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Abstract Redox-active organic matter (RAOM) reduction is an important control on methane production in
northern peatlands, but it is unclear how global climate change will affect RAOM reduction. We investigated the
effects of water-table levels on RAOM reduction by leveraging a long-term water-table manipulation
experiment in an Alaskan fen, which includes Lowered and Raised treatment plots relative to a Control.
Common substrate peat was incubated in each plot during one summer of experimental manipulation and
another summer of site-wide flooding. During experimental manipulation, common substrate RAOM was more
reduced in the Raised plot than the Lowered plot at both 10-20 cm (19.1 + 0.8 vs. 0.7 + 0.3 pmol ¢~ g~ dw
peat, p = 0.003) and 30-40 cm (18.0 + 0.5 vs. 3.6 = 1.2 pmol e~ g~ ! dw peat, p = 0.011). During site-wide
flooding, differences in common substrate RAOM persisted with greater RAOM reduction in the Raised plot
than both Control and Lowered plots (p < 0.05) and greater methane production from Raised plot common
substrate. A comparison of the chemical composition of Raised and Control peat during an anaerobic laboratory
incubation showed that the compounds removed during microbial processing differed between plots with a
higher double bond equivalence to carbon ratio for the Raised plot (0.54 + 0.13) compared to the Control plot
(0.44 = 0.17). Together, these field and laboratory results suggest that long-term increases in water-table levels
can have complex effects on RAOM beyond oxygen availability with the potential to impact methane
production from northern peatlands.

Plain Language Summary Global climate change is expected to affect peatland processes that
control the production of greenhouse gases including methane. One key, understudied process is the microbial
use of organic molecules as electron acceptors during respiration (called organic matter reduction) in these
oxygen-limited environments. To better understand peatland response to global climate change, we studied how
long-term differences in water-table levels in an Alaskan fen would affect organic matter reduction. We
incubated a well-mixed peat sample in three different water-table manipulation plots and found that organic
matter reduction closely followed water-table level, but that legacy water-table levels still had an effect on these
organic molecules even when all plots were completely flooded. Plots that had experienced higher water-table
levels and higher organic matter reduction also had higher rates of methane production. Our results from in situ
porewater chemistry and laboratory incubations of peat suggest that the differences in organic matter reduction
observed at the peat surface may be due to a change in how microbes process carbon following long-term water-
table changes. Taken together, these findings show that long-term changes to peatland water-table levels can
have lasting effects on processes controlling peatland carbon cycling.

1. Introduction

Northern peatlands above 45°N latitude are large, natural sources of methane (CH,), a potent greenhouse gas, to
the atmosphere (Abdalla et al., 2016; Frolking et al., 2006). The water-logged, anaerobic conditions of northern
peatlands enable methanogenesis, but CH, production rates vary widely across northern peatland ecosystems in
part because of differences in the abundance of alternative, inorganic terminal electron acceptors (TEAs; nitrate,
oxidized iron, sulfate etc.) within the soil (Bridgham et al., 2013; Lai, 2009). When these TEAs are reduced by
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microbes during anaerobic respiration, carbon dioxide (CO,) is produced as a byproduct, and CH, production is
suppressed because of the energetic favorability of inorganic TEA reduction over methanogenesis (Bridgham
et al., 2013). There is now a large body of work demonstrating that the redox-active organic matter within peat
(RAOM; defined by Valenzuela & Cervantes, 2021) is an underrecognized and important organic TEA for
anaerobic microbial respiration in peatland ecosystems (Keller et al., 2009; Kliipfel et al., 2014; Rush et al., 2021;
Walpen et al., 2018). The electron-accepting components of RAOM include both quinone moieties, which act as
reversible TEAs, and double-bonded carbon molecules, which serve as a permanent electron sink via hydroge-
nation (Wilson et al., 2017). Regardless of the redox-active component, the reduction of RAOM within the peat
suppresses CH, production in peatlands mainly via its energetic favorability over methanogenesis (Gao
et al., 2019; Keller & Takagi, 2013; Wilson et al., 2017). Obradovi¢ et al. (2024) estimated that competitive
suppression of CH, by RAOM could explain lower CH, production in peatland ecosystems by ~33 x 10° mol
CH, km™? per year, playing a key role in regulating peatland carbon (C) cycling. Despite its importance, the
effects of a changing climate on RAOM reduction in northern peatlands are unknown.

One global change driver currently affecting northern regions is changing precipitation patterns with predictions
of more intense rainfall events followed by increased periods of drought on the landscape (Barel et al., 2021;
Lehmann et al., 2015). The changes in hydrology mean northern peatlands are experiencing more extreme
fluctuations in water-table levels both within growing seasons and from year-to-year (Zhong et al., 2020).
Changes in water-table levels relative to peat surface can have direct effects on RAOM reduction because the
water-table directly regulates oxygen availability, and redox states, along the peat profile (Niedermeier &
Robinson, 2007; Urquhart & Gore, 1973). The direct effects of oxygen availability on RAOM redox state have
been explored previously in laboratory studies (Gabriel et al., 2017; Kliipfel et al., 2014) but only recently have
studies moved from the laboratory to explore direct effects in field environments. Rush et al. (2021) was one of the
first in situ studies to show progressive reduction of RAOM within the peat relative to different water-table levels
in a peatland ecosystem. Obradovi¢ et al. (2024) took this approach a step further and showed that an oxidized,
reference RAOM material was reduced when incubated below the water-table in a series of ombrotrophic bogs.
These studies demonstrate the potential for in sitt RAOM reduction, but whether this holds across different water-
table levels and different peatland types needs to be explored.

Additionally, while these field-based in situ studies of RAOM reduction have been crucial to our growing un-
derstanding of the direct effects (Rush et al., 2021), the indirect effects of long-term water-table level shifts on
RAOM reduction remain largely unknown (see Zhang & Furman, 2021). Changes in water-table levels may
indirectly alter RAOM reduction by affecting peat plant communities, which will impact peat composition,
microbial activity, and dissolved organic matter (DOM) composition (Rober et al., 2023; Wyatt et al., 2024). For
example, a sustained drop in water-table levels over multiple growing seasons can increase ericaceous shrub
community abundance (Breeuwer et al., 2009; Potvin et al., 2015) leading to a change in peat composition by
introducing inputs of decaying organic matter with higher levels of aromaticity, conjugated moieties, and
phenolic moieties compared to inputs from mosses or sedges (Wu & Roulet, 2014). Given that these compounds
are expected to be constituents of RAOM (Klavins & Purmalis, 2013), this shift in peat composition via indirect
water-table level effects could lead to changes in RAOM reduction. Conversely, higher water-table levels may
lead to greater sedge abundance, and subsequent increases in microbial colonization around the rooting zone as
sedges support more oxidized rhizospheres (Rupp et al., 2021). Both increased sedge abundance and microbial
colonization may change rates of RAOM reduction by adding more simple C substrates for respiration (Yan
et al., 2022) and stimulating microbes to utilize more complex compounds, like RAOM, as a TEA (Kuzyakov &
Blagodatskaya, 2015; Yin et al., 2013). These interactions between changes in vegetation and microbial com-
munities can also affect the composition of DOM available for anaerobic respiration (Reiche et al., 2010). Many
studies have focused on water-table induced changes to peatland C quality in the DOM pool (Haapalehto
et al., 2014; Hribljan et al., 2014; Strack et al., 2008) but few have looked at the solid-phase C pool. Taken
together, the current literature demonstrates the complex, indirect effects of water-table levels on anaerobic C
cycling, emphasizing the need for more in situ studies to understand how climate-induced changes to peatland
water-table levels affect processes such as RAOM reduction and subsequent CH, production.

Considering this knowledge gap, we investigated the effects of water-table level on the reduction of RAOM
within peat (herein referred to as “RAOM reduction”) via two research questions: (a) What are the direct effects
(i.e., oxygen availability) of water-table levels on RAOM reduction? and (b) What are the long-term, indirect
effects of water-table levels on RAOM reduction? We approached these questions by leveraging a long-term
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Figure 1. Depictions of the study site. (a) Location of the Bonanza Creek Long-Term Ecological Research Site in interior
Alaska (made using ggmap; Kahle & Wickham, 2013). (b) Aerial view of the Alaskan Peatland Experiment site with Raised,
Lowered, and Control plots from left to right. Photo credit: Evan Schijns.

(15 years) water-table manipulation experiment in a rich fen in Alaska. Fens are one of the most common peatland
types in boreal regions of North America, and the C storage in these systems is more sensitive to the effects of
global climate change than in other peatland types, experiencing prolonged periods of both drought and flooding
(Vitt, 2006; Wu & Roulet, 2014). Our study site, the Alaskan Peatland Experiment (APEX), has been undergoing
water-table level manipulation since 2005, providing unique insights into the long-term cumulative effects of
water-table level fluctuations on peatland C stores; a key knowledge gap outlined in reviews of peatland climate
research (Loisel & Gallego-Sala, 2022; Page & Baird, 2016). The APEX site includes three, 120-m?> experimental
plots: Raised and Lowered water-table plots that are relative to a Control plot (Turetsky et al., 2008). On average,
the water-table level is 9 cm lower in Lowered and 10 cm higher in Raised relative to the Control (Olefeldt
etal., 2017). This water-table manipulation was maintained during each growing season for ~7 years until the site
underwent flooding in the summers of 2012, 2013, 2014, 2017, 2018, 2020, and 2022 (Euskirchen et al., 2020;
Kane et al., 2021; Olefeldt et al., 2017). During these flooded years, all experimental plots, regardless of assigned
water-table treatment, were completely submerged. The long-term water-table manipulation, combined with
sporadic flooding years, offers an opportunity to investigate the effects of water-table level changes on RAOM
reduction over time.

We designed a series of experiments to investigate direct and indirect effects of water-table levels on RAOM
reduction at the APEX site in a series of experiments. We investigated (a) the direct effects of water-table level on
RAOM reduction and indirect effects of ~15 years of water-table level manipulation mediated by changes in (b)
DOM composition and (c) changes in solid-phase C composition. We hypothesized that water-table level would
be a strong control on RAOM reduction with RAOM being the most reduced in the Raised plot during a non-
flooded year. However, during a flooded year—when all plots were fully submerged—we hypothesized that
RAOM reduction would be similar among plots as oxygen availability would be a stronger control on reduction
than differences in DOM composition. Finally, we hypothesized that ~15 years of water-table level manipulation
would lead to changes in peat composition among the plots and that these changes would impact RAOM reduction
and C greenhouse gas production. By using a combination of in situ field and laboratory techniques to determine
multiple consequences of water-table level changes on RAOM reduction, we provide greater insight into how
RAOM reduction, CH, production, and, more broadly, how peatlands may respond to global climate change.

2. Materials and Methods
2.1. Study Area

The APEX site (Figure 1) is in the Tanana River floodplain just outside the boundary of the Bonanza Creek
Experimental Forest near Fairbanks, Alaska (64.70°N, 148.31°W). Interior Alaska is classified as a boreal region
with a mean annual air temperature of —2.9°C and mean annual precipitation of ~269 mm (Hinzman et al., 2006).
The site is characterized as a moderate to rich fen (surface water pH 6.0-6.5) and is comprised of vascular species
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(Carex, Comarum, and Equisetum), brown moss, and Sphagnum (Chivers et al., 2009; Kane et al., 2010; Turetsky
etal., 2008). In situ water-table manipulation has led to a decrease in sedge abundance in the Lowered plot relative
to the Control and Raised plots (Churchill et al., 2015; Rupp et al., 2021). The peat depth is ~1 m and has no
distinct microtopography (Turetsky et al., 2008).

2.2. Peat Peeper Design and Peat Core Collection

To investigate in situ differences in RAOM reduction between the water-table manipulation plots, we employed
“peat peepers”, a design inspired by the peepers typically used in sampling aquatic ecosystems (see Risacher
et al., 2023). Peat peepers were constructed from ~2.5 cm diameter PVC pipes with 16, ~0.6 cm holes drilled
along 10 cm increment sections along the sides, allowing for equilibration between the inside of the pipe and the
surrounding soil environment. Peepers were 60 cm long and capped on the top and bottom to prevent water
flowing in from either end. The depth increments used for this study were 0-10, 10-20, and 30—40 cm below the
peat surface.

Three replicate peat peepers were installed in each plot. Peepers were installed by first sampling to 40 cm
below the peat surface using a sharpened, stainless-steel corer (~2.5 cm diameter) with a drill bit attachment
(Nalder & Wein, 1998). Peat was removed and peepers were immediately installed in its place. Peat core
samples were shipped overnight, on ice, to Chapman University (Orange, CA) and frozen (—20°C) until
analysis (described below in Section 2.5). Within each peat peeper, we inserted mesh packets of homogenized
commercial peat (Premier 0128P peat moss; referred to herein as “common substrate peat”) at the three depth
increments in the peeper. The depth increments used for this study were 0-10, 10-20, and 30—40 cm below the
peat surface. We used a common substrate to remove confounding effects of peat heterogeneity (solid-phase
peat composition) when measuring RAOM reduction, thereby isolating effects of water-table levels.
Approximately 5 g of dry, sieved (<20 mm) homogenized peat was wrapped inside a 15 X 15 cm square of
35 pm nylon mesh, rolled, and secured with hot glue. Mesh packets were attached to a rod and placed inside the
peat peeper at their corresponding depths for equilibration with the in situ soil environment.

2.3. Direct Effects: RAOM Reduction in Common Substrate Peat

In Summer 2021, common substrate peat was deployed in the peat peepers once water-table manipulation began
in each plot (early July). Water-table levels were measured at 5 locations within each plot four times during the
field incubation (see Figure 2a for water-table levels). Packets were collected after ~1 month of water-table
manipulation and at peak water-table separation among the plots (Figure 2a). Porewater was collected from
corresponding depth increments next to each peat peeper using a stainless-steel sipper (~100 cm in length with a
2 cm slotted region wrapped in 35 pm nylon mesh) and syringe. We filled 50 mL centrifuge tubes with porewater
and quickly pulled the peat packets from the peepers and submerged them in the porewater. Tubes did not have
headspace and were capped immediately to preserve in situ redox conditions. If peat packets were collected from
above the water-table, they were placed in tubes with no added porewater. Samples were kept on ice and shipped
overnight to Chapman University (Orange, CA). Upon arrival, the tubes were immediately centrifuged at
4,000 rpm for 5 min and stored at 4°C to allow for settling of particulates.

Less than 24 hr after arrival, samples were brought into an anaerobic chamber filled with <2% H, and a balance of
N, (Coy Laboratory Products, Grass Lake, Michigan, USA). The peat packets were removed from the porewater
in the centrifuge tubes, cut open, and peat was homogenized in a plastic weigh boat. Approximately 3 g of field-
moist peat was added to a preweighed 50 mL centrifuge tube and used to measure electron shuttling capacity
(ESC) following the methods by Keller and Takagi (2013). This assay allowed us to measure the approximate
redox state of RAOM via electron shuttling from reduced RAOM to an oxidized iron solution (further details in
Text S1 in Supporting Information S1). Solid-phase ESC is reported as pmol e~ g~' dry weight peat with higher
values indicating more reduction of the RAOM.

2.4. Indirect Effects: RAOM Reduction in Common Substrate Peat and DOM Composition

2.4.1. Common Substrate Collection During a Flooded Year

Following collection of the initial common substrate peat in August 2021, we deployed a second set of packets in
the peepers with the intention of recovering them at the start of the subsequent field season. However, in Summer
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2022, there was a site-wide flooding event that precluded establishment of the water-table manipulations. We
opted to take advantage of these flooded conditions—when all common substrate peat in the peepers was fully
submerged, regardless of experimental plot—and collected the second round of peat packets in late July of 2022
using the same methods described above. Water-table level measurements occurred 11 times throughout the field
incubation at 3 different locations within each plot (Figure 3). Common substrate peat was collected as described
above and shipped to Chapman University for ESC analysis. Only 1 replicate is reported for Control at the
10-20 cm depth due to sample loss during shipment. Because of the difference in equilibration time between the
two rounds of peeper deployment, that is, ~1 month for samples collected in the non-flooded Summer 2021 and
~12 months for samples collected in flooded Summer 2022, we do not directly compare the ESC of the substrate
between each year.

2.4.2. Methane Production From Common Substrate Peat

In addition to ESC, a subsample of the common substrate peat from each packet was incubated for 2 days to
quantify potential CH, and CO, production. A subset of wet weight peat (~5 g) and 10 mL of unfiltered porewater
from each tube containing the peat packets were added to a 72 mL serum bottle in the anaerobic chamber. Bottles
were mixed to create a slurry, and bottles were capped with gray butyl septa in the anaerobic chamber. Finally,
samples were flushed with N, for 15 min to ensure anaerobic conditions.

Greenhouse gas concentrations, CH, and CO,, were collected after 2 days of anaerobic incubation at 15°C and
were measured using a gas chromatograph equipped with a flame ionization detector and methanizer to convert
CO, to CH, (SRI 8610C, SRI Instruments, Torrance, CA). Values were corrected for headspace pressure, sol-
ubility, and sample pH (Clesceri et al., 1989; Drever, 1997) and are reported as pmol gas g~ dry weight peat.
Because RAOM reduction is a key control on methanogenesis, we only report CH, values in the main text (see
Figure S1 in Supporting Information S1 for CO, values).

2.4.3. Porewater DOM Composition

To investigate potential differences in DOM composition of each plot during a flooded year, we sampled
porewater at the three depth increments next to the peat peepers. Porewater was collected using a stainless-steel
sipper and syringe. Prior to each porewater collection, the syringes were rinsed with deionized water three times
followed by a pre-sample rinse. Porewater was filtered through a 0.45 pm syringe filter into a 20 mL glass amber
bottle, filled to overflowing, and immediately capped with no headspace to preserve in situ conditions. Samples
were kept on ice and shipped overnight to Michigan Technological University (Houghton, MI) and stored at 4°C
until analysis.

Ultraviolet-visible fluorescence and absorbance spectra were collected simultaneously using a Horiba Aqualog
fluorometer (Horiba-Jobin-Yvon Aqualog C; Horiba Co., Edison, NJ). Run parameters and processing were as
described previously by Kane et al. (2019) and Text S2 in Supporting Information S1. In this study, we compared
three measures of DOM chemistry: fluorescence index (FI), a proxy for DOM freshness and aromaticity (Johnson
etal., 2011; McKnight et al., 2001); spectral slope ratio (Sg), a proxy for DOM average molecular weight (Helms
et al., 2008); and humification index (HIX), a proxy for degree of microbial processing (Ohno, 2002).

2.5. Indirect Effects: Changes to Solid-Phase Peat Composition

To evaluate changes in solid-phase peat composition after ~15 years of water-table manipulation (see Euskirchen
et al. (2024) for average water-table levels of the fen immediately adjacent to the APEX experimental plots), we
incubated peat from the cores collected during peeper installation. Peat samples were thawed and spread out in a
thin layer on trays for 24 hr at 4°C to allow for oxidation before the first measurement. Due to limited material, all
peat samples from the shallow depths at each plot (0—10 and 10-20 cm depths x 3 peat cores) were composited and
homogenized, and all samples from the deeper depths at each experimental plot (20-30 and 30-40 cm x 3 peat
cores) were composited and homogenized.

Following thawing and oxidation, ~6 g of wet weight peat was added with 20 mL of deionized water in a 72 mL
serum bottle to create a peat slurry. Slurries were mixed and allowed to equilibrate for 20 min before measuring
pH. Bottles were subsequently sealed with gray butyl septa and flushed with N, for 15 min. An initial set of
samples was immediately analyzed for ESC. The remaining samples were incubated for 50 days at 15°C. Previous
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experiments have shown that 50 days is enough time to observe relative differences in RAOM reduction in
different sample types (Rush et al., 2021). Greenhouse gas measurements were taken on days 5, 25, and 50. After
greenhouse gas measurements, corresponding bottles were destructively sampled for pH and solid-phase ESC
measurements. Due to limited material, there were two replicates for each plot (Raised, Control, and Lowered)
and depth (2 depths = shallow and deep) combination at each time point (3 time points). Any incubated peat
remaining from the shallow depth after the day 0 and day 50 time points was frozen for further analysis via liquid
chromatography (LC) tandem mass spectrometry (MS/MS; see below). Due to similarities between day 25 and
day 50 results, we only report the ESC and CH, values on days 5 and 50 in the main text (see Figure S2 in
Supporting Information S1 for day 25 results and Figure S3 in Supporting Information S1 for CO, results).

To evaluate whether differences in RAOM reduction could be due to differences in initial peat composition or
differences in microbial processing of solid-phase peat during the incubation, we extracted organic matter
from shallow depths at the Raised and Control plots from day 0 and day 50 (organic matter from the Lowered
plot not measured due to budget contraints). We analyzed these samples for their chemical composition using
a nontargeted metabolomics approach via LC MS/MS (see full protocol in Text S3 in Supporting Informa-
tion S1). The molecular formulas assigned for each initial peat sample were compared as the mean oxygen to
carbon (O/C) ratio, hydrogen to carbon (H/C) ratio, the double bond equivalence normalized to C (DBE/C),
and the modified aromaticity index (Al,,.q; Koch & Dittmar, 2006). The molecular formulas removed during
the 50 days incubation were defined as those that decreased in relative abundance by more than 25% in both
replicates with a 95% confidence interval that did not overlap with zero. The chemical characteristics of
molecular formulas removed during the 50 days were compared between the surface peat from the Raised plot
and Control plot.

2.6. Statistical Analyses

We used R statistical software (v4.2.3; R Core Team, 2021) to compare the ESC, CH, and CO, production, and
porewater DOM composition using an analysis of variance (ANOVA). To identify which specific groups differed
significantly after a significant ANOVA result, we conducted a post-hoc Tukey test (Tukey's Honestly Significant
Difference test). Statistical significance was accepted at p < 0.05.

For the field incubations of common substrate peat, all ESC, CH,, and CO, production values are reported as the
mean of samples collected from the three peepers at the same experimental plot and depth interval. The only
exception was the common substrate peat incubated at the 10-20 cm depth interval at the control plot during the
1 year field incubation, which had one replicate because the other two peat packets recovered from this depth
interval were broken during transit. For the lab incubations of solid-phase peat at each plot, all ESC, CH,, and
CO, production values are reported as the mean of duplicate samples incubated in serum vials for each exper-
imental plot and depth interval. Statistically significant differences were analyzed via ANOVA as described
above.

The chemical characteristics of molecular formulas for each initial peat sample and the formulas removed during
the 50 days incubation are reported as the mean =+ 1 standard deviation of O/C ratio, H/C ratio, DBE/C, or Al 4
across formula.

3. Results
3.1. Direct Effects of Water-Table Levels on RAOM Reduction

Differences in water-table levels among the plots was achieved in mid-July of Summer 2021 with the most
extreme differences among mean water-table levels observed at the time of substrate collection (Figure 2a):
—34.2 + 0.9 cm for Lowered, —10.7 £+ 0.6 cm for Control, and —0.6 + 0.3 cm for Raised.

Along the depth profile, changes in ESC closely matched changes in water-table levels (Figure 2). For example,
the mean ESC of common substrate peat at the 0—10 cm depth increment was lower than 1.5 pmol e~ g~' dry
weight peat for all plots, indicating a more oxidized environment due to the lower (Control and Lowered) or near-
surface water-table levels (Raised; Figure 2). In the two deeper depths, the common substrate peat in the Raised
plot was significantly more reduced (p < 0.05, see Figure 2b) than the common substrate in the Lowered plot at
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Figure 2. Reduction of redox-active organic matter (RAOM) within common substrate peat during water-table manipulation.
(a) Mean (+SE) water-table level relative to peat surface of each plot over the incubation period. The dotted black line at 0 cm
represents peat surface. (b) Mean electron shuttling capacity (ESC) (£SE, x-axis) of the common substrate peat (n = 3) after
~1 month of field incubation along the depth profile. Higher ESC values indicate more reduced RAOM.

both 10-20 cm (19.1 + 0.8 vs. 0.7 + 0.3 pmol e~ g~' dry weight peat) and 30-40 cm (18.0 +- 0.5 vs.
3.6+ 1.2 pmol e™ g~ ' dry weight peat). The common substrate in Raised was also more reduced than the common
substrate in Control at both depths and almost statistically significant (p = 0.056) at 10-20 cm (19.1 = 0.8 vs.
6.9 + 3.6 pmol e g~ dry weight peat; Figure 2b).

3.2. Indirect Effects of Water-Table on RAOM Reduction: Field Incubation

During the flooded year, the ESC of the common substrate differed across the water-table treatments even
during a period of similar water-table levels. All plots had comparable water-table levels-well above peat
surface-for the duration of the field season (averaging 40 + 1.5 cm for all plots, Figure 3a). At 0-10 cm, the
Raised common substrate ESC (44.1 + 5.8 ymol e~ g~' dry weight peat) was significantly higher than both
the Control common substrate (20.6 + 2.2 pmol e~ g~' dry weight peat) and Lowered common substrate
(22 + 0.8 pmol e~ g~' dry weight peat, p < 0.05; Figure 3b). The common substrate ESC was also higher in
Raised than the other two plots at 10-20 cm but only statistically significant when compared to the Lowered
common substrate (p = 0.009). All common substrate ESC values were similar (~20 pmol e~ g~' dry
weight peat) across the plots at 30—40 cm (Figure 3b). Similar to the ESC of the common substrate, CH,
values trended higher (although not significantly) in the Raised common substrate than in the substrate of the
other two plots in the top two depths (Figure 3c). Across all depths and treatment plots, common substrate
ESC was a significantly strong predictor of CH, production (R* = 0.62, p = 0.007, see Figure S4 in
Supporting Information S1).

The composition of the DOM collected next to each peeper was similar in all experimental plots during the
flooded year. The mean Sy, FI, and HIX of porewater DOM were not significantly different among plots
(p > 0.05). Spectral slope averaged 0.76 = 0.01, FI averaged 1.26 + 0.01 and HIX averaged 17.1 £ 0.7 across all
depths and plots (see Table S1 for full results).
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Figure 3. Reduction of redox-active organic matter (RAOM) and production of CH, from common substrate peat during a flooded year. (a) Mean (+SE) water-table
level relative to peat surface of each experimental plot over the incubation period when water-table levels were being monitored. The dotted black line at O cm represents
peat surface. (b) Mean (£SE; x-axis) electron shuttling capacity (ESC) of the common substrate packets (n = 3, except Control 10-20 cm where n = 1) after ~12 months
of field incubation along the depth profile. Higher ESC values indicate more reduced RAOM. (c) Mean (£SE) CH, production (x-axis) of common substrate packets
after a 2-day anaerobic incubation.

3.3. Indirect Effects of Water-Table on RAOM Reduction: Laboratory Incubation

To further assess the indirect effects of water-table levels on RAOM reduction, peat from each experimental plot
was oxidized and incubated anaerobically for 50 days. The initial peat from the experimental plots had negligible
ESC values, demonstrating that the peat started off oxidized at the start of the incubation (low ESC on Day 0 (D0);
Figure 4a). Within 5 days of the anaerobic incubation, the peat became reduced with ESC values that increased up
to ~50 and ~30 pmol e~ g~ dry weight peat in the shallow and deep depths, respectively (Figure 4a). Between 5
and 50 days, the ESC of shallow peat increased by an additional ~10 pmol e~ g~ dry weight peat, whereas deeper
peat increased by an additional ~20 pmol e~ g~' dry weight peat (Figure 4a). The ESC of shallow peat from
Raised trended higher than that of Lowered and Control and was only significantly higher on day 50 (p = 0.035).
Methane production also increased over the course of the incubation with CH, values in the shallow depth an
order of magnitude higher than at the deeper depth (Figure 4b). Methane production in the Raised plot peat
trended higher than Control peat at the shallow depth although not significantly (p = 0.54). For the deep depth,
average CH, values within Raised and Control peat were comparable (~14 pmol CH, g~' dry weight peat) and
about three-times higher than CH, production in Lowered peat at that depth.

The initial composition of peat organic matter from the Raised plot was similar to the composition of peat organic
matter from the Control with only 5% of molecular formulas identified unique to the Control plot and 2% of
formulas identified unique to the Raised plot (<150 molecular formulas; Figure 5a). There were minimal dif-
ferences in the average O/C ratio, H/C ratio, DBE/C, or Al across the formulas identified for peat from the
Raised versus Control plot (see Table S2).

Despite similarities in the initial peat composition detected, differences were observed in the number and
composition of molecular formulas that were removed from that pool during the 50 days anaerobic incubation
(Figure 5a). The analysis of organic matter from the surface peat of each plot at the start of the incubation
identified a total of 3,186 unique molecular formulas (see Table S3 for C extractions). Of the 3,186 total, 217
molecular formulas were removed from Control peat and 1,710 were removed from Raised peat over the 50 days
laboratory incubation. The DBE/C, which estimates the degree of conjugation within a molecular structure, for
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the formulas removed from surface peat at the Raised plot was also higher than that for the molecular formula
removed from peat at the Control plot (0.54 vs. 0.44, respectively; Figure 5b), indicating that more conjugated C
compounds were removed in the Raised peat. Additionally, the Al,,.4, @ measure of aromaticity, for molecular
formulas removed from peat at the Raised plot, was higher relative to the Control (0.37 vs. 0.16, respectively;
Table S2). The average O/C ratio of formula removed from peat was slightly lower and the average H/C slightly
higher at the Raised plot compared to the Control plot (Table S2).

4. Discussion

By using the peat peeper design in combination with a decadal-scale water-table manipulation experiment, this is
among the first studies to demonstrate the direct effect of water-table levels on in sitt RAOM reduction in
northern peatlands. The in situ incubation of a common peat substrate during water-table manipulation of APEX
plots demonstrates that RAOM reduction closely tracks the water-table level with more oxidized RAOM when
peat is aerated above the water table and more reduced RAOM when peat is submerged below the water table
(Figure 3). These findings are aligned with the results of past laboratory (Gabriel et al., 2017; Kliipfel et al., 2014)
and field-based studies (Obradovié et al., 2023; Rush et al., 2021) where RAOM is shown to be reduced below the
water table. Additionally, we build on the work of Obradovic et al. (2024) which is the only other study, to our
knowledge, to show how a common substrate can be used to differentiate environmental impacts on RAOM
reduction.

Because we used a homogenized, common peat substrate across the water-table treatments, we assume that the
differences in RAOM reduction among plots and depths were largely due to the direct water-table effects on
oxygen availability throughout the peat profile with oxygen availability directly impacting the RAOM oxidation
state (Gunina & Kuzyakov, 2022; Yang et al., 2024). This finding is consistent with the current paradigm that
water table is a strong, if not the strongest, driver on C cycling in peatlands (Munir & Strack, 2014; Zhong
et al., 2020).

However, if water-table level was the main control on RAOM reduction, we would have expected the common
substrate peat to have similar levels of reduction (higher ESC values) during a flooded year when all of the
treatment plots at APEX were fully submerged (Figure 4; also see Boonman et al., 2024). Instead, there was
significantly higher RAOM reduction of the common substrate incubated in the Raised plot compared to the
common substrate incubated in the Control and Lowered plots (Figures 3 and 4). The higher RAOM reduction of
the common substrate in the Raised plot was also strongest at the 0—10 cm depth (Figure 4), the depth increment
where treatments have experienced the greatest amount of variation in water-table levels over the ~15 years of
manipulation at APEX (Olefeldt et al., 2017). Given this sustained difference in RAOM reduction, we suggest
that factors other than immediate oxygen availability, mediated by water-table levels, must be impacting RAOM
reduction of the common substrate peat.

Work by Hribljan et al. (2014), also done in a fen ecosystem, showed that although DOM concentrations
increased in both lowered and raised water-table sites, the composition of the DOM differed with Raised having
less humified DOM. We therefore hypothesized that one explanation for differences in RAOM reduction of the
common substrate during a flooded year could be altered DOM composition among plots due to past water-table
level differences. Although DOM is a small portion of the total organic matter pool, it is often the most reactive
(Li et al., 2022), and DOM is thought to be a major source of smaller molecular weight C substrates acting as
electron donors for anaerobic respiration in peatlands (Chanton et al., 2008; Hopple et al., 2019). Indeed, other
studies have provided evidence that the DOM pool can donate electrons to the solid-phase RAOM pool (Huang
et al., 2021; Rush et al., 2021). Given that lower average molecular weights for DOM have been reported for the
Raised plot compared to Lowered and Control plots at our site (Kane et al., 2021), we thought it possible that there
were more substrates in the DOM pool available for the anaerobic respiration of common substrate RAOM in the
Raised plot relative to the other two plots.

However, our measures of porewater DOM composition in this study did not support DOM as an explanation for
differences in common substrate RAOM reduction during a flooded year. If the greater RAOM reduction
measured in the common substrate at the surface of the Raised plot was due to a higher abundance of lower
molecular weight DOM compounds, then we would expect higher Sy values at the surface that decrease with
depth (Table S1). Instead, changes in Sy with depth were not observed and in fact, there were no significant
changes in any metric of DOM quality with depth (Table S1). Although we did not observe a significant
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difference in Si between the experimental plots as observed by Kane et al. (2021), the average values of FI, S,
and HIX in this study were comparable to average values of these same indices reported by Kane et al. (2021)
during a flooded year at the site. The lack of significant differences in DOM composition in our study could be
attributed to sampling at just one time point, whereas Kane et al. (2021) analyzed DOM compositon multiple
times over the growing season. Still, similar DOM composition measured combined with differences seen in the
RAOM of common substrate peat does suggest there are other factors, such as microbial C processing, that may
play a larger role in the continued, significant differences in RAOM reduction of common substrate peat during a
flooded year that are worth exploring especially as the site experiences more frequent flooding events (Euskirchen
et al., 2020).

To see if shifts in solid-phase peat composition with long-term water-table manipulation could also affect RAOM
reduction, we incubated peat from each experimental plot at a common temperature in the laboratory. Other
studies have shown that composition of the solid-phase peat in the top layers of peatlands is altered by water-table
level leading to subsequent changes in anaerobic C respiration (Abbott et al., 2013; Hribljan et al., 2017; Weiss
et al., 2006). We therefore hypothesized that sustained water-table manipulation would lead to differences in
RAOM reduction within peat from each treatment plot when incubated at a common temperature. Indeed, we saw
significantly more reduced RAOM in peat from the Raised plot compared to peat from the Control plot but only in
the shallow depth (0-20 cm; Figure 4a). These findings support our current understanding that peat composition
will be most affected at depths with the greatest variation in water-table level (Abbott et al., 2013), which was
0-10 cm in our study (Olefeldt et al., 2017). However, the more reduced RAOM in peat from the Raised plot
could be a result of changing peat composition or changes in microbial C processing compared to the Control plot.

Our results from the nontargeted metabolomic analysis of peat composition suggest one explanation for the higher
RAOM reduction of peat from the Raised plot compared to the Control plot could be a shift in microbial C
processing. Although our characterization method only captures a fraction of the entire organic matter pool, we
found that of the pool that was characterized (Figure 5a), molecular formulas with relatively more conjugated
bonds were removed in peat from the Raised plot than peat from the Control plot (as shown by a higher DBE/C
ratio, Figure 5b). Although quinone moieties are recognized as the primary reversible electron acceptor in RAOM
reduction, recent research showed that conjugated compounds of RAOM may also serve as a nonreversible
electron sink via hydrogenation (Guth et al., 2023; Wilson et al., 2017, 2022). Although we cannot determine
which of these pathways led to RAOM reduction from our nontargeted approach, our result is consistent with
previous work showing that hydrogenation occurred more frequently in a fen ecosystem compared to other
peatland types (Wilson et al., 2022). Alternatively, the greater removal of conjugated compounds during
anaerobic respiration of the Raised peat could be due to other processes, such as fermentation, which lead to the
breakdown of organic matter to substrates, such as acetate, typically used in RAOM reduction (Rush et al., 2021).
Regardless of the cause, these findings suggest that microbes associated with the Raised plot processed peat C
differently than those in the Control plot.

The difference in microbial processing of peat C between experimental plots makes sense in that long-term, raised
water-table levels would give microbes at peat surface time to adapt to reducing the available RAOM compounds
(i.e., higher amounts of RAOM reduction as they are accustomed to leveraging RAOM as a TEA under prolonged
anoxic conditions). This potential explanation for our results agrees with findings from He et al. (2015), which
showed that microbial functioning shifted to genes associated with anaerobic respiration, such as sulfate
reduction, under prolonged, high water-table levels in a California wetland. Although it is difficult to disentangle
the effects of water-table manipulation on microbial function, peat composition, and DOM composition, these are
among the first results showing that changes to microbial processing induced by water-table levels extends to
RAOM reduction in northern peatlands. Our findings demonstrate that future work aimed at understanding peat C
cycling should aim to understand how microbes may be processing peat differently under different water-table
levels (Wyatt et al., 2024). These results also highlight the potential for both quinone reduction and hydroge-
nation to contribute to changes in microbial processing of RAOM under different water-table levels.

Finally, our study adds to the growing body of literature that RAOM reduction is a main control on CH, pro-
duction in northern peatlands (Obradovié et al., 2024; Rush et al., 2021). We provide both field-based (Figure 4c)
and laboratory evidence (Figure 5b) that when the RAOM pool progressively becomes more reduced, there is
increased CH, production. Also, when introducing common substrate peat and, therefore, removing peat

RUSH ET AL.

11 of 15



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Biogeosciences 10.1029/2025JG009000

heterogeneity, we can more accurately predict the relationship between RAOM reduction and CH, (Figure S4 in
Supporting Information S1). Taken together, our results suggest that long-term flooding of the peat surface can
lead to a more reduced RAOM pool and higher rates of CH, production. As such, to better understand peatland
CH, response to global change, including changes in both temperature and precipitation regimes, we must
consider climate change effects on RAOM reduction of solid-phase peat.

5. Conclusions

The results of our study demonstrate that water-table levels have both direct and indirect effects on RAOM
reduction in northern peatlands moving beyond the assumption that oxygen availability is the sole consequence of
water-table level fluctuation. We show that differences in RAOM redox-state, driven by legacy water-table level
effects, persist even during flooding events and are possibly driven by changes to microbial C processing. Future
studies should leverage common substrate peat and in situ field designs to better capture the complex interactions
among water-table levels, dissolved and solid-phase peat C composition, and microbial communities that lead to
changes in RAOM reduction. Redox-active organic matter reduction also remains a key area of study in peatland
research, as our results show it correlates strongly to CH, production and is an important TEA in these eco-
systems. In this study, we demonstrate the need for a better understanding of whole-ecosystem effects driven by
water-table as well as a shift to in situ methods and more advanced C characterization as it becomes widely
available.
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