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ABSTRACT

Shifting precipitation patterns due to climate
change may impact peatland methane (CHy)
emissions, as precipitation affects water table level
which largely controls CH, cycling. To investigate
the impact of variable precipitation on peatland
CH, emissions, we measured CH, fluxes and their
>C isotope composition (6'’C-CH,4) across two
summers marked by drought (2020) and heavy
precipitation (2021) in a northern temperate poor
fen in New Hampshire, USA. Monthly variation in
CH, fluxes and 6'>C-CH, was larger than interan-
nual variation and variation between peatland
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microforms. While the seasonal pattern of CHy
emissions was not significantly different between
years, the magnitude of seasonal changes in CHy
flux and 6'>C—CH, provided insight regarding the
processes controlling CH, emissions. Between July
and August 2020, water table levels dropped >
15 cm, CH,4 emissions decreased by an order of
magnitude, and 6'>C—CH, increased ~ 10%,, sug-
gesting lower water table levels promoted CHy
oxidation and reduced emissions in late summer.
Rainstorms in July 2021 caused flooding and
stimulated high CH4 emissions, but the impact of
increased water table levels due to heavy precipi-
tation on CH, fluxes was transient and did not have
an apparent effect on emitted ¢'°C-CH,. While
drought conditions had a clear impact on CH,
fluxes and 6'*C—CH,, our results suggest rainstorms
and subsequent flooding do not have a sustained
impact on CH,; emissions from temperate peat-
lands.

Key words: Methane emissions; Peatlands; Wet-
lands; Stable isotopes; Drought; Precipitation;
Methanogenesis; Methanotrophy.
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HIGHLIGHTS

e Methane fluxes and §'°C-CH, varied more by
month than by year or microtopography

e Drought decreased CH, fluxes and increased
8'°C-CH,, indicating high CH, oxidation

e Rainstorms and flooding briefly increased CH,
fluxes but had no effect on §'>C-CH,

INTRODUCTION

Peatlands north of 40°N are globally significant
carbon (C) stores (Yu and others 2012) and me-
thane (CH4) sources (Crill and others 1988; Treat
and others 2018). Accelerated warming and shifts
in precipitation due to anthropogenic climate
change are driving interacting changes in peatland
hydrology (Waddington and others 2015), vegeta-
tion (Breeuwer and others 2009; Camill 1999), and
microbial communities (Peltoniemi and others
2016; Wilson and others 2021) that will impact CH,
emissions from northern peatlands. It is well
established that increasing temperatures generally
lead to increased peatland CH, emissions (for
example, Christensen and others 2003; Hopple and
others 2020), pending coincident changes in
hydrology. At the landscape level, sites with higher
water table levels are also generally associated with
higher CH, emissions (for example, Bubier and
others 1993; Kuhn and others 2021; Segers 1998),
but the relationship between water table and CH,
fluxes is often mediated by other peatland charac-
teristics including vegetation cover and nutrient
status (Turetsky and others 2014).

At the site-level, interannual variability in pre-
cipitation can have a large impact on both water
table level and CH, emissions. In general, CH4
emissions from the same site are larger in years
with greater cumulative precipitation during the
growing season (Bubier and others 2005; Olson
and others 2013), as precipitation partially regu-
lates water table position and delivers thermal en-
ergy to the subsurface that promotes
methanogenesis (Neumann and others 2019; Ole-
feldt and others 2017). Beyond cumulative pre-
cipitation, shifts in the intensity and/or frequency
of precipitation can cause large variability in peat-
land CH4 emissions by disrupting water table dy-
namics (Barel and others 2021; Radu and Duval
2018). Much of the prior research on changing
water table levels and CH, emissions in northern
peatlands has focused on predicted long-term
changes like drying due to warmer temperatures

and increased evapotranspiration or flooding due to
permafrost thaw in high latitude sites (for example,
Roulet and others 1992; Strack and others 2004;
Turetsky and others 2008), rather than interannual
differences in precipitation patterns. As precipita-
tion patterns are expected to change in their sea-
sonality and intensity under warmer climate
(Douville and others 2021), further work is needed
to understand the impact of more variable precip-
itation on peatland CH4 emissions. This is particu-
larly important in permafrost-free peatlands where
shifting precipitation patterns will play a larger role
in controlling hydrologic conditions and CHy
emissions under a changing climate.

Furthermore, there is a need to better charac-
terize the underlying mechanisms that determine
how peatland CH,; emissions will respond to
changing precipitation patterns. Measurements of
the stable isotopic composition of CH, (6'>C—CH,)
could help provide this insight, as characteristic
isotope fractionation patterns of methanogenesis,
methanotrophy, and gas transport enable the use of
6'>C—CH, measurements to make inferences about
dominant processes. Methane is produced by me-
thanogenic archaea via two dominant processes:
acetoclastic methanogenesis (the fermentation of
acetate into CH4 and CO,) and hydrogenotrophic
methanogenesis (the reduction of H, with CO,).
Acetoclastic methanogenesis produces CH, with
higher =~ 6'°C-CH, than  hydrogenotrophic
methanogenesis (—70 to —309,, vs. —100 to —609,;
Whiticar 1999). As such, seasonal changes in 6'°C—
CH4 have previously been linked to changes in
dominant methanogenic pathway in response to
increasing plant productivity (Avery and others
1999) or temperature across the growing season
(Wilson and others 2021). Methane oxidation
leaves residual CH, enriched in '>C (Coleman and
others 1981), yielding larger 6'°C-CH, values.
Therefore, shifts in 6°C-CH, coincident with
changing in water table levels may indicate chan-
ges in rates of aerobic CH, oxidation (Kelly and
others 1992). Considering the impact of gas trans-
port on §'>C-CH, may further elucidate drivers of
CH, fluxes. Plant mediated transport through aer-
enchyma in sedges (for example Carex spp. and
Eriophorum spp.) results in greater emissions of
'2CH, relative to '>CH,, decreasing 6'°C—CH, val-
ues ~ 5-10%, whereas ebullition and diffusion
across the water—air interface have negligible ef-
fects on 6'’C-CH, (< 19, Chanton, 2005). As
such, if drought were to drop water table levels
below the rhizosphere in sedge-dominated peat-
lands 6'>C-CH, could increase substantially as
plant-mediated transport may be inhibited along-
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side a potential increase in CH, oxidation (Popp
and others 1999).

Prior 6'>C-CH, measurements from studies of
peatland drought and rewetting cycles suggest that
changing precipitation patterns will have less
influence on methanogenic pathways than on
methanotrophy (Knorr and others 2008a), and that
the effect of drought conditions on CH, cycling
depends on interactions with temperature and
peatland type (White and others 2008). However,
these insights come from mesocosm experiments
which do not fully recreate field-relevant condi-
tions and processes, and more field-based obser-
vations of how 6'>C-CH, changes in response to
variable precipitation patterns are needed. Few
field-based studies have examined how events like
droughts or rainstorms and subsequent flooding
affect 6'>C—CH,. Beyond providing insights into
mechanisms controlling the response of CHy
emissions to variable precipitation, such measure-
ments could help improve CH,4 source partitioning
by global atmospheric models which are highly
sensitive to spatiotemporal variation of source
§"°C-CH,.

In this study, we aimed to resolve the impact of
variable precipitation on the source §'°C-CH, sig-
nature of peatland CH4 emissions, and in turn use
observations of 6'>C-CH, to identify mechanisms
driving the response of CH, emissions to drought
and flooding. We measured CH, fluxes and 6'°C-
CH,4 in a well-studied northern temperate peatland
across one summer characterized by drought and a
falling water table and one summer characterized
by rainstorms and flooding. Our measurements
were conducted across collars that varied in water
table depth and dominant vegetation to assess if the
differing precipitation and water table dynamics
had similar impacts on CH,; cycling across the
landscape. We hypothesize that (1) the differing
precipitation and water table conditions would re-
sult in overall lower CH, fluxes and higher §'°C-
CH,4 values in the dry year and (2) seasonal varia-
tion in CHy4 fluxes and 6'>C—CH, would differ be-
tween vyears, as flooding or drying across the
growing season alternatively promote CH, pro-
duction and oxidation, respectively.

MATERIALS AND METHODS

Study Setting: Field Site
and Precipitation Conditions

Measurements were conducted at Sallie’s Fen
(43°12.5’N, 71°3.5’W), a mineral-poor fen located
in Barrington, New Hampshire, USA. The growing

season extends from late April to October, with
deciduous plant senescence beginning in Septem-
ber. Vegetation at Sallie’s Fen is dominated by moss
(primarily Sphagnum spp.), and dominant vascular
vegetation includes ericaceous shrubs (for example
Chamaedaphne calyculata, Vaccinium oxycoccos, and V.
corymbosum), sedges (Carex rostrata), herbaceous
perennials (for example, Eurybia radula, Maianthe-
mum trifolium), and deciduous shrubs (Alnus incana
spp. rugosa) and trees (Acer rubrum).

We collected measurements from mid-May to
late August 2020-21 from 10 long-term static flux
collars. The collars were grouped into 3 microforms
based on their vegetation composition and water
table depth (Figure S1, Table SI1): hummock
(n=4), lawn (n =3), and wet (n = 3). In hum-
mocks, the ground surface was 10 to 20 cm above
the surrounding peat outside of the collar area. The
wet microforms are not depressions and/or hol-
lows, but rather areas of the study site where sur-
face water preferentially pools throughout the
growing season. Vegetation communities were also
distinct between the 3 microforms (Figure S1A).
Lawns had the highest proportion of sedge cover of
the 3 microforms (ANOVA, F,, = 16.5, p = 0.002;
Figure S1B). Hummocks and lawns also had a
higher proportion of shrubs than wet microforms
(Fa7 = 36.9, p < 0.001).

Sallie’s Fen receives water primarily through
precipitation, with secondary inputs from run-off
and an ephemeral stream that bounds the northern
edge of the site. Mean seasonal water table depth
from May to August is approximately 10-25 cm
below the peat surface (Noyce and others 2014;
Treat and others 2007). The water table position
usually lowers across the summer, dropping to
35 cm or more below the peat surface in summers
with particularly low precipitation. Mean cumula-
tive rainfall for the region (1989-2019) for the
months of May through  August was
386.3 + 133.1 mm (National Centers for Environ-
mental Information, 2021). Across the same
months, cumulative precipitation was 210.1 mm in
2020 and 563.0 mm in 2021 (Table 1). Monthly
cumulative precipitation in 2020 and 2021 differed
the most from historical trends in July and August.
In August of 2020, cumulative precipitation was
only 20% of the 30-year average (19.5 mm vs.
99.5 mm), while in July of 2021 cumulative pre-
cipitation was > 330% of the 30-year average
(330.8 mm vs. 98.3 mm).

The county containing Sallie’s Fen experienced
moderate to severe drought conditions from early
June through the end of the study period in 2020.
In 2021, abnormally dry conditions occurred in
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Table 1. Monthly Precipitation and Air Temperature in 2020-2021 Compared to 30-Year Average
Period Cumulative precipitation (mm) Air temperature (°C)

1989-2019* 20208 20218 1989-2019* 20208 20218
May 94.7 £ 65.4 57.1 94.7 17.06 = 5.9 20.8 £ 7.1 21.0 £ 4.3
June 100.7 £ 60.6 60.9 37.0 223 4+5.3 25.9 £+ 3.6 20.0 £ 3.5
July 98.3 £+ 59.5 72.6 330.8 253 +43 28.2 £ 3.7 26.0 £ 4.0
August 99.5 £ 51.3 19.5 100.5 249 £ 4.0 26.5+ 3.4 29.0 £ 3.4
Seasonal 386.8 £ 133.1 210.1 563.0 224 4+59 25.3 £ 5.42 23.8 £ 5.22

Values for 1989-2019 cumulative precipitation and all air temperature values are presented as mean £ 1 standard deviation.
*1989-2019 data are from a station in Durham, NH approximately 20 km away from the field site established prior to the Barrington, NH station.
SPrecipitation data for 2020-21 data are from a station in Barrington, NH from NOAA National Centers for Environmental Information. Air temperatures from 2020 to 21

reflect temperatures collected during field flux measurements.

early summer prior to heavy rainfall in July. While
both seasons contained dry periods, a larger late-
winter snowpack in 2021 (Figure S2) contributed
to higher spring water table levels at Sallie’s Fen.
Considering both precipitation patterns during the
study period as well as antecedent conditions,
hereafter we refer to the 2020 and 2021 sample
seasons as the ‘““dry”” and ‘““wet” sampling years,
respectively.

Methane Flux and ¢**C-CH,
Measurements

Static chamber CH,4 flux measurements were con-
ducted weekly to bi-weekly from May through
August at 10 collars following the methods de-
scribed in Carroll and Crill (1997) and Treat and
others (2007). The median number of days be-
tween flux measurements was 8 days in 2020 and
11 days in 2021. Monthly mean CH, fluxes by
microform and across all collars are reported in
Table S2. Briefly, a clear 0.4 m’ chamber (alu-
minum frame covered in Teflon film) was placed
into grooved aluminum collars and left open for 5-
10 min to minimize potential disturbance and al-
low air inside the chamber to return to ambient
CH, concentration. The chamber was equipped
with fans to maintain a well-mixed chamber
headspace throughout the measurement period.

To measure CH, flux, the chamber was closed
and covered with a shroud to block out light and
minimize changes in temperature during the
measurement period. Five 60 ml headspace gas
samples were taken every 2 min over a 10 min
period using polypropylene syringes equipped with
three-way stopcocks. Headspace gas samples were
injected into pre-evacuated 30 ml serum vials
equipped with silicon septa and a crimp top in the
field for storage until laboratory analysis.

Mixing ratios of CH, in the chamber headspace
sample were determined via analysis with a gas
chromatograph equipped with a flame ionization
detector (GC-FID, Shimadzu GC-14A). The GC-FID
was operated with detector and injector tempera-
tures of 130, 50 °C column temperature, and an
ultra-high purity nitrogen (UHP N,) carrier gas
flow rate of 30 mL min~' through a 2 m 1/8-inch
o.d. stainless steel packed column (HayeSepQ 100/
120). The GC-FID was calibrated using standards of
2.006 ppm CH,. The 2.006 ppm standard was a
breathing air cylinder calibrated against standards
from NOAA’s Earth System Research Laboratory’s
Global Monitoring Division’s Carbon Cycle Green-
house Gases Group. The standard error of 10
standard injections on any analysis day was <
0.1%. Each sample was run twice, and the average
CH, concentration was used for the final flux cal-
culations. Methane fluxes were calculated as the
slope of the linear regression of CH4 concentration
over the 10 min measurement period using the
following equation:

P V. 1440 min
* * — %
R+T A, d
16mol CHy 1 mg
* *
1g 1000 pg

mg CHm 2 d' =A

(1

where A is the change in CH4 concentration (in
ppm or pmol/mol) per minute, P is pressure in atm,
Ris the ideal gas constant (in m> atm mol ™' K™'), T
is air temperature during the flux measurement in
K, V. and A, are the chamber volume (in m®) and
area (in m?). Flux measurements were quality fil-
tered following Treat and others (2007) and Noyce
and others (2014) to include only fluxes with suf-
ficient linear fits; fluxes were rejected if they did
not fit the 95% confidence interval with respect to
the coefficient of determination: n = 3 (r* = 0.95),
n=4 (*=0.87), and n=5 (r* = 0.75). Quality
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filtering excluded measurements with starting CH4
mixing ratios substantially above ambient, indi-
cating that the disturbance from chamber place-
ment affected the resulting flux measurement. The
quality filtering protocol effectively removed all
negative flux measurements (7 = 12 of 228 total
flux observations) as they were either nonlinear or
due to improper chamber placement. Approxi-
mately 20% of the CH4 flux measurements were
discarded during quality filtering, but the mean
(174.4 vs. 174.7 mg CH, m > d') and median
(84.5 vs. 84.7mg CH, m 2 d!) of the total
(n = 228) and quality filtered (7 = 181) flux data-
sets were not significantly different. Methane flux
values were log transformed prior to statistical
analysis.

Samples for isotopic analysis of CH,; emissions
were collected twice monthly at the time of CH4
flux measurements. The median number of days
between flux isotope sample collection was 14 days
in 2020 and 15 days in 2021. Monthly mean 6'*C—
CH4 by microform and across all collars are re-
ported in Table S2. Seven 60 ml gas samples
(420 ml total) were collected in polypropylene
syringes equipped with three-way stopcocks before
the chamber lid was closed (T;) and after the
chamber had been closed for an additional 30 min
after the end of the CHy flux measurement (7).
This sampling scheme allowed for accumulation of
sufficient chamber headspace CH, for calculation of
isotope source signatures according to the change
in CH4 mole fraction and isotope composition over
the measurement period. Ambient and chamber
headspace gas samples were injected into pre-
evacuated 200 ml serum vials equipped with butyl
rubber septa and a crimp top in the field for storage
until laboratory analysis.

The 6'°C—CH, values of the chamber samples
were measured using an Aerodyne dual Tunable
Infrared Laser Direct Absorption Spectroscopy
(TILDAS) analyzer at UNH described in Perryman
and others (2022). The TILDAS was configured
with an automated sampling system to measure
both high concentration samples via direct injec-
tion and samples with CH4 concentrations close to
ambient levels from attached flasks. The isotopic
composition of the standards tanks was determined
using an Aerodyne calibration system. The spec-
troscopic isotope ratios of 4 Isometric (now Airgas)
CH, isotope standards were measured at diluted
concentrations ranging from < 1 to 12 ppm. A
Keeling plot analysis was used to determine the
relationship between the spectroscopic and stan-
dard isotope ratios of the Isometric standards. The
linear relationship was then applied to the corre-

sponding measured spectroscopic isotopic ratios of
the UNH calibration tanks. The instrument preci-
sion was 0.1%, for 6'>C—CH,. Aliquots of the T, and
Tr chamber samples were also analyzed for CH4
mole fraction on the GC-FID as described above.

We used Keeling plot analysis to determine the
6'°C-CH, source signature for CH, fluxes. The
6'3C—CH, value of each sample is plotted against
the reciprocal mole fraction of CH, (1/CHy4), and
the resulting y-intercept represents the isotopic
signature of the CH,4 source (Keeling 1958; Pataki
and others 2003). The isotope source signature
from each chamber measurement was calculated
following Fisher and others (2017) if there was at
least a 0.05 ppm CH, increase in the chamber
during the 40 min it was closed:

8C = (6" CryCry — (8 CroCro)/(Cry — Cro)  (2)

in which Cry and Czy are the CH, mole fraction
(determined via GC-FID) and '’Cro and 13CTf are
the isotope composition of the respective chamber
samples.

Climatological Variables

Flux measurements were coupled with simultane-
ous measurements of peat surface temperature,
10 cm peat temperature, and ambient air temper-
ature. Water table depth was also measured at the
time of CH, flux measurements using PVC wells
installed adjacent (< 50 cm) to the flux collars.
Water table depth was calculated as the difference
between the distance from top of the PVC well to
the water table position and the distance from top
of the PVC well to the peat surface, multiplied by —
1 so that values for water table depth below the
peat surface are < 0 and values for water
table depth above the peat surface are > 0. Pre-
cipitation data from a weather station in Barring-
ton, NH retrieved from the NOAA National Centers
for Environmental Information (https://www.clim
ate.gov/maps-data/dataset/past-weather-zip-code-
data-table) was used to calculate cumulative pre-
cipitation between flux and/or §'’C-CH, mea-
surements, as well as the number of days between
flux and/or 6'>C—CH, measurements and the last
rain event.

Data Analysis and Visualization

Statistical analysis and data visualization were
performed in R v4.0.3. The level of significance for
all analyses was 0.05. Data preparation was con-
ducted using the dplyr (Wickham and others 2021)
and [ubridate (Grolemund and Wickham 2011)
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packages. Data and analyses were visualized using
ggplor2 (Wickham, 2016) and patchwork (Pedersen
2020) packages. All mixed effects models described
below were constructed using the nl/me package
(Pinheiro and others 2021). Collar ID was included
as a random effect in all models to account for re-
peated measures. We used ANOVA to assess the
significance of fixed effects and their interactions.
Post hoc Tukey tests via the emmeans package
(Lenth 2021) were performed for pairwise com-
parisons. Methane fluxes were log;o-transformed
prior to statistical analysis.

We assessed the effect of microform, sampling
months, sampling years, and the interaction of
month and year on water table depth and air/peat
temperatures using mixed effects models of the
form:

Temperature or Water Table Depth
= f(microform 4+ month *year + 1|collar ID)

®)

We assessed the impact of microform, month,
sampling year, and their interactions (hereafter,
spatiotemporal variation) on CH, fluxes and flux
0'°C—CH, using mixed effects models of the form:

CHuflux or Flux 6°C — CHy
= f(microform * month % year + 1|collar ID)

4)

Finally, we used linear mixed effects models to
assess relationships between CH,4 fluxes and 6'°C-
CH,4 and climatological variables. We analyzed data
from the dry (2020) year and wet (2021) year
separately to assess if significant drivers of CH,
emissions differed between the two years. These
linear mixed effects models were of the form:

CH, flux or 6">C — CH, = f(climatological variable
+ 1|collar ID)

()

in which climatological variables included water
table depth, weekly cumulative precipitation prior
to the measurement date, the number of days be-
tween the measurement date and the last rain
event, peat temperature at both the peat surface
and 10 cm, and air temperature.

We determined the amount of variance ex-
plained by just the fixed effect (marginal, R?,) and
together with the random effect (conditional, R?.)
using the MuMIn package (Barton 2020). In the
main manuscript text and figures we report R?,,

REsuLTs

Seasonal Water Table Depth
and Temperature

Water table depth exhibited large spatiotemporal
variation and was influenced by the timing and
amount of precipitation across both summers
(Figure 1). Water table depth was significantly
different between microforms (p = 0.035) and
years (p < 0.0001; Table S3). Across all collars the
water table was significantly lower in 2020 (—
20.8 £ 11.5 cm) than 2021 (—4.5+ 7.1 cm),
reflecting the lower precipitation in summer 2020
(Table 1). Across both sampling years, the water
table was lower in hummocks than wet microforms
(p = 0.0273). Seasonal average water table depth
for hummock, lawn, and wet collars in 2020 were
—30.1 £ 15.6 cm, —26.0+ 14.7 cm, and
20.7 &+ 11.9 cm, respectively, and —7.9 £ 5.1 cm,
—6.1 =£5.1 cm, and 2.3 &+ 7.1 cm in 2021. The
seasonal pattern in water table depth also varied
between the two vyears (p < 0.001, Table S3).
Under drought conditions in 2020 water
table depth significantly decreased from May to
June (p < 0.0001) and July to August
(» < 0.0001), while in 2021 water table depth was
significantly lower in June than any other month,
as flooding after rainstorms in July raised the water
table depth to levels comparable to those in May
(Figure 1, Table S4).

Surface temperature, peat temperature (at 10 cm
depth), and air temperature did not vary between
microforms (Table S3). Peat surface and air tem-
perature during flux measurements were higher in
2020 than 2021, (p=0.0017 and p = 0.04,
respectively), while peat temperature at 10 cm was
not significantly different between years. In 2020
mean peat surface and air temperature during flux
measurements were 2.2 and 1.5 °C warmer than
2021, respectively. Peat and air temperature also
varied seasonally. Across both years peat tempera-
ture at 10 cm increased from late spring to mid-
summer (Figure 1, Table S3). In 2020 peat tem-
perature increased significantly from May to June
to July (p < 0.05 for all), while in 2021 peat
temperature was lower in May than June through
August, during which peat temperature did not
vary significantly (Table S4). Peat surface temper-
ature was highest in July in both years, but overall
peat surface temperature varied less across months
in 2021 than in 2020. Air temperature increased
from the beginning of sampling in the spring to
mid-summer of both years, but in 2020 air tem-
perature was significantly lower in May than June-
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Figure 1. Daily precipitation (in mm, data from NOAA NCEI) and water table depth (in cm; A, E), peat temperature at
10 cm (°C; B, F), CH, fluxes (in mg CH, m~2 d™'; C, G), and the isotopic composition (3'>C-CH,) of CH, fluxes (in %,; D,
H) across the study period in 2020 (A-D) and 2021 (E-H). Points for water table depth, peat temperature, CH, fluxes, and
6'°C—CH, are individual measurements, with lines representing running means of each collar type. Orange, green, and
blue points and lines represent hummock, lawn, and wet collars; respectively. For panels A and E, the dashed black line
represents the ground surface, with negative water table depth values indicating a water table position below the ground
surface.

August, whereas in 2021 air temperature was Spatiotemporal Variation in CH, Fluxes
similar in May and June but higher in July and and 0**C-CH,

August (Table 1, Table S4).
gust { ) Methane emissions were highly wvariable, with

fluxes ranging from 3.1 to 1610.8 mg CH, m > d~!
(n = 181, Figure 1) and 6'°C-CH, from —79.6 to —



8 C. R. Perryman and others

40.59,, (n = 125, Figure 1) across the study period.
Methane fluxes nor 6'°C-CH, were not signifi-
cantly different between microforms (Figure 2A-B;
Table S5). Mean seasonal CH; fluxes for hum-
mocks, lawns, and wet collars in the dry year were
140.9 + 150.3, 202.5 + 145.8, and
207.7 £ 334.7mg CH,m 2d!, respectively,
while in the wet year they were 151.1 4+ 233.5,
222.1 £ 331.7, and 125.5 + 173.8 mg CH,4 m 2d”
! (Table S2). Mean seasonal 6'>C-CH, values from
hummocks, lawns, and wet collars in the
dry year were —58.7 &+ 8.1, —59.3 £ 10.2, and
—59.1 £ 12.19,, respectively, while in the wet year
they were —59.1 + 10.1%, —56.8 £ 8.99%,, and
—58.6 £+ 8.69, (Table S2). The seasonal pattern of
6'’C-CH, varied between microforms (p = 0.03;
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Figure S$3B, Table S6). Emitted 6'>C—CH, increased
across the growing season in laws, while in hum-
mocks 0'°C—CH, remained stable June through
August after an initial increase from May to June.
At the seasonal scale, neither CH, emissions nor
0'>C-CH, varied between the dry and wet year
(p > 0.05 for both). Across Sallie’s Fen, seasonal
average CH,; fluxes were 181.5 + 227.3 mg
CHym Zd™!' in the dry year (n=103) and
165.8 +£ 254.2mg CH, m *>d~' in the wet year
(n=78). Mean seasonal §'>’C-CH, was
—59.0 £ 9.99%, in the dry year (n=60) and
—58.3 £ 9.79%, in the wet year (n = 65).

Methane emissions varied strongly between
months in both years (p < 0.001; Figure 3). Across
both years CH; fluxes were lowest in May
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Figure 2. Methane fluxes (A, B; #n = 181) and the isotopic composition (5'>C-CH,) of CH, fluxes (C, D; n = 125) across
the 2020 (A, C) and 2021 (B, D) study period by month and collar type. White diamonds represent the mean CH, flux and
6'>C—CH, values and black lines represent median values. Boxes represent 25th and 75th percentiles. Orange, green, and
blue boxes represent hummock, lawn, and wet collars; respectively.
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Figure 3. Methane fluxes (A, #n = 181) and the isotopic composition (6'*C-CH,) of CH, fluxes (B, n = 125) across 2020
and 2021 study period by month. White diamonds represent the mean CH, flux and §'>C-CH, values and black lines
represent median values. Boxes represent 25th and 75th percentiles. Capital letters represent significant differences
between months within each year.

(65.0 + 61.32 and 50.3 +£23.9mg CH, m *d ',
respectively) and highest in July (228.9 £ 183.9
and 328.9 + 394.3 mg CH, m 2 d~', respectively)
and 6'°C-CH, was lowest in May (—69.3 + 7.2.0

and —69.5 + 6.99,,, respectively) and highest in
August (—49.9 £ 8.9 and —53.5 £+ 7.69, respec-
tively). The interaction term between month and
year was not significant in either of the mixed ef-
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fects models for CH, fluxes nor ¢'°C-CH,
(Table S5). Indeed, neither CH, fluxes nor 6'°C—
CH, varied between years within any month
(p > 0.05 for all pairwise comparisons). However,
whether CH, fluxes and 6'>C-CH, were signifi-
cantly different between months did depend on the
year (Figure 3; Table S7-8). In the dry year, CHy
fluxes increased between May and June
(65.0 + 61.3-251.0 £ 329.7 mg CHym *d '
p = 0.0031) and then decreased from July to Au-
gust (228.9 + 183.9-77.8 +49.2 mg CH, m 2 d~
- p =0.0003), while in the wet year CH, fluxes
were only significantly different between May and
July (50.3 £ 23.9 vs. 328.9 + 394.3 mg CH, m~
2d™% p=0.0001). Likewise, while 6'>C—-CH, in-
creased ~ 109, from May to June in both years,
6'?C—CH, increased significantly from July to Au-
gust (—59.7 £ 9.1 to —49.9 £+ 8.99%,, p = 0.0014) in
the dry year, but there was no significant change in
0'>C-CH, from June through August of the wet
year (Figure 3, Table S8).

Effect of Climatological Variables on CH,
Fluxes and 6**C—CH,

We did not observe a significant effect of water
table depth (Figure 4) nor the number of days since
the last rain event (Table S9) on CH, fluxes in ei-
ther year. In the wet year, CH4 emissions increased
with increasing weekly cumulative precipitation
(» = 0.0022, R?,, = 0.12, Figure 4D), but there was
no relationship between weekly cumulative pre-
cipitation and CH, emissions in the dry year. Me-
thane emissions increased with peat temperature at
10 cm in both years (p < 0.001, R*, = 0.13 and
p < 0.001, R?, = 0.16, Figure 4), but surface peat
temperature (p < 0.001) and air temperature
(»p = 0.018) only had a significant effect on CH4
fluxes in the dry year (Figure 4, Table S9).

Under drought conditions in 2020, 6'>C—CH,
increased as water table levels dropped (p = 0.008,
R?,, = 0.12), but water table depth did not have a
significant effect on ¢'>C—CH, in the wet year
(Figure 5A-B). By contrast, in the wet year §'°>C—
CH,4 increased with increasing weekly cumulative
precipitation (p = 0.0018, R?,, = 0.15, Figure 5D)
but there was not a significant effect of weekly
cumulative precipitation on 6'>C—CH, in the dry
year. Like CH, emissions, '°C—CH, increased with
peat temperature at 10 cm in both years
(» < 0.001, R?>,=0.19 and p < 0.001,
R?, = 0.17, Figure 5E-F). Emitted 6'>C-CH, also
increased with increasing air temperature in both
years (Table S9, Figure 5G-H).

Figure 4. Effect of year and A, B water table depth, C, D»
cumulative weekly precipitation, E, F peat temperature
at 10 cm and G, H air temperature on CH, emissions.
Figure panels in the left column with red diamond points
show data from 2020 and figure panels in the right
column with blue circular points show data from 2021.
Note the different x-axis scales for water table depth in
panels A and B. Shaded regions represent the 95%
confidence interval associated with each linear
relationship. Panels without trend lines reflect fixed
effects that did not have a significant effect on CH,
emissions.

DiscussioN

Limited Differences in CH, Emissions
Across Microforms

Significant differences in CH, emissions between
microforms with varying water table depth and
vegetation have been observed across northern and
temperate peatlands (for example Bubier and oth-
ers 1993; Bubier and others 1995; Frenzel and
Karofeld 2000). However, we observed similar
seasonal average CH, fluxes across the hummock,
lawn, and wet collars despite differences in water
table position (Figure 1) and vegetation commu-
nities (Figure S1). In the dry year the collar with
the highest seasonal mean water table also had the
largest seasonal mean CH,4 flux (Table S5), as was
observed in a previous study that synthesized
5 years of CH, flux measurements from Sallie’s Fen
(Treat and others 2007). However, in the wet year
the highest mean seasonal CH,4 flux was not ob-
served from the collar with the highest mean sea-
sonal water table. One possible explanation for the
lack of variability in CH, fluxes across microforms is
that large seasonal variability in water table depth
(=53 to 0 cm in 2020; —23 to 14 cm in 2021)
outweighed the impact of plot-scale variability in
water table levels on CH,4 emissions. Secondly, the
ratio of methanogenic to methanotrophic microbial
taxa in the surface peat (~ 5-15 cm depth) has
been found to be a strong control of CH, fluxes
(Rey-Sanchez and others 2019) in temperate
peatlands. Previous work at Sallie’s Fen found that
the ratio of methanotrophs to methanogens at
10 cm was higher in hummocks where the water
table was > 10 cm below the peat surface than in
lawns where the water table was < 10 cm (Per-
ryman and others 2022). In this study, seasonal
average water table depth was > 10 cm below the
peat surface in the dry year and < 10 cm below
the peat surface in the wet year across microforms.
As such, the microbial community composition in



Effect of Drought and Heavy Precipitation on CH4 Emissions 11

o
CHg Flux (mgm2d™) CHj Flux (mgm2d™)

CHg Flux (mgm=2d™)

CHj Flux (mgm2d™)

B
2020 - Dry 2021 - Wet
1000 °o ®
1000
* e o3 ~ °
* * ° °
* ©
$ O e s e (R 2
100 NEPOERE IO . o 100 0ee’’ o
. LR R S o % *0 *%,0_ o
¢ L ” * & = % o 0,0.,.°8 °
* LS x [ 3N ) °
* * =) .. [ ] ° °
* * ¢ . L °
L 'S ~ °
10 5 10 °
* °
-50 -40 -30 -20 -10 0 -20 -10 0 10
Water Table Depth (cm) Water Table Depth (cm)
D
M L ° °
1000 1000 3 ° ° °
z oo S -~ 2 .
} « & : . ° [ o ° °
» Q¢ L
100 “ Mg M Sa
. . s g
* o0 Y x
‘ * ¢ =]
s 03 =
T
10 S
*
0 25 50 75 0 25 50 75 100 125
Cumulative weekly precipitation (mm) Cumulative weekly precipitation (mm)
F
*
1000 4~
1000 * 3
* o T o
P'S ** gl L
¢ L
IS
100+ o 100+
£ 3
> -
=) L
* ™ |
104 T
o 10§
* 3 °
8 12 16 20 8 12 16 20
Peat Temperature at 10 cm (°C) Peat Temperature at 10 cm (°C)
H
* [] ° °
1000
1000+ PR _ ® e °
s ° .’. °
(Tl
c o ® °0 o b % o
100 o 100 ° ° ... ° ° ® L '
£ .0~000 e & 25’ o :‘ %
5 ® ® e % °
[ ., Ge
< [ ]
104-* 5 1 °
* [J
15 20 25 30 35 15 20 25 30 35

Air Temperature (°C) Air Temperature (°C)



12 C. R. Perryman and others

the surface peat may have been more similar across
microforms during this study than in past obser-
vations, potentially weakening the effect of
microbial community composition on CH, fluxes
and lessening the spatial variability in CH, emis-
sions.

While it is well-established that 6'>C—CH, varies
between northern peatland types with variable
hydrology, plant-cover, and nutrient status (for
example, Chasar and others 2000; Hornibrook and
Bowes 2007), there are fewer measurements
explicitly considering the impact of microtopogra-
phy on 6'>C—CH,. We did not observe significant
differences in ¢'>C-CH, between microforms,
consistent with previous manual measurements
from a Finish boreal peatland (Dorodnikov and
others 2013). Recent work from a Swedish hemi-
boreal mire with similar differences in elevation
between microforms as at Sallie’s Fen ( < 20 cm)
observed large (5-15%,) microtopographic varia-
tion in CH4 fluxes and 6'>C—CH, using an auto-
mated chamber system (Rinne and others 2022).
Spatial differences in 0'*C—CH, at the Swedish mire
were likely due to variation in methanogenic
pathways in accordance with aboveground vege-
tation, as the largest 6'>C—CH, values were ob-
served from areas dominated by aerenchymatous
sedges (Rinne and others 2022) which promote
acetoclastic methanogenesis and therefore larger
0'>C—CH, values via root exudation of labile sub-
strates (Heffernan and others 2022; Hodgkins and
others 2014). We did not observe larger §'>C-CH,
values from lawns with more abundant sedges
(Figure S1; Figure S3), suggesting spatial differ-
ences in methanogenic pathways were small. This
is consistent with earlier observations from Sallie’s
Fen which found that the community composition
of methanogens did not vary across microtopogra-
phy (Perryman and others 2022). Furthermore, our
measurements do not suggest that the larger
abundance of sedges in lawns (Figure S1) promoted
CH,4 emissions via plant-mediated transport. The
lawns did not have significantly higher CH; emis-
sions nor lower §'>C—CH, (Figure S3, Table S1) as
would be expected if plant-mediated transport was
a dominant emissions pathway from these collars
(Chanton 2005). As sedges were present in at least
low proportions in all microforms in our study,
their influence on CH,4 production and emissions
across microforms was likely less pronounced than
previous work comparing sites where sedges were
absent (Greenup and others 2000) or experimen-
tally removed (Noyce and others 2014; Wadding-
ton and others 1996) to sites dominated by sedges.

CH, Emissions from Dry and Wet Years

We did not observe significant differences in CH4
fluxes and 6'°C-CH, between the dry and wet
years, despite significant differences in water
table dynamics and precipitation between years
(Figure 1). Mean seasonal CH, fluxes in 2020 and
2021 of 181.5 &£ 227.3 and 165.8 + 254.2 mg
CH, m 2 d™!, respectively, are of similar magni-
tude and variability as recent observations from
Sallie’s Fen (Noyce and others 2014; Treat and
others 2007) as well as measurements across other
temperate peatlands (Turetsky and others 2014).
Our results contrast prior work assessing the impact
of low and high precipitation years on CH, emis-
sions from northern peatlands. Across peatland
sites, drought and/or drainage has been observed to
reduce CH, fluxes (for example, Kettunen and
others 1999; Knorr and others 2008b; Strack and
others 2004). Conversely, wet years are often
associated with elevated CH,; emissions. For
example, Bubier and others (2005) observed that
CH4 fluxes from boreal peatlands were 60% higher
in a year that received 40% more precipitation.
While cumulative May to August precipitation in
2021 was 168% higher than in 2020 at our study
site, and water table depth was consistently higher
as well, we did not observe higher CH, emissions in
2021.

High CH, fluxes during years with lower water
table level have been observed previously at Sallie’s
Fen (Carroll and Crill 1997; Treat and others 2007).
Potential mechanisms sustaining CH, emissions
despite low water table levels include both high
CH,4 production during warm periods and possible
episodic degassing of stored CH,; as water
table levels drop. While peat temperature was not
significantly different between the dry and wet
years (Table S3), high peat temperatures in July-
August of the dry year (Figure 1) may have sus-
tained high rates of CH, production at depth even
as the water level dropped (Dunfield and others
1993; Kolton and others 2019). Depressurization-
driven degassing of stored CH4 has been observed
across northern peatland sites (Glaser and others
2004; Strack and others 2005), including at Sallie’s
Fen where Goodrich and others (2011) observed
that peak ebullition corresponded with decreasing
water table depth and high peat temperatures.
While our quality control methods for CH, flux
calculations would exclude large episodic releases
that resulted in nonlinear trends in chamber
headspace CH, accumulation, they could capture
steady low-levels of ebullition. It has been sug-
gested that CH,4 transported by ebullition may be
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relatively >C depleted, assuming the CH, is trans-
ported from an anoxic depth and bypasses '’C-
enriching zones of CH, oxidation (Chanton 2005).
However, using both automated (Santoni and
others 2012) and manual (Roddy 2014) ebullition
measurements, prior work has determined that
ebullition emits CH, with a mean ¢'>C-CH, value
of approximately —57 to —549,, at Sallie’s Fen,
values which are comparable to those we observed
from June-August of both vyears (Figure 2,
Table S2). As such, our §'°C—CH, measurements
cannot resolve if ebullitive emissions may explain
why CH, fluxes were not lower in the dry year.
We hypothesized that §'°C-CH, would be higher
under dry conditions in 2020 which can promote
CH,4 oxidation (Moore and Dalva 1993; White and
others 2008) and therefore increase '°C—CHy
(Coleman and others 1981; Whiticar 1999). How-
ever, we did not observe a significant difference in
0'°C-CH, between the dry and wet year at the
seasonal timescale. Mean seasonal 0'>*C—CH, was —
59.0 & 9.9%, in 2020 and —58.3 + 9.7%, in 2021.
Seasonal average 0'°C—CH, at Sallie’s Fen was
comparable to that observed from a raised bog in
the Glacial Lake Agassiz Peatland Complex (—
58.7 &+ 5.89,) with similar seasonal water
table position to Sallie’s Fen, but higher than from
afen (—63.6 £ 1.49,,) in which the water table was
above the ground surface from June to September
(Chasar and others 2000). The seasonal average
0'’C-CH, from both years was also in better
agreement with observations from a dry period
(~ 56%,) in a Carex spp. dominated rich fen in Al-
berta than the seasonal average under normal
flooded conditions (~ —64 to —669, Popp and
others 1999), likely because the normal water
table levels at the Alberta site were higher than
observed at Sallie’s Fen even in the wet year.

00

Drivers of Seasonal Variation in CH,
Emissions in Dry and Wet Years

Monthly variation in CH4 flux and 6'>C-CH, was
larger than interannual variation or variation be-
tween microforms. Like in past studies at Sallie’s
Fen, CH, emissions increased from May to July
(Carroll and Crill 1997; Noyce and others 2014;
Treat and others 2007), and in both years 6'>C-CH,4
was higher at the end of the summer than the
beginning (Figure 3). Increasing peat temperatures
early in the summer likely increased CH4 produc-
tion rates and therefore CH, emissions, given the
strong relationship we observed between peat
temperature and CH, fluxes in both years (Fig-
ure 4). Increased plant productivity likely also

contributed to the large increase in CH, emissions
from May to July (Bellisario and others 1999;
Joabsson and others 1999; Whiting and Chanton
1993), as both net ecosystem exchange and pho-
tosynthesis increase steadily from the beginning of
the growing season to their peak values midsum-
mer at Sallie’s Fen (Carroll and Crill 1997; Treat
and others 2007). The shift towards higher §'°C-
CH,4 we observed across both summers is consistent
with prior work indicating that acetoclastic
methanogenesis becomes more dominant across
the growing season (Avery and others 1999; Keller
and Bridgham 2007; Kelly and others 1992). Ace-
toclastic methanogenic archaea may become more
abundant as temperature and substrate availability
increase (Chang and others 2020; Wilson and
others 2021), increasing total CH, production as
well as the influence of acetoclastic methanogen-
esis on emitted 0'>C—CH,. We observed that 6'>C—
CH, increased with air and peat temperature both
years (Figure 5), suggesting that warmer tempera-
tures promoted a shift towards acetoclastic
methanogenesis.

In both years mean §'°C-CH, increased from
July to August as mean CH, fluxes decreased
(Table S2); however, changes in CH, emissions and
0"’C—CH, from July to August were only signifi-
cant in the dry year (Table S7-8). In the dry year
emissions significantly decreased (p = 0.0003;
Table S7, Figure 3) and 6'°’C-CH, increased by
109, (» = 0.0014; Table S8, Figure 3) as the water
table depth dropped by > 15 cm. This observation
is consistent with previous mesocosm experiments
which found that a water level difference of 20 cm
between fen mesocosms resulted in a difference
of ~ 15%, in emitted 6'>C—CH, (White and others
2008) and that lowering water table depth in-
creases dissolved 6'>C—CH,4 by ~ 10%, (Knorr and
others 2008a). The paired decrease in CH, emis-
sions and increase in 6'>C—CH, in the dry year
suggests that increased CH,4 oxidation, rather than
decreased CH, production, suppressed CH, fluxes
in late summer, as CH, oxidation increases ¢'°C—
CH4 (Coleman and others 1981; Whiticar 1999).
Furthermore, 0'>C—CH, increased as the water
table depth dropped in the dry year (Figure 5,
p = 0.008), indicating that the falling water
table observed across the dry year increasingly
promoted conditions favorable for aerobic
methanotrophy (Sundh and others 1994; Yrjala
and others 2011). Kelly and others (1992) also
observed a seasonal trend towards higher §'>C-CH,
that correlated with deeper water table depth in a
bog in northern Minnesota and likewise suggest
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the seasonal pattern they observed in CH4 emis-
sions was controlled by microbial oxidation.

In the wet year neither CH, emissions nor 6'>C—
CH,4 changed significantly between July and Au-
gust (Table S7-8). The apparent decrease in CHy
emissions between July and August of the wet year
(Figure 3) was likely due to rainstorms that pro-
moted site flooding and large (> 1000 mg CH, m™
2d™')y CcH, fluxes in late July (Figure 1). Our
observations are consistent with prior work from
temperate peatlands showing that rainstorms sub-
stantially increase CH, emissions by increasing
inundation (Huth and others 2013, 2018). Previ-
ously, Frolking and Crill (1994) suggested that
heavy rain may suppress CH, emissions from Sal-
lie’s Fen, but their study included Hurricane Bob in
August 1991 which delivered nearly 200 mm of
rain in a single day, whereas maximum daily
rainfall during our study period in 2021 was
72.6 mm. Furthermore, CH, fluxes in August of
the wet year (132.4 £+ 79.4 mg CH, m > d~') were
similar to previously published growing season CH,4
fluxes of 200-400 mg CH, m 2 d~! from 2000 to
2004 (Treat and others 2007) and 130-180 mg
CH, m 2 d~' from 2008 to 2011 (Noyce and others
2014), while CH4 emissions in August of the dry
year were lower than historical observations
(77.8 £ 49.2 mg CH, m~ 2 d™'). Overall, the larger
and more significant change in 6'>C-CH, between
July and August of the dry year indicate CH, oxi-
dation reduced CH,4 emissions under drought con-
ditions, whereas smaller changes in CH, emissions
in late summer in the wet year were reflective of
episodically large fluxes in July.

Interestingly, the increase in CH4 emissions after
heavy rain in July of the wet year was not associ-
ated with a decrease in 513C—CH4, as may be ex-
pected if rising water table levels suppressed CH4
oxidation. We did observe that emitted 6'>C—CH,
increased with weekly cumulative precipitation in
the wet year (Figure 5), but this relationship was
likely influenced by the timing of weeks with high
cumulative precipitation in midsummer when both
peat temperatures (Figure 1) and productivity
(Carroll and Crill 1997; Treat and others 2007) are
high, favoring increased acetoclastic methanogen-
esis (Chang and others 2020; Wilson and others
2021) and therefore higher 6'°’C-CH,4. Further-
more, given the frequency of our §'?C-CH, mea-
surements (bi-weekly), we may have missed the
interval over which ¢'°C—CH, responded to rain-
storms and flooding. Higher-frequency measure-
ments may help resolve the relationship between
rainstorms and 0'>C—CH,.

CONCLUSIONS

We measured CH, emissions and their '*C isotopic
composition from a northern temperate fen across
two summers with differing precipitation patterns
and water table dynamics. We observed that 6'*C—
CH,4 values shifted more in response to drought and
a lowered water table (~ 109,) than flooding from
rainstorms (~ 19%,), suggesting future droughts
may have a large influence on the source signature
of 6'>C-CH, from peatlands as precipitation re-
gimes in the mid to northern latitudes become
more variable under climate change. Pairing field
measurements of CH, fluxes with measurements of
6'>C—CH, indicated that increased CH, oxidation
reduced CH, emissions under drought. Our results
were inconclusive regarding what mechanism
caused the pulse of high CH, emissions we ob-
served after rainstorms, as our manual measure-
ments may not have occurred over the appropriate
timescale to capture the response of §'>C-CH, to
precipitation events. Higher frequency and/or
automated measurements could help resolve this
ambiguity, as could experimental efforts simulating
rainstorms to aim to capture any shifts in 6'>C-CH,4
that occur quickly after flooding occurs. Overall,
future investigations of how precipitation impacts
peatland CH4 emissions should continue to incor-
porate isotopic measurements to help further clar-
ity the physical and biological mechanisms
dictating how peatland CH,4 emissions will respond
to the changing precipitation regimes expected as
climate warming intensifies.
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