10

11
12
13
14
15
16
17
18
19
20
21
22
23

Confidential manuscript submitted to replace this text with name of AGU journal

Snowmelt Stimulates Ecosystem Respiration in Arctic Ecosystems

Running Title: Snowmelt and Carbon Respiration in the Arctic

Kyle A. Arndt'?, David Lipson!, Josh Hashemi'-?, Walter C. Oechel'?, and Donatella Zona'+

Kyle Arndt ORCID iD: https://orcid.org/0000-0003-4158-2054

"Department’of Biology, San Diego State University, San Diego, USA

?Department of Land, Air, and Water Resources, University of California at Davis, Davis, USA
3Department ofGeography, University of Exeter, Exeter, UK

“Department of Plant and Animal Sciences, University of Sheffield, Sheffield, UK

Corresponding author: Kyle Arndt (karndt-w@sdsu.edu)

Abstract

Cold seasons in Arctic ecosystems are increasingly important to the annual carbon balance of
these vulnerable ecosystems. Arctic winters are largely harsh and inaccessible leading historic
data gapsiduringsthat time. Until recently, cold seasons have been assumed to have negligible
impacts on the.annual carbon balance but as data coverage increases and the Arctic warms, the
cold season has been shown to account for over half of annual methane (CH,4) emissions and can
offset summer photosynthetic carbon dioxide (CO,) uptake. Freeze-thaw cycle dynamics play a
critical role 1n controlling cold season CO, and CH4 loss, but the relationship has not been
extensively studied. Here we analyze freeze-thaw processes through in-situ CO, and CH,4 fluxes
in conjunctienswith soil cores for physical structure and porewater samples for redox
biogeochemistry=We find a movement of water towards freezing fronts in soil cores, leaving air
spaces in soils, which allows for rapid infiltration of oxygen rich snowmelt in spring as shown by
oxidized iron in porewater. The snowmelt period coincides with rising ecosystem respiration and

can offset up to.4d % of the summer CO, uptake. Our study highlights this important seasonal
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process and shows spring greenhouse gas emissions are largely due to production from
respiration instead of only bursts of stored gases. Further warming is projected to result in
increases of snowpack and deeper thaws, which could increase this ecosystem respiration

dominate snowmelt period causing larger greenhouse gas losses during spring.

Keywords:sSnowmelt, Net Ecosystem Exchange, Methane Flux, Arctic Tundra, Spring, Freeze

Thaw Cycle, Aretic'Soil
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Abstract

Cold seasons. in Arctic ecosystems are increasingly irmpoice the annual carbon balance of
these vulnerable ecosystems. Arctic winters are katggish and inaccessible leading historic
data gaps during that time. Until recently, cold seasons been assumed to have negligible
impacts onthe annual carbon balance but as data covacagases and the Arctic warms, the
cold season has been shown to account for over half oabmathane (Ck) emissions and can
offset summer photosynthetic carbon dioxide {{0dptake Freeze-thaw cycle dynamics play a

critical role in controlling cold seasd@O, and CH loss, but the relationship has not been
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extensively studied. Here we analyze freeze-thaw processesgthin-situCO, and CH fluxes

in conjunction with soil cores for physical structure ancep@ter samples for redox
biogeochemistryWe find a movement of water towards freezing fronts inswits, leaving air
spaces in soils, which allows for rapid infiltration of oxygem snowmelt in spring as shown by
oxidized iron.in porewateil he snowmelt period coincides with rising ecosystempirason and
can offset up.to'41% of the summer Qdptake. Our study highlights this important seasonal
process and'shows spring greenhouse gas emissions aredargédyproduction from
respirationfinstead of only bursts of stored gases. Funtiiening is projected to result in
increase®f snowpack and deeper thaws, which could increase this eswsyesstpiration
dominate snowmelt period causing larger greenhouse gas thsig spring.

Keywords: Snowmelt, Net Ecosystem Exchanlyeethane Flux, Arctic Tundra, Spring, Freeze

Thaw Cycle, Arctic Soils
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1 Introduction

Non-growing season carbon emissions (carbon dioxide)(&@ methane (CH) have recently
been emphasized for their critical role in the anwaalbon balance, of Arctic ecosystems
(Commane“etal., 2017; Euskirchen et al., 2016; Natali,2@&9; Oechel et al., 2014; Treat et
al., 2018; Zona et al., 2016rctic tundra ecosystems have historically been an ammiadink

of CO, (Oechel et al., 1993); however, some sites are now hegannual net sources
(Commane et al., 2017; Euskirchen et al., 2016; Oechel 408B) Methane has been given
increased attention as well given the Arctic is respomd$ayl ~3% of globalCH4 emissions
(Kirschke etal’, 2013), with potential for increase gisahstantial climate changes (Schuur et
al., 2015) Much of the carbon loss in the Arctic occurs oveglaninters, that comprise most of
the year (typieally around nine months), due to consisterier emissions (Natali et al., 2019;
Zona et al5#2016) coupled with occasional bursts (Mastepatnal., 2013; Pirk et al., 2015;
Raz-Yaseef et al., 2017).

Microbial respiration exponentially increases with terapgre (Dunfield et al., 1993herefore
summer respiration rates are higher while soils amerveand thawed. However, summers are
relatively'short compared to the winter (including transélahoulder seasons) and have
photosyntheti€ activity that result in a net £8ink during these months (Commane et al., 2017;
Oechel et al., 1993; Oechel et al., 2014}he fall shoulder season, a phenomenon known as the
“zero-curtain” occurs where soil temperatures remain around 0°C during freezing (Hinkel et al
2001). Duringsthe zero-curtain, GKArndt et al., 2019a; Zona et al., 2016)and-@Commane

et al., 2017).emission rates remain high, and can acomumtuich of the annual carbon balance.
Burst emissions have been observed as well which lagsedrfallCHs emissions from 37% of
summer emissions to 92% due to the rapid release of gasepdrtially frozen soils
(Mastepanov et al., 2013; Pirk et al., 2Q)wever, similar burst emissions have been
observed during spring thaw, but fewer studies analyze thegaz-Yaseef et al., 2017)

leading to gaps'in our knowledge of processes driving spring engssion

CO, emissionsyduring spring have been estimated to offset 48Unoher uptake (Raz-Yaseef
et al., 2017)To better understand the processes leading to these higsia@miduring spring,
soil freezing processmust be considere®uring soil freeze, water migrates to top and bottom

freezing fronts leaving air pockets in the active layengRat al., 2015; Brown, 19673alts and
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ions are pushed out of freezing water fronts (Bing e2@llp; Gray & Granger, 1985), which
also occurs with gases. This helps explain how the asta# becomes pressurized (Tagesson
et al., 2012) as gases are forced out of solution into thsmaae. This pressure in the soil may
be a leading cause of sometimes observed burst emigslastepanov et al., 2013; Pirk et al.,
2015) Air spaces remain in frozen soils until spring when orygeh snowmelt infiltrates soll
(Yanai et al., 2011) and causes rapid warming due to convectivadrester (Kane et al., 2001).

Microbial activity continues at below freezing temperatuvath sometimes variable
temperature sensitivities (Mikan et al., 200R)ere are notable differences in Arctic microbial
community.diversity between frozen and unfrozen soilsck®ridge et al., 2013) causing
variable dynamics of gas production and consump@amditions within the soil column
including temperature (Mikan et al., 2002), nutrient availabilityh(&idt & Lipson, 2004), and
oxygen content/(Buckeridge et al., 2013) all contribute to obhiny microbial diversity and
productivity=Ofinterest to our study, higher oxygen contemtlld result in increased GO
production-andsstifled CHproduction since aerobic respiration (produces)@es oxygen and
methanogens are active in anerobic environm@&iten the vulnerability of the large Arctic
carbon pool (Schuur et al., 2015; Tarnocai, 2009 crucial to understand spring
biogeochemieal cycling to get a full picture what drives somes large emissions @O, and
CHa. Accordingly, it is vital to understand the relative cdmition various seasons have to the

carbon budgetb be able to better predict future scenarios as seasoamayaily change.

In this study we seek to understand biogeochemical procepsesically the redox state in
conjunction withCO, and CH fluxes, causing the spring to sometimes be a relativeingt
source of carben. To do this, we usssitu iron (Fe) pore water samples, soil cores, and eddy
covarianee E€)tower carbon fluxes to explore (1) the process ohgmoil oxidation (2)

oxidation“eontrols of carbon fluxes, and (3) physicdlsmmditions leading to spring oxidation.
2 Materialssand methods

2.1.Field site description

We conducted the study at five EC towers on the Alaska N@gie$Table 1Fig. 1). EC sites
consisedof US-Brw (Zona & Oechel, 2018d))S-Beo (Zona & Oechel, 2018b), and US-Bes
(Zona & Oechel, 2018¢)ocated outside of Utqgiagvik, Alaska; US-Atq (Zona & Oechel, 2018a)
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located near Atqasuk, Alaska about 100 km south of Utqiagvik; and US-lvo (Zona & Oechel,
2018e), located in Ivotuk, Alaska about 300 km southtqfagvik. US-Brw is a moist upland
tundra site and is dominated by graminoid grasses and lichams (&t al., 2006)US-Beo is on
polygonised tundra with a mix of wet and dry graminoids and sextgkeb)S-Bes is in a drained
lake basin deminated by sedges and Sphagnumes{@avidson et al., 2016JS-Atq is an
inland polygonised site with tussock tundra, wet sedges, divanbs (Davidson et al., 2016)
and sandy'soils'(Walker et al., 1989). US-Ivo is in tleehitls of the Brooks Range on a gentle
slope and is'dominated by tussock tundra with a mossy layeebn tussocks (Davidson et al.,
2016).

2.2/Flux processing and instrumentation

Gas concentrations (G@nd CH) from the four northern sites were measured using tke Lo
Gatos Research Fast Greenhouse Gas Analyzer (ABB Group, Zidgland a LI-COR LI -
7700 and LI-7200 were used for €bhd CQ, respectivelyat US-Ivo due to the lack of grid
power at theysite (Table 1). Three-dimensional wind speedsweasured using a uSonic-3
(METEK Meteorologische Messtechnik GmbBIE) at US-Brw, a CSAT3 (Campbell
Scientifié®,.Logan, UT) alUS-Beo, US-Bes, andS-Atq, and a uSonic-3 Class A (METEK
Meteorologische Messtechnik GmbBIE) at US-Ivo. Flux data were recorded at 10 Hz on a
CR3000 data logger (Campbell Scienfifit.ogan,UT) at the northern four sites, and on a LI-
7550 (LI-GOPR?, Lincoln NE, USA) at US-Ivo. A cross comparison between Hr@us
instrumentssensures comparability of results across ddspite different instruments used
(Goodrich et.als, 2016).

Half-hourly net ecosystem exchange (NEE) and @ikes were calculated using EddyPr.I-
COR®, USA). When NEE is positive, it is a net source of:2g&nission dominate) to the
atmospheresand when it is negative, a net sink (uptake doiniktiane fluxes in this study
were typically-a net source and thus are referred to ssiems. A double rotation according to
Wilczak etqal. (2001) was applied to the three dimensional speed parameters. Covariance
was maximized,to compensate for time lags between vertindlmovements and gas
concentrations. For US-Ivo, where the open path LI-7700 wak as&ebb, Pearman, and
Leunig correction was applied (Webb et al., 1980). For ther gites with a closed path gas

analyzer, am-situ analytic correction was applied (Ibrom et al., 206{igh and low-pass filter
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effects were corrected for according to Moncrieff etZ006) and Moncrieff et al. (1997)
respectively. Additional cleaning of half-hourly calculatkeckés were done following Arndt et

al. (2019a). Initial gap filling of flux data was done using maagdistribution sampling

following Wutzler et al. (2018) using the R package ReddyPragZMf et al., 2019). This
method ussleok up windows to fill gaps and theoeé does not work for long data gaps greater
than 70 days. For longer data gaps, barring total power failureeweteorological data were
not available;"a'neural network was used to impute fluxes Usng package neuralnet (Fritsch

et al., 2019)"See suppagiinformation for model validation.

2.2.1"Meteorological data collection

Air temperature and humidity data were collected with HMR®&@ssala, Finland) and soil
temperature using Type T thermocouples (Omega Engineering, 388y depth was
measured using SR50A sonic ranging sensors (Campbell Scigdd®fA). Soil heat flux was
measured'with HFT3 soil heat flux plates (Campbell SfienUSA). All metrics were scanned
every 30 seeconds and were recorded in 30-minute averageSR23X datalogger, except
US-lvo where .a CR3000 datalogger (Campbell Scientific, USA) was liHgh.resolution
(thermocauples every 5 cm from 80 cm above the groundneter below ground) temperature
data were.used from Arndt et al. (2019b) to monitor the earahtiming of snowmelt

convective heating in soils.

2.22"Sedasonal determination

Spring was determined as the date between the onset ahsttaandsal thawing at five cm
depth. Soilkheat*flux was used to determine the start efrsiedti due to a sudden pulse of energy
coinciding*with'snowmelt infiltrating soils. This was dem as the most consistently prevalent
variable across site-years. The first half hour pendday with a change in soil heat flux
greater than 2 W rhwas used to determine the start of snowmelt. This was cethpaually

with air temperature, snow depth, and soil temperature whssible to confirm signsjwith
consistent.iagreement, when data were availdbiaw was determined as the first day following
snowmelt where the average daily soil temperature at 5 pth d&as greater than 2°C. This was
used to ensure signals were not due to instrument errovama spell that subsequently refroze.

The growing season started after thaw and ended when daibge NEE was positive,
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representing net source conditions. Even though somegymbesis may still have occurred at
this time, this gave the clearest idea of the strenfgginawing season sinks. For this study, fall
and winter were lumped together as the cold season arthevpsriod between the end of the
growing season.and the following spring. The beginning ofdleseason was unable to be
determined atlS-Beo andUS-Bes in 2016 and 2017, respectively. Therefore, the coldseaso
start date from.the opposite site (US-Beo or US-Bes) wab dise to their proximity only about
500 meters-apart. Similarly, US-Brw did not have soil tempegadata in 2014 so the thaw éat
for US-Beo was'used therdS-Beo did not have soil heat flux in 2014 so the melt datésat
Bes was used that site-year.

2.3/Sample collections

2.3.1 Soll core collection and preparation

Frozen soil'cores were collected from the Alaska NShtipe inApril 2018to understand the
physical structure of the soil column including water angbaaket distribution. Cores were
collected along a latitudinal gradient with sample narepsesenting distance from the Arctic
ocean (6km, 11km, 25km, and 100km) or were named after EG$estq and US-Ivo) where
sampling occurred (Fig. 1Lores were wrapped in plastic and shipped frozen to the labprato
in San DiegoyCA where they were stored at -30°C to retamsical structureAll cores were
collected to a 40 cm depth and thus were 40 cm in length, exicEj®-1vo where rocky soils
preventeddeeper sampling. Here cores were capped at 23 to 24 esw€rg cut with a band
saw into five cm long cylinders, which were weighed beforgitadinal subsamples of each
section were.removed and dried for >48 hourH0atC to determine gravimetric water content
Bulk density. was determined from the dry mass of eaclosgoer unit volume and used to

calculatesvolumetric water content.

2.3.2ln-situ iron porewater

Soil porewater was sampled for two consecutive summ@@1ié and 2011 a few hundred
meters northeast of théS-Bes EC tower site (Fig. 1b). Porewater was sampled refpatgng
Rhizon soil water samplers, type MOM, installed from 0-d0(tipson et al., 2013; Miller et al.,
2015). Samples were preserved with a drop of 1M HCI and shippbd taboratory in San
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184 Diego, CA for analysis of total Fe and?Fesing the 1,10-phenanthroline method (Lipson et al.,
185 2010).

186 2.4 Statistical analyses

187 Soil water ‘content trends were assessed using a mixed effedes using the nlme R package
188 (Pinheiro et al.,’2018) and the MuMRpackage (Barton, 2019) was used to assess correlation
189 coefficientssReduction ofe over the course of two growing season was assessed using Mann
190 Kendall trend-analysis sensitive to time-series data decwpto Yue et al. (2002) using the Zgp
191 package (Bronaugh & Werner, 2019). This properly accounts foc@uelation in timeseries

192 data. Gap filled,fluxes of C£and CH were used to assess carbon budg#$sBeo 2017, US-

193 Bes 2016,"andUS-Atg 2016 and 2017 were not included in analysis pfitg lsudget due to
194 no real data coverage in those site years. Data @eelaing seasons surrounding the growing
195 season raregdfrom 44.5% to 65.6% (see supporting information). All data seslyvere

196 performediusing R v. 3.5.2 (R Core Team, 2018) and visuals wexteanesing ggplot2

197 (Hadley, 2016);;ggmap (Kahle & Wickham, 201&)wplot (Wilke, 2019), and RColorBrewer
198 (Neuwirth,"2014) R packages.

199 3 Results

200 3.1 Water movement during freezing

201 Soil corescollected after full freezing in April 2018&w8hsigns of water movement from the
202 core center (around 20 cm depth) to the surface and bottomd(heen depth) of the active

203 layer. The mixed effects model of soil water content asatfan of depth showed a significant
204 polynomialtrend (y = 78.3 + 39.4x + 53%3x = 47, P = 0.01, R= 0.22 Fig. 2a) showing that
205 water was'concentrated at the top and botibsoil cores leaving airspaces in the middle. All
206 sites followedthe trend except for US-lvo, where the dep#oil cores was limited to 25 cm
207 due to sampling difficulty in rocky soils (FigaR Values above 100% were possible due to ice

208 lensing effects.
209 3.2 Redox cycles

210 In-situ Fe in pore water shaa reduction occuedover the growing season leading to reduced

211 Fe in soils by the fall. Pore water Fe was oxidized leefloe beginning of the following growing

This article is protected by copyright. All rights reserved



212
213
214

215

216
217
218
219
220
221
222

223
224
225
226
227
228
229
230

231

232
233
234
235
236
237
238
239
240

Confidential manuscript submitted to Global Change Biology

season (Fig. 2bFe became significantly reduced in a logarithmic pattg¢rere 2010 (¥
1.4In(X — 7.0, R = 0.63 P = 0.04 progressed slower than 2011<2.8In(X) — 14.4, R = 0.79
P =0.01).

3:8'Snowmelt signals

Several meteorological variables lined up with spring snelivacross field sites. At snowmelt
onset, assudden ground heat flux pwiss observed (Fig. 3a). At the same time, soil
temperaturessquickly warmed to 0°C until complete thaw. As melting progressed, rsesit flux
remained steadily near 10 W2mwith occasional pulses aligning with more rapid snoityme
events. During.snowmelt, steady emissions of @ere observed with a clear rise at the onset of
snowmelt."Methane emissions rose slowly beginning svitwmelt and jumped up once soils
were thawed and ecosystems became photosynthesis dominated.

High resolutien.soil temperature profiles showed convedteat transfer in the soil column
during snowmelt (Fig. 4). Snow depth can be seen in dhesearound 50 cm above the soil
surface where temperatures pause at or below 0°C withadliluctuations seen above. On days
where air temperatures approadii0°C, rapid melting occurred, and pulses were seen in the
soil showing=convective warming due to snowmelt infiltratingy Snowmelt effects lasted
several days with sometimes subsequent cooling as sfodze. Once air temperatures reached
consistent daily highs above 5°C, steady snowmeliroed causing steady convective heating

and impacted.soils down to a meter depth.

3.4'Spring contributioto the carbon balance

Spring ecasystem respiration offset between -4.5% ando4iB& growing season G@ink
depending.on the year and site (Fi.Negative values indicate a spring sink for that site-year.
US-Atq and.US-lvo sometimes showed a net sink during spring setivanmd rangd from 4.3 g
C-CO; m?t0.4.5 g CCO, m?, in 2015 and 2017, respectively. Summer growing season NEE
was always-anet sink of G&king in between 111.3 g CO; m?and30.3 g CEO; m?. The

cold seasontshoad a source of C@across sites ranging between 1.5 §G>-m?and106.2 g
C-CO; m. Spring was a small portion of the annuals®iddget at each of the five sites ranging
between 0.01 g GH, m?to 0.58 g CEH, m?. This is compared to the growing season which

ranged from 0.45 g GHs m?to 2.25 g CEHs m? and cold season emissions ranging from 0.36
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g C-CH: m?to 4.43 g CEH, m. On average, spring ecosystem respiration offset 10.2 + 8f5%
the summeO; sink and contributed 622.3% of annuaCHs emissions.

4 Discussion

We analyzed the freeze-thaw effects on the carbondm@Arctic ecosystems and found the
spring creates unigue conditions supporting the onset ofsgtens respiration during snowmelt
Water migrates=up and down to freezing fronts during soil fre¢Bmgy et al., 2015; Brown,
1967) This creagsair pockets, even in inundated soils, as we saw in olwcses in agreement
with recent studies using CT scans of soil cerdkected near Utqiagvik (Raz-Yaseef et al.,
2017). Due.tao.gases being pushed out of solution during freezingpthisaid in creating
pressurized.gas layers in soils after the surface basrfr(Tagesson et al., 2012). As soil gas
concentrations in Arctic soils are high during the sumamel tail off in August (Abbott & Jones,
2015), concentrations increase during fall due to the frozémcsuirapping gases (Raz-Yaseef et
al., 2017).'This gas can then be released through bumdiffusional processes through
vegetation (Kwen et al., 2017). These air gaps leave spatefspring snowmelt flush that we
suggest ramps.Up spring ecosystem respiration due to itheéuation of oxygen and rapid
warming (EIg. 6). If spring emissions were only due to theass of stored gases, we would
expect sudden emissions up thawing and tailing off until pramtubigan, however, we noticed

a consistent ramping up of emissions.

During snowmelt, soil fissures are common (Raz-Yaseaf ,€2017) and we suggest snowmelt
enters soil@ir spaces during thale suggest snowmelt infiltration can bring oxygen into
anaerobic soils supported by tinesitu Fe samples showing reduction over the growing season
with almost fully oxidizedre in soils following snowmelt. As ice cracks over the wirperiod

are scarces(Raz-Yaseef et al., 2017; Sturtevant et al., 2Za@@sson et al., 2012) and surface ice
creates a barrier to gas exchange (Elberling & Brandt, 2@@33uggest the observed oxidation
is due to thesoxygen rich snowmelt infiltrating soils. Ferthhe lack of burst emissions
emphasizesthe rarity of large-scale exchanges treecdld season. Even during the growing
season, oxygen.diffusion is slow and oxygen is quickly wmesl in soils (Elberling et al.,

2011), so large scale soil oxidation is likely not occurrinthewinter with the extra barriers of
snow and ice. When oxygen is quickly introduced into tlecetumn by snowmelt, it likely

aids biogeochemical cycling as seen by theafsscosystem respiration rates.
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Physical processof freezing and thawing in soils can help to understand goeselgas fluxes
at this time. We found that the spring emissions can itrtpbadalance of C&and CH from
Arctic tundra ecosystems. The one site (US-1vo) tiéindi have clear water migration in the
soil core, also did not show a prominent respiratioreimse; however, the core sampling depth
was low in cemparison to the active layer depth (see supganformation) and missed the
middle of the active layer. If air pockets are not @dan the soil, the site would not be primed
for a snowmeltflush further suggesting the link betweepinason and snowmelt.

Previous studies have found spria@. emissions to offset as much as 47% of summer uptake,
close to our,maximum 41% observed at US-Brw, however the attrityuted the release to
bursts of gases stored over winter (Raz-Yaseef et al., Z04&3e bursts are similar to burst
emissions seen in other studies of the fall freeze4iwgeavhere large sudden emissions can
make up much of the carbon balance (Mastepanov et al., ROkt al., 2015; Tagesson et al.,
2012). However; we suggest there is more to the process tlsis bligasses stored over winter.
The introduetion of oxygen into the soil column and rapidmiag during spring thaw, we
suggest kickstarts ecosystem respiration by creating sugpodmditions Oxygen aids C®
production but inhibits CkHproduction evidenced by our EC data where Ehibits a steady
emission rateswhile springHs slowly ramps upMethane produced at depth may be consumed
by methanotrophs in upper soil layers taking advantage of oxjgeanowmelt therefore
converting the Chito CO,. Further, Fe reduction likely adds to observed €@issions because
the Fe reduetion process can comprise 40-45% of respifabion these ecosystems (Lipson et
al., 2013).

Microbial communities have been shown to be active durémg-curtain conditions and the
colder winterperiod (Schimel & Mikan, 2009)here is a prominent shift in microbial
communities during the spring thaw showing new growth of rhiesaat this time albeit nutrient
limited (Buckeridge et al., 2013\utrient limitations may explain wh@Hs flux rates jump after
thaw when photosynthesis begiasphotosynthates and plant mediated transport can be
important.controls of CiHemissions (Dorodnikov et al., 201 We suggest that the introduction

of oxygen may aid microbial community change and increasebiat activity.

Climate predictions for Arctic ecosystems show warming evé{Bekryaev et al., 2010) and

increased winter precipitation (Liu et al., 2012; Scree®i&monds, 2011) which could extend
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the duration of snowmelt therefore extending net socwoeitions Warmer springs may also
cause more rapid snowmelt and an earlier start to the gg@eason but the extent to which the
growing season can advance is limited by photoperiod andurei{g&rnakovich et al., 2014).
This means that even if snow continues to melt earli@toglgnthesis will become limited by
other factors,supporting increased periods of carbon $iadies suggest that Arctic vegetation
has not reached maximum photosynthetic capacity and maaseuptake in the future (Rogers
et al., 2017);"but with increasing zero-curtain (Arndt et al., 20C6aymane et al., 2017) and
cold season‘emissions (Natali et al., 2019), the carbandmbf Arctic ecosystems may

continue to shift to net source conditions.

5 Conclusions

Cold seasons in the Arctic are having an increasing irapoe on the annual carbon balance of
Arctic tundra ecosystems. While long-term data recorel€@mingto fruition, these ecosystems
are complicated, and many controlling variables are cadwnted for making model predictions
and estimatessuncertain. Here we show snowmelt maylutteooxygen into soils and cause
rapid warming,kickstarting ecosystem respiration. Sprang negate almost half of summer CO2
uptake from our sites and it is crucial to understand theriymalg processes to be able to better
predict carbon dynamics in a fast-changing climate.dtléwaely been assumed that most winter
emissions of C@and CH are through bursts, but we suggest there are conditionsui@ort
consistent{production and emissions of gases. With #stest@res of organic carbon in Arctic
soils and a.guiekly changing climate, continued reseatolpmorly understood seasons is

critical to gaining an understanding on the future of théajlolimate.
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DZ. The data that support the findings of this study are opealjaéie from the following
sources. EC tower flux data are available from Amerifid®|s are as follows: US-Brw,
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Site Latitude Longitude  COz2Analyzer CHaAnalyzer  Sonic Anemometer  Air T. (°C)
USBrw  71.322 -156.609 LGR FGGA LGR FGGA Metek uSonic3 -8.93+3.38
US-Beo 71.281 -156.612 LGR FGGA LGR FGGA CSAT 3 -8.93+£3.43
USBes 71.281  -156.596 LGR FGGA LGR FGGA CSAT 3 -9.56 + 3.47
USAtq _ 70.470  -157.409 LGR FGGA LGR FGGA CSAT 3 -9.07 £ 3.70
USIvo 68486  -155.750 LI-7200 LI-7700 Metek uSonic3 USA-1 -8.09 £ 3.72

Figure Captions

Figure 1: Maps of the location of the eddy covariance (EC) towes sitel pore water (PW) and core
sample locations. Tower are labeled by their Ameriflux desigmaand core samples as a distance from
the Arctic Ocean. Soil cores sampled near towers araadffiith a “-C” after the EC tower site name.

Map data aresfrom Google with imagery from TerraMetricanfhld, and Maxar Technologies (c and d).

Figure 2: (a) Water filled pore space in soil cores collected I8 at field sites. Results showed
water migrating to freezing fronts leaving airspace irss@il) Soil pore water reduced iron {Heover
total iron (Fe)sratio shoed significant reduction of Fe over the course of the growingasea 2010 and
2011. Fe was nearly fully oxidized in the spring. Points arat ears represent the mean and standard

error.

Figure 3::Representative meteorological variables used to assess sphing celease at US-Brw in
2015. (a) Soil heat flux peaks marked snowmelt followed by steaelgy entering soils. Soil
temperatures rose to 0°C and air temperatures reachedfederiag temperatures at the same time. (b)
Snowmelt began May Yéat this site-year lined up with metrics in panel a. NEE frase low winter
source conditions showing signs of consistent ecosystem respiration.tf@nlemissions slowly rose

at the samestimerand fully rise to peak summer emissicerssait thaw.

Figure 4: Temperatures from a meter below the soil surface to 8@oreaData were from a low center
polygon at the US-Atq site in spring 2017. (a) The cyan color stemwgeratures near 0°C showing

show above the surface during thawing. Diurnal cycles of apaemtures were seen and convective heat
warming soils.quickly to 0°C as snow melts. (b) Zoomed imageeofad box in panel a, a different

temperature,scale was used to better show heat penetresioihhighlighted by white arrows.

Figure 5: Sums of gap filled net ecosystem exchange (NEE) and metBblaedmissions from the five
tower sites. Asterisks represent the annual sum for NEE andvifliHpositive values indicating a source,

and negative indicating uptake. The growing season is a cohsisteracross sites with the cold season
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always being a net source of carbon dioxide /COpring contributed little to CHemissions with the
growing season and winter making up the bulk of the balance.

Figure 6: Seasonal phase changes in the soil profile leading to oxygeaaid convective heating in
spring. In late summer, the soil profile is saturated, groaimaxic with depth. Small circles represent
dissolved gases: During the zero-curtain period in the fatemmigrates to the upper and lower freezing
fronts and gases‘are driven out of solution, leading to unsatweités in the middle of the profile in
winter. Infspringmsnowmelt can penetrate these pocketsyifgi oxygen to lower layers and causing

rapid warmings
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