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ABSTRACT

Headwater wetlands are important sites for carbon

storage and emissions. While local- and landscape-

scale factors are known to influence wetland car-

bon biogeochemistry, the spatial and temporal

heterogeneity of these factors limits our predictive

understanding of wetland carbon dynamics. To

address this issue, we examined relationships be-

tween carbon dioxide (CO2) and methane (CH4)

concentrations with wetland hydrogeomorphol-

ogy, water level, and biogeochemical conditions.

We sampled water chemistry and dissolved gases

(CO2 and CH4) and monitored continuous water

level at 20 wetlands and co-located upland wells in

the Delmarva Peninsula, Maryland, every 1–

3 months for 2 years. We also obtained wetland

hydrogeomorphologic metrics at maximum inun-

dation (area, perimeter, and volume). Wetlands in

our study were supersaturated with CO2 (mean =

315 lM) and CH4 (mean = 15 lM), highlighting

their potential role as carbon sources to the atmo-

sphere. Spatial and temporal variability in CO2 and

CH4 concentrations was high, particularly for CH4,

and both gases were more spatially variable than

temporally. We found that groundwater is a

potential source of CO2 in wetlands and CO2 de-

creases with increased water level. In contrast, CH4

concentrations appear to be related to substrate and

nutrient availability and to drying patterns over a

longer temporal scale. At the landscape scale,

wetlands with higher perimeter:area ratios and

wetlands with higher height above the nearest

drainage had higher CO2 and CH4 concentrations.

Understanding the variability of CO2 and CH4 in

wetlands, and how these might change with

changing environmental conditions and across

different wetland types, is critical to understanding
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the current and future role of wetlands in the

global carbon cycle.

Key words: Headwater wetlands; Greenhouse

gases; CO2; CH4; Spatiotemporal variability; Carbon

biogeochemistry; Surface water groundwater;

Hydrologic variability.

HIGHLIGHTS

� Groundwater seems to be an important source of

CO2 to these small wetlands

� CH4 was governed by changing substrate avail-

ability and associated redox conditions

� Wetlands with higher perimeter:area and height

above nearest drainage had higher CO2 and CH4

concentrations

INTRODUCTION

Wetlands play an important role in the global car-

bon (C) cycle through their contribution to C

storage, carbon dioxide (CO2) and methane (CH4)

emissions, and lateral transport of C to downstream

ecosystems (Li and others 2022). While the C

stored in wetland soils is substantial, emissions of

CO2 and CH4 from wetland surfaces may be en-

ough to offset the soil C storage pool in some

ecosystems (Rosentreter and others 2021). Further,

global wetland soil and plant C storage are rela-

tively stable over time (Webb and others 2019), but

CO2 and CH4 dynamics are more variable and have

been increasing over the past decade (Peng and

others 2022). Variability in CO2 and CH4 is due to

the many sources and processes regulating CO2 and

CH4 in wetlands. Thus, understanding the vari-

ability and associated environmental and biogeo-

chemical factors influencing wetland CO2 and CH4

is critical to improving our understanding of the

role of wetlands in the global C cycle and wetland

responses to a changing climate.

Small, headwater wetlands, sometimes called

geographically isolated wetlands, are depressional

wetlands surrounded by uplands (Tiner 2003).

They occur across different regions in the USA and

include the Prairie Pothole wetlands in the Mid-

west, vernal pools in New England and California,

Carolina Bays in the Southeast, and Delmarva Bays

in the mid-Atlantic, the latter of which are the fo-

cus of this study. Small, shallow, depressional

wetlands represent a significant area of wetland-

rich regions and provide ecosystem services such as

sediment and nutrient retention, flood attenuation,

and baseflow contribution during low precipitation

periods (Marton and others 2015). However, they

face increasing challenges as they lose federal pro-

tections; thus, quantifying their contributions to

regional and global ecosystem services is of critical

importance (Creed and others 2017).

In small wetlands, CO2 and CH4 concentrations

in surface water are usually high and supersatu-

rated with respect to the atmosphere (Holgerson

and Raymond 2016) but are often still excluded

from landscape- and global-scale C budgets. Due to

high connectivity with the terrestrial landscape and

more direct inputs of organic matter, small wet-

lands can be biogeochemical hotspots with a dis-

proportionate contribution to C fluxes than their

larger counterparts (Holgerson 2015). Further,

upscaling of CO2 and CH4 contributions from

wetlands frequently leaves out smaller water bod-

ies, due to its dependence on using satellite imagery

which is biased toward larger wetlands (Hondula

and others 2021a). In more recent upscaling efforts,

small water bodies (< 1000 m2) were found to

contribute approximately 15.1% of CO2 and 40.6%

of CH4 freshwater global emissions (Holgerson and

Raymond 2016).

The upscaling and global models of carbon

emissions rely on a limited understanding of CO2

and CH4 variability, which can be influenced by

many factors (Saunois and others 2020). The pro-

duction of CO2 and CH4 is influenced by physico-

chemical and biogeochemical conditions such as

oxygen availability, terminal electron acceptors

(TEAs), nutrients, and dissolved organic matter

(DOM) concentrations (Bridgham and others

2006). Oxygen availability, which decreases with

water saturation and inundation, influences the

balance between the consumption and production

of CO2 and CH4 in wetlands (Maietta and others

2020). Under saturated conditions, the wetland

environment becomes anoxic, and these conditions

favor CH4 production after other TEAs (O2, NO3
-,

Mn4+, Fe3+, SO4
2-) have been used. While CH4

production under strictly anoxic conditions has

been the established paradigm, CH4 production

under oxic conditions is increasingly being docu-

mented and supported by experimental evidence

(Angle and others 2017). Similarly, the oxidation of

organic matter into CO2 occurs at a faster rate in

the presence of oxygen, while decomposition pro-

gresses more slowly under anoxic conditions. The

availability of organic matter also influences con-

centrations of CO2 and CH4 as a variety of DOM

substances, such as acetate, serve as a substrate for
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the reactions of CH4 and CO2 production (Cozannet

and others 2023). CH4 production can also use CO2

as a substrate in hydrogenotrophic methanogene-

sis. Thus, an increase in DOM usually leads to an

increase in CH4 and CO2 concentrations (Niko-

lenko and others 2019). While acetoclastic

methanogenesis is considered the most common

pathway in wetlands, an array of other substrates

can also be used to produce CH4. Ultimately, the

variability in environmental and biogeochemical

conditions such as oxygen availability, DOM and

TEA concentrations, and other environmental fac-

tors (hydrology, climate, geology) results in CO2

and CH4 dynamics that are highly variable, and

because of the many production pathways of CH4,

they remain harder to generalize and predict than

CO2 (Bridgham and others 2013).

Beyond the inherent variability in CO2 and CH4

cycling, smaller wetlands tend to experience vari-

able water level regimes and hydrologic connec-

tions, with associated variability in water sources

and their biogeochemical processes, making them

more hydrologically variable than other wetland

types (Marton and others 2015). Sources of CO2

and CH4 can vary as wetlands connect with dif-

ferent parts of the landscape across changing sea-

sonal and event-based hydrologic conditions,

including fluctuating contributions from ground-

water (Rudolph and others 2020). Changing

hydrologic connectivity among wetlands and with

the larger fluvial network can also control CO2 and

CH4 dynamics by transporting dissolved CO2 and

CH4 into and out of wetlands (Abril and Borges

2019; Bretz and others 2021). In wetlands that

experience greater hydrologic variability and fre-

quent wet-dry cycles, microbial communities tend

to be more diverse and adaptable than in soils that

experience more stable conditions (Peralta and

others 2014). Specifically, soil microbial commu-

nities, including methanogens and methanotrophic

bacteria responsible for CO2 and CH4 production

and consumption, are influenced by water level

both below and above ground surface and inun-

dation frequency (Maietta and others 2020).

Changing water level and inundation frequency

can therefore result in significant changes in CO2

and CH4 production and consumption. For exam-

ple, in tropical wetlands with seasonally changing

hydrology, total annual CH4 emissions were higher

than in permanently flooded tropical wetlands

(Mitsch and others 2010). Changing hydrology

plays a major role in influencing biogeochemical

dynamics in wetlands, but the extent to which it

controls the temporal and spatial variability in

greenhouse gases in small, hydrologically dynamic

wetlands is still relatively uncharacterized.

This study aimed to quantify the variability and

associated variables influencing CO2 and CH4 con-

centrations in surface water across 20 small,

headwater wetlands of varying hydrogeomorpho-

logical characteristics and inundation regimes in

the Delmarva Peninsula in the Mid-Atlantic region

of the USA. We ask: (1) What is the magnitude and

variability of CO2 and CH4 concentrations among

headwater wetlands and across seasons? and (2)

What factors are associated with CO2 and CH4

concentrations and variability in temperate head-

water wetlands? We hypothesized that there would

be high spatial and temporal variability in surface

water CO2 and CH4 concentrations, particularly for

CH4, and that this variability would be largely

associated with the hydrologic (water level) varia-

tion of these wetlands, both due to wet-dry cycles

and seasonal drying and wetting up periods. Fur-

ther, we expected concentrations of CO2 and CH4

to be correlated with substrate availability (that is,

organic matter), oxygen concentrations, and redox-

sensitive ions. At the landscape scale, we expected

smaller wetlands to have higher concentrations of

CO2 and CH4.

METHODS

Study Sites

Our wetland study sites are located in the Upper

Choptank and Tuckahoe River watersheds in the

Delmarva Peninsula, Maryland, USA (Figure 1).

The Delmarva Peninsula is a low-relief landscape

with extensive depressional wetlands surrounded

by forested wetland flats and uplands (Fensterma-

cher and others 2014). The wetlands included in

this study represent a range of wetland character-

istics in this landscape, including varying mor-

phology, size, and dominant vegetation (Table 1).

For example, some wetlands are depressional,

bowl-shaped with forested vegetation, while others

are flat and expansive with emergent vegetation

(Figure 1). However, sites with emergent vegeta-

tion have low representation in our dataset (n = 4)

and we thus did not assess the role of vegetation in

mediating CO2 and CH4 dynamics, although we

recognize that vegetation type influences CO2 and

CH4 dynamics in wetlands (McInerney and Helton

2016; Sharp and others 2024). In the forested

wetlands, the dominant vegetation is Acer rubrum

(Red maple), Liquidambar styraciflua (Sweetgum),

Ilex opaca (American Holly), and Quercus rubra

(Northern Red Oak) and vegetation is sparse within

CO2 and CH4 Dynamics in Headwater Wetlands



the wetland inundated area. In emergent wetlands,

the vegetation distribution is patchy and includes

zones of open water, the sedge Carex, and other

marsh species. The wetlands experience partial to

total canopy cover from May through September,

followed by leaf off in October. Study wetlands

were clustered within four distinct geographic

areas, hereafter called wetland complexes: Jackson

Lane (JL), Tiger Paw (TP), Baltimore Corner (BC),

and Jones Road (JR; Figure 1d–g). Within each

complex, intermittent surface connectivity occurs

at most wetlands; however, some sites experience

no surface connectivity and are considered isolated.

The wetlands in this landscape have distinct

inundation patterns, with increases in surface wa-

ter levels during late fall and winter and an evap-

otranspiration-driven drying period during late

spring and summer (McDonough and others 2015;

Lee and others 2020). Water level varies signifi-

cantly among Delmarva wetlands, but seasonal

patterns are similar (Stewart and others 2023).

Seasonal hydrologic patterns are disrupted by

localized rain events, particularly tropical storms

and convective storms during the summer and fall.

During high water levels and inundated conditions,

approximately half of these wetlands experience

ephemeral surface water connections, the degree to

which depends on surrounding landscape topology

(McDonough and others 2015). The groundwater

table and its interaction with the wetland represent

a gradient of flowthrough, recharge, or discharge

conditions and can also shift between these con-

ditions (Phillips and Shedlock 1993).

Wetland Characterization:
Hydrogeomorphic Variables

We characterized wetland hydrogeomorphology

using metrics of wetland area, wetland perimeter,

wetland volume, and height above nearest drai-

nage (HAND) derived from a terrain analysis simi-

lar to Jones and others (2018). Briefly, this analysis

was conducted on a high-resolution LiDAR-based

digital elevation model (DEM) with a resolution of

1 m (Maryland Department of Information Tech-

nology 2013). First, we identified internally drain-

ing basins within the DEM and then the maximum

inundation areas within those basins (Le and Ku-

mar 2014). Then, we used the level-set method to

quantify both nested and network connectivity of

Figure 1. Map of the Delmarva Peninsula and location and physical characteristics of our study wetlands. Map of the

Eastern Shore, USA (a), with an inset of the Delmarva Peninsula and the Greensboro Watershed (b). We also show the

location of the different wetland complexes c with a zoomed in view of each wetland complex and their corresponding

wetlands at maximum inundation (d–g). Darker-colored wetlands indicate the wetlands in our study (d–g). Water level

average and wetland area of our study wetlands, which are generally small, shallow wetlands (h).

C. L. Lloreda and others



wetlands (Wu and others 2019). Finally, we cal-

culated metrics for individual wetlands. A single,

site-specific value for wetland area, wetland

perimeter, and wetland volume was calculated

using maximum inundation extent. HAND was

calculated as the elevation difference between

wetland and stream network (Rennó and others

2008). All spatial analyses were completed using

whitebox tools (Lindsay 2016, Wu and Brown

2022).

Wetland Characterization: Inundation
Regimes

To characterize the inundation regimes for the

present study sites, we monitored water level from

2020 to 2022 in wells installed in the deepest point

of each wetland and in upland wells near each

wetland. Wetland wells were augured 50 cm below

ground surface. Upland wells were installed

roughly 1.5 m away from the wetland edge in the

upland area adjacent to wetlands, as defined by

Table 1. Hydrogeomorphic and Vegetation Characteristics Across Wetlands

Wetland

ID

Wetland

complex

Wetland

area (m2)

Wetland

storage volume

(m3)

Mean

elevation

(m)

Wetland

perimeter

(m)

Perimeter:

area

Dominant

vegetation

Average

water level

(m)

E1 Baltimore

Corner

6410 2825.8 18.3 418 0.19 Emergent 0.5

E4 Baltimore

Corner

3182 2020.2 18.1 274 0.09 Emergent 0.3

F4 Baltimore

Corner

620 193.3 18.3 120 0.19 Forested 0.4

F8 Baltimore

Corner

1766 982 18.5 244 0.14 Forested 0.7

F11 Baltimore

Corner

421 50.28 18.8 142 0.34 Forested 0.2

F12 Baltimore

Corner

777 298.5 18.3 122 0.16 Forested 0.4

F16 Baltimore

Corner

470 125.7 18.7 120 0.25 Forested 0.1

E2 Jackson

Lane

3464 904.7 15.5 464 0.13 Emergent NA

F1 Jackson

Lane

379 109.9 15.1 132 0.35 Forested 0.4

F3 Jackson

Lane

897 344.9 14.2 168 0.07 Forested 0.4

F10 Jackson

Lane

1364 972.2 14.7 174 0.13 Forested 0.7

F15 Jackson

Lane

676 334.4 14.8 136 0.2 Forested 0.4

F5 Jones

Road

703 129.5 18.7 136 0.19 Forested 0.3

F6 Jones

Road

2667 1377.5 18.6 270 0.1 Forested 0.4

F7 Jones

Road

1015 339.3 18.8 162 0.16 Forested 0.3

F9 Jones

Road

501 158.7 19 112 0.22 Forested 0.3

E3 Tiger Paw 1085 356.1 16 308 0.28 Emergent 0.3

F2 Tiger Paw 569 340.5 16 110 0.19 Forested 0.7

F13 Tiger Paw 1287 849.1 16.1 170 0.13 Forested 0.7

F14 Tiger Paw 1907 904.1 16 212 0.11 Forested 0.6

Site IDs, wetland complex, morphological characteristics, and average water level for our 20 wetlands located in the Delmarva Peninsula, Maryland. Wetland complex refers to
the area it is located in. Wetlands within the same wetland complex could experience surface connections, but some sites are considered truly isolated. Wetland morphological
variables here were extracted from a digital elevation model (DEM) and represent area, volume, and perimeter at maximum inundation. Mean elevation represents the average
elevation across the entire wetland. Average water level was obtained from wells installed in the middle of each wetland. Sites are arranged by corresponding wetland complex
and denoted by their site ID in which E is an emergent vegetation wetland and F is a forested vegetation wetland.
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both topography and changes in vegetation. Wells

were hand augered to depth of 2–4 m and were

screened to near the surface. We installed pressure

transducers (Onset HOBOs U20-001–01 and U20L-

04; Onset Computer Co., Bourne, MA, USA) which

recorded data every 15 min near the bottom of the

wetland and upland wells. We corrected the pres-

sure from the well logger with the pressure from an

atmospheric pressure sensor located outside of the

well (Onset HOBOs U20-001–01 and U20L-04;

Onset Computer Co., Bourne, MA, USA) to obtain

an atmospheric-corrected pressure and convert into

water level relative to ground surface.

Table 2. Water Chemistry Across Wetlands

Site Wetland complex CO2 (uM) CH4 (uM) Temp (C) pH SpC (uS/cm) DO (mg/L)

E1 Baltimore Corner 128.6 ± 42.6 2.8 ± 4.1 15 ± 6.5 6.8 ± 2.2 29.3 ± 3.6 8.7 ± 1.8

E4 Baltimore Corner 305.3 ± 140.7 4 ± 3 13.9 ± 6.4 6.1 ± 3 35.7 ± 8.5 8 ± 1.4

F11 Baltimore Corner 345 ± 88.3 3.8 ± 4.2 11.2 ± 5.7 3.9 ± 0.5 113.1 ± 89 6.3 ± 4.8

F12 Baltimore Corner 297 ± 123.4 9.9 ± 8.4 13 ± 6 6.8 ± 2.3 37.6 ± 6.1 5.8 ± 2.5

F16 Baltimore Corner 407.6 ± 185.1 6.3 ± 7.1 12.6 ± 6.7 4.3 ± 0.3 62 ± 46 6.1 ± 2

F4 Baltimore Corner 422 ± 77.3 18.2 ± 17.2 12 ± 5.3 4.3 ± 0.3 67 ± 33 4.5 ± 2.2

F8 Baltimore Corner 337.5 ± 83.6 5.2 ± 4.4 11.7 ± 5.6 4.3 ± 0.2 51.9 ± 17 5.9 ± 2.1

E3 Jackson Lane 102.2 ± 36.1 1 ± 0.7 29.2 ± NA 4.8 ± NA 20.1 ± NA 8.4 ± NA

F1 Jackson Lane 689.6 ± 263.9 46.9 ± 32 11.1 ± 4.9 5.9 ± 2 69.5 ± 25.3 2.8 ± 1.7

F10 Jackson Lane 274.3 ± 94.8 2.5 ± 2.3 11.3 ± 6.1 5.9 ± 2 40 ± 38.9 4.8 ± 2.6

F15 Jackson Lane 382.9 ± 170.9 6.2 ± 4.7 11.4 ± 5.8 5.8 ± 2.4 35.8 ± 7.8 3.4 ± 1.8

F3 Jackson Lane 307.3 ± 88.9 4.8 ± 3.6 12.2 ± 5.9 5.5 ± 2.1 39.4 ± 9 4.6 ± 2.5

F5 Jones Road 323.7 ± 63.7 13.7 ± 10.2 13.8 ± 5.7 7.4 ± 2.8 43.7 ± 7.7 5.2 ± 2.6

F6 Jones Road 242 ± 117 10.1 ± 16.5 13.3 ± 5.6 7.5 ± 3 35.9 ± 8.3 6.2 ± 2.9

F7 Jones Road 416.8 ± 116.5 30.2 ± 24 13.1 ± 5.1 7.7 ± 2.9 36 ± 6.2 5 ± 2.3

F9 Jones Road 300.3 ± 49.1 8.8 ± 7.1 13.7 ± 3.1 6.3 ± 2.3 42.5 ± 12.7 4.8 ± 2.5

E2 Tiger Paw 397.5 ± 181.3 1.3 ± 1 14.5 ± 4.1 6.7 ± 2.7 25.1 ± 2.8 6.9 ± 2.2

F13 Tiger Paw 267.9 ± 55.7 19.2 ± 14.9 12.6 ± 4.8 7.8 ± 2.4 27.2 ± 2.2 3.4 ± 1.8

F14 Tiger Paw 375.1 ± 110.2 35.7 ± 27.3 12.9 ± 3.9 6.3 ± 2.1 37.9 ± 5.5 4.5 ± 2.2

F2 Tiger Paw 301.3 ± 94.4 10.7 ± 9.6 12.1 ± 4 6.7 ± 2.1 34.1 ± 11.1 3.3 ± 1.6

Site Wetland complex DOC (mg/L) TDP (ug/L) TDN (ug/L) NH4 (ug/L) NO3 (ug/L)

E1 Baltimore Corner 23.9 ± 5.4 16.8 ± 13.6 1003.2 ± 258.5 32.6 ± 25.7 13.4 ± 11.6

E4 Baltimore Corner 30.3 ± 6.8 37.5 ± 20.9 1107.4 ± 375 56 ± 30.6 13.9 ± 14

F11 Baltimore Corner 48.1 ± 18.5 30.2 ± 13.8 1089.5 ± 188 15.4 ± 4 9 ± 1.7

F12 Baltimore Corner 34 ± 9.2 58.2 ± 82.3 1199.3 ± 275.8 64.4 ± 37.5 13.8 ± 11.2

F16 Baltimore Corner 42 ± 15.2 33.5 ± 12.9 1363.8 ± 427.4 21.1 ± 8.1 16.3 ± 15.8

F4 Baltimore Corner 54.4 ± 45.6 40.4 ± 26.3 1198.3 ± 328.1 15.4 ± 3.7 15 ± 13.4

F8 Baltimore Corner 28.6 ± 7.9 28 ± 14.9 1028.6 ± 400.4 25.3 ± 11.8 12 ± 11.9

E3 Jackson Lane 23.4 ± 4.8 24.6 ± 6.4 1194.7 ± 213.9 46.6 ± 16.5 10.2 ± 5.4

F1 Jackson Lane 55.9 ± 10.3 93.8 ± 97.8 2795.5 ± 1772.4 792.5 ± 1266.2 31.1 ± 44.8

F10 Jackson Lane 21.4 ± 4.9 25.5 ± 11.1 898.6 ± 232.4 34.6 ± 26.1 10.9 ± 9.6

F15 Jackson Lane 35.2 ± 7.7 29.8 ± 13.8 1355.7 ± 276.3 156.1 ± 283.7 12.3 ± 10.2

F3 Jackson Lane 31.1 ± 8.7 32 ± 35.3 1078.3 ± 320.9 54.5 ± 76.8 11 ± 9.5

F5 Jones Road 37.6 ± 13.4 46.9 ± 46.5 1277 ± 549 84.1 ± 90.6 13.5 ± 11.5

F6 Jones Road 29.5 ± 12.7 22.2 ± 17.8 957.3 ± 346.6 47.8 ± 42.1 12.9 ± 12.1

F7 Jones Road 32.7 ± 16.4 25.9 ± 16.4 1000.3 ± 371.2 44.5 ± 28.9 13 ± 12

F9 Jones Road 27.1 ± 10.8 35.2 ± 25.4 974.4 ± 417.1 110.8 ± 169.6 12.9 ± 12

E2 Tiger Paw 23.1 ± 6.1 26.5 ± 33.4 795.1 ± 214.2 26.5 ± 22 14 ± 11.3

F13 Tiger Paw 25.5 ± 5.9 23.6 ± 13.1 790.1 ± 176.2 33.8 ± 29.8 12.8 ± 12.1

F14 Tiger Paw 33.7 ± 9.8 18.5 ± 9.2 953.3 ± 213.9 35.7 ± 33.9 13 ± 10.6

F2 Tiger Paw 34.5 ± 11.4 63.3 ± 78.5 1345.9 ± 692.6 237.6 ± 499.9 15.2 ± 12.9

Mean ± standard deviation of water chemistry and physicochemical parameters for 20 wetlands in the Delmarva Peninsula, Maryland.Sites are arranged by corresponding
wetland complex and denoted by their site ID in which E is an emergent vegetation wetland and F is a forested vegetation wetland.
SpC specific conductivity, DO dissolved oxygen concentrations, DOC dissolved organic carbon,TDP total dissolved phosphorus, TDN total dissolved nitrogen.Sites with NA in the
standard deviation with only one measurement.
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Synoptic Sampling: Surface Water
and Groundwater Collection

We sampled surface and groundwater at 20 wet-

land sites 11 times from November 2020 to

December 2022, every 1–3 months. Surface water

samples were collected from the center of each

wetland using a bucket attached to a long pole to

gently bring water to the wetland’s edge for pro-

cessing (see below) to minimize sediment distur-

bance or reaeration. When the wetland was dry,

we sampled from the well located near the middle

of the wetland. To sample groundwater, we

pumped water from each upland well using a

peristaltic pump (Geopump Peristaltic DC pump,

Geotech, Denver, CO, USA). Wells were purged for

two to five minutes or until dry and after purging,

wells were left to rebound before sampling. We

then used the pump at the lowest rate to limit de-

gassing and slowly collected groundwater into the

sampling bucket. During surface water and

groundwater sampling, we measured dissolved

oxygen (DO), pH, water temperature, and con-

ductivity using a YSI ProDSS handheld meter (YSI,

Yellowsprings, OH, USA) after water was removed

for CO2 and CH4 samples and other water chem-

istry analyses.

Greenhouse Gas and Water Chemistry
Sampling and Analysis

We sampled dissolved CO2 and CH4 using the

headspace equilibration method (for example,

Bansal and others 2023). A 20 ml bubble-free

sample of surface water or groundwater from the

sampling bucket was pulled into a 60-mL syringe,

and 20 mL of headspace as ambient air was added

to each syringe before closing the syringe off from

the atmosphere with a stopcock. The water samples

were then equilibrated by shaking for 2–3 min.

Headspace samples were then transferred to sealed

20-ml glass vials filled with ambient air while

simultaneously flushing which displaces the air in

the vial with the gas sample (Bretz and others

2021). Ambient air samples were taken to account

for air CO2 and CH4 concentrations when con-

verting equilibrated headspace concentrations to

wetland water concentrations. All samples,

including air samples, were collected in triplicates.

We analyzed headspace samples and ambient air

samples for CO2 and CH4 on a gas chromatograph

(Shimadzu Nexis GC-2030).

To assess parameters associated with CO2 and

CH4 dynamics, we took samples for dissolved or-

ganic carbon (DOC), water isotopes (d18O and d2H),

nutrients, and ions. DOC samples were filtered

through a 0.7-lM pre-ashed glass fiber filter (GFF)

into acid washed and ashed amber glass vials in the

field, kept on ice until acidified with HCl to a pH

of � 2, and refrigerated at 4�C until analysis. DOC

samples were analyzed within two weeks of col-

lection by measuring non-purgeable organic car-

bon on a Shimadzu TOC-Vcph Carbon Analyzer.

Water isotope samples were filtered with 0.45-lm
polyethersulfone (PES) membrane filters into clear,

glass vials in the field and stored at room temper-

ature until analysis on a Picarro L1102-i Isotopic

Liquid Water and Water Vapor Analyzer. Triplicate

nutrient samples (total dissolved nitrogen [TDN],

total dissolved phosphorus [TDP], and ammonium

[NH4
+]) and ions (chloride [Cl-], sulfate [SO4

2-],

and nitrate [NO3
-]) were filtered through 0.45-lm

PES filters into 60-ml acid-washed HDPE bottles in

the field, kept on ice in the field, and then frozen at

-20�C until analysis. TDN, TDP, NO3
-, and NH4

+

were analyzed on a SEAL AutoAnalyzer 3 within

two months of collection. Chloride (Cl-) and sul-

fate (SO4
2-) were analyzed on a Dionex ICS-3000.

Sodium (Na+), dissolved iron (Fe), and dissolved

manganese (Mn) were analyzed on a Thermo iCAP

RQ inductively coupled plasma with mass spec-

trometer (ICP-MS).

Dissolved Greenhouse Gas Calculations

Water CO2 and CH4 concentrations (GHG, lM)

were estimated from GC peak areas using Henry’s

law, the ideal gas law, and the ratio of headspace to

water in syringes. We estimated the partial pressure

of CO2 and CH4 (pCO2 and pCH4, latm) from the

headspace samples as follows:

pGHG ¼
pGHGsamp � KHlab þ hsRatio � pGHGsamp�pGHGhs

molV

� �

KHsite

ð1Þ

pGHGsamp (ppmv) is the concentration of CO2 or

CH4 in the equilibrated headspace, hsRatio is the

equilibration headspace ratio of water volume to

gas volume (in this case, equal to 20 mL/20 mL or

1), pGHGhs (ppmv) is the concentration of CO2 or

CH4 in the air used to equilibrate the samples, and

molV (L mol-1) is the molar volume based on

temperature (K) and pressure (atm). KH (mol L-

1 atm-1) is the solubility constant for each respec-

tive gas, which is a function of temperature (in

Kelvin) in the laboratory (KHlab; 20�C) and in the

water during sampling (KHsite). Gas-specific KH

formulas are in the supplement (gas solubility con-

stants). Partial pressures of CO2 and CH4 (pGHG,

CO2 and CH4 Dynamics in Headwater Wetlands



latm) were then converted to concentrations

(GHG, lM), using the gas constant, R (0.08205601

L atm K-1 mol-1), and temperature (T, K):

GHG ¼
pGHG 1

R

� �
1

10�3

� �
1
T

� �� �

1000
ð2Þ

Statistical Analyses

All statistical analyses were conducted in R (version

5134.0.2; R Core Team 2020) and all figures were

made using the ggplot2 package (Wickham 2016).

We performed a Shapiro–Wilk test to evaluate

normality using the shapiro.test(). Non-normal

variables were log10-transformed before any sta-

tistical analyses.

We used coefficients of variation (CVs) to eval-

uate CO2, CH4, and hydrologic changes across time

and among sites. Both temporal and site CVs were

calculated, where temporal CVs reflect the varia-

tion in one site across all the sampling dates

(n = 20) and site CVs reflect the variation across all

sites within one sampling date (n = 11).

To evaluate differences in CO2 and CH4 across

sites and water sources (surface water or ground-

water), we used analysis of variance (ANOVA) with

post hoc Tukey’s honestly significant difference

(HSD) tests. The ANOVA was performed using

aov(), and the Tukey HSD was performed using

TukeyHSD() in base R (R Core Team 2020).

Further analyses of correlated variables and

modeling focuses solely on surface water dynamics.

To analyze the relationships between surface water

CO2 and CH4 concentrations and their respective

CVs with water chemistry and other wetland

characteristics, we performed linear regressions

using the lm() function (R Core Team 2020). For

each relationship, we accounted for multiple com-

parisons by correcting the p-values with a Bonfer-

roni correction using the function p.adjust(). We

also performed linear mixed-effects models for

surface water CO2 and CH4 concentrations using

the function lme() from the nlme package (Pinheiro

and others 2021). The mixed-effects model was

defined with site as a random intercept and a fixed

slope. The null model included surface water CO2

or CH4 (for CH4 or CO2, respectively), nutrients

(TDN and TDP), DOC, redox-sensitive ions (NO3
-,

SO4
2-, Fe, and Mn), water isotopes (d18O and d2H),

physicochemical variables (DO, specific conduc-

tance, temperature, and pH), and daily mean water

level as fixed effects (full null model in Tables 3 and

4). Within lme(), we accounted for temporal auto-

correlation (sample date) using a continuous-time
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first-order autoregressive model by defining corre-

lation = corCAR1(). The null and final models were

evaluated for multicollinearity using check_-

collinearity() from the performance package (Lü-

decke and others 2021). Highly correlated variables

(variance inflation factor > 5%) were removed

and the summary() function was used to identify

significant variables in the model (R Core Team

2020). We did final model checks of normality of

residuals and multicollinearity using check_model()

and evaluated predicted values against actual val-

ues using the lm() function (Figure S7).

RESULTS

Variability in Surface Water
and Groundwater CO2 and CH4

Concentrations

We found that groundwater had distinct CO2 and

CH4 signatures from surface water. CO2 concen-

trations were higher in groundwater (mean ± s-

tandard deviation = 1045.0 ± 590.0 lM) than in

surface water (341.1 ± 162.8 lM) across all sites

and dates (p < 0.001; Figure 2a). CH4 concentra-

tions, while highly variable in both surface water

and groundwater, were higher in surface water

(12.2 ± 17.7 lM) than in groundwater

(6.1 ± 12.7 lM) and were significantly different

(p = 0.002; Figure 2b). CO2 and CH4 were posi-

tively correlated (Figure 2c), with a stronger rela-

tionship in groundwater (R2 = 0.40, p < 0.001)

than in surface water (R2 = 0.20, p < 0.001).

Surface water CH4 was more dynamic than CO2

over both space and time, and variability over space

was larger than variability over time for both gases

(Figure 3a,c). Temporal CVs, which indicate the

variability over sampling dates for each wetland

site, ranged from 17 to 200% with an average of

62% for surface water CO2 and 74–176% with an

average of 98% for surface water CH4 (Figure 3a).

And with the exception of 3 wetlands, temporal

variability was always higher for CH4 than for CO2

(Figure 3a, points above the 1:1 line). Similarly,

surface water CH4 was more spatially variable than

CO2, with across-site CV averages of 100% and

60% when values from each sampling date were

compared among sites, for CH4 and CO2, respec-

tively (Figure 3c). Further, the variability in surface

water CO2 and CH4 was, on average, larger among

wetlands during a single sampling period (across-

site CV) than over time at a single wetland (tem-

poral CV). Interestingly, the temporal variability of

CO2 and CH4 was not correlated with water level

variability (Figure S1).T
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In groundwater, similar patterns hold and CH4

was much more variable than CO2 with all sites

and sampling dates falling above the 1:1 line (Fig-

ure 3b, d). Over time, the CO2 temporal CV aver-

aged 33% (13–64%) and the CH4 CV averaged

136% (45–280%). Spatially, the CH4 CV average

was 195% (112–297%) and the CO2 CV average

was 55% (33–69%). In contrast to surface water,

groundwater CH4 was more temporally and spa-

tially variable, while CO2 was less variable and

more constrained (note difference between the

axes in Figure 3).

Wetland Hydrogeomorphic
Characterization

Wetland maximum flooded area (hereafter, ‘‘wet-

land area’’) ranged from 379 m2 to 6410 m2, with

an average of 1431 m2 (Table 1, Figure 1h). Wet-

land area correlated strongly with wetland maxi-

mum flooded volume (hereafter, ‘‘wetland

volume’’), and therefore only wetland area was

used for subsequent analyses (p < 0.001,

R2 = 0.93; Figure S2a). Perimeter:area ratios also

have a nonlinear, negative relationship with area,

with some wetlands diverging from a linear rela-

tionship indicating a more complex morphology

(p < 0.01, R2 = 0.58; Figure S2b). Wetland eleva-

tion is similar across the 20 wetland sites used in

this study, ranging from 14.8 m to 19.2 m ASL

(Table 1).

Surface Water Greenhouse Gas and Water
Chemistry Patterns Across Sites

Across the landscape, surface water CO2 and CH4

concentrations were variable, with wetland aver-

ages across all sampling events ranging from 123.7

to 605.0 lM for CO2 and from 1.7 to 46.1 lM for

CH4 (Table 2, Figure 4). Some wetlands had higher

temporal variability, while others had more con-

strained ranges, though it is worth noting that

some wetlands were sampled more times than

others, given hydrologic conditions during each

sampling period (Figure S3a). CO2 and CH4 were

significantly different among wetlands

(p < 0.001). There were 3 groups of wetlands with

significantly different mean concentrations for CO2

and 4 groups for CH4 (Figure 4). We also found

that F1 had significantly higher CO2 and CH4

concentrations than all other wetlands

(p < 0.001). While not the focus of our study,

three out of four emergent vegetation wetlands

(those denoted with the letter E) had the lowest

concentrations of CO2, while all four in the study

had the lowest concentrations of CH4 (Figure 4).

Sites within wetland complexes were not statisti-

cally different with respect to CO2 (p = 0.45; Fig-

ure 4, Figure S4a) or CH4 (p = 0.42; Figure 4,

Figure S4b) concentrations.

Water chemistry also varied widely across sites

(Table 2). Average wetland pH ranged from 3.9 to

7.4, with generally acidic conditions across the

wetlands. Some wetlands had particularly high

specific conductivity such as wetland F11 with a

Figure 2. Concentrations of dissolved CO2 (a) and CH4 (b) in wetland surface water (pink circles) and groundwater (blue

triangles) across 11 sampling dates and 20 wetlands. Horizontal lines in the boxplots represent the surface water and

groundwater CO2 and CH4 medians; lower and upper box boundaries are the 25th and 75th percentile, respectively.

Vertical lines are the 95% confidence interval. Letters above each boxplot note a significant difference between surface

and groundwater based on a Tukey honest significant difference test (p < 0.05). c There was a significant positive

relationship between CH4 and CO2 in both surface water (pink circles) and groundwater (blue triangles) (c). Linear

regression lines, shading which represents the 95% confidence interval, and corresponding linear model statistics are

shown. Note that the CH4 axis is log-transformed.
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meanof 113.1uS/cm, but generallywetlands ranged

from20.1 to 69.5uS/cm.Wetlands in our studywere

also low in DO with most sites below 6 mg/L with

only 7 wetlands averaging between 6.1 and 8.7 mg/

L. Nutrients were generally low, with the highest

average TDN of 2.8 mg/L. Average DOC concentra-

tionswerehigh across siteswith a lowest sitemeanof

21.4 and a highest of 55.9 mg/L.

Average wetland surface water CO2 was not

correlated with maximum inundation area

(p = 1.0; Figure 5a), but smaller wetlands had

variable and generally higher CH4 concentrations,

though very weakly correlated (p < 0.005,

R2 = 0.07; Figure 5d). Wetlands with higher

perimeter:area and HAND values had higher aver-

age surface water CO2 and CH4 concentrations.

Perimeter:area, which indicates increasing mor-

phological complexity and aquatic-terrestrial

interfaces with higher values, was significantly

positively correlated with CO2 (p < 0.001,

R2 = 0.23; Figure 5b) and CH4 (p < 0.001;

R2 = 0.11; Figure 5e), though the relationship with

CO2 was stronger. HAND, a proxy of closeness to

the larger fluvial network, was weakly positively

correlated with average CO2 concentrations but

with a very low explanatory power (p < 0.05,

R2 = 0.04; Figure 5c) and was more strongly cor-

related with CH4 concentrations (p < 0.001;

R2 = 0.23; Figure 5f).

Hydrologic and Surface Water
Greenhouse Gas Temporal Dynamics

Over time, all wetlands were hydrologically vari-

able, with wetland water levels across all sites

ranging from - 0.7 m (water level below 0 indi-

cates a period in which the wetland went dry) to

1.1 m (Figure S3a). Water levels throughout our

sampling period tracked expected seasonal pat-

terns. In all wetlands, the water level was relatively

stable during early spring but decreased during the

summer months of 2021. This was followed by a

wet-up event and an increase in water level in

September 2021. Water level decreased slightly

after the fall wet-up and continued experiencing

short wet-up events, ultimately stabilizing in win-

ter and early 2022. The 2022 dry-down began in

late fall and into the summer, a period in which

most of our wetlands completely dried out. Smaller

Figure 3. Temporal coefficients of variation (CV) for CH4 and CO2 in surface water (a) and groundwater (b) for each

headwater wetland (n = 20) represent the temporal variability over the whole study period for each wetland. Across-site

CVs for CH4 and CO2 in surface water (c) and groundwater (d) represent the variability across all the wetlands for each

sampling date (n = 11). Each point in the top panel represents a wetland, while each point in the bottom panel represents

a sampling date. Note the difference in axes scales for across-site CH4 CVs (c, d).
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wetlands dried earlier and also experienced higher

hydrologic variability (Figure S5).

Seasonal and longer-termwater level changes also

potentially resulted in changing redox and green-

house gas dynamics over the 2-year time period

(Figure S3). Dissolved oxygen (DO) ranged from 2.9

to 7.5 mg/L and the lowest average concentrations

of 1.4 mg/L occurred during the summer period of

2021 with consequent slow increases in DO (Fig-

ure S3b). The highest concentrations in DO oc-

curred at the end of our study period between fall

(range = 5.42–9.65 mg/L) and winter (range =

3.27–10.77 mg/L) of 2022. CO2 variability across

sites was low during stable hydrologic moments and

was more responsive to the wet-up events than to

drying down (Figures 3c, S6b). The period preceding

our study had relatively stable hydrologic condi-

tions, and during the late spring and summer dry-

down period of 2021, surface water CO2 concentra-

tions began increasing. CO2 concentrations peaked

during fall and winter after the dry-down period in

which almost half of the wetlands in our study went

dry (Figure S3a, c). Into spring 2022 when water

level stabilized, CO2 concentrations decreased. This

period was followed by a rapid drying period in

summer, in which all but one of our wetlands dried

out, leading to fewer sampling periods. Following a

late fall wet-up after a long dry period, CO2 con-

centrations were more variable but stabilized by

winter. CH4 decreased consistently from December

2020 toDecember 2022, and average concentrations

had little response to key hydrologic moments or

seasons, with the exception of a slight increase in

CH4 following the summer 2021 wet-up (Fig-

ure S3d). Interestingly, CH4 variability among wet-

landswas also lower during stablehydrologic periods

and seemed to change more during dry down than

during wet-up periods (Figure S6b).

Daily mean water level correlated with CO2 in

surface water and did not correlate with CH4 in

surface water (Figure 6). We observed higher CO2

concentrations with lower daily mean water level

across the wetlands (p < 0.001, R2 = 0.11; Fig-

ure 6b). However, we did not observe a relation-

ship between CH4 and daily mean water level

(p = 0.9, R2 = 0.01) and higher CH4 concentrations

occurred across the range of different water levels.

Mixed-Effects Models

Mixed-effects models of surface water CO2 and CH4

indicated that a combination of biogeochemical

conditions influences carbon dynamics in these

wetlands, and that some influences on CO2 and

CH4 are site-specific. In our mixed-effects models,

we included water level, all water chemistry

parameters (DOC, anions, cations, and water iso-

Figure 4. Boxplots of concentrations of surface water dissolved CO2 (a) and CH4 (b) across all wetlands (n = 20), colored

by their corresponding wetland complex. Horizontal lines in the boxplots represent the site median; lower and upper box

boundaries are the 25th and 75th percentile, respectively. Vertical lines are the 95% confidence interval. Note that the y-

axis in (b) is log10-transformed. Data in this figure represent samples taken every 2–3 months over the course of 2 years,

where each point within a box is a different sampling date. The number of points within each site varied depending on

how many times each wetland was sampled and is not consistent across sites. Sites are arranged in order of highest to

lowest average concentration and significant differences across sites are denoted with different letters (Tukey’s honest

significant difference, p < 0.05).
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topes) as well as water physicochemical parameters

(DO, specific conductance, temperature, and pH) as

potential drivers of CO2 and CH4. We also included

CH4 as a potential driver of CO2 and CO2 as a

potential driver of CH4.

Significant fixed effects for surface water CO2

were pH (p = 0.0008), DO concentrations

(p = 0.0008), CH4 (p < 0.001), temperature

(p = 0.0003), and daily mean water level

(p = 0.03), and the overall model was statistically

significant (F = 396.8, p < 0.0001, R2 = 0.6; Ta-

ble 3). In the CO2 model, 56% of the variance was

attributed to a site effect. The overall CH4 model

was also statistically significant (F = 52.5,

p < 0.0001, R2 = 0.6; Table 4), with significant

fixed effects: pH (p = 0.004), CO2 (p = 0.004), NH4
+

(p = 0.00), and DOC (p = 0.01). The CH4 model

had a lower influence of site, with only 28% of the

variance attributed to the site effect. To specifically

evaluate why DO was not a significant predictor in

the CH4 surface water model and to compare with

the CO2 model, we also performed linear regres-

sions and found that CO2 concentrations were

higher under lower oxygen conditions and that

CH4 concentrations were generally higher but

variable below 6 mg/L and constrained above this

threshold (Figure S7). Predicted values of CO2

(R2 = 0.74) and CH4 concentrations (R2 = 0.69)

against actual concentration show a good perfor-

mance of both models with a better performance of

the CO2 model (Figure S8). Residuals for the CO2

model ranged from - 181.2 to 214.60 and for the

CH4 model from - 26.1 to 29.9.

DISCUSSION

This study quantified and evaluated the controls on

concentrations and variability in headwater wet-

land CO2 and CH4 across a hydrologically dynamic

wetland landscape. We found that wetlands with

higher perimeter:area had higher concentrations of

CO2 and CH4 and that the temporal variability was

driven by a combination of changing hydrology

and biogeochemical controls. Our results suggest

that CH4 was governed by the high availability of

substrate and associated redox conditions, while

CO2 concentrations were associated with high-

concentration groundwater inputs and hydrologic

changes. At the landscape scale, we found that

wetland hydrogeomorphic characteristics ex-

plained general patterns in CO2 and CH4: smaller

wetlands and, in particular, wetlands with a higher

perimeter:area ratio had higher average CO2 and

CH4 concentrations, and wetlands higher in the

landscape with higher HAND values had higher

average CH4 concentrations. Further, CH4 was

much more variable than CO2, and the variability

in surface water CO2 and CH4 concentrations across

sites was larger than the variability over time.

Different Sources and Mechanisms
Sustain CO2 and CH4 Supersaturation

The relationships between wetland CO2 and

hydrology, based on the pattern of higher CO2

concentrations with lower water level (Figure 6),

suggest that CO2 is sustained by inputs of CO2-

enriched groundwater (Figure 2). Groundwater

Figure 5. Relationships of average CO2 and CH4 concentrations with different wetland morphological variables across 18

of our wetland sites and their corresponding statistics. a–c CO2 concentrations and d–f CH4 concentrations with wetland

area (a, d), perimeter:area ratio (b, e), and height above drainage network (c, f). Lines are the best-fit linear model for

each relationship and shading around the lines is the standard error. Panels with statistics but no lines represent non-

significant linear relationships (p > 0.05).
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tends to have higher concentrations of CO2 due to

the accumulation of soil and root respiration (Ni-

kolenko and others 2019) and even varies among

wetlands dominated by different plants (Sharp and

others 2024). In the soils surrounding wetlands,

CO2 can accumulate in the soil environment and

later be transported to the wetland (Limpert and

others 2020). Sustained groundwater inputs can

provide a stable source of CO2 or CO2 accumulated

in the subsurface could be flushed into the wetland

during rain events. The role of groundwater as a

source of surface water CO2 has been extensively

documented, particularly in headwater streams

(Hotchkiss and others 2015; Duvert and others

2018; Lupon and others 2019) and coastal wetlands

(Wang and others 2022) but less so in freshwater

inland wetlands. Our sampling approach was not

fine enough to capture daily or weekly responses to

rain events and changing groundwater contribu-

tions but rather was able to capture seasonal

changes in groundwater, with groundwater

potentially having a higher contribution to wetland

CO2 during fall and winter when evapotranspira-

tion is not as high as in the late spring and summer.

Seasonally, once the wetlands dry out, oxygen

becomes more available and decomposition hap-

pens more rapidly, producing CO2 (Altor and

Mitsch 2008). We observed increases in CO2 during

and after a wet-up period which highlights that the

changing hydrologic conditions that influence

oxygen availability have the potential to change

decomposition rates (Figure S5). Further, changing

hydrologic conditions shift groundwater contribu-

tions and rain events flush CO2 into the wetlands

(Webb and others 2016).

Other processes, such as aerobic respiration and

the production of CO2 through CH4 oxidation,

could also be contributing to sustaining CO2 sour-

ces in these wetlands. The negative relationship

between CO2 and DO (Figure S7a) as well as the

positive relationship between CO2 and CH4 seen in

the mixed-effects models (Table 4) potentially

indicates production of CO2 from the oxidation of

CH4, particularly produced in the more oxygenated

groundwater (Zhu and others 2023). Similarly,

dissolved organic matter (DOM) released from

mineral subsurface soils that are frequently

hydrologically connected to groundwater in this

landscape has a microbial-like signature, which in

turn can provide a reactive organic matter source to

wetlands (Wardinski and others 2022). For exam-

ple, the delivery and subsequent mineralization of

soil-derived DOM can increase CO2 production in

wetlands (Rasilo and others 2017). However, dis-

solved organic carbon (DOC) was not a significant

effect in the CO2 mixed-effects model, suggesting

that the availability of substrate for mineralization

was not limiting CO2 production. Ultimately,

changing water level as well as seasonal changes in

groundwater contributions to surface water might

be more important in controlling CO2 concentra-

tions in these wetlands.

CH4 supersaturation in headwater wetlands is

likely sustained by production in anoxic sediments,

influenced by water column biogeochemical con-

ditions, and possibly altered by stratification in

larger and deeper wetlands. Compared to CO2

dynamics, we saw little influence of water level

variation on CH4 (Figure 6, S3). Since CH4 pro-

duction is less energetically favorable and CH4 can

be quickly oxidized in higher DO unsaturated

zones, groundwater is unlikely to be a direct source

of CH4 to our study wetlands. This stands in con-

trast with the stream biogeochemistry literature,

which has reported that both CO2 and CH4 can be

sourced from groundwater (Lupon and others

2019). Instead, it is more likely that CH4 is pro-

duced in the anoxic wetland sediments. Given that

our wetlands are relatively shallow and low in DO

(Tables 2 and 3), there are fewer opportunities for

CH4 oxidation to occur as CH4 moves into the

water column prior to being emitted from the

wetland surface. Further, the relationship observed

in the mixed-effects models between CH4 and CO2

could suggest that CH4 production from CO2

through the hydrogenotrophic methanogenesis

pathway might also be occurring in the less oxy-

Figure 6. Relationships of surface water CO2 (a) and

CH4 (b) concentrations with daily mean wetland water

level. Black vertical line indicates the ground surface.

Linear regressions are shown for the significant

relationships with corresponding statistics. The

relationship between CH4 and daily mean water level

was not significant.
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genated surface waters (Zhu and others 2023). We

also found higher CH4 concentrations with in-

creased dissolved organic carbon (DOC) in surface

water (Table 4). Additions and inputs of organic

matter can also stimulate CH4 production, and gi-

ven the high concentrations of DOC in these wet-

lands and its low oxygen conditions, the

production of CH4 can be large (Grasset and others

2018). Similar to studies evaluating the role of

inundation on CH4 dynamics in the same region

(Hondula and others 2021b), we found that the

magnitude of water level did not explain changes

in CH4. However, this previous work also found

that the direction of water level was important,

with decreasing water levels showing higher CH4

emissions. Over a longer timescale of two years, we

observed decreasing CH4 and increasing DO, which

could indicate that Delmarva headwater wetlands

are becoming more aerobic due to consistent drying

patterns within our study period. This drying can

lead to lower CH4 production and/or increased CH4

consumption and consequently, decreases in CH4

concentrations.

Temporal variability across wetlands was driven

by a combination of water level and corresponding

biogeochemical and physicochemical conditions.

For surface water CO2 concentrations, pH, DO,

CH4, temperature, and daily mean water level were

significant drivers in the mixed-effects model, with

higher CO2 concentrations associated with lower

DO, higher CH4, lower water temperature, and

lower water level (Table 3)—all related to hydro-

logic controls on CO2, as previously discussed. In

addition, our results highlight the strong site

specificity, with a site effect of 54% in the CO2

model, potentially driven by the influence of size

and area:perimeter. Surprisingly, the relationship

of CO2 with temperature was negative, contrasting

the predicted pattern that respiration would in-

crease with increasing temperature (Yvon-Dur-

ocher and others 2014). The complex interaction

among the many factors that influence gas

dynamics or changing availability of reactive or-

ganic matter substrates may be masking the tem-

perature effects. For example, in these shallow

wetlands, it is possible that the relationship with

temperature is modulated by water level (Chen and

others 2021).

In the CH4 model, we found significant effects of

pH, CO2, DOC, and NH4
+ with higher DOC, NH4

+,

CO2, and pH corresponding to higher CH4 con-

centrations (Table 4). In contrast, the site effect for

CH4 was 20%, which was lower than the site effect

of the CO2 model. The combination of DOC and

NH4
+ driving CH4 underscores the importance of

substrate availability and highlights how CH4 pro-

duction could increase with increasing nutrient

concentrations. Increased NH4
+ likely suppresses

CH4 oxidation and enhances CH4 production,

therefore leading to increased CH4 emissions (Liu

and Greaver 2009), which has important implica-

tions as we consider the impact of increasing

nutrient concentrations in freshwater ecosystems

globally. Interestingly, dissolved DO was not a sig-

nificant effect in the CH4 model. This is possibly

due to the nonlinearity of the relationship of CH4

with DO (Figure S7), in which CH4 concentrations

are higher and more variable below � 4 mg/L DO

and remain relatively constrained (less than

25 lM) above that DO threshold. Under low oxy-

gen conditions, terminal electron acceptors have

been used and the reduction of CO2 and fermen-

tation of acetate to produce CH4 are favored.

Whether CO2 or acetate is used to produce CH4

depends on the availability of the substrates and

the dominant methanogenic communities and

more specific isotopic or microbial work is needed

to elucidate the actual pathways of this CH4 pro-

duction.

CH4 as More Dynamic Over Time
and Across the Landscape than CO2

In addition to high concentrations of CO2 and CH4,

CO2 and CH4 variability over space and time was

substantial. We found that CH4 was generally more

variable (both over space and time) than CO2, and

that this variability was slightly higher than what

has been reported in other studies for both wetland

CO2 and CH4 (Holgerson and Raymond 2016;

Hondula and others 2021b). For example, globally,

Holgerson and Raymond (2016) looked at small

lakes and ponds and quantified an average CO2

concentration of 133.99 lM with a 16.69 lM
standard error and a CH4 concentration average of

7.57 lM with a standard error of 1.64 lM for size

classes below 0.001km2, which are comparable to

our study sites (range = 0.00038–0.00641 km2,

Table 2). In contrast, our study average for CO2

was 365.4 lMwith a standard error of 20.1 lM and

for CH4, a mean of 11.8 lMwith a standard error of

2.3 lM. Further, our observed CH4 variability over

time is potentially underestimated given that our

sampling did not capture ebullition, which is a

substantial and highly variable flux of CH4 given

CH4’s low solubility in water (Crawford and others

2014). The lower temporal variability of CO2 in

contrast to CH4 could be due to the sustained and

relatively stable groundwater CO2 contribution. On

the other hand, production pathways and sources
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for CH4 might be influenced by a larger combina-

tion of environmental factors and therefore more

dynamic and complex (Bridgham and others 2013).

Aerobic CH4 production could result in different

CH4 production rates across different hydrologic

conditions and redox conditions (Wang and others

2022; Mao and others 2024), but the availability of

reactive organic matter may limit when and where

oxic CH4 production can occur in wetlands.

Importantly, our results that show the different

controls on CH4 and CO2 highlight the increased

need to resolve spatiotemporal variability, particu-

larly for CH4.

Spatial variability is also higher than temporal

variability showing that within-seasonal patterns

are constrained relative to differences across sites

(Figure 3). Higher spatial variability of CO2 and

CH4 in our study points to a large landscape

heterogeneity, which could increase during periods

of hydrologic disconnection (Figure S6). Soil car-

bon stocks at these same sites are also highly vari-

able (Stewart and others 2023). On a relatively

small landscape scale, we also found that CO2 and

CH4 patterns in the wetlands were not associated

with wetland complex (Figures 4, S4). We expected

some spatial patterns driven by wetland complexes

due to more localized precipitation events and

watershed soil conditions, which we did not ob-

serve. In addition, wetlands within wetland com-

plexes can experience surface water connections,

potentially mixing water sources and making

greenhouse gas dynamics more homogenous

within wetlands close to each other. However, we

did not observe homogenization of CO2 or CH4 and

instead found large effects of site-specific relation-

ships, particularly for CO2, which are discussed in

more detail below. Small-scale processes, such as

landscape heterogeneity due to anoxic microsites

and particular microbial communities or biological

interactions, could then be driving the high spatial

variability (Koch and others 2014). Broader re-

gional controls like hydrogeomorphology and re-

gional climate patterns, which are beyond the scale

of this work, might also drive greenhouse gas

concentrations patterns (Hassan and others 2023).

While not a specific objective of this work, we also

found that emergent vegetation wetlands generally

had lower CH4 and CO2 concentrations. The role of

vegetation in greenhouse gas emissions can be

substantial (Jeffrey and others 2019). Our findings

highlight the need for increased bottom-up mea-

surements of greenhouse gas concentrations and

emissions across different types of wetlands given

the difficulty in generalizing patterns at the sub-

catchment scale.

Wetland Hydrogeomorphology Influences
Greenhouse Gas Dynamics

In comparison with other studies focused on small,

freshwater wetlands, our wetlands were generally

smaller (< 7,000m2, Figure 1), which fills a

knowledge gap of CO2 and CH4 concentrations in

small and hydrologically variable wetlands,

ecosystems missing from many pond and wetland

studies. Smaller, more morphologically complex

(that is, higher perimeter:area) wetlands have

higher dissolved CO2 and CH4 surface water con-

centrations. We did not see a relationship with

wetland area and CO2, but we did see a negative

relationship, though very weak, with wetland area

and CH4 (Figure 5). However, the low R2 of 0.07

for the relationship between area and CH4 high-

lights that there remains a lot of variability that is

not explained solely by area. We did see a positive

relationship of both CO2 and CH4 with perime-

ter:area, indicating the importance of the shape and

terrestrial-aquatic interfaces of the wetland in

driving the perimeter:area-GHG relationship, par-

ticularly for CO2. In particular, these relationships

with perimeter:area had higher explanatory power

than the relationships with area, with an R2 of 0.23

for CO2 and 0.11 for CH4. Higher concentrations of

CO2 in the smaller, more morphologically complex

wetlands we monitored further suggest that

groundwater inputs across the terrestrial-aquatic

interface could be a substantial source of CO2,

particularly in ecosystems that are highly con-

nected to their terrestrial environment and have

greater perimeter:area for inputs. A higher

perimeter:area indicates an increased reactive

interface which implies increased interactions with

the sediment, providing a larger area for CH4 pro-

duction as well as increased inputs of high-CO2

groundwater from the terrestrial landscape

(Downing 2010). Higher CO2 concentrations in

smaller wetlands have also been documented at the

global scale (Holgerson and Raymond 2016) as well

as in other more localized studies in the Arctic

(Ludwig and others 2022) as well as Canada and

Chile (Hassan and others 2023). Smaller wetlands

tend to be more sheltered from wind shear and

have lower reaeration coefficients which can pre-

vent gas exchange to the atmosphere (Richardson

and others 2022). Given that reaeration can affect

both CO2 and CH4, we would have also expected to

see a negative relationship between wetland area

and CO2, which is similarly influenced by gas ex-

change, but we did not. Therefore, other variables

besides gas exchange play a part in the observed

CO2 and CH4 relationship with area. Small wet-
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lands also have high connectivity to the landscape

which can provide direct inputs of organic matter

substrates for CO2 and CH4 production (Holgerson

2015; Ludwig and others 2022; Richardson and

others 2022).

Our results also highlight the landscape scale

patterns that can emerge and point to the potential

role of transport, gas exchange, and metabolic

processes in modifying these patterns. We found

that average wetland CH4 concentrations and on a

lesser scale, CO2 concentrations, were higher in

wetlands with higher HAND values (Figure 5).

HAND can serve as a proxy height above the water

table or the relative position along the hillslope

transect. A low HAND value suggests the wetland is

toward the bottom of the hillslope and, impor-

tantly, suggests it intersects more readily with the

groundwater table (Savenije 2010). Inversely, a

high value of HAND suggests the wetland is toward

the top of the hillslope and thus likely has less ac-

cess to the water table. HAND can serve as a proxy

of the relative closeness to the nearest drainage

outlet, with a higher HAND representing a higher

network position (Rennó and others 2008). While

the wetlands in the Delmarva landscape do not

experience consistent surface water connections,

any brief surface connection can represent a sub-

stantial movement of water and solutes (Lee and

others 2023). In addition, the subsurface and

groundwater are locally and regionally connected,

with potential for transport down the network

through subsurface flowpaths (McLaughlin and

others 2014; Lane and others 2018). While turbu-

lence is relatively low in these wetlands, both CO2

and CH4 are being outgassed as they move down

the network and into larger wetlands, potentially

decreasing surface water concentrations if the de-

gassing flux is larger than inputs. Within each

wetland complex, some wetlands are spatially ar-

ranged downstream from each other and experi-

ence intermittent surface connections. Thus, with

lower HAND values, there is an increased oppor-

tunity for transport down the network and de-

creased average CO2 and CH4 concentrations

(Figure 5). We expected within-network patterns

to be particularly strong within the more connected

wetlands versus wetlands that are truly isolated in

the landscape. In theory, wetland order would

therefore be a useful variable to evaluate how CO2

and CH4 might be outgassing; however, given our

high representation of 1st-order wetlands, this

evaluation is better suited to a spatially broader

approach. Further, the positive relationship be-

tween CH4 concentrations and HAND in our results

could point to biological mechanisms. When CH4 is

produced, usually within the anoxic sediment, it

can be oxidized as it moves into more oxic parts of

the wetland landscape (Ward and others 2020). In

this context, lower CH4 concentration in sites closer

to the outlet of a network (lower HAND) could

point to the role of higher CH4 oxidation rates that

decrease CH4 concentrations as CH4 makes its way

down the network.

Inundated Headwater Wetlands are
Hotspots of CO2 and CH4

Regardless of location or time of year, small,

headwater wetlands were always supersaturated in

CO2 and CH4 with respect to the atmosphere dur-

ing our study, highlighting their consistent role as

CO2 and CH4 sources on the landscape (Figure 4).

In years with less rainfall, wetlands in our study

region can be CH4 sinks when they are not inun-

dated (Hondula and others 2021b). Other wetland

ecosystems, particularly coastal wetlands, also can

alternate between sinks and sources of carbon due

to environmental conditions and changing inun-

dation regimes. For example, wetlands with high

gross primary production compared to ecosystem

respiration can take up more CO2 than they emit,

and this can change seasonally with changing

temperatures, water level, and light dynamics

(Kominoski and others 2021). Similarly, there

might be periods in which wetlands are negligible

CH4 sources or sinks due to increasing aerobic

conditions which promote CH4 oxidation and de-

crease CH4 production (Gleason and others 2009).

In cases in which wetlands are also acting as CO2 or

CH4 sinks, their ultimate contribution to carbon

emissions depends on the difference between up-

take, burial, emissions, and hydrological transport

of both CO2 and CH4. However, our study suggests

that inundated portions of headwater wetlands on

the Delmarva Peninsula are persistent sources of

both gases, which contrasts with other wetland

ecosystems that might shift between sources and

sinks. It is possible this shift between source and

sink could also occur within these wetlands and

long-term monitoring will be an important com-

ponent of further understanding these source-sink

dynamics. CO2 and CH4 concentrations in this

study are comparable to other small, isolated wet-

land estimates and fall within the higher ranges of

broader global wetland concentrations (Badiou and

others 2011; Kifner and others 2018; Hondula and

others 2021b). The higher concentrations in these

small, headwater ecosystems across regions and

globally highlight the potential role of freshwater

inland wetlands with high organic matter concen-
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trations and high terrestrial connectivity to serve as

biogeochemical hotspots of carbon emissions, with

important implications for future management,

particularly in the context of wetland restoration

(Kolka and others 2018; Rosentreter and others

2021).

CONCLUSION

Our findings confirm the potentially dispropor-

tionate and dynamic role that small, headwater

wetlands can play as biogeochemical hotspots of

CO2 and CH4 emissions and export (Marton and

others 2015; Cohen and others 2016; Hondula and

others 2021b). Headwater wetlands are numerous

in many landscapes and could ultimately con-

tribute large amounts of carbon to the atmosphere,

suggesting a critical need to incorporate the mag-

nitude and variability of CO2 and CH4 in headwater

wetlands into global carbon models and upscaling

efforts. We also documented large spatial variability

in CO2 and CH4 among wetlands associated with

maximum inundation area, perimeter:area ratios,

and height above the nearest drainage. Our find-

ings support the growing understanding that CO2

and CH4 dynamics represent one of the more

complex and variable carbon fluxes in wetlands,

with differing controls on CO2 and CH4 driving

differences on their spatial and temporal variability.

While not assessed in this study, dry periods likely

represent moments in which the wetlands are CO2

and CH4 sinks (Hondula and others 2021b) and

future studies integrating dry and wet emission

fluxes will further improve our understanding of

the role of headwater wetlands in landscape carbon

budgets. More broadly, future work developing

multi-annual wetland carbon budgets to identify

how CO2 and CH4 concentrations and fluxes

compare to other wetland carbon fluxes, such as

soil storage and net ecosystem production, is nec-

essary to characterize the ultimate contribution of

headwater wetlands to landscape and global carbon

cycling on longer time scales. Finally, land use

alterations and climate change-induced changes in

hydrology and increasing temperatures can drasti-

cally alter wetland carbon dynamics (Peng and

others 2022), while small wetlands have recently

lost many of their federal protections in the USA,

establishing them as highly vulnerable ecosystems

(Lane and others 2023). Evaluating the impacts of

disturbance and climate change on CO2 and CH4

production, consumption, transport, and emissions,

both empirically and experimentally, will help us

predict what these dynamics can look like in the

future to better inform their conservation and

management.
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Rennó CD, Nobre AD, Cuartas LA, Soares JV, Hodnett MG,

Tomasella J, Waterloo MJ. 2008. HAND, a new terrain

descriptor using SRTM-DEM: Mapping terra-firme rainforest

environments in Amazonia. Remote Sensing of Environment

112:3469–3481.

Richardson DC, Holgerson MA, Farragher MJ, Hoffman KK,

King KBS, Alfonso MB, Andersen MR, Cheruveil KS, Cole-

man KA, Farruggia MJ, Fernandez RL, Hondula KL, López
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