisms. We may even expect greater OC burial in natu-
ral ponds with high DMAR and OC content, as these factors
offset each other in our two study ponds.

Carbon dioxide concentrations and fluxes relate to
respiration and macrophytes

We hypothesized that Mud Pond, with its weak stratifica-
tion and oxic water column, would be dominated by aerobic
respiration that would cause more CO2 emissions relative to
CH4, whereas the stratification and anoxic bottom waters of
Texas Hollow Pond would lead to more CH4 emissions relative
to CO2 (Bartosiewicz et al. 2015). Our findings indicate the

opposite occurred: CO2 concentrations and fluxes in Texas
Hollow were typically double those of Mud Pond. While the
CO2 concentrations and fluxes in Mud Pond were typical for
ponds of its size, the CO2 concentrations and fluxes in Texas
Hollow Pond were almost three times higher than the average
for similarly sized ponds (Holgerson and Raymond 2016). The
difference in CO2 between the two ponds may be due to
(1) increased lateral inputs driving greater respiration rates in
Texas Hollow Pond, and (2) greater CO2 uptake by macro-
phytes in Mud Pond.

First, wetlands typically load DOC into adjacent waters,
resulting in a browner color and substrate for respiration in
the recipient waterbody. Both study ponds were surrounded
by wetlands, but Texas Hollow Pond had nearly 1 ha more
wetland complex than Mud Pond and its darker color sug-
gests relatively more wetland DOC inputs. The respiration of
allochthonous DOC can drive CO2 supersaturation (Ojala
et al. 2011; Lapierre and del Giorgio 2012), which may help to
explain the high ER rates along with higher CO2 concentra-
tions and fluxes in Texas Hollow Pond. Additionally, residence
time may interact with DOC inputs. Texas Hollow Pond likely
has a longer residence time than Mud Pond given its lack of a
noticeable inflow and outflow. If this is correct, Texas Hollow
Pond may mineralize more DOC whereas Mud Pond may
export more DOC (Hanson et al. 2011), further explaining the
higher CO2 concentrations and fluxes in Texas Hollow.

Fig. 8. Conceptual diagram of carbon fluxes in (a) Texas Hollow Pond that is strongly stratified and (b) Mud Pond that is weakly stratified with macro-
phytes (horizontal dashed lines indicate thermocline, with thickness indicating stratification strength). Vertical lines show net fluxes of CO2 (solid), CH4

(thin dashed), and OC burial (thick dashed). Sediment color reflects greater OC content in Texas Hollow Pond; DMAR stands for dry mass accumulation
rate, and %OM stands for percent organic matter. Numbers, arrow width, and bubble number indicate flux estimates. Diffusive CH4 emissions from
Texas Hollow include fall turnover (Table 2). We did not measure sediment GHG production so arrow width leading to GHG storage in Texas Hollow
Pond is unknown; water column CH4 oxidation is also unknown.

Holgerson et al. Pond carbon fluxes
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Second, aquatic primary producers consume CO2 thereby
lowering CO2 concentrations and fluxes in waterbodies
(Grasset et al. 2020). While both ponds were productive, Mud
Pond’s oxygen supersaturation (Fig. 3) and slightly higher
GPP (Fig. 4a,b) indicate high productivity by submerged mac-
rophytes growing throughout the water column. Macrophyte
beds can be highly productive, resulting in supersaturated
oxygen concentrations (Andersen et al. 2017; Sand-Jensen
et al. 2019) coupled with a large CO2 demand (Ray and Hol-
gerson 2023). Future research with larger sample sizes should
explore how DOC source, macrophytes, phytoplankton, and
other factors (e.g., depth, residence time) may interact to
impact CO2 production and emissions.

In addition to differences in surface water CO2 concentra-
tions and atmospheric fluxes, Texas Hollow Pond had bot-
tom water CO2 concentrations that reached an order of
magnitude higher than Mud Pond (Fig. 6). Weak stratifica-
tion coupled with benthic primary production limits the
buildup of CO2 in Mud Pond. In contrast, stratification
coupled with high aerobic and anaerobic respiration can
yield high CO2 concentrations (Kortelainen et al. 2006),
which also explains the declining pH with depth in Texas
Hollow. It would be interesting for future work to examine
the contributions of aerobic vs. anaerobic (e.g., denitrification,
sulfate reduction) respiration in stimulating the CO2 buildup in
bottom waters.

Methane concentrations and fluxes relate to depth,
temperature, and macrophytes

Both ponds were supersaturated in CH4 for the entire study
with similar surface concentrations and diffusive emissions,
but ebullitive CH4 flux was twice as high in Mud Pond
compared to Texas Hollow Pond (Table 2). Summertime con-
centrations (averages: 18.2–20.7 μmol L�1) and diffusive fluxes
(averages: 9.85–12.2 mmol m�2 d�1) were on the high end
of the range observed in similarly sized ponds globally
(Rosentreter et al. 2021; Rabaey and Cotner 2022). Ebullitive
CH4 fluxes were higher than mean values reported from other
ponds, with Texas Hollow Pond falling on the upper range
and Mud Pond having among the highest reported ebullitive
fluxes (reviewed in Rabaey and Cotner 2022 and Baron et al.
2022). Our observed CH4 dynamics reflect production, trans-
port, and oxidation pathways that likely differed between the
two ponds.

The extremely high ebullitive flux in Mud Pond suggests
higher CH4 production than Texas Hollow Pond. Methane
production tends to increase with higher quality and quantity
of organic matter inputs, anoxic conditions, and warmer tem-
peratures (Yvon-Durocher et al. 2014; Grasset et al. 2018).
While we expected that the greater sediment OC content and
anoxic bottom waters in Texas Hollow would promote
methanogenesis, it appears that the warmer temperatures and
macrophyte loads in Mud Pond may play a larger role. Water
column oxygen may not be as important given that oxygen

may not penetrate more than a few mm to 1 cm into the sedi-
ments (Sobek et al. 2017). Rather, Mud Pond’s bottom temper-
atures were typically > 15�C (Fig. 2b), averaging 3.2�C warmer
than Texas Hollow in the summer, which could result in
� 25% difference in CH4 production given the bottom water
temperatures we observed (Aben et al. 2017).

We suspect that differences in organic matter loads also
contributed to differences in CH4 production and observed
ebullition between the ponds. While senesced macrophytes
and phytoplankton can yield similar CO2 and CH4 production
(Grasset et al. 2018, 2021), they may differ in the quantity of
organic matter reaching the sediments. At high densities, mac-
rophytes can self-shade, slough tissue, and fuel respiration
near the sediments even as growth occurs higher in the water
column (Theus et al. 2023). In contrast, phytoplankton may
partially decompose in the water column before reaching the
sediments, leading macrophytes to potentially fuel greater
ebullition (Wik et al. 2013; Bauduin et al. 2025). It seems
likely that the macrophytes in Mud Pond delivered more
organic matter to sediments than phytoplankton in Texas
Hollow, thereby fueling CH4 ebullition. Lastly, depth affects
hydrostatic pressure, often causing greater ebullition when
depths are < 2 m (DelSontro et al. 2016). However, the 1.2 m
difference in zmax we observed equates to minor (0.1 atm)
changes in hydrostatic pressure, which should have minimal
effects on ebullition rates (Sø et al. 2023).

Unlike ebullition, we observed similar surface CH4 con-
centrations and diffusive fluxes between our two study
ponds, supporting studies that found increased CH4 produc-
tion or ebullition does not necessarily increase diffusive emis-
sions (West et al. 2016; Bauduin et al. 2025). Surface CH4

concentrations and fluxes may not align with production
due to CH4 storage, transport, or oxidation processes, which
we did not assess. We suspect that CH4 storage in the bottom
waters of Texas Hollow reflects strong stratification that
limits CH4 evasion to the atmosphere. While other studies
found stratification increased CH4 concentrations in both
bottom and surface waters of shallow waterbodies (Ray and
Holgerson 2023; Davidson et al. 2024), those waterbodies
were either larger (11 ha; Davidson et al. 2024) or shallower
(2.1 m; Ray and Holgerson 2023) than Texas Hollow Pond
with intermittent summertime mixing, suggesting greater gas
exchange across the water column. Methane oxidation may
also differ among the ponds. The oxygenated waters of Mud
Pond may favor CH4 oxidation, and macrophytes can host
methanotrophs (Yoshida et al. 2014). Yet, the shallower
water column and potentially shorter residence time in Mud
Pond may reduce opportunities for oxidation as CH4 moves
through the water column. Ultimately, our comparative
study of two ponds suggests that temperature and macro-
phytes play an important role in CH4 production and ebulli-
tion, but that further study is needed across a larger number
of ponds to understand how stratification influences CH4

storage and transport.

Holgerson et al. Pond carbon fluxes
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Annual carbon budget and uncertainties
For both ponds, the annual flux of C gases to the atmo-

sphere (23.1 and 12.8 mol m�2 yr�1 in Texas Hollow and Mud
Ponds, respectively) is similar to sediment OC burial (20.4 and
15.2 mol m�2 yr�1) on a molar basis (Table 2). This contrasts
with many other lentic systems where atmospheric C emis-
sions are often more than double the rate of OC burial (Cole
et al. 2007; Tranvik et al. 2009) and indicates that some ponds
may trap and bury more C than they emit or export. It is
important to note that we do not have constrained estimates
of C inputs or outputs for either pond, despite the fact that
both have low or intermittent hydrologic connectivity.

Our annual flux estimates come with uncertainties that
should be explored further. First, we assumed that all CH4

stored in the bottom waters of Texas Hollow Pond was emit-
ted at fall turnover despite the fact that some oxidation likely
took place. Yet as the CH4 emissions from fall turnover were
low (< 1% of all C emitted and 7% of all CH4 emitted on a
molar basis), our study indicates that deeper waters with
strong stratification may reduce CH4 emissions. Second, we
did not assess emissions at ice melt. We expect fluxes at ice
melt to make a small contribution to annual emissions due to
lower production with cold temperatures, especially relative
to the high summertime emissions we observed. Lastly, the
timescale of our measurements poses challenges. We assumed
GHG fluxes were similar over a diel cycle, but CO2 fluxes may
be greater at night from respiration while CH4 emissions can
vary on diel cycles due to convective cooling, wind, and tem-
perature (Sieczko et al. 2020; Sø et al. 2024). Additionally,
C burial is estimated on the scale of years to decades and
GHGs were measured on individual days within 1 yr. While
we work to better resolve these uncertainties, we contend that
our study helps to identify mechanisms of C processing,
including what factors make ponds net sources or sinks for
OC. Considering that small lakes and ponds may be particu-
larly sensitive to climate-driven changes in stratification
(Winslow et al. 2015; Bartosiewicz et al. 2019), there is a
strong need to mechanistically untangle the drivers of C flux
in these systems.
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