N 100@!&}(1%&1@%9

j_l\ \-j SPACESCIENCE

Geophysical Research Letters

RESEARCH LETTER
10.1029/2018GL08 1274

Key Points:
In rainy yeais, recharge from the
watershed rapidly altered wetland
soil temperatures, affecting sedge
abundance and methane emissions
When wetland soilswere warmed by
spring rainfall,growing-season
methane emissions increased by
-30%
By advecting thermal energy into
soil, precipitation regulates the
near-term global warming potential
of thawing permafrost landscapes

Supporting Information :
* Supporting Information S1

Correspondence to:
R.B.Neumann,

rbneum@uw. edu

Citation :

Neumann, R.B., Moorberg, C.J.,
Lundquist ,J. D.,Turner, J.C.,Waldrop,
M.P., McFarland,J.W., et al.(2019).
Warming effects of spring rainfall
increase methane emissions from
thawing permafrost. Geophysical
Research Letters, 46. https://doi.org/
10.1029/2018 GL08 1274

Received 13NOV 2018
Aa:epted 26 DEC 2018
Aa:epted article online 3JAN 2019

©2019. American Geophysical Union.
All Rights Reserved.

Warming Effects of Spring Rainfall Increase Methane
Emissions From Thawing Permafrost

Rebecca B. Neumann'5,Colby J. Moorberg.Z $,Jessica D. Lundquist '5,Jesse C.Turnerl,
Mark P. Waldrop?,Jack W.McFarland® Eugenie S. Euskirchen* Colin W.Edgar*

and Merritt R. Turetsky5

'Department of Civil and Environmental Engineering, University of Washington, Seattle, WA, USA, “Department of
Agronomy, Kansas State University, Manhattan, KS, USA, ‘Us. Geological Survey, Menlo Park, CA, USA, "Institute of

Arctic Biology, University of Alaska Fairbanks, Fairbanks, AK, USA, *Department of Integrative Biology, University of
Guelph, Guelph, Ontario, Canada

Abstract Methane emissions regulate the near-term global warming potential of permafrost thaw,
particularly where loss of ice-rich permafrost converts forest and tundra into wetlands. Northern latitudes
are expected to get warmer and wetter, and while there is consensus that warming will increase thaw and
methane emissions, effects of increased precipitation are uncertain. At a thawing wetland complex in
Interior Alaska, we found that interactions between rain and deep soil temperatures controlled methane
emissions. In rainy years, recharge from the watershed rapidly altered wetland soil temperatures, warming
the top -80 cm of soil in spring and summer and cooling it in autumn. When soilswere warmed by spring
rainfall, methane emissions increased by -30%.The warm, deep soils early in the growing season likely
supported both microbial and plant processes that enhanced emissions. Our study identifies an important
and unconsidered role of rain in governing the radiative forcing of thawing permafrost landscapes.

Plain Language Summary Because the world is getting warmer, permanently frozen ground
around the arctic, known as permafrost, is thawing. When permafrost thaws, the ground collapses and
sinks. Often a wetland forms within the collapsed area. Conversion of permanently frozen landscapes to
wetlands changes the exchange of greenhouse gases between the land and atmosphere, which impacts global
temperatures. Wetlands release methane into the atmosphere. Methane isa potent greenhouse gas. The
ability of methane to warm the Earth is 32 times stronger than that of carbon dioxide over a period of
100years. In our study, we found that methane release from a thaw wetland in Interior Alaska was greater in
rainy years when rain fell in spring. When spring rainwater entered the wetland, it rapidly warmed

wetland soils. Rain has roughly the same temperature as the air, and during springtime in northern regions,
the air iswarmer than the ground. The microbial and plant processes that generate methane increase with
temperature. Therefore, wetland soils, warmed by spring rainfall, supported more methane production and
release. Northern regions are expected to receive morerainfall in the future. By warming soilsand increasing
methane release, this rainfall could increase near-term global warming associated with permafrost thaw.

1. Introduction

When ice-rich permafrost thaws, the ground subsides, creating thermokarst features such as thaw wetlands
(Kokelj & Jorgenson, 2013). Permafrost thaw triggers an immediate loss of previously frozen soil organic
carbon that iseventually offset (over centuriesto millennia) by carbon sequestration in wetland biomass that
subsequently forms (Frolking et al., 2006; Jones et al.,2017). However,wetlands also generate methane, and
methane emissions can cause these carbon-sequestering systems to have a positive global warming potential
over decades to centuries (Frolking et al., 2006; Johansson et al.,2006; Turetsky et al.,2007), the timescale of
relevance for climate projections and policy (Saunois et al., 2016).

In boreal regions, warming temperatures have (Poulter etal.,2017) and will continue (Zhang etal.,2017) to
increase wetland methane emissions by promoting permafrost thaw and creating new wetland area.
Northern latitudes are also expected to receive more rainfall (Bintanja & Andry, 2017; Euskirchen et al.,
2016), and few studies have accounted for the ability of rain to alter soil temperature, which is a key control
on plant and microbial processes involved with methane production and emissions (Yvon-Durocher
et al.,2014).
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To a first approximation, rain has the same temperature as air (Byerset al., 149), and when air and soil tem-
peratures are mismatched, rainwater inputs can rapidly change subsurface soil temperatures through ther-
mal conduction. Previous studies imply that rain is an important transporter of thermal energy into soil in
northern latitudes. Thaw depth within permafrost regions appears associated with precipitation amount
(Grant et al., 2017; Ijima et al., 2014; Olivas et al.,2011; Quinton et al.,2009), while thermal modeling of
northern peatlands, which ignored advective heat transport by rain, was unable to match measured soil tem-
peratures when large precipitation events occurred (Kettridge & Baird, 2008). Most biogeochemical models
do not include advective heat transport and thus cannot accurately simulate soil temperatures for a wetter
future, undermining prediction of biogeochemical processes. Here we present data clearly demonstrating
the power of rain to rapidly alter soil temperatures within a thaw wetland in Interior Alaska and affect
methane emissions.

Our sitewas thawing wetland complex located within a black spruce forest (Piceae mariana Mill.) underlain
by ice-rich permafrost (Euskirchen et al., 2014; Figure la). Over 3 years (2014-2016) we used eddy covar-
iance to measure carbon, water, and energy flux in the bog and surrounding permafrost forest and collected
meter-scale plant and carbon flux data from the bog (Figure le). The data set isunique because we captured
an average precipitation year (2015 had 283 mm of rainfall; 30-year normal rainfall for the area is 230-
289 mm; NOAA, 2017) and 2 years with abnormally high rainfall (378 mm in 2014 and 345 mm in 2016;
Figure 2b). Additionally, the bogs have floating peat mats, which facilitated a consistent water table depth
relative to the peat surface all 3 years (Figure Sl in the supporting information). With no notable change
in thickness of unsaturated peat, we avoided the confounding effects that a change in water table depth
can have on thermal conductivity of soil (Hillel, 2005) and on production and oxidation of methane
(Olefeldt et al.,, 2013; Turetsky et al.,2014).

2. Methods
2.1. Site Description

The studied wetland complex, in Interior Alaska, 30 km southwest of Fairbanks (64.70°N, -K8.3°W), is
situated in discontinuous permafrost. It is located within the Bonanza Creek Long Term Ecological
Research forest and is part of the Alaska Peatland Experiment. The wetland is classified as a bog because
it is recharged only by precipitation and runoff from the surrounding forested peat plateaus (Figure la).
The -l-m-thick peat soils in forested plateaus have a low bulk density (0.27 + 0.16 g/cm’ mean + standard
deviation) and high field water content (74 + 16 vol.%; Manies et al., 2017). The bogs are composed of -70-
cm-thick peat mats (bulk density, 0.06 g/cm®+ 0.03 g/cm’; field water content, 86+ 10vol.%) that float on
top of a -70-cm-thick watery peat layer (bulk density, 0.21 £ 0.20 g/cm’ :field water content, 89+ 11vol.%)
that is underlain by mineral soil (Marries et al., 2017; Figure la).

Thaw commenced at the site 50 to 400 years ago and is active along bog margins (Euskirchen et al., 2014;
Klapstein et al.,2014). When ice-rich permafrost thaws, the land subsides and soilsare flooded. Fast-growing
aquatic plant species such as sedges and hydrophilic Sphagnum mosses colonize the area (Finger et al.,
2016). With increasing time following thaw, peat accumulates, and hummock-hallow microtopography
develops, enabling woody plants to grow in the drier elevated hummocks while hallows remain saturated
throughou t the growing season. The centers of bogs represent areas where thaw initiated while the edges
of bogs represent areas that recently thawed; bog age increases from edge to center. As such, bog edges
include open water transitioning into Sphagnum riparium hummocks with vascular plants such as water
sedge (Carex spp.), bog rosemary (Andromeda polifolia L.), cotton grass (Eriophorum spp.), and leather leaf
(Chamaedaphne calyculata), while the older bog centers are dominated by Sphagnum spp. hummocks that
support woody species such as dwarf and bog birch (Betulanana and Betulaglandulosa) and larch (Larix lar-
icina; Finger et al., 2016). Hallows in the bog center support a similar diversity of vascular species as
bog edges.

Along the edge-to-center transect, growing-season soil temperatures increase in years with average precipi-
tation (i.e., the center iswarmer because it is further from permafrost), while Carex density, methane emis-
sions, and total dissolved nitrogen concentrations decrease (Finger et al., 2016; Neumann et al., 2016;
Figure 1b).

NEUMANN ETAL.



Geophysical Research Letters 10.1029/2018GL081274

forest collapse scar bog l,

edge center
(young) (old} )-
time post thaw

-temperature
of atmosphere

=]
w
=
2
a
E
2
mineral
soil
b. edge center)
geattemp —_—
arex spp.

cH.emisson | IAAETiEiilI
DON -

(MMM avg. year | W spring rain M all years|

£ 8
%m = 7]
S —_
0 ¢ 5 5o
=] - C
nzB o
permafrost -
forest ' E
- 2
100

100 m

un Oc
studied S® Soil Temp.""""'J -1 1% ;';';:';;';i_:|:|'::::ﬁ
Google Earth ©2018 Google D0gS - (00)

Figure 1. Conceptual overview.(a) Collap;e scar bog surrounded by forested permafrost plateaus. The bog has -70-on-thick peat mat that floats on a watery peat
layer underlain by mineral soil. The permafrost is actively thawing at the bog edge while thaw initiated SOto 400 years ago in the bog center. The younger

bog edge includes open water transitioning into Sphagnum hummocks. The older bog centers have Sphagnum hummocks that supportwoody species.Carex: is the
dominant vascular species at the bog edge and in hallows of the bog center. Temperature sensors were installed at multiple depths at the edge and center of

the bog. When cumulative rainfall exceeds cumulative evaporative water loss in the forest,temperature data indicate water from the surrounding permafrost forest
enters at the bog edge where it plunges down vertically and then travels horizontally through the watery peat layer toward the bog center. (b) Conceptual
representation of edge-to-center gradients of soil temperature,coverage of Carex, methane emissions, and dissolved organic nitrogen (DON) concentrations in the
bog for an average year (e.g.,2015;dark colored bands) and a year with spring rainfall (e.g.,2016;light colored bands). DON gradients are not affected by rainfall.
Gradients are based on data presented in this manuscript,except for DON concentrations,which are based on data in Finger et al. (2016). (c) Google Earth
image of field site showing the permafrost forest that contributes water to the down-gradient bog complex. Location of flux towers installed within the permafrost
forest and bog complex are indicated (d) Data collected from the site during 2014. Top panel, cumulative difference between precipitation (P) and
evapotranspiration (ET) for the permafrost forest. Arrows mark rain events,with duration ofevents highlighted by the gray bars associated with each arrow.Arrow
lindicates arain event that did not contribute water to the bog because the cumulative rain amount had not yet offset the cumulative ET demand for the

forest. All other arrows mark rain events that did contribute water to the bog. Middle panel, estimated temperature of rain,which was calculated as the

volume -weighted temperature ofthe air when the rain fell. Bottom panel,soil temperature (indicated by color according to the color bar) as a function of time and
depth for the bog edge. (Data for the bog center is in Figure S2.) Depths of temperature sensors are marked with white circles alongy-axis. Arrows 2 and 4

show events that occurred when rainfall was warmer than soil, resulting in rapid penetration of warmer temperatures into soil Arrows 3,5,and 6 indicate rain
events that occurred when rainfall was cooler than soil,resulting in rapid penetration of colder temperatures into soil
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Figure 2. Comparison of data from 2014,2015,and 2016. (a) Air tempera-
ture and cumulative ground heat flux in the bog. (See section Sl for heat
flux calculation). (b) Cumulative rainfall (mm). An average amount of
precipitation occurred in 2015,while 2014 and 2016 were abnormally wet.
(c) Cumulative seasonal difference between precipitation (P) and
evapotranspiration (ET)inthe permafrost forest. Positive values indicate
cumulative amount of rainfall exceeded cumulative ET demand. (d) Time
versus penetration depth of 10°Catthe bogedge.In2014and 2016,the two
rainy years,soil rapidly warmed to 10°C,aligning with the point in time
when cumulative rainfall amount met or exceed the ET water loss ofthe
upland permafrost forest (see dashed lines connecting panels cand d). In
2016,soilatthe edge warmed to 10°C3weeks earlierthanitdidin2014. The
sharp midseason shallowing ofthe 10 °Ccontour in 2014 was aresult of
rain that fell during a cool day inJuly (see arrow 3,Figure 1d). (¢) Time
versus penetration depth of 10°Cinthe bog center. (f) Cumulative methane
flux for the bog complex measured via eddy covariance. Gray bars across
panels b-fmark typical persistence ofsnow coverand presence of seasonal
frostin the bog,along with the typical point in the growing season when
plants reach peak biomass and senesce.

2.2. Soil Temperature Measurement

Soil temperatures were measured following the methods of Cable et al.
(2016) using calibrated temperature probes consisting of 16 thermistors
(10-K ohm thermistor PIN PS203J2, U.S.Sensor, Orange, CA) embedded
in a urethane matrix to form a single 150-cm-long rod. Following calibra-
tion, each probe was inserted into the bog. Temperatures were continu-
ously measured to a depth of 150 cm for the 3 years of the study.
Measurements were recorded using a Campbell CRIOOO data logger
(Campbell Scientific, Logan UT). Because of upward sensor drift, mea-
surements from sensors with readings above 0 °C on 1January of each
year were adjusted downward to 0 °C. The adjustment was applied to
measurements for the entire year of data. This correction resulted in a
temperature step-change on 1 January for the adjusted measurements
depths, but a smooth and continuousrecord for the remainder of the year.
Upward sensor drift was detected by looking at temperatures recorded by
shallow sensorsin early winter when diurnal temperaturevariation disap-
peared, indicating the presence of frost. The flatline temperature asso-
ciated with the onset of frost should be -0 °C. Over the three study
years, the flatline temperature got progressively warmer, necessitating
the step adjustment.

2.3. Flux Tower Measurements

Fluxes of methane, water, and energy were collected with two eddy covar-
iance measurement stations, one placed in the thermokarst bog complex
and one in the permafrost forest. At both locations, basic microclimatic
data were also collected in conjunction with the eddy covariance data.
The eddy covariance and microclimatic measurements are detailed in
Euskirchen et al.(2014). Both the processed eddy covariance and microcli-
matic data were averaged for 30-min periods. Data gaps in eddy covar-
iance data, related to instrument error or malfunction, calm periods
(friction velocity, u* <0.2 mis), or power outages, were filled by calculat-
ing the mean diurnal variation, where a missing observation was replaced
by the mean for that time period (half hour) based on adjacent days (Falge
et al., 2001).

2.4. Site-Level Measurements

Site-level methane fluxes were measured approximately weekly from
June to September using conventional static chamber techniques
(Turetsky et al.,2008). Chambers (area 0.36 m’ height 0.60 m) were con-
structed from metal sheets that were painted white to reduce chamber
temperatures and were placed on metal collars permanently embedded
into the peat surface both near the edge and center of the studied bog.
Collars were accessed using permanent raised boardwalks. Fans within
the flux chamber mixed headspace gas during sampling, which included
collection of a 20-ml gas sample into a plastic syringe fitted with a stop-
cock every 5 min over a 30-min period (total of seven samples per flux).
Samples were returned to the lab and analyzed for CILi concentrations
within a 24-hr period using a Varian 3800 gas chromatograph with an
FID detector with a Haysep N column (Varian Analytical Inc., Palo
Alto, CA, USA). Flux rates were calculated as the slope of linear regres-
sions of CH, concentrations versus time. Fluxes with poor fits (r < 0.8)
were not included. Methane fluxes were statistically compared using the
nonparametric Wilcoxon rank-sum test, which indicates if populations
have statistically different distributions. Plant data were collected from
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gas flux collars during peak biomass (middle to late July). Each year, percent cover of all vascular and bryo-
phyte species was visually estimated. In 2014, stems of vascular species were counted within five 8-cm by
8-cm subsections of collars and scaled up based on collar area, while in 2015 and 2016, stems were counted
within entire collars. In all 3 years, heights of vascular species were measured relative to the bog surface
within five 8-cm by 8-cm subsections of collars.

3. Results and Discussion
3.1. Amount and Timing of Rainfall Affects Bog Soil Temperatures

Deep soil temperatures were warmer in years with high rainfall relative to the average precipitation year
(Figures 2d and 2e). However, cumulative annual net heat flux into the bog determined from a classical
energy balance (section SI) was lower in the rainy years (622 and 583MJ/m? in 2014 and 2016, respectively,
versus 654 MJ/m’ in 2015;Figure 2a). Thus, we attribute warmer soil temperatures in 2014 and 2016 to rain
and not to radiation.

During the two rainy years, we observed rapid penetration of warmer temperatures into soil down to depths
2:::75 cm during the first rain events that occurred after cumulative evaporative water loss from the upland
watershed area had been met or exceeded by cumulative rainfall (arrow 2, Figure 1d; arrows 2 and 9,
Figure S2). This situation enabled rainwater to move through the upland watershed, enter and recharge
the bog rather than remain in upland soilswhere it is transpired by plants (Figures la and le). During early
rain events, air temperatures, and thus rainwater temperatures, were 2:::10 °C, while average temperatures
within the top 75 cm of bog soil were 5 °C. Thus, rainwater recharge rapidly increased soil temperatures,
particularly at the bog edge (arrow 2, Figure 1d; arrows 2 and 9, Figure S2). In the permafrost forest, soiltem-
peratures closely follow air temperatures, generating runoff with similar temperatures to that of rainfall
(Figure S3). When cumulative evaporativewater loss from the upland watershed area was not met by cumu-
lative rainfall, bog recharge and rapid warming of soil did not occur (arrow 1Figure 1d; arrows land 7,
Figure S2). Rather, slow progressive warming associated with radiative energy input was observed.

The ability of rainwater recharge to alter bog soil temperatures down to deep depths was also demonstrated
by rapid soil cooling when rain was colder than soil, predominantly in the fall (arrows 5 and 6, Figure 1d;
arrows 5, 6, 8 and 11, Figure S2), and also ona cool day in July 2014 (arrow 3, Figure 1d). During
midsummer, when rain and soil temperatures were similar, rainwater recharge did not notably alter soil
temperatures but helped maintain and progress warm temperatures to deeper depths (arrow 4, Figure 1d;
arrows 4 and 10, Figure S2).

32. Post-Rain Recharge Creates Spatial Gradients in Bog Soil Temperature

Multipie studies have found that edges of actively thawing wetlands are hotspots for microbial processing of
organic matter, including methane production, and assumed responses were driven by inputs of recently
thawed permafrost carbon, which is easily degraded by microbes and often co-occurswith other nutrients
(Abbott et al., 2014; Anthony et al., 2016; Finger et al., 2016; Keuper et al., 2012; Klapstein et al., 2014;
Neumann et al., 2016;Turetsky et al.,2002). Our data suggest another plausible mechanism. We found that
upland water enters the bog edge and then plunges downward and moves laterally toward the bog center
(Figure la), and thus, temperature responses were stronger at the bog edge than in the center (Figures 2d,
2e, and S2). As such, in rainy years, soils at wetland edges can warm earlier and/or more intensely than
wetland centers.

Temperature data from a large rain event in 2014 (arrow 2, Figure 1d) illustrate the bog recharge pattern.
During the event, the top 150 cm of soil at the bog edge experienced warming, and temperatures in the
top 60 cm converged (Figure S4a). However, in the center, only soil at depths 80 to 135 cm experienced
warming (Figure S4a), indicating that warm water from the edge moved laterally to the center through deep
soil layers. Similar transitioning of vertical to lateral flow has been reported for peatlands with raised
recharge locations and soil layers with different hydraulic conductivities (Reeve et al., 2000; Waddington
& Roulet, 1997). The delay in soil-temperature response relative to this and other rain events indicates it
takes 5-6 days for water from the upland watershed to enter the bog (Figure S4).

NEUMANN ETAL.
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Figure 3. Bog-level data for 2014-2016. (a,b) Percent cover of Caraplants
in flux collars during peak biomass near the (a) edge and (b) center of the
bog. (c,d) Number of Carexplantsin flux collars during peak biomass near
the (c) edge and (d) center ofthe bog. (e,f) Box and whisker plot of Carex
heightmeasured duringpeakbiomassinfluxcollarsnearthe(e)edgeand (f)
center ofthe bog. (e, ) Box and whisker plot of growing-season (June to
September) methane emissions from flux collarsnear the (e) edge and (f)
center of the bog. Inpanels (e-h) the central mark on the box marks the
median, and the bottom and top edges of the box mark the 25th and 75th
percentile, respectively. Whiskers extend to the most extreme data points
not considered outliers. Outliers are marked with "+"symbol Numbers in
parentheses belowboxesindicate thenumber ofdatapointsineachdataset.
Lettersattop ofboxesindicate datasets with statistically different distribu-
tions (p :::; 5%) according to the nonparametric Wilcoxon rank-sum test.

3.3. Timing of Rain-Induced Warming Governs Soil
Biogeochemical Response

Rain fell earlier in 2016 than in 20 ¥ (Figure 2b), facilitating earlier
warming of soil at the bog edge. In 2016, relative to 2014, shallow soil
atthe bog edge warmed to 10 °C approximately 20 days earlier, while
soil down to -60-cm depth was fully warmed to 10 °C approximately
15 days earlier (Figure 2d). This early warming at the bog edge in 2016
was coincident with increases of between 100% and 200% in number
and coverage of Carex spp., the dominant sedge species at the site,
relative to the two previous years (Figures 3aand 3c¢). Itis well estab-
lished that methane production and emissions increase with sedge
productivity because sedges release carbon into soil that can fuel
methane production and contain hollow internal tissues called
aerenchyma that facilitate diffusion of methane from soil to atmosphere
(Joabsson etal., 1999;Kingetal., 1998; Olefeldtetal.,2013). As such, in
2016, median methane emissions at the bog edge were 259 mg-m->d-!
56% and 100% larger than median emissions from the edge in 20 ¥ and
2015, respectively (Figure 3g).

In contrast, later warming of the bog edge in 2014 (Figure 2d)
corresponded with smaller increases (between 25% and 35%)in number
and coverage of Carex, relative to 2015, the average precipitation year
(Figures 3a and 3c). Statistically, methane emissions at the bog edge in
2014 and 2015 were indistinguishable (Figure 3g). In the bog center,
where soils experienced minimal rain-induced warming (Figure 2e),
Carex coverage did not markedly change across the 3 years
(Figure 3b). Carex numbers increased in 2016 (Figure 3d), but plant
height decreased (Figure 3t), resulting in no apparent change in cover-
age. Correspondingly, methane emissions in the bog center were stati-
cally similar all 3years (Figure 3h).

Studies conducted in northern latitudes indicate that aboveground bio-
mass, height, and cover of sedges increase with warming (Hollister
et al., 2005; Shaver et al., 1998; van der Wal & Stien, 2014; Walker et al.,
2006). The positive growth response reflects a direct plant physiological
effect and/or temperature-induced increase in plant-available nutrients
(Chapin, 1983). Microbial processing of soil organic matter and the corre-
sponding generation of plant-available nutrients intensifies with tempera-
ture (Alster et al., 2018). Here we infer that rain-induced warming of soil
facilitated microbial production of plant-available nutrientsacross the soil
profile. In 2016, when rain warmed soils early in the growing season,
microbial generation of these nutrients aligned with the early growth
phase during which northern-latitude plants rapidly take up soil nutrients
(Chapin et al.,, 1975). Others working in thawing permafrost landscapes
have found that plant productivity increases in response to warmer soil
temperatures during the spring rather than during the summer (Helbig
et al., 2017). Carex are particularly responsive to increased nutrient avail-
ability because they have a high nutrient demand (Shaver et al., 1998) and
are deeply rooted, enabling access to nutrients in deep soil unavailable to
other species (Finger et al., 2016). At our site, dissolved organic nitrogen
concentrations are higher at the bog edge than in the center and increase
with depth (Finger et al., 2016). Thus, there is a nitrogen pool that can,
after microbial processing, support Carex growth-particularly at the
bog edge where Carex abundance and methane emissions increased in
2016 (Figure 3a).
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At the landscape scale, eddy covariance measurements indicated that cumulative methane emlsslons
increased by -30% in 2016 relative to the two previous years (Figure 2f). This increase at the landscape scale
can be explained by the increase in methane emissions at the bog edge (Figure 3g) if edge areas cover -25% of
land area, which is reasonable given the flux tower footprint (Figure SS).Thus, a relatively small,biologically
active area of the landscape responded to spring rainfall and influence large-scale carbon exchange,
illustrating the importance of biogeochemical "hotspots" and "hot moments" (McClain et al., 2003) within
thawing landscapes.

Rainfall is often associated with increased methane emissions, but this connection is attributed to rain
increasing the water table and decreasing thickness of unsaturated soil where methane oxidation occurs
(Turetsky et al.,2014). At our site, no significant change in thickness of unsaturated peat was observed
between the 3years because the bogs have floating peat mats (Figure S1), reinforcing that rainfall increased
methane emissions by warming soil and altering plant and microbial processes rather than by changing
water table position.

34. Biogeochemical Feedbacks to Climate in a Wetter Future

Our study demonstrates that amount and timing of rain regulate soil temperatures within thaw bogs, which
affects sedge abundance and methane emissions. Bog edges mostrecently converted from permafrost are the
most sensitive to impacts from rain due to rain recharge patterns (Figure la). As boreal regions experience
additional permafrost thaw (Jorgenson et al.,2006; Zhang et al.,2017) and projected increases in precipita-
tion, most notably in the amount of early-season rainfall (Bintanja & Selten, 2014; Euskirchen et al., 2016),
our data indicate methane emissions can increase and accelerate near-term global warming.

In an effort to contextualize our results, we estimate that if, in a wetter future, early rainfall routinely warms
soils in boreal regions and causes methane emissions to double from 10% of wetland area (i.e.,a conservative
estimate of edge area at our site; Figure SS), it would increase boreal methane emissions by -4 Tg CH, per
year (SI section 2). An increase of -4 Tg CH, per year is noteworthy given biogeochemical models that
ignored advective transport of thermal energy estimated boreal wetland methane emissions increased at a
rate of -1.2Tg Cper year during the early part of the 21st century (Poulter et al.,2017). These models also
project that during the latter part of the 21st century, natural wetland emission will continue to increase at a
rate of 0.6 to 2 Tg € per year (Zhang et al., 2017). This growth in wetland methane emission was due to
increases in atmospheric temperature and wetland area. The potential perturbation to methane emissions
resulting from early-season rainfall is equivalent to between 2.S and 8 years of emissions growth caused
by these two factors, and it could be sustained as permafrost continues to thaw and new bog edges develop.

Capturing and correctly accounting for dynamic biosphere-atmosphere interactions and feedbacks, such as
those involved with permafrost thaw, requires modeling. However, most biogeochemical models do not
include advective heat transport. Our study points to precipitation as an important transporter of thermal
energy into soil, particularly in northern latitudes where air and soil temperatures are often mismatched.
Incorporating advective heat transport into models is readily possible (Kurylyk et al., 2014), but it requires
improvement of precipitation projections, which are highly uncertain relative to temperature projections
(Intergovernmental Panel on Climate Change, 2013). Our study indicates the thermal impact of rain on soil
biogeochemistry could be substantial, representing an important knowledge and modeling gap in advancing
environmental predictability.
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