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Summary

Forestsin the Chinese subtropics receive large amountsitodgen (N) from the
atmosphere, both as ammonium @N\Hand nitrate (N®). Many of these forests are
considered to be “N-saturated”, i.e. are not ablegake up all added N, but leach
significant amounts of N©to waters or re-emit nitrogen to the atmospheigaasous N.
The main part of this thesis describes experimemtak conducted in the well-studied
subtropical forest catchment, “TieShanPing” (TSFSP is situated in SW China, on a
sandstone ridge close to Chongging city and is reavéy a low-productive, mixed
evergreen forest. The forest receives up to 60 kgiy! from atmospheric deposition,
without showing any sign of improved forest grow8urprisingly, previous catchment-
scale studies at TSP and in other forests in SGhtha, based on input-output budgets,
found large apparent retention of atmogenic N ie fbrest ecosystems, without
identifying the responsible mechanisms. This dadtsiudy focused on N-transformation
processes in soils, in an attempt to understandatieeof deposited NFi and NQ' in
more detail and to characterize the factors gowgrmetention, removal and loss of
reactive nitrogen. A better understanding of transftion, retention and re-emission of
reactive N in semi-natural, forested ecosystemsngortant for regional N budgets,
particularly since N deposition is expected to @ase in China in the near future.

The turnover of N was studied along hydrologicalMlpaths at TSP and in seven
forested headwater catchments across Chiapdr 1), acknowledging that the
hydrological connectivity between different landsealements, such as hillslopes and
riparian zones, is likely to play a key role foarisformation, transport and removal of
deposited N. To characterize N turnover patterasiglhy and temporarily, | used natural
isotopic signatures of NE(**N and*®0, Paper | andll). The analysis ofN and*®O in
NOs was carried out by a modified “denitrifier methpd@hich | helped to develop and
implement Paper V). Gross rates of N transformation in hillslopeswoiere determined
by in situ °N tracing Paper IIl). This experiment also served to explore the origfi
N2O emissionsHaper Ill), which have been reported to be exceptionallgdan well-
drained hillslope soils of the TSP foreBaper 1V). To evaluate whether phosphorous
(P) addition could alleviate P limitation and curthl2O emissions by stimulating
biological N uptake, | started am situ P addition experiment and monitored soil

chemistry and BD emissions for 1.5 yearBgper V).
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The N turnover in five subtropical (southeamd two temperate (northern) forest
catchments, as inferred from natural abundancataiisotopic signature®éper | and
II), revealed a consistent spatial pattern, emphmgitie importance of hydrological
connectivity between well-drained oxidative zonesd agroundwater-influenced,
reductive zones N tracing Paper Il ) revealed that freshly added NHs immobilized
first into the soil organic N pool, before beindgeased and converted to NG@hrough
nitrification. Experiments with®N labelled organic substrate®gper Ill ) confirmed that
“heterotrophic” nitrification, a poorly constraindiblogical process, contributes to hH
oxidation in acid, subtropical soil. Once nitrifigtle deposited N1 leaches as Nfand
is transported, together with the depositedsNY “interflow” over argic (clay-enriched)
B horizons in the commonly found Acrisols to grouwmater discharge zones situated in
valley bottoms and on stream banks. My detailedystof natural abundance isotope
signals of N@ along this flow path Raper 1) convincingly demonstrated that the
groundwater influenced soils are “hot spots” foredhoval by microbial denitrification,
thus explaining the “missing sink” for N in subtrog@l forest catchments. Appling the
same technique to a range of Chinese forest catdisnf@aper Il1), | found that this
mechanism is of regional importance for monsoopaltisChina, but not for North China,
where precipitation is too small to develop spbti@ontinuous reductive landscape
elements, which are hydrologically connected todadve environments upslope.
Comparing apparent N-retention in the southern €encatchments with annual N
deposition rates suggested that N removal in thalsiopical catchments can be expected

to increase with increasing N input.

Removal of reactive nitrogen by coupled nitafion-denitrification involves nitrous
oxide (NO) emission. Emission measurements carried outhm d¢ontext of a
phosphorous (P) addition experiment on TSP hilkslepils Paper IV) estimated MO
emissions of up to 5.3 kg N figrl. This is consistent with previous reports, shawin
that NO-N losses equal about 10% of the annually depmbsiteThis large proportion of
N removed as DO, is likely a result of rapid microbial N turnover warm and moist
soils during monsoonal summers and the dominanderfrification as MO producing
process RPaper 1ll). Addition of P caused a strong decrease (50%)2@ emission
already 1.5 years after the treatmelRager IV). This implies that P addition to the
naturally P-limited soils of the Chinese subtromosld enhance biological N uptake and

reduce NO emissions at the same time.
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Overall, this thesis shows that acid, subtrapiorest soils in South China support a
complex nitrogen cycle that can mediate both netlBlase and retention, depending on
scale and N form studied. While providing a mect@miframework for the observed
strong N attenuation by denitrification at the batent scale, mitigation options fop®

emissions remain to be explored.
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Sammendrag

Skog i de kinesiske subtropene er utsatt for stoogen (N) nedfall fra atmosfeeren,
bade som ammonium (NH og nitrat (NQ). Flere av disse skogene ansees til & veere
«nitrogen-mettet», dvs. avsatt N blir ikke tatt appn renner av som NQil vann eller
re-emitteres som N-gas til luft. Hovedparten av reeeroppgaven beskriver det
eksperimentelle arbeidet jeg har gjennomfart igbett undersgkt subtropisk nedbgrsfelt
“TieShanPing” (TSP). TSP ligger i sgrvest Kina, g fiellrygg i naerheten av byen
Chongging og har en blandet, eviggrann skog solitegoroduktiv. Nedfall av nitrogen
fra atmosfeeren er opp til 60 kg N*har?, uten at det har noe synlig effekt p& skogens
produktivitet. Tidligere studier i TSP og lignendgrkinesiske skog som baserte seg
utelukkende pa elementbudsijetter, fant at skogtehmjen overaskende store mengder
N, men klarte ikke & identifisere de underliggemdekanismene. Den foreliggende
oppgaven setter fokus pa omsetting av N i skogsfordd bedre forsta denne «N-
retensjonen» i subtropisk skog. Kunnskap om presessg faktorene som bestemmer
N-retensjonen og N tap er viktig, for & kunne s¢ mmn skjebnen til de store mengdene
avsatt NH* and NQ pa et regional skala. Nedfall av reaktiv nitrogésinesiske skog
forventes til & gke i naer fremtid, og det trengs kumnskap om hvordan N omsettinger
i disse skog pavirker regionale N budsjetter.

Jeg undersgkte N omsettinger langs avrenningsiveegtbgrfelt til syv ulike skoger i
Kina (Artikkel Il ). De utvalgte felt viste en mer eller mindre ugee hydrologisk
kobling mellom skraning og en grunnvannsinfluemeswed foten av bakken eller ved
elvebredden. De feltene ble valgt slik, fordi kogien mellom skraning og
grunnvannsinfluert sone antas a veere ngkkeleworstdelsen av hvordan nitrogen blir
omsatt, transportert, fijernet eller holdt tilbakekbgsgkosystemet. Jeg karakteriserte N
omsettinger i rom og tid pa grunnlag av naturligeiasjoner i forekomsten av de stabile
isotopene!®0 og'°N i NOs (Artikkel | ogIl). For & kunne analysere store mengder
prever med god ngyaktighet, ble det brukt en mesodebaserer seg pa 8 omdanne NO
til lystgass (NO) gjennom denitrifikasjon. Denne metoden ble medit og
videreutviklet, noe jeg bidro tilArtikkel V ). Bruttoratene til N omsettingsprosesser pa
skréningene ble direkte bestemt i felt ved hjelg®avmarkeringsforsgkArtikkel 11 ).
Disse forsgk ble ogsa brukt til & utforske opphaivégstgass utslipp, som har vist seg a
veere usedvanlig stort i de godt drenerte skranimgjemSP skogenArtikkel 11l ). For &

teste om fosfor (P) tilsetning til utarmet subtskpjord kunne redusere>@ utslipp ved
IX



a stimulere N opptak i planter og mikroorganisnsedrtet jeg et feltforsgk og registrerte

forandringer i jordkjemi og BO utslipp over halvannet aAftikkel IV ).

Nitrogen omsetningene langs hydrologiske avrenwigigs i fem subtropiske (sgrlige)
skogsfelt og to tempererte (nordlige) feMriijkkel I ogll) viste et konsistent mgnster.
Dette bekreftet at kobling mellom oksidative soirgkraningen og reduserende soner ved
utlapet eller elvebredden er sentral for N retemsjo Markeringsforsgk meéPN
(Artikkel Il ') avslarte at ferskt tilfart Nk blir farst immobilisert i jordens organiske N
lager, far den frigjgres og omdannes til )NGjiennom nitrifikasjon. Eksperimenter med
15N markert organisk substraitikkel 11l ) bekreftet at “heterotrof nitrifikasjon”, en lite
forstatt biologisk prosess, bidrar vesentlig til Nidksidasjon i sur, subtropisk jord. Dette
betyr at NH* fra nedfallet blir nesten kvantitativt oksidert @pner, sammen med avsatt
NOsz, over et noksa tett leiresjikt ned til grunnvamfisierte soner. Slike leiresjikt ar
ganske utbredt i subtropisk jord. Mine detaljettelger av naturlige isotopsignaler i NO
langs slike avrenningsveier Artikkel 1) demonstrerte overbevisende at
grunnvannsinfluerte soner er “hot spots” for biedtg fijerning av N gjennom
denitrifikasjon i det subtropiske skoglandskapefarglarer sdledes det manglende sluket
i N budsjettet til subtropiske skog med hgy N nédifa atmosfaeren. Ved & bruke samme
teknikken i en rekke av kinesiske skogsfélttikkel 1l ), fant jeg at dette er tilfellet for
alle skog pavirket av monsun, men ikke for skogtimbrdlige Kina, hvor nedbgar er for
liten for & skape en hydrologisk forbindelse melldeulike landskapselementene. En
sammenligning mellom den tilsynelatende N reteresjorg N deposisjonen blant de fem
sagrlige nedbgrsfelt antydet at subtropisk skogakiholder mer N med gkende
atmosfeerisk nedfall. Dermed har mine funn regi@edydning for Ser-Kina.

Fjerning av nitrogen gjennom kombinert nitrifikaisjog denitrifikasjon innebaerer
lystgassutslipp. Anslag av gjennomsnittligONutslipp fra naturlig jord, basert pa mine
utslippsmalinger i P eksperimentet pd TSP skramirigetikkel IV ), var 5.3 kg N ha
arl. Slike hgye utslippsrater stemmer overens medyéich observasjoner som fant at
N2O-N tap kan utgjare opp til 10% av N i nedfall@tSP. Store MO utslipp er med all
sannsynlighet resultat av de raske mikrobielle Nsewinger og dominansen av
denitrifikasjon blant de PO dannende prosessene i et varmt-fuktig subtrokiiska
(Artikkel 111 ). Tilsetting av P resulterte i en sterk (50%) reatlyyav NO emisjoner
allerede halvannet ar etter tiltakéirijkkel IV ). Dette medfarer at P tilsetting til naturlig

X



P-utarmet skogsjord i de kinesiske subtropene kwagre en metode til & gke biologisk

opptak av N og dermed redusergON\utslipp.

Denne oppgaven viser at sur, subtropisk skogsj@driKina stgtter en kompleks
nitrogensyklus, som kan bade holde tilbake og drigj mineralsk N, avhengig av
nitrogenspesies og tidsskalaen den blir studertMiée studier tilfgrer innsikt i de
viktigste jordprosessene knyttet til N retensjonfiegning pa skogsfeltskala. Reduksjon

av lystgassutslipp fra disse gkosystemene forikirg/for fremtidens forskningsagenda.
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1. Introduction

Exponential growth of the human populatiorcsithe 1960s has accelerated the global
nitrogen (N) cycle, primarily through N-fixation fdood and use of fossil energy
(Vitousek et al., 1997; Gallowayet al., 2008). Anthropogenic activities have doubled
global reactive N (N input, estimated at 420 Tg N'yrand this input is likely to increase
during the next decades (Gallowetyal., 2003; Bodirskyet al., 2014). N is essential for
life and is re-distributed between ecosystems maiuié atmospheric transport and
deposition (Gruber & Galloway, 2008; Fowletr al., 2013). Globally, N input to
terrestrial systems, mainly in the form of ammoni(iiHs") and nitrate (N@), has
quadrupled from pre-industrial periods to the pne$€allowayet al., 2004; Dentenegt
al., 2006; Balaet al., 2013). Within recent decades, East Asia has becaygional
hotspots for N pollution, experiencing N depositiates of up to 80 kg N Hayr! (Xu et
al., 2015; Duaret al., 2016).

Emissions of Nin China have boosted since the 1960s @wai., 2013; Liuet al.,
2013), resulting in an average nationwide N depmsitate of 40 kg N hayr? (Fig. 1.1;
Shiet al., 2015; Xuet al., 2015). In subtropical forests of South Chinaprégd inorganic
N fluxes in throughfall range from 25 to 70 kg N'ha* (Chen & Mulder, 2007a; Fang
et al., 2008; Huangt al., 2015; Duet al., 2016), far exceeding the threshold of 25 kg N
hat yr? for N leaching in temperate forests (Dise & Wrigt@95).

4 N deposition site

kg N/ha
70 60 50 40 30 20 10 0

Fig. 1.1 Spatial map of modeled total N deposition rateShma. Sum of wet and dry
deposition. Figure from Slet al. (2015).



Elevated N deposition has a number of negatiyacts on the terrestrial environment
(Vitouseket al., 1997), including reduction in soil fertility due nutrient leaching (Aber
et al., 1989), soil acidification (Zhaet al., 2009; Zhuet al., 2016), eutrophication of
aquatic systems (Jaworsdtial., 1997) and loss of plant diversity (Clark & Tilm&008;
Bobbinket al., 2010). In addition, human health is at stakegulgh pollutions of air and
drinking water (Townsenet al., 2003).

Greenhouse gases, such as carbon dioxide)(@@@thane (Chk), and nitrous oxide
(N20), play a key role in global warming (Ciagsal., 2013). However, the impact of
rising N pollution on climate change remains urdigrate. On the positive side, increased
N availability enhances growth of plants and thusnpotes carbon (C) sequestration,
especially in temperate and boreal, N-limited estays (Reagt al., 2008; Butterbach-
Bahlet al., 2011). On the other hand, enhanced biogep@ &hd CH emissions due to
increased N deposition may offset the cooling effeic C sequestration, due to N
fertilization (Schulzeet al., 2009; Tiaret al., 2016).

1.1 Efficient transformation of atmogenic N in acidsoils of subtropical forests

Unlike temperate forests in Europe (Gundemteal., 1998a), subtropical Chinese
forests generally occur on old, highly-weatheredss¢e.g. Acrisols; WRB 2014),
characterized by phosphorus (P) deficiency @tial., 2012). Loss of base cations from
the soils has been accelerated by extensive M@ching (Larssen, 2004), resulting in
increased acidification (Segbal., 1999; Larssen & Carmichael, 2000). Together,igcid
and P limitation have resulted in declining forgsiwth, and thus reduced N uptake by
standing biomass (Warggal., 2007).

Despite the fast growth of N@mission in China (Liwet al., 2013), NH" still
dominates (> 50%) the inorganic N deposition &uwl., 2015). However, only small
amounts of NH" are found in the soil water of subtropical foré¢§tkenet al., 2004; Fang
et al., 2008). Incoming Nk seems to be quickly and quantitatively convertetN©s
(Larsseretal., 2011). In a seven-year N fertilization experimarthe TieShanPing (TSP)
forest (SW, China), Huangt al. (2015) found near-quantitative conversion of added
NHs" to NG5, even at elevated rates of NHnput. The apparent efficient turnover of

deposited NH' to NGz and the associated small rate of daching suggest microbial
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nitrification to be one of the key processes belfimdst N loss. Nitrification is important
to soil N leaching (Gundersehal., 1998b), as it transforms the immobile Nltb highly
mobile NG& (Sahrawat, 2008). The ability to nitrify is restad to small, specialized
groups of bacteria, archaea and fungi, of whicHdtter two seem to be more important
in acid soils (Teskeet al., 1994; Leiningeret al., 2006; Gubry-Rangiret al., 2011).
Nitrification activity depends on a number of fastosuch as pH, oxygen £Cand NH*
availability (Sahrawat, 2008). For instance, enledrnd input has been found to stimulate
nitrification rates in a range of soils (Cosatel., 2010; Luet al., 2011), whereas excessive
N addition decreased nitrification activity, likeue to acidification (Ventereat al.,
2004; Correet al., 2007).

Acid soils provide sub-optimal habitats fotrifiers, since the actual substrate for
nitrification, ammonia (NH), which is in chemical equilibrium with NH, is scarce (De
Boer & Kowalchuk, 2001). LaboratofyN tracing studies in acid forest soils found that
added NH" is not directly nitrified, but quickly assimilatedto the soil organic N pool
(Tahovsket al., 2013; Gacet al., 2016), before eventually being nitrified. Thigngs at
a special role of the soil organic N pool for pregiag and transforming of deposited
NH4" in acid forest soils (Bootht al., 2005; Luet al., 2011). Previous studies in forest
soils of subtropical China reported gross mineagion and nitrification rates,
comparable to those found in the tropics (Zhahgl., 2013; Zhuet al., 2013a). This
means that atmogenic NHmay indeed undergo internal cycling in the sofbbe being
recovered as N& To explain the conundrum of efficient biologi®dHs* conversion to
NOs in acid soils, “heterotrophic nitrification” (i.&he co-oxidation of organic N to nitrite
during heterotrophic microbial growth) has beenoked, based on circumstantial
evidence fromex situ 1°N labelling studies with a range of subtropicalkfirsoils from
China (Zhangt al., 2013; Chert al., 2015; Gacet al., 2016).

1.2 Understanding denitrification as an N sink atte catchment scale

Subtropical forest soils in China leach sigaiit amounts of N, predominately as
NOsz (Chen & Mulder, 2007b; Fangt al., 2008). Accordingly, these forests are
considered to be ‘N-saturated’ (Chen & Mulder, 200%obaet al., 2012; Huangt al.,
2015). However, based on catchment-scale N flukesssenet al. (2011), while

confirming strong N@ leaching from upland hillslope soils, found thabsh of the
3



leached N@ does not reach the streams. As forest growth ppressed by soil
acidification and P limitation, net N retentionstanding biomass is small (Waaigal .,
2007; Huanget al., 2015). Larssent al. (2011) speculated whether B@ removed by
denitrification in riparian soils. Later, Famegal. (2015), studying isotopic signatures in
NOs in several tropical forests of China, estimateduah losses of 5.6 to 30.1 kg N'ha

by denitrification, which is in the same order ohgnitude as atmogenic N input.
However, detailed studies into denitrificationla tatchment scale are scarce, due to the
lack of methods for direct observation (Groffma@12; Duncaret al., 2013; Wexleet

al., 2014).

Denitrification is the dissimilatory reductiofiNOs™ to NO,, NO, NeO and ultimately
to dinitrogen gas (B, primarily mediated by heterotrophic, facultatiweanaerobic
bacteria (Focht & Verstraete, 1977; Knowles, 198)il denitrification contributes
significantly to N dissipation on a global scale (Seitzingeal., 2006; Bouwmaret al.,
2013). A range of soil factors, including oxygen@vailability, respirable C, N©
availability, pH and temperature, regulate dendafion activity and the stoichiometry of
its gaseous products (Knowles, 1982; Wetal., 1993; Simek & Cooper, 2002; Zleti
al., 2013b). Denitrification activity strongly depenais anoxia, making soil moisture the
most influential factor. Therefore, soil moistui@, drainage status, is often used to
identify denitrification hotspots at the landscagmale (Seitzingeet al., 2006). For
instance, groundwater-influenced soils of riparimes show strong denitrification
activities (Clémentt al., 2003; Billy et al., 2010; Bouwmaret al., 2013). However,
despite the importance of anoxia for denitrificatibighest denitrification activities are
not found in the permanently saturated zone belevgroundwater table, but rather in
the capillary fringe between saturated and unsegdriayers close to the (fluctuating)
groundwater table (Duncaal., 2015; Heet al., 2016). Zhuwet al. (2013a) studied PO
emissions in a groundwater discharge zone, and swimed that the control of
denitrification by the groundwater table likely lexdts the tradeoff between decreasing
availability of respirable C with depth and incregsanoxia for denitrification (Zhet
al., 2013c), as long as NCavailability is ample (Niwet al., 2016).

If riparian zones are to act as N sink in $b@tchments, this raises the question from
where the substrate for denitrification (viz. NQs derived. Stable isotope studies have
shown that N@ being denitrified in riparian soils is not directiyom atmogenic
deposition, but from soil processes (i.e. nitrifica) (Curtiset al., 2011; Roset al., 2014,
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2015; Sabcet al., 2015). Forested catchments can be operationaligied! into three
landscape elements: well-drained hillslope soilgarsstream or riparian soil
environments and stream water, all of which aredlpgically connected (Jencsbal.,
2009; Likens, 2013). This means that mobilesN@oduced from aerated hillslope soils
could be transported to water-saturated riparials gahere exists a hydrological flow
path connecting these elements (Duneial., 2015; Griffithset al., 2016). However,
when the system is N-limited, NGs strongly retainedlong the hydrological flow path,
with little NOs™ being transported to near-stream environmentsldaitrification (Rose
et al., 2014; Wexleet al., 2014). In this case, N removal would be restddtecoupled
nitrification-denitrification in the near-streamilsg which is controlled by seasonally or

diurnally fluctuating groundwater tables (Dunaial., 2015).

Field observations of denitrification oftenoghseasonal patterns, with large fluxes
occurring during the warm and humid season (e.gismonal summer in subtropics)
(Tanget al., 2006; Zhuet al., 2013c; Morseet al., 2014). During rainstorms, Roseal.
(2014) observed high proportions of atmogenicsN@® stream export, suggesting that
catchment N@ attenuation also depends on water flow paths andrwesidence time.
In addition, significant, transient denitrificatiomay occur in aerated soils, e.g. in
hillslope soils of subtropical forests in China,emd Zhuet al. (2013c) observed large
N2O emissions from O/A horizons during monsoonal semsmin response to intensive
summer rain. Denitrification in upland soils likedgcurs in anoxic microsites (e.g. soil
aggregates or occluded soil organic matter), whiehcommon in heterogeneous soils
(Parkin, 1987; Butterbach-Badt al., 2013).

1.3 NvO emissions from subtropical forests in China

Increased turnover of N in forest soils, teged by atmogenic N deposition, involves
production of NO (Ciaiset al., 2013), mainly through nitrification and denitcifition
(Firestone & Davidson, 1989). Among all factorsttimegulate the contribution of
nitrification and denitrification to PO production, pH and water-filled pore space
(WFPS) appear to be the most important (BatemaraggB, 2005; Mathieet al., 2006;
Juetal., 2011; Chengt al., 2015). In general, denitrification dominates @ansaturated
soils (WFPS > 70%) where it results in larggONemission fluxes, while nitrification is

the major source for D in unsaturated soils (WFPS < 70%) characterizedntaller
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N2>O emission fluxes (Bateman & Baggs, 2005; Matleeal., 2006). According to a
literature review, MO production in low-pH soils tends to be domindigdienitrification
(Cheng et al., 2015). In accordance with this, in the acid forssils of China,
denitrification has been identified as the domirsmirce for NO emission (Zhangt al.,
2011a; Zhwet al., 2013d).

Acid soils favor the production ob® rather than Nin denitrification by directly (Liu
et al., 2010, 2014) or indirectly (Dorsc# al., 2012; Brenzingeet al., 2015) affecting
the enzymatic balance between production and restucf NoO. Another mechanism
leading to a high proportion of .8 among denitrification products are frequent shift
between anoxic and oxic conditions. Morlelyal. (2008) found that fully induced
denitrification in soil produces large amounts afONwhen re-exposed to.OThus,
frequent soil moisture changes brought about bysoonal rainstorms followed by rapid
runoff on well-drained hillslopes may result indarNO emissions. Indeed, monsoonal-
subtropical forests in China with high N depositaord acid soils have been reported to
emit 2.0 to 5.4 kg N haof N2O annually (Tangt al., 2006; Fangt al., 2009; Zhuet al .,
2013c), exceeding annualo® emission rates in tropical (Wernefr al., 2007), and
temperate forests (Gundersaral., 2012). In the TSP forest in SW China, annugDN
emission of 4.3 to 5.4 kg N Hahas been reported for well-drained upland soils,
accounting for 8 to 10% of the inorganic N deposit{Zhuet al., 2013c). Addition of N
to subtropical forests further stimulatesONemission (Wangt al., 2014; Cheret al.,
2016; Zhenget al., 2016), indicating that these forests are regidmaspots for MO

emission and will increasingly be so as atmogendeposition further rises.

1.4 CHs uptake in N-saturated forest soils

Forest ecosystems are commonly regarded asimiet for atmospheric CHthus
contributing to the terrestrial GHbalance (Le Mer & Roger, 2010). The £H
emission/uptake from soil is determined by the efégdet of CH production by
methanogens and Gléxidation by methanotrophs (Smihal., 2003). CH production
requires low redox conditions, which are commorwaterlogged environments. GH
consumption from the atmosphere, in contrast,sgioted to upper soil layers, where it
is controlled by @and CH diffusion from the atmosphere into the soil (Veldkpet al.,

2013). Increased N deposition is believed to irinilils uptake in forest soils (Hutsch,
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1996; Veldkampet al., 2001), as Nk competes with ClHfor the active site on the central
enzyme, methane monooxygenase (Bodelier & Laanbi2@®4; Zhangt al., 2008a;
Veldkampet al., 2013). Reported CHuptake rates in southern Chinese forests undhbr hig
N deposition (20-50 kg N hayr?!) are moderate (Tang al., 2006; Fanget al., 20009;
Zhanget al., 2014a) and Zhang al. (2008a) found that a gradual increase in N dejoosit
resulted in a corresponding decrease ofs @Htake. Together, this suggests that N
deposition to forests of South China may have styeeduced the CHsink strength,
probably even resulting in net Gldmissions from upland soils.

Addition of P to tropical forests has beenfdtio promote uptake of atmosphericCH
in soil (Zhanget al., 2011b, 2014a; Moet al., 2013b)However, there is ongoing debate
on whether P availability affects soil GHptake directly by stimulating methanotrophic
activity or indirectly through changing the soil f{atus (Veraarét al., 2015). Firstly,
since NH" may compete with CHfor the active site on the central enzyme, a rédnc
of NH4" availability in soil is likely to alleviate N inbition of CH; oxidation (Veldkamp
et al.,, 2001, 2013; Bodelier & Laanbroek, 2004; Zhahal., 2008a). Secondly, if P
addition stimulates plant roots, evapotranspiratiaom the root zone will increase,
resulting in better-aerated soils with more Qhffusion into the soil (Zhangt al.,
2011b). A third possibility is that P directly affs CH, oxidation activity by stimulating

gene transcription of methanotrophic enzymes (feshal., 2015).

1.5 Does P fertilization affect forest N cycling ath N2O emission?

Chronically elevated N deposition in Southr@@hand the associated soil acidification
have resulted in declining forest growth, charazgée by severe defoliation (Waegal.,
2007), loss in biodiversity (Let al., 2010) and decrease in plant biomass production
(Huanget al., 2015). In the Acrisols from South China, incregsN deposition has
aggravated P limitation (Liet al., 2012; Duet al., 2016). For instance, in the TSP forest
in SW China, Huangt al. (2015) measured an average N/P ratio of 17 ferieedles,
which exceeds the optimum range of 6 to 12 fordbgeowth (Wangt al., 2007).

Large NO emissions have been reported from P-limited foeessystems in the
tropics upon increasing N deposition experiment@igll & Matson, 1999; Zhang al.,

2008b). The large MD emission was attributed to the generally smabt&ntion capacity
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of these forests. Several studies have specifiagaitiyessed the effect of P fertilization on
N cycling, both in South China (Zhaetal., 2014b; Cheset al., 2016; Zhengt al., 2016)
and in South Ecuador (Martinsetal., 2013; Mulleret al., 2015). In both forests, P alone
had no significant effect on & emission 1-2 years after addition, whereas N+P
treatments showed reducedNemission relative to N fertilization (Martins@h al.,
2013; Zhenget al., 2016). However, in the longer term of 3-5 yedPsaddition
significantly decreasedJ® emissions also in the P treatments (Midteal., 2015; Chen

et al., 2016). In both studies, W emission decreased along with inorganic N
concentrations in soil, which was attributed to aanded plant N uptake (Most al.,
2013a). By contrast, Warajal. (2014) reported that P addition stimulatedDNmissions

in a secondary tropical forest, likely due to iraged microbial activity and thus larger
nitrification and denitrification rates in the sélliu et al., 2012). Therefore, it is likely
that the overall effect of P addition on®lemission is governed by the trade-off between
increased microbial denitrification capacity andreased plant growth, competing with

denitrification for N.

1.6 Improving our understanding of forest N cycle ith stable isotopes

The N cycle of an ecosystem involves numepoasesses and components (Robinson,
2001), some of which are difficult to assess. lAstance, it remains difficult to measure
in situ denitrification, due to the large spatiotemporatiability of denitrification, and
the high N background in the atmosphere (Groffrretal., 2006; Duncaret al., 2013).
The natural abundance BN and!®0 in NOs (5°N ands!®0) offers a possibility to semi-
quantitatively characterize denitrification actyit(Kendall et al., 2007). Kinetic
fractionation of isotopes occurs during all N tfa@nsation processes, by turning over
lighter isotopes N and Q) slightly faster than heavier isotopéa\( and*®0) (Fry,
2007). Thus, denitrification enriches bdthl and*®0 in its residual substrate, NOAs
the O atoms in N© are partly exchanged with those in ambiep®©Hthe fractionation
effect by denitrification fot®0 is always smaller than that foN in NOs™ (Kndller et al.,
2011; Wunderlictet al., 2013). Therefore, denitrification progressivetyiehes>N and
180 in NOs™ in ratios between 2:1 and 1:1 (Fig. 1.2). In agusystems, a ratio of 0.5 for
5 180/6™N is commonly used to identify denitrification (Bcher et al., 1990). To
quantitatively evaluate the kinefieN fractionation during denitrification, Mariotét al.
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(1981) proposed to calculate an apparent enrichfaeture, which describes the change
of 31°N versus the change of N@oncentration, between initial and residualsNi® an
idealized closed system. Apparentalues reported for riparian and groundwater s&idi
are in the range of -3.5%o to -5.9%0 (Mariadtial., 1988; Spaldingt al., 1993; Sgvik &
Mgarkved, 2008; Osaket al., 2010; Wexleet al., 2014).
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Fig. 1.2Schematic demonstration of using natural abundaft®® and*®O isotopes in N@, for
partitioning sources and identifying processesufédrom Kendalkt al. (2007).

Nitrification cause$®N depletion in its product (N§), but the isotopic fractionation
effect is usually small, due to substrate limitata@f nitrification in soil (Mariottiet al.,
1981; Billyet al., 2010). Theés®0 of NOs” produced by nitrification is determined by the
oxygen sources (£and HO) and can be interpreted by mixing of the two srambers,
3180 of HO and Q in the environment, respectively (Kenddilal., 2007). Thus, the
3180 values of nitrification-produced NQs often in the range of -15%o to +15%o (Fig.
1.2) (Fanget al., 2012), whereas atmospheric N@as highe6'80 values of up to 100%o.
This distinction has been used to distinguish aenag and soil-derived N©O(Roseet
al., 2015). Very recently$'’O of NO; has been used to partition between atmospheric
and soil derived N® in stream waters, based on the stréf@ signal in atmospheric
NOs, originating from mass-dependent fractionationirtyirphotochemical reaction

(Fanget al., 2015; Sabet al., 2015).



Addition of enriched®N tracers is another approach for studying N cyplifth stable
isotopes (Templegt al., 2012). Labeling N pools with small amounts oftthygenriched
15N helps to trace N transformations and study ts&ritiution of N to other pools (Hart
& Myrold, 1996). Also, net and gross N transforroatrates can be estimated based on
the net accumulation or dilution N in a product. For instance, Ztetial. (2013b)
applied>N-labeled N@ to hillslope soils in the TSP forest, and measuhsdf°N in
emitted NO. They found that emitted® was highly enriched itPN, with atom%*°N-
excess values resembling those of the added’.Ndence, they concluded that

denitrification was the major source of®lemission from the hillslope soils.

In order to measuféN and®O of NOs™ by isotope ratio mass spectrometry (IRMS),
NOzs has to be isolated from solution and converteaigas that retains information about
both'>N and!®0 in NOs. Next to conversion to NO (which is very unstapt®nversion
to N2O fulfills these criteria. Sigmaet al. (2001) and Casciotét al. (2002) introduced a
bacterial denitrifier method to isolate and conw@s to NbO based orPseudomonas
aureofaciens (ATCC 13985), a bacterial strain that lackgONreductase (Christensen &
Tiedje, 1988; Casciotét al., 2002). This method has become the most commaagip
to pretreat N@ samples for isotope analysi® prevent isotopic fractionation during
denitrification (see above), the conversion of N@as to be complete. Further, the
conversion should be rapid to prevent contamindiipbacteria contained in the sample
that could eventually convert2® to No. The conventional denitrifier method therefore
induces denitrification by preculturif®y aureofaciensin the presence of extraneous NO
during a lengthy period (6-10 days), in which thiture grows to high cell numbers,
depletes oxygen and switches from oxic to anoxgpiration. However, there are
challenges: If the preculturing period is too shoansumption of extraneous MNQill
be incomplete and lead to large blank values. @mther hand, if the preculturing period
is too long, growingP. aureofaciens cells are at risk to run out of electron acceptors,
which may lead to a metabolic “arrest” and woulgam their “fitness” to convert sample
NOs quantitatively to NO. In practice, it is difficult to monitor N depletion during
growth and induction oP. aureofaciens. In addition, cells have to be harvested by
centrifugation and resuspended in spent medium) fsbich the NO formed by anoxic
respiration has to be removed by He orddarging. Together, this makes the method
laborious and difficult to handle. Therefore, agilifred but reliable method is needed to

process the large numbers of N€amples obtained from field experiments.
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2. Research Objectives

This thesis follows up previous findings framange of subtropical forests in South
China, which are currently at or near N-saturatidnturnover processes were mainly
studied by stable isotope approaches. The respdiisrest ecosystems (especially soils)
to chronically elevated atmogenic N input was treganfocus. In addition, | studied soil
gas emissions to assess the impact of N-saturatioegional GHG budgets. The specific

research objectives of this thesis were:

1. To develop a simplified but reliable “denitrifimethod” for the analysis dfN and

180 isotopes in N@ from natural samplefaper V).

2. To investigate the fate of atmogenic N inputlisaturated subtropical forest soils, and

to elucidate the role of soil N turnover for reientand loss of atmogenic N inpuBajper

).

3. To look for “hotspots and hot moments” of N reraloby denitrification at the

catchment scaldPgper I).

4. To study the effects of catchment properties Mreposition on the N sink function

of subtropical forestdRaper | andPaper I1).

5. To explore the mechanisms governingONproduction in acid soils of subtropical
forests, and partition the2® sources between nitrification and denitrificati®aper

.

6. To understand the effect of P addition on Niogecin N-saturated subtropical forests,

including its effects on soil-atmosphere excharajéd,O and CH (Paper V).
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3. Materials and Methods

3.1 Study sites

TieShanPing (TSP; 29°38°N, 106°41°E) is a 4@ 3ubtropical headwater catchment
about 25 km Northeast of Chongqing city, South @Hffig. 3.1a). The catchment has a
typical monsoonal climate, with an average annuatipitation of 1028 mm and a mean
annual temperature of 182 (Zhu et al., 2013c). Most precipitation occurs in summer
(April to September). Inorganic N deposition varieetween 40 and 65 kg N hgr?
during the last decade, with an increasing treneédent years (Duaet al., 2013; Huang
et al., 2015). The vegetation is a mixed coniferous-brtead forest, dominated by

Masson pineHinus massoniana).
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Fig. 3.1 Location of TSP foresfa) and digital elevation model (DEM) of the catchméoi,
showing the location of two transects, a hillsl¢pg-T5) and a groundwater discharge zone (B1-
B7). Figure 1 fronPaper I.

At TSP Paper| andll), | selected a 4.2 ha sub-catchment, including deminant
landscape elements: a relatively steep Northeastgahill slope (HS), and a
hydrologically connected Southeast-Northwest-ogdnterraced groundwater discharge
zone (GDZ) (Fig. 3.1b). Soils on HS are acidic ®B.7-4.1), loamy yellow mountain
soils (Acrisols; WRB 2014), with a thin O horiza®2 cm). Generally, HS soils are well
drained, and induce considerable interflow over #ingic Bt horizon after rainfall
(Sarbottenet al., Accepted). In the GDZ, the soils are developeaamfrcolluvium
(Cambisol; WRB 2014), derived from the surroundibrts and their hydraulic
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conductivity is smaller than that of the surfaceizuns of HS soils. During summer,
drainage from HS may rapidly increase the groundmigtvel in the GDZ, resulting in
temporary water logging (Sgrbotten, 2011). The Gid& an intermittent stream, the

outlet of which enters a small pond.

Six additional forest sites in China were uted in this thesisP@per Il), four in
South China and two in North China (see Table 8 site codes and a detailed
description). All southern sites have subtropicahsoonal climate similar to that at TSP,
with annual precipitation above 1000 mm. Among rtbethern sites, DLS is located in
the warm temperate zone with continental monsoahalate, while LPS is in the
temperate zone with continental climate, only maatiy influenced by monsoon. Most
precipitation occurs in summer, but mean annuatipitation at the northern sites is
markedly smaller (~ 600 mm) than at the southeessiAll catchments have a similar
topography as at TSP, characterized by well-dral8dand hydrologically connected
GDZ. However, the northern sites have less devel@m more discontinuous GDZs

along the stream banks, due to the drier conditions

Table 3.1Background description of all sites except TSH ($@mracteristics mainly refer

to hillslope soilsPaper Il).

Leigongshan Caijiatang Tianmushan Dagangshan Liupanshan Donglingshan

(kg N ha?)?

Site name (LGS) (CJT) (TMS) (DGS) (LPS) (DLS)
Location Guizhou Hunan Zhejiang Jiangxi Ningxia By
Longitude 108°11 112°22 119°26 114°34 106°20 115°26
Latitude 26°23 27°50 30°19 27°38 35°158 39°58
Mean annual 15.7 17.5 11.9 15.8 5.8 4.8
temperature°C)
Mean annual
precipitation 1120 1250 1581 1591 676 612
(mm)
Pinus Massone M'.Xed Mixed,
. ; deciduous
armandii pine secondary
) . broad-leaf .
dominated, dominated, Evergreen - deciduous
. . . Broad-leaf forest;
Vegetation coniferous- coniferous- broad-leaf broad-leaf
forest broad-leaf -
broad broad forest forest;
. . and .
leaf mixed leaf mixed . coniferous
coniferous
forest forest forest
forest
Yellow Yellow Red and Red and Gray
Soil type mountain mountain  yellow soils  yellow soils  cinnamon  Cinnamon soil
soil soil soil
Soil pHf 4.4 4.8 6.3 4.9 7.0 6.1
Soil C/N ratid 12.0 14.2 13.2 14.4 10.4 115
Annual
throughfall flux 9.8 38.8 19.4 16.0 5.0 11.6
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3.2 Experimental design
3.2.1Isotope analysd®aper I-1ll andV)

15N and*®0 of NO produced from N@®in natural samples were analyzed with an
isotope ratio mass spectrometer coupled to a pneectration unit (PreCon-GC-IRMS,
Thermo Finnigan MAT). Isotope ratios, sucha¢/**N and*®0/*®0, are reported &5

values (%o):

8 — Rsample — Rstandard X 1000 (1)

Rstandard

where R is the ratio dPN/Y“N or 180/*%0. International standards BN and!®O refer to

atmospheric Band Vienna Standard Mean Water (VSMOW), respelgtive

Here, | modified the conventional denitrifreethod (Sigmaset al., 2001; Casciotiet
al., 2002), by preculturingseudomonas aureofaciens aerobically in a N@-free tryptic
soya broth (TSB) and inducing denitrification bpeated helium washing in the presence
of UM NOs™ present in the sample (Fig. 3.2). To remove trat®0s", the TSB medium
was preincubated witRaracoccus denitrificans (ATCC 17741), which converts NO
quantitatively to M. P. denitrificans was grown aerobically at roomperature under
stirring and inoculated at a cell density of 1.8-8.1¢ cells mi* to sterile TSB medium.
The culture was then incubated for 3-4 days inezdddsottles while shaking horizontally,
eventually removing all ®and NQ'. The resulting “N@-free” spent medium was
amended with 20 mM NH (to compensate for Nfi used duringP. denitrificans
growth), autoclaved and stored frozen for future. iBseudomonas aureofaciens was
grown aerobically in the N©free medium, providing starting and working cutsifor
the conversion assay (Fig. 3.2). When the workuiguee reached a cell density of 5.6-
9.3 x 16 cells mi*, 2 ml of culture was added to helium-washed, and®@0 ml vials
containing up to 4 ml of N© sample or standard. Complete conversion o NON.O
was achieved in less than 10 hours under shakiteg,vehich 0.2 ml of 10 M NaOH was

added to stop microbial activity and to trapL£O

Thed®0 of converted RO differs from that of N@ due to isotopic fractionation
associated with the loss of O atom during deniiiion and the O exchange with®Hin
the medium (Casciottt al., 2002; Koolet al., 2011). This fractionation can be assumed

to be constant if the conversion is complete amdbzacorrected by including standards
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with known isotopic compositions in each measurdrbatch (Casciottt al., 2002; Fry,
2007). Assuming thafO fractionation, N@ blank of the TSB medium, and O exchange
are stable for each batch, | correc&80 values by including two nitrastandards
differing in 180 (IAEA N3 and USGS 34), applying the following @tjon (Casciottit

al., 2002):

(818051_ 818052)

18 — K18
6705 = 67051 + 45550, 5%80,)

(Slsom - 8180m1) (2)

where 51805, 5¥0s1 and§'80s; are the mean actual®0 values of N@ for sample,
standard 1 and standard 2, respectively, wheé’€@s, 5%0m1ands'®Om; are their mean

measure®®O values.

The Modified Denitrifier Method

ml NO;-free medium
Paracoccus NI-CII4+ .
denitrificans (P. d.) amendmen
Transfer Transfer 70 mg | 2-3dayson I
Filtration b;
2 ml culture 10 ml culture |_ _SlikeL 022 “m Y
| Demtnﬁcatlon Autoclave
starts when
oxygen depleted
8-10 hours 6-8 hours Remove NOy- NO;-free Kept frozen and stored
Overnight culture P. d. working culture background in TSB, TSB medium stock for future use
N, as final product
ml Modified denitrifier method
Pseudomonas
aureofaciens (P. a.) Sample
NO;
A&
Transfer Transfer ) e,
2 ml culture 2 ml culture Overnight | |
I— . Mass |
| |
Reaction LspeCtrometry !
onshaker 7
8-10 hours 6-8 hours Trigger
Overnight culture P. a. working culture denitrification

Fig. 3.2 Procedures for converting NGsamples to bD by the modified denitrifier method.
Figure fromPaper V.

15N of NH4" in KCI extracts and freshwater samples was andlyfeer chemical
conversion to MO (Zhanget al., 2007). NH" was first quantitatively converted to MO
by hypobromite (BrQ at pH ~ 12, and further reduced teQNusing a 1:1 mixture of

sodium azide and acetic acid. The precisiorsfeX of NHs" was< 0.3%o.
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To measure total>N, bulk samples (soil and plant) were finely milledd wrapped
in tin capsules. Samples were analyzed with anehany analyzer coupled to an IRMS

(Thermo Finnigan, Delta XP). The precision for bstil $*°N was ~ 0.2%o.

3.2.2Field observations along hydrological continuagmen forest catchmentBgper |

andPaper II)

Soil water was collected along hydrologicatgeected hillslopes (HS) and
groundwater discharge zones (GDZ). $agper | andPaper Il for a detailed set-up of
sampling plots along the hydrological flow pathsilS$ore water was sampled in
triplicates at every plot along the flow paths,ngseither macrorhizon soil moisture
samplers (Rhizosphere Research Products) or ceramaiton cup lysimeters (P80;
Staatliche Porzellanmanufaktur). Samples were c@ite by applying vacuum to the
lysimeters through a 50 ml syringe for about 12rkof{Fig. 3.3). Throughfall was
collected in triplicate in 3-L polyethylene (PETQtbes, equipped with 10.6-cm diameter
PET funnels (Fig. 3.3). Stream water was sampledeatveir located at the outlet of the
catchment (Fig. 3.3). All water samples were féteby 0.45 pm syringe-filters (Millex)
and frozen before analysis. Bulk soil at the dgth-5 cm was sampled using either core

rings or a spade, and kept refrigerate@8@%until analysis.

Soil water sampling ~ Throughfall
with lysimeters collector

V-notch downflow weir

Fig. 3.3Field sampling of soil water, throughfall and streeunoff (from left to right). Photos:
Longfei Yu and Jing Zhu.

After a rainstorm (32 mm; sampled as throulijhden July 5, 2013 at TSRPéper ),
soil water (0-5 cm) and stream water samples welieated once per day for three
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consecutive days. An additional sampling was cdroigt on July 31, after a dry period.
The 2013 samples were compared to archived (frozatgr samples (throughfall, soll
water and stream water) taken at the same ploteisummers of 2009 (6 different days)
and 2010 (10 different days). These samples wdlected at four depths in the soils of
HS (0-5, 10, 20 and 40 cm) and GDZ (0-5, 30, 60 Hd@lcm). All water samples were
analyzed for inorganic N concentrations andsN€btopes. In additior§*®N-NH4" was
analyzed for a few throughfall samples. Beforerdiestorm on July 5, 2013, | took soil
samples from the surface horizon (0-5 cm), whichewater analyzed for total C, and N
contents and@*>N. Precipitation and air temperature at TSP werended every 5 minutes
using a weather station (WeatherHawk 232) instatiadthe roof of the local forest
bureau, located 1 km south of the catchment. Abthtéet of the sub-catchment, water
discharge rates were measured by a V-notch wérrainute intervals, using WL705

ultrasonic water level sensor (Global Water, Xylem).

At the other six sitesP@per Il), inorganic N concentrations were determined in
samples of throughfall, soil water and stream wateitected bi-weekly at all sites from
Aug. 2012 to Aug. 2014. For both inorganic N corication and isotope analyses, |
sampled throughfall, soil water (0-5 cm) and streeater (outlet) twice at all sites (only
throughfall for DGS) in July and August 2014, redpesly. Additional sampling of
surface soil, soil water and stream water was cctedun July 2015, only for the southern

sites.

The Rayleigh distillation model was used toalaate denitrification activities
quantitatively (Mariottiet al., 1981). For this, | calculated the appar&ht enrichment

factore as a proxy for denitrification activity along theater flow path:

‘Ss - 550

€= 3)

In [C(NO3)s/C(NO3)so]

where C(N@)so and, C(NQ@)s are initial and residual NOconcentration, respectively,
and 8so and &s are 8*°N of initial and residual N@. This approach is based on the
assumption that the hydrological flow path behag&a quasi-closed system (Wexder
al., 2014), and that isotopic fractionation is solélye to denitrification.
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3.2.3Insitu N tracing experimentRaper 111)

In the TSP forest catchment, | establishedewmerimental sites (upper (P1) and lower
(P2); Fig. 1a irPaper lll) both on the northeast facing hillslope (HS). Tle sites were
located just below the summit of HS (P1) and afalo¢of the hillslope (P2), respectively.
5N tracer was applied on June 23, 2015, in sola&IANH4NOs (**NH4, 99 atom%3°N),
NH4*NOs (**NO3s, 98 atom%3°N), and'*N-Glutamic acid N-Glut, 98 atom%°N). The
reference plots received the same volume of desdnvzater. At both P1 and P2, three
blocks were established; in each block four treatsyavere randomly assigned to
adjacent 1.2 m 1.2 m plots (Fig. 3.4). THEN dose for each treatment was the same (0.1
g >N m?). 15N tracers were applied in 5 mm deionized water [7f@ each plot), using
a backpack sprayer (Fig. 3.4). Afterwards, an &lthil 0.5 mm of deionized water was
added to wash off tracer intercepted by vegetafloacer application took slightly less
than 0.5 hour.

N application ~ On-site soil extraction N,O flux sampling

Plot set-up

with backpack sprayer with KCl with static chamber

Fig. 3.4Field sampling during®N tracing experimentd@per IIl). Photos: Longfei Yu and Jing
Zhu.

Sample collection started immediately follog/inacer addition (t = 0.5 hr). During a
period of about 9 days (219 hours), eight sampl{sgsPaper Il for detail) of soil, soil
KCI extracts, soil water from lysimeters and enaittéO gas were conducted at all plots.
Soil samples of the O/A (~ 0-2 cm) and AB (~ 2-15) horizons were randomly taken
with a soil auger® = 2.5 cm), and analyzed for total N content &mll. Triplicates of
soil cores were mixed for each horizon and each pkfore extracting 8 g fresh sail in
40 ml of 1 M KCI (Fig. 3.4). The extracts werediled and kept frozen prior to measuring

concentrations and!°N of inorganic N. Soil water was sampled at 0-5 aepth (O/A
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horizon and the upper part of the AB horizon) usysgmeters, and analyzed for inorganic
N concentrations and*N-NOs. Gross transformation rates of MHand NQ were
calculated based dAN pool dilution and N mass balance (Davidsbal., 1991). When
calculating™®N recovery rates, | defined the ‘soil residual bf as'®N recovery in total

soil N minus that in inorganic (KCl-extractable)|9.

NeO emissions were sampled using a static chambenomdfig. 3.4; Zhuet al.,
2013a). In brief, at each plot gas samples werkeaeld from a static chamber in pre-
evacuated 120-ml vials 1, 15 and 30 min after cleandeployment. D fluxes were
calculated by linear regression of@Iconcentrations versus time. T&€N of emitted
N>O was computed using the Keeling plot equation {iY&k Sternberg, 2000). In
addition, | partitioned the 2D production pathways (nitrification and denitréton) by
a two end-member-mixing analysis (Stevesisal., 1997). For every sampling, soil
temperature and volumetric moisture contents wegasured at 10-cm depth in triplicate
at each plot, using a hand-held time-domain refleetry device (TDR, Hydraprobe).
WFPS was calculated using volumetric soil moistaad, bulk density and assumed soill
particle density (2.65 g cfyLinn & Doran, 1984).

3.2.4P application experimenPéper 1V)

At TSP, six 20 mx 20 m plots were established in three blocks, ealdtk
accommodating two paired plots for P-addition amtraated reference, respectively,
separated by a 5 m-wide buffer strip. All threecklowere situated on a gently sloping
hillside, with minor differences in elevation anobography. Reference (Ref) and P-
treated plots were assigned randomly in each bl@tk4 May 2014, P fertilizer was
applied once in solid form as NaPy2H,0, at a rate of 79.5 kg P har.

| sampled soil water at 5- and 20-cm deptmbnthly in the cool seasons and monthly
in the warm seasons, from November 2013 to Oct@béb. The samples were kept
frozen until analyses. Soil samples were taken fiteerO/A, AB and B horizons near the
lysimeter sites in August 2013, and analyzed forgiganic C, total N and total P as well
as ammonium lactate extractable R _{PIn addition, from the same sites, | collected so

samples in the O/A horizon, once every half yeaePaper IV for more detail).
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Emitted gases were sampled by static chandidisee same frequency as soil water
samples. Fluxes of 0 and CH were calculated from concentration change ovee tim
as detailed in section 3.2.3. Flux measurements wearied out more frequently around
the date of P addition, i.e. once before (2 May) tlmmee times (7, 10 and 12 May) after
the P application on 4 May 2014. Monthly litterfalbs collected, dried and weighed
starting from October 2013. Pine needles were saaipl early Novembers of 2013 and
2014, for analyses of total C, N, P, K, Ca and Magtents. Also, tree biomass was
estimated three times throughout the experimemstabg@ (Novembers of 2013, 2014, and
February of 2015). See more detaiPaper V.

3.3 Statistics

All statistical analyses presented in thissithevere performed with Minitab 16.2.2.
All data were tested for normality (Kolmogorov-Snuok’s test), prior to further analysis.
If the data was non-normally distributed, | appliembarithmic transformation to
normalize them. Paired t-test was applied to comfEmporal changes of concentrations
or isotopic signatures (e.g. changes$8N and&®0 at TSP in 4 days of summer 2013;
Paper I). One-way ANOVA with post hoc Tukey test was utedetermine statistically
significant differences in concentrations or is@topignatures among treatments and
sampling plots (e.g. inorganic N concentratiorthimoughfall, soil water and stream water
along the hydrological continuBaper Il). Significance levels in this thesis were set at p

< 0.05, unless specified otherwise.
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4. Main Results and Discussion

4.1 Modified denitrifier method for 8°N and 80 analyses in NG

Using aerobically growing. aureofaciens, conversion efficiency for NOto NoO was
close to 100%, indicating that denitrificationRnaurefaciens does not need to be induced
during anaerobic growth with extraneous NQ@rior to the conversion assay. We tested
our modified denitrifier method with internatioretbndards and natural samplBager
V) and found it to be efficient and robust for idimig small amounts of N©in natural
samples as PD for subsequent isotope analyses. The method wblke for samples
with low pH (pH = 4) or high salinity (0.25 M KCIStandard deviations for natural
abundance were 0.1-0.3%. ®*N and 0.2-0.7%o. fob20.

4.2 N fluxes along hydrological flow paths in sevecatchments across China

The seven studied forest catchments in Chavared a gradient of N deposition in
throughfall, ranging from 5.0 to 48.7 kg Nhar (Table 1 inPaper Il). At most, about
half of the N was deposited as NHN, with largest values at TSP (56%) and CJT (40%)
(Fig. 1 inPaper II). At the other sites, inorganic N deposition wasthated by N@-

N. On the hill slopes (HS: plots A and B), MHconcentrations in soil water were
generally below 0.1 mg N1 (except for LPS), and significantly smaller tham i
throughfall (Fig. 4.1). In contrast, NOconcentrations in soil water on HS were
significantly larger than in throughfall (Fig. 4. B rom HS to groundwater discharge zone
(GDZ: plots C and D) and stream water, Nigoncentrations remained small, while NO

concentrations significantly decreased.

As an inert solute in the sail, the concentrat of Nd along the water flow path could
be used as a proxy for evapotranspiration (Hueirad., 2015). | normalized the NO
concentration against the Naoncentration, to test whether the change of3NO
concentrations along water flow path could be arpld by evapotranspiration (Fig. S4
in Paper I1). The NQ/Na' ratios showed a strong increase from throughéai$ and a
pronounced decrease from HS to GDZ and stream.cbmfrms that the spatial pattern
of NOs  concentration was not due to evapotranspiratian, ibdeed resulted from

significant source and sink terms in the HS and GieZpectively.
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In the stream water at all sites, except L@&8 BPS, the N® concentration was
somewhat greater than in the soil water of theaetsge GDZs (Fig. 4.1). This may
suggest that the streams also received water lgirétm surrounding hillslopes,
particularly during stormflow conditions (Roeeal., 2014). Our long-term data showed
significant N sinks in the GDZs of all catchmenfhis may further indicate that
catchment removal of Ndepends on the GDZ acting as a conduit for watérpesses

from HS to the stream.
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Fig. 4.1 Logarithmic box whisker plot of NF (upper) and N@ (lower) concentrations in
throughfall (TF), soil water at plots A, B, C, Ddastream water in seven forested catchments. Bi-
weekly data from Aug. 2012 to Aug. 2014 are presgnDifferent letters indicate significant
differences between sampling points within eaah $ib data were available for soil water at the
D plot, DGS. For site codes, see Table 3.1 in tlaekials and Methods section. Figure from
Paper II.

4.3 Turnover of atmogenic N in upland hillslope sd$

Hillslopes are the major landscape element dbpga in mountainous-forested
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N recovery rates in different N pools (%)

15,

15N recovery rates in different N pools (%)

catchments (Jencs al., 2009; Zhuet al., 2013c). Therefore, 8N tracing experiment
was carried out on hillslope soils (upper and IQuaeiT SP to study short-term N turnover
processesRaper I11). The majority of addetPNH." (> 70%) was quickly retained in the
surface soil (Fig 4.2a&d). This could be due teelestatic bonding of NH to negatively
charged surface sites of clay minerals or soil miganatter (Niederet al., 2011).
However, large recoveries (40-70%) 8RH4" in the soil residual N pools (excluding
KCl-extractable inorganic N), points at microbiadmobilization rather than chemical
fixation (Tahovsket al., 2013). By contrast, most of the add&dOs was recovered in
KCl-extractable N@ in the O/A and AB horizons (Fig. 4.2b&e). TH&NOs pool
decreased dramatically (90 to 20%) over the 9 adiysbservation, most likely due to
strong NQ" loss by leaching (Huang al., 2015) and/or denitrification. Indeed, tH
leaching loss estimated for the initial 144 howglained more than half of the observed
5N loss (Table S1 ifPaper Il1). This indicates that in these systems,sNi® to be
considered as a mobile anion, showing little omteraction with the soil.

15
NH, treatment '*NO, treatment "*N-Glut treatment
100 U
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it @ (®) PP ©
80
60
40
20 4
0 -
0,5 7 26 50 95 144 174 219 05 7 26 50 95 144 174 219 05 7 26 50 95 144 174 219
Time (hr) Time (hr) Time (hr)
100 Lower Lower Lower
(d) (e) (f)
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0
05 7 26 50 95 144 174 219 05 7 26 50 95 144 174 219 05 7 26 50 95 144 174 219

Time (hr) Time (hr) Time (hr)

= \H,-OA mmm NO,-OA [ Soilresidual N-OA [ N,O mmmm NH,-AB @ NO,-AB [ Soil residual N-AB

Fig. 4.2N recovery (average of triplicates) in differentpliols in'®NH, (a&d), *NOs (b&e)
and®™N-Glut (c&f) treatments. Upper and lower panelerdd P1 (upper site) and P2 (lower site).
OA and AB represent the O/A and AB horizons, reipely. The x-axis indicates the time after
label application. Figure frofRaper IlI .
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Immediately after'>NH4* addition, | observed significant production ®NOg,
indicating active nitrification (Figs. 4.2 a&d add3 a&d). The gross nitrification rates
were in line with those reported in tropical forsetls (Ventereat al., 2004; Templeet
al., 2008). However, the scarcity of Nbut not NH™) in acid soil may restrict the first
step of nitrification, i.e. ammonia oxidation (Ded& & Kowalchuk, 2001). If Nkt
oxidation is the only source of NQthe!®N enrichment in N@ would never exceed that
of NH4* (Hart & Myrold, 1996). Yet, in thé°NH4 treatments!®N atom% in NQ was
greater than in NI already at the first sampling date (Fig. 4.3 a&ailjcating that>N-
enriched sources other thhH4" contributed td°NOs” production. Since addéeNH4"
was largely retained and diluted in the soil realdd pool (with overall smalt°N
enrichment), | suggest that a more dynamic, laaild 1°N-enriched fraction of soil
residual N, such as microbial N, must have contedtio®NOs™ production. Microbial
biomass represents the most dynamic N pool in whiich can rapidly immobilize and
release NH'. Once re-mineralized, Nf is quickly converted to N© by autotrophic
nitrification. A shortcut to N® production from immobilized NH is heterotrophic
nitrification, i.e. the direct conversion of orgarl to NQ by heterotrophic bacteria or
fungi (Zhanget al., 2013; Zhuet al., 2013e). The occurrence of the latter pathway was
indirectly confirmed by thé°N-Glut treatment. In this treatmeftN enrichment in N@
was greater than in Nf (Fig. 4.3 c&f), demonstrating th&NOs was formed directly
from some®N enriched pool (such &N-glutamate), and not from re-mineralized NH
Heterotrophic nitrification seemed to play a greatde at the lower site (P2), indicating
differences in taxonomic composition or activitesnitrifying microbial communities at

different topographic positions.

Short-term (9 days) gross BfHimmobilization and mineralization rates in TSP
hillslope soils (Table 1 ifPaper Ill) were similar to those reported for acid foresltsso
in southern China (Zhang al., 2013) and for tropical forest soils (Silvetral., 2001;
Sottaet al., 2008; Templert al., 2008; Arnoldet al., 2009). Together, my findings
indicate that NH' conversion to leachable NOin acid soils relies on dynamic N
turnover, with rapid exchange between organic amdganic N pools, rather than on
direct nitrification of deposited NH. If assuming that the sizes of the N pools do not
change over longer periods, this turnover will fesBucomplete conversion of Nfito
NOs" and deposited NF will leach more or less quantitatively as @®om the top soils.

24



atom% "*N-excess in KCl extracts and N,O (%)

atom% "*N-excess in KCl extracts and N,O (%)
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This finding is in accordance with a long-term Mtifezer study at TSP, reporting near-

quantitative leaching of added iWHand NQ asNOs™ (Huanget al., 2015).
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Fig. 4.3Atom% ®N-excess of Nk and NQ- in KCI extracts (O/A horizon), of total soil N
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(O/A horizon) and of emitted 4D for *NH, (a&d), ®NOs (b&e) and'®N-Glut treatments (c&f).
Upper and lower panels refer to P1 (upper) andd®2e¢) sites. Means and standard errors are

presented (n = 3). The x-axis indicates the tinber dhbel application. Figure froPaper IIl .

4.4 Denitrification in groundwater discharge zonesa major catchment N sink

atom% '*N-excess in bulk soil (%)

atom% '°N-excess in bulk soil (%)

Natural abundance BN and®0 in NO; sampled over three monsoonal summers

along the hydrological continuum in the TSP catchinfi@aper I) revealed characteristic

spatial patterns ofN and®0 depletion and enrichment on HS and GDZ, respelgtiv

(Fig. 4.4). The strong decrease &PO-NOs; in soil water compared to throughfall

indicated that N® in soil water was not exclusively derived from atyenic deposition,

but also from soil N cycling (Rost al., 2015). In addition, as nitrification producesl-
depleted N@ relative to its substrate NH(Fry, 2007), the relatively small&°N-NOs

in soil water than in throughfall confirmed thatilsvater N&™ was mainly from

nitrification. By contrast, in the GDZ, increaseshiothd°N- and§*®0-NOs™ suggested

pronounced denitrification, as heavier isotopes amgiched during dissimilatory
reduction of NG (Kendallet al., 2007). Therefore, the enrichmentiN (Fig. 4.4),
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associated with decreased concentrations of (K. 4.1) confirmed that denitrification
in the GDZ is the major N sink for the TSP catchimen
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Fig. 4.4Spatiotemporal variation éf°N-NOs” and'®0-NOs in throughfall (TF), and in surface
soil water on the hill slope (HS) and in the growmater discharge zone (GDZ) in the summers of
2009, 2010 and 2013. Means and standard errogg@sented. Figure frofaper .

| found similar isotopic patterns in NCalong hydrological flow paths during
monsoonal summers in four other subtropical focasthments in South ChinRdper
II). As at TSP, this pattern was associated withquoned N@ attenuation (Fig. 4.5).
For all southern catchments, including TSP (ex@p6 because of too few samples),
apparent®N enrichment factorss™ were estimated to be between -3.0 to 6.0%. (Ffy. S
in Paper Il). This is similar to values reported previously fgparian denitrification
(Mariotti et al., 1988; Bottchemet al., 1990; Spaldinget al., 1993). Hence, my study
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suggests that catchment-scale N removal by hydicathg coupled NG production in

aerated hillslope soils and strong denitrification near-stream saturated soils is a

widespread phenomenon across mountainous-monsauistopical forests in South
China.
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Fig. 4.5Means and standard errorséNnos (a) andd®Onos (b) in throughfall, soil water and
stream water in seven catchments in the summe261f and 2015x’ denotes no available
data.For site codes, see Table 3.1 in the Materials\ithods section. Figure froraper II.

In contrast, there were clear deviations fritins pattern in the two northern forest
sites. Isotopic signatures in N@t the LPS site in NW China indicated that nitation

dominated along the entire flow path (Fig. 4.5)isTi likely due to the small N deposition

(5 kg hat yrh) at LPS, resulting in stronger assimilation of algiped N than at sites with
larger N input (Abeet al., 1998). At the other northern site DLS, near Begjjil observed

strong®°N- and®0-enrichment in N@ from the GDZ, suggesting that this site has a

potential for denitrification. However, catchment fNixes at DLS showed almost

equivalent N input and output (Fig. 4.6a), i.erén@as no or only minor Nfattenuation.

Most likely, a substantial part of the drainageavdtom HS soils bypasses the GDZ at

DLS and is little affected by denitrification. TI&DZ is less developed at this site, due

to the generally drier conditions, so reductivedibans are less common here than in the
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southern catchments (Hughes, 2004; Van Gastlaln, 2013), where annual precipitation
is double of that at the northern sites (Table Raper II).
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Fig. 4.6aRelationship between annual N flux in throughfaltlan stream water from 2012 to
2014. Linear regression lines and equations wersepited, as well as the dash line showing 1:1
ratio for x/y values4.6b Relationship of catchment N retention with**Nnos between HS and
GDZ. A3™Nnos = (average@®Nnos in GDZ) - (averaged'®Nnos on HS). For site codes of both
figures, see Table 3.1 in the Materials and Mettsadsion. Figure frorPaper Il.

At the southern monsoonal sites where GDZsgamerally well developed, the
relationship between N fluxes in throughfall an@am water indicated that catchment N
retention scales roughly linearly with N deposit{éig. 4.6a). | also compared the overall
change 06'°Nnos between HS to GDZAG'*Nno3), a proxy for denitrification strength,
with apparent catchment N retention (Fig. 4.6b)k &bsolute increase 1PN enrichment
along the flow paths was positively correlated veigdlichment N retention, indicating that
the denitrification capacity is proportional to Nepbsition. This may suggest that
subtropical-monsoonal forest catchments with welledloped GDZs can adapt to

increasing N-loads, without losing their N sink tion.

4.5 Hotspots of NO emission: the importance of denitrification in hilslope soils in
the TSP forest

Mean NO fluxes from soils on the hillslope in the TSPefsirwere in the range of 40
to 120pg N mi2 hr! from summer 2013 to autumn 2015 (Figs. 2 anBaer IV) and

similar to NO fluxes reported previously for the TSP foresty2hal., 2013c). The BD
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emission rates at TSP are large compared to athests in South China, showing average
emissions of 15 to 5Qg N 2 hr! (Tanget al., 2006; Fanget al., 2009). Average
cumulative NO emission from the hillslope soils at TSP waskg 3 hat yr? (Fig. 4.7),
which equals 10% of the N deposited (50 kg N g&l). This “emission factor” (BD-N
emission/N input) is far greater than any fact@ad®r estimating BO emission in global
models (1% to 5%) (Reag al., 2012). Interestingly, short-termp@ flux measurements
(Paper IIl') showed larger PO emission in the upper, drier hillslope than ia thetter,
lower hillslope (Fig. 4.8). This matches long-tefigid observation at TSP by Zlatial.
(2013c), who found largerd® emissions on the HS than in the GDZ (the zond@{f
attenuation). They attributed this to the moresffig’ hydrology on hillslopes as opposed
to the more permanently saturated conditions inGB¥, which would promote D
reduction to N by denitrification (Morleyet al., 2008). My results confirm that well-
drained hillslope soils are a hotspot faxNemissions in N-saturated, subtropical forests,

likely being of regional significance.
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Fig. 4.7 Cumulative NO emissions from summer 2013 to autumn 2015 irhiteope soils of
the TSP forest. Block 1 to 3 refer to referencdsio the P fertilization experiment. Numbers in
figures are estimated annualOdN emission rates. Figure reproduced fidaper V.

Thein situ N tracing experimentRaper 111) showed that cumulativeN recovery
in emitted NO during nine days accounted for about 6.0% of ddelé tracer in the
upper hillslope soils (Fig. 4.2). End-member mixiagalysis demonstrated that the
contribution of nitrification and denitrificatiorotN>O production varied with changing

WFPS (Fig. 4.8). Large fluxes occurred at high WhRIBes, and could be apportioned
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predominantly to denitrification, which matches \poeis observations by Zhet al.
(2013d) at TSP, reporting 71% to 100% of the emigO from hillslope soils deriving
from denitrification. However, the contribution mitrification to NbO emission increased
when WFPS decreased below 60% at the upper siteedadl 70% at the lower site (Fig.
4.8). Khalil et al. (2004) and Mathieu et al. (2p@G6und that NO emissions from
nitrification dominated (> 60%) in unsaturated agliural soils. Also, in acid subtropical
forest soils of China, Zhang et al. (2011) foun&up 42% of the BO production being
due to nitrification, at WFPS values of 40% to 52%s likely that nitrification in the
aerated hillslope soils of TSP plays an importaie for Nb O emissions during dry

periods.
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Fig. 4.8Mean NO fluxes attributed to nitrification and denitrifiton at the upper sita)and the
lower site b). The shaded background indicates water filledt prace (WFPS; average values
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4.6 P addition to N-saturated forest: an option tanitigate GHG emissions?

Addition of P to the hillslope of TSP substalty increased plant-available P in soill
(Table 2 inPaper IV). In 1.5 years following P addition, a significalgcline in soil water
NOz" concentrations (0-5 cm; Fig. 4.9a) was observed,this decline was associated
with a strong decrease ob® fluxes by 50% (Fig. 4.9b). This is consistentwatnumber
of other studies, suggesting that decreased miriérabntent in soil, likely due to
stimulated plant uptake, is responsible for thauced NO emission (Hall & Matson,
1999; Baralet al., 2014; Moriet al., 2014). However, enhanced forest growth was not
detected within the study period, in neither tremrass, litterfall nor needles (Table S1
and Fig. S6 irPaper IV). This could be due to the shortness of the olaserv period

(Alvarez-Clareet al., 2013) and overlooked N uptake by understory besr(&raterrigo
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et al., 2011). Studies in tropical forests of South Eauadartinsonet al., 2013) and
South China (Zheng al., 2016) reported no significant effect osBNemission within 2
years after P addition, which most likely can beitaited to the significantly smaller
mineral N concentrations in these soils as compargdTSP soils (Huangt al., 2015).

Two of three reference plots at TSP showediitemission during the two years of
observation (Fig. 4.9¢). This is in contrast to teenmonly reported CHsink function
of forested upland soils (Dutaur & Verchot, 2007ai€et al., 2013). Addition of P
strongly affected CHfluxes, and changed net emission to a small nietke(Fig. 4.9¢).
The observed P effect on @Huxes is consistent with previous studies (Zhanhg!.,
2011b; Moriet al., 2013b, 2013c). High availability of NFHhas been suggested to inhibit
CHs uptake in soil (Veldkamgt al., 2001; Bodelier & Laanbroek, 2004). Although Iynl
observed a slight decrease in the soil waters'Npbol (Fig. S2 inPaper V), the
significant reduction in soil N® concentrations (Fig. 4.9a) likely also reflectsaier
NH4" concentrations, as NH is the substrate for N production by nitrification.
Therefore, itis likely that the increased QOkptake after P addition is due to an alleviation
of NH4" inhibition on CH oxidation (Moriet al., 2013c). Thus, my findings contribute to
the ongoing debate on whether P availability affesbil CH uptake directly via
stimulation of methanotrophic activity or indirgcthy altering N cycling (Veraast al.,
2015).
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5. Conclusions

Forests in South China receive increasingdaddeactive N from the atmosphere. In
this thesis, | studied transformation processedaiedof atmogenic N deposited as NH
and NQ on subtropical forest soils in South China. Thadwer of N was investigated
across multiple spatial (catchment to region) ardporal (short to long term) scales,
mainly by field observation. Emissions of®land CH were investigated in an attempt
to better understand sources of and mitigationoogtifor these greenhouse gases. In
addition, | contributed to the development of austtbut simplified “denitrifier method”,
which was indispensable for analyzing dual N@otopes in large amounts of field
samples (throughfall, soil and stream waters). IBtsotopes 'O, 1°N) in NOs™ proved
to be a powerful tool for studying N cycling and particular denitrification, at the
catchment scale. Experiments withl-labelled substrates (NH NOs', glutamate) gave
valuable insights into the complex N cycle of axds in warm-humid climate. The main

conclusions are:

1. Atmogenic N deposited as NOs not retained in the soil, but leaches near-
quantitatively from the topsoil (0-15 cm). Thisiisline with “N-saturation”, ascribed to
many South Chinese forests, denoting a criticale stharacterized by excessive N-
leaching. By contrast, atmogenic WNHs rapidly retained in the soil organic N poolt bu
eventually transformed to NO Obviously, acid soils of N-saturated subtropicaksts
support efficient microbial nitrification activityge it through autotrophic nitrification by
NH4" oxidation or heterotrophic nitrification, i.e. lolrect conversion of organic N to
NOs". The latter process seemed to be more importdheiwetter soils at TSP. My study
adds to the understanding of a dynamic N turno¥&tHy" in acid subtropical soils and
helps to explain the near-quantitative N leachiag NQ’) of both NH" and NQ

deposited to the system.

2. Across five studied subtropical forest catchragptogressive enrichment in dual NO
isotopes along the hydrological flow paths indidagéicient nitrification on well-drained
hillslope soils and strong denitrification in sai#d groundwater discharge zones.
Hydrological connectivity of oxidative and reduailandscape zones via M@ansport
over argic Bt horizons was thus identified as tkat@al mechanism behind the high
apparent N retention in these catchments. At thethgon monsoonal sites with well-

developed groundwater discharge zones, comparidoiN@s attenuation across
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catchments differing in N input suggested that Nnaeal by denitrification is

proportional to N deposition. By contrast, two ¢ebents with less developed
groundwater discharge zones in northern Chinarrdidie N, most probably because
hydrological connectivity between HS soils and gwbuater discharge zone is week in a

drier climate.

3. Large NO emission, summing up to an annual rate of ~ §.8 ka! yr! was observed
in hillslope soils at TSP. The amount of N re-eadtto the atmosphere asequaled
about 10% of the annual N deposition at this Jikes confirms that the N-saturated TSP
forest is a regional hotspot for®. Denitrification is the main source, especiallyidg
episodes of large 2D emission fluxes, whereas the contribution ofification to NO

emission is small.

4. P addition significantly decreased soil watersNfOncentration already in the first year
after addition, likely due to enhanced plant ornalidal N uptake. This was associated
with a strong (50%) reduction in2® emission. Meanwhile, P addition also reduced net
CHs emissions and turned the soil into a small, buasneable Chklsink. This may be
due to decreased NHinhibition of CH: oxidation, when the mineral N availability
decreases in soil. These findings suggest thapkcapon to N-saturated forest soils has

the potential to mitigate emissions of bottfONand CH.
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Abstract

In forests of the humid subtropics of China, chronically elevated nitrogen (N) deposition, predominantly as
ammonium (NH,"), causes significant nitrate (NO; ") leaching from well-drained acid forest soils on hill slopes (HS),
whereas significant retention of NO3;™ occurs in near-stream environments (groundwater discharge zones, GDZ). To
aid our understanding of N transformations on the catchment level, we studied spatial and temporal variabilities of
concentration and natural abundance (§"°N and §'O) of nitrate (NO3") in soil pore water along a hydrological con-
tinuum in the N-saturated Tieshanping (TSP) catchment, southwest China. Our data show that effective removal of
atmogenic NH,* and production of NO; ™ in soils on HS were associated with a significant decrease in §"’N-NO; ",
suggesting efficient nitrification despite low soil pH. The concentration of NO; ™~ declined sharply along the hydrolog-
ical flow path in the GDZ. This decline was associated with a significant increase in both §'°N and §'*0 of residual
NO; ", providing evidence that the GDZ acts as an N sink due to denitrification. The observed apparent '°N enrich-
ment factor (¢) of NO; ™~ of about —59,, in the GDZ is similar to values previously reported for efficient denitrification
in riparian and groundwater systems. Episode studies in the summers of 2009, 2010 and 2013 revealed that the spatial
pattern of 3'°N and §'®0-NOs ™ in soil water was remarkably similar from year to year. The importance of denitrifica-
tion as a major N sink was also seen at the catchment scale, as largest 3'°N-NO;~ values in stream water were
observed at lowest discharge, confirming the importance of the relatively small GDZ for N removal under base flow
conditions. This study, explicitly recognizing hydrologically connected landscape elements, reveals an overlooked

but robust N sink in N-saturated, subtropical forests with important implications for regional N budgets.

Keywords: denitrification, hydrological continuum, nitrification, 615N, 3180
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Introduction

In East Asia, emissions of ammonia (NH3) and nitrogen
oxides (NO,) have increased significantly during recent
decades (Li & Lin, 2000; Liu et al., 2013) and large
amounts of reactive, atmogenic N enter terrestrial sys-
tems through wet and dry depositions (Emmett et al.,
1998; Galloway et al., 2003). Numerous studies have doc-
umented N contamination of soils, groundwater, and
aquatic ecosystems, causing elevated emissions of N,O
(Zhu et al., 2013), a potent greenhouse gas, and ecologi-
cal degradation, including acidification, eutrophication,
and associated changes in biodiversity (Jaworski et al.,
1997; Vitousek et al., 1997; Ju et al., 2006; Clark & Tilman,
2008; Galloway et al., 2008). In humid subtropical forests
in south China, receiving atmogenic N inputs as large as
60 kg N ha! yrf1 (Chen & Mulder, 2007a; Zhao et al.,
2009), N saturation, associated with significant leaching
of NO; ™~ in well-drained soils, has been reported (Chen

Correspondence: Peter Dorsch, tel. +47 67231836, fax +47
67230691, e-mail: peter.doersch@nmbu.no

© 2016 John Wiley & Sons Ltd

& Mulder, 2007b; Larssen et al., 2011; Liu et al., 2011).
Leaching of N from soils occurs mainly as NO;~, even
though atmogenic N inputs predominantly consist of
ammonium (NH,") (Chen & Mulder, 2007a). The appar-
ent nitrification seems efficient even in the low-pH forest
soils of south China (pH < 4; Zhang et al., 2013). Despite
significant NO;~ leaching from well-drained hill slope
(HS) soils, Larssen et al. (2011) found only limited export
of NO; ™ in stream water and hypothesized that denitrifi-
cation, but not plant uptake, in groundwater discharge
zones (GDZ) of near-stream environments was responsi-
ble for the efficient NO;~ removal. Recently, Zhu et al.
(2013) confirmed a pronounced decline of NO;™ in pore
water along the water flow path in the GDZ of a head-
water catchment at Tieshanping, southwest China.
Unfortunately, catchment N budgets are difficult to
close, mainly due to our inability to directly measure
denitrification in soils (Groffman et al., 2006; Duncan
et al., 2013).

Natural abundance of '°N and '®0 in NO;~ has been
used to characterize biological N processing in complex
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landscapes (Kendall et al., 2007; Billy et al., 2010; Osaka
et al., 2010; Fang et al., 2012, 2015; Rose et al., 2014).
Kinetic isotopic fractionation occurs during N transfor-
mation processes, in which lighter isotopes ("*N and
°0) are turned over slightly faster than heavier iso-
topes (>N and 'O) (Kendall et al., 2007; Bai et al.,
2012). Thus, NO5;~ produced by nitrification is more
depleted in 5N than its substrate (NH,*), while micro-
bial denitrification enriches both >N and O in resid-
ual NO;~ (Robinson, 2001; Fry, 2007). In aquifer
studies, a value of ~0.5 for the §'%0/8'°N ratio has been
used to identify denitrification (Bottcher et al., 1990;
Kendall et al., 2007). Other processes, such as mineral-
ization, NO;~ leaching and assimilation, are generally
believed to have negligible "°N fractionation (Mariotti
et al., 1982; Billy et al., 2010). NO3™ isotopes also carry
information about source differentiation, in which
atmosphere-derived NO;~ often exhibits greater 3180-
NO;~ compared to biologically processed NO;~ (Pardo
et al., 2004; Kendall et al., 2007; Sabo et al., 2016).

Understanding turnover processes of excess N at the
landscape level in general and identifying zones of N
mobilization and dissipation in particular are prerequi-
sites for modeling regional N balances and are important
for regional assessments of carbon (C) sequestration
(Houlton & Bai, 2009; Bouwman et al., 2013; Houlton
et al., 2015). Mechanisms of N turnover at the catchment
scale, as indicated by NO;™ isotopes, have been little
explored, particularly for the subtropics (Osaka et al.,
2010; Duncan et al., 2013; Zhu et al., 2013; Rose et al.,
2014). Rather than studying 8'°N-NOs; ™~ along hydrologi-
cal continua, most studies have focused on temporal
variations in individual landscape elements such as
riparian zones, ground waters, seeps, and streams (Bar-
nes et al., 2008; Sevik & Merkved, 2008; Billy et al., 2010;
Schwarz et al., 2011; Koba et al., 2012; O'Reilly et al.,
2012; Riha et al., 2014; Wexler et al., 2014). For instance,
Wexler et al. (2014) reported daily variation of §'°N-
NOj™ in ground and stream water in a northern hard-
wood forest during summer, but did not link this to
3'°N-NO;~ in different edaphic environments. On the
other hand, studies focusing on spatial changes of §'°N
signals in NO3~ along hydrological continua lack tempo-
ral resolution (Koba et al., 1997, 2012; Osaka et al., 2010;
Fang et al., 2015). Likewise, NO;3~ isotopic signals in
response to rain events, and their implications for N
cycling in monsoonal regions with high N deposition,
are understudied (Zhu et al., 2013).

To improve our understanding of N turnover and its
spatial and temporal variabilities in N-saturated sub-
tropical forest ecosystems, we investigated the natural
abundance of "N and '®O of NO;™ in soil pore and
stream water throughout three monsoonal summers,
along a hydrological continuum in the Tieshanping

catchment, Chongqing, SW China. The objectives were
(i) to clarify transformation processes and fate of depos-
ited N in a hydrologically connected forest landscape
in subtropical China, (ii) to explore short-term
responses of watershed N turnover and dissolved inor-
ganic N export to monsoonal rain storms, and (iii) to
assess the interannual variation of watershed N turn-
over in monsoonal summers.

The study was conducted in 2009, 2010, and 2013 in
the Tieshanping catchment at Chongqing and involved
soil water from well-drained soils on hill slopes and
hydrologically connected, poorly drained soils in
groundwater discharge zones, respectively, as well as
stream water.

Materials and methods

Study site

Tieshanping (TSP; 29° 38’ N, 106° 41’ E) is a 16.2-ha subtropical
headwater catchment about 25 km northeast of Chongqing
city, south China (Fig. 1a). Having a typical monsoonal climate,
the catchment receives an average annual precipitation of
1028 mm and has a mean annual temperature of 18.2 °C (Chen
& Mulder, 2007b). About 75% of precipitation occurs in sum-
mer (April to September). Annual inorganic N deposition var-
ied between 40 and 65 kg N ha ™' during the last decade, with
an increasing trend in recent years (Duan et al., 2013; Huang
et al., 2015). Annual stream N export is around 7 kg N ha "'
(Larssen et al., 2011). The vegetation is a secondary mixed
coniferous-broadleaf forest, dominated by Masson pine (Pinus
massoniana) on hill slopes (HS), and by grasses and shrubs in
the GDZ. Under long-term stress of soil acidification and N sat-
uration, net N uptake by standing biomass is believed to be
small compared to the N deposition (Huang et al., 2015).

For the study, we selected a 4.2-ha subcatchment, including
two dominant landscape elements: a relatively steep north-
east-facing hill slope (HS), and a hydrologically connected
southeast-northwest-oriented, terraced groundwater dis-
charge zone (GDZ) (Fig. 1b) (Zhu et al., 2013). Soils on HS are
acidic (pH =3.7-4.1), loamy yellow mountain soils
(Acrisols; WRB, 2006), with a thin O horizon (0-3 ¢cm). Gener-
ally, HS soils are well drained, with considerable interflow
over the B horizon following rainfall (Serbotten et al.,
Accepted). In the GDZ, the soils are developed from collu-
vium (Cambisols; WRB, 2006) derived from the surrounding
HS and their hydraulic conductivity is smaller than that of the
surface horizons of HS soils. During summer, drainage from
HS may rapidly increase the groundwater level in the GDZ
and result in temporary water logging (Serbotten, 2011). The
GDZ has an intermittent stream, the outlet of which enters a
small pond.

Sampling design

Soil water was sampled along two hydrologically connected
transects, one established on the HS (plots T1 to T5), and one

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13333
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Fig. 1 Site description and observational design.

in the GDZ (plots Bl to B6; Fig. 1), where Bl was situated at
the transition from HS to GDZ. Soil pore water was sampled
in triplicate from top soils (0-5 cm) at each plot, using
macrorhizon soil moisture samplers (Rhizosphere Research
Products, the Netherlands). At GDZ plots except B1l, samples
were also taken from 60 and 100 cm soil depth. Samples were
collected by applying vacuum to the lysimeters through a 50-
ml syringe for about 12 h. Throughfall was collected in tripli-
cate in 3-L PET bottles, equipped with 10.6-cm-diameter poly-
ethylene (PET) funnels. Stream water was sampled at the weir
S1 of the subcatchment in close vicinity to plot B6 (Fig. 1c). All
water samples were filtered by 0.45-um syringe filters (Millex,
Millipore Corporation, Billerica, MA, USA) and frozen before
analysis. Bulk soil was sampled with 100-cm® core rings from
0 to 5 cm depth in triplicate at plots T1, T2, T3, T5, B2, B3, B5
and B6, prior to the initial round of soil water sampling on
July 6, 2013. Soil samples were kept refrigerated (4 °C) until
analysis.

In summer 2013, soil water and stream water samples were
collected on July 6, about 14 h after a rainstorm (32 mm) on

discharge zone

July 5. Subsequent sampling took place on July 7 and July 8.
No additional precipitation occurred during these days. A
final series of soil water samples was collected in the GDZ on
July 31, 12 days after a relatively small rainstorm (19 mm). On
that day, no soil water samples could be retrieved on HS
because the soils were too dry. On July 7, 2013, and July 8,
2013, complete depth profiles of soil water were sampled on
plots B2 to B6 (5-100 cm).

Precipitation and air temperature at TSP were recorded
every 5 min using a weather station (WeatherHawk 232, USA)
installed on the roof of the local Forest Bureau, located 1 km
south of the catchment. At the outlet of the subcatchment
(Fig. 1c) and of the main catchment, the water discharge rates
were measured at a V-notch weir at 5-min intervals, using
WL705 ultrasonic water level sensor (Global Water, Xylem
Inc., College Station, TX, USA).

Volumetric soil moisture (VM, cm® cm™3) at 4 depths (5, 10,
20 and 40 cm) was recorded at plots T3 and B1 at 10-min inter-
vals, using TDR probes (Hydra Probe II). Water-filled pore
space (WFPS) was calculated using bulk densities (BD) at 5,

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13333
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10, 20, and 40 cm depths (Serbotten, 2011), assuming a soil
particle density (PD) of 2.65 g cm 2 (Linn & Doran, 1984) as

VM

_BD
PD

WEFPS(%) = " x 100 (1)

In our study, we included archived (frozen) water samples
(throughfall, soil water, and stream water) taken at the same
plots in the summers of 2009 (sampled at 6 different days) and
2010 (sampled at 10 different days), respectively. In both
years, soil water at each HS plot and at the Bl plot of GDZ
was sampled at four depths (5, 10, 20, and 40 cm), using cera-
mic suction cup lysimeters (P80; Staatliche Porzellanmanufak-
tur, Berlin, Germany). At the other GDZ plots, soil water was
sampled at three depths (30, 60, and 100 cm) using macrorhi-
zons. All samples were filtered through 0.22-pum syringe filters
(Millex) and frozen directly after sampling.

Analytical procedures

The NH," concentration in water samples was analyzed with
a flow injection analyzer (FIA, Tecator, Sweden), after reaction
with alkaline phenol and sodium hypochlorite reagents. The
NO;~ concentration was analyzed by ion chromatography
(DX-500; DIONEX; Thermo Fisher Scientific, Dreieich, Ger-
many). Detection limits were 0.001 mg N/L for NH," and
0.01 mg N/L for NO5™.

Soil samples were air-dried and sieved (2 mm mesh size).
After milling, the samples were analyzed for total organic car-
bon (TOC) and total N using a LECO elemental analyzer
(TruSpec® CHN, St. Joseph, MI, USA).

N of NH,4* in throughfall was analyzed applying chemical
conversion to N,O (Zhang et al., 2007). NH," was first quantita-
tively converted to NO,™ by hypobromite at pH ~ 12, and fur-
ther reduced to N,O using a 1 : 1 sodium azide and acetic acid
buffer solution. The precision of 35N was better than 0.3%,.

5N and "0 of NO;~ were analyzed by a modified denitri-
fier method (Sigman et al., 2001; Casciotti et al., 2002; ]. Zhu, L.
Yu, L.R. Bakken, P.T. Morkved, J. Mulder, P. Dérsch, in prepa-
ration). Pseudomonas aureofaciens (ATCC 13985) was grown
aerobically in tryptic soy broth (TSB) medium, which had
been pretreated anaerobically with Paracoccus denitrificans to
remove NO;5 ™. At an optical density of 0.3, 2 ml of the aerobi-
cally grown P. aureofaciens culture was added to He-washed,
anoxic 120-ml vials. Then 2 ml sample was injected to the vials
and placed overnight on a horizontal shaker. Complete con-
version of NO3~ to N,O was achieved in less than 10 h, after
which 0.2 ml of 10 M NaOH was added to stop microbial
activity and to trap CO,. N and 'O of produced N,O were
analyzed with an isotope ratio mass spectrometer coupled
with a preconcentration unit (PreCon-GC-IRMS, Thermo
Finnigan MAT, Bremen, Germany). In order to obtain constant
N,O peaks for precise analysis, the sample volumes were
adjusted to obtain 100 nmol N per vial. International
standards, IAEA N3 (8'°N = 4.7%, air n2, 8120 = 25.6%, vemow)
and USGS 34 (8°N = —1.8%, air n2, 020 = —27.9%, vemow),
were included in each batch for data correction. A standard
gas with 4.81 ppm N,O in helium (3PN = 1.2%, air N2
5180 = 8.5%, vsmow) was used as running standard.

The 880 values of N,O differ from those of NO;~ due to
isotopic fractionation associated with the loss of O atoms from
nitrate and O exchange with H,O in the medium (Casciotti
et al., 2002; Kool et al., 2011). The '®0 fractionation during
nitrate reduction may enrich 5'%0 in N,O, but this fractiona-
tion effect is believed to be constant during complete conver-
sion in closed vials and can be corrected by standards with
known isotopic compositions (Casciotti et al., 2002; Fry, 2007).
The exchange of O with H,O in our modified denitrifier
method ranged from 8% to 15% (J. Zhu, L. Yu, L.R. Bakken,
P.T. Merkved, J. Mulder, P. Dorsch, in preparation) and was
determined for every batch using NO;~ standards together
with '80-enriched water. Assuming that 180 fractionation, the
NO;™ blank of the TSB medium, and O exchange are stable
within each analysis batch, we corrected 80O values by
including two nitrate standards differing in '*O (IAEA N3 and
USGS 34) applying the following equation (Casciotti et al.,
2002):

(518051 - 6]8052)

8'%0, = 801 + g5
s s1 (8801 — 5%0m)

(80, — 8%0m1)  (2)
where 3'%0,, 818051, and 8'®0,, are the mean actual 8'®0 val-
ues of NO3~ for sample, standard 1 and standard 2, respec-
tively, whereas 3180, 618Om1, and 8'®0,,, are their mean
measured §8'%0 values. Overall, the precisions of our method
were 0.2%, and 0.5%, for '"°N and '®O, respectively.

To measure 8"°N of soil organic matter, the bulk soil sam-
ples were finely milled and wrapped in tin capsules. Samples
were analyzed by EA-IRMS (isotope ratio mass spectrometer
coupled with an element analyzer, Thermo Finnigan MAT,
Bremen, Germany). IAEA N1 (8N = 4.7%g.;r n2) and IAEA
N3 (3N = 0.4%air N2) were included as standards in the
batch, and the precision of analysis was 0.2,

5N enrichment factor

To provide a proxy for denitrification activity in our GDZ rela-
tive to other NO;™ isotopic studies on riparian denitrification,
we calculated the apparent >N enrichment factor ¢ as a proxy
for denitrification activity along the flow path, using the Ray-
leigh distillation model (Mariotti et al., 1981):

ds — B

£ = In[C(NO, )o/C(NO; )gg] ®)

where C(NO; )gp the concentration of initial substrate NO;~,
C(NO;)s the concentration of residual NO;~, 8¢ the 8'°N val-
ues of the initial NO;~, and 85 the 8'°N values of residual
NO; . This equation is based on the assumption that the
hydrological flow path is a closed system, with no external
NO; ™ input (Mariotti et al., 1981). In our study, we observed
steady decline of NO;~ concentrations from T5 to B4 on most
sampling dates, and we used these data to calculate the appar-
ent '°N enrichment factor.

End-Member Mixing Analysis (EMMA)

End-member mixing analysis has been applied previously to
stream water for estimating the contribution of specific soil

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13333
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environments (end-members) to stream discharge at S1 (Mulder
et al., 1995). The analysis uses solutes, of which the concentration
is significantly different between potential end-members and
assumes conservative mixing. Here, we used hydrogen ions
(H*) and NOj3 ™ in soil water of HS (mean concentration for T1 to
T5) and of GDZ (mean concentration for B5 to B6) to derive mix-
ing ratios of the two end-members that explain solute concentra-
tions in stream water at different days.

Statistical analysis

Paired t-tests were performed to compare the difference of
NH," and NO;~ concentrations, as well as 8'°N and $'®0-
NO;~ among different plots and sampling days. All statistical
analyses were performed with Minitab 16.2.2 (Minitab Inc.,
State College, PA, USA). Significance levels in this study were
setat P < 0.05.

Results

Mineral N after rainstorm in July 2013

After a heavy rainstorm on July 5 (32 mm) and a smaller
precipitation event on July 19 (19 mm), no rain episodes
occurred until after July 31, the final sampling date in
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2013 (Fig. 2a). The WEPS increased instantaneously after
both rain events (Fig. 2b), and decreased gradually after-
ward. The WFPS on HS (plot T3) was generally 10%
smaller than at the interface of HS and GDZ (plot B1). At
T3, WEPS varied from 35% to 65% with smallest values
at 5 cm, and increased with depth. At B1, the WFPS at
10 and 20 cm was greater than at 5 and 40 cm.

From July 6 to July 8, the days following the heavy
rain episode on July 5, the concentrations of NH;" and
NOj; ™ in soil water (0-5 cm) were greatest on HS and
decreased sharply along the flow path in the GDZ
(Fig. 3, Tables S1 and S2). NH," concentrations
decreased from 2.3 mg N/L in throughfall to less than
0.4 mg N/L in soil water on HS (except for T1 on July
6, when the concentration was 0.8 mg N/L), and
remained small in the GDZ. NO;~ concentrations
increased dramatically from throughfall (2.3 mg N/L)
to soil water on HS (up to 40 mg N/L), but decreased
significantly (P < 0.01) to less than 5 mg N/L in soil
water in the GDZ. NO;~ concentrations were signifi-
cantly (P < 0.05) smaller on July 7 than on July 6, while
no significant differences of NH;" were found among
the first three sampling days (Fig. 3). On July 31,
12 days after moderate rainfall (July 19), when WEFPS
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Fig. 2 Daily precipitation and average air temperature in summers of 2013 (a), 2009 (c), and 2010 (d) as well as water-filled pore space
(WEFPS) of the soil at four depths at plots T3 and Bl in summer 2013 (b). Weather data in 2009 and 2010 were obtained from Zhu et al.

(2013).
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Fig. 3 Spatiotemporal variation of NH," and NO; ™~ concentrations in throughfall (TF), surface soil water (0-5 cm depth interval) on hill
slope (HS) and in groundwater discharge zone (GDZ), and stream water (SW) in summer 2013. Values are means and standard errors
(n = 3). On July 31, HS and B1 soils were too dry for soil water sampling. For sample codes, see Fig. 1.

values were at their lowest during the 2013 sampling
campaign, NH," and NO;~ concentrations in GDZ, but
not on HS, were larger than on other sampling days.
Relatively large NH," concentrations were observed at
B2 (1.5 mg N/L). In stream water, NH," concentrations
were extremely low, even on July 31, while stream
water NOs;~ concentrations were similar to those
observed in soil water of the GDZ (Table S2 and Fig. 3).

0N and 6" 0-NO;™ after rainstorm in July 2013

The 8"°N-NO;~ and 8'°N-NH," in throughfall collected
on July 5 were —0.89%, and —5.19,,, respectively (Fig. 4).
From July 6 to July 8, mean position-specific 5'°N-

NO;™ in HS soil water (0-5 cm) varied between —4.59,
and —10%,, that is was more negative than S1°N-NO;~
and §"°N-NH," in throughfall. By contrast, mean §'°N-
NO;™ in GDZ (0-5 cm) and stream water was positive
(1-30%,) and greater than the §'°N of both NH,*-N and
NO;™-N in throughfall. Thus, along the hydrological
continuum from HS to GDZ, 8°N-NO;~ decreased
from throughfall to soil water in HS plots, but increased
significantly (P < 0.01) in the GDZ, starting at B1 and
reaching a maximum of +30%, in B4 4 days after the
rainstorm (Fig. 4). In soil water of the GDZ and stream
water, but not of the HS, 815N-NO37 increased signifi-
cantly (P < 0.05) from July 6 to July 7. On July 31, two
weeks after the initial rainstorm, the 8'>N-NO;~ in soil

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13333
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Fig. 4 Spatiotemporal variation of 8"°N-NO;~ and §'®0-NO;" in throughfall (TF), surface soil water (0-5 cm depth interval) on hill
slope (HS) and groundwater discharge zone (GDZ), and stream water (SW) in summer 2013. Values are means and standard errors
(n = 3). On July 31, HS and B1 soils were too dry for soil water sampling. For sample codes, see Fig. 1. TF-NH4 refers to §"’N-NH," in

throughfall.

water of the GDZ decreased to values between 29,
and 109,.

3'%0-NO; ™ in throughfall was larger than +509, and
much greater than in soil water. The spatial pattern of
8'8O-NO;~ in soil water (0-5 cm) paralleled that of
8'""N from July 6 to July 8, increasing from HS to GDZ
(Fig. 4). In the GDZ plots B3 to B6, mean 5'*0-NO;~
was larger on July 7 and July 8 than on July 6, and
declined significantly (P < 0.01) on July 31.

8"N of bulk soil

Mean §'°N values of bulk soil N (0-5 cm) sampled in
2013 showed a clear increase from —2.6%, to +1.5%, from

T1 (top of HS) to B6 (close to the outlet in the GDZ), with
negative values on HS and positive values in GDZ
(Fig. 5). By contrast, the C/N ratios of these soil layers
declined significantly (P < 0.05) along the flow path.

N concentrations and isotopic signals in summers 2009
and 2010

Precipitation from May to September, 2009 and 2010,
amounted to 1054 and 850 mm, respectively
(Fig. 2¢, d). Rain episodes were more intense and fre-
quent in 2009, with a pronounced rainstorm event of
250 mm on August 4, 2009 (Fig. 2c). Mean concentra-
tion of NO3;™ in surface soil water (5 cm on HS and

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13333
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Fig. 5 C/N ratios and 8'°N values of bulk soil (0-5 cm depth) N in summer 2013 (no sample was available at T4, B1, and B4 plots.).

Error bars indicate standard errors (n = 3).

30 cm in GDZ) showed a similarly declining pattern
along the water flow path as in 2013 (Table S2). As in
2013, the NH," concentration in soil water was small at
all plots (Table S1). The spatial pattern of 3°N-NO;~
and §'80-NO; in surface soil water was similar to that
in July 2013 (Fig. 6), albeit 3'°N-NO;~ in the GDZ
tended to be smaller in 2013 than in 2009 and 2010.

Isotopic pattern with soil depth

The NO;~ concentration did not change with soil depth
(Table S2). Although §'"°N and §'®0 of NO; ™ in soil water
on HS varied widely at 5 cm depth, the mean values of
3N and 8'%0 were about 29, and 5%, greater at 5 and
40 cm depth, respectively (Fig. 7). 8"°N-NO; ™~ at B1 was
positive and significantly (P < 0.01) smaller at 5 cm
depth than at other depths, among which no significant
difference of 8"°N values was shown. In the other GDZ
soils (except B1), mean 3'°N and §'*0O-NO; ™~ decreased in
the order 30 cm > 100 cm > 60 cm > 5 cm.

Discussion

Ammonium (NH,") in throughfall, entering HS soils on
July 6, 2013, rapidly decreased in concentration in the
surface layer (0-5 cm), while NO;  concentrations
increased simultaneously (Fig. 3). Larssen et al. (2011)
suggested nitrification to be the main cause and that in
the long term (years) this conversion was close to quan-
titative. Recently, such a near-quantitative conversion
was confirmed by Huang et al. (2015), based on a 7-year
study of N mass balances at the same site. This indi-
cates efficient nitrification, as previously suggested by
Chen & Mulder (2007a), and is consistent with the

observed decrease in 8"°N-NOj of soil water compared
with NO;3™ in throughfall (Fig. 4). The importance of
nitrification for the NO3~ concentration in HS soils is
also supported by its 3180 values, which ranged from
+29, to +149,,. These values are as expected for acidic
forest floors (Mayer et al., 2001), assuming that nitrifica-
tion-derived NOj3™ receives two O atoms from H,O and
one from O, in soil (Kendall ef al., 2007; Fang et al.,
2012), with 8'®0 of soil H,O being generally in the
range of —159, to 5%, and that of soil O, being similar
to those of atmospheric O, (23.59,,) (Horibe et al., 1973).

Nitrification produces '°N-depleted NO;~ relative to
its substrate NH," (Fry, 2007). In the summer of 2013,
after a heavy rainfall, 5N depletion in soil water NO; ™~
relative to atmogenic NH,;" was small and changed lit-
tle over time (Fig. 4). This may be due to rapid nitrifica-
tion of NH,", resulting in NH," exhaustion and thus
negligible '°N fractionation (Fig. 3 and Table S1) (Mari-
otti et al., 1981; Wexler et al., 2014). Alternatively, NH,"
other than of atmogenic origin contributed to nitrifica-
tion on the HS. Mineralization rates of soil organic mat-
ter have been reported to produce as much as
18.4 kg N ha ' yr ! in HS soils at Tieshanping (Chen
& Mulder, 2007b), likely contributing significant
amounts of NH," for nitrification. As soil N mineraliza-
tion causes negligible 15N fractionation (Kendall et al.,
2007), the mineralization-produced NH," is expected to
inherit 8"°N values from soil organic N on HS (—2.6%,
to 0%,, Fig. 5).

In summer 2013 after a heavy rain storm, a sharp
decline in NOj;~ concentration and a significant
increase in 8"°N-NO;~ (P < 0.01) was observed at the
transition from HS to GDZ and further along the flow
path of the GDZ (Figs 3 and 4, Table S1). As

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13333
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Fig. 6 Spatiotemporal variation of 3'°N-NO; ™~ and §'®*0-NO;~ in throughfall (TF), and in surface soil water on the hill slope (HS) and
in the groundwater discharge zone (GDZ) in the summers of 2009, 2010, and 2013. Values are means and standard errors for all mea-
sured samples (for details see Materials and Method section). In 2009 and 2010, soil water was sampled at 5 and 30 cm soil depth in HS
and GDZ soils, respectively, except at plot B1, which was sampled as in HS soils at 5 cm depth only. In 2013, all soil water samples

were taken at the 0-5 cm depth interval. For sample codes, see Fig. 1.

denitrification, and not assimilation, is known to cause
5N enrichment in NO;~ (Kendall ef al., 2007; Osaka
et al., 2010), this indicates significant denitrification in
the GDZ. In surface soils, the contrast of 8'°N-NO;~
between HS (negative) and GDZ (positive) (Fig. 4) was
consistent with the spatial pattern of 3'°N of bulk soil
(Fig. 5). This likely reflects the spatial distribution of
dissimilatory N processes along the hydrological con-
tinuum, as the isotopic signals of NO5;~ were incorpo-
rated into the organic N pool during long-term soil N
turnover (Robinson, 2001). The dominance of

dissimilatory processes in the GDZ does not preclude
intermittent nitrification during dry periods, as
observed on July 31, when 3'°N and 8'®0 values at B5
dropped close to 0%, (Fig. 4). However, as judged from
the average 8 N values for all 3 years (Fig. 6), these
occasions are likely rare and do not invalidate our con-
clusion that the GDZ acts predominately as N sink.

As 8N, 880-NO;~ increased along the flow path in
the GDZ (Figs 4 and 6). For the 2013 data, the slope of
the regression line of 3'*0 vs. §'°N for all GDZ soil water
samples was 0.69 (R*> =0.61, P < 0.05) (Fig. 8), whereas

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13333
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in 2010 this was 0.57, (R* = 0.27, P < 0.05). In 2009, with
only few observations, 5'°N was not significantly corre-
lated with §'%0. The slopes for 2010 and 2013 were close
to 0.5, which has been taken as an indication of denitrifi-
cation in aquifers (Bottcher et al., 1990; Lehmann et al.,
2003; Wexler et al., 2014; Fang et al., 2015). From the foot
of the HS (T5) to B4 in the GDZ, we identified an ‘active
denitrification zone’, where NO; -N is effectively
removed from soil water and §"°N-NOj;~ increases along
the water flow path (Figs 3, 4 and 6). The correlation
between §'"°N-NO;~ and In (NO;7) in the active denitri-
fication zone (T5 to B4) was significantly negative in
2010 and 2013 (Fig. 9). Assuming that this zone may be
considered as a quasi-closed system, such a relationship
can be described by the "N enrichment factor ¢ (Equa-
tion 3), based on the Rayleigh distillation model (Mari-
otti et al, 1981, Wexler et al., 2014). Using linear
regression for the active denitrification zone, ¢ values
were —5.639,, and —4.869, for 2010 and 2013, respec-
tively. The regression for 2009 was not significant. These
values fall in the range of reported ¢ values for riparian
and groundwater denitrification (-3.5%, to —5.99,)
(Mariotti et al., 1988; Bottcher et al., 1990; Spalding et al.,
1993; Sevik & Merkved, 2008; Osaka et al., 2010). Thus,
the GDZ (less than 5% of the catchment area) is an
important ‘hot spot” for denitrification, constituting the
previously hypothesized N sink function in this N-satu-
rated catchment (Larssen et al.,2011).

The pattern of 3'°N and §'*0-NO;~ along the hydro-
logical continuum, with relatively small values in HS
soils and relatively large values in the GDZ, was similar
for the summers of 2009, 2010, and 2013 (Fig. 6). This

indicates a consistent spatial pattern of N transforma-
tions irrespective of differences in climatic conditions
(Fig. 2a, ¢, d). This is noteworthy, because monsoonal
summers in SE Asia have highly variable amounts and
frequency distributions of precipitation (Loo et al.,
2014). Such variability would be expected to directly
affect site specific N transformation as well as residence
times of NO;™ in different landscape elements (Ohte
et al., 2010), both of which would influence dual NO3™
isotope signatures. Thus, our data suggest that biologi-
cal processes shaping dual NO;™ isotope signatures at
TSP are controlled predominately by landscape attri-
butes brought about by topographic influences (Ander-
son et al., 2015) rather than by climatic factors. If such
N transformation patterns occur among other N-satu-
rated forested watersheds across the subtropics, the
strikingly efficient N removal observed in the Tieshan-
ping catchment may represent a widely underesti-
mated N sink across south China and beyond.

Small enrichment of ""N-NO;  and '*O-NO;~ with
soil depth on HS (Fig. 7) suggested that subsoils in
upland positions contribute only moderately to N
removal by denitrification. Also for Bl (the interface
between the two transects), only a modest increase in &
BN-NO;~ and 8'®0O-NO;~ with depth was observed
when pooling all observations (Fig. 7). Enrichment was
greatest at 10 and 20 cm soil depth, where WEPS values
were largest (Fig. 2b). Among the depth profiles of
GDZ plots, 8'°N-NO;~ and 8'®0O-NO;~ values indi-
cated strong denitrification activities (8'0 wvs.
8N ~ 1.0) over the entire soil profile with a maximum
at 30 cm depth. This was expected from groundwater

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13333
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level (GWL) observations at the GDZ in 2009 and 2010
(Zhu et al., 2013) showing that summertime GWL fluc-
tuated between —1.0 and +0.1 m, with a clear top in fre-
quency distribution at —0.3 m. Denitrification would be

NO;~

expected to be greatest at the capillary fringe where
abundant NO; ™ meets anoxia (e.g. He et al., 2016).

Several studies in headwater catchments have used
isotopic signals in stream water to assess N

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13333
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turnover (Koba ef al., 2012; Riha et al., 2014; Rose et al.,
2014; Wexler et al., 2014). As shown in Fig. 8, the
stream water in the TSP catchment integrates NO;~
originating from both HS and GDZ water. End-member
mixing analysis, using soil water in HS and GDZ as
end-members, and selecting concentrations of H" and
NO;™ in 2010 and 2013, suggested that the GDZ, consti-
tuting < 5% of the total catchment area, has an impor-
tant contribution (> 60%) to stream discharge (S1).
During large events (runoff > 60 L min '), the contri-
bution of the GDZ to stream water runoff remains sig-
nificant, but decreases to about 40% (Fig. S2). The
estimated contributions of soil water from HS and GDZ
to stream discharge provide reasonable predictions of
3'"N-NO;~ in stream water (Fig. S3), thus confirming
the importance of the GDZ as N sink at the catchment
scale.

As a major nutrient in terrestrial ecosystems, the
availability of N is of great importance for modeling
primary production and thus carbon sequestration,
both at landscape, regional, and global levels (Gruber &
Galloway, 2008). As natural isotopic benchmarks are
increasingly applied in climate change models, more
“ground-truth” is required to validate the models
(Houlton et al., 2015). Even though our findings are for
one N-saturated headwater catchment only, the
Tieshanping catchment is representative for a wide
range of forested sites in south China. Larssen et al.
(2011) reported significant N sinks in groundwater dis-
charge zones of four other forested catchments in south
China, all characterized by a similar but typical geo-
morphology. This suggests that our findings are impor-
tant for regional N budgets. The surprisingly robust
isotopic pattern across climatically different years
improves the accuracy of large-scale isotopic models
and may also be important to constrain C sequestration
models in regions with high N pollution.
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Table S1 Mean NH*-N concentrations (mg/ L) in throughfall, soil watnd stream water in summers
of 2009, 2010 and 2013

HS GDZ Throughfall
T1 T2 T3 T4 T5 B1
2009 5cm 0.10 -2 — 0.45 0.03 — —
10cm 0.18 0.17 0.13 0.19 0.03 —
20cm 0.12 0.08 0.02 0.02 0.02 —
40cm 0.14 0.08 4.67 0.08 0.02 —
2010 5cm 0.10 (0.04) 0.06 (0.03) 0.17 (0.04) @m®B2) 0.07 (0.02) 0.15(0.08) 7.33(3.27)
10cm  0.14 (0.03) 0.24 (0.09) 0.08 (0.04) 0.10%Dp 1.33(1.2) 0.08 (0.02)
20cm  0.11 (0.03) 0.11(0.03) 0.04 0.07 (0.03)08@0.03) 0.05 (0.01)
40cm  0.09 (0.02) 0.04 (0.02) 0.06(0.03) 0.094p 0.05 (0.02) 0.05 (0.01)
2013 5cm 0.34 (0.25) 0.18 (0.04) 0.17 (0.05) @®O4) 0.20 (0.06) 0.03 (0.01) 2.31
GDz Stream
B2 B3 B4 B5 B6 S1
2009 30cm 0.02(0.00) 0.11(0.01) 0.03(0.01) @@B1) 1.18(0.06) —
60cm 0.02 (0.00) — 0.10 (0.02) 0.14(0.01) x207)
100 cm 0.03 (0.00) — 0.07 (0.01) 0.02(0.00) @E82)
2010 30cm 0.05(0.02) 0.02(0.01) 0.02 (0.01) @m®aO) 1.10(0.13) 0.17 (0.07)
60cm  0.02 (0.01) 0.07 (0.06) 0.02(0.01) 0.001p 1.18(0.06)
100 cm 0.02 (0.02) 0.01(0.00) 0.01(0.01) O0MOF) 0.49 (0.03)
201% 5cm 0.42 (0.40) 0.05(0.01) 0.10(0.06) 0.14@p.10.10 (0.07) 0.01 (0.00)
60cm  0.00 (0.00) 0.00(0.00) 0.01(0.00) 0.021p 0.04 (0.00)
100 cm 0.00 (0.00) — 0.00 (0.00) 0.01(0.00) @ELO5)

anot available, P soil water samples were only available at 5 cm depth on HSin 2013, 0-5 cmdata in 2013 are listed as
5 cm; standard errorsin parentheses



Table S2 Mean NQ@Q-N concentrations (mg/ L) in throughfall, soil watnd stream water in
summers of 2009, 2010 and 2013

HS GDZz Throughfall
T1 T2 T3 T4 T5 B1
2009 5cm 7.6 -2 — 4.0 6.7 — —
10 cm 6.2 10.5 131 4.4 155 —
20 cm 6.8 13.3 15.6 7.6 10.1 —
40 cm 6.2 12.1 4.4 6.7 11.2 —
2010 5cm  141(19) 109(2.3) 10.6(1.8) 12.7)1.11.0(1.1) 13.6 (1.7) 3.3(1.2)
10cm 17.0(3.1) 8.2(1.7) 6.8(0.6) 11.1(1.2) ®3B) 9.3(1.6)
20cm 25.0(2.8) 6.1(0.5) 6.3 10.8(0.6) 4.8(0.5) 9.8(0.4)
40cm 26.4(1.2) 6.9(0.8) 10.9(0.1) 10.7(1.2) 1 (D.6) 10.3 (0.8)
2012 5cm 12.2(2.6) 14.0(0.9) 32.3(5.3) 6.4(0.6) .212.0) 5.6 (1.4) 2.3
GDz Stream
B2 B3 B4 B5 B6 S1
2009 30cm 7.5(0.6) 0.4(0.2) 2.0(0.5) — — —
60cm 7.7 (0.5) — 2.3(0.5) — —
100cm 4.8 (0.5) — 3.6(0.3) 0.9(0.2) —
2010 30cm 6.5(0.7) 1.0(.1) 5.0(0.2) 0.4(0.00.3(0.0) 3.0(0.5)
60cm 7.2(0.4) 46(0.5) 53(0.2) 1.7(0.5 @D}
100cm 6.5(0.4) 59(0.2) 44(0.3) 23(05 @D
2013 5cm 3.1(0.4) 11(@05) 06(0.2) 44(2.3).50.1) 3.0(1.0)
60cm 57(1.3) 4.7(0.6) 34(0.1) 3.0(06) @)
100cm 7.4 (1.4) — 47(1.3) 2.8(0.9) 0.0(0.0)

2 not available, ° soil water samples were only available at 5 cm depth on HSin 2013, 0-5 cm data in 2013 are
listed as 5 cm; standard errorsin parentheses.
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Abstract

Increased nitrogen (N) deposition in many subtralpiorests of south China has resulted in N
saturation, associated with significant nitrate gN@eaching from well-drained soils. At the
catchment level, however, strong N retention wasnted in groundwater discharge zones (GDZ),
hydrologically connected to surrounding hill slogekS). Recently, a detailed dual-isotope study
of N- and*®0-NOQ;s in the subtropical forested headwater catchmefhtesthanping, SW China,
confirmed the importance of the GDZ as the primeifd¢ and hotspot for denitrification. Here,
we test if this finding is representative for a andange of forest catchments throughout China
differing in atmogenic N input and rainfall. In alitchments, inorganic N fluxes indicated efficient
conversion of NH" to NOs” on well-drained HS, followed by significant attesion of NQ in

the GDZ. Depletion of°N- and*®0-NOs in HS soils supports the importance of nitrificatias a
source of N@. In all catchments, except the non-N-saturatethmastern site, N& attenuation

in the GDZ was associated wittPN and 80 enrichment of residual NQ confirming
denitrification. However, only the N-saturated d$mrh catchments had a well-developed,
continuous GDZ, hydrologically-connected to HS, athis essential if denitrification is to be a

major catchment N-sink.

Key Word: Nitrification, §'°N, 5'80, Water flowpath, Groundwater discharge zone
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I ntroduction

Anthropogenic changes to the global nitrogen (N)leffect the environment both regionally
and globally*2. Numerous studies report effects related to etesyfunctions#, climatic change
56 and human health While the global inventory of the input of reaetiN into the biosphere
suggests a doubling in the last centiitythe relative contribution of mainland China tolggl N
pollution is growing!®. In southern Chinese forests, receiving N depmsitif up to 60 kg N ha
yr1 11 N saturation has been reported with significattate (NQ') leaching from well-drained
forest soilst? Yet, on the headwater catchment scale, largeoptiops of dissolved inorganic N

are found to be attenuated in riparian soils je$vte entering streamg4

Biological N sinks in forest ecosystems includdragation (both in plant and microbial biomass)
and NQ removal by denitrificatiod®. In the strongly acidic forest soils of South Ghihl uptake
by standing biomass is limited due to slow treengho'®:1’, while net N assimilation into soil
organic matter (SOM) is restricted by low carbonmiability 181°. Several N mass balance studies
from subtropical Chinese forest catchments havdigated denitrification, particularly in wet
soils near streams, as possible N $itk-?1 Recently, this conjecture was strengthened tylesta
isotope studies?. However, the importance of denitrification at ttetchment scale is under-

studied, due to the lack of spatially resolved dataoil denitrification?3.

Previous studies in temperate forests have docwdesignificant, but transient denitrification
activities in shallow saturated sofs26 where the required NQis derived from soil N cycling
rather than from atmogenic souréeéd’-2¢ Other studies have proposed spatially and tertipora
coupled nitrification-denitrification, where prodian and consumption of NDoccur in the same

shallow, fluctuating groundwater bod$?42° This differs fundamentally from observations in
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southern Chinese forests, where large amounts af &® produced in well-drained top soils on
hill slopes (HS) without undergoing appreciableittditation 1330 Recently, Yu et af! observed

a robust multi-yeat>N and!®O pattern in nitrate (N§) along a water flowpath in a headwater
catchment in SW China, suggesting that:Nid rapidly nitrified to N@ in well-drained HS soils
during monsoonal summers. SubsequentlyzN©transported by interflow over the argic Bt
horizons of the common Acrisols to a groundwatscldarge zone (GDZ), where it is efficiently
denitrified. Similar geomorphologically related fghs of N turnover, transport and retention have

been reported in temperate and subtropical systefis

Denitrification in soils is difficult to measurerdttly 33, making dual isotopic signatures of NO
an attractive tool for integrating temporal and tigbavariability of N turnover2°26:29.34-36
Biological transformations fractionate stable ig®s*®-3”and the resulting changes'fiN and*®O
signatures of residual NOcan be used to partition NGources as well as to elucidate underlying
biological processes. For instance, Nfroduced through nitrification is oftelN-depleted
compared to Nkt and'®O-depleted compared to atmogenic NGO of NOys™ in precipitation is
generally larger than +60%8, and can be used to partition ecosysteny MOmM microbial and
atmospheric sourceé$?’, as soil N@ incorporates oxygen from botBO-depleted atmospheric
02 and*®0-enriched HO 36. Microbial denitrification results in an enrichmexf both'>N and'®O

in residual N@ with a ratio between 1:1 and 2:1. The latter istireely used to identify

denitrification in riparian and aquatic systetfg*3¢

Here, we hypothesize that the geomorphological itimng in headwater catchments of the hilly
landscape of South China support N retention agielaby combining nitrification and
denitrification in spatially distinct, but hydrolmglly connected landscape elements.

Denitrification may be enhanced by the abundanaeadtive N*°4% but it remains unclear how
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catchment-scale N retention will respond to inarggsl deposition loads, given the fact that other
factors, such as climatic conditions and soil pres, regulate biological N turnover locaff*3

To advance our understanding of N retention meshasin Chinese forests, we combined a dual
NOs isotope study with a two-year monitoring projent fluxes in seven forested headwater
catchments throughout China, differing in climatitd edaphic characteristics and with different

N deposition rates.
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Materials and M ethods

Sudy sites

Data were collected from five catchments in Soultin@, and two catchments in North China
(Figure 1). Some data from the southern Tieshandi&d) site were previously publish&dand
are included for comparison. Details of site lomatimean annual temperature and precipitation,
vegetation, soil characteristics and annual N #uixethroughfall are listed in Table 1. The five
southern sites (Tieshanping-TSP, Leigongshan-LG8jiatang-CJT, Tianmushan-TMS and
Dagangshan-DGS) are subtropical and have a monisolimate 3!, with annual precipitation
greater than 1000 mm. Among the northern sites,gmgshan (DLS) is located in the warm
temperate zone with continental monsoonal climatele Liupanshan (LPS) is in the temperate
zone with continental climate, only marginally idhced by monsoon. Most precipitation occurs
in summer, but mean annual precipitation at thé&eon sites is markedly smaller (~600 mm) than
at the southern sites. All catchments have a sinpography characterized by well-drained
hillslopes (HS) and hydrologically connected growater discharge zones (GDZ). However, the
northern sites have less developed and more discmois GDZs along the stream, probably due

to the drier conditions.

Soil types on HS at the southern sites are maifigoRand Acrisol, while Luvisols dominate at
the northern site¥. The surface O/A horizon (excluding undecompoitat) from most southern
sites have a pH of about 4.0, except at TMS (&8i).pH of the O/A horizon at the northern sites
is 6.1 and 7.0 at DLS and LPS, respectively. Ctiddsaf the O/A horizons are similar at all sites,
ranging from 10.4 to 14.4. The seven sites reptesegradient of inorganic N in throughfall

deposition, ranging from 5.0 to 48.7 kg N*har! (Table 1).
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Sampling design

In each of the seven catchments, soil and soiliveateples were collected along the water flow
path, from two permanent sampling plots at HS, &avGDZ and one at the stream outlet (Figure
1). Plots A and B were situated at the top and &ddhe HS, respectively, while plots C and D
represent the elevational gradient along the GRn@@es of throughfall, soil water and stream
water were collected bi-weekly at all sites fromgA@012 to Aug. 2014. Throughfall samples for
each month were pooled for analysis, and the tathimes were recorded. Throughfall was
sampled in triplicate in 3 L PET (polyethylene) ttext, equipped with PET funnels with nylon
gauze to exclude canopy litter. Soil water was sadhpt each plot in triplicate from the surface
soil (0-5 cm) with macrorhizon soil moisture sampléRhizosphere Research Products, The
Netherlands). Vacuum was applied using a 50 minggrifor 12 hours®. Stream water was
collected above ‘V’-shaped weirs established ataindet of each catchment. Surface soils (0-3
cm, O/A horizon) were collected in triplicate usegarden spade, while excluding the litter layer
(Oi). Water samples were kept frozen at’@@ntil analysis, whereas soil samples were stated

4°C.

For stable isotope analysis, we sampled througldail water and stream water twice at all sites
(only throughfall for DGS) in July and August 20Xéspectively. As shown by Yu et &, N
turnover processes are most intensive, and thtspisofractionation most pronounced, during
warm and humid summers. Due to drought, no soi paater could be sampled in the summer
months at A, B and C plots at DLS. Additional saaspbf surface soil, soil water and stream water
(at the outlet) were collected during a samplinggaign in July 2015 at four of the southern sites
(LGS, CJT, TMS and DGS). During this campaignidittater was sampled at A, B and C of DGS,

but pooling of triplicate samples at plots B angr@duced enough sample for isotope analysis.
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During the 2015 sampling campaign, all soil andewaamples from a single site were collected
on the same day. Previously published isotope fdaa the fifth southern site, TSP, obtained in

2013 using the same methods, are included for cosqpe.
Chemical analyses

The concentration of N and NQ in water samples collected for routine analysissvanalyzed

by ion chromatography (DX-500, DIONEX) at the ResbaCenter of Eco-Environmental
Sciences, Chinese Academy of Science (CAS), BeijMomeral N concentrations of water
samples, comprising N#N and NQ-N, collected for isotope analysis, were determined
spectrophotometrically using a flow injection arzay (FIA star 5020, Tecator, Sweden) at
Norwegian University of Life Sciences. Air-driedilssamples were sieved (2 mm), milled and
then analyzed for total organic carbon (C) and tdteontents, using a LECO elemental analyzer
(TruSpe®CHN, USA). The soil pH was measured in 50 ml wédeionized) suspension with 10
g dry weight soil, using an Orion SA720 electrodtepeter. All soil analyses were conducted at

the Norwegian University of Life Sciences.

515N andd80 of NOs (81°Nnosandd®Onos) were analyzed, using a modified denitrifier method
4546 at the Norwegian University of Life Sciences.ély, tryptic soya broth (TSB) medium was
pretreated withParacoccus denitrificans (ATCC 17741) to remove background MNQprior to
culturing Pseudomonas aureofaciens (P. a.) (ATCC 13985) aerobically. In order to ensure rapid
and successful transition from oxic to anoxic restn inP. a. culture, the medium was amended
with NH4Cl. Aerobically grownP. a. culture was then injected into anoxic 120 ml vigelium-
washed) to trigger conversion of MQo N.O. §°N and 80 of NbO were measured with an
isotope ratio mass spectrometer coupled to a preertration unit (PreCon-GC-IRMS, Thermo

Finnigan MAT, Bremen, Germany). International stamid (IAEA N3, USGS 32 and 34) were

8
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included in each batch to correct for background ‘@@ fractionation during conversion. The

analytical precision was 0.2%. f6t°N and 0.5%o. foi5'€0.

815N of bulk soil $°Nsoi) was measured by an EA-Conflow-IRMS system (Thefirmigan
MAT, Bremen, Germany). Before analysis, air-drieanples were milled and weighed in tin
capsules (8*5 mm, Elemental Microanalysis). IAEArstards (N1 and N3) as well as in-house

materials (lab-mixed forest soils) were include@ach batch. The analytical precision was 0.2%eo.
Rayleigh enrichment factor

The Rayleigh distillation modéfl

— 65 — 550
In [C(NO3)s/C(NO3)s0]

where C(N@)so and, C(N@)s are initial and residual NOconcentration, respectively, afig
anddsared™N of initial and residual N®, was used to estimate the appatédtenrichment factor
for denitrification inthe groundwater discharge zone. This approachssdan the assumption
that the hydrological flow path behaves as a qaasied syster?f, and that isotopic fractionation

is solely due to denitrificatioft.
Estimation of the annual N balance at the catchment-scale

We assumed the annual N flux in throughfall to espnt the N input. The annual N flux by stream
export was calculated by multiplying the annual maerganic N concentration with estimated
water discharge. Stream water discharge rates asmmated based on precipitation data and
runoff coefficients. For TSP, CJT and LGS, we addphe runoff coefficients (the ratio of stream
discharge to throughfall) given by Larssen et3alThe coefficients for TMS and DGS, sites with

similar climatic conditions as the former threeravestimated to be the average of those for TSP,
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CJT and LGS. For the northern sites, LPS and DESyming annual evapotranspiration to be
about 500 mnt8, the runoff coefficients were taken as 0.26 aridOrespectively, which is in
accordance with data from a large range of nortf@nmese catchment¥. We computed

catchment N retention by subtracting the N fluxhia stream from the N flux in throughfall.
Satistics

Statistical analyses were performed with Minital215 (Minitab Inc., State College, PA, USA).
Significance levels in this study were set at pG5Qunless specified otherwise. One-way ANOVA
with post hoc Tukey test was performed to tested#ihices in Ni and NQ concentrations, as

well as ind*®*Nnos, 5*80no3 andd'°Nsoeii among different sampling plots and sites.
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Results and Discussion

N sinksrevealed by inorganic N fluxes

Nitrogen fluxes in throughfall decreased in theesrd SP>CJT>TMS>DGS>DLS>LGS>LPS
(Table 1), indicating largest N inputs at the seuthsites (except for the background site LGS).
At most, about half of the N was deposited assN\Mith largest values at TSP (56%) and CJT
(40%) (Figure 1). At the other sites, dissolved Nthroughfall was dominated by NEN.
Compared with earlier throughfall data for the pdr2001-2004°, this suggests that the relative
importance of N@-N has increased significantly during the last &8rg. On the hill slopes (HS),
NH4* concentrations in soil water were generally befofvmg N L (except for LPS, Figure S1)
and significantly smaller (p < 0.05) than in thrbtall, while NQs concentrations were
significantly (p < 0.05) larger in soil water thanthroughfall (Figure 2). From the HS to the
groundwater discharge zone (GDZ), the Nidoncentration in soil water remained low, while
NOs declined in soil water from HS to GDZ and streaatev. The samples collected during the
summer campaign for isotope analysis showeddbhcentrations similar to those of the long-
term data (compare Figure S2a with Figures 2 and\8ith the exception of DGS (increase at
plot C, GDZ) and LPS (overall low concentratiorad$o the spatial pattern of N@oncentrations

along the water flow path resembled that of thee@ryata set (Figure S2b).

The concentration of Nan throughfall, soil water and stream water (Feg&3), which may be
used as a proxy for evapotranspiration, assumingidNan inert solute in the soil and does not
have a source in the catchméhtshowed a general increase along the water fldiv (@xcept at
CJT). We normalized the N©Oconcentration against the Neoncentration measured along the

water flow path, to account for concentration clemngue to evapotranspiration. The spatial

11
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pattern of the N@/Na' ratio showed the expected sharp increase fronugjinfall to HS and a
subsequent pronounced decrease from HS to GDZr@ig4). This confirms that the spatial
pattern of N@ concentration was not due to evapotranspiratiom,résulted from significant

source (HS) and sink terms (GDZ), respectively.

There were exceptions to the general pattern og MOncentrations, however. At LPS, N
deposition was smallest among all sites (Tableaig, thus N@ leaching from the HS soil was
least significant (Figures 2 and S2b), also resglih no apparent change in Bl@oncentration
along the water flow path. This suggests that L9& N-limited system, with N sinks dominated
by plant and soil assimilatioh At DGS, during summer 2015, there was an incréas¢Os"
concentration from HS to GDZ, followed by decreasdhe stream (Figure S2b). Only few
samples could be obtained from this site, but liksly that the elevated N§Oconcentration in
GDZ during summer 2015 was a result of strong erstfum due to drought, similar to
observations made by Yu et &l.during a drought period in 2013 at TSP. Theseattal/ NG

concentrations play little role for the annual Nfux, however, as water transport is small.

At all sites, the concentration of NOn stream water tended to be greater than thsbilnwvater

at plot D of the GDZ, except at LGS and LPS (Figt)reghe two sites where N fluxes in throughfall
and NQ concentrations in soil water were smallest. Greld@; concentrations in stream water
than in soil water in GDZ may be due to N@ntering the stream directly from surrounding
hillslopes, bypassing the GDZ in the valley bott@articularly during periods of high flo#. In
addition, NQ may be produced locally by intermittent nitrificat in the GDZ or in the stream
during low-flow conditions, as previously suggesfed temperate systentd. Both long- and
short-term data sets (Figures 2 and S2, respegtivadicate significant N sinks in all seven

catchments (Figure S4), located predominantly en@DZ. This suggests that the efficiency of

12



222  the catchment to remove N@epends on the GDZ acting as a conduit for watérsses from

223 HS to the stream.
224 Within-catchment N turnover gauged by NOs™ isotope signatures

225  Atall sites,5'°Nnosin soil water on HS was < 0%, except for plot A&S (Figure 3a). In general,
226 NOs in soil water on HS was more depleted'¥ and %0 than in throughfall (Figure 3),
227  indicating that soil water N©is mostly derived from nitrification, and to a dfeaextent directly
228 from atmogenic depositioft-3”. Similar findings were reported for a range ofefstrsoils in the
229  northern US®. In addition, at all sites, except DGS, soil watarHS had®Nnoz and §1%0Onos
230 values in the range -5 to +5%0 and -10 to +10%o, @espely (Figure S5), which has previously

231  been taken as indicative for nitrification-derivid@®s 2631

232 Nitrification causes only small isotopic fractioiuat, thus retaining th&'>N signatures from Nkt

233 in NOs 4. As suggested by the LGS data, which showed gr&&bénos values in soil water than
234 in throughfall (Figure 3a), N©in soil water on HS is primarily derived from soiiganic N (NH*

235  produced by mineralization). Soil organic N at LiS8haracterized by relatively larg&N values,
236 ranging from +4 to +5%o. (Fig. S6), as often founahittogen-rich litte!, e.g. ofPinus armandii,

237 the dominant tree species at LGS. It is beyondstope of the present study to partition sources
238 of NH4* undergoing nitrification in HS soils, but recé?t tracing study in subtropical forest soils
239  have suggested that much of the atmogenig"Midtering the soil is immobilized and undergoes

240 internal N cycling before being nitrified->2

241  Decreasing N@ concentrations along the water flow path from H&MZ (Figures 2 and S2b)
242  were associated with a significant (p < 0.05) iasee of both5!>N and 0 in residual N@

243  (Figure 3a) at all sites, except LPS. This suppotus earlier conclusion that the observed N

13



244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

retention on the catchment scale relies on deigdtibn in the stream-near GDZ, similar to what
has been reported for agroecosystéfrend for temperate forest ecosystethsA regression of
51800z againsts>Nnos values resulted in slopes between 0.5 and 1 (€i§8), which is well
within the range of ratios considered diagnosticdenitrification26:36:555¢ Despite the lack of
data for DLS, largé*®Nnos (23.4 %o) and*®Onos (30.0%0) values observed in a pooled GDZ soil

water sample was in line with strong denitrificatio the near-stream environment.

Apparent>N enrichment factors for LGS, CJT and TMS weremeated by Raleigh fractionation
47 (DGS and DLS were not included due to too littetad, based on the progressive NO
consumption an@N enrichment along the water flow path from HS ©Z5Figures 2 and 3).
The enrichment factors (Figure S7) were betwedhte8:6.0%0 and are similar to those reported
for TSP3! and for groundwater® 5% Except for the low N deposition site (LPS) in N¥ina
and the central northern site DLS (for which nadattuld be obtained from the HS), all catchments
showed the same spatial pattern of duakN€dtopes associated with N retention as repoded f
TSP3! reflecting efficient N turnover and NQremoval in hydrologically connected landscapes.
Our finding of similar patterns in these five sii@sSouth China substantiates the idea that N
removal by denitrification in stream-near groundsvadischarge zones may be a widespread

phenomenon in monsoonal, subtropical forest cataksne
What factors govern the N sink function of forested catchments?

Distinct landscape elements with prevailing oxidator reductive conditions and NQ@ransport
between these elements appear to be central fd¥ tieéention observed at the catchment scale.
Argic horizons with restricted hydraulic conductywiare widespread in Ali- and Acrisols of
subtropical China and favor the transport of N@®y “interflow” along the hillslopes. This

interflow leads to well-developed groundwater desgje zones, where the landscape flattens out.
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By contrast, direct seepage of M@ these soils to the groundwater seems to phainar role®°.
Others have found a similar connection betweengmguhy and dissimilatory N turnover. For
instance, Hilton et afland Weintraub et at? reported a negative correlation between slopesang|
andd*®N of bulk soil in subtropical and tropical forest¥e found a similar pattern at the southern
sites (except in th€inus armandii-dominated LGS, with its more N-rich litter and esated
greaterd™>Nsoi), asé°Nsoi gradually increased along the hydrological flowpdtbm the steeper
A to the less steep D plots, Figure S6). In additieere was a strong (p < 0.01) negative correlatio
betweens>Nsqil and the C/N ratio (Figure S8), suggesting thas Mcreasingly processed along
the flowpath®3%4 In a northeastern catchment in the US, Andersaal. €2 observed a strong
impact of topography on denitrification rates, whigas also linked to the distribution of water-
saturated zones. Hence, the hilly topography, tlemsmonal climate with large amounts of
precipitation in summer and the prevalence of Ahd Acrisols producing interflow are crucial
factors for the development of continuous grouneéwdischarge zones with a significant capacity

for denitrification, allowing for the observed MEifunction in southern China.

At the northern site DLS, we observed M@ fluxes in stream water that were similar to tates

of N fluxes in throughfall (Figure 4a). This impia relatively small annual N-sink, despite the
elevatedd'®Nnos values in the GDZ, which suggested a significastispot for denitrification
(Figure 3). Most likely, a substantial part of th@inage water from HS soils bypasses the GDZ
and is little affected by denitrification. In thewthern TSP catchment, Yu et &l.observed a
similar, albeit less extreme tendency of HS watgrassing the GDZ during single, intensive
rainstorms. Probably, the GDZ is less developethéndrier, northern DLS, and thus reductive
conditions are less common, than in the southeichoents®>6 where annual precipitation is

double that at the northern site (Table 1).
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290 Catchment N retention scaled with N fluxes in tlylofall, with an average retention rate of 65%
291  across all sites (Figure 4a). To compare the riegftN enrichment by denitrification among the
292 southern catchments, we calculated the overall gg@f'*Nnos from HS to GDZ A&8*°Nnos),

293  which positively correlated with N deposition Reten (Figure 4b). This suggests that the N sink
294 by denitrification could be stimulated by enhanbedepositiort!, on the condition that runoff is
295 channeled through saturated GDZs before reachagttbam, as is the case at the southern sites,

296  but not the northern.

297  Our study confirms the prevalence of GDZ denitafion in a range of forest catchments across
298  China. The N turnover patterns along the water flathis in monsoonal South China were similar
299 to those previously observed at TSP and confirm our hypothesis that N retention by
300 hydrologically coupled nitrification—denitrificativis a more widespread phenomenon in humid
301 southern Chinese forest catchments. By contrasheahorthern site, the GDZ, which was less

302 developed due to the drier conditions, is unlikelgonstitute an efficient N sink for the catchment

303
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Figure 1. Overview of sampling sites and N fluxes in throfadjh Bars are average annual fluxes
of NHs™- and NQ@Q'-N fluxes in throughfall from August 2012 to Aug§14. Inserted is a
schematic representation of the hydrological cantin, including the sampling plots along the
water flowpath, as found in all catchments.

22



TSP LGS CJT TMS DGS LPS DLS
100 100 100 100 100 100 100
a a
] *a
[ ] ° a
a .
bc a
* bc t.) a : ab a a
o o a ° a b t.)
10 bc 10 a ® b 10 - 00 e 10+ 10 10 e +
c ° ab
T o % ° bc : b b ® ab bc ¢ L4
- ° °
> . b . ® b .
£ s [ b
= ° EC . ® ' b .
'% o o ° s * b b ab a. . |
= a i
g 1 . 4 1 ¢ 4L M 1t 1t % 1t b 1
5 .
S . Q3 D
: : % : : : N .
g . ) : :
® o
1 1 At e T At 1t L
® o . . L]
o . A b [ ]
[ ]
[ ]
[ ] [ ]
ol gl ol ol 01— TR O FJ T O FJ
TF A B C D Steam TF A B C D Steam TF A B C D Stream TF A B C D Stream TF A B C Stream TF A B C D Stream TF A B C D Stream
HS GDz HS GDz HS GDz HS GDz HS GDz HS GDz HS GDz
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Table 1. Background descriptions of all sites

Site name Tieshanpin Leigongsha Caijiatang Tianmusha Dagangshe Liupansha Donglinsha
(TSP) (LGS) (CJT) (TMS) (DGS) (LPS) (DLS)
Locatior Chonggqiny Guizhot Hunar Zhejian¢ Jiangx Ningxia Beijing
Longitude 106°41 108°11 112°22 119°28 114°34 106°20 115°28
Latitude 29°38 26°23 27°50 30°19 27°38 35°18 39°58
Mean annuz 18.2 15.7 175 11.9 15.8 5.8 4.8
temperature®C)
Mean annual 1028 1120 1250 1581 1591 676 612
precipitation (mm)
Massone pir- Pinus armandi Massone pini Everareen Mixed deciduous  Mixed, secondary
Vegetation dominated, dominated, dominated, Broad-leaf broag—leaf broad-leaf forest; deciduous
9 coniferous-broad leaf coniferous-broad coniferous-broad forest broad-leaf and broad-leaf forest;
. . : forest ; .
mixed forest leaf mixed forest leaf mixed forest coniferous forest coniferous forest
Loamv vellow Red anc Red anc
Soil tyoe mountainys)tl)il (Haplic Yellow mountain soil  Yellow mountain yellow soils yellow soils Gray cinnamon Cinnamon saoll
yp . PIC " (alisol and Acrisol) soil (Acrisol) (Alisol and (Alisol and soil (Luvisol) (Luvisol)
Acrisol) : ;
Acrisol) Acrisol)
Soil pH' 4.z 4.4 4.¢ 6.2 4.¢ 7.C 6.1
Soil C/IN rati¢ 14.C 12.C 14.2 13.2 14.¢ 10.4 11.5
Annual throughtall 487 9.8 38.8 19.4 16.0 5.0 11.6

flux (kg N hat)’

" Data of Tieshanping site from Yu et #lis included for comparison.
" Soil pH420 at the surface soil (0-5 cm).
*Soil C/N ratio at the O/A soil (0-5 cm).

®Data refers to the average values for 2013 and.2014
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Table S1 Total C, N contents, C/N ratios and pH of O/A horizons® (0-3 cm) from all sites

Tieshanping Leigongshan Caijiatang Tianmushan Dagangshan Liupanshan Donglingshan

Site name (TSP} (LGS)' (CJT) (TMS) (DGS) (LPS) (DLS)
Avg.* Stdv. Avg. Avg. Stdv. Avg. Stdv. Avg. Stdv. Avg. Avg.

A 109 5.10 14.1 142 564 169 121 490 0.92 4.01 23 3

B 491 152 9.89 10.0 2.07 470 0.83 7.10 0.92 2.77 80 6

Ccontent (%) ¢ 374 151 710 350 072 351 054 390 016 400 525

D 354 0.88 7.43 2.66 096 11.4 274 635 3.60 4.47 14 8

A 0.63 001 0.99 0.80 028 124 0.84 031 0.05 0.37 26 0

N content (o6 B 035 0.12 0.81 0.74 0.13 037 0.07 048 0.07 0.29 620

C 028 0.4 0.65 0.28 0.07 029 0.05 027 001 0.38 49 0

D 029 0.08 0.70 0.19 005 076 0.16 049 0.27 0.41 710

A 175 0.59 14.3 17.4 1.08 133 076 157 0.45 10.9 221

oNraio B 143 081 12.2 135 050 12.6 029 149 0.80 9.5 011

C 153 3.71 10.9 126 0.66 120 0.35 142 0.8 10.5 121

D 124 058 10.6 13.4 242 150 070 126 0.81 10.8 151

A 391 0.20 3.82 3.88 0.10 6.41 030 422 0.14 6.64 59 5

oH B 373 011 4.03 463 018 555 006 4.24 0.03 6.93 157

C 472 005 5.19 518 0.07 6.30 0.23 551 0.26 6.46 036

D 458 0.10 4.72 549 0.04 6.82 0.04 570 0.38 8.07 535

8 O/A horizon does not include undecomposed litB).
*n=3.
*Data obtained from Yu et &t

T Replicates were not available.



Table S2 N mass balance and AN enrichment (GDZ - HS) for all catchments’

: Annual N Annual Avg SEream Stream N@-N HS NN Annual N Annual A8N enrichment
Site . S NH4*-N . concentration flux in stream .
flux in TF  precipitation . concentration 1 retention (GDZ - HS)
names | '\ hat vt mm vrt concentration mg N L. mg N L water kg N hat yr %o
9 y Y mg N Lt kg N hat yrt
TSP 48.7 1028 0.01 5.2 15.8 26.0 22.7 11.9
cJT 38.8 1250 0.02 0.8 131 6.4 32.4 22.2
T™MS 194 1581 0.01 1.2 3.9 11.2 8.2 13.7
LGS 9.8 1120 0.02 0.6 2.6 4.0 5.8 6.9
DGS 16.0 1591 0.07 1.1 6.8 11.6 4.4 6.4
LPS 5.0 676 0.37 0.3 2.1 1.2 3.8 -1.2
DLS 11.6 612 0.20 10.8 9.5 12.2 0.5 -1

" The annual N flux by stream runoff was estimatesedzon the runoff coefficient (the ratio of stredischarge to throughfall). For
details see Materials and Methods. N flux in streafers to dissolved inorganic N export (lH NOs). A6*°Nnos= (averaged

5®Nno3z in GDZ) - (averaged®Nnos on HS).
®NOs concentration in stream runoff from DLS was unetedly high, thus making the annual N retentionatieg.

TData not available.
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Abstract

Subtropical forests receive increasing amounts of atmogenic nitrogen (N), both as ammonium
(NH4%) and nitrate (N®). Previous long-term studies indicate efficient turnover of atmogenic
NH4* to NGs in weathered, acidic soils of the subtropics, leading to excessiyddéching. To
clarify the mechanism governing the fate of atmogenic inputs in these soils, we conducated an
situ 15N tracing experiment in the TieShanPing (TSP) forested catchment, SW ERidaNOs,
NH4*NOs and*>N-glutamic acid were applied to an upland hillslope soil and inorganic N, total
soil N and nitrous oxide (MD) were monitored for nine days. Incorporation*®Os" into soil
organic N was negligible and 80% of the applied label was lost from the top soil (0-15 cm)
primarily by leaching within 9 days. In contra¥iNH4* was largely retained in soil organic N.
However, instant production dPNOs in the 1°NH.* treatment suggested active nitrification.
Excess®N in the NQ pool was greater than in the hthbool, suggesting that a sizable proportion

of the produced®NOs was derived from*>N immobilized in organic matter without passing
through the NH" pool (heterotrophic nitrification). This was confirmed by persistently greater
excess™N in NOz than in NH* in the!®N-glutamic acid treatment. The cumulative recovery of
5N in N2O after 9 days ranged from 2.5 to 6.0% in*fiNOs™ treatment, confirming the previously
reported significant denitrification capacity of these soils. Yet, source partitionifgNgD
demonstrated a measurable contribution of nitrificationA0 Bimissions, particularly at low soil
moistures. Our study emphasizes the role of a fast-cycling organic N pool (including microbial N)
for retention and transformation of atmogenic4\id subtropical, acid forest soils. It thus explains
the near-quantitative leaching of deposited N (as'N@d NH*) common to subtropical forest

soils with chronic, elevated atmogenic N inputs by i) negligible retention af iINGhe soil and
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i) rapid immobilization-mineralization of NH followed by nitrification (autotrophic and

heterotrophic).

Key words: N deposition!®N tracer, gross N transformation, nitrification ndgfication, nitrate

leaching, NO emission
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Introduction

Rapid growth of agriculture and industry has dracadly increased the anthropogenic emission
of reactive N (Galloway et al. 2008, Liu et al. 2D1In central China, for example, current N
deposition amounts to 30-65 kg Nhat (Shi et al. 2015, Xu et al. 2015). Enhanced N ditjom
causes concerns about negative environmental gff@ath as soil acidification (Guo et al. 2010),
eutrophication (Galloway et al. 2003), biodiversags (Bobbink et al. 2010), nitrous oxidex(Y
emissions (Zhu et al. 2013c) and threats to hungaithh (Townsend et al. 2003). Elevated N
deposition has been reported to cause N saturatiosubtropical forests of South China,
characterized by strong nitrate (BlOleaching from soils (Fang et al. 2011, Larsseal.e2011,
Huang et al. 2015). Yet, there is limited underdiag of the turnover mechanisms and the fate of

reactive N inputs, both with respect to input @tel input form (ammonium (Nf), and NQ).

The concept of N saturation suggests that soiifindtion activity and N@ leaching increase
significantly, when N input exceeds N uptake byftirest (Aber et al. 1998, Lovett and Goodale
2011). In a 7-year field experiment in the subtcapiChinese forest “TieShanPing” (TSP),
extreme N saturation with N input (NHN + NOs-N) equaling N output (N&-N) was found in
acid soils, even at elevated rates ofsNidput (Huang et al. 2015). The apparent effictantover

of deposited NH" to NO; and the associated small rate of Alleaching suggest microbial
nitrification as the key process behind forest Bsleeven though ammonia (B)Hthe substrate of
nitrification, is scarce in acid soils (De Boer akidwalchuk 2001). Possible explanations put
forward were production of Ng{by mineralization) and consumption of Blfby nitrification) in
physically-connected microorganisms (Allison and€8er 1993), or within the same mixotrophic
cell (De Boer et al. 1989, Burton and Prosser 200i¢ notion of how NH is turned over in acid

forest soils changed fundamentally with the discpwaef ammonia oxidizing archaea (AOA;

4
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Leininger et al. 2006) and the finding that AOA doates over ammonium oxidizing bacteria
(AOB) in acid soils (Gubry-Rangin et al. 2011), bbé question about the actual substrate of
nitrification in acid soils remained unresolved.r Hostance, Levinik-Hofferle et al. (2012)
observed stimulation of thaumarchaeal3d\#tidation by addition of organic N but not by NH
Also, NHs* added to acid forest soil has been found to bekfyuassimilated into the microbial N
pool (Tahovsk et al. 2013, Gao et al. 2016), whgomts at a possible role of the soil organic N
pool for processing and transformation of deposiiéth* (Booth et al. 2005, Lu et al. 2011).
Recent studies based BN modeling (Mller et al. 2007) attributed effictedOs™ production in
acid soils to heterotrophic nitrification, i.e. tlo®-oxidation of organic N to nitrite during
heterotrophic microbial growth (Zhang et al. 20CBgen et al. 2015). Thus, the pathways involved
in transforming N deposited as hHo NO;™ are elusive, raising the question whethersN®

directly produced from organic N or from mineratina-derived NH*.

Stable isotope studies have indicated that danditibn is a quantitatively important sink for NO

in N-saturated forests, particularly in saturatedrstream soils (Fang et al. 2015, Yu et al. 2016)
While Nz is the main product of denitrification, someQ\ an intermediate product, is emitted
(Tiedje 1988). Large PO emissions have been reported from the well-ddahibslopes of the
TSP catchment, SW China, accounting for 8-10% efathnual N deposition (Zhu et al. 2013c).
Acid soils favor the production of 2D rather than din the denitrification process (Liu et al. 2010)
and frequent soil moisture changes on the wellrédhihillslope may favor ¥ production by
denitrification relative to BD reduction to N as the NO reduction enzyme is more easily
repressed by oxygen than the other denitrificagioprymes (Morley et al. 2008). Accordingly, in
the TSP forest, Zhu et al. (2013c) attributed olerlarge NO emissions to intermittent

denitrification, triggered by monsoonal rainfalladaconfirmed up to 100% contribution of
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denitrification byin situ 1"\NOz" labeling (Zhu et al. 2013a). However, given thelear role of
NH4* transformations for the forest N-budget, alsoifigation could be a significant source of
N20, particularly under relatively dry conditions (&h et al. 2004). In a soil core study, Zhang
et al. (2011) found that nitrification was responsible diprto 42% of the emittedJ® in four acid,
subtropical soils from China incubated at interragglsoil moisture (40-52% WFPS). So far, there
are noin situ studies that have apportionedNemissions in acid forest soils of South China to

different N-transformation pathways under fluctogtsoil moisture conditions.

5N tracers have been widely used to investigatéaieeand gross transformation of atmogenic N
in forest ecosystems (Curtis et al. 2011, Tempglet.€2012). Shengt al. (2014) and Gurmesa

al. (2016) measured high retention 8N tracers NHs" > ®NOs) in broadleaf forests of the
Chinese tropics, and recoveréd in both soil and plant biomass one year afteitantd However,
observed annual N deposition and soil leachindghésé forests indicated much greater loss of
atmogenic N than predicted B§N tracing (Gurmesa et al. 2016). This suggests ‘fhreshly”
deposited N is retained and cycled internally m gbil prior to being released to leachates, while
“old” N is simultaneously mobilized. This is in gnwith findings from short-term incubation
experiments with soils cores from a range of Sdlitinese forest soils, reporting large gross N
immobilization and mineralization rates (Zhang le2@13, Gao et al. 2016). Hence, it is likely
that efficient turnover of soil organic N is centi@r the retention of “fresh” atmogenic N and the
return of “old” organic N to the inorganic N poethich would reconcile large N retention with

strong NQ" leaching.

In the TSP forest in SW China, where N retentionfbrest growth is limited due to soil
acidification (Li et al. 2014) and phosphorus liaibn (Wang et al. 2007), soil N turnover can be

expected to govern the fate of atmogenic N inpltselucidate this, we conductéa situ 15N

6
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tracing in well-drained soils of the forested hdfse.°N label was added in three forms, viz. NH
NOs and glutamic acid, and N dynamics &P distribution in soil pools (extractable and selut
NHs and NQ, residual soil N) and in emitted.@ were monitored frequently during the initial
two weeks following'>N application. The objectives of our study were:t@) study the
transformation of atmogenic NHto NGs™ in the acid forest soil, ii) to improve our undarslings
of mechanisms governing nitrification through thetpioning of nitrate production pathways
(ammonification followed by autotrophic or heteoghic nitrification), iii) to unravel the fate of
NOs in the well-drained forest soil and iv) to soup=tition the NO emission to nitrification

and denitrification.
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Material and Method

Stedescription

The study was conducted at Tieshanping (TSP),aHs&bheadwater catchment located in a forest
park, about 25 km northeast of Chongqging, SW CI{it@6° 41E, 29° 38N) (Fig. 1a). The
catchment has a subtropical monsoonal climate, avittean annual precipitation of 1028 mm and
a mean annual temperature of 182(Chen and Mulder 2007). The vegetation is a Magsoe
dominated mixed forest. The TSP catchment conpistsarily of steep hillslopes with ground
water discharge zones at the foot of the slopeksléfe soils are well-drained loamy yellow
mountain soils (Haplic Acrisol), with an argic Borizon. Soils are acidic, with pkbo increasing
from 3.8 in the O/A horizon to 4.0 in the Bt. Dwefast turnover of organic matter, Acrisols have
thin organic horizons (0-2 cm) (Chen and Mulder0@nnual N deposition (~ 60% as hH

N) reported to be 40-60 kg N fgrduring 2005-2011, is leached nearly quantitatiesl NG

-N from the root zone (Huang et al., 2015). SoN@atios in the O/A horizons are 14 to 18 (Zhu
et al. 2013a, Yu et al. 2016).

Within a 4.6 ha sub-catchment, we established typeemental sites, one just below the hilltop
(upper; P1) and one in a foot slope position (IgiRZ, Fig. 1a) on a northeast facing hillslope
(HS). For a more detailed description of the sbdracteristics at TSP, see Z#al. (2013b) and
Sarbotten et al. (accepted). Following rain eveotsisiderable interflow over the Bt horizon
occurs along the HS, resulting in larger soil maistcontent in P2 than P1 (Sarbotten et al.

accepted).

Experimental design and sample collection
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At each of the locations, P1 and P2, three bloakevestablished, each with four adjacent 1.2 m
x 1.2 m plots to which labeling treatments weredanly assigned (Fig. 1b). The treatment plots
were situated in between trees, and containedubsiirground vegetation. Adjacent plots were
separated by plywood boards inserted 10 cm intesdfleto prevent®N cross contamination of

the plots.

N tracer was applied on 23 June, 2015 as elfivlaNOs (*°*NHas, 99 atom%°N), NH4°NO3
(**NOs, 98 atom%'°N), or *N-Glutamic acid ¥°"N-Glut, 98 atom%3°N), leaving the fourth plot
as a reference plot, which received clean water. 8iN-Glut treatment was included to investigate
the production pathway of NOusing labile organic N as a substrate. All lalgelireatments
received 1 kg°N ha'. The total N dose was 1 kg N-htor the'>N-Glut treatment and 2 kg N ha

! for the 1"NH4 and®NOs treatments. The N addition levels amounted to tkas 5% of the
annually deposited atmogenic N at TSP (40-65 kgN,hus keeping the fertilization effect to
a minimum.!>N tracers were applied in 5 mm deionized water (Zg&r plot), using backpack
sprayers. After the addition &N tracer (or 5 mm deionized water at the refergaioes), 0.72 L
deionized water (0.5 mm) was added to wash ofttaer intercepted by shrubs or plant remnants.
The addition of the solutions took slightly lesartt0.5 hr, and spraying was done evenly, with the

nozzle below the ground vegetation layer, as chaspossible to the soil surface.

Sample collection started immediately following 8l tracer addition (t = 0.5 hr). No rain
occurred from two days prior to tracer additioniliihtiays after (the'®6sampling; Fig. 2a). During
a period of 9 days (219 hours), eight samplingsal, soil water and emitted® gas were
conducted in all plots. 2D emission fluxes were estimated from changes(d ¢bncentration in
a static chamber (30 cm in diameter, and 11 cneight), following the method described by Zhu

et al. (2013b). On every sampling date, the chamber wea$oged at the same position in each
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plot, and gas samples were collected in pre-evadud20-ml flasks at 1, 15 and 30 min. Gas
samples were analyzed for concentration and até?h6f N.O. Soil samples of the O/A (~ 0-5
cm) and AB (~ 5-15 cm) horizons were randomly takéh a soil augerd( = 2.5 cm), avoiding
the position assigned to.® flux measurements. Sampling holes were refilléith wlay plugs.
Triplicate cores were mixed manually for each ramiand 8 g soil was extracted on site in 40 ml
of 1 M KCI, immediately following sampling. Aftehaking for 1 hr, the KClI extracts were filtered
(30-50um). Soil water was sampled at each plot from 0-5depth (including O/A horizon and
the upper part of the AB) by means of a pre-instalMacroRhizon soil moisture sampler
(Rhizosphere Research Products, the Netherlan@guum was applied for 6-7 hrs by a 50 ml
syringe. The KCI extracts and soil solutions wdee@d on ice in a foam box and transported to a
freezer where they were stored at °20 Fresh soil samples were weighed and oven-dsi@tC]

at the day of sampling at the forestry bureau oP TA&fter determination of soil moisture, the
oven-dried soil samples were stored in sealed pgoflene bags. All samples, including gas, water,
KCl-extracts and dried soil were shipped the NonaedJniversity of Life Sciences for further

analyses.

During each sampling, soil temperature and voluimetoisture content were measured at 10 cm
depth at three random positions within each plsingia hand-held TDR (Hydraprobe; Stevens
Water Monitoring Systems, USA). From 1 June to i, Jair temperature and precipitation were
monitored hourly by a weather station on the robfthe nearby (~ 1.5 km) forest bureau

(WeatherHawk 232, USA).
Sample analysis

The concentrations of NfFfand NQ in KCI extracts and in soil water samples werelyzeal

with a flow injection analyzer (FIA star 5020, Tema Sweden), according to NS 4745&4746
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(NSF 1975a&b). Dried soil samples were sieved (2 mesh size) and milled, before being
analyzed for total N using an elemental analyzdtA@GH 2000, ThermoFisher Scientific,
Germany). The BD concentration in the gas samples was determinedbomated gas

chromatography (GC Model 7890A, Agilent, USA) asatéed earlier (Zhu et al. 2013a).

The >N abundance in soil N and28 was determined by EA-IRMS and PreCon-GC-IRMS,
respectively (Thermo Finnigan MAT, Germany), witpracision of 0.2%.. Thé€N abundance in
NH4* and NQ in both KCl-extracts and soil water were determiader conversion to 0.
Ammonium was converted quantitatively teQNby first oxidizing it to NQ using hypobromite
at pH ~ 12, before reducing NQo N.O in an acid-buffered azide solution (Zhang e2aD7).
For *®N-NOs, a bacterial denitrifier method was applied tovan NG to N:O (Sigman et al.
2001). International standards (IAEA N1&N3, USGX32) were included in each batch for
internal calibration. For further details on thengersion assays for NiHand NQ- and the'>N

analysis see Yat al. (2016).
Calculations

Water filled pore space (WFPS) was calculated usoigmetric soil moisture (VM, cincnts),
soil bulk density (BD, g crd) and assumed soil particle density (PD, 2.65 g)ditinn and Doran

1984) as
WFPS (%) = VM / (1 - BD/PD) x 100 (1)

The tracer application greatly enriches the variNusools, making thé®N distribution in NO
non-random (Stevens et al. 1997). Thus, both iereats of m/z (mass-to-charge ratio) 45 and 46
need to be considered for the determinatioftdfatom% in NO. We adopted the equations from

Stevenst al. (1997) for calculating atom% &N in N2O:
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atomo615N-N20 = 100 {5R + 2 *46R-17R - 2 *18R) / (2 + 2 *#5R + 2 *46R)  (2)

where**R refers to the ratio between the peak areas ofitn&and 44%°R to the ratio between the
peak areas of m/z 46 and 44, wHilB is set to 3.8861*1Hand'®R to 2.0947*1¢ (Kaiser et al.

2003).

Emission rates of O (ug N n1? hrl) were calculated by linear regression @ON\concentrations
over time. The atom%N of emitted NO was calculated using atom®® and concentration data

of N2O at three time points, based on the ‘Keeling @pproach (Yakir and Sternberg 2000):
Ceoe = Coda + Csds (3)

where G, G, and G represent the XD concentrations in the ecosystem (collected biicsta
chamber), in the atmosphere, and that of emissiorces, respectivelyg, 6aandds represent the

atom%?%N of N>O in the ecosystem, in the atmosphere, and tren@fsion sources, respectively.

Atom% °N-excess was calculated for the NHNOs™ and total soil N pool and for emittecdb®
by subtracting the atom9%N in the corresponding reference treatment at saahpling. If not
specified otherwise, atom¥%N-excess values are abbreviated in the text ag%t®NnH4’, ‘atom%o
BNnog', ‘atom% Nsei’ and ‘atom%°Nn2o', respectively. The soil residual N pool was detin
as ‘total soil N minus mineral N'. ThEeN recoveries (%) in Nk, NOs” and soil residual N at

each sampling were calculated as:
15N recovery (%) = 100 (ot atom%*°N-excess) / mided  (4)

where m represents the N pool size (concentration) at eachpling and Raded the absolute
amount of addetPN for each specific treatment. Fos®lemission, we calculated cumulativi

recovery in NO by linear interpolation between adjacent timensi
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Gross rates of production (m) and consumption f(iNH4* were calculated based &N pool
dilution and N mass balance in tf&lH4 treatment (Davidson et al. 1991). The equatioesl urs

this study were derived from Kirkham and Bartholen{@954):
m =[(Mo - M) / ] * [log (HoM / HMo) / log (Mo/ M)], m# i (5)
i =[(Mo-M)/t]*[log (Ho/ Mo) / log (Mo/ M)], m# i (6)

where t represents time (d),oMnd M the sizes of thé*'N pool at t = 0 and t, respectively (mg
N g dry soil), and Hand H the size of théN pool at t = 0 and t, respectively (mg N dry soil).
Here, the gross production of WHequals mineralization, and the gross consumptiadH is

equivalent to the sum of immobilization and nitréftion (Davidson et al. 1992).

When calculating the gross production (m) and cotpgion (i) rates of N®, the above equations
needed to be modified as the concentration of M@ not change significantly with time (m =i;

i.e. steady state). Therefore, another equationappbed (Kirkham and Bartholomew 1954):
m=i=(Mo/t)*log (Ho/ H) (7)

Here, the gross production of N@enotes nitrification, and the gross consumptioN©O% is the
sum of immobilization, denitrification and dissiatibry reduction to ammonium (DNRA)

(Davidson et al. 1992).

The net rates of XD emission and DNRA were estimated based on thelative 1Nn2o in 1°NH4

and®™NOs treatments antNnh4 in 1°NOs treatment, respectively.

Partitioning of N2O production pathways
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Assuming that MO is only produced through either nitrificationdenitrification (Firestone and
Davidson 1989), we used a two end-member mixingyaisao apportion BD to the two processes

(Stevens et al. 1997, Zhu et al. 2013a):
am=d*a+(1-d)*a (8)

where ais the atom%3°N of N2O, & the atom%3°N of NHs*, ai the atom%°N for NOz" and d
the fraction of NO that is derived from denitrification. In this dy atom%?!°N data from the
5N O3 treatment was selected for end-member mixing aimlas the N® pool has atom%°N
distinct from the NH* pool. Note that our partitioning does not distiistpubetween autotrophic
and heterotrophic nitrification, @8N enrichment in WO produced by both pathways was at the

same natural abundance level.
Satistics

Statistical analyses were performed with Minitab.21%5 (Minitab Inc., USA). Significant

differences in N concentrations, atom9l and>N recovery along the time series within each
site or treatment were examined by One-way ANOV&wiost hoc Tukey test. The differences
in N concentrations, atom3sN and!°N recovery among sites and treatments were tesiéd w

repeated ANOVA. Significance levels were set atqpG5, unless specified elsewhere.
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Results

Climatic conditions, soil temperature and moisture

A total of 173 mm rain occurred from June 1 to JABethe day the label was applied (Fig. 2a).
Therefore, soils had large WFPS values, about 768 8% at the upper and lower sites,
respectively, at the beginning of the experimeig.(Eb). In the 7-day period from sampling 1 to
6, no rain occurred and WFPS gradually decreasadbbyt 10% (Figs. 2a and 2b). From sampling
7 (30 June) onwards, rain episodes (> 10 nm) imcreased the WFPS to about 75% (upper site)
and 90% (lower site). WFPS was significantly largethe lower than at the upper site (on average

79% and 67%, respectively).
N concentrations of different N pools

The NHy" and NQ concentrations in KCl extracts and soil waterltdt contents in soil and2®
emissions were not significantly different amorgatments (including the Reference; Fig. 3 and
Figs. S1 and S2). In soil water, the NHoncentration was extremely small compared ta'NO
Both mineral N (the sum of KCI extractable NFnd NQ’) and total N in soil (Figs. 3 and S1)
were smaller in the AB horizon (< 1@ N g dry soift and ~ 1.5 g N kg dry soi) respectively)
than in the O/A (~ 2@ug N g dry soitt and ~ 5 g N kg dry sol| respectively). In general, NH
prevailed over N@ in extractable mineral N in both O/A and AB honzoat the upper (P1), but
not at the lower site (P2) (Fig. 3). In all treaniteeexcept thé°N-Glut treatment, the dD fluxes

at the lower site were significantly smaller thaage at the upper site, during the first six samgpli

dates (viz. prior to new rainfall).

NH4* concentrations in KCI extracts decreased signiflgafrom sampling 1 to 6 at both sites,

while those for N@ remained stable (Fig. 3). A spike of®emission (up to 1008y N m? hr?)
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was observed ~7 hr after label application. Afterhs, emission rates stabilized and increased
again after 174 hr, when new rain episodes caussthip increase in WFPS (Figs. 4 and 2b).
Total mineral N and bulk soil N fluctuated in tim®yt differences within the same treatment were

not significant among samplings after tHé @ay of the experiment.
Atom% >N-excess in various N pools

In the O/A horizon, the initial atom%Nnwa of KCI extracts in thé®NH4 treatment was about 10%
at both the upper (P1) and lower site (P2) andedsad gradually with time (Figs. 4a and d).
Simultaneously, atom%Nnos increased to 7-10% within the first 50 hr, andhtdecreased with
time. This temporal dynamic was faster at the losit, with larger atom%°Nnos than atom%
NInwa after 25 hr. The atom%3Nsoi was fairly constant with time. In general, thema® °*Nn2o

was below 5%, and its temporal dynamics followeat tf NG

In the NOg3 treatment at both sites, atom%nos declined significantly with time, from about
30% to near 0% (Figs. 4b&e). Although significantlyrrelated, atom%*Nn20was smaller than
atom%°Nnos. Atom% °Nnwa in the®NOs treatment was close to zero throughout the exgarim

and atom%°Nsoi was unaffected b¥NOs application.

For the'>N-Glut treatment (Figs. 4 c&f), the temporal patenf atom%->Nnwa, atom%*>*Nnos
and atom%3°Nn20 resembled those of theNH4 treatment, although the atom%blsoi during the
final samplings was significantly larger than ie tANH. treatment. Aftet°N-Glut addition at the
lower (P2) site, atom%Nnns, atom%*Nnos and atom%°Ns.i increased instantaneously (after

0.5 hr), earlier than for the other treatments.
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In the AB horizon, the atom%N dynamics of the different N pools were similarthose in the
O/A horizon, albeit less pronounced (Fig. S3). Hegvethe values of atom%Nnos fluctuated

strongly in time and values were highly variablecagnreplicates.
BN recoveriesin different N pools

In the >NH4 treatment at the upper site (P1, Fig. 5a), initelovery rates were > 90%, but
decreased with time to about 53%, 219 hr afteretracldition. Recoveries in the NHpool
declined quickly during the initial 50 hr, whilegthecovery o#>N in the NQ pool increased. The
recovery rates 0N in mineral N (sum of Nkt and NQ) in the O/A horizon showed an overall
decrease from 42% to 1.3% throughout the experimehbth sites, with an intermittent plateau
between 26 and 50 hr. Already 0.5 hr atfé\tH4 addition, 39% of the added tracer was found in
the soil residual N pool of the O/A horizon. Theaeery of'>N in the residual N pool increased
further until reaching about 59% at 144 hr. The Wdsizon of the soil contributed less than 18%
to the total'>N recovery in thé>NH4 treatment, mainly as NDand soil residual N. The 29
emitted from thé>NH, plots throughout the entire observation periocbanted for < 2% of the

added™N.

At the lower site (P2, Fig. 5d), theN distribution pattern in théNH4 treatment generally
resembled that of the upper site. However,therecovery in N@ was significantly larger in
both soil horizons than at the upper site. Alsordm®very of°N from the addeé@NH4* in °NOs-

was faster at the lower site (P2) than at the upper(P1) (Figs. 5a and d).

In the!>NOs treatment at both upper and lower site (Figs.r&be),'°N recovery was greatest in
the NQ pool. Total recoveries decreased more quickly thahe!>NH, treatment and at the last

two samplings of the experiment, the non-recovéisdcamounted to > 80%. THeN recovery in
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NOs decreased from about 65% to 1.0% in the O/A haremod from about 15% to 5.0% in the
AB. The soil residual N in the O/A horizon contribd significantly less to thEN recovery than
in the>NH4 treatment. Cumulative®N recoveries in BO after 219 h were larger than in i H4
treatment, accounting for about 6.0% and 2.5% efatided°N at the upper (P1) and lower site

(P2), respectively.

In the®>N-Glut treatment (Figs. 5¢ and f), more than 70%Nfwas recovered in the soil residual
N pool (about 65% in the O/A and 7% in the AB horiz Mineral N contributed less N
recovery than in the other treatments. Neverthel@§srecovery in N@ from the O/A horizon
0.5 hr afte®>N-Glut application was larger (12%) at the lowearttthe upper site, and larger than
at both sites in th®NHa treatment. TotaPN recoveries declined to about 60% after 219 hilaim

to those in thé>NH4 treatment.
GrossN transformation rates in the O/A horizon

Gross NH* mineralization rates averaged 3.27 (+1.66) an8 8:0.45)ug g* d* for the upper
(P1) and lower (P2) site, respectively, while gridss™ immobilization rates averaged 4.39 (+3.67)
and 3.84 (£1.88)g g d* (Table 1). Gross nitrification rates were 1.10.68) and 1.28 (£0.57)
ug gt d? for the upper and lower sites, respectively. Thesg transformation rates were not
significantly different between the upper and tbedr site. The average cumulativeONloss
throughout 219 hr was 0.18 N g d* at the upper site, which was significantly lartfen 0.05

ug gt dt at the lower site. DNRA rates were small and itidggiishable between sites (0.08 g

1,
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Discussion

Fate of atmogenic NOsz™ in soil

Initial recovery (after 0.5 hr) dfN in the®NOsz treatment was large, and dominated'#yOs".
However, the total recovery (in O/A and AB horizpaecreased strongly with time to values
below 20% after 9 days (Figs. 5b and e). Previtudiss in the TSP catchment indicated strong
NOzs" leaching from soils on the hillslope (Chen and #4ul2007, Larssen et al. 2011, Huang et
al. 2015), suggesting that loss by leaching, rastdformation, is the dominant fate of deposited
NOs. In our™NQOs treatment at both sites, leaching of unprocess®g Was supported by the
recovery of'>N in the deeper AB horizon, where tH&l recovery in KCl-extractable NDwas

significantly greater than in the other two treattsg(Figs. 5 and S3).

We roughly estimated the contribution of B@aching to non-recoveréeN based on water flux
and NQ concentrations in soil water for the initial 6 gdimgs, and found that 21% to 28% of
the applied®N was lost by leaching (Table S1). This would ekptaore than half of the missing
N (40% of added®N). However, we calculated the water flux from tiet change of volumetric
soil moisture throughout the initial 144 hr, whigtobably underestimates the gross water flux due
to water replenishment from upper hillslopes (Stdvoet al. accepted). Initially, theN recovery

in the residual soil N pool (which excluded KClH&dtable inorganic N) was small (a few %) at
both sites, but increased to maximum values of 8P@% after 50 to 95 hr. This suggests that the
residual soil N pool has a dynamic character madjathort-term, temporar}NOs™ retention,

followed by**N release.
Fate of atmogenic NH4* in soil

In the>NH, treatment, recovery dPN was greater than in tH&NOs treatment, reaching values
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between 50 and 80% after 9 days, at the uppercaver Isite, respectively (219 hr; Figs.5a and d).
This decline in recovery with time was less prormaehthan in thé>NOs treatment. Most of the
added>NH4* was recovered in the residual soil N pool, indigpastrong retention of added NH
This is in accordance with previous short-term drastudies, reporting high N retention in
temperate and tropical forest soils (Perakis 2@05, Templer et al. 2008, 2012). High retention
of NHs" may be attributed to clay fixation (Nieder et2011). However, more likely, this reflects

the dominance of microbial immobilization in WHetention (Tahovsk et al. 2013).

Re-mineralization with subsequent nitrificatiom, ithe release of N#from organically retained

N and its biological conversion to NChas been acknowledged as an important pathway for
indirect NQ leaching from forest ecosystems (Curtis et al.120Traditionally, the nitrification
process was believed to be inhibited in acid foseds due to the limited availability of NHor
ammonia oxidizing bacteria (De Boer and KowalchQRD). However, we observéeN-enriched
NOs immediately after the addition 6INH4* (Figs. 4 and 5), indicating rapid nitrification. &h
gross nitrification rates, which did not differ sificantly between the upper and lower sites (Table
1), were smaller than rates reported for the oxgkayier of temperate forest soil (Tahovsk et al.
2013), but comparable to those reported in surfaiceeral soils (0-5 cm) from subtropical and

tropical forest soils (Templer et al. 2008, Zhahgle2013, Rutting et al. 2015).

If NH4* oxidation is the only source of NQthe!>N enrichment of N® would never exceed that
of NH4* at any given time point (Hart and Myrold 1996). Yieom the second sampling of our
study onwards, (Figs. 4a and d) we found latgerenrichment in N®@than in NH*, especially
at the lower site. This indicates that N@as not only produced frotaN-enriched NH*, but also
from other'®>N-enriched sources. Regarding that the total ssidual N pool was little enriched

in N (Figs. 4a and d), a more dynamic, labile, aP\d-enriched fraction of it must have
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contributed td®NOs production. We did not measuf@ uptake into the soil microbial biomass,
but the microbial N pool is the fastest turning oeegganic N pool in soil (Stark and Hart 1997),
likely accumulating!>N through immobilization. Our finding 0N in NOs~ exceeding that in
NH4* in the 1>NH,4 treatment could thus be explained by re-mineratimaof immobilized°N
followed by autotrophic nitrification and/or directonversion of organic N to NO by
heterotrophic nitrification. The latter pathway waspported by greaté?N enrichment in N@
than in NH* in the'>N-Glut treatment (Figs. 4 and 5c and f). This dffgas more pronounced at
the lower (P2) site, where significantly lardgeX enrichment in N® than in NH* was observed
already from the first sampling onwards (0.5 hmjicating greater importance of heterotrophic
nitrification there. Since fungal communities, whiare abundant in acid soils, tolerate lower
oxygen tensions than bacteria (Stroo et al. 19@@)gal driven heterotrophic nitrification may
offer an explanation for the enhanced heterotrophtitication activity observed at this site (Zhu
et al. 2014). To the best of our knowledge, thighe firstin situ observation supporting

heterotrophic nitrification activity in acid subpical forest soils (Zhang et al. 2013, 2015).

In a previous study on natural abundance ot'N€&dtopic signatures in the TSP catchment, we
found greatly dampene&t®O signals in soil water NOcompared to throughfall N indicating
that the soil N@ was mostly derived from soil process (Yu et all&0 This seems to contradict
our finding based o#fPNOs tracing (Figs. 5b and d), which suggested dimathing (Curtis et al.
2011) without appreciable processing. However, esinore than 60% of the atmogenic N
deposition at TSP consists of AN, soil NG is likely a mixture of atmospheric and
nitrification-derived N@ as has been found by others (Rose et al. 2015) Maportantly, this
implies that, currently at TSP, nitrification ofnagenic NH* is quantitatively more important

than NQ" deposition for overall soil N©leaching.
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N20O emissions in response to atmogenic N inputs

End-member mixing analysis showed that the contiobuof nitrification and denitrification to
N20 production varied with changing WFPS (Fig. 6)deafluxes occurring at high WFPS values,
could all be apportioned to denitrification. Thiatches findings by (Zhu et al. 2013a), who
reported 71% to 100% of the emittedONto be due to denitrification in the same hillgcwils.

In our study, the importance of nitrification foe® emission increased when WFPS decreased
below 60% at the upper site and below 70% at theicsite (Fig. 6). Khalil et al. (2004) and
Mathieu et al. (2006) observed nitrification to trdsute more than 60% toJ® production in
unsaturated soils in agricultural soils. Also, aidasubtropical forest soils of China, Zhang et al.
(2011) attributed 27% to 42% of the@®!production to nitrification at WFPS values betwd@%

to 52%. Long-term observations at TSP have shoatittie WFPS in hillslope soil is below 60%
outside the rainy season (Zhu et al. 2013c). Theseft is likely that nitrification contributes
significantly to the small PO emissions at our site during the dry season, edselarger BD
fluxes during wet conditions primarily derive fromenitrification. The MO fluxes were
significantly smaller at the lower site, despite igher WFPS (Figs. 6b and S4a). This may be
due to increasing XD reduction to N under high anoxia (Zhu et al. 2013d), which ispsrged

by the fact that D fluxes decreased at higher WFPS (~ 90%), atoiver site.

The cumulative’>N recovery in NO throughout nine days was largest in tPOs treatment,
amounting to 6.0% and 2.5% at the upper and lovtes,gespectively. Such large recoveries of
added N as PO in a short-term experiment are surprising, ag byefar exceed those observed in
5N tracer experiments in temperate forest soil (arye& 1%; Eickenscheidt et al. 2011) and
tropical forest soil (24 hr, 0.05%; Templer et2008). Earlier, Zhu et al. (2013c) estimateDN

emissions amounting to 8% to 10% of annual N déjposiat TSP. In a six-day’N tracing
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experiment on the hillslope at TSP, 1.3% to 3.2%dafed>NOs were recovered in emittecb®
(Zhu et al. 2013a). Despite the relatively wet ¢bad during our sampling period (60-80% at the
upper site and 70-90% at the lower site), our figdiare in line with previous studies, confirming

significant NO losses in response to atmogenic N input duringsmonal summers.

To estimate Nloss, we assumed an®/Nzratio of 1.5, for denitrification in TSP soils, leason
data from amx situ denitrification study (Zhu et al. 2013b). Assumthgt 100% of NO is derived
from denitrification, N emissions would account for 4.0% and 1.7% of dial t°N loss at the
upper and lower sites, respectively. This indicatest the contribution of Nemission to

unrecovered®N loss on the hill slope was far less importannttiaat of N leaching.
Gross N turnover in N-saturated soils

Gross NH* immobilization and mineralization rates for TSHs@Tlable 1) were slightly greater
than those reported from incubation experimentk agid forest soils from southern China (Zhang
et al. 2013), and in the low range of those founttopical forests (Silver et al. 2001, Sotta et al
2008, Templer et al. 2008, Arnold et al. 2009)olm study, gross turnover of NH(~ 3.5ug g

d?1) was significantly greater than gross nitrificati¢~ 1.1ug g* d?), which is similar to the
observation by Sotta et al. (2008), who attributeslto a greater importance of hftdycling than
NOs cycling through the microbial biomass in soil. hesults in a dynamic soil N cycle, in which
soil microbial immobilization/mineralization dices the pace at which NHis released and
nitrified to NOs™ before being leached. However, assuming the ppes slo not change in a long
term, soil N turnover will result in near-quantite conversion of added NHto NGOy, as
suggested by the observation of closed input-outplances in subtropical forests on an annual

basis (Huang et al. 2015).
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5N tracing studies have demonstrated €8s than>NH4* retention in temperate (Tietema et
al. 1998, Corre et al. 2007) and tropical foreStstta et al. 2008, Templer et al. 2008). On a weekl
scale, Corre et al. (2007) and Sotta et al. (2608)d 70% to 100% of addéeNOs™ to be retained

in soil. In our study, we did not recover more t2&&6 of the addetPNOs nine days after addition
(Figs. 5b and e) which also is markedly less th&wi0% recovered four months after addition to
an N-saturated tropical forest soil by Sheng e{24114). This suggests that under conditions of
extreme N saturation, like at TSP (Huang et al520deposited N® is leached directly without
further processing. Since the atmogenic deposaiooxidized N (NQ) is predicted to increase
faster than that of NF in China (Xu et al. 2015, Liu et al. 2016), N-sated subtropical forest
soils are to be expected to show rapid increas@&$Csn leaching with little net-retention, thus

aggravating N pollution of fresh waters in China.
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Table 1 Gross N transformation rates of Mtand NQ' in the O/A horizon estimated by th pool dilution metho#i

Upper site Lower site
Avg. Stdv. Avg. Stdv.
NH4* immobilizatior? 4.39 2.67 3.84 1.88
Mineralization 3.27 1.66 3.08 0.45
?rOSNS regf’ssoﬂl gy Nitification 110  0.52 128  0.57
ng N g dry N2O emissioh 013  0.07 0.05  0.03
DNRA" 0.03 0.00 0.03 0.00

T Due to the rain episode occurring a few hoursrgddhe 7 sampling (174 hours after tracer addition), thesgrtransformation
rates were calculated with data for the first 6 glamys only (0-144 hr after tracer addition).

8 Gross NH* immobilization rate, calculated by subtractingsgaitrification rate from gross NHconsumption rate. This rate may
be an underestimation due to the contribution ¢édogrophic nitrification to gross nitrification.

* Net rates estimated from cumulative production.
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Figure L egends

Fig. 1a Location of the two experimental sites (P1 andd®2a Northeast facing hill slope of the
Tieshanping (TSP) catchment, Chongging, SW Chifias Bituated near the summit and P2 at
the foot of the hillslope.

1b Set-up of experimental plots at sites P1 and g Bites accommodated three blocks with
four randomly distributed treatments. Treatmentesogre: A=5NH4NOsz, B= NHs*NOs, C=

I5N-Glutamic acid, D= Reference.

Fig. 2a Hourly air temperature and precipitation from hdto 4 July, 2015. The eight sampling
time points are indicated in red. Label additiorswlane on 23 June, 2015, 0.5 hr prior to the
first sampling (sampling 1).

2b Averages and standard deviations (n = 12) ofteniperature (open circles) and water filled
pore space (WFPS; vertical bars) for sites P1 (upipe) and P2 (lower site). The x-axis

indicates the time after label application.

Fig. 3 Concentration of Nk and NQ' in KCI extracts, total N content in bulk soil (hah O/A
horizon) and MO emission flux for the Reference (panels a antPM)4 (panels b and f}°NO3
(panels ¢ and g) artéN-Glut (panels d and h) treatments. Upper and |qvaeels refer to P1
(upper site) and P2 (lower site). Values are maaisstandard errors (n = 3). The x-axis

indicates the time after label application.

Fig. 4 Atom% *N-excess of N& and NQ" in KClI extracts, total soil N (in the O/A horizon)
and emitted BO for the!>NHa (panels a and d)°NOs (panels b and e) artéN-Glut (panels ¢
and f) treatments. Upper and lower panels ref@ltgupper site) and P2 (lower site). Values are

means and standard errors (n = 3). The x-axisatelicthe time after label application.

Fig. 5 Average™N recovery (n=3) in different N pools {#iNH4 (panels a and d)’NOs (panels
b and e) and®N-Glut (panels ¢ and f) treatments. Upper and Iguearels refer to P1 (upper site)
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and P2 (lower site). OA and AB represent the O/A AB horizons, respectively. The x-axis

indicates the time after label application.

Fig. 6 Meanpartitioningof N2O fluxes to nitrification and denitrification atetupper (P1) site
(panel a) and the lower (P2) site (panel b). Tlaed background indicates water filled pore
space (WFPS; average values are presented, nlag¢sFeould not be not partitioned for the
first sampling date (0.5 hr), since the atori?® in N.O decreased during the initial hours after

label application.
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Table S1 Comparison of estimatééN loss by N@ leaching from the upper 0-15 cm of the soil to-necovered®N in the!>NOs
treatment during 144 ht®N loss by N@ leaching was estimated 8Os leaching (%) = atom%°Nnos leached * NG

concentration (mg t£) * water flux (L) / 1000 / amount of addéeN (g). The atom%°Nnos leached was estimated as the average
atom%?*°Nnosz in the soil KCI extracts measured in the top Cigelr (0-5 cm), assuming that M@eached to the AB layer (5-15 cm)
had the same atom%Nnos than the N@ in the top layer. The average was calculated freasured values between 7 and 26 hr, as
the dilution of'>N signals in N@ followed a non-linear curve (Figs. 4b&e). Concetiras of NQ in the leachate were assumed to
be stable in time (Fig. S2). The leachate volums @stimated from the change in volumetric soil tuoes(10 cm) recorded between
0 and 144 hr, during which no rain (or new N inpadyurred (Fig. 2b).

P1, Upper site P2, Lower site

Non-recovered®N (% of added®N) 45.0 40.0
Cumulative leachet’NOz (% of added®N) 27.8 21.2
Estimated atom%°N-excess of the leached N@%) 25.0 28.0
Average NG-N concentration in soil water (mg. 10.7 115
Water loss by leaching and evapotranspiration (L) 491 9.50
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Abstract

Chronically elevated nitrogen (N) deposition has tie severe nutrient imbalance in forest soils.
Particularly in tropical and subtropical forest ggstems, increasing N loading has aggravated
phosphorus (P) limitation of biomass productiord has resulted in elevated emission of nitrous
oxide (NO) and reduced uptake of methane g Hoth of which are important greenhouse gases.
Yet, the interactions of N and P and their effantsGHG emissions remain understudied. Here,
we report NO and CH emissions together with soil chemistry data fer dhperiod of 18 months
following P addition (79 kg P hayr?, applied as NafPQs powder) to a N-saturated, Masson
pine-dominated forest at TieShanPing (TSP), CharggdsW China. We observed a significant
decline both in N@ concentrations in soil water (at 5- and 20-cm kigpand in MO emissions,
the latter by 3 kg N hlyr. We hypothesize that enhanced N uptake by plartsail microbes

in response to P addition, results in less availalils for denitrification. By contrast to most other
forest ecosystems, TSP is a net source of @klifor NO, P addition significantly decreased £H
emissions, turning the soil into a net sink. Basedur data and previous studies in South America
and China, we believe that P addition relieves INkition of CHs oxidation. Within the 1.5 years
after P addition, no significant increase of forggtwth was observed at TSP, but we cannot
exclude that understory vegetation increased. @ulyssuggests that P fertilization of acid forest
soils could mitigate GHG emissions in addition lexaate nutrient imbalances and reduce losses

of nitrogen through N@ leaching and BD emission.

Key Word: N20 and CH emission, N saturation, Phosphate fertilizatianl, GH4 uptake, acid

forest soil.
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I ntroduction

Anthropogenic activities have transformed the t&rral biosphere into a net source of LN-O
and CQ, leading to increased radiative forcing (Montzkale 2011; Tian et al., 2016). During
the last decade, atmospheric concentrations of C&s, N2O have increased at rates of 1.9 ppm
yri, 4.8 and 0.8 ppb ¥t respectively (Hartmann et al., 2013). In Chi& éxponential increase
of reactive nitrogen (N) input into the biospheirece the 1970s has likely led to more carbon (C)
being sequestered in the biosphere (Cui et al.3;2@hi et al., 2015). However, enhanced
emissions of MO and CH due to chronic N pollution potentially offset theoling effect by C

sequestration (Liu and Greaver, 2009; Tian efall1).

Microbial nitrification and denitrification in salaccount for about 60% ob® emissions globally
(Ciais et al., 2013; Hu et al., 2015). Although¢robial activity is often restricted in low pH soil

of unproductive forests, surprisingly largeQNemissions have been reported from acid, upland
forest soils in South China (Zhu et al., 2013b)éteed average XD fluxes in humid, subtropical
forests range from 2.0 to 5.4 kgha! (Fang et al., 2009; Tang et al., 2006; Zhu et24l1,3b),
which by far exceeds global averages for temperateopical forest ecosystems (Werner et al.,
2007; Zhuang et al., 2012). This has been attribtdefrequently shifting aeration conditions
during monsoonal summers, promoting both nitrifaatand denitrification (Zhu et al., 2013b)
and to large soil N® concentrations due to efficient cycling of depediiN in acid subtropical

soils (Yu et al., 2016).

Chronically elevated rates of N deposition (30-@5ha! yr'; Xu et al., 2015) have resulted in
strong nutrient imbalances in southern Chinesestsy@aggravating phosphorus (P) limitation (Du

et al.,, 2016). Phosphorous deficiency in N-satdrdteests restricts forest growth and thus
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constrains its capability to retain N (Huang et2015; Li et al., 2016), resulting in ample amaunt
of mineral N (NH* and NQ@) being present in the soil solution. AccordingHall & Matson
(1999) observed larger.® emission in P-limited than in N-limited tropidarests after 1 year of
repeated N addition. Likewise, previous N manigalastudies in forests of South China reported
pronounced stimulation of & emissions by N addition (Chen et al., 2016; Wangl., 2014;
Zheng et al., 2016), supporting the idea that Rdimon causes forests to be more susceptible to
N saturation and pO-N loss. In an N-limited tropical montane forestsouthern Ecuador, P
addition alone (10 kg P hayr?') had no effect on 0 emissions during the first two years.
However, NO emission was smaller when P was added togethierNW{50 kg N ha yr?) than
treatments with N addition alone (Martinson et 2013). After continued fertilization for three
years, also P addition alone reduce®Mmissions at these sites (Muller et al., 20Xbjrdpical
China, with high N deposition (~ 36 kg-har?; Mo et al., 2008), P addition (150 kg P'ha™t)

to an old-growth forest revealed a similar pattavith no initial effect on NO emissions (0-2
years) but a significant longer term effect (3 tgefars) (Chen et al., 2016; Zheng et al., 2016). In
a secondary tropical forests in South China, Waral. €2014) found no effect on.® emissions

of P alone (100 kg P Hayr?), and in treatments combining P with N (100 kga lr?), N.O
emissions even increased during the wet seasomwigle, they observed a significant increase
in soil microbial biomass after P addition, whishin line with previous findings in tropical forest
soils of South China (Liu et al., 2012). Thus, tladlyibuted the stimulating effect of P addition on
N20 emissions to the larger nitrification and defigation potential of the increased soil microbial
biomass. This was also proposed by Mori et al. 420based on results from a short-term

incubation study with P addition, excluding plaoots.
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As the sole biogenic sink for GHupland soils play an important role in balandexgestrial CH
emissions (Ciais et al., 2013; Dutaur and VercR607). Atmospheric CHuptake in soil is
mediated by the activity of methanotrophic bactesibich oxidize CHto CQ to gain energy for
growth. Well-drained forest and grassland soils dominated by yet uncultured, high-affinity
methanotrophs residing in the upper soil layersNleg and Roger, 2010). In addition to edaphic
factors (pH and nutrients), other parameters affgcthe diffusion of CH into the soil (soll
structure, moisture, temperature) are believeetthb major controllers for GHiptake (Smith et
al., 2003). A number of studies have shown thaesxd\ affects CHfluxes in forest soils (Liu
and Greaver, 2009; Veldkamp et al., 2013; Zharad.e2008b). In general, N addition promotes
CHs uptake in N-limited soils by enhancing growth amttivity of methanotrophs, whereas
excessive N input and N saturation inhibit £bkidation on an enzymatic level (Aronson and
Helliker, 2010; Bodelier and Laanbroek, 2004). Hitaon experiments in N-enriched soils have
shown positive effects on GHiptake (Mori et al., 2013a; Zhang et al., 2011},the underlying
mechanisms, i.e. whether P addition affects thenamettrophic community in soils directly or
alleviates the N-inhibition effect on Gldxidation through enhanced N uptake (Mori et2813b;

Veraart et al., 2015), remain unresolved.

Subtropical forests in South China show strongssifriN saturation, with exceedingly high O
concentrations in soil water (Larssen et al., 2@y et al., 2013Db). Little is known about how P
addition affects N cycling and2® emission in these acidic, nutrient-poor soilkelise, the
importance of increased mineral N concentrationsdd-atmosphere exchange of £ldnd how
this is affected by P fertilization remain to bei@tlated for soils of the subtropics. Here, we
assessed 20 and CH fluxes in an N saturated subtropical forest in EWha under ambient N

deposition and studied the effect of P additioneamssion rates, nutrient availability and tree



98 growth. The objectives were i) to quantify ambisla© and CH emissions, ii) to test whether P
99 affects N cycling in a highly N-saturated forestai) to investigate the effect of P addition on

100 N20 and CH emission.
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Materials and M ethods

Stedescription

The study site “TieShanPing” (TSP) is a 16.2 hdrsyical forest (29° 380 N, 106° 410 E; 450 m
a.s.l.), about 25 km northeast of Chongging, SWh&hTSP is a naturally regenerated, secondary
mixed coniferous-broadleaf forest, which developéi@r clear cutting in 1962 (Larssen et al.,
2011). The forest stand is dominated by Masson (#nis massoniana) and has a density of
about 800 stems HaHuang et al., 2015). Having a monsoonal clima@? has a mean annual
precipitation of 1028 mm, and a mean annual tentpezyaf 18.2°C (Chen and Mulder, 2007).
Most of precipitation (> 70%) occurs during the soen period (April to September). The soil is
a loamy yellow mountain soil, classified as Haplarisol (WRB 2014), with a thin O horizon (<

2 cm). In the O/A horizon, soil pH is around 3.d@ddahe mean C/N and N/P ratios are 17 and 16,
respectively. In the AB horizon, which has a sligligher pH, mean C/N is well above 20. More

details on soil properties are presented in Table 1

Annual N deposition at TSP measured in throughfalies between 40 to 65 kg-hand is
dominated by NE' (Yu et al., 2016). According to regional data, aanP deposition via
throughfall is < 0.40 kg h&a(Du et al., 2016). Strong soil acidification atFrBas resulted in severe
decline in forest growth (Li et al., 2014; Wangakt 2007), and in abundance and diversity of
ground vegetation (Huang et al., 2015). Pronoumtedturation with strong Nfleaching from
the top soil has aggravated P deficiency (Huamad €2015). The total P content in the O/A horizon

is ~ 300 mg kg, while By is smaller than 5 mg Kg(Table 1).

Experimental Design
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Three blocks, each having two 20 m * 20 m plotstemestablished near a hilltop on a gently
sloping hillside. A 5-m buffer strip separated twe plots in each block. In each block, plots were
assigned ad random to a reference (Ref) and aaBnieat. On 4 May 2014, a single dose of P
fertilizer was applied as solid NaPiOy2H;0, at a rate of 79.5 kg P-haThe amount of P added
was estimated from P adsorption isotherms (Suppitang Materials, Table S1 and Figure S1),
to ensure significantly increased available P if? B8il. To apply P fertilizer evenly, we divided
each plot into a5 m * 5 m grid and broadcastedothedered fertilizer by hand in each grid cell.
The P dose applied at TSP was intermediate as aechfmthe 10 kg P Hayr! applied by Miller

et al. (2015) to a mountain forest in Ecuador amd 150 kg P hayr?! applied by Zheng et al.

(2016) to a subtropical forest in South China.

Sample collection and analyses

Within each plot, triplicates of ceramic lysimet¢P80; Staatliche Porzellanmanufaktur, Berlin)
were installed at 5- and 20-cm soil depths in Au@@4 3. To obtain water samples, 350-ml glass
bottles with rubber stoppers were pre-evacuatemhgus paddle pump, and connected to the
lysimeters for overnight sampling. Between Noven®@t3 and October 2015, we sampled soill
pore water bi-monthly in the winter season and mmgnduring the growing season. All water
samples were kept frozen during storage and tranhsponcentrations of NF, NOs, potassium
(K*), calcium (C&"), and magnesium (Mg in soil water were measured at the Research €ente
for Eco-Environmental Sciences (RCEES), Chinesed@ogy of Sciences, Beijing, using ion

chromatography (DX-120 for cations and DX-500 foioas).

In August 2013, soils from the O/A (0- 3 cm), AB§®Em) and B (8-20 cm) horizons were sampled

near the lysimeters for soil analysis. Total P ptaht-available P contents were monitored in
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samples collected from the O/A horizons every soaths, starting two days before P addition.
Soil samples were kept cold (<°@) during transport and storage. Before analysi$,samples
were air dried and sieved (2 mm). Soil pH was messin soil suspensions (10 g dry soil and 50
ml deionized water) using a pH meter (PHB-4, Le@hina). Total soil C and N contents were
determined on dried and milled samples, using aQE@mental analyzer (TruSERCHN, USA).

To measure total P, 1 g dry soil was digested Withl of 6 M BSQs (Singh et al., 2005) and
measured as ortho-phosphate by the molybdenum rokethod (Murphy and Riley, 1962).
Ammonium lactate (0.01 M)-extractable P andFextractable P (fPand R0, respectively) were
measured as ortho-phosphate after extraction (dr$ goil in 50 ml solution) (Singh et al., 2005).
Ammonium oxalate (0.2 M)-extractable Fe, Al and &evmeasured by inductive coupled plasma

(7500; Agilent) after extraction (1.5 g dry soil30 ml solution).

From August 2013 onwards, we measure®MNnd CH emissions in triplicate in micro-plots
close to the lysimeters, using static chambers @hai., 2013b). To investigate the immediate
effect of P addition on dD emissions, we sampled the gas emissions onceeb@&dviay) and
three times (7, 10 and 12 May) after the P apptioaiGas samples (20 ml) were taken 1, 5, 15
and 30 minutes after chamber deployment and irgectt® pre-evacuated glass vials (12 ml)
crimp-sealed with butyl septa (Chromacol, UK), ntaining overpressure to avoid contamination
during sample transport. Mixing ratios ofz® CQ: and CH were analyzed using a gas
chromatograph (Model 7890A, Agilent, US) at RCEE&ipped with an ECD for detection of
N20 (at 375°C with 25 ml mint Ar/CH4 as make up gas), a FID for @250°C; 20 ml min* N2

as make-up gas) and a TCD for £CExchange rates between soil and atmosphere

(emission/uptake) were calculated from measuredartration change in the chambers over time,
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applying linear or polynomial fits to the concetiva data. Cumulative XD emissions over time

were estimated by linear interpolation between messent dates (Zhu et al., 2013b).

From October 2013 onwards, litterfall was collectlieding the first week of every month in five
replicates per plot. Litterfall collectors were reaof 1 n? nylon nets (1 mm mesh size), held in
place by four wooden poles 0.8 m above the grotnesh litter was dried at 65. In early
November 2013 and 2014 (at the end of the groweasen), we collected current-year pine
needles from several branches of three trees mmat The collected needles were dried a®5
and the dry weight of 500 needles was determinedul#sample was dried at 8D and finely
milled prior to chemical analysis at the Chineseademy of Forestry. Total C and N were
measured using an elemental analyzer (FLASH 2086rmo Scientific; USA). The contents of
K, Ca, Mg and P in the needles were determinedCByAES (IRIS Intrepid II; Thermo Scientific;
USA) after digesting 0.25 g dry weight samples vétml of ultra-pure nitric acid. In November
2013, and 2014, and in February of 2015, we medghesheight and the diameter at breast height
(DBH) of 6 to 10 Masson pines (only those with DBF cm) at each plot. These data were used
to estimate the standing biomass of Masson pingscban standard allometric equations (Li et al.,

2011; Zeng et al., 2008).

Daily average air temperature and sum of precipitatvere monitored by a weather station
(WeatherHawk 232, USA) placed on the roof at thealdorest bureau, in about 1 km distance

from the sampling site (Yu et al., 2016).

Satistical analyses

Statistical analyses were performed with Minital?1% (Minitab Inc., USA). All data were tested

for normality (Kolmogorov-Smirnov’s test) and hormaedasticity (Levene’s test) before further

10
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analysis. If not normally distributed, the data @/#ren normalized by logarithmic transformation.
Due to heterogeneity between blocks, data on gasedl and mineral N concentrations are
presented separately for each block. One-way ANQY4S used to evaluate differences in gas
fluxes, as well as nutrient concentrations in s&iij water and plants between treatments and

blocks. Significance levels were set to p < 0.08pt specified otherwise.
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Results

Nutrient concentrations in soil and soil water

Addition of P resulted in a significant increaseswil P content in the O/A horizon, both ag P
and total P (Table 2). However, after 15 monthsy &a. indicated an enhanced P status, while
total soil P did not differ significantly from bagtound values at the reference sites. P addition
had no significant effect on soil pH, or soil C eddontent. The N& concentration in soil water
collected at 5 cm depth varied seasonally, witmificantly greater values (30-40 mg NYL
towards the start of the growing season (April,. B8) in 2015, but not in 2014, likely due to
dilution by abundant precipitation in February toafgh 2014. Addition of P resulted in
significantly smaller N@ concentrations in soil water at 5 and 20 cm deptiiocks 2 and 3 but
not in block 1 (Fig. 1). In general, the concentraiof NHs* in soil water was small (< 0.6 mg L

1) and not affected by P addition (Fig. S3). At bdépths, mean soil water concentrations ofMg
and C&* were significantly smaller in the P-treated thiam teference plots, and the sum of charge

of base cations declined significantly in respaese addition (Fig. S4).

N2O and CHg4 fluxes: effects of P addition

During the experimental period,-8 fluxes varied seasonally (Fig. 2), showing a idicgmt
relationship with daily precipitation (Fig. S5ajtlmot with daily mean temperature (Fig. S4b). In
the reference plots, mean®fluxes were generally below 5@ N m? hrtin the dry, cool season,
but reached up to 6Q& N n12 hrtin the growing season (Fig. 2). Average and cutivddluxes

of N2O differed greatly between the three blocks (F&yand 4, respectively), with the greatest
annual emission observed in the reference plotkg 9 ha') of block 2. Mean MO fluxes during

the 1.5 years after P addition were smaller irttieatments than in the references, the diffesence
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being significant in blocks 2 and 3 (Fig. 3). Cuatide NNO emissions showed that P addition
resulted in a decrease in®l emission by about 3 kg N figrt, which is a 57% reduction on
average (Fig. 4). No immediate effects (within dafd addition on BO emission were observed

(Fig. S6).

CHafluxes varied greatly between blocks (Fig. 5). -Hetissions of Cklwas observed in summer
2013 (~ 80ug C m? hrY) in blocks 1 and 2, whereas block 3 showed; @ptake. From spring
2014 until October 2015, CHluxes were less variable in all blocks, with \edufluctuating
around zero. A longer period of net-emission waseoled in block 3 during the dry season 2014.
The fluxes did not correlate with either precipgator air temperature (Fig. S5c&d). In the 1.5
years following P addition, mean GHuxes indicated net CHemission (~ +3.8g C m? hr?) in

the reference plots (except for block 1), wherea$i; uptake (~ -6.;,g C m? hr') was observed

in all P- treated plots (Fig. 6). The suppressiffigot of P addition on ClHemission was significant

in blocks 2 and 3, similar to what was found for Néncentrations andJ9 fluxes.

The effect to P addition on tree growth

Throughout the 2-year experimental period, we algxkeno change in tree biomass (138t)ha
response to P addition (Table S2). Likewise, theas no effect of P treatment on the 500-needle
weight (13 g on average). Between the two samplim@913 and 2014, we found differences in
chemical composition of the pine needles, but d¢fisct was not linked to P addition. Also, the
C/N and N/P ratios of the needles (40 and 16, ats@dy) were hardly affected by P addition.
Monthly litterfall varied seasonally (Fig. S7), ua significant difference was found between the

reference and the P treated plots.
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Discussion

Background MO emission rates in the reference plots were wegtiarge, with mean values of
40 to 120ug N m1? hr! (Fig. 3). This is within the range previously rejed for well-drained
hillslope soils at TSP (Zhu et al., 2013b), butagee than the rates reported for other forests in
South China. For instance ® emission rates averaged |8 N m? hr' in unmanaged sites at
Dinghushan (Fang et al., 2009; Tang et al., 2006)up to 50ug N m2 hrt in N-fertilized sites
(Zhang et al., 2008a). TSP reference plots emdtedverage 5.3 kg N fHayr? (Fig. 4), which is
about 10% of the annual N deposition (50 kg a!) (Huang et al., 2015). These fluxes were
well above average fluxes reported for tropicahfi@iests (Werner et al., 2007). Highh@\
emissions at TSP are likely due to the large N diipo rates (Huang et al. 2015), as suggested
by the similar trends indicated by data from a wiglege of ecosystems (Liu et al., 2009). Also,
warm-humid conditions during monsoonal summers stiayulate NO emissions (Ju et al., 2011),
as monsoonal rainstorms triggered peak fluxes (Bisp) (Pan et al., 2003). The positive
correlation between precipitation ancbON emission peaks may indicate the importance of
denitrification as the dominant:® source. This is supported by receht tracing experiments at

TSP (Zhu et al., 2013a; Yu et al., submitted).

Addition of P caused a significant decline in soiheral N (predominantly N§) in two of three
blocks (Fig. 2), particularly during summers, wi@s concentrations were relatively high (Fig.
S2). At the same time, annuai® emissions decreased by more than 50% (Figs. 3)afithese
findings are consistent with a number of previouslies (Baral et al., 2014; Hall and Matson,
1999; Mori et al., 2014). The reduction ob@ emissions in P treated soils was attributed to

decreased mineral N content, most likely due tondgtted plant uptake and/or microbial
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assimilation. It is noteworthy, however, that theras no significant correlation betweenON
emission rates and soil water Bi©@oncentration in our study (Figs. 2 and S2), setjge that the
suppressing effect of P on® emissions was indirect, probably by affecting¢bepetition for
mineral N between plant roots and microbes (Zhal.e2016). In contrast to our study, P-addition
experiments in South Ecuador (Martinson et al. 3@hd South China (at Dinghushan Biosphere
Reserve (DHSBR); Zheng et al., 2016) found no éféé@ single P addition onJ® emission
during the first two years after application. Howeg\wsignificant reduction in XD emission was
observed after three to five years with continuBuaddition, both at the Ecuadorian and the
Chinese site (Chen et al., 2016; Muller et al.,®0For the montane forest site in Ecuador, the
observed delay in XD emission response to P addition may be expldgede moderate amount
of P added (10 kg P Har?; Martinson et al., 2013). Moreover, the experirsemére conducted
in a forest with low ambient N deposition (~ 10Kkdha? yr') and NO fluxes (~ 0.36 kg N ha
yrtin the reference plot) (Martinson et al., 2013;ltlet al., 2015). By contrast, the DHSBR
site in South China receives 36 kg of atmogeniaiyin, which is only slightly smaller than the
N deposition at our site (Huang et al., 2015), ahdwed larger PO emission rate than the
Ecuadorian site (~ 0.88 kg N-hartin the reference plot; Zheng et al., 2016). Howgef@ests

do not always display a straightforward relatiopshetween N deposition ancb® emissions.
Manipulation experiments in the European NITREXjgch for instance, revealed a much
stronger correlation of 8D emissions with soil N©leaching than with N deposition (Gundersen
et al., 2012). Indeed, KCl-extractable mineral Nh&t DHSBR site (~ 40 mg Kg Zheng et al.,
2016) were several-fold smaller than at our sité@ mg kd'; Zhu et al., 2013b), indicating that
DHSBR is less N-saturated than TSP. This suggéstisthe response of.0 emission to P

addition might depend on the N status of the ddik fact that numerous studies found apparent
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suppression of PO emission in short-term experiments (< 2 year$y i P treatments, but not in
treatments with P alone, supports this idea (Midteal., 2015; Zhang et al., 2014b; Zheng et al.,

2016).

Other studies have observed increase@ Bmissions upon P addition (Mori et al., 2013cng/a
et al., 2014). In aAcacia mangium plantation, fertilized with P, Mori et al. (2013bgfound that
N2O emissions were stimulated in the short-term édticed in the long-term. While suppression
of N2O emission by P has been attributed to increased Ml uptake (Mori et al., 2014), increased
N2O emission are generally explained by enhancedolnil biomass (Liu et al., 2012) and
denitrification activities (Ehlers et al., 2010; lad Dijkstra, 2015). pbO emissions measured
frequently after P addition at our site in May 20&dre not different from fluxes in untreated
reference plots (Fig. S5). This may indicate tHanpuptake at TSP is more important for the
effect of P addition on pO emissions than changes in microbial activity,chihare expected to

occur more rapidly.

Two of three reference plots at TSP showed net €Hission for extended periods of the year
(Figs. 5 and 6). Also, long-term GHuxes sampled between 2012 and 2014 on TSPdpksl
near-by (Fig. S8; Zhu et al., unpublished datajstbnet CH emission. This is in contrast to the
generally reported CHsink function of forested upland soils (Ciais & 2013; Dutaur and
Verchot, 2007). For example, Gidptake rates reported for South Chinese forels samge from
30 to 60ug C m? hr! (Fang et al., 2009; Tang et al., 2006; Zhang.efall4a). As Chifluxes at
our sites were not correlated with climatic fact@ffegg. S5¢ and d), CHemissions cannot be
explained by transitory wet conditions. One redsothe net-CH emission observed at TSP could
be inhibition of CH oxidation activity by NH*, as reported previously (Bodelier and Laanbroek,

2004; Zhang et al., 2014a). The concentration of*'NRthe soil water was rather small (< 0.5 g
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L-1:Fig. S3), which does not preclude, however, thagNtdailability from the soil exchangeable
pool is high. Zhu et al. (2013b) found extraordilyanigh KCL-extractable NH" in TSP surface

soils, likely reflecting the large atmogenic MHhput at our site (Huang et al., 2015).

P addition had a significant impact on £fHixes, changing the soil from a net source tetssimk

on an annual basis (Fig. 6). However, the uptalesraf CH in the P treatments remained smaller
than those reported for forest soils in tropicalmf@Tang et al., 2006; Zhang et al., 2008b). The
stimulating effect of P addition on GHiptake is consistent with previous studies (Morale
2013a, 2013b; Zhang et al., 2011), and has bedbuatid to lessening the NHinhibition of
methane oxidation. Unfortunately, we did not meadC{€Cl-extractable Nkt in our study, but a
decline of available Nk, which is the substrate for nitrification, is lixeas NQ" concentrations

in soil water were significantly smaller with inetfP-treatments (Fig. 2). P addition may also result
in a change of the taxonomic composition of thehaeé oxidizing community (Mori et al., 2013a;
Veraart et al., 2015). Alternatively, Gldxidation may be stimulated by increased;@Hfusion

into the soil, due to enhanced root growth andeaased transpiration in P-amended plots (Zhang
et al., 2011). Given the high degree of N saturatibTSP forest (Huang et al., 2015), it is likely
that the reason for the observed reduction in @Hissions in response to P fertilization was due
to alleviating the NHI inhibition of the methane monooxygenase enzyméd®zenp et al., 2013),

rather than a direct P-stimulation of methanotrogutivity (Veraart et al., 2015).

P application significantly increased plant-avdial® in the P-limited TSP soil (Table 2).
Meanwhile, concentrations of leachable base cafihsMg?*, C&*) in soil water decreased (Fig.
S4), as expected from the reduction of NEbncentrations in the P-treatments (Mochoge and
Beese, 1986). We observed no sign of stimulategstagrowth or increased N uptake by plants

within the relatively short period of our study pla S2 and Fig. S7), which makes it difficult to
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link the observed reduction in mineral N in thel smlution to plant growth (Fig. 2). When
interpreting the observed P effect on NEncentrations in soil water, several aspects tebd
considered. Firstly, two years of observation maydo short to detect any significant fOptake

by plants, given the commonly large variabilitiastiee biomass estimates (Alvarez-Clare et al.,
2013; Huang et al., 2015). Secondly, we might haxerlooked the contribution to N uptake by
understory biomass, which has previously been tegoto quickly respond to P addition
(Fraterrigo et al., 2011). Thirdly, as long-ternmsaturation and acidification at TSP has reduced
the forest health (Lu et al., 2010; Wang et alQ7220we may not expect immediate response of
forest growth to P addition. Large needle N/P gf(ib7-22, Table S2) indicated that P limitation
for tree growth was not relieved 1.5 years aftad@ition (Li et al., 2016). Therefore, enhanced N
uptake by understory growth and/or soil microbiainbass may have been the main mechanisms

responsible for observed NQ@lecline in the P-treated soil (Hall & Matson 1999)

Overall, our study demonstrates that chronicalgghtiN deposition has transformed TSP soils to a
regional hotspot for pbO and CH emission. Within the short experimental periodld@ years,
P fertilization was shown to significantly decre&8s concentrations in soil water and to reduce
both O and CH emissions. These findings provide a promisingtisigupoint for improving
forest management towards GHG abatement targéiagtanto account the P and N status of

impoverished subtropical soils in the region.
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Table 1 Background soil properties of the experimentatp#d Tieshanping (TSP). Values are

means and standard deviations, in parenthesisjh =

Soil Layer pH Total C Total N Total P C/N N/P
g kg* g kg* mg kg'

O/A(0-3cm) 3.7(0.1) 80.7(323) 4.8(L7) 3085 17.0(2.5) 155 (5.7)
Blockl AB(3-8cm) 3.8(0.0) 23.9(9.3) 1.3(0.6) . 20.0 (3.0) -

B(8-20cm)  3.9(0.2) 8.6(1.2) <0.05 - -

O/A(0-3cm) 3.6(0.1) 77.6(13.4) 4.7(0.8) 2984 16.7 (1.3) 15.7 (2.8)
Block2 AB(3-8cm) 3.7(0.1) 20.2(5.3) 1.0(0.3) - 21343) -

B(8-20cm)  3.9(0.1)  7.1(1.6) <0.05 - - -

O/A(0-3cm) 3.6(0.1) 67.0(155) 3.8(0.8) 228Y4 17.4(0.6) 17.2 (3.7)
Block3  AB (3-8 cm) 3.6 (0.1) 21.0(7.9) 1.1 (0.5) - 24456)) -

B(8-20cm)  3.8(0.1)  7.2(L5) <0.05 - - -

Soil Layer P20 Pa Alox Fexx Pox Pox/
mg kg* mg kg* mg kgt mg kg* mg kgt (Alox + Fay)

O/A (0-3 cm) <5.0 5.8(1.4) 1700 (513) 1933 (35085.8 (22.6)  0.025 (0.008)
Blockl AB (3-8cm) <5.0 2.1(0.6) 1217 (243) 1692 (493)7.14(22.0)  0.016 (0.007)

B (8-20 cm) <5.0 <1.0 1083 (90) 1158 (249) 2236) 0.012 (0.011)

O/A (0-3 cm) <5.0 5.9(1.0) 1500 (238) 1792 (215J9.2 (21.5)  0.024 (0.007)
Block2  AB (3-8cm) <5.0 1.6 (0.4)  925(149) 1517 (320) .B@0.7)  0.016 (0.006)

B (8-20 cm) <5.0 <1.0 892 (209) 1033 (413) 144.%)  0.009 (0.007)

O/A (0-3 cm) <5.0 4.1(0.9) 1367 (180) 1667 (16830.7 (10.9)  0.017 (0.003)
Block3  AB (3-8 cm) <5.0 4.4 (4.0) 1075 (128) 1350 (150) 4.82(8.3)  0.010 (0.002)

B (8-20 cm) <5.0 <1.0 992 (130) 875(138) 8.0(2. 0.004 (0.001)

P20 = Water extractable PaP= Ammonium extractable P,

Alox= Oxalate extractable Al, kg= Oxalate extractable Fegf® Oxalate extractable P.

T Soils were sampled in August 2013.

* Data not available



Table 2 Soil pH, C, N and P contents in the O/A horizof8(6m) in Reference and phosphate
(P) treatments. Values are means and standardtidesiéin brackets), (n = 9).

pH Total C Total N C/N R Total P

g kg' g kg mg kg* mg kg*

13/08/02 Ref 37(0.1F" 8.3(2.3F 05(0.1%¢ 169 (1.1 5.4 (1.4 292 (46)
P 36(0.19 6.7(2.0y 04(0.1y% 17.1(2.1% 5.1(1.3) 260 (709

L4/05/02 Ref 3701 122(4.2 09(0.3) 13.7(1.5 19.0(8.0) 336 (65%
P 3.8(0.2 9.0(3.5% 0.7(0.2¥c 14.2(2.8F 13.7(5. 270 (72)

14/05/10 Ref 3.8(0.13 9.9(2.1® 0.7 (0.2% 14.0(0.79 15.4(7.09 304 (49)°
P 39(0.3F 8.0(1.9° 0.6(0.1y 14.3(1.3% 174(114 572 (242
L4112/02 Ref 3.8(0.1° 105 (3.6 0.7(0.3 145(1.3¥ 14.2(7.4) 328 (102
P 3.90.2¢ 95(2.1® 0.7(0.1% 14.0(0.8) 66 (243 442 (106¥

15/08/02 Ref 3.9 (0.2 8.3 (2.2 0.4 (0.1)° 20525 13.4(6.2 291 (61)
P 4.0 (0. 6.5 (1.9% 0.3 (0.1y 19.7 (2.2%" 57 (363" 383 (136}

P addition was conducted on 14/05/04, after thst fivo sampling dates.

T different letters indicate significance in difface.



15

a
(@) ab 5cm
n=42
- 12 T
- ab
pd
g’ abc
~ 9 T
C
il
s
= bc
@ J
c © c [
3 T
)
@)
Z 3-
0 T T T T T T
Ref-1 Ref-2 Ref-3 P-1 P-2 P-3
15
(b) a 20 cm
T n=42
—~ 12 ab ab
'
pd
g ab
= o T
ie]
i b
T
8 6 I
C
S c
5 T
Z 3
0 T T T T T T
Ref-1 Ref-2 Ref-3 P-1 P-2 P-3

Fig. 1 Mean NQ concentrations in soil water at 5 (a) and 20 (b)depths from three blocks
with Reference and P treatment, 1.5 years afteldRian; different letters indicate significant

differences between the treatments and blocks



160

(@
30 A - 140
—— Temperature
I Precipitation W L 120

< N
o 20 . F100 E
2 5
© —
g r 80 §
£ =
% 10 - I 60 3
= o

< I 40

0 I 20

900 — 0

— o — X b
600 - - R?f 1 % (b)
\

—-©0— Ref2 (c)

N N N
QO Q QO
B‘)‘\ \Q/\\ N \Q"\
Ne 0

Fig. 2 Daily mean air temperature and precipitation #ag monthly mean 2D fluxes in
Reference and P treatments in each of the thre&dlb-d); the red line gives the date of P
addition.



500
450 - a n=42
°
400 -
a
350
“.t L4 bc
£ 300 ~ ab °
o L4 ab
€ 250 g P
o °
= 200 A c
=z ] ] 4 °
1
O, 150 4 ]
= I
100 A ]
°
50 — — —1_
0 & -+ == _‘é‘. =!
'50 T T T T T T
Ref-1 Ref-2 Ref-3 P-1 P-2 P-3

Fig. 3 Box whisker plots for BD fluxes in three blocks with Reference and P tnesits
throughout 1.5 years after the P addition; red diagis indicate mean values; different letters

indicate significant differences between treatmamnis blocks.



Block 3

3.0kg ha” yr'1

1.3 kg ha yr"

Block 2

7.9 kg ha™ yr'1

2.4kgha yr!

Block 1

4.9kgha'yr’

mm Ref
/= P

3.2 kg ha™ yr!

18

6] N [ ©

(.4 B%) N-O°N

Fig. 4 Cumulative NO emissions for three blocks with Reference ane&nents during two

years; the red arrows refer to the date when Riaddvas conducted.



120

-~ 80

2

CH,-C(ug m” hr

40

-40 -

-80 -

40

-80 <

40 |

Zhr )

(ngm

'+ -40

CH -C

-80 -

Fig. 5 Monthly mean CHfluxes for three blocks (a-c) with Reference andeBtments during
two years; the horizontal broken line indicatezrx the red line refers to the date of P

addition.



i a n=42
60 ° ab

45 4
b
abc ©

A I

SR I

-30 A

-1

-2

CH4-C (ugm hr)

4 eeo

i ) ) ®
-45 - ®
T T T T T T
Ref-1 Ref-2 Ref-3 P-1 p-2 P-3

Fig. 6 Box whisker plots of Ckifluxes for three blocks with Reference and P imemits 1.5
years after the P addition; red dash lines indioaan values; the small letters indicate the

significance levels among the treatments and blocks



Supplementary Materials

Phosphorus addition mitigates®and CH emissions in an N-saturated subtropical
forest, SW China

Longfei YU, Yihao Wang 3, Xiaoshan ZhangPeter Dérsch Jan Mulde

1Department of Environmental Scienclsrwegian University of Life Sciences, Postbox 5003
N-1432 Aas, Norway.

2Chongging Academy of Forestry, 400036, Chonggirtun&

SResearch Center for Eco-Environmental SciencespeShi Academy of Sciences, 100085,

Beijing, China

"Correspondence: Longfei Yu, tel. +47 67231868, H-tagfei.yu@nmbu.no




Phosphor us adsor ption by soil

The required dose of P to stimulate significantease in soil P concentration was determined
based on sorption isotherms (Singh et al., 2006 &xperiment was carried out with soils
(triplicates mixed within each block as one sampiethe O/A, AB and B-horizons, from each
block. Briefly, 1 g dry and sieved (2 mm) soil wadded to 30 ml Caghbolution with a gradient
of initial PQs*- concentrations (0, 2.5, 5.0, 10.0, 20.0, 50.010@mg P t). Next, the suspension
was shaken for 24 h at 20. The P concentration was determined by colorimatethod (M&M)
after centrifugation and filtration (0.46n). No P desorption was found in the zero-P treatme

(only CaCh).

The results of P adsorption isotherms (Table S1FpdS8) indicated medium sorption capacities
in TSP soils (Singh et al., 2005), Based on P ifficonstant and adsorption maxima, we chose
an optimum P concentration of 1.0 mg for the P dose. Such dose is equivalent to 795 kg

1in TSP soil (0.3 g P kgdw soil).

Table S1 P adsorption maximum, affinity constant and maximwuffering capacity obtained
from Langmuir isotherms. The linear equation is(&w) = 1 / (kb) + C / b; where C (mg P*L
is the equilibrium P concentration; x/m (mg P'kgs the amount of P adsorbed per unit mass of

adsorbent; k (L mg P) is the P affinity constant; b (mg PRds the P adsorption maximum.

Adsorption P affinity Maximum
maximum (b) constant (k) buffering capacity
(mg P kg') (L mg* P) (mbc) (L kg')

O/A 435 0.17 75

Block 1 AB 303 0.20 62
B 278 1.00 277

O/A 345 0.10 34

Block 2 AB 182 0.27 49
B 278 0.24 65

O/A 345 0.16 57

Block 3 AB 278 0.26 73
B 357 0.28 99

10
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Table S2 Half-yearly tree biomass, 500-needle weight aretlfeenutrient contents in Reference
and P treatmentsValues are means and standard deviations (irkétsic(n = 9).

500- Tree
. Total C TotalN Total P K* Mgt  Cc&*
needle Biomas C/IN N/P
gkg*  gkg'  gkg' gkg' gkgt gkg!
g stha
Ref 13.8 149 510 15.2 0.71 34 22 4.6 1.3 4.5
e
(1.8) (11) ) (0.8 (004 (2 (1) (08) (0.2) (1.3)
Nov. 2013
P 12.5 131 517 14.7 0.73 35 20 4.7 1.4 53
(1.9) (25) (6) (1.0) (005 (2 @3) (0.7) (0.2) (0.6)
Ref 13.8 148 551 14.9 0.88 37 17 6.6 1.6 7.8
e
(2.3) (12) (11) (1.5)  (0.09) (7) (1) (12) (0.3) (2.4)
Nov. 2014
b 14.3 133 550 14.6 0.85 38 17 59 1.6 5.6
(2.3) (27) (9) (1.1) (0.11) (4 (1) (0.9 (0.4 (3.1)
12.9 143 .
A N R ' T
Feb. 2016 '
b 10.8 129
(2.4) (29)

tP addition was conducted on 14/05/04

* Data were not available.
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Abstract

Dual isotope signatures in N@5'°N and§'0) are invaluable to constrain nitrogen transforamat
processes in nature. Biological conversion to o#groxide (NO) by denitrifiers lacking BD
reductase (“denitrifier method”) has become thehmetof choice for isolating N©Ofrom natural
samples prior td°N and*®O analysis. The success of the method dependseoability of the
culture to rapidly and quantitatively convert N@ N:O, with little interference from non-sample
NOz and*®O in water. We studied the transition from oxi@twxic respiration ifPseudomonas
chlororaphis ss. aureofacief8TCC 13985) grown oxically in complex medium (~¥1%° cells
mlY). When letting the culture turn anoxic in the @mese of mM N@, nitric oxide (NO)
accumulated to toxic levels, impairing denitrificat. With uM NQ, efficient conversion to O
depended on the presence of mM MNkh the medium. At higher cell densities, convansio
efficiencies decreased, suggesting that the abibtyexpress balanced denitrification i
aureofaciensis growth dependent. We concluded tlat aureofacienscan induce balanced
denitrification in NH*-amended complex medium in the presence of smaluatacof NQ',
typically processed by the denitrifier method, nmgkanoxic preculturing with extraneous NO
obsolete. Based on our results, we devise a siiegblifenitrifier method, which is fast (two days
including oxic pre-culture and anoxic conversionyl @oes not require concentration of cells or
removal of extraneous NQor NO. Background N@ in the complex medium can be removed as
N2 by anoxic pre-incubation witR. denitrificans The standard deviation for natural abundance
was 0.1 - 0.3%. fot>N and 0.2 - 0.7%. fotO. After correction, differences between measured
and consensug®N andd'®0 values of N@ standards generally fell within the standard ciwies

of the measured values. We successfully testednttbod for samples with low pH (pH=4) or
high salinity (0.25 - 1M KCI) and found no crossatamination when using®NH4*-labelled
NH4NOs.
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1. Introduction

Nitrate (NQ) is central to terrestrial and aquatic N cycli@e isotopic composition of both N
and O in NQ@ reflects the processes producing and consuming,Ni@ it during fertilizer
production (e.g. Bateman and Kelly), chemical cosiom in the atmosphere (Hastings et al.,
2003), biological N cycling driven by nitrificatioand denitrification (Mariotti et al., 1981),
assimilation (Waser et al., 1998), Anammox (Clarlak, 2008) or dissimilatory reduction to
ammonium (DNRA) (McCready et al., 1983). The ndtusatopic composition of N& thus
provides insights into N cycling (e.g. Robinsonp200strom et al., 2002; Dhondt et al., 2003;
Barnes et al., 2008; Sgvik and Mgrkved, 2008; Ogtral., 2009; Yu et al., 2016), whitéN-
enriched NQ@ is used to infer gross N cycling rates (Mary et H98; Addy et al., 2002; Murphy
et al., 2003; Rtting and Muller, 2007), to pamtitisources (Well et al., 2003; Mgrkved et al.,
2006; Zhu et al., 2013a) or to trace the fate attige nitrogen in the environment (Perakis and
Hedin, 2001; Zak et al., 2004). Both approachesjrahabundance artéN labelling, require fast
and reliable methods to isolate and convertsN® gaseous N, preferably.® because of its
relative inertness, with minimum interference froon-sample N or O before isotopic analysis by

isotope ratio mass spectrometry (IRMS) or othehoes.

Four major approaches can be distinguished to tesadad convert N® to gaseous N: i)
precipitation as silver, potassium or barium sak\esz et al., 1997; Silva et al., 2000; Huber et
al., 2011) with subsequent combustion te fir >N and CO for'80 analysis; ii) chemical
conversion of N@ to ammonia (NB) with subsequent diffusion and combustion tg hb 120
analysis is possible (Brooks et al., 1989); iiigotical conversion of N®to nitrite (NG), using
cadmium (Cd) or vanadium chloride (\&&lwith subsequent reduction te® by sodium azide
(Stevens and Laughlin, 1994; Mcllvin and Altab&032; Lachouani et al., 2010) or hydroxylamine
(Liu et al., 2014) and iv) biological conversion MaO by nosZ-deficient denitrifying bacteria
lacking NO reductase (Christensen and Tiedje, 1988; Sigrmah, 2001; Casciotti et al., 2002;
Mgarkved et al., 2007; Rock and Ellen, 2007). Thgomadvantages of the latter two approaches
are their high selectivity and hence sensitivitgsél than 0.1 pmol NOcan be converted
guantitatively) and the applicability to a rangesample matrices, such as sea water or soil egtract
(Rock and Ellen, 2007). Compared to the chemicdluecton by Cd or VG to NOy», with
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subsequent reduction te® by azide or hydroxylamine, the denitrifier methodolves no toxic

chemical, and has therefore gained increasing poputluring recent years (Xue et al., 2010).

Pseudomonas chlororaphadPseudomonas aureofacie(STCC 13985, recently reclassified
as a strain oP. chlororaphi$ are the organism of choice for the quantitativeversion of N@

to N2O (Christensen and Tiedje, 1988; Sigman et al.12@a&sciotti et al., 2002). Both strains
possess the copper-type nitrite reductase NirK éiyal., 1991), buP. aureofaciendas been
shown to exchange less oxygen with water during M&luction, rendering it more suitable for
the simultaneous analysis 6N and®0 in NQs. Since N and O isotopes in M@ndergo kinetic
fractionation during enzymatic conversion teQ\ the denitrifier method relies on complete
conversion of sample NOto N.O. Further, the conversion should be rapid, andiabed by a
denseP. aureofaciengulture, sincenozcompetent denitrifiers contained in the samplermat
may express PO reductase (POR) during anoxic incubation, which would reducensoof the
N20 to N, thereby enriching the remaining®lisotopically. Accordingly, the method originally
devised by Sigman et al. (2001) and Casciotti et(2002) uses concentrated cells Ff
aureofaciense-suspended in spent medium, which serves asamgyesource during dissimilatory
reduction of N@ to NoO. Denitrification is expressed during a lengthyige of preculturing in
the presence of extraneous N@uring which cells deplete available oxygen anidch from oxic

to anoxic respiration. This approach faces sewdrallenges, which may compromise the assay.
If the preculturing period is too short, consumptaf extraneous NOwill be incomplete in the
spent medium and lead to large blank values. Ifptesulturing period is too long, growing
P. aureofaciensells are at risk to run out of electron accepfhiGz’, NO, and NO), which could
impair their “fitness” to convert sample NQjuantitatively to NO. In practice, it is difficult to
monitor NQ depletion during growth and inductionff aureofaciensunless incubation vessels
allow aseptic and anoxic removal of aliquots ford\dDalysis. After denitrification is induced and
NOs is depleted, cells are harvested by centrifugatiod re-suspended in spent medium from
which the NO formed during anoxic growth has to be removeéibyor N-sparging. Together,
this makes the denitrifier method a rather lab@imethod, with little possibility to evaluate the
fitness of the working culture before using it fitle conversion of known N standards.
Typically, 5 - 6 days are needed for pre-culturangd 1 day for cell concentration andON
The workflow for the method devised by Sigman e{2001) and Casciotti et al (2002) is shown
in figure 1A.



107
108
109
110
111

112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129

130
131
132
133
134
135
136

Problems with the denitrifier method are reportedasionally, and typically attributed to loss of
viability during culture storage or contaminatiof gre-cultures (Schauer, internet survey;
Casciotti et al., 2002; Xue et al., 2010). Evenutiio the method is widely used, conversion
efficiencies and blank values are hardly ever rigglhpreventing any conclusion about the fithess

of the anoxically induced strain and its conversficiency for NQ'.

The objective of the present study was to invetighe oxic-anoxic transition of growing
P. aureofaciensn more detail by monitoring GO0, NO, NbO and N kinetics under various
conditions (type of medium, initighO2, cell density, pH, N®@ and NH" availability). The
complete dissimilatory reduction of NOo N2 (N20 in the case oP. aureofaciensvia the
intermediates N® and NO, relies on effective expression of the fiomal genes, and a balanced
expression of nitrite- and nitric oxide reductas@void accumulation of nitrite (NQ and nitric
oxide (NO) to toxic concentrations. Neither can tagen for granted when using cultured
denitrifying organisms to convert NOo N:O under anoxic conditions, as demonstrated for a
variety of strains. For instance, a fast and coteplemoval of @ may entrap the cells in anoxia,
without energy for synthesizing denitrification gnes (Hgjberg et al., 1997). Stochastic
expression of NO reductase, as demonstrateB.fdenitrificans(Bergaust et al. 2011, Hassan et
al 2014) can result in such entrapment for a foactof the population, hence low initial
denitrification rates by a minority of the cellsolBustly coordinated expression of N@nd NO
reductases is characteristic for some denitrif@tigins (Hassan et al 2015), but not all. Bergaust
et al. (2008) demonstrated thagrobacterium tumefacienaccumulates NO to toxic levels
(preventing further reduction to:), if experiencing fast depletion ok’ hese phenomena must
be taken into account as potential pitfalls whesiglegng a routine to transform NQo N>O for

analytical purposes.

Based on the results of our study, we devise afieddidenitrifier method” with oxically grown

P. aureofacienshat does not rely on induction of denitrificatisith extraneous N&. We build

on previous modifications proposed by Mgrkved et 2007) forPseudomonas chlororaphis
(ATCC 43928), who had shown that densely grownxeadly induced cells oPseudomonas
chlororaphiscould effectively and reliably convert 1 - 5 pg N@ithin a reasonable time span
without pre-concentrating the cells. They also skdwhat by reducing the volume of the assay to

a few millilitres, NO could be analysed without measurable fractionatoectly from the
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headspace of 120 ml serum bottles, without spartliegsample with He by means of a double

needle.

To address the problem with N@mpurities often contained in complex media, weiskea simple
denitrifier method, i.e. N® conversion to N by incubating the medium anoxically with
Paracoccus denitrificansvhich allows producing large quantities of medistmongly reduced in
NOs. We also characterized the tolerance of our sitegdliconversion assay to acidity and salt
content in different matrices. To evaluate the allggerformance fot>N and'®O analyses, we
tested the method for a range of internationak™@ndards (IAEA-N3, USGS32 and USGS34)
as well as for unknown standards andsN@® natural samples provided by an internationadj ri

test (Biasi et alin prep).
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2. Materials and Methods

2.1 Bacterial strains and culture conditions

Two strains were used in this stufAseudomonas chlororaphis ss. aureofaci@BCC 13985),
which lacks NO reductase andaracoccus denitrificanfATCC 17741) which expresses all four
functional denitrification enzymes (Bergaust ef 2012). The strains were grown on ager plates
with tryptic soy broth (TSB, 30gt; amended with NECI, 20mM; KH:PQu, 36mM; Agar 15g L

1). A single colony was picked and inoculated inbod TSB medium (the same recipe but without
agar, pH~7) and grown overnight. Aliquots of 1 raltare were distributed into sterile 1.5 ml
microtubes containing 0.2 ml of sterile glyceroldastored at -8CC until use. Before each
experiment, a “starting culture” was prepared lmcirating one tube of eith&. aureofaciensr

P. denitrificansnto 50 ml of fresh TSB medium or NGree TSB medium (see Ch. 2.3) (Fig. 1B)
and grown aerobically while stirred at room tempaeuntil turbidity developed. Before reaching
stationary phase, each 1 ml of the aerobically greulture containing 1.1 - 1.9x3@ells was
distributed aseptically into 50 ml fresh TSB medianNOs-free TSB medium to produce an oxic
“working culture” (Fig. 1B). For each experimentsdabed below, working culture was produced

freshly.

2.2 Induction of denitrification in P. aureofaciens under different initial O 2 levels in the
presence of ample N@

To evaluate how the rate of oxic-anoxic transitaffects the induction of denitrification in
P. aureofacienswe set up an experiment with different initiad €@ncentrations. The higher the
initial O2 concentration, the more rapid the transition,>agen results in more oxic growth and
hence greater cell numbers, depletingaDa greater pace. Working cultures were prephyed
inoculating 1 ml starting culture (1.1x%€ells mt?) into 15 ml sterile TSB amended with 10 mM
NOz (Casciotti et al., 2002) in autoclaved 120 ml lestiwith magnetic stirrers. Each bottle was
crimp-sealed with a butyl septum and the headspaséhelium-washed by 5 cycles of evacuation
and helium-filling (if not stated otherwise, theopedure of bottle sealing and He-washing is the
same in all experiments). After releasing overpressthree sets of flasks (triplicates) were
adjusted with pure ©to 21, 10 and 5 vol% (equivalent to 57, 27 and 18mol L* O, in the
headspace) and over-pressure was releBsedireofaciensvorking culture (1 ml) was inoculated

after @ concentrations were adjusted to provide equadistaconditions in all @treatments. ©
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depletion and denitrification product accumulat{®lO, N2O) were monitored in the headspace

every 2 h throughout 110 hours, while stirring bimdtles constantly (400 rpm) at%0

2.3 Removal of background N@ from TSB

Complex media carry variable amounts of N@nhd NQ which would interfere with th&N and
180 of sample nitrate. To remove M@mpurities, we inoculated freshly made, full-sigém TSB
medium withP. denitrificansa denitrifier with a notoriouslgfficient NbO reductase that reduces
NOs quantitatively to M(Bergaust et al., 2012). To test conditions foicaht NG removal, we
inoculated 50 ml TSB in 120 ml bottles with 1 mIRxfdenitrificansgrown oxically to either 3.7
or 9.3x16 cells mt'. Different amounts of €(0, 0.5 and 2 ml in 70 ml He-headspace) were added
equivalent to 0, 0.42 and 1.67 mM.(@nitial O controls the oxic growth rate & denitrificans
before turning the culture anoxic and had to bempéd to avoid over-growth, which would make
it difficult to removeP. denitrificanscells once the N& was removed from the medium. Bottles
were incubated horizontally shaken for 6 days atréemperature after which they were amended
with 20 mM NH;" to replenish ammonium consumed during growth Glee2.4). Thereaftef.
denitrificans cells were removed by filtering the medium througl0.22 um filter using a
peristaltic pump before autoclaving the medium.itRed NO; was measured byRa aureofaciens
bioassay, inoculating 1 ml of 9.3>6ells mi into 40 mIP. denitrificanstreated medium and
following N gas evolution every 1.9 h for 30 h. Tiesulting “NQ-free” medium was used for
subsequent experiments wkh aurefaciensand is henceforward termé&d denitrificanstreated
medium (short: TSR). The efficiency of filtering and autoclaving uséa remove residual
P. denitrificansactivity was verified by measuring@® production in anoxic TSBblanks (ndP.
aureofaciensadded) in the presence of 7 umol freshaNedd 10 ml GH: in the headspace (to
block NoO reduction to 1.

To produce TSR in larger quantities, we tested medium pre-treatmath P. denitrificansin

500 ml Duran bottles (total volume of 620 ml). 560 TSB was inoculated with 10 ml
P. denitrificansworking culture (9.3x1%cells mt'), leaving a headspace of 110 ml with ambient
air, equivalent to 2 ml ©for 50 ml TSB. The bottles were sealed air-tigbihg Teflon film and
supported by several layers of plastic film arotlmelscrew cap. The bottles were incubated for 3
days standing upright on a horizontal shaker tegmesedimentation before being amended with

NH4*, filtered and autoclaved. The efficiency of N@moval and sterilization/cell removal was
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checked as described above. Thereafter, thedliB&dium was portioned and frozen to %20
Producing TSRy in large batches has the advantage that mediuaifisp€O exchange rates used

for correction (see Ch. 2.7) can be determinecfiarge number of samples.

2.4 NH;" assimilation and induction of denitrification at low NOs concentrations
Preliminary experiments witR. aureofaciensvorking culture grown in TSR showed that no
balanced denitrification could be obtained in thespnce of small, uM amounts of (o test
whether depletion of Nkt from the TSB medium during pre-treatment withdenitrificanswas
the reason foP. aureofaciens’inability to induce balanced denitrification, wesigned an
experiment in which we compared the conversiorciefficies ofP. aurefaciengrown in TSBq
with and without 20 mM of Nk added before autoclaving. 1 ml Bf aureofaciensstarting
culture (9.3x18cells mt') was inoculated into 50 ml T$8with and without NH* amendment.
Both cultures were then incubated oxically for B krs, to yield a working culture with a cell
density of 5.6x19cells mtt. 120 ml flasks with 2 ml solution, containing @&, %50, 100, 150 and
200 nmol KNQ were capped and He-washed, to which each 2 ntleoiMorking culture was

added. NO and D production were monitored every 1.7 hours fohg!

2.5 Effect of initial Oz levels and cell densities d?. aureofaciens on complete conversion of
NOs to N20O and its isotope effects

To find the best setup for a rapid and completevemsion of small amounts of NCGo N.O by
oxically grownP. aureofaciensnd to assess how well the isotopic compositiod@f could be
reproduced, we conducted experiments with intepnatiNG™ standards. Different volumes of
P. aureofacienstart culture were inoculated into 50 ml T,.5Bnd incubated aerobically for 3 -
5 h to yield working cultures with different cekeusities, 5.6x19) 1.1x10 and 1.5x18cells mt

1, 0.5 ml of NQ house standard, IAEA-N3, USGS32 and USGS34, eaataining 100 nmol
NOz were added to sterile 120 ml bottles. The sampleme was augmented to 1 ml by adding
0.5 ml DI water or 0.5 mt®O-labelled water§80=499.2%.). The latter treatment was used to
determin€'®O exchange between NG@nd HO after isotope analysis. Bottles with 1 ml DI wate
(no NG addition) were used as blanks. The flasks wer@ped@nd He-washed as described
After releasing the overpressure, half of the ffasdceived 0.2 ml purex@equivalent to 2.8 mM
O2 in liquid). The rationale of this was to test wiata small @supplement would facilitate the

induction of balanced denitrification with differecell densities by providing a small amount of
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electron acceptor for generating energy duringrttaction of denitrification. Thereafter, 2 ml of
working culture with different cell densities wagdcted to triplicate bottles, giving a total volem
of 3 ml. Blank bottles (no N§) were set up with 5.6x2@ells mi* working culture only. NO and
N20 accumulation was monitored for 15 hours in blaokles and bottles with house standard.
All other bottles were incubated standing at roemgerature. To stdp. aurefaciensctivity after
the conversion and to trap excessC®2 ml 10M NaOH was added after 15 hours (Cas&bt
al., 2002) >N and*®O of headspace 0 was analysed by continuous-flow-IRMS within 5 slay
(Ch. 2.7).

2.6 Effect of acidity and KCI in sample matrix

We tested the effect of low pH and high salt cotregions, typical for soil extracts, on the ability
of oxically grownP. aureofacienso convert small samples of NQwithout prior induction of
denitrification. 25 puM N@ standards were prepared in triplicates in 4 miMater adjusted by
1M NaOH to pH 4 and in 4 ml 1, 0.5 and 0.25 M K@lution. All solutions were prepared in
120 ml serum flasks, He-washed and inoculated &vitil P. aureofaciensvorking culture grown
oxically in TSB,a medium (cell density = 5.6x3@ells mt?). Sterile flasks with DI water, TSB
and KCI solution were used as blanks. NO ap@® Hccumulation were monitored every 4 hrs for
36 hrs.*>N and*®0 in NbO was analysed within 5 days.

2.7 Incubation system and gas analyses

N-gas, CQ production and ©consumption were measured in constantly stirr@@ ¢pm) batch
cultures using a robotized incubation system wittomatic headspace analysis similar to that
described by (Molstad et al., 2007 ), but with &eotgas chromatographic system (Model 7890A,
Agilent, Santa Clara, CA, USA). The instrument paind method are described in more detail in
(Molstad et al., 2016) and (Zhu et al., 2013b). @asluction/consumption rates were calculated
from concentration change, accounting for He-dbluitand dissolution of gases in the medium by
applying temperature-corrected Henry constantynaisg equilibrium between headspace and
liquid.

Abundances of°N and 0 in NbO were analyzed by PreCon-GC-IRMS (Delta XP, Thermo
Finnigan MAT, Bremen, Germany) directly from theatlspace of the 120 ml bottles used for the
conversion assay. Fractionation between headspadegaid was considered negligible given the
small volume of the liquid phase (4-6 ml). Three N&andards (IAEA-N3, USGS32 and

10
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were included in triplicate into each batch foradabrrection. A NO house standard (4.64 ppm
N2O in He) was used for drift correction. Differentaunts of DI Water enriched ifO
(6'80~900%0) were added to the medium and used to duaf® exchange between NCGand

water.

2.7 Calculations

Isotopic abundances &N and*®0 are expressed @$°N and 50 versus atmosphericoNind
VSMOW, respectively3>N values of N@ were calibrated directly against the international
standards IAEA N3, USGS 32 and USGS 34. The déaitrnethod has four direct error sources
for measureds®™N: i.) NOs and NO blanks of the working culture, ii.) completenesfs
conversion, iii.) non-linearity of the raw ratiostivsample size effect, causing a size-effect on
measured isotope ratios in®land iv.), instrument drift (Sigman, 2001). Thiedawas evaluated
and corrected by including house standards (100l KiN®@3) between every'8run. Assuming
that the N@ and NO-background (blank) is constant for every batchmetlium, and théN
fractionation during the conversion is equal fdemal standards and samples when processed in
same amounts, the blank and the conversion errobeacorrected for as long as the isotopic
relationship between sample and standard valulkseiar. Therefore, thé&N correction can be
simplified by using a range of certified standawish sufficient spread in isotopic values.
Correction of the3'®0 values has to consider in addition the fractimmabf 680 during the
conversion of N@ to NoO and the O-exchange between j\NO; or NO and HO during
denitrification to NO (Casciotti et al., 2002). For this, two standadifering in 5180 values
(USGS-32: 25.7 %0 and USGS-34: -27.9%0) were includeeach batch, correcting for the
combined effect of all error sources (Casciottakt 2002). This approach requires that equal

amounts of N@ are processed in standards and samples.

We applied the equation from (Stevens and Laughi94) to calculate atm3sN in N.O from

N-enriched samples, to account for doulsN-substituted NO:
At%™N —N,0 = 100(**R+ 2+ **R — "R — 2+ ®R) /(2 + 2 * **R + 2 * *°R)

where %R, 4R, 'R and18R stand for atom ratios dfN/4*N, 46N/4‘N, 1’O/%0 and180/%0,

respectively.

11
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Remove N0
‘background

NH,'
amendment
|

Filtration by

0.22 um
Autoclave

Kept [rozen and stored
for future use

10-20 ml‘min

Sample
NOy
|
4
Overnight
Reaction

on shaker

P. a. working culturc

Casciotti et al. (2002) and (B) of the modified iefler method (this study).
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3. Results and Discussions

3.1 Induction of denitrification in P. aureofaciens in batch culture with different initial O »
concentrations and ample N@

To test the effect of initial oxygen availability éheability to induce balanced denitrification in
P. aureofacienswe prepared batch cultures with oxically growrdlscénoculated to fresh,
untreated TSBmedium amended with 10 mM KNOBefore inoculation, headspace @as
adjusted to 21, 10 and 5 vol% Onder constant stirring (equivalent to 56.9, 2ahdl 13.5 mM
02). O, depletion and NO and2® production were observed over 105 h (Fig. 2). agimum
O2 consumption rate differed clearly with initiab ©@oncentration and was greatest with 21 vol%
(87.1 £ 2.4 umol @h?! bottle?), intermediate with 10 vol% (45.9 + 3.9) and smstiwith 5 vol%
initial O2 (25.0 £ 1.1). With 21 vol% initial & P. aureofaciensdid not induce functional
denitrification despite complete exhaustion e{Elg. 2A); 6.3% of the added N (150 pmol bottle
1) accumulated as NO after 110 h of incubation,fautN\:O production was detected, indicating
severe impairment of denitrification when switchitig culture rapidly to anoxia. Induction of
denitrification with 10 vol% initial @ converted more N©to gaseous N (52.1% of the added N
accumulated as NO and 8.7% agONN, Fig. 2B), but NO accumulated to toxic concatitn
levels, likely preventing complete conversion of N© N.O. With 5 vol% initial Q, maximum
NO accumulation was < 0.1% of added N® and 103.6 % was recovered a®NFig. 2B). The
slightly higher amount of N recovered than added b®due to the unknown NGbhackground

in TSB medium, which was not removed in this expenit.

180 -

hour

=5 . A 15% initial 02 10% initial 02 c 5% initial 02 ‘v
2 160 T T o e g — - 160 B
ol T il BV
140 A 140 B
§ ® o 0, 1 | o ” £
& 120 ¢ NO 4ot F 120 =
3 N0 { =
2 100 4 - : ﬂ| F 100 £
% ) &

£ 1 B _ e SHI . sl =
g ¥ & —— L] 4 S8
& 60 - g™ o8 | - 80 8
2 b: Pr s olll|l 21 ! -3 o
§ 40 4 Q,% AR 2 I 2+ 40 =
8 20 b S =t H , ' oshitfedog A1 20 B
S N gt i W | ottt £

0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

- 180 —~

Figure 2. Kinetics of Q consumption and NO and.® production in oxically grown
P. aureofaciensncubated with 21 (A), 10 (B) and 5 vol% (C) iitiO; in headspace. Shown are
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averages of 2 to 5 bottles; error bars are 1 SB.ifgert in (C) shows the onset of NO an®N
production with decline ©concentration in the headspace.

Unbalanced induction with uncontrolled accumulatdriNO to micro-molar levels as found in
our 10 vol% Q treatment (Fig. 2B) has been observed previoushyatch experiments with the
nos-deficient strairAgrobacterium tumefacierad was attributed to rapid oxic-anoxic transition
(Bergaust et al., 2008; Kampschreur et al., 20hZhe present experiment, the 10 vol% treatment
accumulated 28.23 pM NO in the liquid, which is sidlered inhibitive for cellular growth (Zumift,
1997). In contrast, the 5 vol% treatment accumdlatenaximum of 0.4 uM NO. Together, these
results demonstrate that induction of denitrificatin P. aureofacienss highly sensitive to the
pace at which ©depletes, resulting either in no induction (with\l|% initial &), unbalanced
denitrification with uncontrolled NO production (1001% initial O)) or well-balanced
denitrification with complete conversion of NQo NO with little transient NO accumulation
(5 vol% initial &). In the method of Sigman et al. (2001) and Casabal. (2002), the velocity
of this transition when growing the working cultuseultimately controlled by the volume ratio of
culture to air in the headspace. Our results inditzat Q depletion rates exceeding 1.7 mMthr
(the rate observed in the 5 vol% treatment) maylt@s dysfunctional cultures. As shown in our
5 vol% treatment, successful induction is charaedrby a simultaneous onset of NO andDN
production when the £concentration in the headspace falls below ~Ol%\Vmsert in Fig. 2C).

In contrast, there was a significant delay in thead of NO relative to NO accumulation in the
treatments with higher initial Oconcentrations, and NO production commenced diehig
concentration. In summary, induction of balanceditriication in P. aureofaciens the presence
of ample N@Q appears to rely on “slow” transition from oxicanoxic respiration, which may be
a challenge when preculturirnig. aureofaciendgn greater quantities with a given medium to
headspace ratio. Too fast @epletion during growth and induction Bf aureofaciensnay thus
be one reason for failure in producing a functiomatking culturesensufigure 1A. On the other
hand, this opens for inducing denitrification ingRireofaciens with little ©(as is present after

He-washing) as oxic cell growth will be limited.

14



355
356
357
358
359
360
361
362

363
364
365
366
367
368
369
370

371
372
373
374
375

376
377
378
379

380

381

3.2 Removal of N@ background from TSB medium

To test the feasibility of inducing anoxic respioatin an oxically growrP. aureofaciengvorking
culture (Fig. 1B) with typically small amounts @fraple NQ, we had to strongly reduce the MO
background in TSB. Freshly prepared TSB mediumainstconsiderable amounts of BN(B4.5
MM in the present case), which is similar in magphit to the amount of expected samplesNO
For this, we pre-treated the medium with denitrificans(an efficient denitrifier quantitatively
converting N@ to Np) and tested N& removal with different initial @ concentrations and

inoculum densities.

P. denitrificansefficiently removed N® from the medium under all conditions with initial
headspace £xoncentrations varying from 0 - 1.82 mM &nd inoculum densities from 3.7 to 9.3
x1C cells mi* (Tab. 1). Removal efficiencies varied between 96-898.8%, leaving 0.41-1.10
KM NG5 in the medium. Using 2 ml of th& denitrificangreated TSB medium (henceforth called
TSByg) for the conversion essay with aureofaciensyould introduce a blank value (non-sample
NOs) of 0.82 — 2.20 nmol which was deemed acceptablesdmple sizes between 10 and 100
nmol NG (in 2 ml matrix) or 0.3 — 3 mg N£LL. For smaller concentrations, more solution could
be processed.

To produce TSRy in greater batches, we tested Fhalenitrificangpre-treatment in 500 ml Duran
bottles and found that the residual N®as 0.49 pM N®@ (98.6% NQ removal; Tab. 1), proving
that the removal efficiency is reproducible indegemt of medium volume. This allowed us to
produce TSBy in quantities that could be frozen in portions amkd for growth of oxic
P. aureofaciensvorking culture on demand (Fig. 1B).

To prevent interference by. denitrificansremnants withP. aureofacienggrowth, we filtered
(0.22um) the pre-treated medium prior to autoclgv@@ontrols withouP. aureofaciendut added
NOs and GH2 showed no measurable €@ N:O production over 90 h anoxic incubation (not

shown), suggesting th&t denitrificanswas successfully inactivated.
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382 Table 1. N@ removal from TSB medium by. denitrificansusing different cell densities and
383 initial O2 concentration in closed flasks. The residuakNf©Oncentration was calculated from
384  N20 production in the presence of acetylene. Giversargle bottle values for 0%@nd mean

385  valuest SE for triplicate bottles with 0.5 and 2 m} @ headspace

Volumes of Oin . Residual NG NOS. rgmoval
medium and headspace Cell Fien5|ty of concentration in efficiency
flasks (ml) P.d.inoculum TSBy compared to
untreated TSB
x10® cells mt* UM %
0 3.7 (1 ml) 0.81 97.65%
0 9.3 (1 ml) 0.41 98.81%
50 mlin 120 ml 0.5 3.7 (1 ml) 1.10+0.14 96.8 £ 0.4%
flask 0.5 9.3 (1 ml) 0.64 £0.29 98.1 +0.8%
2 3.7 (1 ml) 0.53 £0.06 98.4+£0.2%
2 9.3 (1 ml) 0.79+0.14 97.7 £ 0.4%
500 mlin 620 m 110 ml air 9.3 (10 ml) 0.49£0.04 98.6 + 0.1%
386
387

388 3.3 NHs" assimilation during growth of P. aureofaciens and its effect on the ability to induce
389 denitrification at low NO 3™ concentrations

390 A potential pitfall during the induction of denfidation inP. aureofaciensncubated with spent
391  medium depleted in N&, would be assimilatiof a fraction of the N@ present, since a
392  minimum of NH* is needed to repress the pathway for assimilatmiyction of NG (Siva Raju
393 et al,, 1996; Bisen et al., 1991; Alef et al., 1P8F0 test this, we usel. aureofaciengrown
394  oxically in TSBg medium without added NM (TSBo-nHa) and small amounts of NO(< 200
395  nmol). 2 ml of TSBsnH4Working culture was added directly to 2 ml solutemmtaining different
396 amounts of N@ (0 - 200 nmol) in anoxic 120 ml flasks (no extragdded) and N gas production

397 was followed for 26 hours at room temperature.

398
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Fig. 3 Kinetics of NO (A) and MO (B) production byP. aureofaciensn 0 — 200 nmol N@
amended TSB medium without added NFEshown are results from single bottles. Note dffice

in y-axis scales in figures A and B

Between 69 and 85% of the added N@ccumulated as NO (Fig. 3A), reaching its maximum
between 10 and 15 hours into the incubation, bestadging to deplete and giving rise toON
production (Fig. 3B). Unlike in the experiment witipid switching from oxic to anoxic respiration
in the presence of mM NO(Ch. 3.1), which resulted in pM NO concentratiamnshe medium,
the nM molar concentrations observed here (up MMNO accumulated in the medium) cannot
have impaired denitrification. Between 87.9 and®2%4 of the added N©accumulated between
10 and 15 h, most of it as NO, however (Fig. 3A)eDnset of BD accumulation was delayed
relatively to that of NO. At the end of the incubat the proportion of added N recovered as
gaseous N (NO + XD) was clearly smaller than during maximum accutima(Tab. 2),
suggesting that gaseous N was consumed by proagbseshan denitrification. This unexpected
loss of gaseous N amounted to between 9 and 23 amdoihcreased with increasing N addition.
Nadeem et al. (2013) modelled NO chemistry in @edo2-phase systems identical to that used
here, and showed that NO in the headspace is ililegum with NO; in the solution. Thus, we
tentatively explain the missing N by NOassimilation during Nki-limited growth of

P. aureofaciensThis would be consistent with the finding that timount of N missing at the end
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of the incubation increased with added N, sincevgfitedependent immobilization is expected to
depend on the amount of electron acceptorxN@ the system. The experiment was terminated
after 26 hours, when not more than ~50% of the dtitiwere recovered as@, and we concluded

that the requirement for rapid conversion t@Nvas not met with spent medium depleted ins\NH

Tab. 2. Maximum recovery (%) of N©®as NO and BD during incubation, the sum of recovered
N at the end of the incubation (26 h), the sharadafed N recovered as® and apparent N
uptake, expressed as the difference of recoveretNYO at maximum accumulation and at the
end of incubation in TSB medium without added N (Fig. 3)

Added Max. recovery as Recovery as NO + Recovery as NO-  Apparent N

NOs NO + N;O-N during  N.O-N at end of N at end of uptake
incubation incubation experiment

nmol % nmol N bottl¢
25 90.6 62.8 11.4 9.30
50 90.6 73.7 275 9.85
100 94.2 77.1 40.4 18.54
150 93.3 80.0 44.2 21.13
200 87.9 76.7 53.7 23.33

Based on the single bottle experiment with sperdiome (Fig. 3), we performed a full experiment
in triplicate with the same N additions, using TeBiedium that was amended with 20 mM NH
before establishing the working culture. In corttasthe incubations without added NHNOs
was rapidly converted tod9, reaching recovery rates of 82 - 92% after 1Adh @0 - 100% after
36 h, independent of the amount of N&dded (Fig. 4B and Tab. 3). N not recovered &3 by
the end of the incubation was roughly matched by(Ri@. 4A and Tab. 3). Unfortunately, due to
instrument failure, no NO data are available befaté into the incubation (Fig. 4). The recovery
of NO after >30 h of incubation suggests tRataureofacienss susceptible to incomplete NO
reduction, a variable hardly ever measured whengusie “denitrifier method” for converting

NOs. It is noteworthy that the 2D kinetics indicated declining rates of NO reductiohich may
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point at that the culture did not grow exponenyialhy longer. This prompted us to test the effect

of culture age and initial concentration on the conversion of uM N@ NHs*-amended spent

medium.
250 - 250 A
200 - 200 -
——0 nmol
——25 nmol
= 150 Z 150 4
3 ——50 nmol C-)N
= —A—100 nmol z
o
E 100 —8~150 nmol g 100 4
—&—200 nmol
50 A 50 4
0 T 0 T T T 1
0 10

0 10 20 30 40
hours

Fig. 4 Kinetics of NO (A) and MO (B) accumulation by. aureafaciengn 0 — 200 nmol KN®@
amended TSR medium with added N (20 mM)

Table 3. Recovery of NDas NO after 25 hours incubation in NHamended TSR

added N@ Recovery as #O-N Recovery as XD-N  Recovery as NO-N

after 17 hrs at end at end
nmol %
25 83.3 (4.4) 90.9 (4.8) 15.2 (1.7)
50 85.4 (8.1) 92.3(7.1) 7.9 (7.5)
100 82.6 (3.2) 90.4 (2.6) 10.4 (4.5)
150 82.1 (6.3) 90.0 (5.8) 9.1 (3.8)
200 94.7 (3.6) 100.1 (1.9) 2.6 (1.8)
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3.4 Effect of initial Oz concentration and cell density of the working culire

The effect of cell density in the working cultusehich is equivalent to the growth stage, was
tested with and without a small amount of (0.2 ml) added to the headspace after He-washing.
In this experiment, we also analys&dN and 50 of produced NO and determined th€O
exchange. The two treatments with the lowest inié&l density (5.6x1®cells mit) converted
NOs  most rapidly, showing exponentiab® accumulation (Fig. 5). Approximate mass balance
was reached after 9-11 h. Oxygen added at the biagiof the assay had no significant effect on
the conversion efficiency. Larger cell densitiesutteed in lower conversion efficiencies.
Inspection of @ kinetics showed that bottles with denser inoctdken from later growth stages
of the working culture, were not able to completegplete @(not shown), which explains the
incomplete conversion of NO We therefore conclude that the working culturedugor the
conversion assay (Fig. 1B) should not exceed ~5&é&lls mi.

120
Blank-O, () 3 3

100 Blank+O, ; & * I%
CD1-0,

CD1+0, % }

CD2-0,

CD2+0, T

CD3-0, T

CD3+0,
% 4
A =

20 - } =
&
X X 1
0 Aelta=m #e‘IE. * “a = " " o
0 2

4 6 8 10 12 14 16

[o}]
o
>» > & O X @

nmol N,O-N bottle™
3
" 0O

IS
o
1

time (hr)
Figure 5. Kinetics of RO accumulation in anoxic NOconversion assays with oxically grown

aureofaciensAll treatments were run in 50 ml NH(20 mM) amended TSBamended with 100
nmol KNGs. Different initial & additions to the He-washed headspace: (O &; +O,: 0.2 ml)
and cell densities (CD1, CD2, and CD3 refer to 5x1.1x10, 1.5x10 cells mt, respectively)

were tested. Error bars are 1 SE.
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The observed differences in conversion efficienog secovery of MO (Fig. 5) did not affect the
5N isotope abundance, @$°N values of N@ standards were fairly well reproduced in all
treatments (Tab. 4). However, SD values for théed#ht5°N standards were smallest with the
low initial cell density. This may be due to theter growth ofP. aureofaciensn bottles with
smaller initial cell density, resulting in higheorwersion rates and hence smaller isotopic
fractionation (Fry et al. 1997). In contrast®O values varied greatly across treatments, but
matched consensus values most closely in treatméthit$ow initial cell density. Among the two
treatments with low cell density (5.6>L6ells mtt), theoretical values were matched best and

most reproducibly (i.e. with smallest SE) in treatits without added O

Table 5 gives the values f8§O exchange between NGnd HO (“oxygen scrambling”) during
the conversion of N©to N>O in the different treatments, calculated from timeents with heavy
water. Scrambling was very large (~25 - 35%) wiidfhhinitial cell densities, reflecting slower
conversion of N@ to N.O via NG and NO, which increases the chance#@rbeing exchanged
with water (Kool et al., 2011; Knoller et al., 201The values®0 scrambling were markedly
smaller and more constant in the treatment withsthallest cell density without&ddition (8.2

- 9.8%). Scrambling factors around 10% are in #mge of those reported fBr aureofaciendy
Casciotti et al. (2002). Our results suggest tlmmistant scrambling factors are only valid for

exponentially growing cultures &f. aurefaciens

In summary, conversion of small amounts of3\© NO by oxically growrP. aureofacienswith
acceptablé®O exchange, proceeded best when using moderatitielen§ exponentially growing
cells and exposing them to sudden anoxia (acadled). Under these conditions, differences
between measured and conser8tN and§'®0 values of N@ standards (IAEA-N3, USGS-32
and USGS-34) were generally were less than 0.2%d0arfdo, and standard deviations smaller
than 0.3%0 and 1.0%o, respectively (Tab. 4).
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495  Table 4. Raw and correct&®N and3*®0 values for N@ (international standards) measured in
496  N20 fromP. aurefaciensssays with different initial Qevels (-Q: no G in headspace; +00.2

497  ml Oz in headspace) and cell densities. All conversgsags were run in triplicate

correctec SD
3180 (%)

correctec SD
N (%o)

Standard theoretica theoretica
3N (%0) 50 (%o)

cell density = 5.6x1%xells mi*, -O;

N3-3 4.7 25.¢ 4.5 0.1 26.5 0.3
USGS-32 18C 25.7 180.( 0.1 25.¢ 1.C
USGS-34 -1.€ -27.¢ -1.€ 0.8 -28.(C 0.3

cell density = 5.6x1%xells mi, +O;

N3-3 4.7 25.€ 5.2 0.8 25.2 4.C
USGS-32 18C 25.7 180.( 0.€ 26.4 0.4
USGS-34 -1.€ -27.¢ -2.2 0.8 -35.C

cell density = 1.1x10cells mt*, -O,

N3-3 4.7 25.¢ 4.€ 0.6 30.t 1.
USGS-32 18C 25.7 180.( 1.2 19.t 3.8
USGS-34 -1.8 -27.€ -1.7 0.7 -26.€ 0.2

cell density = 1.1x10cells mt*, +O,

N3-3 4.7 25.€ 3.2 2.1 29.2 2.C
USGS-32 18C 25.1 179.¢ 5.t 15.¢
USGS-34 -1.& -27.€ -0.2 0.7 -25.¢8

cell density = 1.5x10cells mt*, -O,

N3-3 4.7 25.€ 4.4 0.€ 30.C
USGS-32 18C 25.1 180.( 2.4 23.1 1.
USGS-34 -1.€ -27.¢ -1.€ 0.1 -27.€ 1.1

cell density = 1.5x10cells mi*, +O,

N3-3 4.7 25.¢ 7.€ 0.1 27.C 6.C
USGS-32 18C 25.7 179.¢ 1.¢ 23.C 5.2
USGS-34 -1.8 -27.¢ -3.€ 5.C -26.€ 7.€

498
499
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Table 5.1%0-exchange rates (%) between N@ith H-O in P. aureofaciengonversion assays
with 100 nmol KNQ and different initial @ levels (-Q: no G in headspace; +00.2 ml Q in
headspace) and initial cell densities

IAEA-N3 USGS-32 USGS-34 avg std

%

5.6x1¢ cells ml*, -0, 9.0 9.8 8.2 9.0 0.8

5.6x1¢ cells mf*, +O, -0.5 21.0 9.0 9.8 107
1.1x10 cells mf*, -O, 25.7 38.5 36.3 335 6.8
1.1x10 cells mf*, +O;, 15.1 35.4 32.9 278 111
1.5x10 cells mf, -O; 40.1 27.8 36.4 348 6.3
1.5x10 cells mf*, +O;, 19.5 33.9 19.3 243 8.4

3.5 Effect of acidity and salt concentration

The denitrifier method was originally developed lwR. chlororaphisto isolate N@ from
seawater for isotope analysis (Sigman et al., 2Q@&giotti et al., 2002). Rock and Ellen (2007)
and Mgrkved et al (2007) confirmed thatchlororaphiswas well suited for soil extracts with a
molarity of up to 1 M KCI. Another issue is the @ity present in extracts from acid soils, which
could inhibit growth ofP. aureofaciensand hence lead to incomplete conversion with Rgh
scrambling. We tested both factors in an experimenterting N@ house standards (100 nmol)
in acidified (pH4) TSBq4 or with TSB,q adjusted to 0, 0.25, 0.5 and 1M KCI.

Nitrate conversion to D was rapid and complete within 5 - 9 h (Fig. 6dn@ersion in pH 4
adjusted medium was only slightly delayed. Thers wa significant difference inJ9® kinetics
in medium with 0.25 M and 0.5 M KCI. In contragtetconversion in 1M KCI was significantly

delayed and did not reach complete conversion b&fbrh.
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Figure 6. NO kinetics during conversion of 100 nmol Kal{d TSByq adjusted to pH4 or to

different salt concentrations. Error bars are 1 SE.

15N and!®0 signatures were not significantly affected bytmasi acidity nor 0.25 M KCI (Tab. 6).
However, with higher KCI concentrations (0.5 and)1M°N decreased, whil'80 increased,
indicating incomplete conversion. This illustratieat the endpoint&'>N andd®0 are sensitive to
the growth conditions during conversion of N@ N.O. We therefore recommend to avoid salt
concentrations > 0.25M, which means that KCl-extrdoom soil should be diluted prior to
applying the method. In our assay, we used we Asatisample, 2 ml working culture and 2 ml
additional DI water, yielding a dilution of 1:3. &ater dilutions could be used if the sample matrix

contains sufficient N@.
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Table 6 N and*0 abundance of N§(house standard) in conversion assays adjustiitfécent
pH values and with different molarities of KCl
House KNQ 3N SD ) SD

- 1.47 0.29 9.19 1.67

pH4 1.51 0.39 8.21 2.88
0.25M KCI 1.35 0.26 1155 1.29
0.5M KCI 0.37 0.30 13.82 0.81

1M KClI -1.58 1.06 19.04 3.29

3.6 Accuracy of the simplified denitrifier method gplied to NOs standards and natural
samples

To evaluate the accuracy of our simplified dengriimethod with oxically growR. aurefaciens

we applied the method to three sets of standamd$atural samples provided by an international
laboratory inter-comparison of N isotope technig@Bgsi et al.,in prep). The tested N&
standards comprised one standard at natural aboedaa five standards with approximéateN
values of ~0, ~10, ~30, ~1000 and ~5000. An adutidNHsNOs standard at natural abundance
andN-enriched NH* in addition to a°N-enriched amino acid was analysed to test forseros
contamination of N@ during conversion. The environmental samples c@agrnatural river
water (182 uM N@) and 0.5M KSOy extracts from an acid grassland soil (212 uMs\NGcid
forest soil (24 uM N®) and a neutral forest soil (91 uM N Thes!®N values obtained by our
method overestimated “actual” values of KiN€andards by 1 - 2%. 4N abundances below
30%o; by 10%0 at ~1000%0, and underestimai&N by more than 300%. when the standard was
close to 5000%.. This suggests that our method weskisfactorily at close t&°N natural
abundance levels but not with BtG&trongly enriched if°N. 80 abundances were not covered by
the ring test. Denitrifier methods in general parfed superior with respect to cross-contamination
and our corrected°N values for the environmental samples were clogbdse obtained by the
original denitrifier method and other methods (midiffusion, chemical conversion to,® and

N2, EA-IRMS methods).
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4. Summary

We studied the effect of oxic-anoxic transitiondemitrification in oxically growrP. aureofaciens
with respect to completeness, rapidness'@idand*®0 integrity of the N@ conversion to hD.

We found that oxically grown cells &f. aureofaciengan be used to convert small amounts of
NOs in various matrixes to D for subsequerifN and!®0 analysis, if i) the background NO
contained in the medium is depleted prior to gragytimeP. aureofaciensulture, ii) the medium

is amended with additional NH (to prevent immobilization of sample NQor denitrification
intermediates in the conversion assay), iii) twerking culture” is kept in a stage of exponential
growth, and iv) small inocula (cell densities) arsed for the conversion assay. We converted
absolute amounts of NQranging from 25 to 200 nmol (in 2 ml), equivalemNOs concentrations
between 50 and 400 puM. Based on our findings, wesdea noveP. aurefaciensnethod (Fig.
1B, Supplementary Material), in which denitrificatiis induced by He-washing of oxically grown
cultures in the presence of sample :N@ather than induction with extraneous KN his
abridges the time needed by a factor of ~4 reldtwbe original method (Fig. 1A). We tested our
method successfully for in sample matrixes with jgi/(pH=4) or high salinity (0.25 - 1M KCI)

and applied it to natural samples (river waters,esdracts).
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Supplemtary Materials
Controlled induction of denitrification iRseudomonas aureofacierss

simplified denitrifier method for dual isotope aysib in NQ

Jing Zhd-3, Longfei YU, Lars R. Bakkeh Pal Tore Markvet] Jan MuldeY, Peter Dorsch

Production of NOs™ free TSB medium(Fig. 1B, upper panel)

Paracoccus denitrificanss inoculated into sterile medium (30 g TSB/I; 2anNH4Cl; 36mM
KH2PQs, pH ~7) and grown aerobically overnight whilerstig at room temperature. This results
in a starting culture d®. denitrificansof which 2 ml are inoculated into a 120 ml flasithab0 ml
TSB for growing the working culture aerobically 10 h. This results in a cell number of 1.9 —
5.6 x 1@ cells mtt. Each 10 ml of the working culture is inoculatatbifive 0.5 L Duran bottles
filled with 0.5 L sterile TSB medium. The screw d¢aglosed and additionally sealed with parafilm
to prevent Q leakage into the bottle during shaking. The celtisg incubated while shaking
horizontally for 2 - 3 days at room temperatureisticreating anoxic conditions and completely
removing traces of N©from the TSB medium. Next, the medium is filteeseptically (0.22 pm
sterile filter) to remov®. denitrificanscells and amended with 0.53g MH (20 mM NH;*) before
being autoclaved. The. denitrificanstreated N@-free TSB medium (TSR) is frozen for future

use.

The modified denitrifier method (Fig. 1B, lower panel)

TSBy is thawed and inoculated witRseudomonas aureofaciemsd incubated aerobically
overnight while stirring at room temperature toateea starting culture. To create a working
culture, 2 ml of the starting culture is inoculatetb a 120 ml flask with 50 ml TSBand grown
aerobically for about 6-8 h while stirring at roé@mperature to reach a cell density of 5.6 — 9.3 x
1 cells mit. Up to 4 ml of either samples or KN®tandards containing 20 - 100 nmol N3
added to an autoclaved empty 120 ml flask. Eagkfla crimp-sealed with butyl septa and the
headspace is washed with helium (5 subsequentgtéacuation and He-filling). Overpressure
is released and 2 rRl. aureofaciensvorking culture is added. The flasks are incub&bedt least

12 h to denitrify N@ quantitatively to MO at room temperature while shaking. Prior to the
analysis 06N ands*0 in N;O directly from the headspace, 0.1 - 0.2 ml 10 MDNais added

to the flasks to stop reaction and to trap excé&3s(Casciotti et al., 2002).
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