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Abstract

Melecular hydrogen (b is an atmospheric trace gas watlargemicrobe-
mediatedsoil, sink, yet cycling of this compound throughout ecosystems is poorly
understoodMeasurements of the sources and sinks-ohHarious ecosystems are
sparse, resulting in large uncertainties in the glebadbudget.Constraining the kicycle
is critical'tounderstanding its role in atmospheric chemistry and clileeneasured
H, fluxes at high frequency in a temperate mixed deciduous forest for 15 months using a
tower-based fluxgradient approach tetermineboth the soil-atmosphere and the net
ecosystem flux of Bl We found that Harvard Foresta net b sink (-1.4+1.1 kg H ha
1) with soils.as the dominantasink (-2.0+1.Ckg H, ha') andaboveground canopy
emissionss the dominant fHsource(+0.6+0.8 kg H ha'). Aboveground emissions of
H, were an unexpected asdbstantiatomponent of the ecosystem ffux, reducing net
ecosystem uptake by 30% of tlralculatedrom soil uptake alone. Soil uptake was
highly seasonal (Julgnaximum Februaryminimum), positively correlated with soil
temperature, and negatively correlated with environmental variables refe\dfftision
into soils.{:e., soil moisture, snow depth, snow densiBgil microbialH, uptake was
correlatedwith rhizosphere respiration ratgs0.8, p<0.001), and Hmetabolism yielded
up to 2% ofthe energy gleaned by microbes from carbon substrate respitationve
elucidatekey'processes controllinthpe biosphere-atmosphere exchamddl, andraise
new questions regarding the role of aboveground biomass as a source of atmospheric H
and mechanismgking soil H, and carbon cyclingResults from this study should be
incorporated into modeling efforts to predict the response of fteiHsinkto changes
in anthropogenic Klemissions and shifting soil conditions with climate and land use
change.

Introduction
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Soil microorganisms derive energy from the trace levels (500 ppb; mwidi or
1e-9mol mol?) of H, in the atmospherand drive the mayity of turnover of the
atmospheric burdeof H; (1.4 t02.0 yearatmospheridifetime; Novelli et al, 1999; Xiao
et al, 2007; Ehhaland Rohrer, 20Q9Microbial scavenging aitmospheric | may help
supply‘thebasal energyequirements of soil microbes, enabling non-growing and
dormantmicrobialcellsto persist through conditions unfavorable for growth (Greeging
al., 2015¢).While il uptake is widely recognized #se largessink in the H budget
(Ehhaltand.Rohrer, 2004t is still poorly characterized at the ecosystem lekalrther
constraints on the sources and sinks of atmospherazdineedetb understand and
predicttherole of H, as an indirect greenhouse gBe(wentet al, 2001) and a source of
water vapor to the ititospherel(e Texieret al, 1998; Trompet al, 2003; Warwicket
al., 2004).

Soil'uptake of atmospheric,Hs one ofthe leastonstrained components of the
H, budget, despite being thergestof the H source and sink fluxe$heglobal
atmosphericiH budget includesvo major atmospheric fHsourcesphotalissociation of
formaldehyde (HCHO) derived from methane and non-methane hydrocarbons, and
combustion of fossil fuels and biomassyich are nearly balanced by its two major sinks,
soil consumption and oxidation by OH (Ehhalt and Rohrer, 2P@frseet al, 2013.

The largest budget terms, soil consumptien5% of total sinksand photochemical
produection (~50% of total sourcesye the least well constrained with estimates ranging
from 53.t0,.85Tg H, yr* and 37 to 7g H, yr, respectivelyacross studieis recent
years(Xiao et al, 2007; Bousquett al, 2011; Yashireet al, 2011;Yveret al, 2011a
Pietersestal, 2013).Atmospheric H mole fractions exhibit large ye#w-year and
multicyearvariability, primarily driven by variability in biomass burngmissionsand
have small but poorly defined muitear growth rateéSimmondset al, 2000;
Langenfeldst al, 2002; Xiacet al, 2007; Granget al, 2010). Anthropogenic
emissiongrem combustion and photodissociation of HCHO derived from methane
currentlymake up around 50% tfie totalH, source to the atmosphere (Ehhalt and
Rohrer, 2009), and the anthropogenic emissions,afddld increasender widespread
adoption of H as an energy carrigprimarily due to leakage from distribution and

storage system@rompet al, 2003; Warwicket al, 2004). Major components of the H
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91 cycle(e.qg., biomass burning, soil temperature, soil moisture, and snow ao@er)
92 strongly affected by climate (Bousqudtal, 2011; Morfopoulut al, 2012). However,
93 uncertainty in the current balance of sburces and sinkparticularly the soil sink
94  makes it difficult toaccuratelypredict the impact ofhanges in energy use, land use, and
95 climateon the atmospheric +budget.
96 Quantification of the global soil flux of +hasrelied significantly on indirect
97 determinations using global atmosphericribasurements and inverse modeling (e.g.,
98 Xiao etaly2007). O better constraifl, fluxes, understand the microbial processes that
99 control them, and determine the effects of climate change on these processes, additional
100 in situmeasurements are needed to quantify and characterize the dynamics of sources and
101 sinks inyvarious ecosystenihe elatively fewyeatong studies of K soil uptakehave
102 beenperformed usinghamber €.g., Conrad and Seiler, 1980; Ladtbal., 2008, 2009;
103 Yonemuraet al, 2000),inerttracer (e.g., Lall@t al, 2009 Yver et al, 2011h Schmittet
104 al., 2009) and gradient flux (Constaettal, 2008b) methods. Soil chamber
105 measurementsftenyield infrequent error pronedata (Hutchinsoet al, 2000, but
106 chambetbased results haveevertheless revealdidatsoil uptakedepends osoil
107 temperature and moistynacreasing to optimum values (e.g., Yonemeiral, 2000;
108 SmithDowneyet al, 2008), ands negatively correlated witthow depthl(allo etal.,
109 2008). These data, although sparse, have been usedlt@atemodels of H soil uptake
110 (e.g., Morfopoulot al, 2012).Relationships betweenHiptake and soil temperature
111 and moisture, pH, amakrganic contenhave emerged from field and laboratory studies
112 (Smith-Downeyet al, 2006;summarized in Constaet al, 2009, which have been used
113 to congtruct'mechanistand statisticamodels (Yoshireet al, 2011; Ehhalt an&ohrer
114 2013ab;"Morfopoulost al, 2012; Khdhiriet al, 2015). Howeveradditionalfield
115 measurements of theyldoil sink are needed at sufficient temporal resolution t
116 thoroughly evaluate models of140il uptakeatthe ecosystem scalé&urthermore, other
117 components of ecosystems have lbeen explored as potential ecosystem sources and
118 sinks'efl} (i.e., no studies have partitionsdil and vegetatiofl, fluxes in an
119 ecosystem)although various typesf organic mattehave been shown &mitH; in
120 laboratory studies (Derendoep al, 2011; Leeet al, 2012).
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121 Despite the paucity of field measuremeimnislependenadvancefiave been made
122 in the understanding of the genomic basis and physiologyarbbialH, uptake (e.g.,
123 Constanet al, 2008a; Constargt al, 2010; Constargt al, 2011a; Constart al,

124  2011b; Greeningt al, 2014). Theenew insights into the microbial ecology o$ Bbil

125 cyclingrevealthat a diverse set gbil microorganisms harbor genes encoding for high-
126 affinity hydrogenases that drive oxidation of atmosjhid, for microbial energy

127 metabolism(Greeninget al, 2014; Greeningt al, 2015a)In particular, microbial

128 scavenging.of atmospheric khay play a significant role during times of energy

129 starvation andh the maintenance aformant or non-growing cells, which suggests that
130 H; availablilityis important for the survival of microbial populatioasd their diversityn
131 soils(Constanet al, 2011aMeredithet al, 2014a Greeninget al, 2015b).Therefore,
132 theuptake of atmospheric Hnaybe linked to the abundance of higffinity

133 hydrogenases in soil microbial communities smenvironmental conditions triggering
134 dormancy in soil microbial populations. Indeesites of soil uptake dfl; in a diverse set
135 of soilscorrelated vith the number of hydrogen-oxidizing bacteria, although the optimal
136 model'included both total soil organic carbon and hydrogen-oxidizing bagtadairi

137 et al,; 2015). The link between Hiptake andoil microbial ecologys lacking innatural
138 systemsbut would helglarify therole of H, uptake in the sustenance and diversity of
139 microbial populations.

140 In this paper, w@resent H ecosystem fluxemeasured continuously above and
141 below the,canopy i temperate mixed deciduous forest at the Harvard Hovest

142 Term Ecological Research (LTER) site in Petershdagsachusetts from December
143 2010 through February 2012. We describe the factors controlling the daily, seasonal and
144  annualfluxef H, and identifythe most likely processesiving H, fluxesin this

145 ecosystenby examining a suite of environmental drivers and phenological fung¥en.
146 apply this extensive datasettds fluxes to increasanderstanding of Hecosystem

147 cycling andsits biological controls iamid-latitude forest.

148

149 Materials and methods

150 Site ascription
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Measurements were made at Hervard Forest42.5378°, -72.1715°; elevation
340 m; Petersham, MassachusdfsyironmentaMeasuremestSite (EMS) from
Decembe2010 through February 2012. The site is surrounded by moderately hilly
terrain that has been relatively undisturbed since the 1930s (UrletiadkR007 Wofsy
et al, 1993). The forest is mainly deciduous (80 to 115 year old forest of red oak, red
maple; red and white pine and hemlpBlarfordet al, 200) and isrelatively open with
a top-heawy.vertical distribution of foliagei¢. S1a). Harvard Forest sodriginates from
sandy leam.glacial till (Allen, 1995) and hadatively high levels ototal carbon and
nitrogen anf high-affinity hydrogenasehfiyl) and16S rRNAgene copy number
(Khdhiri et al, 2015). Approximately 80% of fluxes measured byEMS towerare
produced within a 0.Km to 1 km distance from the toweand windsome to the site
predominantly from the northwei2%)and southweg85%), andperiodicallyfrom the
east(13%;Munger and Wofsy, 1999).

Flux measurements

H. ecosystem fluxeweremeasured continuously using a custom, automated
flux+gradient measuremesystemdescribed briefly herandin depth inMeredithet al,
(2014b).Mmele fractions of H, CO,, and HO were measured yeesund at high
frequencyfrom gas inletsnstalled at heights above the ground oh2d4nd 28 mMEMS
towerabove the forest canopy) and 0.5 m and3(Small towerbelow the canopy and
over undisturbed soil 14 m to the west; F3db). H, was measured with a gas
chromatograph (Agilent, 6890, Santa Clara, CA) equipped with a pulsed discharge
heliumdionization detector (Valco, D-3, Houston, TX) &1f@, and HO with non-
dispersive,infrared gas agaérs (LFCOR, 6262Lincoln, NE).Mole fractions were
measured to high precision (0.06-0.11% for 61025-0.043%or CO,, and 0.04-M5%
for H,O) and were calibrated against Bhd CQ standards traceable iational
Oceanic and Atmospherfdministration NOAA) Earth System Research Laboratory
GlobakMonitoring Division (ESRL/GMDprimary standard scaled/e used wellmixed
integrating volumes to smooth out temporal fluctuations in mole fractions occurang at
higher frequency than our aibyl to measureheir vertical gradientsdetails inSec. 2.4.2
of Meredith et al., 2014b). Routimaill bias testsvere used test that fas existed
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(offsetsin measured mole fractionsgtweergasinlets (Sec. 2.4.3Meredith et al.,
20141b. Independent eddy covarian€®, and HO flux measurements were made
above the forest canopy at a height of 29 m (Munger and Wofsy, 1999; Urbanski et al.,
2007). Sonic anemometers installed at 2m and 29 m measured 3-dimensgidnal
speeds.

H, fluxes were determinedith flux-gradient methaosl evaluated in Mereditbt
al., (2024b).and appliekdereto present the first, ecosystenflux resultsat this site The
flux-gradient methodssume a proportional relationship between trace gas fluxes,
and their vertica{z) concentration gradienta[H,]/Az) scaled by the rate of turbulent
exchanger eddy diffusivity k: F = —k A[H,]/Az. Briefly, we used twdlux-gradient
approaches inferk by 1) similarity to the flux and gradient of other trace gases
(Modified Bewen Ratio) or 2parameterization dhe eddy diffusivity (k
parameterization)/Ve have shown that fluxes of GOH,O, and carbonyl sulfideCOS)
determined with the fluxgradient appach at the EMS sit@ere consistent with
independent measurements of the saame gasluxes determined bgddy covariance
or soil chambergMeredithet al, 2014 Commaneet al, 2015).We excluded data from
periods with rain, poorly developed turbulence, exceedingly snaél fraction gradients
in the demominator, and unrealistic valuestha inferred turbulent diffusion coefficient
(Sec. S1Meredithet al, 2014b).The filtered data seepresent26% and 35% of the
half haurly measuremenis 2011 for above and below canopy measurements,
respectively This work yields thdirst measuremerbased estimate of the tota} Hux
of a midlatitude forest.

In‘this paper, we use a subscmnptationfor towerbased trace gas flux
measurements$-) to denote the trace gas species,(F2) and CQ (Fcoy), and the flux
location,soil-atmosphereKs), net ecosystentg), and abovegroundr{). Soil-
atmosphere'fluxes were measured fer(Ry2,s) and CQ (Fco2,9 below the canopst 2
m above.the forest floplittle to no subcanopy vegetation was present in the footprint of
belowanopy measurementdet ecosystem fluxes were measured above the canopy at
26 m and 29 m heiglior H, (Frz2e) and CQ (Fcozg), except in the wintewhen the net
ecosystem flux was small and was instdadved from the 2 m and 26 m gradiéfig.
S2) Aboveground fluxes of H(Fu2 4) werecalculated athe difference betweemet
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ecosystem and solil flux¢Bnz e - Fuz,s) andrepresenthe H, flux between 2 m and 26
m. Negative values of trace gas fluxes indicate trace gas uptake by the soil, ecosystem, or
aboveground components from the atmospheiigle positive fluxes indicate emissions
to the atmospherén addition to the fluxye also calculatkthe concentration
independent uptake raté H, (H deposition velocityp, = —F,/[H,]; cm $Y), to
accountor differences in ambient Hhatcan influence firsbrder uptake rates

We-used automatesbil chamberso measur€O; respiratiorrates R) from the
forest fleerapproximately 0.tkm south of the EMS tower with similar soils and
vegetation (Sec. 2.2, Meredith et al., 2014M)is custommadeautomated soll
respiration.measurement systeamsisted of an infrared gas analyzer (IRGA7DDO,
LI-CORInc,, Lincoln, NE) andix automated soil chambers (20 cm in diam€ieang
personal communicationThe system included three control plots measuring total soll
respiration Rs) and three additional trenched plots (i.e., roots severed to measure non-
root associated respiration by heterotrophic microbg¥i&exclude autotrophic
respiration by roots and roassociated microbeR(). Autotrophicrespiration
(sometimes called rhizosphere respiration) was calculated from the difference between

contrel and trenched plotRa = Rs - Ry.

Plant and Environmental Data and Analysis

Environmental data itheseanalyses included eteorological data (Boos2001),
carbon, water, and energy fluxes (Munger and Wofsy, 1999)agntlosv (related to
transpirationmeasurements (reported in Commanal, 2015)at the EMS siter
nearby’sites within Harvard Fore$b characterize the sensitiviby H, fluxes to
environmental variables we used an artificial neural network (ANN) method on 30
minute data for soiitmosphere fluxes=(» s) and on 4-day lovpass filtered H fluxes
for net ecosystem Hfluxes Fu2 g) following methods described in Shoemakeal
(2014).Wesreportaveraged fluxes and their uncertainty #th 95% confidence
intervals, The level of &tisticalsignificancels indicatedwith p-valuesTime is reported
as Eastern Standard Time (EST).

Snow depth$D) wasdetermined from the numbef stripesvisible on five

paintedgraduated snow stakes (P\With alternatingverticalred and whitestripesof 5
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cm height)distributed within the field of visionf the subcanopywebcammounted on
the EMS tower (Fig. SBthat takesmagesevery 30 minutes during daylight hours
(Richardson, 2008 he snowpackvater conten(snow water equivalen§WHB was
continuously measured anearby forest stand (+42.53°, -72.19°, alt 3jqBoose,
2009).Snow porosity gercent akfilled spacg was determined frolSWEandSDas(1-
SO'SWBx100% and represents an averhgk porosityof the snow profile.

Sitephenology was assessed using automated repeat digital imagery with
PhenoCam.images taken from the Harvard Forest EMS tower. In contrast to thie abrup
start of the growing season, senescence analsaission display more gradual,
heterogeneous timing of phenology across plant species and individuals within the fores
(Richardsoret al, 2009; Gillet al, 2015).To better characterize the senescence period,
we identified thedate of maximum redness, as quantified by the redness chromatic
coordinate, for thélifferent locations in the PhenoCam image field of view (5. For
details on this type of analysis, see Richardsaal., (2009) and Klostermaet al,

(2014).We defined a senescence index as the cumulative sum of the locations in the
image that had reached maximum redrfese also Yangt al, 2014), and the

senescence index was used as a measure of the percentage of total senescence that had
occurredat/any point in time. The senescence indexamde fitting methods

(Klostermaret al, 20149 were used to classify the study period into three types of forest-
wide phenological seasons: growing, senescent and dormant with the following
phenological transition dates for 2011: May 3 for start of spring, October 2 for start of

fall senescent perip@nd November 12 for end of fall and beginning of the dormant
seasonThese dates were consistent wjtbund-based phenological observatiohkeaf
coloration‘andeaf fall (O’'Keefe, 2011and sap flo(Commaneet al, 2015).

Results

Seasonal.dynamics of,Hluxes

At Harvard Forest in 2011 we observed a net annual flux.ahtd the ecosysterfrom
the atmosphere (-1.4#1 kg H, ha') with soils as the dominantzt$ink (-2.0+1.0 g H
ha') and aboveground emissions from the forest caaspire dominant source

(+0.6+0.8 kg H ha'). The soilatmospherdlux (F2.s) and concentration-independent
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flux (deposition velocity, ¥) of H, show gratestmonthly mearsoil uptakeratesduring
summer and fall, rapidly peakitig July Frz.s -7.9£0.3nmol m? s*; v4 0.043+0.002 cm
s™: Fig. 1a,h coincidentwith the mean monthlynaximumin soil and air temperature
(Fig. 1c), minimumin soil moisture(Fig. 1c), and maximum irsoil CO; respiration rates
(Fcoz,9 (Fig. 1d). H, soil uptakerates fell slowly through the fadind persisted dbw
values in winter and spring with lowest values in February 2011 (-0.26mol m? s®;
0.003+0.004cm s%). Despite thestrongly contrasting snow depth amid temperature
patternsbetween the two wintemsithin the measurement perig@rig. 1c),wintertime
Fu2,swas not statistically differertetween these yearthoughthere was a statistical
difference_in the C@efflux. The net H, ecosystem fluxvasprimarily driven by soil
uptake,.except during the periodle&f senescenaghen aboveground emissions of H
outpaced'seil uptake, leadingagositivenetecosystent, flux (+8.446.9 nmol m? s?)
coincidentwith the forest shifting from a net sink to a net source of G@., when
ecosystem respiratidiReco) outweighedyross ecosysteproductivity (GEP), Fig. 1d).
Thus, the balance in bidirectional exchange gbM soil and aboveground processes
shiftedseasonallyat theHarvard Forest betweennet sinkandsource of atmosphericH

as is the case for GO

Environmental drivers of soil fluxes ot H

The 2011 spring and summer represented typical environmentiitions for
Harvard.Rorest3ec. S, while the fallandwinter were wetter and warmer than recent
climatoelogy(defined here as from 2001 through 2012 using data from Boose, 2001).
Over thestudy period, air temperatures ranged frofG-2becember 2010) to 36
(July*2011),"which were the minimum and maximum 30-minute ave&gesimes over
the 12yearrecent climatologySoil temperature ranged frofi@to 25C andsoil
moisture measured atgell-drained location in the forest ranged from 9.8% to 25.7%
and from 2210 to 51% ata relativelypoorly drainedocation We include soil moisture
from'boeth locations to capture the range of variability in soil moisture temps@bnses
(i.e.,dry sitestypically drain faster, whilevet sitegetain moisture lnger)present athe
field siteduring the period we madeheasurementdonthly mearair temperature,

soil temperature, and soil moisture were not significantly different from the recent
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climatology during the spring and summer months (Fig. S5 ahdP8&ipitationbegan
to rechargesoil moisturerelatively early(August)from the summertime minimuiand
summed to make 2011 thaeettest in recent climatologyith 162 cm of cumulative
precipitationand above average soil moisture in the fall and wiiite site experienced
two extreme events, Hurricane Iremre 28 August 2011 and an early season snowstorm
on 29 October 2011, which broudtitl cmand26 cm of precipitationas rain and snow
respectively(Boose, 2001)Comparedo the recent climatology, the 2010-2011 winter
was cold.(BecembetanuaryFebruary DJFP mean air temperature4.9°C) and had a
deepsnowpack (75 cm mashat persistedntil 7 April 2011, while the 2011-2012
winterwas warm (DJF mean air temperatufe7°C) and hadx thin shortlived
wintertime snowpack (16 cm max) ambst precipitation fell as raiffrig. S6). These
two distinct wintersallowed us tocompare the effect a@ontrasting winter conditions on
H, fluxes atthe Harvard Forest.

Given their importance in previostudies, we first evaluatedistemperature
and moistur@spotential drivers of K uptake rates at Harvard Fordst uptake
increased with soil temperatufgd. 2a; r=0.66 p<0.00) anddecreasewith increasing
soil moisture levelgFig. 2y r=-0.48, p<0.001 and r=-0.39, p<0.0f@t moisture probes
in comparatively dry and wsites, respective)y The dependence of, wn soil
temperature and moistuexhibiteda broad maximum in uptakat temperaturesf
approximately 17C and belowsoil moisturdevelsof 17% or 33%at the dry and wet
site, respectivelyFig. 2c,d).From this maximumsoil H, uptake droppesdteeply until
reaching low levels of ywith less sensitivityo temperature and moisturelatv
temperatre(<8°C) regardless of soil moiste level H, soil uptake at Harvard Forest
was"sensitive to soil temperature and moisture, particularly at warmer temperatures.

The potential for other environmental variables to explain soil fluxes,olvés
evaluated using aartificial neural networKANN) multivariatestatistical analysisn
half-hourlysfluxes As in the linear correlation analysis above, soil temperature and soil
moisture(relatively dry siteemerged as top predictors of soil uptake rates,qiHit). 39
respectivelyexplaining68% and 54% of the variance in ksoil fluxes Soil moisture
measured at the relatively drier site was a better predictos ediHluxes than the wetter

site (54% dry; 46% wet). Thecosystem fluxes of CQvere also significant predictors of
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337 H; soil fluxes;net ecosystem exchange (NEE) and gross ecosystatuctivity GEP
338 explainedb2% and 4% of the variance in Hsoil fluxes respectivelyFig. 3a).Using all
339 the predictor variables in Fig. 3a, the ANN model explairéd of the variabilityin

340 observedn annuaH; fluxes. Sap flow was not evaluated in the annual model because
341 thesedatawerelimited to the growing and senescent seastus,during those periods,
342 sap flow explaineds muchvariability in H, soil fluxesas soil temperatur&he

343 observed.and ANN modeled;Isoil fluxes (Fig. 3bjagree well, especially during the
344  growingsseason, whilde largestelative modeldata mismatch occurretiiring the

345  winter((Fig. 3c).

346 The ANN analysis revealea statistically significant relationshietweerrates of
347 soil-atmospherexchange oH; and CQ, which we then investigatdaly comparison of
348 Fyy stoautomated chamber measurements of soil respir&)oifilfe chambers

349 measured totadoil respiration Rs), whichis the sum of theespiration of soil organic
350 matter (heterotrophic, i and the (rhizospheregspirationby roots and roo&ssociated
351 microbes ofirecently photosynthetically fixed carbon (autotrophi¢, R, uptake by
352 soilscarrelated more stronglyig. 4)with total soil respiratiofiRs=Ra+Ry, r=-0.74,
353 p<0/00) andrhizosphereespiration Ra, r=-0.80, p<0.001), than non roassociated
354 respirationmeasured in “trenched” plots;(R=-0.54, p<0.001). In other wordsHoil
355 uptakewasmorestrongly related to carbon fluxes derivieain recentphotosynthates
356 than carbon fluxedriven by microbial communés respiringndependently of root
357 exudates:

358 The 15-monthperiod of our study allowed us to study #ftects of H uptake
359 duringtwovery different wintersthe cold 201@®011 winter withenduring snowas is
360 typicalforthis New England site, versus the warm and wet 2011-2012 \(#igedc).
361 Snowinsulationin January and February of 2010-2011 compensated for atder
362 temperatures-$.4+0.2Cin 2010-2011-1.640.2°C in 2011-2012) leading tsimilar

363 wintertimessoiltemperature$l.4+0.02C; 2.1+0.03C). The soils were driein the

364 winteref2010-2011 (14.8+0.01%; 16.0+0.18#%y site, and30+0.02%; 34.3+0.1%vet
365 site) becauserecipitationwas lockedupin snow With snow, k2 s wasnotsensitive to
366 changes in soil temperature or moisture (p>0r$tead, k2 s was affected bgnow, and

367 its resistance to trace gdsfusion: vq decreasedith increasing depth of sno(=-0.36,
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p<0.00) and decreasing snoporosity(r=0.33, p<0.001jFig. 5). Incontrastsoll
respiration(Fcop,s) wasmore strongly affected bsoil temperaturgr=0.32, p<0.001L

than snow depthr£0.09, p<0.00Land porosity=-0.01, p*.5). Thus, dfusion

limitation by snowdecreasedptake of H but did not strongly affect emission of @O

In the winter of 2011-2012, the absence of snow allowed upper layers of the soil to
freezeiand the depth of freezindgwnto 10cm)was a significant factor in reducing
both.vu(f=-0:14, p<0.001) anddo, s (r=-0.18, p<0.00L Thesefactorscombinedo no
yield significant difference in i, sbetweenthe snow and snovee wintergp=0.95),

but greateFgo, sduringJanuary and Februaof 2011-2012 than 2010-2011 (0.83+0.04
vs 0.45+0.02imol m? s*, p<0.001).

Aboveground emissions domingitd, ecosystem fluxes during senescence

Aboveground H fluxes (F42,4) were calculated as the difference betwien
ecosystem and soil fluxesd represent Hproducing or -consumingrocesses ithe
forest canopyand other abovground biomass (between 3.5 m and 24 m height above
the forest flooy. Aboveground H fluxes varied with forestvide phenological transitions
punctuating the growingenescent, and dormant periddaytimeF, A were negligible
during thesgrowingeasor{+1.443.0nmol m? s*) and dormant season (+0.4+1.4 nmol
m?s7), but increased significantly during senescence (+13.2#8d) ni? s*),
overwhelming uptake by soils during that periogds(§&-5.7+0.6 nmol rif s%), and
converting.this mixed deciduous forest iataet source of H(Fy e=+7.5+4.9 nmol rif
s1) (Fig. 1a). 2.4 wasnegligible at night (+0.9+20 nmol frs?) indicating that the
senesgingforest transitioned between a net ecosystem sourcekamidHsion a diurnal
basis’AnfAual aboveground Hemissions (+0.6+0.8g H, ha' a') made up 22% of the
annual gross KHecosystem fluxes, reducing the net ecosystem uptakedbyB@hat
would have been deduced by considering soil uptake aldyeefyround emissions of
H, were ansunexpected, yet significant component of theyidling on both a seasonal
and ‘annual basis #te Harvard Forest.

Aboveground emissions ofHvere temporally and spatialiglatedto senescing
deciduous trees. These emissions occurred during senegedfatay period) and

originatedbetween heightsf 3.5 m and 24 m, where approximatel\{y®6f the foliar
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densityis located(Fig. S1). Deciduous treeat our site began to changaar in early
Septembe(Fig. 6a,senescence index }.Mapleand birch (4:1 abundanaeterms of
basal area at the siteavid Orwig, personal communicatijpsenesced rapidly between
October 4 to 19 (15%f measured forest senesceneehile oaksenescence was more
slow and heterogenesuproceeding frordctober 190 November 12 (10%
senescengdFig. S4). No significant difference ithe H, flux between these two periods
was,ohservedlthoughsome data wenmissing during oak senescence. In contrast,
ecosystem.exchange G0, waslower during oaksenescence than durintaple
seneséencg9.1 vs 0.9 umol nf s?) indicating that photosynthetic rates were dropping
over the course of forest senescelii¢g A emissions correlatewith wind direction
(p<0.01)and larger emissiongere observetrom thewest(Fig. 6b),particularlyat

longer fetches sampled Imgher wind speeds. The flux tower footprint contained mixed
deciduous conifer forests in all directions, but vgteaterdominance of deciduous trees
to the southwest and beyond 200 m towlestnorthwest. To the east, conifers and
current_or drained ponds dominate the landscape.

Ecosystem fluxes of fHwere highly variable as a result of the low signal to noise
of the_-measurement and variability in the balance betwegndducing and consuming
processesie performednultivariate ANN analysis on-day averagedaytime ;e
values, which revealed that maple sap flow explained the most variability (appmyimat
70%) out of the tested environmental drivers (Fig S7). ANNltediffered for F, e
derived by.a single flugradient approach (trace gas similarity usinglC&hd for o e
derived,by merging with a second flux-gradient approach (trace gas similarity using
H,0). The'total variability explained was 63% and 82% mfttrmer versus the latter,
andbesides sap flovenvironmental drivers weirgot alwaysconsistent between the two
flux calculationgcomparison ifFig. S7). In generalANN resultssuggested that-day
averaged fluxes were relateximaple saglow, soil moisture, CQ fluxes GEPand
NEE), andsradiation (net and photosynthetically actwdjch weretrends seen also
guantile plots (Fig. S8). These results may help point to environmental drivers for ne

ecosystem fluxes of Hand aboveground Hemissioss.

Discussion
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Soil uptake of KH

Soil uptake oH; in this mixed deciduous forestas seasongluly maximum,
February minimumand variedoy more thartenfold in monthly mean ¥ (0.003 to
0.043 cm &; Fig. 1b).The relatively few yealong studies of K soil uptake in the past
report similarvy seasonalitygummer/fall maximum, wintetspringminimum)and
magnitude (typically between 0.01 and 0.1 ¢hh(€onrad and Seiler, 1980; Lakn al,
2008, 2009;.Constaet al, 2008h Yonemuraet al, 2000;Yver et al, 201 D). Soil H,
uptake.rateare typically high irforest soilsrelative tootherecosystemsuch as
grassland¢Ehhalt and Rohrer 2009; Constabtl, 2011k Khdhiri et al, 2015). The
annual average deptish velocity at Harvard Foresb.02 cm &) waslower thansome
values reported from chamber-based measurements in forests (0.063 and 0')L5 cm s
(Forstel, 1988fdrsteland Fuhr, 1992; Yonemusd al, 2000) andylobal estimates
derivedfom the kK soil sink budget term (0.038n s’ to 0.052 cm$) (Ehhalt and
Rohrer, 2009)Although Harvard Forest soils exhibitedmeof the highest K uptake
rates per.unit mass in a recent-tedsed survey of soil&hdhiri et al, 2015),in situH>
uptake rateslepend on soil bulk density (i.e. conversion toudtake per unit area) and
diffusionalbarriersto trace gasesoil uptake (Ehhalt and Rohrer, 2013a) and may be
lower in.the fieldrelative to other sited, uptake rates at Harvard Forest were affected
by in situ diffusion limitations onvg4 such as from soWater saturatiorsnow, and
perhapsnactive soilor litter layers(Ehhalt and Rohrer, 2013a and 2013b; Smith-
Downeyet.al, 2008). Indeed, models representing diffusion limitatreechanisms
(Yashiroet al, 2011; Morfopoulo®t al, 2012) agree well with theeasonality and
magnitudeof our K soil uptake observations ldarvard Forestwhich represent the most
extensive soiatmosphere flux measurements to @gatailablefor model evaluation.

H> soil uptakerates were sensitive temperature and soil moistuegnsistent
with underlying biological and physical mechanisms.sdil uptake increased with soil
and airtemperatures expected fain enzymemediated proces€ptimum temperatures
of appreximately 30C for soil H, uptake (Ehhalt and Rohrer, 20148re rarely
exceededn this study (i.e., less than 2% of the days in 2@8blthe temperature response
of H, uptake was consistently positive; Bbil uptakedecreasevith soil saturationas

waterfilled pore spaces impede gdsdfusion (Conrad and Seiler, 1981; Smith-Downey
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461 et al, 2006) Soil moisturedid not drop belowninimumIevels required fobiological

462 activity (e.g., <1% irdesert soilsSmith-Downeyet al, 2008), thus no soil moisture

463 optimum was observed in our Harvard Forest datthe moisture response of Hptake
464 was consistently negativ®urin situ observationsvereconsistent with patterns

465 observed in lalbased measuremertthe temperature and moisture dependence,of H
466 soil uptake (e.g., Smith-Downeyal., 2006).Soil moisture levels were above average
467 from,August. 2011 through the end of the stpdyiod which may have reduced annual
468 H; soiluptake. Thus, soil uptake in 2011 cobkdconsidered a lower estimate for typical
469 years at Harvard Foretemperature and moisture were the primary controlglgsoil
470 uptake in this study. Changes to soil moisture and temperature with global change should
471 affectpatterns and the magnitude of the globalsdil sink.

472 We expected kisoil uptake to differ strongly across the two contrasting

473  wintertime regimes, but compensating processsglted in indistinguishabldifferences
474  between wintertime | s in these two yearsgn 2010-2011, snow insulated soils against
475 freezing air tempetares yet permitted diffusion of Hthrough the snow matrix, thereby
476 playing,a‘critical role irallowing H, uptake by the subnivean soil microbial community.
477 Soilsiin'the 2012011 winter were drier (by around 4%) and only slightly coldgré¢ss
478 than EC)than in the 2011-2012 winter (Fig. 1&8ven the greater sensitivity ofH

479 uptake to moistureHig. 2b; 30 to 34%Yhan temperaturd-(g. 2a; 1-2°C) we expected

480 highergt: uptake rates in the 2010-2011 winter than in 2011-2012. Indee@iNtke

481 model predictiongFig. 3b) which did not account for snow or frost dephktimated

482 higherirates of Huptake during the 201011 winter than were actually observed

483 (overestimated by more than 100%; Fig. iBaytrating that H soil uptake was reduced
484 belowourexpectations basedesosystenproperties such asil moisture and

485 temperatureSnowreduces rates ¢, soil uptake as compared to snow-free perlmds
486 adding resistance toJHliffusion. Cacentration gradiesestablishin the snow,

487 suppressing Himole fractionsat the soil surfacehereby reducing concentration-

488 dependent firsbrder H, uptakerates Snow depth and porosity wettge primaryfactors
489 controllingH, soil uptakeratesduring snow-covered perio@see also Lall@t al, 2008,
490 2009).In contrast, soil respiratiamates wereénsensitive to CQ@buildup, and soil

491 temperature and moistucentrolled wintertime respiratiomtes undesnow.In the

This article is protected by copyright. All rights reserved



17

492 2011-2012 wintersoilslacked snow cover and therefdreze, which reducedates of
493 both Rz sand R. These results reveal complerechanistic controls otiormant season
494 H, fluxes, which comprised significantportion 35%) of the H, soil uptake at Harvard
495 Forestin 2011.

496 Over the next centurgir temperatures in winter are projected to rise, winter
497 precipitation as snow is expected to decréaskepth and duratiomnd soil freezehaw
498 cycles,are.expected to risefrequency in this region (Hayhee al, 2007).To aptly

499 projectthe.impacdf these climatic changes H, soil uptake in thisegion and beyond,
500 models shoul@ccount for persistence obHiptake through snow, insulating properties
501 of snow for soil microbial communities, and the selective impact of diffusgistagce
502 on H, uptake reactions over production reactions, which atsgbe extended to other
503 trace gases

504

505 H; energy flux to soil microbial communities

506 The dominant process driving the soi sinkis aerobic consumption of

507 atmospheric K by soil microorganisms harboring higlffinity [NiFe]-hydrogenases
508 (Greeningetal, 2015c). We did not obsernetemissions of H from soilsthat would
509 indicatefermentative degradation of organic mateg., Yonemurat al, 2000) or high
510 levels of nitrogen fixation (Conrad and Seiler, 1980) skil uptake was found to oary
511 with stages of forest phenology (i.e., growing, senescent, and dormant s€agdis,
512 carbon cyecling (i.e.GEP, NEE; Fig. 3a)autotrophic or roeaissociated microbial

513 respiration (R; Fig. 4), and sap flofdecreaseduring senescencelicrobial

514 communities associated withhRire metabolically linked to plant photosynthesis and
515 may"be strongly controlled by root interactipnile the microbial communities

516 involved in Ry are influenced by non roaissociated soihteractions $avageet al,

517 2013. These microbial communities may differ in terms of activigmmunity

518 composition] and ecologyhilippotet al, 2013. Nitrogen fixationreleases, during
519 N reduction by nitrogenaswhich carthenbe emitted to the locanvironment and to
520 the atmosphere if not consumed in the sogeffiving microbes or roots supporting
521 nitrogenfixing nodules (e.g., legumes, clover, alders, red pica&s)husbe a

522 subterraneamource of H, potentially influencingsoil microbialcommunity composition
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523 and rates of soil Hfluxesand CQ fixation (Dongand Layzell, 2001Steinet al, 2005
524 Maimaiti et al, 2007; Osbornet al, 201Q PichéChoquetteet al, 2016. Biological

525 nitrogen fixation ishowever not a significant component of the N budget Imiied

526 forests aHarvard Forest (Tjepkema, 1979) though microorganisms harborimgfithe
527 (nitrogenase reductasggne for N-fixation are preser{tComptonet al, 2004) As a

528 result,'\we suspect that thesociation betweensRand Fy2 sis unlikely to be relatetb

529 N, fixation.at this siteTherelationship couldnsteadarise fromincreased availability of
530 rhizodepesits (e.g., nutrients, exudates, mucilage released by the plant root) and
531 preferentiakenrichment of H-consumingmnicrobesn the rhizosphere microbiomsuch
532 as Actinobacteria (Philippeit al, 2013.

533 Atmospheric H consumption by microorganisrts fuel their energy metabolism
534 may play akey role in survival of a diverse microbial population during pesfods

535 environmental hardship (Constaattal, 2011b; Greeningt al, 2015a Meredithet al,

536 2014a). H represents a widespread and dependable mode of delivery of electtams to
537 microbial respiratory chaiduring energystarvation(King, 2003).We therefore consider
538 trace gas fluxes of Hand CQ to reflect microbial energy metabolism by oxidation of H
539 andrespiration of carbon substrates, respecti¥lidarvard Forest,raual soil B

540 uptake provided 0.280l ATP m? of energy tahe soil microbiapopulation, which is
541 0.11% of theotal energy derived independently from carbon substfetes

542 heterotrophic respiratiorR{;, 180mol ATP ni?) and the microbe-mediated portion of
543  autotrophic respiratiorRx, 40mol ATP ni% calculations irSec. S¥ While smaller than
544  from carbon, H energycan meet the maintenance energy demands®ab1l H,-

545 oxidizing'microbes per gram of soil or approximately 0.1% otadked microbial

546 population(Constardt al, 2010).The estimatecenergy flux from H versus carbon

547 substratesaried withforestphenology. A greater proportion of the annual energy

548 supplied from H was derived during the dormant and senescent seasons (35% of annual
549 energy from'H) over the same periq@2% of annual energy from carbon substrate
550 respiration. Carbon substrate respiration was relatively weighted more héewidyds
551 the growing season (Fig).7Of the annual microbial maintenance energy demiamd (
552 Sec. S4 following Conrad (2006 gpproximagly 30% occurred in the dormant and

553 senescent seasofiable S1)H, oxidation may be an important component of microbial
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energy metabolism outside of the growing sea¥émestimated theatio ofthe

population size of microbes that could be supported bgxitlation versus that

supported by carbon substrate respiration (Sec. S4), which increased by a factor of 2.5
from the growing (July 2011; 0.76%) to the dormant season (January 2012; 1.9%). Thus,
H»> may help maintaimicrobial populations experiencing a reduced supply of carbon
substrates and lower temperatuwlesing he dormant and senescent seagbfiusional
constraints.to bireaching soils (e.g. by water, snow) may reduce the ability of microbes
to accesatmospheric K energy representin@ potertial H,-mediated link between

changes in climate (shifts in snow and precipitation regimes$a@hahicrobial ecology

H, emissions from senescing vegetation

Forthe first time, we report aboveground ptoduction from senescing vegetation,
though the mechanism behind this flux is unknows.F/emissons occurred during
senescenceriginated predominantly from deciduous-dominated portions of the
landscape (Fig.)6and were best predicted by maple sap flow. We propose that one or
more of the following fouprocessethat occur in or on woody or foliar tissues may be
associated witthe observed f o emissiongdiscussed in more detail Sec S5): 1)
Abiotic phetothermal production of kHfrom plant material may occur ime canopy
biomass, even at natural insolation levels and temperatures as lofCa®2bendorpet
al., 2011; Leeet al, 2012); 2) Some plantglease Hto copewith oxidative stressuch
ascaused,by the overproduction efctive oxygen speci€dinet al, 2013), andnaybe
an impertanmechanisnduringthe physiological changes associated with plant
senesgence’(Het al, 2014; 3) Forestsreleasevolatile organic compounds during leaf
senescenc@all et al., 2001)hatcanreact withhydroxyl radical QH) to form
formaldehyde HCHO); photodissociation of HCHO toJ4touldresult in leatemissions
if occurring on surfaces or in liquid layeend4) Fermentingmicroorganisms in
anaerobic.environments such as sedimentstting wood (e.g., Covest al, 2012
produee H that may escape to the atmosphegether with CH, which is usually also
produced in these environments, but may not scale upasigmificant sowe at
Harvard Forest (Sec. $%uture studies designed to measugdltikes in senescing

vegetatiorby towersampling, branch chambers, or in the laboratory are needed to
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evaluatehesepotential mechanism#n addition, theecological role of these
aboveground K emissions for plandssociated bacteria that scavenge atmospHeric
(e.g., Kanncet al, 2016) would be a rich area for future work.

We observed bidirectional fluxes during senescence, during which soil uptake rates
were offset by unexpected,l¢missions from aboveground biomass. On a global basis,
we estimate that aboveground emissions from senescing temperate mixed and deciduous
forestsyall.forests, or all vegetated lands correspond respet¢tv@B4, 2.3, or 6.2 Tg
H, yr’by.scaling the annual emissions observed at the Harvard Forest per unit area
(Schmittet al, 2008). Thus, senescinggetatioras a H sourceis likely only a minor
component of the total atmospherig blidget (<1% to 9% of total sourcasross studies
reviewed in/Ehhalt and Rohrer, 2Q@h a similar magnitudasH, emissions from K
fixation. However, further studygineeded to better constrain theseshhissions from
senescing vegetation and their potential role in the atmosphghoddiet.

Concluding.remarks

The,neasurements of Hecosystem fluxem a mixed deciduous foresbntribute
significantly to ourunderstanding of the seasonality and processes affecting atmospheric
H,. Ouranalysis showthat soil uptake ithe keysink for atmospheric Hat Harvard
Forest, and emissions oL ffom thesenescindorest canopy is an important, previously
unrecagnizegource. Together, these processes drive bidirectional fluxestbbH
balance.to.a netnnualecosystensink on an annual basis for atmospherictimixed
temperate stands Harvard Forest. The importance of aboveground emissiongiof H
other ecosystems is unknown, antlfe studie®n H, emissions from senescing plant
matterwill'be particularly valuabl&he relationship betweesap flow and H soil and
aboveground fluxesmaybe mechanistically related tobansportprocessewithin the tee
or transpirationAs in our case, those studies will likely find it useful to consider H
cycling inthe context of ecosystem phenology, which is now commonly characterized at
many-sites.

While this study spanned just ov@reyear of measurements, froraraattribution

analysis we anticipate thatkoil fluxes vary significantly with interannual variability in

temperatureife., soil temperaturesoil frost) and factors controlling the diffusion of H
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into soil (i.e.,water saturation anshow depth)These factorsnteract to create complex
tradeoffs, especially during thevinter, betweertemperature and diffusidimitations,
which are affected by the interplay between air temperature and the amount aofd type
precipitation (e.g. rain versus snowhese interactions should be incorporated into
model‘projections of the sensitivity of the Bink to global changsuch as climate and
land use change to assess the impacts of these clwmtesatmospheric Hourden and
soil miereerganisms utilizingtenospheric H.

QOur.results providanin situassessment of the role of nergy metabolism by
soil microorganisms by comparison with carbon metabolism. Recent advances in
understanding the genetic and physiological basis for atmosphesicaMenging
microbes maké timely to investigate H energy metabolism in other ecosystems and
alongside genomic characterization, which was beyond the scope of this study.
Comparativeanalyss ofH, and CQ fluxes provide insightsito the activity of H-
consuming mimobes in comparisoto thebroademicrobial communitythoughthese
relationshipsare complexo tease aparfuture studies are needed to elucidate
mechanismsinderlyingtherelationshipbetweerH; uptake and respiratipsuch ashe
role'of root exudatesr rhizosphereommunity structureOur H, data and the concurrent
environmental measurements could be used to test or constrain ecesystegiobal-
scale models of FHcycling, which have been traditionally data limitéd Harvard
Foresty H cycling wascontrolled by microorganisms and plants, makingaH
exemplarysystem forthe studyof the botic control oftrace gagycles.
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900 Figure captions

901 Fig. 1H;cyeling at the Harvard Forest was primarily driven by soil uptake with similar
902 seasonality to environmental variables and carbon fluxes, and net ecosystewnsmissi
903 H; became significant during the fall. The (a) daytime (69000 EST) monthly mean
904 H; net ecosystem (k,g) and soil-atmosphere flux (k) mainly reflected the soil sink
905 until they'diverged statistically in October. The (b) montllyand daily (o) H

906 depaosition velocity (¥) exhibited strong seasonality and daily variability. Concurf@nt
907 mean menthly environmental variahles temperaturéair T), soil temperaturésoil T),

908 and soil moisturésoil M) and 30-minut@averagedsnow depth (snow; grey shading) and
909 precipitation (precip; blue lines). The (@mean monthly gross ecosystem productivity
910 (GEB, ecoesystem respiration {g), and soil respiration (f® highlight the bidirectional
911 nature 0fCO; fluxes. Monthly averages plotted on day 1®athmonth andrertical

912 Dbars represent 95% confidence intervals.

913

914 Fig. 2H; soil uptake incresed with soil temperature (at 10 cm depth) and decreasing soil
915 moisture. Quantile plots of thaole-fraction normalized flux (¥, deposition velocitypf
916 H;increasedvith (a) soil temperature (r=0.66<0.001) and (b) decreasing soil moisture
917 (r=-0.48,p<0.001, comparatively dry site shown herg)déposition velocity (color bar
918 in cm $') washighest at warm temperature and low soil moisture conditiemsured by
919 soil moisture probes at relatively dry (c) and wet (d) sites

920
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Fig. 3 Multivariate statistical analysis revealed that (a) in addition to temperature and soll
moisture, GEP and NEE and other environmental drivers combined to explain up to 76%
of the variance in annualzoil fluxes. Comparison of (b) day measured (data)oil
fluxesand ANN results (model) with the (c) relative datadel mismatch show good
agreement during most of the year, until the winter time. Snow depth (blue line) @nd fros
(red line; data not available in 2010-2011) were not included in the model, which likely
reduced.k2;s below levels that would have been predicted based on the (a) modeled

environmental drivers. The periods with snow and frost are represented qudyitiativ

(b).

Fig. 4 The H; soil flux correlated with total soil respiratioRd) andrhizosphere
respiration Ra) more strongly than heterotrophic soil microbial respirati) (Annual
data are partitioned to have equal numbersdlix data points averaged per plot

symbol.

Fig. 5 Soil.uptake of H persisteceven in the presence of snow but at a diminished rate.
TheH; deposition velocitydecreased with increasing snow depthaiid decreasing

SNOW POrosity.

Fig. 6 Daytime (900 - 1700 EST) abovegroung fliixes (Fy2 ) reveal H emissions

during forest senesnce from sectors dominated by deciduous trees. The emissions were
sustained throughout senescence as shown in (a) by the 10-day avgrageaFs
indicate"95% confidence intervals). Points are colored by the PhenoCam-derived
senescence’'index to shove tinactional progression of senescence from the growing
season (0, light green) to the dormant season (1,black) as indicated by the color bar.
Emissions ariginated in sectors to the west as shown in the from the wind rose (b) with
the highestsfrequenayeighted emission observations in the sectisestnorthwest and
southwest dominatedy deciduous trees (openair R packagasslaw and Ropkins,

2012).
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951 Fig. 7 H; soil uptake (k2,s), representing the Henergy supply to microbes, was more
952 heavily weighted to the dormant (D) and senescent (S) season than soil regfiedtion
953  which includes both heterotrophic{Rand autotrophic (R respiration (measured in
954  units ofumol m? s%) during the growing (G$eason. Monthly mean seasonal cycles of
955 Ra, Ry, Fo s and the microbial maintenance energy demand kdhday' C-mol™

956 biomas$ normalized to the area under seasonal cycle curves.
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