Wetlands (2024) 44:1 !@
https://doi.org/10.1007/s13157-023-01751-x R AN

ORIGINAL RESEARCH ARTICLE

Check for
updates

On the Relationship Between Aquatic CO, Concentration
and Ecosystem Fluxes in Some of the World’s Key Wetland Types

Jessica L. Richardson'® - Ankur R. Desai? - Jonathan Thom? - Kim Lindgren? - Hjalmar Laudon’ - Matthias Peichl’ -
Mats Nilsson® - Audrey Campeau® - Jarvi Jarveoja® - Peter Hawman® - Deepak R. Mishra® - Dontrece Smith” -
Brenda D’Acunha®- Sara H. Knox® - Darian Ng° - Mark S. Johnson® - Joshua Blackstock'® - Sparkle L. Malone' -
Steve F. Oberbauer'? - Matteo Detto'> - Kimberly P. Wickland'* - Inke Forbrich'” - Nathaniel Weston'© -

Jacqueline K.Y. Hung'” - Colin Edgar'® - Eugenie S. Euskirchen®. Syndonia Bret-Harte'® . Jason Dobkowski'? -
George Kling'® - Evan S. Kane?° - Pascal Badiou?' - Matthew Bogard?? - Gil Bohrer?® - Thomas O’Halloran?* .

Jonny Ritson?’ - Ariane Arias-Ortiz?° - Dennis Baldocchi®® - Patty Oikawa?’ - Julie Shahan?® - Maiyah Matsumura??

Received: 13 July 2023 / Accepted: 1 November 2023
© The Author(s), under exclusive licence to Society of Wetland Scientists 2023

Abstract

To understand patterns in CO, partial pressure (P(,) over time in wetlands’ surface water and porewater, we examined the
relationship between P, and land—atmosphere flux of CO, at the ecosystem scale at 22 Northern Hemisphere wetland sites
synthesized through an open call. Sites spanned 6 major wetland types (tidal, alpine, fen, bog, marsh, and prairie pothole/
karst), 7 Koppen climates, and 16 different years. Ecosystem respiration (R.,) and gross primary production (GPP), com-
ponents of vertical CO, flux, were compared to Pr,, a component of lateral CO, flux, to determine if photosynthetic rates
and soil respiration consistently influence wetland surface and porewater CO, concentrations across wetlands. Similar to
drivers of primary productivity at the ecosystem scale, P, was strongly positively correlated with air temperature (T,;,) at
most sites. Monthly average P, tended to peak towards the middle of the year and was more strongly related to R, than
GPP. Our results suggest R, may be related to biologically driven P, in wetlands, but the relationship is site-specific
and could be an artifact of differently timed seasonal cycles or other factors. Higher levels of discharge do not consistently
alter the relationship between R, and temperature normalized P(,. This work synthesizes relevant data and identifies key
knowledge gaps in drivers of wetland respiration.
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Introduction understanding of the relationship between vertical C fluxes
(NEE, gross primary productivity (GPP), and ecosystem res-
piration (R,.,)) and lateral loss or movement of C (dissolved

organic carbon (DOC), dissolved inorganic carbon (DIC))

Refining our Understanding of the Wetland C Cycle

Global wetlands may contain as much as 71% of the biologi-
cal carbon (C) stored on land, despite making up less than
9% of global land area (Mitra et al. 2005; Zedler & Kercher
2005). To understand the potential for wetlands to maintain
C pools under changing conditions, we must evaluate how C
moves into and out of wetland ecosystems. Lateral C export
from wetlands is a crucial part of understanding global wet-
land C storage capacity. Comparing wetland dissolved CO,
concentrations to net ecosystem exchange (NEE, the net
CO, flux from ecosystem to atmosphere) could improve our
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(Bogard et al. 2020). NEE is unlike net ecosystem produc-
tion (NEP) in that it represents observed land—atmosphere
gas exchange and captures CO, fluxes from fire but does not
reflect upwelling or lateral or vertical mixing of aquatic DIC
(Chapin et al. 2006).

While vertical fluxes explain the exchange of C between
ecosystems and the atmosphere, lateral fluxes indicate hori-
zontal transport away from the ecosystem where C was ini-
tially fixed by photosynthesis (Ciais et al. 2008). Lateral
fluxes depend on landscape connectivity, the concentration
of C in surface water, and water flow (whether from ground-
water, surface water, or precipitation). CO, partial pressure
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(Pcop) is a component of DIC related to the concentration of
dissolved CO, in water and is an important aspect of measur-
ing lateral gas exchange, especially at low pH (Megonigal &
Neubauer 2009). We ask three main questions about lateral
and vertical CO, flux through this work:

1. What are the average wetland water (soil porewater and
surface water) P, concentrations?

2. Through which processes are lateral and vertical C flux
components linked?

3. How does discharge mediate the relationship between
P, and vertical fluxes, if at all?

We hypothesize that GPP and R, contribute to the
biologically derived component of P, in wetlands when
there is low lateral import and therefore negligible exter-
nal influence on Pq,. Environmental factors such as Ty,
and water temperature (T,,.,), groundwater, and surface
water are some examples of external influences which could
obstruct a biological signal in Pq,. Root respiration (R, )
and leaching of other root exudates could convert a fraction
of CO, uptake by plants (GPP) into dissolved C in soil and
water, which can then become part of lateral C flux. This
is not unlike the plant-mediated relationship between GPP
and subsequent methane flux (FCH,) in wetlands (Gomez-
Casanovas et al. 2020; Turner et al. 2021). Relating lateral
and vertical fluxes is challenging due to the compounding
effects of T,;. and water level, which could interfere with
potential correlations between GPP or R, ., and Pqq,. T,;,
will generally enhance wetland GPP but reduce P,, while
rising water level will typically increase GPP and P,
(Pugh et al. 2018).

Estimating Wetland Lateral Carbon Flows

Some evidence already exists for the relationship between
lateral and vertical CO, flux in wetlands (Santos et al.
2019; Schneider et al. 2020; Bogard et al. 2020) and for-
ests (Oquist et al. 2014). More specifically, previous studies
have measured CO, concentrations and fluxes to understand
their relative contributions to overall C balance at individual
sites (Chu et al. 2015; Nilsson et al. 2008). This relation-
ship needs to be further explored across different timescales
because environmental controls that affect lateral and verti-
cal fluxes could change from the daily to annual scale. Meas-
uring the strength of correlation between lateral and vertical

wetland CO, exchanges using GPP, R, and dissolved CO,
in wetland surface and porewater could improve our under-
standing of the link between fluxes and how they affect C
sequestration and storage in water over time.

In this data synthesis, we expect differences between
wetland types in terms of both hydraulic residence times
(HRTs) and productivity. We hypothesize that the relation-
ship between aquatic CO, concentration and ecosystem
fluxes will differ across hydrologic wetland types (e.g.,
groundwater-fed fens, precipitation-fed bogs, tidal marshes,
etc.) as a result. Average water travel time through an eco-
system or water body is represented as HRT (Kusin 2013)
and has been measured in wetlands of various types (Arega
et al. 2008; Etheridge et al. 2017; Sullivan et al. 2019; Win-
kler et al. 2016; Buytaert & Beven 2011; McJannet et al.
2012; Anderson & Lowry 2007; Maynard et al. 2009; Knox
et al. 2008; Holloway 2010; Jordan et al. 2003; Gibson
et al. 2000; Morris & Waddington 2011; Fleck et al. 2007;
Gamble et al. 2003). Research shows tidal wetland HRT
is typically shorter than other wetland types, followed by
tidal creeks (Table 1). Fen wetland HRTs are greater and
are inversely related to water level and discharge. Accord-
ingly, HRTs in bogs are much longer than other wetland
types due to their unique precipitation-dependent hydrol-
ogy. Coupling between vertical and lateral CO, exchanges
in wetland surface and porewater could disaggregate simi-
larly to wetland types and HRTs, with stronger coupling in
alpine wetlands and porewater due to longer HRTs, lower
flow rate, and therefore less external influence on P,.
Comparing lateral and vertical fluxes across wetland types
will expand our understanding of how GPP or R, relate to
P, and whether this conceptual framework is supported
by observations.

How P, Relates to Ecosystem Fluxes

Numerous processes factor into lateral and vertical exchange
of wetland CO, (Fig. 1). Precipitation mixes with plant
isoprene emissions, pollution, and dust to provide organic
matter to soils below (Ward et al. 2017). Plant debris accu-
mulates and decays initially at the soil surface. Photo-
synthetic uptake of atmospheric CO, and conversion into
photosynthate supplies plant metabolism and the release of
CO, through roots. Precipitation, root respiration of CO, and
other exudates, and decaying plant material provide organic
carbon (OC) for soil organisms to consume. Venting of CO,

Table 1 Mean area-weighted average hydraulic residence times (HRTs) according to ecosystem type. Details about references used to make this

table can be found in the Supplementary Information (Table S1)

Ecosystem

Marsh (excluding impounded marsh)

Tidal Fen Bog Alpine Porewater

Hydraulic residence time (HRT) 0.4 h

5.6h 1.6 days 2.9 days 17.5 days 23.7 days
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Fig. 1 Illustration of various contributions to lateral and vertical CO,
wetland flux between soil, water, and air. Chemical processes (trans-
formation) are in blue; physical processes (groundwater, plant decay,
aerenchymatous transport, ebullition, precipitation, soil and surface

through the shoots, transported by aerenchyma, can prevent
toxic buildup of CO, and bicarbonate in plant roots (Kirk
et al. 2019). Many of these processes are also conduits for
the movement of wetland CH,, such as aerenchyma, ebulli-
tion, groundwater infiltration, soil or surface water diffusion,
and lateral import or export (Vroom et al. 2022; Villa et al.
2020). CH, produced in soils can also be transformed into
CO, through oxidation by methanogens in saturated soils or
the water column.

Groundwater is typically rich in CO, and its upwelling
represents an important but highly spatially variable gas
source to soil porewater, surface water, and eventually the
atmosphere (Chen et al. 2023). Assessing the influence of
groundwater on whole-ecosystem gas exchange is extremely

water diffusion, lateral import and export) in red; biological processes
(microbial methane oxidation, root respiration, photosynthesis) in
green. DOM stands for dissolved organic matter, DOC stands for dis-
solved organic carbon, and OC represents organic carbon

challenging given its spatial and temporal variability. Global
surface-water-to-groundwater turnover time at 25 m below
surface is estimated to be ~ 10 years for aquatic ecosystems,
which necessitates long-term monitoring studies to accu-
rately estimate landscape-level carbon budgets and their
decadal variability (Downing & Striegl 2018). Similarly,
deep soil may release CO, to surface soils during the transi-
tion from warmer to colder months, which can then diffuse
into surface and porewater (Campeau et al. 2021a). Lateral
import of CO, tends to be lower than export in wetlands but
is still a fundamental and understudied aspect of wetland C
cycling.

Transformation of C is continuous as these dynamic wet-
land processes take place. Organic substrates and DOC are
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biologically transformed (e.g., decomposition) into inor-
ganic C. Labile DOC is oxidized to CO,, which depending
on water pH may form bicarbonate or carbonate, which is
then exported laterally or released from surface water to the
atmosphere. Additional processes contributing to the trans-
formation and cycling of wetland C include weathering,
snowfall, photo-oxidation, coastal outwelling, anthropogenic
disturbances, bicarbonate buffering, and more. Transforma-
tion of wetland DOC into DIC is more thoroughly discussed
from the coastal ecosystem perspective in Santos et al.
(2021). Factors controlling temporal variability in tidal wet-
land DIC flux are discussed further in Wang et al. (2016b).

The primary objective of this study is to determine how
GPP and R, observed through the vertical flux of CO,,
relate to Pcq,, an important component of lateral flux, in
wetlands. We do this by comparing GPP and R, to Pcq,
concentrations at different timescales, measuring the
strength of coupling, and determining whether it is a direct
or indirect link. Analysis focused strongly on R, rather
than NEE, because it was expected to relate most closely
with P.q, due to root respiration. We hypothesize that
GPP and R, are coupled to Pq, in wetlands because of
the physical connection between photosynthesizing plants,
CO,-respiring roots, and surface water and porewater. Fur-
thermore, low lateral flow and higher HRTs should lead to
a majority of on-site vertical exchange and respiration of
Pcop, which would become part of whole-ecosystem flux

®

o
°
z

Fig.2 Koppen climate map of study sites. Numbers represent each
site listed in Table 2. Koppen classifications in the legend are listed
according to the codes in Table S3 (Supplementary Information).
Meridians are shown every 20° from -180 to 30°. Stars represent fens;
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captured by the eddy covariance (EC) method. Low lateral
flow should therefore lead to P, being more directly con-
nected to vertical flux components. Higher flow rates and
lower HRTs should lead to the transportation and consump-
tion of P, outside of the flux tower footprint of an indi-
vidual site, and a less pronounced relationship between P,
and GPP or R, due to EC measurements overlooking this
portion of ecosystem gas exchange. A weaker link between
P, and vertical flux is also expected during times with
higher lateral flow due to stronger input from other factors
like groundwater, with different chemistry and age charac-
teristics (Pint et al. 2003).

Methods
Experimental Design

Through an open call, we collected and synthesized meas-
urements of lateral and vertical CO, flux across 22 Northern
Hemisphere wetland sites (Fig. 2). Our goal was to collect
data on GPP, R, Pcp, and related variables (i.e., Ty,
T aer» Water table depth (WTD), discharge) across sub-diel,
diel, and monthly scales to test the relationship between
lateral and vertical wetland flux. To determine typical wet-
land soil porewater and surface water P, concentrations

(Question 1), we compared high-frequency P, time series

—— | I I i I I I I [ I I I
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asterisks indicate tidal systems; diamonds represent bogs; squares
represent marshes; circles represent prairie potholes or karsts; and tri-
angles symbolize alpine systems. The Koppen climate basemap was
from Beck et al. (2018)
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measurements from six different categories (alpine, marsh,
tidal, fen, bog, and prairie pothole/karst) and multiple loca-
tions, and identified significant differences using ANOVA.
There were 22 sites with sufficient surface water measure-
ments and 9 with sufficient porewater measurements to
answer this question.

To establish whether a relationship exists between lateral
and vertical wetland CO, flux components (Question 2), we
need data on Pr,, GPP, and R, on a broad range of tem-
poral scales. We tested our hypothesis that lateral and verti-
cal wetland CO, flux components are related by comparing
seasonal cycles of porewater and surface water P, to R,
and GPP at 3 sites with sufficient data (Eden Landing Eco-
logical Reserve (US-EDN), Allequash Creek Wetland Site
(US-ALQ), and Degerd Stormyr (SE-Deg)). Additionally,
nonparametric regressions of lateral and vertical flux com-
ponents were performed at sites with at least three months of
concurrent half-hourly or hourly data. Five sites met this cri-
terion (US-EDN, US-ALQ, US-Myb, US-Los, and SE-Deg).

The question of how discharge mediates the relationship
between lateral and vertical flux components (Question 3)
required concurrent sub-daily scale data on wetland R, or
GPP, P, and discharge from multiple sites. To test our
hypotheses, we identified a subset of three wetlands (US-
EDN, US-ALQ, and SE-Deg) with sufficient data for fur-
ther analysis. Lateral and vertical flux components from the
subset were compared across times with low, medium low,
medium, and high discharge rates at each site. These flow
regimes were defined as 0-25™ percentile, 25™-50" percen-
tile, 50""-75", and 75M-100" percentile discharge rates at
each site.

Site Descriptions

Sites were found through web search (Google Scholar),
solicited online (FLUXNET listserv, Twitter, email) and by
word-of-mouth (Table 2). Sites included in the synthesis
needed to have in-situ P, data from within the wetland or
in a nearby (< 1 km) wetland stream outlet, as well as light
chamber flux measurements only for sites with dominant
low-lying vegetation or EC flux measurements for sites with
scrubs, shrubs, tall grasses, or tree cover. Observations of
WTD and T,;, or T, were helpful but not necessary for
sites to be included in analysis.

Tidal

Tidal wetlands featured in the study occupied both the east
and west coasts of the United States (Fig. 2 and Table 2).
Different fluctuations in tide height were observed during
each tidal cycle across sites, with water level at some wet-
lands fully receding below the marsh surface every day and
staying above the surface for the entire study duration at

others. Further details on all wetlands included in the study
can be found in the Supplementary Information.

Alpine

One alpine wetland located within the Loch Vale watershed
of Rocky Mountain National Park, Colorado, was included
in the study. The wetland is vegetated, but the surrounding
watershed is dominated by bare rock. Snow cover can last
up to 8 months of the year, making snowmelt and buildup of
gases under snow and ice important means of gas production
and transport.

Prairie Potholes and Karsts

Prairie potholes featured in the study included ecosystems
of both Canadian and US Prairie Pothole Regions (PPR),
which have been the subject of many studies on soil organic
C stocks under different land management practices (Loder
& Finkelstein 2020; Tangen & Bansal 2020; Bansal et al.
2021). These wetlands are shallow freshwater marshes
formed by glaciers retreating from the landscape during the
Pleistocene. Surface water is regulated mainly by precipita-
tion and snowmelt, leading to bog-like hydrology. Sulfate-
rich groundwater or sulfur-oxidizing microbes in the region
also contribute to high rates of sulfate reduction and carbon
mineralization, which ultimately increases ecosystem C stor-
age (Dalcin Martins et al. 2017).

Seasonally flooded karst wetlands of the Big Cypress
National Preserve in Florida have similar shallow depths,
with bedrock interface occurring around 2 m or less (Ward
et al. 2020). However, these depressional wetlands formed
under much different conditions (e.g., carbonate bedrock dis-
solution) slightly more recently, during the transition from
Pleistocene to Holocene. Groundwater lies on a shallow
aquifer directly below the soil surface.

Bogs, Fens, and Marshes

Bogs featured in the study were previously disturbed for dif-
ferent reasons but have since been restored through active
or passive rewetting techniques. Wetlands of the South Pen-
nines, United Kingdom were dominated by sedge (Eriopho-
rum vaginatum and E. angustifolium) whereas the Canadian
peat bog was dominated by both sedge and moss (Sphagnum
spp.)-

Fens incorporated in the study had a range of freshwater
sources, from upland forest runoff to river flow to mountain
snowmelt. Fen wetlands had a range of disturbance levels,
including preservation, natural burning, and draining fol-
lowed by rewetting. Site locations included Alaska, the mid-
western USA, and Sweden.
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Surface water from only one freshwater marsh was
included in the study. The wetland was impounded for
restoration purposes, leading to low surface water flows
between inlets and outlets controlled by wind and hydro-
logic management (Miller et al. 2008; Arias-Ortiz et al.
2021). Droughts in the region can lead to salinization due
to evapoconcentration, saltwater intrusion, and reduction of
typically constant water table levels.

Porewater

Sites with porewater data included two riverine fens, a
boreal rich fen peatland, a range of wetland types (peatland
plateaus, peatland ponds, and fen channels) in Alaska, and
a flooded natural freshwater estuary with marsh hydrology.
Dominant vegetation types varied across wetlands with pore-
water data. More details can be found in the Supplementary
Information.

Data Processing

P, was measured directly through automatic sampling at 8
sites, manual sampling at 11 sites, and both at 3 sites. P,
concentrations of manual samples were determined using
gas chromatography with flame ionization detection (GC-
FID) or isotope ratio mass spectrometry (IRMS). Automated
sampling of P, was performed with different infrared gas
analyzers (IRGAs) across sites (Table S2). Eddy covariance
CO, flux data (NEE) were gap-filled and partitioned into
GPP and ecosystem respiration (R.,) using marginal distri-
bution sampling (MDS) and the daytime-based algorithm
available through the online tool, REddyProc (Lasslop 2010;
Wautzler et al. 2018). The micrometeorological convention
used in this study is positive NEE for C source, negative
NEE for C sink. Raw half-hourly flux data were made avail-
able upon request following site data sharing policies or col-
lected through those available under the CC-BY4 license on
FLUXNET or AmeriFlux archives. MATLAB scripts used
for creating figures and calculating statistics provided in this
manuscript are available online (Richardson 2023a). More
details on sampling techniques, methods, and references can
be found in Supplementary Information.

Statistical Testing

Significant differences in daily and annual average Pq,
concentrations according to wetland type were determined
with ANOVA testing. Sites with at least 5 measurements
for each hour, for at least 10 h per day, were included in diel
cycle analysis (Figs S1-3). Although high frequency meas-
urement was not a criterion for site selection, only sites with
at least 5 months of data coverage from a single year were
included in seasonal analysis (Figs S4&5), and monthly data
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were averaged together across years. Sites with at least three
continuous months of daily-scale resolution or finer P,
were used to determine optimal measurement frequency (Fig
S12). Sites with a T,;, range of at least 10 °C were included
in the comparison of T, and P, (Fig S13). Sites with a
WTD range of 0.4 m or more were included in comparisons
of WTD and P, (Fig S14).

Coupling between P, and vertical flux was evaluated
based on the relationship between APy 4 Tmean 10 SUrface or
porewater and R, or GPP. Significant, positive correlations
between APcgy at Tmean @0d R, 0r GPP were interpreted
as coupling. The influence of T,,,, was removed using
Eq. 1 (Takahashi et al. 2002). T,,..n is the average T, in °C
during the study period and T, is the observed T, o Tair
is used if there are no T, data for the site. Poq, at T
the temperature normalized partial pressure of CO, (in patm
or ppmv). The sensitivity parameter, b, is a number between
0 and 0.05 calibrated at each site and the values calculated
for the subsample sites are provided in the Supplementary
Information (Table S5).

mean 18

[h(Tmean _Tob.x )l ( 1 )

PC02atTmean = PCOZe

AP0y 4 Tmean Was estimated based on biologically derived
Pcos (Peos io) as the difference between the maximum and
minimum daily average concentrations for each day (Eq. 2;
Takahashi et al. 2002). Calibration was done by calculating
the correlation coefficient between P 4 Tmean @nd tempera-
ture after changing the sensitivity parameter by 0.001 and
selecting the value that resulted in the lowest correlation
coefficient, without becoming negative (i.e., overcorrecting
for the influence of temperature).

APCOZatTme(m = (PC02atTmean)max - (PCOZatTmean)min (2)

Results

Patterns and Concentrations of P, in the World’s
Key Wetland Types

Overall, there were more than 6,000 daily resolution P,
data points from wetland surface (74%) and porewater
(26%), and 27 annual resolution P, data points (81%
surface, 19% porewater). Wetland type did not influence
annual average Pc, concentrations (ANOVA, Fy; 4,=1.55,
p=0.24). However, seasonal P, cycling did appear to
be related to wetland type, and all wetlands included in
the study demonstrated seasonal and diel cycles of P,
GPP, and R, (Fig S1-6). Monthly average P-q, typically
reached the highest concentrations of the year sometime in
August for most fens, bogs, marshes, prairie potholes and
karsts, and porewater. The highest monthly average P,
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at these wetlands were observed at least one month after
peak CO, uptake. The exception was the alpine wetland,
where P, peaked in April, prior to the month with the
highest photosynthetic CO, uptake. Monthly average Pq,
at the alpine wetland appeared to be linked to snow depth
(Fig S9). More concurrent alpine wetland data would be
necessary to confirm this.

Surface water and porewater were supersaturated with
CO, across all wetland types, as indicated by daily average
concentrations above current atmospheric background of
approximately 415 ppmv (Fig. 3). Diel P, cycles varied
across and within wetland types (Figs S1-3). For example,
Pq, followed a semidiurnal pattern (i.e., completing a full
cycle twice a day) at only three of 4 tidal wetlands (Fig
S7). The same wetlands with semidiurnal cycles in Pqq,
also featured semidiurnal tidal cycles (Fig S8). Pq, also
appeared to fluctuate with T, in some tidal wetlands
(Fig S10) but was driven by changes in tide height in oth-
ers (Fig S11). Daily average P, was also dependent on
wetland type (ANOVA p <le-10, Fy; 4= 181). Daily aver-
age P, was lowest at the alpine wetland at 811 ppmv on
average and was statistically significantly different from
the next highest categories of marshes (1,574 ppmv) and
tidal wetlands (2,431 ppmv) (Fig. 3). Fens, bogs, and prai-
rie potholes/karsts had similar daily average P, concen-
trations, ranging from approximately 3,350 to 4,100 ppmv.
Daily average porewater P-y, was more than an order of
magnitude higher than the highest daily average surface
water concentrations at~ 100,000 ppmv. The largest rela-
tive percent range of P, within a single day was 1,872%,
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or more than 10 times the average concentration for that
day and was observed at an impounded oligohaline marsh.

Relationship of P, to Drivers

Monthly average photosynthetic CO, uptake reached a
maximum in June for all wetland types. Fens and bogs
demonstrated the lowest monthly average GPP compared
to other wetland types. Annual mean GPP at the alpine wet-
land Loch Vale was on the higher end of published ranges
for alpine tundra wetlands (118631 gC m™2 yr™!; Lu et al.
2017; Table S4). Cumulative annual GPP for the impounded
marsh US-Myb was on the higher end of published ranges
for coastal marshes (1,023-1513 gC m~2 yr~!). Annual mean
GPP for fens, bogs, and prairie potholes/karsts in this study
aligned with published ranges for other peatlands (201-869
gC m~2 yr~!) and freshwater shrub swamps (248-856 gC
m~2 yr~!). All wetland types demonstrated similar diel CO,
fluxes, emitting less than 5 umol m~2 s~' CO, at night, and
absorbing up to 14 umol m~2 s~ CO, during the day through
photosynthesis from approximately 5 am until 8 pm, though
this varies with latitude and time of year. The highest pho-
tosynthetic CO, uptake occurred towards the middle of the
day for all sites, despite differences in diel cycles of P,.
Wetland type influenced the relationship between P,
and T, as was evidenced by the strong correlation between
Pco, and Ty, at the alpine wetland (R =-0.96, p=0), which
was higher than any other wetland site (Fig S13). T,;, only
had a significant negative impact on P, at the alpine wet-
land. Fens, bogs, and marshes presented the highest sig-
nificant positive correlations between daily average surface

Fig.3 Bar graph of daily average P, in (A) surface water and (B) porewater across all wetland types. Error bars represent standard error of the

mean
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water Prq, and T,;, (R=0.88 to 0.95, p <0.05). Porewater
P, was also positively correlated to T,;, across all sites
with sufficient porewater data (R=0.69 to 0.86, p <0.05).
The correlation between P, and T,;, was insignificant at
prairie potholes/karsts and tidal wetlands (p > 0.05). The
relationship between P, and WTD was not as distinct. A
positive correlation between P, and WTD was only evi-
dent in surface water at two wetland sites; a marsh (R =0.98,
p<0.001) and a prairie pothole (R=0.99, p=0.01). Results
changed when comparing P, and T, instead of P, and
T,ir» with impounded marsh US-Myb demonstrating a sig-
nificant negative correlation (R=0.74, p=0.01), most likely
driven by the reduction of CO, solubility with increasing
T aer Of the five sites with sufficient overlapping observa-
tions of P, and T, there were positive correlations at
only two sites, fen SE-Deg porewater (R=0.97, p=0.001)
and fen US-ICs surface water (R=0.88, p< <0.01). Cor-
relations between P, and T, at the remaining sites were
insignificant (Fig S14).

Seasonal changes of Pq,, GPP, and R, were apparent in
the three subsample sites, and monthly average GPP gener-
ally surpassed R, (Fig. 4). Daily resolution porewater P,
was significantly (p=0) more strongly correlated with R,
(R=0.88) than GPP (R=0.67) at US-ALQ. The same was
true for SE-Deg porewater P, and R, (R=0.22) com-
pared to SE-Deg porewater P, and GPP (R=0.12). Nei-
ther GPP nor R, were significantly (p >0.05) correlated to
surface water P, at the tidal marsh. Correlation between
GPP or R, and surface water P, was similar in fens US-
ALQ (R=0.35, 0.34) and SE-Deg (R=0.61, 0.68). Only fen

SE-Deg exhibited significant correlations between NEE and
P, though the relationship varied from weakly positive
in porewater (R =0.06, p=0.03) to more negative in surface
water (R=-0.39, p=0.001).

Lateral and Vertical Fluxes are Not Linked
by Discharge

A positive relationship between daily resolution R, and
porewater AP-q o tmean Was Observed at two out of 3 sites,
and between R, , and surface water APcg5 4 Tmean at tWO
out of 3 sites. The strength of correlation varied across sites
(Fig. 5). Although APy 4 Tmean 111 SOil porewater at fen US-
ALQ was positively correlated with R..,, APcos at Tmean 11
surface water at the same site was not. The largest observed
difference between P, and APq5 4 Tmean @V€raged across
the entire study period was in SE-Deg porewater, which
was 1.157e5 ppmyv. The smallest observed difference was
in US-ALQ surface water, with a difference of 518 ppmv. A
comparison of P, and AP g, o Tmean fOT all subsample sites
is provided in the supplementary information (Figure S17).

Random variations in daily scale correlation between
lateral and vertical flux components appeared to be inde-
pendent of fluctuations in discharge rate across sites (Fig. 6).
Analysis of correlation coefficients between Prgy ot Tmeans
GPP, and R, revealed that flow mediated the relationship
between P, and GPP at the tidal marsh (Fig S16), but not
at either fen. Medium low flow corresponded with stronger
coupling of P-g, and GPP at the tidal marsh (R=-0.57,
p=0.005), though this could be a result of changing flow
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Fig.4 Monthly averages of Prq,: (A) in surface water (left axis) and
soil porewater (right axis) at fen SE-Deg; (B) surface water at tidal
marsh US-EDN; (C) surface water (left axis) and soil porewater
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(right axis) at fen US-ALQ); and monthly averages of (D) GPP (right
axis) and (E) R, (right axis) at all three sites. Shaded areas display
standard deviation
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Fig.5 Daily resolution APcgy 4 Tmean (PPMV) versus R, in (A) sur-
face water, abbreviated SW, in a tidal wetland and fen bin-averaged
every 50 ppmv, (B) nontidal marsh bin-averaged every 1,000 ppmv,

and (C) porewater, abbreviated PW, bin-averaged every 5,000 ppmv.
Solid lines represent the linear fit
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Fig.6 Daily average discharge at (A) fen US-ALQ, (B) tidal marsh
US-EDN, and (C) fen SE-Deg and corresponding correlation coef-
ficients between half-hourly or hourly resolution Prgy o Tmean (S€€
Eq. 1) and R, for each day in (D) US-ALQ surface water, (E) US-

direction (Fig S15). There were 11 low flow days at the tidal
marsh with significant correlations between Py, and GPP
(R=0.56, p< <0.01), and 5 high-flow days with weaker,
but significant correlations between P, and GPP (R=0.36,
p=0.02). The relationship between discharge and correla-
tion coefficient between P, and R., in the tidal marsh was
insignificant (p >0.05).

EDN surface water, and (F) SE-Deg porewater. Filled circles repre-
sent significant correlations. Only positive correlations are shown.
Negative discharge suggests a change in the direction of surface water
flow

Results at the two subsample fens were similar, with simi-
lar correlation coefficients between sub-daily scale measure-
ments of lateral and vertical flux components across flow
regimes. Flow did not mediate the relationship between P,
and R, ., (p>0.05), or GPP (p>0.05) at fen SE-Deg. For
example, there were 126 high-flow days with significant cor-
relations between P, and R, (R=0.67, p=0.005), and an

€Co
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equally strong, significant correlation between P, and R,
on 100 days with medium low-flow (R=0.67, p=0.006) at
the site. Correlation between P, and R,, was also inde-
pendent of flow regime at US-ALQ (p >0.05). There were
four high-flow days with significant correlations (R =0.62,
p=0.008) between hourly surface water P, and R, and 8
medium low-flow days with equally strong, significant cor-
relations (R=0.62, p=0.007) of P, and R.,. Only three
low flow days demonstrated significant, positive correlation
between P, and GPP at fen US-ALQ (R=0.57, p=0.01).
Seven medium low-flow days had significant correlations
between P, and GPP (R=0.52, p=0.02). There were no
medium or high-flow days with significant Pg, and GPP
correlations at US-ALQ.

Discussion

Diel and Seasonal Cycles of Lateral and Vertical
Wetland Flux Components

We hypothesized that R, and root exudates would cause
physical coupling between GPP or R, and P.q,, with
the strongest links occurring during times of low flow or
in wetlands with longer HRTs and therefore lower flow
rates. Results showed that GPP, R., and P, have simi-
lar seasonal cycles across all wetland types except alpine
wetlands. P, concentrations between wetland types are
related on the daily scale but not at other timescales. Sea-
sonal surface water P, cycling bogs, fens, and freshwater
marshes observed in this study were similar in magnitude
to ranges provided by earlier studies of wetland ecosystems,
but were higher than P, concentrations in streams and
ponds. For example, Johnson et al. (2010) found P, in
a peatland stream in Finland to range from approximately
610-2,036 ppm from April to June, which was similar in
magnitude to the annual fluctuation in monthly average Pq,
in surface water at a marsh, fen, and alpine wetland pre-
sented in this study (US-Myb, US-ALQ, and LV; Fig S5).

Surface and porewater supersaturation across all wetland
types matched expectations based on decomposition-lim-
iting anerobic wetland conditions (Billett & Moore 2008;
Aho & Raymond 2019). Although this would point to wet-
land surface and porewater as CO, sources from a thermo-
dynamic standpoint, the combined effect of CO, uptake
by photosynthetic organisms, coupled with the subsequent
burial of organic matter, can surpass losses due to respiration
or water—air evasion, which is lower in stagnant wetland sur-
face waters than turbulently mixed water bodies (Koprivnjak
et al. 2010).

Daily average P, was more variable within and across
wetland types than monthly averages (Figs S1, S5). Hydrau-
lic residence times (HRTs) did appear to have a general
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impact on P, with daily average concentrations increas-
ing from marshes to tidal wetlands, fens, and then bogs
(Fig. 3). Wetland soil porewater across all wetland types
also followed this rule, with higher HRT than surface water
and much higher concentrations than wetland surface water.
Alpine wetlands were an exception to this rule, possessing
the largest HRTs but the lowest CO, concentrations com-
pared to other wetland types. This could be due to HRT
being lowest immediately following snowmelt in alpine
ecosystems, then returning to a longer residence time for
the rest of the unfrozen year. However, information on resi-
dence times at each site throughout the study period would
be necessary to confirm this.

Diel fluctuation of wetland P, observed at all sites
in this study was similar to findings from other studies of
aquatic ecosystems (Gomez-Gener et al. 2021; Rudberg
etal. 2021; Attermeyer et al. 2021). In some rare instances,
aquatic systems will lack any diel signal (Crawford et al.
2017). Diel P, reached a maximum at nighttime in some
wetlands, suggesting that root respiration increases P, in
surface water at night and strengthening our hypothesis that
lateral and vertical CO, exchange are likely related. Diel
Pq, concentrations fluctuated by tens to thousands of ppmv
from the highest to lowest point depending on the site and
day (Fig S1). Manual sampling only at certain times of day,
such as during low tide or daytime hours, could result in
misrepresentation of daily average P, concentration. Algal
photosynthesis and DIC speciation due to bicarbonate buff-
ering could also play a role in surface water CO, variability,
but more information would be necessary to confirm this.
Diel P, fluctuation could also be due to higher midday
water temperatures decreasing CO, solubility and releas-
ing surface water CO, into the atmosphere. Other wetlands
achieved maximum concentrations at midday, which was
opposite to expectations if the two variables are linked (Fig
S1). This relationship has previously been observed in an
ultra-oligotrophic lake, where photosynthetic uptake was
not clearly related to dissolved CO, (Eugster et al. 2022).
Our analyses supported the idea that lateral and vertical CO,
exchange in wetlands are not consistently strongly linked on
the daily or seasonal scales.

Optimal Measurement Frequencies

Representativeness of local P, sensor measurements at a
broader spatial scale (e.g., flux tower footprint, entire wet-
land) is unknown. Additionally, transparent soil respiration
chambers placed over vegetated zones will likely capture
higher CO, fluxes as result of their influence on microbial
respiration and other factors (Wang et al. 2016a). Annual
average fluxes can also range between sinks and sources at
different locations within the same forested site, as in Sak-
abe et al. (2015). As a result, we focused on seasonal and
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diel cycles of P, and GPP, averages across entire study
periods, and direct links rather than P, concentrations at
individual sites or at specific times.

Optimal measurement frequency was determined to be
the point at which the linear relationship between a subset of
the original data had a correlation coefficient of R=0.8 with
the original dataset. There was a steep decline in representa-
tiveness of daily average P, if half-hourly measurements
were made less than once every 10 days, highlighting the
usefulness of long-term measurement of P, (Figure S10).
Sub-daily scale measurements are also important for captur-
ing the coherence between daily cycles of GPP and temper-
ature-normalized P, in some wetlands. Daily measure-
ments should be made at least 50 times per year to accurately
estimate annual average concentrations (R =0.8 with annual
means), and 3 or more times per month for accurate monthly
average concentrations (R =0.8 with monthly means).

Study Limitations

The main limitation of this study was the lack of data on
the multiple external influences on wetland surface and soil
porewater P, followed by a lack of wetland sites with
concurrent high-frequency lateral and vertical CO, flux
and concentration measurements. High-frequency, concur-
rent measurements of discharge rate and lateral import of
Pqo, are essential to calculate net lateral export as Pqq,.
Other information related to water residence times (e.g.,
flood depth and duration) could be valuable in explaining
variations between lateral and vertical CO, flux and con-
centration. Groundwater, surface water, precipitation, and
their carbonate chemistries all play varying roles in Pq,
concentrations and fluctuations across wetland types and are
often site-specific.

Scientific understanding of wetland lateral CO, fluxes
would also benefit from better spatial data resolution. There
were no wetlands in our study from South America, which
contains the largest wetland surface area out of any con-
tinent (Junk 2013). Concentrations of surface water Pq,
in floodplain wetlands of the northwestern Brazilian Ama-
zon ranged 896-13,530 ppmv, the upper end of which is
higher than the monthly average of most sites presented in
this study (Belger et al. 2011). Streams and rivers of the
central and southwestern Amazon Basin are similar, with
P, concentrations ranging approximately 890-13,250 ppm
(Ellis et al. 2012). Forested wetlands near Lake Janauaca
in the central Amazon basin of Brazil also had high Pq,,
ranging from 664-11,006 ppmv (Amaral et al. 2020). Pq,
in a sewage-fed aquaculture pond in the East Kolkata wet-
lands of India were even higher, reaching as high as 21,140
ppmv (Bhattacharyya et al. 2020). A study on wetland plant
physiological performance under flooding stress in the Pan-
tanal determined that the wetland plant communities are

well adapted to changing soil conditions caused by intense
flooding followed by an intense dry season (Dalmagro et al.
2016). Comparing seasonal and diel cycles of surface water
and porewater P, R..,, and GPP in tropical wetlands such
as these will likely reveal unique and surprising relationships
between environmental variables.

Directions for Future Research

Measuring and monitoring changes in P, is valuable
because it exchanges more readily with the atmosphere than
other forms of DIC (which are non-gaseous). Tracking DIC
speciation is also necessary for understanding short-term
biological dynamics. Inorganic C is the least measured net
ecosystem carbon balance (NECB) term and makes up the
majority of hydrologic C export and the majority of soil
C (Bogard et al. 2020; Mabher et al. 2013; Leibowitz et al.
2018). Although wetland DOC export at some sites is esti-
mated to be an order of magnitude lower than DIC export,
its measurement is equally as important because it is often a
limiting factor on biota and plays a role in microbial metabo-
lism, nutrient cycling, UV light in the water column, and
drinking water treatment (Megonigal & Neubauer 2009;
Korbel & Hose 2011; Ritson et al. 2014).

Soil and porewater CO, concentrations in wetlands are
disconnected from atmospheric fluxes (i.e., GPP, R, NEE)
because they are controlled by a multitude of other factors,
which are deserving of further research. Such factors include
anaerobic biological processes (e.g., methane oxidation) and
physical processes (e.g., groundwater upwelling) which con-
tribute to CO, buildup in wetland surface waters (Megoni-
gal & Neubauer 2009). Air—water gas exchange can also be
large and variable, giving rise over time to larger changes in
the accumulation of aquatic CO, and its re-release into the
atmosphere (Ward et al. 2017). The physics of wetland gas
transport is an understudied avenue for further exploration.

Anaerobic mineralization of organic matter in wetland
soils increases porewater pH and alkalinity, buffering coastal
acidification (Sippo et al. 2016). Tidal wetlands with more
marine exchange often feature higher soil inorganic C due
to the higher settling and dissolution of CaCO;, reducing
Pcq; in the water column and increasing total alkalinity in
the surrounding water (Mueller et al. 2023; Saderne et al.
2021). There are many opportunities for further exploration
of the carbonate equilibrium and its impact on C storage in
coastal systems. Areas that would benefit from further inves-
tigation are the quantification of total alkalinity export and
calcium carbonate lateral flux between coastal ecosystems
and the ocean, determining the fate of exported DIC as it
moves downstream, the stability of the alkalinity buffer (i.e.,
how much DIC remains carbonate or bicarbonate versus how
much is later evaded as CO,?), and the proportion of total
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alkalinity export due to carbonate sediment dissolution ver-
sus other sources (e.g., denitrification, fermentation, etc.).

New research is attempting to refine less understood
aspects of the wetland C cycle by quantifying the coastal
wetland contribution of DIC to the ocean or developing
new frameworks for analyzing landscape-level fluxes. In
fact, viewing wetland C within the context of watersheds as
part of a net watershed exchange (NWE) could be the solu-
tion to improving estimations of lateral export (Casas-Ruiz
et al. 2023). Our work suggests that as the planet warms
and the contributions of different sources to runoff increase
(e.g., rainfall) or decrease (e.g., snow and glacier melt), the
influence on lateral export as P, may be unpredictable
(Cui et al. 2023). Long-term monitoring of discharge, GPP,
Ricor WTID, T,i, Pcgp, and HRTs could help improve our
understanding of drivers of lateral CO, export from global
wetlands.

Summary

This study was one of the first to evaluate water table,
aquatic CO, concentration, and ecosystem gas exchange
with eddy covariance across a range of wetland sites. Our
study had the benefit of time series analysis over multiple
years, rather than inferring relationships from discontinuous
manual samples, which were the primary method of aquatic
CO, sampling a generation ago. Linkages between lateral
and vertical CO, exchange were examined according to wet-
land type by comparing seasonal and diel cycles, measuring
the strength of coupling, and determining whether there was
a direct or indirect link by removing the influence of T,,.,
or T,;. and estimating APq, » Tmean- INitially, it was believed
that a possible relationship might exist between GPP, R,
and P, due to the physical connection of photosynthe-
sizing plants to surface and porewater through roots. We
hypothesized that a signal from R, would appear in dis-
solved CO, in wetlands with higher HRTs and during peri-
ods of low flow.

There were no statistically significant differences in
yearly average P.q, according to wetland type. However,
daily average P, was affected by wetland type, with alpine
wetlands producing the lowest amounts of surface water dis-
solved CO,, and the highest concentrations were in prairie
potholes/karsts. Porewater P, was at least an order of mag-
nitude greater than the highest daily average surface water
concentrations, likely due to heightened anoxia and the lack
of wind-driven gas evasion below the soil surface. Air tem-
perature was significantly negatively correlated with bin
averaged P, at an alpine wetland but had a positive cor-
relation with P, in other wetland sites, with the strongest
relationships occurring in fens, bogs, and marshes. The con-
nection between WTD and P, was not consistent across
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or within wetland types. Periods of low discharge did not
necessarily lead to higher correlations between GPP or R,
and Pc,.

Soil porewater and surface water AP, were not consist-
ently positively correlated with R, ., or GPP. Further study
of wetland porewater and surface water P, is essential
to understand its complex relationships with other envi-
ronmental variables and improve wetland C budgeting and
ecosystem modeling. Our findings suggest that simple or
direct universal relationships with eddy covariance flux
tower estimates of GPP or R, and in-sifu measurements
of P, to estimate or link lateral and vertical exchanges of
CO, at wetlands are not likely to be found. Further research
on wetland lateral CO, exchange could determine drivers
of site-specific differences in P, concentrations such as
site-specific hydrology, aquatic chemistry (e.g., pH, salin-
ity, etc.), spatial or interannual variability, and lag effects,
and incorporate those relationships into ecosystem models.
There remains a need for concurrent high resolution, long-
term measurements of lateral and vertical greenhouse gas
flux along with relevant ancillary data such as tide height
or WTD and T, or T, Higher quality data will help to
remove the influence of external effects (e.g., weathering or
tides) and allow studies to move past simple comparisons
and correlations towards more advanced analytical meth-
ods to better identify environmental drivers of wetland gas
emissions.
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tary material available at https://doi.org/10.1007/s13157-023-01751-x.
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