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Summary 

     Forests in the Chinese subtropics receive large amounts of nitrogen (N) from the 

atmosphere, both as ammonium (NH4
+) and nitrate (NO3-). Many of these forests are 

considered to be “N-saturated”, i.e. are not able to take up all added N, but leach 

significant amounts of NO3- to waters or re-emit nitrogen to the atmosphere as gaseous N. 

The main part of this thesis describes experimental work conducted in the well-studied 

subtropical forest catchment, “TieShanPing” (TSP). TSP is situated in SW China, on a 

sandstone ridge close to Chongqing city and is covered by a low-productive, mixed 

evergreen forest. The forest receives up to 60 kg N ha-1 y-1 from atmospheric deposition, 

without showing any sign of improved forest growth. Surprisingly, previous catchment-

scale studies at TSP and in other forests in South China, based on input-output budgets, 

found large apparent retention of atmogenic N in the forest ecosystems, without 

identifying the responsible mechanisms. This doctoral study focused on N-transformation 

processes in soils, in an attempt to understand the fate of deposited NH4+ and NO3
- in 

more detail and to characterize the factors governing retention, removal and loss of 

reactive nitrogen. A better understanding of transformation, retention and re-emission of 

reactive N in semi-natural, forested ecosystems is important for regional N budgets, 

particularly since N deposition is expected to increase in China in the near future.  

     The turnover of N was studied along hydrological flow paths at TSP and in seven 

forested headwater catchments across China (Paper II), acknowledging that the 

hydrological connectivity between different landscape elements, such as hillslopes and 

riparian zones, is likely to play a key role for transformation, transport and removal of 

deposited N. To characterize N turnover patterns spatially and temporarily, I used natural 

isotopic signatures of NO3- (15N and 18O, Paper I and II ). The analysis of 15N and 18O in 

NO3
- was carried out by a modified “denitrifier method”, which I helped to develop and 

implement (Paper V). Gross rates of N transformation in hillslope soils were determined 

by in situ 15N tracing (Paper III ). This experiment also served to explore the origin of 

N2O emissions (Paper III ), which have been reported to be exceptionally large in well-

drained hillslope soils of the TSP forest (Paper IV). To evaluate whether phosphorous 

(P) addition could alleviate P limitation and curtail N2O emissions by stimulating 

biological N uptake, I started an in situ P addition experiment and monitored soil 

chemistry and N2O emissions for 1.5 years (Paper IV).   
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     The N turnover in five subtropical (southern) and two temperate (northern) forest 

catchments, as inferred from natural abundance nitrate isotopic signatures (Paper I and 

II ), revealed a consistent spatial pattern, emphasizing the importance of hydrological 

connectivity between well-drained oxidative zones and groundwater-influenced, 

reductive zones. 15N tracing (Paper III ) revealed that freshly added NH4
+ is immobilized 

first into the soil organic N pool, before being released and converted to NO3
- through 

nitrification. Experiments with 15N labelled organic substrates (Paper III ) confirmed that 

“heterotrophic” nitrification, a poorly constrained biological process, contributes to NH4
+ 

oxidation in acid, subtropical soil. Once nitrified, the deposited NH4+ leaches as NO3- and 

is transported, together with the deposited NO3
-, by “interflow” over argic (clay-enriched) 

B horizons in the commonly found Acrisols to ground water discharge zones situated in 

valley bottoms and on stream banks. My detailed study of natural abundance isotope 

signals of NO3
- along this flow path (Paper I) convincingly demonstrated that the 

groundwater influenced soils are “hot spots” for N removal by microbial denitrification, 

thus explaining the “missing sink” for N in subtropical forest catchments. Appling the 

same technique to a range of Chinese forest catchments (Paper II), I found that this 

mechanism is of regional importance for monsoonal South China, but not for North China, 

where precipitation is too small to develop spatially continuous reductive landscape 

elements, which are hydrologically connected to oxidative environments upslope. 

Comparing apparent N-retention in the southern Chinese catchments with annual N 

deposition rates suggested that N removal in these subtropical catchments can be expected 

to increase with increasing N input.  

     Removal of reactive nitrogen by coupled nitrification-denitrification involves nitrous 

oxide (N2O) emission. Emission measurements carried out in the context of a 

phosphorous (P) addition experiment on TSP hillslope soils (Paper IV) estimated N2O 

emissions of up to 5.3 kg N ha-1 yr-1.  This is consistent with previous reports, showing 

that N2O-N losses equal about 10% of the annually deposited N. This large proportion of 

N removed as N2O, is likely a result of rapid microbial N turnover in warm and moist 

soils during monsoonal summers and the dominance of denitrification as N2O producing 

process (Paper III ). Addition of P caused a strong decrease (50%) in N2O emission 

already 1.5 years after the treatment (Paper IV). This implies that P addition to the 

naturally P-limited soils of the Chinese subtropics could enhance biological N uptake and 

reduce N2O emissions at the same time.  
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     Overall, this thesis shows that acid, subtropical forest soils in South China support a 

complex nitrogen cycle that can mediate both net N release and retention, depending on 

scale and N form studied. While providing a mechanistic framework for the observed 

strong N attenuation by denitrification at the catchment scale, mitigation options for N2O 

emissions remain to be explored.     
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Sammendrag 

Skog i de kinesiske subtropene er utsatt for stor nitrogen (N) nedfall fra atmosfæren, 

både som ammonium (NH4
+) og nitrat (NO3

-). Flere av disse skogene ansees til å være 

«nitrogen-mettet», dvs. avsatt N blir ikke tatt opp men renner av som NO3
- til vann eller 

re-emitteres som N-gas til luft. Hovedparten av denne oppgaven beskriver det 

eksperimentelle arbeidet jeg har gjennomført i det godt undersøkt subtropisk nedbørsfelt 

“TieShanPing” (TSP). TSP ligger i sørvest Kina, på en fjellrygg i nærheten av byen 

Chongqing og har en blandet, eviggrønn skog som er lite produktiv. Nedfall av nitrogen 

fra atmosfæren er opp til 60 kg N ha-1 år-1, uten at det har noe synlig effekt på skogens 

produktivitet. Tidligere studier i TSP og lignende sørkinesiske skog som baserte seg 

utelukkende på elementbudsjetter, fant at skogen holder igjen overaskende store mengder 

N, men klarte ikke å identifisere de underliggende mekanismene. Den foreliggende 

oppgaven setter fokus på omsetting av N i skogsjord for å bedre forstå denne «N-

retensjonen» i subtropisk skog. Kunnskap om prosessene og faktorene som bestemmer 

N-retensjonen og N tap er viktig, for å kunne si noe om skjebnen til de store mengdene 

avsatt NH4
+ and NO3

- på et regional skala. Nedfall av reaktiv nitrogen i kinesiske skog 

forventes til å øke i nær fremtid, og det trengs mer kunnskap om hvordan N omsettinger 

i disse skog påvirker regionale N budsjetter. 

 

Jeg undersøkte N omsettinger langs avrenningsveier i nedbørfelt til syv ulike skoger i 

Kina (Artikkel II ). De utvalgte felt viste en mer eller mindre utpreget hydrologisk 

kobling mellom skråning og en grunnvannsinfluert sone ved foten av bakken eller ved 

elvebredden. De feltene ble valgt slik, fordi koblingen mellom skråning og 

grunnvannsinfluert sone antas å være nøkkelen til forståelsen av hvordan nitrogen blir 

omsatt, transportert, fjernet eller holdt tilbake i skogsøkosystemet. Jeg karakteriserte N 

omsettinger i rom og tid på grunnlag av naturlige variasjoner i forekomsten av de stabile 

isotopene 18O og 15N i NO3
- (Artikkel I og II ). For å kunne analysere store mengder 

prøver med god nøyaktighet, ble det brukt en metode som baserer seg på å omdanne NO3
- 

til lystgass (N2O) gjennom denitrifikasjon. Denne metoden ble modifisert og 

videreutviklet, noe jeg bidro til (Artikkel V ). Bruttoratene til N omsettingsprosesser på 

skråningene ble direkte bestemt i felt ved hjelp av 15N markeringsforsøk (Artikkel III ). 

Disse forsøk ble også brukt til å utforske opphavet til lystgass utslipp, som har vist seg å 

være usedvanlig stort i de godt drenerte skråningene til TSP skogen (Artikkel III ). For å 

teste om fosfor (P) tilsetning til utarmet subtropisk jord kunne redusere N2O utslipp ved 
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å stimulere N opptak i planter og mikroorganismer, startet jeg et feltforsøk og registrerte 

forandringer i jordkjemi og N2O utslipp over halvannet år (Artikkel IV ).   

 

Nitrogen omsetningene langs hydrologiske avrenningsveier i fem subtropiske (sørlige) 

skogsfelt og to tempererte (nordlige) felt (Artikkel I  og II ) viste et konsistent mønster. 

Dette bekreftet at kobling mellom oksidative soner i skråningen og reduserende soner ved 

utløpet eller elvebredden er sentral for N retensjonen. Markeringsforsøk med 15N 

(Artikkel III ) avslørte at ferskt tilført NH4+ blir først immobilisert i jordens organiske N 

lager, før den frigjøres og omdannes til NO3
- gjennom nitrifikasjon. Eksperimenter med 

15N markert organisk substrat (Artikkel III ) bekreftet at “heterotrof nitrifikasjon”, en lite 

forstått biologisk prosess, bidrar vesentlig til NH4
+ oksidasjon i sur, subtropisk jord. Dette 

betyr at NH4
+ fra nedfallet blir nesten kvantitativt oksidert og renner, sammen med avsatt 

NO3
-, over et nokså tett leiresjikt ned til grunnvannsinfluerte soner. Slike leiresjikt ar 

ganske utbredt i subtropisk jord. Mine detaljerte studier av naturlige isotopsignaler i NO3
- 

langs slike avrenningsveier (Artikkel I ) demonstrerte overbevisende at 

grunnvannsinfluerte soner er “hot spots” for biologisk fjerning av N gjennom 

denitrifikasjon i det subtropiske skoglandskapet og forklarer således det manglende sluket 

i N budsjettet til subtropiske skog med høy N nedfall fra atmosfæren. Ved å bruke samme 

teknikken i en rekke av kinesiske skogsfelt (Artikkel II ), fant jeg at dette er tilfellet for 

alle skog påvirket av monsun, men ikke for skog i det nordlige Kina, hvor nedbør er for 

liten for å skape en hydrologisk forbindelse mellom de ulike landskapselementene. En 

sammenligning mellom den tilsynelatende N retensjonen og N deposisjonen blant de fem 

sørlige nedbørsfelt antydet at subtropisk skog tilbakeholder mer N med økende 

atmosfærisk nedfall. Dermed har mine funn regional betydning for Sør-Kina. 

 

 Fjerning av nitrogen gjennom kombinert nitrifikasjon og denitrifikasjon innebærer 

lystgassutslipp. Anslag av gjennomsnittlig N2O utslipp fra naturlig jord, basert på mine 

utslippsmålinger i P eksperimentet på TSP skråningen (Artikkel IV ), var 5.3 kg N ha-1 

år-1. Slike høye utslippsrater stemmer overens med tidligere observasjoner som fant at 

N2O-N tap kan utgjøre opp til 10% av N i nedfallet i TSP. Store N2O utslipp er med all 

sannsynlighet resultat av de raske mikrobielle N omsettinger og dominansen av 

denitrifikasjon blant de N2O dannende prosessene i et varmt-fuktig subtropisk klima 

(Artikkel III ). Tilsetting av P resulterte i en sterk (50%) nedgang av N2O emisjoner 

allerede halvannet år etter tiltaket (Artikkel IV ). Dette medfører at P tilsetting til naturlig 
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P-utarmet skogsjord i de kinesiske subtropene kunne være en metode til å øke biologisk 

opptak av N og dermed redusere N2O utslipp. 

 

Denne oppgaven viser at sur, subtropisk skogsjord i Sør-Kina støtter en kompleks 

nitrogensyklus, som kan både holde tilbake og frigjøre mineralsk N, avhengig av 

nitrogenspesies og tidsskalaen den blir studert på. Mine studier tilfører innsikt i de 

viktigste jordprosessene knyttet til N retensjon og fjerning på skogsfeltskala. Reduksjon 

av lystgassutslipp fra disse økosystemene forblir viktig for fremtidens forskningsagenda.     
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1. Introduction  

     Exponential growth of the human population since the 1960s has accelerated the global 

nitrogen (N) cycle, primarily through N-fixation for food and use of fossil energy 

(Vitousek et al., 1997; Galloway et al., 2008). Anthropogenic activities have doubled 

global reactive N (Nr) input, estimated at 420 Tg N yr-1, and this input is likely to increase 

during the next decades (Galloway et al., 2003; Bodirsky et al., 2014). Nr is essential for 

life and is re-distributed between ecosystems mainly via atmospheric transport and 

deposition (Gruber & Galloway, 2008; Fowler et al., 2013). Globally, N input to 

terrestrial systems, mainly in the form of ammonium (NH4
+) and nitrate (NO3-), has 

quadrupled from pre-industrial periods to the present (Galloway et al., 2004; Dentener et 

al., 2006; Bala et al., 2013). Within recent decades, East Asia has become regional 

hotspots for N pollution, experiencing N deposition rates of up to 80 kg N ha-1 yr-1 (Xu et 

al., 2015; Duan et al., 2016). 

     Emissions of Nr in China have boosted since the 1960s (Cui et al., 2013; Liu et al., 

2013), resulting in an average nationwide N deposition rate of 40 kg N ha-1 yr-1 (Fig. 1.1; 

Shi et al., 2015; Xu et al., 2015). In subtropical forests of South China, reported inorganic 

N fluxes in throughfall range from 25 to 70 kg N ha-1 yr-1 (Chen & Mulder, 2007a; Fang 

et al., 2008; Huang et al., 2015; Du et al., 2016), far exceeding the threshold of 25 kg N 

ha-1 yr-1 for N leaching in temperate forests (Dise & Wright, 1995).    

 

Fig. 1.1 Spatial map of modeled total N deposition rates in China. Sum of wet and dry 
deposition. Figure from Shi et al. (2015). 
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     Elevated N deposition has a number of negative impacts on the terrestrial environment 

(Vitousek et al., 1997), including reduction in soil fertility due to nutrient leaching (Aber 

et al., 1989), soil acidification (Zhao et al., 2009; Zhu et al., 2016), eutrophication of 

aquatic systems (Jaworski et al., 1997) and loss of plant diversity (Clark & Tilman, 2008; 

Bobbink et al., 2010). In addition, human health is at stake, through pollutions of air and 

drinking water (Townsend et al., 2003).                  

Greenhouse gases, such as carbon dioxide (CO2), methane (CH4), and nitrous oxide 

(N2O), play a key role in global warming (Ciais et al., 2013). However, the impact of 

rising N pollution on climate change remains under debate. On the positive side, increased 

N availability enhances growth of plants and thus promotes carbon (C) sequestration, 

especially in temperate and boreal, N-limited ecosystems (Reay et al., 2008; Butterbach-

Bahl et al., 2011). On the other hand, enhanced biogenic N2O and CH4 emissions due to 

increased N deposition may offset the cooling effect of C sequestration, due to N 

fertilization (Schulze et al., 2009; Tian et al., 2016).          

 

1.1 Efficient transformation of atmogenic N in acid soils of subtropical forests  

     Unlike temperate forests in Europe (Gundersen et al., 1998a), subtropical Chinese 

forests generally occur on old, highly-weathered soils (e.g. Acrisols; WRB 2014), 

characterized by phosphorus (P) deficiency (Liu et al., 2012). Loss of base cations from 

the soils has been accelerated by extensive NO3
- leaching (Larssen, 2004), resulting in 

increased acidification (Seip et al., 1999; Larssen & Carmichael, 2000). Together, acidity 

and P limitation have resulted in declining forest growth, and thus reduced N uptake by 

standing biomass (Wang et al., 2007).  

     Despite the fast growth of NOx emission in China (Liu et al., 2013), NH4
+ still 

dominates (> 50%) the inorganic N deposition (Xu et al., 2015). However, only small 

amounts of NH4+ are found in the soil water of subtropical forests (Chen et al., 2004; Fang 

et al., 2008). Incoming NH4+ seems to be quickly and quantitatively converted to NO3
- 

(Larssen et al., 2011). In a seven-year N fertilization experiment in the TieShanPing (TSP) 

forest (SW, China), Huang et al. (2015) found near-quantitative conversion of added 

NH4
+ to NO3

-, even at elevated rates of NH4
+ input. The apparent efficient turnover of 

deposited NH4+ to NO3
- and the associated small rate of NH4

+ leaching suggest microbial 
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nitrification to be one of the key processes behind forest N loss. Nitrification is important 

to soil N leaching (Gundersen et al., 1998b), as it transforms the immobile NH4
+ to highly 

mobile NO3
- (Sahrawat, 2008). The ability to nitrify is restricted to small, specialized 

groups of bacteria, archaea and fungi, of which the latter two seem to be more important 

in acid soils (Teske et al., 1994; Leininger et al., 2006; Gubry-Rangin et al., 2011). 

Nitrification activity depends on a number of factors, such as pH, oxygen (O2) and NH4
+ 

availability (Sahrawat, 2008). For instance, enhanced N input has been found to stimulate 

nitrification rates in a range of soils (Corre et al., 2010; Lu et al., 2011), whereas excessive 

N addition decreased nitrification activity, likely due to acidification (Venterea et al., 

2004; Corre et al., 2007). 

     Acid soils provide sub-optimal habitats for nitrifiers, since the actual substrate for 

nitrification, ammonia (NH3), which is in chemical equilibrium with NH4+, is scarce (De 

Boer & Kowalchuk, 2001). Laboratory 15N tracing studies in acid forest soils found that 

added NH4+ is not directly nitrified, but quickly assimilated into the soil organic N pool 

(Tahovsk et al., 2013; Gao et al., 2016), before eventually being nitrified. This points at 

a special role of the soil organic N pool for processing and transforming of deposited 

NH4
+ in acid forest soils (Booth et al., 2005; Lu et al., 2011). Previous studies in forest 

soils of subtropical China reported gross mineralization and nitrification rates, 

comparable to those found in the tropics (Zhang et al., 2013; Zhu et al., 2013a). This 

means that atmogenic NH4
+ may indeed undergo internal cycling in the soil before being 

recovered as NO3-. To explain the conundrum of efficient biological NH4
+ conversion to 

NO3
- in acid soils, “heterotrophic nitrification” (i.e. the co-oxidation of organic N to nitrite 

during heterotrophic microbial growth) has been invoked, based on circumstantial 

evidence from ex situ 15N labelling studies with a range of subtropical forest soils from 

China (Zhang et al., 2013; Chen et al., 2015; Gao et al., 2016). 

 

1.2 Understanding denitrification as an N sink at the catchment scale  

     Subtropical forest soils in China leach significant amounts of N, predominately as 

NO3
- (Chen & Mulder, 2007b; Fang et al., 2008). Accordingly, these forests are 

considered to be ‘N-saturated’ (Chen & Mulder, 2007b; Koba et al., 2012; Huang et al., 

2015). However, based on catchment-scale N fluxes, Larssen et al. (2011), while 

confirming strong NO3- leaching from upland hillslope soils, found that most of the 
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leached NO3- does not reach the streams. As forest growth is suppressed by soil 

acidification and P limitation, net N retention in standing biomass is small (Wang et al., 

2007; Huang et al., 2015). Larssen et al. (2011) speculated whether NO3
- is removed by 

denitrification in riparian soils. Later, Fang et al. (2015), studying isotopic signatures in 

NO3
- in several tropical forests of China, estimated annual losses of 5.6 to 30.1 kg N ha-1 

by denitrification, which is in the same order of magnitude as atmogenic N input. 

However, detailed studies into denitrification at the catchment scale are scarce, due to the 

lack of methods for direct observation (Groffman, 2012; Duncan et al., 2013; Wexler et 

al., 2014).     

     Denitrification is the dissimilatory reduction of NO3
- to NO2

-, NO, N2O and ultimately 

to dinitrogen gas (N2), primarily mediated by heterotrophic, facultatively anaerobic 

bacteria (Focht & Verstraete, 1977; Knowles, 1982). Soil denitrification contributes 

significantly to Nr dissipation on a global scale (Seitzinger et al., 2006; Bouwman et al., 

2013). A range of soil factors, including oxygen (O2) availability, respirable C, NO3- 

availability, pH and temperature, regulate denitrification activity and the stoichiometry of 

its gaseous products (Knowles, 1982; Weier et al., 1993; Simek & Cooper, 2002; Zhu et 

al., 2013b). Denitrification activity strongly depends on anoxia, making soil moisture the 

most influential factor. Therefore, soil moisture, or drainage status, is often used to 

identify denitrification hotspots at the landscape scale (Seitzinger et al., 2006). For 

instance, groundwater-influenced soils of riparian zones show strong denitrification 

activities (Clément et al., 2003; Billy et al., 2010; Bouwman et al., 2013). However, 

despite the importance of anoxia for denitrification, highest denitrification activities are 

not found in the permanently saturated zone below the groundwater table, but rather in 

the capillary fringe between saturated and unsaturated layers close to the (fluctuating) 

groundwater table (Duncan et al., 2015; He et al., 2016). Zhu et al. (2013a) studied N2O 

emissions in a groundwater discharge zone, and summarized that the control of 

denitrification by the groundwater table likely reflects the tradeoff between decreasing 

availability of respirable C with depth and increasing anoxia for denitrification (Zhu et 

al., 2013c), as long as NO3
- availability is ample (Niu et al., 2016).  

     If riparian zones are to act as N sink in forest catchments, this raises the question from 

where the substrate for denitrification (viz. NO3
-) is derived. Stable isotope studies have 

shown that NO3- being denitrified in riparian soils is not directly from atmogenic 

deposition, but from soil processes (i.e. nitrification) (Curtis et al., 2011; Rose et al., 2014, 
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2015; Sabo et al., 2015). Forested catchments can be operationally divided into three 

landscape elements: well-drained hillslope soils, near-stream or riparian soil 

environments and stream water, all of which are hydrologically connected (Jencso et al., 

2009; Likens, 2013). This means that mobile NO3
- produced from aerated hillslope soils 

could be transported to water-saturated riparian soils if there exists a hydrological flow 

path connecting these elements (Duncan et al., 2015; Griffiths et al., 2016). However, 

when the system is N-limited, NO3
- is strongly retained along the hydrological flow path, 

with little NO3
- being transported to near-stream environments for denitrification (Rose 

et al., 2014; Wexler et al., 2014). In this case, N removal would be restricted to coupled 

nitrification-denitrification in the near-stream soils, which is controlled by seasonally or 

diurnally fluctuating groundwater tables (Duncan et al., 2015).   

     Field observations of denitrification often show seasonal patterns, with large fluxes 

occurring during the warm and humid season (e.g. monsoonal summer in subtropics) 

(Tang et al., 2006; Zhu et al., 2013c; Morse et al., 2014). During rainstorms, Rose et al. 

(2014) observed high proportions of atmogenic NO3
- in stream export, suggesting that 

catchment NO3- attenuation also depends on water flow paths and water residence time. 

In addition, significant, transient denitrification may occur in aerated soils, e.g. in 

hillslope soils of subtropical forests in China, where Zhu et al. (2013c) observed large 

N2O emissions from O/A horizons during monsoonal summers, in response to intensive 

summer rain. Denitrification in upland soils likely occurs in anoxic microsites (e.g. soil 

aggregates or occluded soil organic matter), which are common in heterogeneous soils 

(Parkin, 1987; Butterbach-Bahl et al., 2013). 

 

1.3 N2O emissions from subtropical forests in China 

     Increased turnover of N in forest soils, triggered by atmogenic N deposition, involves 

production of N2O (Ciais et al., 2013), mainly through nitrification and denitrification 

(Firestone & Davidson, 1989). Among all factors that regulate the contribution of 

nitrification and denitrification to N2O production, pH and water-filled pore space 

(WFPS) appear to be the most important (Bateman & Baggs, 2005; Mathieu et al., 2006; 

Ju et al., 2011; Cheng et al., 2015). In general, denitrification dominates in near-saturated 

soils (WFPS > 70%) where it results in large N2O emission fluxes, while nitrification is 

the major source for N2O in unsaturated soils (WFPS < 70%) characterized by smaller 
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N2O emission fluxes (Bateman & Baggs, 2005; Mathieu et al., 2006). According to a 

literature review, N2O production in low-pH soils tends to be dominated by denitrification 

(Cheng et al., 2015). In accordance with this, in the acid forest soils of China, 

denitrification has been identified as the dominant source for N2O emission (Zhang et al., 

2011a; Zhu et al., 2013d).   

     Acid soils favor the production of N2O rather than N2 in denitrification by directly (Liu 

et al., 2010, 2014) or indirectly (Dörsch et al., 2012; Brenzinger et al., 2015) affecting 

the enzymatic balance between production and reduction of N2O. Another mechanism 

leading to a high proportion of N2O among denitrification products are frequent shifts 

between anoxic and oxic conditions. Morley et al. (2008) found that fully induced 

denitrification in soil produces large amounts of N2O when re-exposed to O2. Thus, 

frequent soil moisture changes brought about by monsoonal rainstorms followed by rapid 

runoff on well-drained hillslopes may result in large N2O emissions. Indeed, monsoonal-

subtropical forests in China with high N deposition and acid soils have been reported to 

emit 2.0 to 5.4 kg N ha-1 of N2O annually (Tang et al., 2006; Fang et al., 2009; Zhu et al., 

2013c), exceeding annual N2O emission rates in tropical (Werner et al., 2007), and 

temperate forests (Gundersen et al., 2012). In the TSP forest in SW China, annual N2O 

emission of 4.3 to 5.4 kg N ha-1 has been reported for well-drained upland soils, 

accounting for 8 to 10% of the inorganic N deposition (Zhu et al., 2013c). Addition of N 

to subtropical forests further stimulates N2O emission (Wang et al., 2014; Chen et al., 

2016; Zheng et al., 2016), indicating that these forests are regional hotspots for N2O 

emission and will increasingly be so as atmogenic N deposition further rises. 

 

1.4 CH4 uptake in N-saturated forest soils  

     Forest ecosystems are commonly regarded as net sinks for atmospheric CH4, thus 

contributing to the terrestrial CH4 balance (Le Mer & Roger, 2010). The CH4 

emission/uptake from soil is determined by the net-effect of CH4 production by 

methanogens and CH4 oxidation by methanotrophs (Smith et al., 2003). CH4 production 

requires low redox conditions, which are common in waterlogged environments. CH4 

consumption from the atmosphere, in contrast, is restricted to upper soil layers, where it 

is controlled by O2 and CH4 diffusion from the atmosphere into the soil (Veldkamp et al., 

2013). Increased N deposition is believed to inhibit CH4 uptake in forest soils (Hütsch, 
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1996; Veldkamp et al., 2001), as NH4+ competes with CH4 for the active site on the central 

enzyme, methane monooxygenase (Bodelier & Laanbroek, 2004; Zhang et al., 2008a; 

Veldkamp et al., 2013). Reported CH4 uptake rates in southern Chinese forests under high 

N deposition (20-50 kg N ha-1 yr-1) are moderate (Tang et al., 2006; Fang et al., 2009; 

Zhang et al., 2014a) and Zhang et al. (2008a) found that a gradual increase in N deposition 

resulted in a corresponding decrease of CH4 uptake. Together, this suggests that N 

deposition to forests of South China may have severely reduced the CH4 sink strength, 

probably even resulting in net CH4 emissions from upland soils. 

     Addition of P to tropical forests has been found to promote uptake of atmospheric CH4 

in soil (Zhang et al., 2011b, 2014a; Mori et al., 2013b). However, there is ongoing debate 

on whether P availability affects soil CH4 uptake directly by stimulating methanotrophic 

activity or indirectly through changing the soil N status (Veraart et al., 2015). Firstly, 

since NH4
+ may compete with CH4 for the active site on the central enzyme, a reduction 

of NH4
+ availability in soil is likely to alleviate N inhibition of CH4 oxidation (Veldkamp 

et al., 2001, 2013; Bodelier & Laanbroek, 2004; Zhang et al., 2008a). Secondly, if P 

addition stimulates plant roots, evapotranspiration from the root zone will increase, 

resulting in better-aerated soils with more CH4 diffusion into the soil (Zhang et al., 

2011b). A third possibility is that P directly affects CH4 oxidation activity by stimulating 

gene transcription of methanotrophic enzymes (Veraart et al., 2015).     

             

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

     Chronically elevated N deposition in South China and the associated soil acidification 

have resulted in declining forest growth, characterized by severe defoliation (Wang et al., 

2007), loss in biodiversity (Lu et al., 2010) and decrease in plant biomass production 

(Huang et al., 2015). In the Acrisols from South China, increasing N deposition has 

aggravated P limitation (Liu et al., 2012; Du et al., 2016). For instance, in the TSP forest 

in SW China, Huang et al. (2015) measured an average N/P ratio of 17 for tree needles, 

which exceeds the optimum range of 6 to 12 for forest growth (Wang et al., 2007). 

     Large N2O emissions have been reported from P-limited forest ecosystems in the 

tropics upon increasing N deposition experimentally (Hall & Matson, 1999; Zhang et al., 

2008b). The large N2O emission was attributed to the generally small N retention capacity 
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of these forests. Several studies have specifically addressed the effect of P fertilization on 

N cycling, both in South China (Zhang et al., 2014b; Chen et al., 2016; Zheng et al., 2016) 

and in South Ecuador (Martinson et al., 2013; Müller et al., 2015). In both forests, P alone 

had no significant effect on N2O emission 1-2 years after addition, whereas N+P 

treatments showed reduced N2O emission relative to N fertilization (Martinson et al., 

2013; Zheng et al., 2016). However, in the longer term of 3-5 years, P addition 

significantly decreased N2O emissions also in the P treatments (Müller et al., 2015; Chen 

et al., 2016). In both studies, N2O emission decreased along with inorganic N 

concentrations in soil, which was attributed to enhanced plant N uptake (Mori et al., 

2013a). By contrast, Wang et al. (2014) reported that P addition stimulated N2O emissions 

in a secondary tropical forest, likely due to increased microbial activity and thus larger 

nitrification and denitrification rates in the soil (Liu et al., 2012). Therefore, it is likely 

that the overall effect of P addition on N2O emission is governed by the trade-off between 

increased microbial denitrification capacity and increased plant growth, competing with 

denitrification for N. 

 

1.6 Improving our understanding of forest N cycle with stable isotopes 

     The N cycle of an ecosystem involves numerous processes and components (Robinson, 

2001), some of which are difficult to assess. For instance, it remains difficult to measure 

in situ denitrification, due to the large spatiotemporal variability of denitrification, and 

the high N2 background in the atmosphere (Groffman et al., 2006; Duncan et al., 2013). 

The natural abundance of 15N and 18O in NO3
- (δ15N and δ18O) offers a possibility to semi-

quantitatively characterize denitrification activity (Kendall et al., 2007). Kinetic 

fractionation of isotopes occurs during all N transformation processes, by turning over 

lighter isotopes (14N and 16O) slightly faster than heavier isotopes (15N and 18O) (Fry, 

2007). Thus, denitrification enriches both 15N and 18O in its residual substrate, NO3
-. As 

the O atoms in NO3- are partly exchanged with those in ambient H2O, the fractionation 

effect by denitrification for 18O is always smaller than that for 15N in NO3
- (Knöller et al., 

2011; Wunderlich et al., 2013). Therefore, denitrification progressively enriches 15N and 
18O in NO3

- in ratios between 2:1 and 1:1 (Fig. 1.2). In aquatic systems, a ratio of 0.5 for 

δ 18O/δ15N is commonly used to identify denitrification (Bottcher et al., 1990). To 

quantitatively evaluate the kinetic 15N fractionation during denitrification, Mariotti et al. 
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(1981) proposed to calculate an apparent enrichment factor ε, which describes the change 

of δ15N versus the change of NO3
- concentration, between initial and residual NO3

- in an 

idealized closed system. Apparent ε values reported for riparian and groundwater studies 

are in the range of -3.5‰ to -5.9‰ (Mariotti et al., 1988; Spalding et al., 1993; Søvik & 

Mørkved, 2008; Osaka et al., 2010; Wexler et al., 2014). 

 

Fig. 1.2 Schematic demonstration of using natural abundance of 15N and 18O isotopes in NO3-, for 
partitioning sources and identifying processes. Figure from Kendall et al. (2007). 

 

     Nitrification causes 15N depletion in its product (NO3-), but the isotopic fractionation 

effect is usually small, due to substrate limitation of nitrification in soil (Mariotti et al., 

1981; Billy et al., 2010). The δ18O of NO3
- produced by nitrification is determined by the 

oxygen sources (O2 and H2O) and can be interpreted by mixing of the two end members, 

δ18O of H2O and O2 in the environment, respectively (Kendall et al., 2007). Thus, the 

δ18O values of nitrification-produced NO3- is often in the range of -15‰ to +15‰ (Fig. 

1.2) (Fang et al., 2012), whereas atmospheric NO3
- has higher δ18O values of up to 100‰. 

This distinction has been used to distinguish atmogenic- and soil-derived NO3- (Rose et 

al., 2015). Very recently, δ17O of NO3
- has been used to partition between atmospheric 

and soil derived NO3- in stream waters, based on the strong 17O signal in atmospheric 

NO3
-, originating from mass-dependent fractionation during photochemical reaction 

(Fang et al., 2015; Sabo et al., 2015).    
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     Addition of enriched 15N tracers is another approach for studying N cycling with stable 

isotopes (Templer et al., 2012). Labeling N pools with small amounts of highly enriched 
15N helps to trace N transformations and study the distribution of N to other pools (Hart 

& Myrold, 1996). Also, net and gross N transformation rates can be estimated based on 

the net accumulation or dilution of 15N in a product. For instance, Zhu et al. (2013b) 

applied 15N-labeled NO3
- to hillslope soils in the TSP forest, and measured the 15N in 

emitted N2O. They found that emitted N2O was highly enriched in 15N, with atom% 15N-

excess values resembling those of the added NO3
-. Hence, they concluded that 

denitrification was the major source of N2O emission from the hillslope soils.     

     In order to measure 15N and 18O of NO3
- by isotope ratio mass spectrometry (IRMS), 

NO3
- has to be isolated from solution and converted to a gas that retains information about 

both 15N and 18O in NO3
-. Next to conversion to NO (which is very unstable), conversion 

to N2O fulfills these criteria. Sigman et al. (2001) and Casciotti et al. (2002) introduced a 

bacterial denitrifier method to isolate and convert NO3
- to N2O based on Pseudomonas 

aureofaciens (ATCC 13985), a bacterial strain that lacks N2O reductase (Christensen & 

Tiedje, 1988; Casciotti et al., 2002). This method has become the most common approach 

to pretreat NO3- samples for isotope analysis. To prevent isotopic fractionation during 

denitrification (see above), the conversion of NO3
- has to be complete. Further, the 

conversion should be rapid to prevent contamination by bacteria contained in the sample 

that could eventually convert N2O to N2. The conventional denitrifier method therefore 

induces denitrification by preculturing P. aureofaciens in the presence of extraneous NO3
- 

during a lengthy period (6-10 days), in which the culture grows to high cell numbers, 

depletes oxygen and switches from oxic to anoxic respiration. However, there are 

challenges: If the preculturing period is too short, consumption of extraneous NO3
- will 

be incomplete and lead to large blank values. On the other hand, if the preculturing period 

is too long, growing P. aureofaciens cells are at risk to run out of electron acceptors, 

which may lead to a metabolic “arrest” and would impair their “fitness” to convert sample 

NO3
- quantitatively to N2O. In practice, it is difficult to monitor NO3- depletion during 

growth and induction of P. aureofaciens. In addition, cells have to be harvested by 

centrifugation and resuspended in spent medium, from which the N2O formed by anoxic 

respiration has to be removed by He or N2-sparging. Together, this makes the method 

laborious and difficult to handle. Therefore, a simplified but reliable method is needed to 

process the large numbers of NO3
- samples obtained from field experiments. 
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2. Research Objectives 

     This thesis follows up previous findings from a range of subtropical forests in South 

China, which are currently at or near N-saturation. N turnover processes were mainly 

studied by stable isotope approaches. The response of forest ecosystems (especially soils) 

to chronically elevated atmogenic N input was the major focus. In addition, I studied soil 

gas emissions to assess the impact of N-saturation on regional GHG budgets. The specific 

research objectives of this thesis were: 

1. To develop a simplified but reliable “denitrifier method” for the analysis of 15N and 
18O isotopes in NO3- from natural samples (Paper V). 

2. To investigate the fate of atmogenic N input in N-saturated subtropical forest soils, and 

to elucidate the role of soil N turnover for retention and loss of atmogenic N inputs (Paper 

III ). 

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

catchment scale (Paper I). 

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

of subtropical forests (Paper I and Paper II). 

5. To explore the mechanisms governing N2O production in acid soils of subtropical 

forests, and partition the N2O sources between nitrification and denitrification (Paper 

III ). 

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

including its effects on soil-atmosphere exchanges of N2O and CH4 (Paper IV).  
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3. Materials and Methods 

3.1 Study sites 

     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. 3.1a). The catchment has a 

typical monsoonal climate, with an average annual precipitation of 1028 mm and a mean 

annual temperature of 18.2 ℃ (Zhu et al., 2013c). Most precipitation occurs in summer 

(April to September). Inorganic N deposition varied between 40 and 65 kg N ha-1 yr-1 

during the last decade, with an increasing trend in recent years (Duan et al., 2013; Huang 

et al., 2015). The vegetation is a mixed coniferous-broad leaf forest, dominated by 

Masson pine (Pinus massoniana). 

 

Fig. 3.1 Location of TSP forest (a) and digital elevation model (DEM) of the catchment (b), 
showing the location of two transects, a hillslope (T1-T5) and a groundwater discharge zone (B1-
B7). Figure 1 from Paper I.     

 

     At TSP (Paper I  and II ), I selected a 4.2 ha sub-catchment, including two dominant 

landscape elements: a relatively steep Northeast-facing hill slope (HS), and a 

hydrologically connected Southeast-Northwest-oriented, terraced groundwater discharge 

zone (GDZ) (Fig. 3.1b). Soils on HS are acidic (pH = 3.7-4.1), loamy yellow mountain 

soils (Acrisols; WRB 2014), with a thin O horizon (0-2 cm). Generally, HS soils are well 

drained, and induce considerable interflow over the argic Bt horizon after rainfall 

(Sørbotten et al., Accepted). In the GDZ, the soils are developed from colluvium 

(Cambisol; WRB 2014), derived from the surrounding HS and their hydraulic 
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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, resulting in 

temporary water logging (Sørbotten, 2011). The GDZ has an intermittent stream, the 

outlet of which enters a small pond.     

     Six additional forest sites in China were included in this thesis (Paper II), four in 

South China and two in North China (see Table 3.1 for site codes and a detailed 

description). All southern sites have subtropical monsoonal climate similar to that at TSP, 

with annual precipitation above 1000 mm. Among the northern sites, DLS is located in 

the warm temperate zone with continental monsoonal climate, while LPS is in the 

temperate zone with continental climate, only marginally influenced by monsoon. Most 

precipitation occurs in summer, but mean annual precipitation at the northern sites is 

markedly smaller (~ 600 mm) than at the southern sites. All catchments have a similar 

topography as at TSP, characterized by well-drained HS and hydrologically connected 

GDZ. However, the northern sites have less developed and more discontinuous GDZs 

along the stream banks, due to the drier conditions.  

Table 3.1 Background description of all sites except TSP (soil characteristics mainly refer 

to hillslope soils; Paper II). 

 

Site name 
Leigongshan 

(LGS) 
Caijiatang 

(CJT) 
Tianmushan 

(TMS) 
Dagangshan 

(DGS) 
Liupanshan 

(LPS) 
Donglingshan 

(DLS) 
Location Guizhou Hunan Zhejiang Jiangxi Ningxia Beijing 

Longitude 108°11′ 112°22′ 119°26′ 114°34′ 106°20′ 115°26′ 
Latitude 26°23′ 27°50′ 30°19′ 27°35′ 35°15′ 39°58′ 

Mean annual 
temperature (oC) 

15.7 17.5 11.9 15.8 5.8 4.8 

Mean annual  
precipitation 

(mm) 
1120 1250 1581 1591 676 612 

Vegetation 

Pinus 
armandii 

dominated, 
coniferous-

broad 
leaf mixed 

forest 

Massone 
pine 

dominated, 
coniferous-

broad 
leaf mixed 

forest 

Broad-leaf 
forest 

Evergreen  
broad-leaf 

forest 

Mixed 
deciduous  
broad-leaf 

forest;  
broad-leaf 

and  
coniferous  

forest 

Mixed, 
secondary 
deciduous  
broad-leaf 

forest;  
coniferous 

forest 

Soil type 
Yellow 

mountain 
soil 

Yellow 
mountain 

soil  

Red and  
yellow soils  

 

Red and  
yellow soils  

 

Gray 
cinnamon 

soil 
Cinnamon soil 

Soil pH† 4.4 4.8 6.3 4.9 7.0 6.1 
Soil C/N ratio‡ 12.0 14.2 13.2 14.4 10.4 11.5 

Annual  
throughfall flux 

(kg N ha-1)θ 
9.8 38.8 19.4 16.0 5.0 11.6 
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3.2 Experimental design 

3.2.1 Isotope analyses (Paper I-III and V) 

     15N and 18O of N2O produced from NO3- in natural samples were analyzed with an 

isotope ratio mass spectrometer coupled to a pre-concentration unit (PreCon-GC-IRMS, 

Thermo Finnigan MAT). Isotope ratios, such as 15N/14N and 18O/16O, are reported as δ 

values (‰): 

δ =  
����	
� � ��������

��������
 × 1000                                                                                       (1) 

where R is the ratio of 15N/14N or 18O/16O. International standards of 15N and 18O refer to 

atmospheric N2 and Vienna Standard Mean Water (VSMOW), respectively.   

     Here, I modified the conventional denitrifier method (Sigman et al., 2001; Casciotti et 

al., 2002), by preculturing Pseudomonas aureofaciens aerobically in a NO3--free tryptic 

soya broth (TSB) and inducing denitrification by repeated helium washing in the presence 

of µM NO3
- present in the sample (Fig. 3.2). To remove traces of NO3

-, the TSB medium 

was preincubated with Paracoccus denitrificans (ATCC 17741), which converts NO3- 

quantitatively to N2. P. denitrificans was grown aerobically at room temperature under 

stirring and inoculated at a cell density of 1.9-5.6 × 108 cells ml-1 to sterile TSB medium. 

The culture was then incubated for 3-4 days in closed bottles while shaking horizontally, 

eventually removing all O2 and NO3
-. The resulting “NO3--free” spent medium was 

amended with 20 mM NH4+ (to compensate for NH4+ used during P. denitrificans 

growth), autoclaved and stored frozen for future use. Pseudomonas aureofaciens was 

grown aerobically in the NO3--free medium, providing starting and working cultures for 

the conversion assay (Fig. 3.2). When the working culture reached a cell density of 5.6-

9.3 × 108 cells ml-1, 2 ml of culture was added to helium-washed, anoxic 120 ml vials 

containing up to 4 ml of NO3- sample or standard. Complete conversion of NO3
- to N2O 

was achieved in less than 10 hours under shaking, after which 0.2 ml of 10 M NaOH was 

added to stop microbial activity and to trap CO2.  

     The δ18O of converted N2O differs from that of NO3- due to isotopic fractionation 

associated with the loss of O atom during denitrification and the O exchange with H2O in 

the medium (Casciotti et al., 2002; Kool et al., 2011). This fractionation can be assumed 

to be constant if the conversion is complete and can be corrected by including standards 
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with known isotopic compositions in each measurement batch (Casciotti et al., 2002; Fry, 

2007). Assuming that 18O fractionation, NO3- blank of the TSB medium, and O exchange 

are stable for each batch, I corrected δ18O values by including two nitrate standards 

differing in 18O (IAEA N3 and USGS 34), applying the following equation (Casciotti et 

al., 2002): 

δ��O� =  δ��O�� +
(������� ������)

(������� ������)
 (δ��O −  δ��O �)            (2) 

where δ18Os, δ18Os1 and δ
18Os2 are the mean actual δ18O values of NO3- for sample, 

standard 1 and standard 2, respectively, whereas δ18Om, δ18Om1 and δ
18Om2 are their mean 

measured δ18O values.  

 

Fig. 3.2 Procedures for converting NO3
- samples to N2O by the modified denitrifier method. 

Figure from Paper V. 

 

     15N of NH4
+ in KCl extracts and freshwater samples was analyzed after chemical 

conversion to N2O (Zhang et al., 2007). NH4
+ was first quantitatively converted to NO2

- 

by hypobromite (BrO-) at pH ~ 12, and further reduced to N2O using a 1:1 mixture of 

sodium azide and acetic acid. The precision for δ15N of NH4
+ was ≤ 0.3‰.      
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     To measure total δ15N, bulk samples (soil and plant) were finely milled and wrapped 

in tin capsules. Samples were analyzed with an elementary analyzer coupled to an IRMS 

(Thermo Finnigan, Delta XP). The precision for bulk soil δ15N was ~ 0.2‰.  

 

3.2.2 Field observations along hydrological continua in seven forest catchments (Paper I 

and Paper II) 

     Soil water was collected along hydrological-connected hillslopes (HS) and 

groundwater discharge zones (GDZ). See Paper I and Paper II for a detailed set-up of 

sampling plots along the hydrological flow paths. Soil pore water was sampled in 

triplicates at every plot along the flow paths, using either macrorhizon soil moisture 

samplers (Rhizosphere Research Products) or ceramic suction cup lysimeters (P80; 

Staatliche Porzellanmanufaktur). Samples were collected by applying vacuum to the 

lysimeters through a 50 ml syringe for about 12 hours (Fig. 3.3). Throughfall was 

collected in triplicate in 3-L polyethylene (PET) bottles, equipped with 10.6-cm diameter 

PET funnels (Fig. 3.3). Stream water was sampled at the weir located at the outlet of the 

catchment (Fig. 3.3). All water samples were filtered by 0.45 µm syringe-filters (Millex) 

and frozen before analysis. Bulk soil at the depth of 0-5 cm was sampled using either core 

rings or a spade, and kept refrigerated (4 oC) until analysis.    

 

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

 

     After a rainstorm (32 mm; sampled as throughfall) on July 5, 2013 at TSP (Paper I), 

soil water (0-5 cm) and stream water samples were collected once per day for three 
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consecutive days. An additional sampling was carried out on July 31, after a dry period. 

The 2013 samples were compared to archived (frozen) water samples (throughfall, soil 

water and stream water) taken at the same plots in the summers of 2009 (6 different days) 

and 2010 (10 different days). These samples were collected at four depths in the soils of 

HS (0-5, 10, 20 and 40 cm) and GDZ (0-5, 30, 60 and 100 cm). All water samples were 

analyzed for inorganic N concentrations and NO3
- isotopes. In addition, δ15N-NH4

+ was 

analyzed for a few throughfall samples. Before the rainstorm on July 5, 2013, I took soil 

samples from the surface horizon (0-5 cm), which were later analyzed for total C, and N 

contents and δ15N. Precipitation and air temperature at TSP were recorded every 5 minutes 

using a weather station (WeatherHawk 232) installed on the roof of the local forest 

bureau, located 1 km south of the catchment. At the outlet of the sub-catchment, water 

discharge rates were measured by a V-notch weir at 5-minute intervals, using WL705 

ultrasonic water level sensor (Global Water, Xylem Inc.).     

     At the other six sites (Paper II), inorganic N concentrations were determined in 

samples of throughfall, soil water and stream water, collected bi-weekly at all sites from 

Aug. 2012 to Aug. 2014. For both inorganic N concentration and isotope analyses, I 

sampled throughfall, soil water (0-5 cm) and stream water (outlet) twice at all sites (only 

throughfall for DGS) in July and August 2014, respectively. Additional sampling of 

surface soil, soil water and stream water was conducted in July 2015, only for the southern 

sites.   

     The Rayleigh distillation model was used to evaluate denitrification activities 

quantitatively (Mariotti et al., 1981). For this, I calculated the apparent 15N enrichment 

factor ε as a proxy for denitrification activity along the water flow path: 

ε =  
#� � #�$  

%& [(()*+
,)� (()*+

,)�$]⁄
                                                                                                  (3)                                         

where C(NO3
-)s0 and, C(NO3

-)s are  initial and residual NO3- concentration, respectively, 

and δs0 and δs are δ15N of initial and residual NO3-. This approach is based on the 

assumption that the hydrological flow path behaves as a quasi-closed system (Wexler et 

al., 2014), and that isotopic fractionation is solely due to denitrification. 
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3.2.3 In situ 15N tracing experiment (Paper III ) 

     In the TSP forest catchment, I established two experimental sites (upper (P1) and lower 

(P2); Fig. 1a in Paper III ) both on the northeast facing hillslope (HS). The two sites were 

located just below the summit of HS (P1) and at the foot of the hillslope (P2), respectively. 
15N tracer was applied on June 23, 2015, in solution as 15NH4NO3 (15NH4, 99 atom% 15N), 

NH4
15NO3 (15NO3, 98 atom% 15N), and 15N-Glutamic acid (15N-Glut, 98 atom% 15N). The 

reference plots received the same volume of deionized water. At both P1 and P2, three 

blocks were established; in each block four treatments were randomly assigned to 

adjacent 1.2 m x 1.2 m plots (Fig. 3.4). The 15N dose for each treatment was the same (0.1 

g 15N m-2). 15N tracers were applied in 5 mm deionized water (7.2 L for each plot), using 

a backpack sprayer (Fig. 3.4). Afterwards, an additional 0.5 mm of deionized water was 

added to wash off tracer intercepted by vegetation. Tracer application took slightly less 

than 0.5 hour.    

 

Fig. 3.4 Field sampling during 15N tracing experiments (Paper III ). Photos: Longfei Yu and Jing 
Zhu. 

 

     Sample collection started immediately following tracer addition (t = 0.5 hr). During a 

period of about 9 days (219 hours), eight samplings (see Paper III  for detail) of soil, soil 

KCl extracts, soil water from lysimeters and emitted N2O gas were conducted at all plots. 

Soil samples of the O/A (~ 0-2 cm) and AB (~ 2-15 cm) horizons were randomly taken 

with a soil auger (Φ = 2.5 cm), and analyzed for total N content and δ15N. Triplicates of 

soil cores were mixed for each horizon and each plot, before extracting 8 g fresh soil in 

40 ml of 1 M KCl (Fig. 3.4). The extracts were filtered and kept frozen prior to measuring 

concentrations and δ15N of inorganic N. Soil water was sampled at 0-5 cm depth (O/A 
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horizon and the upper part of the AB horizon) using lysimeters, and analyzed for inorganic 

N concentrations and δ15N-NO3
-. Gross transformation rates of NH4

+ and NO3
- were 

calculated based on 15N pool dilution and N mass balance (Davidson et al., 1991). When 

calculating 15N recovery rates, I defined the ‘soil residual N’ pool, as 15N recovery in total 

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

     N2O emissions were sampled using a static chamber method (Fig. 3.4; Zhu et al., 

2013a). In brief, at each plot gas samples were collected from a static chamber in pre-

evacuated 120-ml vials 1, 15 and 30 min after chamber deployment. N2O fluxes were 

calculated by linear regression of N2O concentrations versus time. The δ15N of emitted 

N2O was computed using the Keeling plot equation (Yakir & Sternberg, 2000). In 

addition, I partitioned the N2O production pathways (nitrification and denitrification) by 

a two end-member-mixing analysis (Stevens et al., 1997). For every sampling, soil 

temperature and volumetric moisture contents were measured at 10-cm depth in triplicate 

at each plot, using a hand-held time-domain reflectometry device (TDR, Hydraprobe). 

WFPS was calculated using volumetric soil moisture, soil bulk density and assumed soil 

particle density (2.65 g cm-3; Linn & Doran, 1984).  

 

3.2.4 P application experiment (Paper IV) 

     At TSP, six 20 m x 20 m plots were established in three blocks, each block 

accommodating two paired plots for P-addition and untreated reference, respectively, 

separated by a 5 m-wide buffer strip. All three blocks were situated on a gently sloping 

hillside, with minor differences in elevation and topography. Reference (Ref) and P-

treated plots were assigned randomly in each block. On 4 May 2014, P fertilizer was 

applied once in solid form as NaH2PO4
.2H2O, at a rate of 79.5 kg P ha-1 yr-1. 

     I sampled soil water at 5- and 20-cm depth, bi-monthly in the cool seasons and monthly 

in the warm seasons, from November 2013 to October 2015. The samples were kept 

frozen until analyses. Soil samples were taken from the O/A, AB and B horizons near the 

lysimeter sites in August 2013, and analyzed for pH, organic C, total N and total P as well 

as ammonium lactate extractable P (PAL). In addition, from the same sites, I collected soil 

samples in the O/A horizon, once every half year (see Paper IV for more detail).  
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     Emitted gases were sampled by static chambers at the same frequency as soil water 

samples. Fluxes of N2O and CH4 were calculated from concentration change over time, 

as detailed in section 3.2.3. Flux measurements were carried out more frequently around 

the date of P addition, i.e. once before (2 May) and three times (7, 10 and 12 May) after 

the P application on 4 May 2014. Monthly litterfall was collected, dried and weighed 

starting from October 2013. Pine needles were sampled in early Novembers of 2013 and 

2014, for analyses of total C, N, P, K, Ca and Mg contents. Also, tree biomass was 

estimated three times throughout the experimental period (Novembers of 2013, 2014, and 

February of 2015). See more detail in Paper IV.       

  

3.3 Statistics 

     All statistical analyses presented in this thesis were performed with Minitab 16.2.2. 

All data were tested for normality (Kolmogorov-Smirnov’s test), prior to further analysis. 

If the data was non-normally distributed, I applied logarithmic transformation to 

normalize them. Paired t-test was applied to compare temporal changes of concentrations 

or isotopic signatures (e.g. changes of δ15N and δ18O at TSP in 4 days of summer 2013; 

Paper I). One-way ANOVA with post hoc Tukey test was used to determine statistically 

significant differences in concentrations or isotopic signatures among treatments and 

sampling plots (e.g. inorganic N concentrations in throughfall, soil water and stream water 

along the hydrological continua; Paper II). 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 δ15N and δ18O analyses in NO3- 

     Using aerobically growing P. aureofaciens, conversion efficiency for NO3- to N2O was 

close to 100%, indicating that denitrification in P. aurefaciens does not need to be induced 

during anaerobic growth with extraneous NO3
-  prior to the conversion assay. We tested 

our modified denitrifier method with international standards and natural samples (Paper 

V) and found it to be efficient and robust for isolating small amounts of NO3- in natural 

samples as N2O for subsequent isotope analyses. The method was suitable for samples 

with low pH (pH = 4) or high salinity (0.25 M KCl). Standard deviations for natural 

abundance were 0.1-0.3‰ for δ15N and 0.2-0.7‰ for δ18O. 

 

4.2 N fluxes along hydrological flow paths in seven catchments across China 

     The seven studied forest catchments in China covered a gradient of N deposition in 

throughfall, ranging from 5.0 to 48.7 kg N ha-1 yr-1 (Table 1 in Paper II). At most, about 

half of the N was deposited as NH4
+-N, with largest values at TSP (56%) and CJT (40%) 

(Fig. 1 in Paper II). At the other sites, inorganic N deposition was dominated by NO3--

N. On the hill slopes (HS: plots A and B), NH4
+ concentrations in soil water were 

generally below 0.1 mg N L-1 (except for LPS), and significantly smaller than in 

throughfall (Fig. 4.1). In contrast, NO3
- concentrations in soil water on HS were 

significantly larger than in throughfall (Fig. 4.1). From HS to groundwater discharge zone 

(GDZ: plots C and D) and stream water, NH4
+ concentrations remained small, while NO3

- 

concentrations significantly decreased. 

     As an inert solute in the soil, the concentrations of Na+ along the water flow path could 

be used as a proxy for evapotranspiration (Huang et al., 2015). I normalized the NO3- 

concentration against the Na+ concentration, to test whether the change of NO3
- 

concentrations along water flow path could be explained by evapotranspiration (Fig. S4 

in Paper II). The NO3
-/Na+ ratios showed a strong increase from throughfall to HS and a 

pronounced decrease from HS to GDZ and stream. This confirms that the spatial pattern 

of NO3
- concentration was not due to evapotranspiration, but indeed resulted from 

significant source and sink terms in the HS and GDZ, respectively.  
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     In the stream water at all sites, except LGS and LPS, the NO3- concentration was 

somewhat greater than in the soil water of the respective GDZs (Fig. 4.1). This may 

suggest that the streams also received water directly from surrounding hillslopes, 

particularly during stormflow conditions (Rose et al., 2014). Our long-term data showed 

significant N sinks in the GDZs of all catchments. This may further indicate that 

catchment removal of NO3- depends on the GDZ acting as a conduit for water as it passes 

from HS to the stream.   

 

 

Fig. 4.1 Logarithmic box whisker plot of NH4+ (upper) and NO3- (lower) concentrations in 
throughfall (TF), soil water at plots A, B, C, D and stream water in seven forested catchments. Bi-
weekly data from Aug. 2012 to Aug. 2014 are presented. Different letters indicate significant 
differences between sampling points within each site. No data were available for soil water at the 
D plot, DGS. For site codes, see Table 3.1 in the Materials and Methods section. Figure from 
Paper II . 

 

4.3 Turnover of atmogenic N in upland hillslope soils 

     Hillslopes are the major landscape element by area in mountainous-forested 
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catchments (Jencso et al., 2009; Zhu et al., 2013c). Therefore, a 15N tracing experiment 

was carried out on hillslope soils (upper and lower) at TSP to study short-term N turnover 

processes (Paper III ). The majority of added 15NH4
+ (> 70%) was quickly retained in the 

surface soil (Fig 4.2a&d). This could be due to electrostatic bonding of NH4+ to negatively 

charged surface sites of clay minerals or soil organic matter (Nieder et al., 2011). 

However, large recoveries (40-70%) of 15NH4
+ in the soil residual N pools (excluding 

KCl-extractable inorganic N), points at microbial immobilization rather than chemical 

fixation (Tahovsk et al., 2013). By contrast, most of the added 15NO3
- was recovered in 

KCl-extractable NO3- in the O/A and AB horizons (Fig. 4.2b&e). The 15NO3
- pool 

decreased dramatically (90 to 20%) over the 9 days of observation, most likely due to 

strong NO3
- loss by leaching (Huang et al., 2015) and/or denitrification. Indeed, the 15N 

leaching loss estimated for the initial 144 hours explained more than half of the observed 
15N loss (Table S1 in Paper III ). This indicates that in these systems, NO3

- is to be 

considered as a mobile anion, showing little or no interaction with the soil.    

 

Fig. 4.2 15N recovery (average of triplicates) in different N pools in 15NH4 (a&d), 15NO3 (b&e) 
and 15N-Glut (c&f) treatments. Upper and lower panels refer to P1 (upper site) and P2 (lower site). 
OA and AB represent the O/A and AB horizons, respectively. The x-axis indicates the time after 
label application. Figure from Paper III .  
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     Immediately after 15NH4
+ addition, I observed significant production of 15NO3

-, 

indicating active nitrification (Figs. 4.2 a&d and 4.3 a&d). The gross nitrification rates 

were in line with those reported in tropical forest soils (Venterea et al., 2004; Templer et 

al., 2008). However, the scarcity of NH3 (but not NH4
+) in acid soil may restrict the first 

step of nitrification, i.e. ammonia oxidation (De Boer & Kowalchuk, 2001). If NH4+ 

oxidation is the only source of NO3
-, the 15N enrichment in NO3- would never exceed that 

of NH4
+ (Hart & Myrold, 1996). Yet, in the 15NH4 treatments, 15N atom% in NO3

- was 

greater than in NH4+ already at the first sampling date (Fig. 4.3 a&d), indicating that 15N-

enriched sources other than 15NH4
+ contributed to 15NO3

- production. Since added 15NH4
+ 

was largely retained and diluted in the soil residual N pool (with overall small 15N 

enrichment), I suggest that a more dynamic, labile and 15N-enriched fraction of soil 

residual N, such as microbial N, must have contributed to 15NO3
- production. Microbial 

biomass represents the most dynamic N pool in soil, which can rapidly immobilize and 

release NH4+. Once re-mineralized, NH4+ is quickly converted to NO3- by autotrophic 

nitrification. A shortcut to NO3- production from immobilized NH4+ is heterotrophic 

nitrification, i.e. the direct conversion of organic N to NO3
- by heterotrophic bacteria or 

fungi (Zhang et al., 2013; Zhu et al., 2013e). The occurrence of the latter pathway was 

indirectly confirmed by the 15N-Glut treatment. In this treatment, 15N enrichment in NO3- 

was greater than in NH4+ (Fig. 4.3 c&f), demonstrating that 15NO3
- was formed directly 

from some 15N enriched pool (such as 15N-glutamate), and not from re-mineralized NH4
+. 

Heterotrophic nitrification seemed to play a greater role at the lower site (P2), indicating 

differences in taxonomic composition or activities of nitrifying microbial communities at 

different topographic positions.  

     Short-term (9 days) gross NH4
+ immobilization and mineralization rates in TSP 

hillslope soils (Table 1 in Paper III ) were similar to those reported for acid forest soils 

in southern China (Zhang et al., 2013) and for tropical forest soils (Silver et al., 2001; 

Sotta et al., 2008; Templer et al., 2008; Arnold et al., 2009). Together, my findings 

indicate that NH4+ conversion to leachable NO3
- in acid soils relies on dynamic N 

turnover, with rapid exchange between organic and inorganic N pools, rather than on 

direct nitrification of deposited NH4+. If assuming that the sizes of the N pools do not 

change over longer periods, this turnover will result in complete conversion of NH4+ to 

NO3
- and deposited NH4+ will leach more or less quantitatively as NO3

- from the top soils. 
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This finding is in accordance with a long-term N fertilizer study at TSP, reporting near-

quantitative leaching of added NH4
+ and NO3

- as NO3
- (Huang et al., 2015).      

 

Fig. 4.3 Atom% 15N-excess of NH4+ and NO3
- in KCl extracts (O/A horizon), of total soil N 

(O/A horizon) and of emitted N2O for 15NH4 (a&d), 15NO3 (b&e) and 15N-Glut treatments (c&f). 
Upper and lower panels refer to P1 (upper) and P2 (lower) sites. Means and standard errors are 
presented (n = 3). The x-axis indicates the time after label application. Figure from Paper III . 

 

4.4 Denitrification in groundwater discharge zones: a major catchment N sink  

         Natural abundance of 15N and 18O in NO3
- sampled over three monsoonal summers 

along the hydrological continuum in the TSP catchment (Paper I) revealed characteristic 

spatial patterns of 15N and 18O depletion and enrichment on HS and GDZ, respectively 

(Fig. 4.4). The strong decrease of δ18O-NO3
- in soil water compared to throughfall 

indicated that NO3- in soil water was not exclusively derived from atmogenic deposition, 

but also from soil N cycling (Rose et al., 2015). In addition, as nitrification produces 15N-

depleted NO3- relative to its substrate NH4
+ (Fry, 2007), the relatively smaller δ15N-NO3

- 

in soil water than in throughfall confirmed that soil water NO3
- was mainly from 

nitrification. By contrast, in the GDZ, increases in both δ15N- and δ18O-NO3
- suggested 

pronounced denitrification, as heavier isotopes are enriched during dissimilatory 

reduction of NO3
- (Kendall et al., 2007). Therefore, the enrichment in 15N (Fig. 4.4), 
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associated with decreased concentrations of NO3
- (Fig. 4.1) confirmed that denitrification 

in the GDZ is the major N sink for the TSP catchment. 

 

Fig. 4.4 Spatiotemporal variation of δ15N-NO3
- and δ18O-NO3

- 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. Means and standard errors are presented. Figure from Paper I.  

 

      I found similar isotopic patterns in NO3
- along hydrological flow paths during 

monsoonal summers in four other subtropical forest catchments in South China (Paper 

II ). As at TSP, this pattern was associated with pronounced NO3- attenuation (Fig. 4.5). 

For all southern catchments, including TSP (except DGS because of too few samples), 

apparent 15N enrichment factors “ε” were estimated to be between -3.0 to 6.0‰ (Fig. S7 

in Paper II). This is similar to values reported previously for riparian denitrification 

(Mariotti et al., 1988; Bottcher et al., 1990; Spalding et al., 1993). Hence, my study 
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suggests that catchment-scale N removal by hydrologically coupled NO3
- production in 

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

widespread phenomenon across mountainous-monsoonal, subtropical forests in South 

China.     

 

Fig. 4.5 Means and standard errors of δ15NNO3 (a) and δ18ONO3 (b) in throughfall, soil water and 
stream water in seven catchments in the summers of 2014 and 2015. ‘x’ denotes no available 
data. For site codes, see Table 3.1 in the Materials and Methods section. Figure from Paper II. 

 

     In contrast, there were clear deviations from this pattern in the two northern forest 

sites. Isotopic signatures in NO3
- at the LPS site in NW China indicated that nitrification 

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

(5 kg ha-1 yr-1) at LPS, resulting in stronger assimilation of deposited N than at sites with 

larger N input (Aber et al., 1998). At the other northern site DLS, near Beijing, I observed 

strong 15N- and 18O-enrichment in NO3- from the GDZ, suggesting that this site has a 

potential for denitrification. However, catchment N fluxes at DLS showed almost 

equivalent N input and output (Fig. 4.6a), i.e. there was no or only minor NO3- attenuation. 

Most likely, a substantial part of the drainage water from HS soils bypasses the GDZ at 

DLS and is little affected by denitrification. The GDZ is less developed at this site, due 

to the generally drier conditions, so reductive conditions are less common here than in the 
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southern catchments (Hughes, 2004; Van Gaalen et al., 2013), where annual precipitation 

is double of that at the northern sites (Table 1 in Paper II). 

 

Fig. 4.6a Relationship between annual N flux in throughfall and in stream water from 2012 to 
2014. Linear regression lines and equations were presented, as well as the dash line showing 1:1 
ratio for x/y values. 4.6b Relationship of catchment N retention with Δδ15NNO3 between HS and 
GDZ. Δδ15NNO3 = (averaged δ15NNO3 in GDZ) - (averaged δ15NNO3 on HS). For site codes of both 
figures, see Table 3.1 in the Materials and Methods section. Figure from Paper II .     

 

     At the southern monsoonal sites where GDZs are generally well developed, the 

relationship between N fluxes in throughfall and stream water indicated that catchment N 

retention scales roughly linearly with N deposition (Fig. 4.6a). I also compared the overall 

change of δ15NNO3 between HS to GDZ (Δδ15NNO3), a proxy for denitrification strength, 

with apparent catchment N retention (Fig. 4.6b). The absolute increase in 15N enrichment 

along the flow paths was positively correlated with catchment N retention, indicating that 

the denitrification capacity is proportional to N deposition. This may suggest that 

subtropical-monsoonal forest catchments with well-developed GDZs can adapt to 

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

 

4.5 Hotspots of N2O emission: the importance of denitrification in hillslope soils in 

the TSP forest 

     Mean N2O fluxes from soils on the hillslope in the TSP forest were in the range of 40 

to 120 μg N m-2 hr-1 from summer 2013 to autumn 2015 (Figs. 2 and 3; Paper IV) and 

similar to N2O fluxes reported previously for the TSP forest (Zhu et al., 2013c). The N2O 
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emission rates at TSP are large compared to other forests in South China, showing average 

emissions of 15 to 50 μg N m-2 hr-1 (Tang et al., 2006; Fang et al., 2009). Average 

cumulative N2O emission from the hillslope soils at TSP was 5.3 kg N ha-1 yr-1 (Fig. 4.7), 

which equals 10% of the N deposited (50 kg N ha-1 yr-1). This “emission factor” (N2O-N 

emission/N input) is far greater than any factor used for estimating N2O emission in global 

models (1% to 5%) (Reay et al., 2012). Interestingly, short-term N2O flux measurements 

(Paper III ) showed larger N2O emission in the upper, drier hillslope than in the wetter, 

lower hillslope (Fig. 4.8). This matches long-term field observation at TSP by Zhu et al. 

(2013c), who found larger N2O emissions on the HS than in the GDZ (the zone of NO3
- 

attenuation). They attributed this to the more “flashy” hydrology on hillslopes as opposed 

to the more permanently saturated conditions in the GDZ, which would promote N2O 

reduction to N2 by denitrification (Morley et al., 2008). My results confirm that well-

drained hillslope soils are a hotspot for N2O emissions in N-saturated, subtropical forests, 

likely being of regional significance.           

 

Fig. 4.7 Cumulative N2O emissions from summer 2013 to autumn 2015 in the hillslope soils of 
the TSP forest. Block 1 to 3 refer to reference plots in the P fertilization experiment. Numbers in 
figures are estimated annual N2O-N emission rates. Figure reproduced from Paper IV.  

 

     The in situ 15N tracing experiment (Paper III ) showed that cumulative 15N recovery 

in emitted N2O during nine days accounted for about 6.0% of added 15N tracer in the 

upper hillslope soils (Fig. 4.2). End-member mixing analysis demonstrated that the 

contribution of nitrification and denitrification to N2O production varied with changing 

WFPS (Fig. 4.8). Large fluxes occurred at high WFPS values, and could be apportioned 
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predominantly to denitrification, which matches previous observations by Zhu et al. 

(2013d) at TSP, reporting 71% to 100% of the emitted N2O from hillslope soils deriving 

from denitrification. However, the contribution of nitrification to N2O emission increased 

when WFPS decreased below 60% at the upper site and below 70% at the lower site (Fig. 

4.8). Khalil et al. (2004) and Mathieu et al. (2006) found that N2O emissions from 

nitrification dominated (> 60%) in unsaturated agricultural soils. Also, in acid subtropical 

forest soils of China, Zhang et al. (2011) found 27% to 42% of the N2O production being 

due to nitrification, at WFPS values of 40% to 52%. It is likely that nitrification in the 

aerated hillslope soils of TSP plays an important role for N2O emissions during dry 

periods. 

 

Fig. 4.8 Mean N2O fluxes attributed to nitrification and denitrification at the upper site (a) and the 
lower site (b). The shaded background indicates water filled pore space (WFPS; average values 
are presented, n =3). Figure from Paper III .  

 

4.6 P addition to N-saturated forest: an option to mitigate GHG emissions? 

     Addition of P to the hillslope of TSP substantially increased plant-available P in soil 

(Table 2 in Paper IV). In 1.5 years following P addition, a significant decline in soil water 

NO3
- concentrations (0-5 cm; Fig. 4.9a) was observed, and this decline was associated 

with a strong decrease of N2O fluxes by 50% (Fig. 4.9b). This is consistent with a number 

of other studies, suggesting that decreased mineral N content in soil, likely due to 

stimulated plant uptake, is responsible for the reduced N2O emission (Hall & Matson, 

1999; Baral et al., 2014; Mori et al., 2014). However, enhanced forest growth was not 

detected within the study period, in neither tree biomass, litterfall nor needles (Table S1 

and Fig. S6 in Paper IV). This could be due to the shortness of the observation period 

(Alvarez-Clare et al., 2013) and overlooked N uptake by understory biomass (Fraterrigo 
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et al., 2011). Studies in tropical forests of South Ecuador (Martinson et al., 2013) and 

South China (Zheng et al., 2016) reported no significant effect on N2O emission within 2 

years after P addition, which most likely can be attributed to the significantly smaller 

mineral N concentrations in these soils as compared with TSP soils (Huang et al., 2015).  

     Two of three reference plots at TSP showed net CH4 emission during the two years of 

observation (Fig. 4.9c). This is in contrast to the commonly reported CH4 sink function 

of forested upland soils (Dutaur & Verchot, 2007; Ciais et al., 2013). Addition of P 

strongly affected CH4 fluxes, and changed net emission to a small net uptake (Fig. 4.9c). 

The observed P effect on CH4 fluxes is consistent with previous studies (Zhang et al., 

2011b; Mori et al., 2013b, 2013c). High availability of NH4+ has been suggested to inhibit 

CH4 uptake in soil (Veldkamp et al., 2001; Bodelier & Laanbroek, 2004). Although I only 

observed a slight decrease in the soil water NH4
+ pool (Fig. S2 in Paper IV), the 

significant reduction in soil NO3- concentrations (Fig. 4.9a) likely also reflects smaller 

NH4
+ concentrations, as NH4+ is the substrate for NO3- production by nitrification. 

Therefore, it is likely that the increased CH4 uptake after P addition is due to an alleviation 

of NH4
+ inhibition on CH4 oxidation (Mori et al., 2013c). Thus, my findings contribute to 

the ongoing debate on whether P availability affects soil CH4 uptake directly via 

stimulation of methanotrophic activity or indirectly by altering N cycling (Veraart et al., 

2015).  
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Fig. 4.9 Mean NO3
- concentrations in soil water (0-5 cm; a), and box whisker plots of N2O fluxes 

(b) and CH4 fluxes (c) for three blocks in reference and P treatments throughout 1.5 years after 
the P addition; small letters indicate significant differences among treatments and blocks. Ref-1 
and P-1 belong to the same block, and the same rule applies to blocks 2 and 3; red dashed lines in 
box whisker plots indicate mean values. Figure from Paper IV.  
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5. Conclusions  

     Forests in South China receive increasing loads of reactive N from the atmosphere. In 

this thesis, I studied transformation processes and fate of atmogenic N deposited as NH4
+ 

and NO3
- on subtropical forest soils in South China. The turnover of N was investigated 

across multiple spatial (catchment to region) and temporal (short to long term) scales, 

mainly by field observation. Emissions of N2O and CH4 were investigated in an attempt 

to better understand sources of and mitigation options for these greenhouse gases. In 

addition, I contributed to the development of a robust but simplified “denitrifier method”, 

which was indispensable for analyzing dual NO3
- isotopes in large amounts of field 

samples (throughfall, soil and stream waters). Stable isotopes (18O, 15N) in NO3
- proved 

to be a powerful tool for studying N cycling and in particular denitrification, at the 

catchment scale. Experiments with 15N-labelled substrates (NH4+, NO3
-, glutamate) gave 

valuable insights into the complex N cycle of acid soils in warm-humid climate. The main 

conclusions are: 

1. Atmogenic N deposited as NO3
- is not retained in the soil, but leaches near-

quantitatively from the topsoil (0-15 cm). This is in line with “N-saturation”, ascribed to 

many South Chinese forests, denoting a critical state characterized by excessive N-

leaching. By contrast, atmogenic NH4
+ is rapidly retained in the soil organic N pool, but 

eventually transformed to NO3-. Obviously, acid soils of N-saturated subtropical forests 

support efficient microbial nitrification activity, be it through autotrophic nitrification by 

NH4
+ oxidation or heterotrophic nitrification, i.e. by direct conversion of organic N to 

NO3
-. The latter process seemed to be more important in the wetter soils at TSP. My study 

adds to the understanding of a dynamic N turnover of NH4
+ in acid subtropical soils and 

helps to explain the near-quantitative N leaching (as NO3
-) of both NH4

+ and NO3
- 

deposited to the system.       

2. Across five studied subtropical forest catchments, progressive enrichment in dual NO3
- 

isotopes along the hydrological flow paths indicated efficient nitrification on well-drained 

hillslope soils and strong denitrification in saturated groundwater discharge zones. 

Hydrological connectivity of oxidative and reductive landscape zones via NO3
- transport 

over argic Bt horizons was thus identified as the central mechanism behind the high 

apparent N retention in these catchments. At the southern monsoonal sites with well-

developed groundwater discharge zones, comparison of NO3
- attenuation across 



 
 

34 
 

catchments differing in N input suggested that N removal by denitrification is 

proportional to N deposition. By contrast, two catchments with less developed 

groundwater discharge zones in northern China retain little N, most probably because 

hydrological connectivity between HS soils and groundwater discharge zone is week in a 

drier climate.  

3. Large N2O emission, summing up to an annual rate of ~ 5.3 kg N ha-1 yr-1 was observed 

in hillslope soils at TSP. The amount of N re-emitted to the atmosphere as N2O equaled 

about 10% of the annual N deposition at this site. This confirms that the N-saturated TSP 

forest is a regional hotspot for N2O. Denitrification is the main source, especially during 

episodes of large N2O emission fluxes, whereas the contribution of nitrification to N2O 

emission is small. 

4. P addition significantly decreased soil water NO3
- concentration already in the first year 

after addition, likely due to enhanced plant or microbial N uptake. This was associated 

with a strong (50%) reduction in N2O emission. Meanwhile, P addition also reduced net 

CH4 emissions and turned the soil into a small, but measurable CH4 sink. This may be 

due to decreased NH4
+ inhibition of CH4 oxidation, when the mineral N availability 

decreases in soil. These findings suggest that P application to N-saturated forest soils has 

the potential to mitigate emissions of both N2O and CH4.   
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Abstract

In forests of the humid subtropics of China, chronically elevated nitrogen (N) deposition, predominantly as

ammonium (NH4
+), causes significant nitrate (NO3

�) 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 (d15N and d18O) 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 NH4
+ and production of NO3

� in soils on HS were associated with a significant decrease in d15N-NO3
�,

suggesting efficient nitrification despite low soil pH. The concentration of NO3
� declined sharply along the hydrolog-

ical flow path in the GDZ. This decline was associated with a significant increase in both d15N and d18O of residual

NO3
�, providing evidence that the GDZ acts as an N sink due to denitrification. The observed apparent 15N enrich-

ment factor (e) of NO3
� of about �5& 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 d15N and d18O-NO3
� 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 d15N-NO3
� 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, d15N, d18O
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Introduction

In East Asia, emissions of ammonia (NH3) and nitrogen

oxides (NOx) 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 N2O

(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�1 yr�1 (Chen & Mulder, 2007a; Zhao et al.,

2009), N saturation, associated with significant leaching

of NO3
� in well-drained soils, has been reported (Chen

& Mulder, 2007b; Larssen et al., 2011; Liu et al., 2011).

Leaching of N from soils occurs mainly as NO3
�, even

though atmogenic N inputs predominantly consist of

ammonium (NH4
+) (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 NO3
� leaching from well-drained hill slope

(HS) soils, Larssen et al. (2011) found only limited export

of NO3
� 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 NO3
� removal. Recently, Zhu et al.

(2013) confirmed a pronounced decline of NO3
� 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 15N and 18O in NO3
� has been

used to characterize biological N processing in complexCorrespondence: Peter D€orsch, tel. +47 67231836, fax +47

67230691, e-mail: peter.doersch@nmbu.no
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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 (14N and
16O) are turned over slightly faster than heavier iso-

topes (15N and 18O) (Kendall et al., 2007; Bai et al.,

2012). Thus, NO3
� produced by nitrification is more

depleted in 15N than its substrate (NH4
+), while micro-

bial denitrification enriches both 15N and 18O in resid-

ual NO3
� (Robinson, 2001; Fry, 2007). In aquifer

studies, a value of ~0.5 for the d18O/d15N ratio has been

used to identify denitrification (Bottcher et al., 1990;

Kendall et al., 2007). Other processes, such as mineral-

ization, NO3
� leaching and assimilation, are generally

believed to have negligible 15N fractionation (Mariotti

et al., 1982; Billy et al., 2010). NO3
� isotopes also carry

information about source differentiation, in which

atmosphere-derived NO3
� often exhibits greater d18O-

NO3
� compared to biologically processed NO3

� (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 formodeling 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 NO3
� 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 d15N-NO3
� 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; Søvik & Mørkved, 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 d15N-

NO3
� in ground and stream water in a northern hard-

wood forest during summer, but did not link this to

d15N-NO3
� in different edaphic environments. On the

other hand, studies focusing on spatial changes of d15N
signals in NO3

� along hydrological continua lack tempo-

ral resolution (Koba et al., 1997, 2012; Osaka et al., 2010;

Fang et al., 2015). Likewise, NO3
� 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 15N and 18O of NO3
� 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° 380 N, 106° 410 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�1 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�1

(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 (Sørbotten 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 (Sørbotten, 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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in the GDZ (plots B1 to B6; Fig. 1), where B1 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 B1, 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-lm syringe filters (Millex,

Millipore Corporation, Billerica, MA, USA) and frozen before

analysis. Bulk soil was sampled with 100-cm3 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

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, cm3 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,

Fig. 1 Site description and observational design.

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13333
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10, 20, and 40 cm depths (Sørbotten, 2011), assuming a soil

particle density (PD) of 2.65 g cm�3 (Linn & Doran, 1984) as

WFPSð%Þ ¼ VM

1� BD
PD

� 100 ð1Þ

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 B1 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-lm syringe filters

(Millex) and frozen directly after sampling.

Analytical procedures

The NH4
+ concentration in water samples was analyzed with

a flow injection analyzer (FIA, Tecator, Sweden), after reaction

with alkaline phenol and sodium hypochlorite reagents. The

NO3
� concentration was analyzed by ion chromatography

(DX-500; DIONEX; Thermo Fisher Scientific, Dreieich, Ger-

many). Detection limits were 0.001 mg N/L for NH4
+ and

0.01 mg N/L for NO3
�.

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).
15N of NH4

+ in throughfall was analyzed applying chemical

conversion to N2O (Zhang et al., 2007). NH4
+ was first quantita-

tively converted to NO2
� by hypobromite at pH ~ 12, and fur-

ther reduced to N2O using a 1 : 1 sodium azide and acetic acid

buffer solution. The precision of d15Nwas better than 0.3&.
15N and 18O of NO3

� were analyzed by a modified denitri-

fier method (Sigman et al., 2001; Casciotti et al., 2002; J. Zhu, L.

Yu, L.R. Bakken, P.T. Mørkved, J. Mulder, P. D€orsch, 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 NO3
�. 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 N2O 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 CO2.
15N and 18O of produced N2O 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

N2O peaks for precise analysis, the sample volumes were

adjusted to obtain 100 nmol N per vial. International

standards, IAEA N3 (d15N = 4.7& air N2, d
18O = 25.6& VSMOW)

and USGS 34 (d15N = �1.8& air N2, d
18O = �27.9& VSMOW),

were included in each batch for data correction. A standard

gas with 4.81 ppm N2O in helium (d15N = 1.2& air N2,

d18O = 8.5& VSMOW) was used as running standard.

The d18O values of N2O differ from those of NO3
� due to

isotopic fractionation associated with the loss of O atoms from

nitrate and O exchange with H2O in the medium (Casciotti

et al., 2002; Kool et al., 2011). The 18O fractionation during

nitrate reduction may enrich d18O in N2O, 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 H2O in our modified denitrifier

method ranged from 8% to 15% (J. Zhu, L. Yu, L.R. Bakken,

P.T. Mørkved, J. Mulder, P. D€orsch, in preparation) and was

determined for every batch using NO3
� standards together

with 18O-enriched water. Assuming that 18O fractionation, the

NO3
� blank of the TSB medium, and O exchange are stable

within each analysis batch, we corrected d18O values by

including two nitrate standards differing in 18O (IAEA N3 and

USGS 34) applying the following equation (Casciotti et al.,

2002):

d18Os ¼ d18Os1 þ ðd18Os1 � d18Os2Þ
ðd18Om1 � d18Om2Þ

ðd18Om � d18Om1Þ ð2Þ

where d18Os, d
18Os1, and d18Os2 are the mean actual d18O val-

ues of NO3
� for sample, standard 1 and standard 2, respec-

tively, whereas d18Om, d18Om1, and d18Om2 are their mean

measured d18O values. Overall, the precisions of our method

were 0.2& and 0.5& for 15N and 18O, respectively.

To measure d15N 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 (d15N = 4.7&air N2) and IAEA

N3 (d15N = 0.4&air N2) were included as standards in the

batch, and the precision of analysis was 0.2&.

15N enrichment factor

To provide a proxy for denitrification activity in our GDZ rela-

tive to other NO3
� isotopic studies on riparian denitrification,

we calculated the apparent 15N enrichment factor ε as a proxy

for denitrification activity along the flow path, using the Ray-

leigh distillation model (Mariotti et al., 1981):

e ¼ dS � dS0
ln½CðNO�

3 ÞS=CðNO�
3 ÞS0�

ð3Þ

where C(NO3
�)S0 the concentration of initial substrate NO3

�,
C(NO3

�)S the concentration of residual NO3
�, dS0 the d

15N val-

ues of the initial NO3
�, and dS the d15N values of residual

NO3
�. This equation is based on the assumption that the

hydrological flow path is a closed system, with no external

NO3
� input (Mariotti et al., 1981). In our study, we observed

steady decline of NO3
� concentrations from T5 to B4 on most

sampling dates, and we used these data to calculate the appar-

ent 15N 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

4 L. YU et al.



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 NO3
� 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

NH4
+ and NO3

� concentrations, as well as d15N and d18O-

NO3
� 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

set at 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

2013 (Fig. 2a). The WFPS 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, WFPS 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 NH4
+ and

NO3
� 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). NH4
+ 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. NO3
� 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. NO3
� concentrations were signifi-

cantly (P < 0.05) smaller on July 7 than on July 6, while

no significant differences of NH4
+ were found among

the first three sampling days (Fig. 3). On July 31,

12 days after moderate rainfall (July 19), when WFPS

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

(WFPS) of the soil at four depths at plots T3 and B1 in summer 2013 (b). Weather data in 2009 and 2010 were obtained from Zhu et al.

(2013).

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13333
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values were at their lowest during the 2013 sampling

campaign, NH4
+ and NO3

� concentrations in GDZ, but

not on HS, were larger than on other sampling days.

Relatively large NH4
+ concentrations were observed at

B2 (1.5 mg N/L). In stream water, NH4
+ concentrations

were extremely low, even on July 31, while stream

water NO3
� concentrations were similar to those

observed in soil water of the GDZ (Table S2 and Fig. 3).

d15N and d18O-NO3
� after rainstorm in July 2013

The d15N-NO3
� and d15N-NH4

+ in throughfall collected

on July 5 were �0.8& and �5.1&, respectively (Fig. 4).

From July 6 to July 8, mean position-specific d15N-

NO3
� in HS soil water (0–5 cm) varied between �4.5&

and �10&, that is was more negative than d15N-NO3
�

and d15N-NH4
+ in throughfall. By contrast, mean d15N-

NO3
� in GDZ (0–5 cm) and stream water was positive

(1–30&) and greater than the d15N of both NH4
+-N and

NO3
�-N in throughfall. Thus, along the hydrological

continuum from HS to GDZ, d15N-NO3
� 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, d15N-NO3
� increased signifi-

cantly (P < 0.05) from July 6 to July 7. On July 31, two

weeks after the initial rainstorm, the d15N-NO3
� in soil

Fig. 3 Spatiotemporal variation of NH4
+ and NO3

� 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.

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13333
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water of the GDZ decreased to values between 2&
and 10&.

d18O-NO3
� in throughfall was larger than +50& and

much greater than in soil water. The spatial pattern of

d18O-NO3
� in soil water (0–5 cm) paralleled that of

d15N from July 6 to July 8, increasing from HS to GDZ

(Fig. 4). In the GDZ plots B3 to B6, mean d18O-NO3
�

was larger on July 7 and July 8 than on July 6, and

declined significantly (P < 0.01) on July 31.

d15N of bulk soil

Mean d15N 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. 2c, 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

Fig. 4 Spatiotemporal variation of d15N-NO3
� and d18O-NO3

� 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 d15N-NH4
+ in

throughfall.

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13333
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30 cm in GDZ) showed a similarly declining pattern

along the water flow path as in 2013 (Table S2). As in

2013, the NH4
+ concentration in soil water was small at

all plots (Table S1). The spatial pattern of d15N-NO3
�

and d18O-NO3
�in surface soil water was similar to that

in July 2013 (Fig. 6), albeit d15N-NO3
� in the GDZ

tended to be smaller in 2013 than in 2009 and 2010.

Isotopic pattern with soil depth

The NO3
� concentration did not change with soil depth

(Table S2). Although d15N and d18O of NO3
� in soil water

on HS varied widely at 5 cm depth, the mean values of

d15N and d18O were about 2& and 5& greater at 5 and

40 cm depth, respectively (Fig. 7). d15N-NO3
� at B1 was

positive and significantly (P < 0.01) smaller at 5 cm

depth than at other depths, among which no significant

difference of d15N values was shown. In the other GDZ

soils (except B1), mean d15N and d18O-NO3
� decreased in

the order 30 cm > 100 cm > 60 cm > 5 cm.

Discussion

Ammonium (NH4
+) in throughfall, entering HS soils on

July 6, 2013, rapidly decreased in concentration in the

surface layer (0–5 cm), while NO3
� 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 d15N-NO3 of soil water compared

with NO3
� in throughfall (Fig. 4). The importance of

nitrification for the NO3
� concentration in HS soils is

also supported by its d18O values, which ranged from

+2& to +14&. These values are as expected for acidic

forest floors (Mayer et al., 2001), assuming that nitrifica-

tion-derived NO3
� receives two O atoms from H2O and

one from O2 in soil (Kendall et al., 2007; Fang et al.,

2012), with d18O of soil H2O being generally in the

range of �15& to 5& and that of soil O2 being similar

to those of atmospheric O2 (23.5&) (Horibe et al., 1973).

Nitrification produces 15N-depleted NO3
� relative to

its substrate NH4
+ (Fry, 2007). In the summer of 2013,

after a heavy rainfall, 15N depletion in soil water NO3
�

relative to atmogenic NH4
+ was small and changed lit-

tle over time (Fig. 4). This may be due to rapid nitrifica-

tion of NH4
+, resulting in NH4

+ exhaustion and thus

negligible 15N fractionation (Fig. 3 and Table S1) (Mari-

otti et al., 1981; Wexler et al., 2014). Alternatively, NH4
+

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�1 yr�1 in HS soils at Tieshanping (Chen

& Mulder, 2007b), likely contributing significant

amounts of NH4
+ for nitrification. As soil N mineraliza-

tion causes negligible 15N fractionation (Kendall et al.,

2007), the mineralization-produced NH4
+ is expected to

inherit d15N 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 NO3
� concentration and a significant

increase in d15N-NO3
� (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

Fig. 5 C/N ratios and d15N 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).
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denitrification, and not assimilation, is known to cause
15N enrichment in NO3

� (Kendall et al., 2007; Osaka

et al., 2010), this indicates significant denitrification in

the GDZ. In surface soils, the contrast of d15N-NO3
�

between HS (negative) and GDZ (positive) (Fig. 4) was

consistent with the spatial pattern of d15N 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 NO3
� 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 d15N and d18O values at B5

dropped close to 0& (Fig. 4). However, as judged from

the average d 15N 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 d15N, d18O-NO3
� increased along the flow path in

the GDZ (Figs 4 and 6). For the 2013 data, the slope of

the regression line of d18O vs. d15N for all GDZ soil water

samples was 0.69 (R2 = 0.61, P < 0.05) (Fig. 8), whereas

Fig. 6 Spatiotemporal variation of d15N-NO3
� and d18O-NO3

� 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.
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in 2010 this was 0.57, (R2 = 0.27, P < 0.05). In 2009, with

only few observations, d15N was not significantly corre-

lated with d18O. 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 NO3
�-N is effectively

removed from soil water and d15N-NO3
� increases along

the water flow path (Figs 3, 4 and 6). The correlation

between d15N-NO3
� and ln (NO3

�) 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 15N enrichment factor e (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, e values

were �5.63& and �4.86& for 2010 and 2013, respec-

tively. The regression for 2009 was not significant. These

values fall in the range of reported e values for riparian
and groundwater denitrification (�3.5& to �5.9&)

(Mariotti et al., 1988; Bottcher et al., 1990; Spalding et al.,

1993; Søvik & Mørkved, 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 d15N and d18O-NO3
� 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, c, 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 NO3
� 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 NO3
� 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 15N-NO3
� and 18O-NO3

� with

soil depth on HS (Fig. 7) suggested that subsoils in

upland positions contribute only moderately to N

removal by denitrification. Also for B1 (the interface

between the two transects), only a modest increase in d
15N-NO3

� and d18O-NO3
� with depth was observed

when pooling all observations (Fig. 7). Enrichment was

greatest at 10 and 20 cm soil depth, where WFPS values

were largest (Fig. 2b). Among the depth profiles of

GDZ plots, d15N-NO3
� and d18O-NO3

� values indi-

cated strong denitrification activities (d18O vs.

d15N ~ 1.0) over the entire soil profile with a maximum

at 30 cm depth. This was expected from groundwater

Fig. 7 d15N and d18O of NO3
� in soil water at increasing depth on HS (T1 to T5), and in B1 and the remaining GDZ plots (B2 to B7).

Means and standard deviations are based on all data from 2009, 2010, and 2013; GDZ-5 cm data refer to summer 2013 data only.
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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

expected to be greatest at the capillary fringe where

abundant NO3
� meets anoxia (e.g. He et al., 2016).

Several studies in headwater catchments have used

NO3
� isotopic signals in stream water to assess N

Fig. 8 Relationship between d15N and d18O of NO3
� in throughfall, surface soil water, and stream water. The data shown are annual

averages for sampling points along the two transects and in stream water. For detailed sampling depths, see Fig. 5. The insert shows

the linear regression in GDZ soil water for the 3 years.

Fig. 9 Relationship between d15N-NO3
� and NO3

�-N concentrations (in logarithmic scale) in surface soil water (5 cm depth) from plot

T5 to B4 over 3 years. Shown are all samples taken in the years 2009, 2010, and 2013 (for details see Materials and Method section). The

direction along the flow path is indicated by the arrow above the figure (T5 ? B4).

© 2016 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13333
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turnover (Koba et 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 NO3
�

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

NO3
� 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�1), 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

d15N-NO3
� 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 NH4
+-N concentrations (mg/ L) in throughfall, soil water and stream water in summers 

of 2009, 2010 and 2013 

        HS       GDZ   Throughfall 
   T1 T2 T3 T4 T5  B1    
2009 5 cm 0.10 — a — 0.45 0.03  —  — 
  10 cm 0.18 0.17 0.13 0.19 0.03  —   
  20 cm 0.12 0.08 0.02 0.02 0.02  —   
  40 cm 0.14 0.08 4.67 0.08 0.02  —   
             
2010 5 cm 0.10 (0.04) 0.06 (0.03) 0.17 (0.04) 0.06 (0.02) 0.07 (0.02)  0.15 (0.08)  7.33 (3.27) 
  10 cm 0.14 (0.03) 0.24 (0.09) 0.08 (0.04) 0.10 (0.05) 1.33 (1.2)  0.08 (0.02)   
  20 cm 0.11 (0.03) 0.11 (0.03) 0.04 0.07 (0.03) 0.08 (0.03)  0.05 (0.01)   
  40 cm 0.09 (0.02) 0.04 (0.02) 0.06 (0.03) 0.09 (0.04) 0.05 (0.02)  0.05 (0.01)   
             
2013 5 cm 0.34 (0.25) 0.18 (0.04) 0.17 (0.05) 0.29 (0.04) 0.20 (0.06)  0.03 (0.01)  2.31 
                     
    GDZ       Stream 
   B2 B3 B4 B5 B6    S1 
2009 30 cm 0.02 (0.00) 0.11 (0.01) 0.03 (0.01) 0.23 (0.01) 1.18 (0.06)    — 
  60 cm 0.02 (0.00) — 0.10 (0.02) 0.14 (0.01) 1.27 (0.07)     
  100 cm 0.03 (0.00) — 0.07 (0.01) 0.02 (0.00) 0.48 (0.02)     
             
2010 30 cm 0.05 (0.02) 0.02 (0.01) 0.02 (0.01) 0.01 (0.00) 1.10 (0.13)    0.17 (0.07) 
  60 cm 0.02 (0.01) 0.07 (0.06) 0.02 (0.01) 0.04 (0.01) 1.18 (0.06)     
  100 cm 0.02 (0.02) 0.01 (0.00) 0.01 (0.01) 0.00 (0.00) 0.49 (0.03)     
             
2013b 5 cm 0.42 (0.40) 0.05 (0.01) 0.10 (0.06) 0.14 (0.10) 0.10 (0.07)    0.01 (0.00) 
  60 cm 0.00 (0.00) 0.00 (0.00) 0.01 (0.00) 0.02 (0.01) 0.04 (0.00)     
  100 cm 0.00 (0.00) — 0.00 (0.00) 0.01 (0.00) 0.49 (0.05)       
a not available,  b soil water samples were only available at 5 cm depth on HS in 2013, 0-5 cm data in 2013 are listed as 
5 cm; standard errors in parentheses 
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Table S2 Mean NO3
--N concentrations (mg/ L) in throughfall, soil water and stream water in 

summers of 2009, 2010 and 2013 

    HS    GDZ  Throughfall 

  T1 T2 T3 T4 T5  B1   
2009 5 cm 7.6 — a — 4.0 6.7  —  — 

 10 cm 6.2 10.5 13.1 4.4 15.5  —   
 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 5 cm 14.1 (1.9) 10.9 (2.3) 10.6 (1.8) 12.4 (1.7) 11.0 (1.1)  13.6 (1.7)  3.3 (1.1) 

 10 cm 17.0 (3.1) 8.2 (1.7) 6.8 (0.6) 11.1 (1.2) 5.7 (0.3)  9.3 (1.6)   
 20 cm 25.0 (2.8) 6.1 (0.5) 6.3 10.8 (0.6) 4.8 (0.5)  9.8 (0.4)   
 40 cm 26.4 (1.2) 6.9 (0.8) 10.9 (0.1) 10.7 (1.2) 7.1 (0.6)  10.3 (0.8)   
           

2013b 5 cm 12.2 (2.6) 14.0 (0.9) 32.3 (5.3) 6.4 (0.6) 16.2 (2.0)  5.6 (1.4)  2.3 

           
   GDZ       Stream 

  B2 B3 B4 B5 B6    S1 
2009 30 cm 7.5 (0.6) 0.4 (0.2) 2.0 (0.5) — —    — 

 60 cm 7.7 (0.5) — 2.3 (0.5) — —     
 100 cm 4.8 (0.5) — 3.6 (0.3) 0.9 (0.2) —     
           

2010 30 cm 6.5 (0.7) 1.0 (0.1) 5.0 (0.2) 0.4 (0.0) 0.3 (0.0)    3.0 (0.5) 

 60 cm 7.2 (0.4) 4.6 (0.5) 5.3 (0.2) 1.7 (0.5) 0.1 (0.0)     
 100 cm 6.5 (0.4) 5.9 (0.2) 4.4 (0.3) 2.3 (0.5) 0.1 (0.0)     
           

2013 5 cm 3.1 (0.4) 1.1 (0.5) 0.6 (0.2) 4.4 (2.3) 0.5 (0.1)    3.0 (1.0) 

 60 cm 5.7 (1.3) 4.7 (0.6) 3.4 (0.1) 3.0 (0.6) 0.4 (0.0)     
 100 cm 7.4 (1.4) — 4.7 (1.3) 2.8 (0.9) 0.0 (0.0)     

a not available,  b soil water samples were only available at 5 cm depth on HS in 2013, 0-5 cm data in 2013 are 
listed as 5 cm; standard errors in parentheses. 
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Fig. S1 EMMA model results estimating the contribution from HS in stream water (S1) in summer 

2010 and 2013, based on water H+ and NO3
- concentrations. Mean concentrations of the two end-

members (soil water from the hill slope and the GDZ) were derived from T1 to T5 and B5 to B6, 

respectively.  
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Fig. S2 Relationship between δ15N-NO3
- and NO3

--N concentrations and flume discharge in stream 

water (S1) of summer 2010 and 2013 

 

 

 

 

 

 

 

 

 



6 

 

 

Fig. S3 Relationship between δ15N-NO3
- and NO3

--N concentrations (in logarithmic scale) in 

stream water (S1) across all three years 
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Abstract  11 

Increased nitrogen (N) deposition in many subtropical forests of south China has resulted in N 12 

saturation, associated with significant nitrate (NO3
-) leaching from well-drained soils. At the 13 

catchment level, however, strong N retention was reported in groundwater discharge zones (GDZ), 14 

hydrologically connected to surrounding hill slopes (HS). Recently, a detailed dual-isotope study 15 

of 15N- and 18O-NO3
- in the subtropical forested headwater catchment at Tieshanping, SW China, 16 

confirmed the importance of the GDZ as the prime N-sink and hotspot for denitrification. Here, 17 

we test if this finding is representative for a wider range of forest catchments throughout China 18 

differing in atmogenic N input and rainfall. In all catchments, inorganic N fluxes indicated efficient 19 

conversion of NH4+ to NO3
- on well-drained HS, followed by significant attenuation of NO3

- in 20 

the GDZ. Depletion of 15N- and 18O-NO3
- in HS soils supports the importance of nitrification, as a 21 

source of NO3-. In all catchments, except the non-N-saturated northwestern site, NO3- attenuation 22 

in the GDZ was associated with 15N and 18O enrichment of residual NO3-, confirming 23 

denitrification. However, only the N-saturated southern catchments had a well-developed, 24 

continuous GDZ, hydrologically-connected to HS, which is essential if denitrification is to be a 25 

major catchment N-sink.  26 

Key Word: Nitrification, δ15N, δ18O, Water flowpath, Groundwater discharge zone  27 
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Introduction 28 

Anthropogenic changes to the global nitrogen (N) cycle affect the environment both regionally 29 

and globally 1,2. Numerous studies report effects related to ecosystem functions 3,4, climatic change 30 

5,6 and human health 7. While the global inventory of the input of reactive N into the biosphere 31 

suggests a doubling in the last century 8,9, the relative contribution of mainland China to global N 32 

pollution is growing 10. In southern Chinese forests, receiving N deposition of up to 60 kg N ha-1 33 

yr-1 11, N saturation has been reported with significant nitrate (NO3
-) leaching from well-drained 34 

forest soils 12. Yet, on the headwater catchment scale, large proportions of dissolved inorganic N 35 

are found to be attenuated in riparian soils just before entering streams 13,14. 36 

Biological N sinks in forest ecosystems include assimilation (both in plant and microbial biomass) 37 

and NO3
- removal by denitrification 15. In the strongly acidic forest soils of South China, N uptake 38 

by standing biomass is limited due to slow tree growth 16,17, while net N assimilation into soil 39 

organic matter (SOM) is restricted by low carbon availability 18,19. Several N mass balance studies 40 

from subtropical Chinese forest catchments have implicated denitrification, particularly in wet 41 

soils near streams, as possible N sink 13,20,21. Recently, this conjecture was strengthened by stable 42 

isotope studies 22. However, the importance of denitrification at the catchment scale is under-43 

studied, due to the lack of spatially resolved data for soil denitrification 23. 44 

Previous studies in temperate forests have documented significant, but transient denitrification 45 

activities in shallow saturated soils 23–26, where the required NO3- is derived from soil N cycling  46 

rather than from atmogenic sources 25,27,28. Other studies have proposed spatially and temporally 47 

coupled nitrification-denitrification, where production and consumption of NO3- occur in the same 48 

shallow, fluctuating groundwater body 23,24,29. This differs fundamentally from observations in 49 
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southern Chinese forests, where large amounts of NO3
- are produced in well-drained top soils on 50 

hill slopes (HS) without undergoing appreciable denitrification 13,30. Recently, Yu et al. 31 observed 51 

a robust multi-year 15N and 18O pattern in nitrate (NO3-) along a water flowpath in a headwater 52 

catchment in SW China, suggesting that NH4
+ is rapidly nitrified to NO3

- in well-drained HS soils 53 

during monsoonal summers. Subsequently, NO3
- is transported by interflow over the argic Bt 54 

horizons of the common Acrisols to a groundwater discharge zone (GDZ), where it is efficiently 55 

denitrified. Similar geomorphologically related patterns of N turnover, transport and retention have 56 

been reported in temperate and subtropical systems 29,32.  57 

Denitrification in soils is difficult to measure directly 33, making dual isotopic signatures of NO3
- 58 

an attractive tool for integrating temporal and spatial variability of N turnover 25,26,29,34–36. 59 

Biological transformations fractionate stable isotopes 36,37 and the resulting changes in 15N and 18O 60 

signatures of residual NO3- can be used to partition NO3
- sources as well as to elucidate underlying 61 

biological processes. For instance, NO3
- produced through nitrification is often 15N-depleted 62 

compared to NH4+ and 18O-depleted compared to atmogenic NO3
-. δ18O of NO3

- in precipitation is 63 

generally larger than +60‰ 38, and can be used to partition ecosystem NO3
- from microbial and 64 

atmospheric sources 28,39, as soil NO3
- incorporates oxygen from both 18O-depleted atmospheric 65 

O2 and 18O-enriched H2O 36. Microbial denitrification results in an enrichment of both 15N and 18O 66 

in residual NO3
- with a ratio between 1:1 and 2:1. The latter is routinely used to identify 67 

denitrification in riparian and aquatic systems 26,34,36.  68 

Here, we hypothesize that the geomorphological conditions in headwater catchments of the hilly 69 

landscape of South China support N retention at large by combining nitrification and 70 

denitrification in spatially distinct, but hydrologically connected landscape elements. 71 

Denitrification may be enhanced by the abundance of reactive N 40,41, but it remains unclear how 72 
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catchment-scale N retention will respond to increasing N deposition loads, given the fact that other 73 

factors, such as climatic conditions and soil properties, regulate biological N turnover locally 42,43. 74 

To advance our understanding of N retention mechanisms in Chinese forests, we combined a dual 75 

NO3
- isotope study with a two-year monitoring project on N fluxes in seven forested headwater 76 

catchments throughout China, differing in climatic and edaphic characteristics and with different 77 

N deposition rates.   78 
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Materials and Methods 79 

Study sites  80 

Data were collected from five catchments in South China, and two catchments in North China 81 

(Figure 1). Some data from the southern Tieshanping (TSP) site were previously published 31 and 82 

are included for comparison. Details of site location, mean annual temperature and precipitation, 83 

vegetation, soil characteristics and annual N fluxes in throughfall are listed in Table 1. The five 84 

southern sites (Tieshanping-TSP, Leigongshan-LGS, Caijiatang-CJT, Tianmushan-TMS and 85 

Dagangshan-DGS) are subtropical and have a monsoonal climate 31, with annual precipitation 86 

greater than 1000 mm. Among the northern sites, Donglingshan (DLS) is located in the warm 87 

temperate zone with continental monsoonal climate, while Liupanshan (LPS) is in the temperate 88 

zone with continental climate, only marginally influenced by monsoon. Most precipitation occurs 89 

in summer, but mean annual precipitation at the northern sites is markedly smaller (~600 mm) than 90 

at the southern sites. All catchments have a similar topography characterized by well-drained 91 

hillslopes (HS) and hydrologically connected groundwater discharge zones (GDZ). However, the 92 

northern sites have less developed and more discontinuous GDZs along the stream, probably due 93 

to the drier conditions.   94 

Soil types on HS at the southern sites are mainly Alisol and Acrisol, while Luvisols dominate at 95 

the northern sites 44. The surface O/A horizon (excluding undecomposed litter) from most southern 96 

sites have a pH of about 4.0, except at TMS (6.3). Soil pH of the O/A horizon at the northern sites 97 

is 6.1 and 7.0 at DLS and LPS, respectively. C/N ratios of the O/A horizons are similar at all sites, 98 

ranging from 10.4 to 14.4. The seven sites represent a gradient of inorganic N in throughfall 99 

deposition, ranging from 5.0 to 48.7 kg N ha-1 yr-1 (Table 1). 100 
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Sampling design  101 

In each of the seven catchments, soil and soil water samples were collected along the water flow 102 

path, from two permanent sampling plots at HS, two at GDZ and one at the stream outlet (Figure 103 

1). Plots A and B were situated at the top and foot of the HS, respectively, while plots C and D 104 

represent the elevational gradient along the GDZ. Samples of throughfall, soil water and stream 105 

water were collected bi-weekly at all sites from Aug. 2012 to Aug. 2014. Throughfall samples for 106 

each month were pooled for analysis, and the total volumes were recorded. Throughfall was 107 

sampled in triplicate in 3 L PET (polyethylene) bottles, equipped with PET funnels with nylon 108 

gauze to exclude canopy litter. Soil water was sampled at each plot in triplicate from the surface 109 

soil (0-5 cm) with macrorhizon soil moisture samplers (Rhizosphere Research Products, The 110 

Netherlands). Vacuum was applied using a 50 ml syringe for 12 hours 31. Stream water was 111 

collected above ‘V’-shaped weirs established at the outlet of each catchment. Surface soils (0-3 112 

cm, O/A horizon) were collected in triplicate using a garden spade, while excluding the litter layer 113 

(Oi). Water samples were kept frozen at -20oC until analysis, whereas soil samples were stored at 114 

4 oC.         115 

For stable isotope analysis, we sampled throughfall, soil water and stream water twice at all sites 116 

(only throughfall for DGS) in July and August 2014, respectively. As shown by Yu et al. 31, N 117 

turnover processes are most intensive, and thus isotopic fractionation most pronounced, during 118 

warm and humid summers. Due to drought, no soil pore water could be sampled in the summer 119 

months at A, B and C plots at DLS. Additional samples of surface soil, soil water and stream water 120 

(at the outlet) were collected during a sampling campaign in July 2015 at four of the southern sites 121 

(LGS, CJT, TMS and DGS). During this campaign, little water was sampled at A, B and C of DGS, 122 

but pooling of triplicate samples at plots B and C produced enough sample for isotope analysis. 123 



8 

 

During the 2015 sampling campaign, all soil and water samples from a single site were collected 124 

on the same day. Previously published isotope data from the fifth southern site, TSP, obtained in 125 

2013 using the same methods, are included for comparison 31. 126 

Chemical analyses  127 

The concentration of NH4+ and NO3
- in water samples collected for routine analysis were analyzed 128 

by ion chromatography (DX-500, DIONEX) at the Research Center of Eco-Environmental 129 

Sciences, Chinese Academy of Science (CAS), Beijing. Mineral N concentrations of water 130 

samples, comprising NH4+-N and NO3
--N, collected for isotope analysis, were determined 131 

spectrophotometrically using a flow injection analyzer (FIA star 5020, Tecator, Sweden) at 132 

Norwegian University of Life Sciences. Air-dried soil samples were sieved (2 mm), milled and 133 

then analyzed for total organic carbon (C) and total N contents, using a LECO elemental analyzer 134 

(TruSpec®CHN, USA). The soil pH was measured in 50 ml water (deionized) suspension with 10 135 

g dry weight soil, using an Orion SA720 electrode pH-meter. All soil analyses were conducted at 136 

the Norwegian University of Life Sciences.   137 

δ15N and δ18O of NO3
- (δ15NNO3 and δ18ONO3) were analyzed, using a modified denitrifier method 138 

45,46, at the Norwegian University of Life Sciences. Briefly, tryptic soya broth (TSB) medium was 139 

pretreated with Paracoccus denitrificans (ATCC 17741) to remove background NO3
-, prior to 140 

culturing Pseudomonas aureofaciens (P. a.) (ATCC 13985) aerobically. In order to ensure rapid 141 

and successful transition from oxic to anoxic respiration in P. a. culture, the medium was amended 142 

with NH4Cl. Aerobically grown P. a. culture was then injected into anoxic 120 ml vials (Helium-143 

washed) to trigger conversion of NO3
- to N2O. δ15N and δ18O of N2O were measured with an 144 

isotope ratio mass spectrometer coupled to a pre-concentration unit (PreCon-GC-IRMS, Thermo 145 

Finnigan MAT, Bremen, Germany). International standards (IAEA N3, USGS 32 and 34) were 146 
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included in each batch to correct for background and 18O fractionation during conversion. The 147 

analytical precision was 0.2‰ for δ15N and 0.5‰ for δ18O.       148 

δ15N of bulk soil (δ15Nsoil) was measured by an EA-Conflow-IRMS system (Thermo Finnigan 149 

MAT, Bremen, Germany). Before analysis, air-dried samples were milled and weighed in tin 150 

capsules (8*5 mm, Elemental Microanalysis). IAEA standards (N1 and N3) as well as in-house 151 

materials (lab-mixed forest soils) were included in each batch. The analytical precision was 0.2‰. 152 

Rayleigh enrichment factor 153 

The Rayleigh distillation model 47  154 

ε =  
�� � ���  

�	 [�(��
�)� �(��

�)��]⁄
             155 

where C(NO3
-)s0 and, C(NO3

-)s are  initial and residual NO3- concentration, respectively, and δs0 156 

and δs are δ15N of initial and residual NO3-, was used to estimate the apparent 15N enrichment factor 157 

for denitrification in the groundwater discharge zone. This approach is based on the assumption 158 

that the hydrological flow path behaves as a quasi-closed system 26, and that isotopic fractionation 159 

is solely due to denitrification 31. 160 

Estimation of the annual N balance at the catchment-scale 161 

We assumed the annual N flux in throughfall to represent the N input. The annual N flux by stream 162 

export was calculated by multiplying the annual mean inorganic N concentration with estimated 163 

water discharge. Stream water discharge rates were estimated based on precipitation data and 164 

runoff coefficients. For TSP, CJT and LGS, we adopted the runoff coefficients (the ratio of stream 165 

discharge to throughfall) given by Larssen et al. 13. The coefficients for TMS and DGS, sites with 166 

similar climatic conditions as the former three, were estimated to be the average of those for TSP, 167 
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CJT and LGS. For the northern sites, LPS and DLS, assuming annual evapotranspiration to be 168 

about 500 mm 48, the runoff coefficients were taken as 0.26 and 0.18, respectively, which is in 169 

accordance with data from a large range of northern Chinese catchments 49. We computed 170 

catchment N retention by subtracting the N flux in the stream from the N flux in throughfall. 171 

Statistics 172 

Statistical analyses were performed with Minitab 16.2.2 (Minitab Inc., State College, PA, USA). 173 

Significance levels in this study were set at p < 0.05, unless specified otherwise. One-way ANOVA 174 

with post hoc Tukey test was performed to test differences in NH4+ and NO3
- concentrations, as 175 

well as in δ15NNO3, δ18ONO3 and δ15NSoil among different sampling plots and sites.   176 
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Results and Discussion 177 

N sinks revealed by inorganic N fluxes   178 

Nitrogen fluxes in throughfall decreased in the order TSP>CJT>TMS>DGS>DLS>LGS>LPS 179 

(Table 1), indicating largest N inputs at the southern sites (except for the background site LGS). 180 

At most, about half of the N was deposited as NH4
+, with largest values at TSP (56%) and CJT 181 

(40%) (Figure 1). At the other sites, dissolved N in throughfall was dominated by NO3
--N. 182 

Compared with earlier throughfall data for the period 2001–2004 50, this suggests that the relative 183 

importance of NO3--N has increased significantly during the last 10 years. On the hill slopes (HS), 184 

NH4
+ concentrations in soil water were generally below 0.1 mg N L-1 (except for LPS, Figure S1) 185 

and significantly smaller (p < 0.05) than in throughfall, while NO3
- concentrations were 186 

significantly (p < 0.05) larger in soil water than in throughfall (Figure 2). From the HS to the 187 

groundwater discharge zone (GDZ), the NH4
+ concentration in soil water remained low, while 188 

NO3
- declined in soil water from HS to GDZ and stream water. The samples collected during the 189 

summer campaign for isotope analysis showed NH4
+ concentrations similar to those of the long-190 

term data (compare Figure S2a with Figures 2 and S1). With the exception of DGS (increase at 191 

plot C, GDZ) and LPS (overall low concentrations), also the spatial pattern of NO3
- concentrations 192 

along the water flow path resembled that of the 2-year data set (Figure S2b).  193 

The concentration of Na+ in throughfall, soil water and stream water (Figure S3), which may be 194 

used as a proxy for evapotranspiration, assuming Na+ is an inert solute in the soil and does not 195 

have a source in the catchment 12, showed a general increase along the water flow path (except at 196 

CJT). We normalized the NO3- concentration against the Na+ concentration measured along the 197 

water flow path, to account for concentration changes due to evapotranspiration. The spatial 198 
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pattern of the NO3-/Na+ ratio showed the expected sharp increase from throughfall to HS and a 199 

subsequent pronounced decrease from HS to GDZ (Figure S4). This confirms that the spatial 200 

pattern of NO3
- concentration was not due to evapotranspiration, but resulted from significant 201 

source (HS) and sink terms (GDZ), respectively.  202 

There were exceptions to the general pattern of NO3
- concentrations, however. At LPS, N 203 

deposition was smallest among all sites (Table 1), and thus NO3- leaching from the HS soil was 204 

least significant (Figures 2 and S2b), also resulting in no apparent change in NO3
- concentration 205 

along the water flow path. This suggests that LPS is a N-limited system, with N sinks dominated 206 

by plant and soil assimilation 4. At DGS, during summer 2015, there was an increase in NO3
- 207 

concentration from HS to GDZ, followed by decrease in the stream (Figure S2b). Only few 208 

samples could be obtained from this site, but it is likely that the elevated NO3- concentration in 209 

GDZ during summer 2015 was a result of strong evaporation due to drought, similar to 210 

observations made by Yu et al. 31 during a drought period in 2013 at TSP. These elevated NO3
- 211 

concentrations play little role for the annual NO3
- flux, however, as water transport is small. 212 

At all sites, the concentration of NO3
- in stream water tended to be greater than that in soil water 213 

at plot D of the GDZ, except at LGS and LPS (Figure 2), the two sites where N fluxes in throughfall 214 

and NO3
- concentrations in soil water were smallest. Greater NO3

- concentrations in stream water 215 

than in soil water in GDZ may be due to NO3
- entering the stream directly from surrounding 216 

hillslopes, bypassing the GDZ in the valley bottom, particularly during periods of high flow 31. In 217 

addition, NO3
- may be produced locally by intermittent nitrification in the GDZ or in the stream 218 

during low-flow conditions, as previously suggested for temperate systems 24. Both long- and 219 

short-term data sets (Figures 2 and S2, respectively) indicate significant N sinks in all seven 220 

catchments (Figure S4), located predominantly in the GDZ. This suggests that the efficiency of 221 
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the catchment to remove NO3
- depends on the GDZ acting as a conduit for water as it passes from 222 

HS to the stream. 223 

Within-catchment N turnover gauged by NO3
- isotope signatures 224 

At all sites, δ15NNO3 in soil water on HS was < 0‰, except for plot A at LGS (Figure 3a). In general, 225 

NO3
- in soil water on HS was more depleted in 15N and 18O than in throughfall (Figure 3), 226 

indicating that soil water NO3- is mostly derived from nitrification, and to a smaller extent directly 227 

from atmogenic deposition 31,37. Similar findings were reported for a range of forest soils in the 228 

northern US 25. In addition, at all sites, except DGS, soil water on HS had δ15NNO3 and δ18ONO3 229 

values in the range -5 to +5‰ and -10 to +10‰, respectively (Figure S5), which has previously 230 

been taken as indicative for nitrification-derived NO3
- 26,31.  231 

Nitrification causes only small isotopic fractionation, thus retaining the δ15N signatures from NH4+ 232 

in NO3
- 47. As suggested by the LGS data, which showed greater δ15NNO3 values in soil water than 233 

in throughfall (Figure 3a), NO3- in soil water on HS is primarily derived from soil organic N (NH4
+ 234 

produced by mineralization). Soil organic N at LGS is characterized by relatively large δ15N values, 235 

ranging from +4 to +5‰ (Fig. S6), as often found in nitrogen-rich litter 51, e.g. of Pinus armandii, 236 

the dominant tree species at LGS. It is beyond the scope of the present study to partition sources 237 

of NH4
+ undergoing nitrification in HS soils, but recent 15N tracing study in subtropical forest soils 238 

have suggested that much of the atmogenic NH4
+ entering the soil is immobilized and undergoes 239 

internal N cycling before being nitrified 52,53.           240 

Decreasing NO3- concentrations along the water flow path from HS to GDZ (Figures 2 and S2b) 241 

were associated with a significant (p < 0.05) increase of both δ15N and δ18O in residual NO3- 242 

(Figure 3a) at all sites, except LPS. This supports our earlier conclusion that the observed N 243 
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retention on the catchment scale relies on denitrification in the stream-near GDZ, similar to what 244 

has been reported for agroecosystems 54 and for temperate forest ecosystems 34. A regression of 245 

δ18ONO3 against δ15NNO3 values resulted in slopes between 0.5 and 1 (Figure S5), which is well 246 

within the range of ratios considered diagnostic for denitrification 26,36,55,56. Despite the lack of 247 

data for DLS, large δ15NNO3 (23.4 ‰) and δ18ONO3 (30.0‰) values observed in a pooled GDZ soil 248 

water sample was in line with strong denitrification in the near-stream environment.  249 

Apparent 15N enrichment factors for LGS, CJT and TMS were estimated by Raleigh fractionation 250 

47 (DGS and DLS were not included due to too little data), based on the progressive NO3
- 251 

consumption and 15N enrichment along the water flow path from HS to GDZ (Figures 2 and 3). 252 

The enrichment factors (Figure S7) were between -3.0 to -6.0‰ and are similar to those reported 253 

for TSP 31 and for groundwaters 57–59. Except for the low N deposition site (LPS) in NW China 254 

and the central northern site DLS (for which no data could be obtained from the HS), all catchments 255 

showed the same spatial pattern of dual NO3
- isotopes associated with N retention as reported for 256 

TSP 31, reflecting efficient N turnover and NO3
- removal in hydrologically connected landscapes. 257 

Our finding of similar patterns in these five sites in South China substantiates the idea that N 258 

removal by denitrification in stream-near groundwater discharge zones may be a widespread 259 

phenomenon in monsoonal, subtropical forest catchments.  260 

What factors govern the N sink function of forested catchments?   261 

Distinct landscape elements with prevailing oxidative or reductive conditions and NO3
- transport 262 

between these elements appear to be central for the N retention observed at the catchment scale. 263 

Argic horizons with restricted hydraulic conductivity are widespread in Ali- and Acrisols of 264 

subtropical China and favor the transport of NO3
- by “interflow” along the hillslopes. This 265 

interflow leads to well-developed groundwater discharge zones, where the landscape flattens out.  266 
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By contrast, direct seepage of NO3
- in these soils to the groundwater seems to play a minor role 60. 267 

Others have found a similar connection between topography and dissimilatory N turnover. For 268 

instance, Hilton et al. 61and Weintraub et al. 62 reported a negative correlation between slope angle 269 

and δ15N of bulk soil in subtropical and tropical forests. We found a similar pattern at the southern 270 

sites (except in the Pinus armandii-dominated LGS, with its more N-rich litter and associated 271 

greater δ15Nsoil), as δ15Nsoil gradually increased along the hydrological flowpath (from the steeper 272 

A to the less steep D plots, Figure S6). In addition there was a strong (p < 0.01) negative correlation 273 

between δ15Nsoil and the C/N ratio (Figure S8), suggesting that N is increasingly processed along 274 

the flowpath 63,64. In a northeastern catchment in the US, Anderson et al. 32 observed a strong 275 

impact of topography on denitrification rates, which was also linked to the distribution of water-276 

saturated zones. Hence, the hilly topography, the monsoonal climate with large amounts of 277 

precipitation in summer and the prevalence of Ali- and Acrisols producing interflow are crucial 278 

factors for the development of continuous groundwater discharge zones with a significant capacity 279 

for denitrification, allowing for the observed N sink function in southern China.  280 

At the northern site DLS, we observed NO3
--N fluxes in stream water that were similar to the rates 281 

of N fluxes in throughfall (Figure 4a). This implies a relatively small annual N-sink, despite the 282 

elevated δ15NNO3 values in the GDZ, which suggested a significant hotspot for denitrification 283 

(Figure 3). Most likely, a substantial part of the drainage water from HS soils bypasses the GDZ 284 

and is little affected by denitrification. In the southern TSP catchment, Yu et al. 31 observed a 285 

similar, albeit less extreme tendency of HS water bypassing the GDZ during single, intensive 286 

rainstorms. Probably, the GDZ is less developed in the drier, northern DLS, and thus reductive 287 

conditions are less common, than in the southern catchments 65,66, where annual precipitation is 288 

double that at the northern site (Table 1). 289 
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Catchment N retention scaled with N fluxes in throughfall, with an average retention rate of 65% 290 

across all sites (Figure 4a). To compare the resulting 15N enrichment by denitrification among the 291 

southern catchments, we calculated the overall change of δ15NNO3 from HS to GDZ (Δδ15NNO3), 292 

which positively correlated with N deposition Retention (Figure 4b). This suggests that the N sink 293 

by denitrification could be stimulated by enhanced N deposition 41, on the condition that runoff is 294 

channeled through saturated GDZs before reaching the stream, as is the case at the southern sites, 295 

but not the northern. 296 

Our study confirms the prevalence of GDZ denitrification in a range of forest catchments across 297 

China. The N turnover patterns along the water flowpaths in monsoonal South China were similar 298 

to those previously observed at TSP 31 and confirm our hypothesis that N retention by 299 

hydrologically coupled nitrification–denitrification is a more widespread phenomenon in humid 300 

southern Chinese forest catchments. By contrast, at the northern site, the GDZ, which was less 301 

developed due to the drier conditions, is unlikely to constitute an efficient N sink for the catchment.  302 
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Figure 1. Overview of sampling sites and N fluxes in throughfall. Bars are average annual fluxes 
of NH4

+- and NO3
--N fluxes in throughfall from August 2012 to August 2014. Inserted is a 

schematic representation of the hydrological continuum, including the sampling plots along the 
water flowpath, as found in all catchments.    
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Figure 2 Logarithmic box whisker plot of NO3- concentrations in throughfall (TF), soil water at plots A, B, C, D and stream water in 
seven forested catchments. Bi-weekly data from Aug. 2012 to Aug. 2014 is presented. Different letters indicate significant differences 
within each site. No data is available for soil water at D plot, DGS. Site codes are as in Figure 1.    
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Figure 3 Means and standard errors of δ15NNO3 (a) and δ18ONO3 (b) in throughfall, soil water and stream water in seven catchments in 
the summers of 2014 and 2015. Data for TSP are data in summer 2013 from Yu et al. 31. ‘x’ denotes no available data. Sites codes are 
as in Figure 1.  
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Figure 4a Relationship between annual N flux in throughfall and in stream water from 2012 to 2014. Linear regression lines and 
equations were shown. N fluxes in stream water are computed as explained in Materials and Methods, and detailed results are 
presented in Table S2 (supplementary materials).   

4b Relationship between catchment N retention and Δδ15NNO3 between HS and GDZ. Δδ15NNO3 = (averaged δ15NNO3 in GDZ) - 
(averaged δ15NNO3 on HS).  
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Table 1. Background descriptions of all sites  

 

* Data of Tieshanping site from Yu et al. 31 is included for comparison.  

† Soil pHH2O at the surface soil (0-5 cm).  

‡ Soil C/N ratio at the O/A soil (0-5 cm). 

θ Data refers to the average values for 2013 and 2014.   

Site name 
Tieshanping 

(TSP)* 
Leigongshan 

(LGS) 
Caijiatang 

(CJT) 
Tianmushan 

(TMS) 
Dagangshan 

(DGS) 
Liupanshan 

(LPS) 
Donglinshan 

(DLS) 
Location Chongqing Guizhou Hunan Zhejiang Jiangxi Ningxia Beijing 
Longitude 106°41′ 108°11′ 112°22′ 119°26′ 114°34′ 106°20′ 115°26′ 
Latitude 29°38′ 26°23′ 27°50′ 30°19′ 27°35′ 35°15′ 39°58′ 

Mean annual 
temperature (oC) 

18.2 15.7 17.5 11.9 15.8 5.8 4.8 

Mean annual  
precipitation (mm) 

1028 1120 1250 1581 1591 676 612 

Vegetation 

Massone pine-
dominated, 

coniferous-broad leaf 
mixed forest 

Pinus armandii 
dominated, 

coniferous-broad 
leaf mixed forest 

Massone pine 
dominated, 

coniferous-broad 
leaf mixed forest 

Broad-leaf 
forest 

Evergreen  
broad-leaf 

forest 

Mixed deciduous  
broad-leaf forest;  
broad-leaf and  

coniferous  forest 

Mixed, secondary 
deciduous  

broad-leaf forest;  
coniferous forest 

Soil type 
Loamy yellow 

mountain soil (Haplic 
Acrisol) 

Yellow mountain soil 
(Alisol and Acrisol) 

Yellow mountain 
soil (Acrisol) 

Red and  
yellow soils 
(Alisol and  

Acrisol) 

Red and  
yellow soils  
(Alisol and  

Acrisol) 

Gray cinnamon 
soil (Luvisol) 

Cinnamon soil 
(Luvisol) 

Soil pH† 4.2 4.4 4.8 6.3 4.9 7.0 6.1 
Soil C/N ratio‡ 14.0 12.0 14.2 13.2 14.4 10.4 11.5 

Annual  throughfall 
flux (kg N ha-1)θ 

48.7 9.8 38.8 19.4 16.0 5.0 11.6 
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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 

 

 

 

 

 

 

 

 

 

 

 

 

§ O/A horizon does not include undecomposed litter (Oi). 

* n = 3. 

+ Data obtained from Yu et al. 31. 

† Replicates were not available.  

Site name  
Tieshanping  

(TSP)+ 
Leigongshan 

(LGS)† 
Caijiatang  

(CJT) 
Tianmushan 

(TMS) 
Dagangshan  

(DGS) 
Liupanshan 

(LPS) 
Donglingshan 

(DLS) 
  Avg.* Stdv. Avg. Avg. Stdv. Avg. Stdv. Avg. Stdv. Avg. Avg. 

C content (%) 

A 10.9 5.10 14.1 14.2 5.64 16.9 12.1 4.90 0.92 4.01 3.23 
B 4.91 1.52 9.89 10.0 2.07 4.70 0.83 7.10 0.92 2.77 6.80 
C 3.74 1.51 7.10 3.50 0.72 3.51 0.54 3.90 0.16 4.00 5.52 
D 3.54 0.88 7.43 2.66 0.96 11.4 2.74 6.35 3.60 4.47 8.14 

N content (%) 

A 0.63 0.01 0.99 0.80 0.28 1.24 0.84 0.31 0.05 0.37 0.26 
B 0.35 0.12 0.81 0.74 0.13 0.37 0.07 0.48 0.07 0.29 0.62 
C 0.28 0.14 0.65 0.28 0.07 0.29 0.05 0.27 0.01 0.38 0.49 
D 0.29 0.08 0.70 0.19 0.05 0.76 0.16 0.49 0.27 0.41 0.71 

C/N ratio 

A 17.5 0.59 14.3 17.4 1.08 13.3 0.76 15.7 0.45 10.9 12.2 
B 14.3 0.81 12.2 13.5 0.50 12.6 0.29 14.9 0.80 9.5 11.0 
C 15.3 3.71 10.9 12.6 0.66 12.0 0.35 14.2 0.28 10.5 11.2 
D 12.4 0.58 10.6 13.4 2.42 15.0 0.70 12.6 0.81 10.8 11.5 

pH 

A 3.91 0.20 3.82 3.88 0.10 6.41 0.30 4.22 0.14 6.64 5.59 
B 3.73 0.11 4.03 4.63 0.18 5.55 0.06 4.24 0.03 6.93 7.15 
C 4.72 0.05 5.19 5.18 0.07 6.30 0.23 5.51 0.26 6.46 6.03 
D 4.58 0.10 4.72 5.49 0.04 6.82 0.04 5.70 0.38 8.07 5.53 
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Table S2 N mass balance and Δ15N enrichment (GDZ - HS) for all catchments* 

Site 
names 

Annual N 
flux in TF 

kg N ha-1 yr-1 

Annual 
precipitation 

mm yr-1 

Avg Stream 
NH4

+-N 
concentration 

mg N L-1 

Stream NO3--N 
concentration 

mg N L-1 

HS NO3
--N 

concentration 
mg N L-1 

Annual N 
flux in stream 

water 
kg N ha-1 yr-1 

Annual 
retention 

kg N ha-1 yr-1 

Δδ15N enrichment 
(GDZ - HS) 

‰ 

TSP 48.7 1028 0.01 5.2 15.8 26.0 22.7 11.9 
CJT 38.8 1250 0.02 0.8 13.1 6.4 32.4 22.2 
TMS 19.4 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 -0.5θ -† 

* The annual N flux by stream runoff was estimated based on the runoff coefficient (the ratio of stream discharge to throughfall). For 
details see Materials and Methods. N flux in stream refers to dissolved inorganic N export (NH4

+ + NO3
-). Δδ15NNO3= (averaged 

δ15NNO3 in GDZ) - (averaged δ15NNO3 on HS). 

θ NO3
- concentration in stream runoff from DLS was unexpectedly high, thus making the annual N retention negative. 

† Data not available.  
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Fig. S1 Logarithmic box whisker plot of NH4+ concentrations in throughfall (TF), soil water at plots A, B, C, D and stream water in 
seven forested catchments. Bi-weekly data from Aug. 2012 to Aug. 2014 is presented. Different letters indicate significant differences 
within each site. No data is available for soil water at D plot, DGS. Site codes are as in Fig. 1.   
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Fig. S2 NH4
+ (a) and NO3

- (b) concentrations of throughfall (TF) and soil pore water along the hydrological flow paths (Fig. 1) at 
seven sites. Values are means and standard errors of samples obtained in summer 2014 and 2015 for stable isotope analysis. Values at 
TSP are for summer 2013 taken from Yu et al. 31. ‘x’ denotes no available data.   
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Fig. S3 Na+ concentration along hydrological continuum among all the headwater catchments. Bi-weekly data from Aug. 2012 to 
Aug. 2014 is presented, with means and standard errors shown in the figure. Note the different scale for the y-axis for LPS due to 
larger data range. 
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Fig. S4 Ratio of NO3
- to Na+ concentration along the hydrological continuum in seven headwater catchments. Bi-weekly data from 

Aug. 2012 to Aug. 2014 is presented, with means and standard errors shown in the figure. A different scale for y axis is applied only 
for LPS due to large data range.  
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Fig. S5 Relationship between δ15NNO3 and δ18ONO3 at all sites except DLS (little data). Data from TSP sites were values in summer 
2013 from Yu et al. 31.
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Fig. S6 Means and standard errors of δ15N of bulk soil (0-3 cm) in A, B, C and D plots from 
TSP, LGS, CJT, TMS and DGS sites. Data from TSP site were in summer 2013 from Yu et al. 31. 
No data were available for LPS and DLS.  
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Fig. S7 Relationship between δ15NNO3 and NO3
- concentration (logarithmic) in soil water (data 

from both HS and GDZ) at TSP, LGS, CJT and TMS sites (DGS and DLS were not included due 
to little data). Data from TSP site were in summer 2013 from Yu et al. 31.   
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Fig. S8 Relationship between C/N ratio and δ15N of bulk soils (0-3 cm) in TSP, LGS, CJT, TMS 
and DGS. Data from all replicates are presented. Data from TSP site are values from summer 
2013 obtained from Yu et al. 31. 
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Abstract11 

Subtropical forests receive increasing amounts of atmogenic nitrogen (N), both as ammonium 12 

(NH4
+) and nitrate (NO3-). Previous long-term studies indicate efficient turnover of atmogenic 13 

NH4
+ to NO3

- in weathered, acidic soils of the subtropics, leading to excessive NO3
- leaching. To 14 

clarify the mechanism governing the fate of atmogenic inputs in these soils, we conducted an in 15 

situ 15N tracing experiment in the TieShanPing (TSP) forested catchment, SW China. 15NH4NO3, 16 

NH4
15NO3 and 15N-glutamic acid were applied to an upland hillslope soil and inorganic N, total 17 

soil N and nitrous oxide (N2O) were monitored for nine days. Incorporation of 15NO3
- into soil 18 

organic N was negligible and 80% of the applied label was lost from the top soil (0-15 cm) 19 

primarily by leaching within 9 days. In contrast, 15NH4
+ was largely retained in soil organic N. 20 

However, instant production of 15NO3
- in the 15NH4

+ treatment suggested active nitrification. 21 

Excess 15N in the NO3
- pool was greater than in the NH4

+ pool, suggesting that a sizable proportion 22 

of the produced 15NO3
- was derived from 15N immobilized in organic matter without passing 23 

through the NH4+ pool (heterotrophic nitrification). This was confirmed by persistently greater 24 

excess 15N in NO3
- than in NH4

+ in the 15N-glutamic acid treatment. The cumulative recovery of 25 

15N in N2O after 9 days ranged from 2.5 to 6.0% in the 15NO3
- treatment, confirming the previously 26 

reported significant denitrification capacity of these soils. Yet, source partitioning of 15N2O 27 

demonstrated a measurable contribution of nitrification to N2O emissions, particularly at low soil 28 

moistures. Our study emphasizes the role of a fast-cycling organic N pool (including microbial N) 29 

for retention and transformation of atmogenic NH4
+ in subtropical, acid forest soils. It thus explains 30 

the near-quantitative leaching of deposited N (as NO3
+ and NH4

+) common to subtropical forest 31 

soils with chronic, elevated atmogenic N inputs by i) negligible retention of NO3
- in the soil and 32 



3 

 

ii) rapid immobilization-mineralization of NH4+ followed by nitrification (autotrophic and 33 

heterotrophic). 34 

Key words: N deposition, 15N tracer, gross N transformation, nitrification, denitrification, nitrate 35 

leaching, N2O emission  36 

  37 
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Introduction 38 

Rapid growth of agriculture and industry has dramatically increased the anthropogenic emission 39 

of reactive N (Galloway et al. 2008, Liu et al. 2013). In central China, for example, current N 40 

deposition amounts to 30-65 kg N ha-1 yr-1 (Shi et al. 2015, Xu et al. 2015). Enhanced N deposition 41 

causes concerns about negative environmental effects, such as soil acidification (Guo et al. 2010), 42 

eutrophication (Galloway et al. 2003), biodiversity loss (Bobbink et al. 2010), nitrous oxide (N2O) 43 

emissions (Zhu et al. 2013c) and threats to human health (Townsend et al. 2003). Elevated N 44 

deposition has been reported to cause N saturation in subtropical forests of South China, 45 

characterized by strong nitrate (NO3
-) leaching from soils (Fang et al. 2011, Larssen et al. 2011, 46 

Huang et al. 2015). Yet, there is limited understanding of the turnover mechanisms and the fate of 47 

reactive N inputs, both with respect to input rate and input form (ammonium (NH4+), and NO3
-).    48 

The concept of N saturation suggests that soil nitrification activity and NO3- leaching increase 49 

significantly, when N input exceeds N uptake by the forest (Aber et al. 1998, Lovett and Goodale 50 

2011). In a 7-year field experiment in the subtropical Chinese forest “TieShanPing” (TSP), 51 

extreme N saturation with N input (NH4
+-N + NO3

--N) equaling N output (NO3--N) was found in 52 

acid soils, even at elevated rates of NH4
+ input (Huang et al. 2015). The apparent efficient turnover 53 

of deposited NH4+ to NO3
- and the associated small rate of NH4

+ leaching suggest microbial 54 

nitrification as the key process behind forest N loss, even though ammonia (NH3), the substrate of 55 

nitrification, is scarce in acid soils (De Boer and Kowalchuk 2001). Possible explanations put 56 

forward were production of NH3 (by mineralization) and consumption of NH3 (by nitrification) in 57 

physically-connected microorganisms (Allison and Prosser 1993), or within the same mixotrophic 58 

cell (De Boer et al. 1989, Burton and Prosser 2001). The notion of how NH4+ is turned over in acid 59 

forest soils changed fundamentally with the discovery of ammonia oxidizing archaea (AOA; 60 
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Leininger et al. 2006) and the finding that AOA dominates over ammonium oxidizing bacteria 61 

(AOB) in acid soils (Gubry-Rangin et al. 2011), but the question about the actual substrate of 62 

nitrification in acid soils remained unresolved. For instance, Levičnik-Höfferle et al. (2012) 63 

observed stimulation of thaumarchaeal NH3 oxidation by addition of organic N but not by NH4
+. 64 

Also, NH4
+ added to acid forest soil has been found to be quickly assimilated into the microbial N 65 

pool (Tahovsk et al. 2013, Gao et al. 2016), which points at a possible role of the soil organic N 66 

pool for processing and transformation of deposited NH4
+ (Booth et al. 2005, Lu et al. 2011). 67 

Recent studies based on 15N modeling (Müller et al. 2007) attributed efficient NO3
- production in 68 

acid soils to heterotrophic nitrification, i.e. the co-oxidation of organic N to nitrite during 69 

heterotrophic microbial growth (Zhang et al. 2013, Chen et al. 2015). Thus, the pathways involved 70 

in transforming N deposited as NH4
+ to NO3

- are elusive, raising the question whether NO3
- is 71 

directly produced from organic N or from mineralization-derived NH4
+.     72 

Stable isotope studies have indicated that denitrification is a quantitatively important sink for NO3
- 73 

in N-saturated forests, particularly in saturated near-stream soils (Fang et al. 2015, Yu et al. 2016). 74 

While N2 is the main product of denitrification, some N2O, an intermediate product, is emitted 75 

(Tiedje 1988). Large N2O emissions have been reported from the well-drained hillslopes of the 76 

TSP catchment, SW China, accounting for 8-10% of the annual N deposition (Zhu et al. 2013c). 77 

Acid soils favor the production of N2O rather than N2 in the denitrification process (Liu et al. 2010) 78 

and frequent soil moisture changes on the well-drained hillslope may favor N2O production by 79 

denitrification relative to N2O reduction to N2, as the N2O reduction enzyme is more easily 80 

repressed by oxygen than the other denitrification enzymes (Morley et al. 2008). Accordingly, in 81 

the TSP forest, Zhu et al. (2013c) attributed observed large N2O emissions to intermittent 82 

denitrification, triggered by monsoonal rainfalls and confirmed up to 100% contribution of 83 
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denitrification by in situ 15NO3
- labeling (Zhu et al. 2013a). However, given the unclear role of 84 

NH4
+ transformations for the forest N-budget, also nitrification could be a significant source of 85 

N2O, particularly under relatively dry conditions (Khalil et al. 2004). In a soil core study, Zhang 86 

et al. (2011) found that nitrification was responsible for up to 42% of the emitted N2O in four acid, 87 

subtropical soils from China incubated at intermediate soil moisture (40-52% WFPS). So far, there 88 

are no in situ studies that have apportioned N2O emissions in acid forest soils of South China to 89 

different N-transformation pathways under fluctuating soil moisture conditions.  90 

15N tracers have been widely used to investigate the fate and gross transformation of atmogenic N 91 

in forest ecosystems (Curtis et al. 2011, Templer et al. 2012). Sheng et al. (2014) and Gurmesa et 92 

al. (2016) measured high retention of 15N tracers (15NH4
+ > 15NO3

-) in broadleaf forests of the 93 

Chinese tropics, and recovered 15N in both soil and plant biomass one year after addition. However, 94 

observed annual N deposition and soil leaching in these forests indicated much greater loss of 95 

atmogenic N than predicted by 15N tracing (Gurmesa et al. 2016). This suggests that “freshly” 96 

deposited N is retained and cycled internally in the soil prior to being released to leachates, while 97 

“old” N is simultaneously mobilized. This is in line with findings from short-term incubation 98 

experiments with soils cores from a range of South Chinese forest soils, reporting large gross N 99 

immobilization and mineralization rates (Zhang et al. 2013, Gao et al. 2016). Hence, it is likely 100 

that efficient turnover of soil organic N is central for the retention of “fresh” atmogenic N and the 101 

return of “old” organic N to the inorganic N pool, which would reconcile large N retention with 102 

strong NO3
- leaching. 103 

In the TSP forest in SW China, where N retention by forest growth is limited due to soil 104 

acidification (Li et al. 2014) and phosphorus limitation (Wang et al. 2007), soil N turnover can be 105 

expected to govern the fate of atmogenic N inputs. To elucidate this, we conducted in situ 15N 106 
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tracing in well-drained soils of the forested hillslope. 15N label was added in three forms, viz. NH4
+, 107 

NO3
- and glutamic acid, and N dynamics and 15N distribution in soil pools (extractable and solute 108 

NH4 and NO3, residual soil N) and in emitted N2O were monitored frequently during the initial 109 

two weeks following 15N application. The objectives of our study were: i) to study the 110 

transformation of atmogenic NH4
+ to NO3

- in the acid forest soil, ii) to improve our understandings 111 

of mechanisms governing nitrification through the partitioning of nitrate production pathways 112 

(ammonification followed by autotrophic or heterotrophic nitrification), iii) to unravel the fate of 113 

NO3
- in the well-drained forest soil and iv) to source-partition the N2O emission to nitrification 114 

and denitrification.    115 
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Material and Method 116 

Site description 117 

The study was conducted at Tieshanping (TSP), a 16.3 ha headwater catchment located in a forest 118 

park, about 25 km northeast of Chongqing, SW China (106° 41′E, 29° 38′N) (Fig. 1a). The 119 

catchment has a subtropical monsoonal climate, with a mean annual precipitation of 1028 mm and 120 

a mean annual temperature of 18.2 oC (Chen and Mulder 2007). The vegetation is a Masson pine 121 

dominated mixed forest. The TSP catchment consists primarily of steep hillslopes with ground 122 

water discharge zones at the foot of the slopes. Hillslope soils are well-drained loamy yellow 123 

mountain soils (Haplic Acrisol), with an argic Bt horizon. Soils are acidic, with pHH2O increasing 124 

from 3.8 in the O/A horizon to 4.0 in the Bt. Due to fast turnover of organic matter, Acrisols have 125 

thin organic horizons (0–2 cm) (Chen and Mulder 2007). Annual N deposition (~ 60% as NH4
+-126 

N) reported to be 40-60 kg N ha-1 yr-1 during 2005–2011, is leached nearly quantitatively as NO3
-127 

-N from the root zone (Huang et al., 2015). Soil C/N ratios in the O/A horizons are 14 to 18 (Zhu 128 

et al. 2013a, Yu et al. 2016).               129 

Within a 4.6 ha sub-catchment, we established two experimental sites, one just below the hilltop 130 

(upper; P1) and one in a foot slope position (lower; P2, Fig. 1a) on a northeast facing hillslope 131 

(HS). For a more detailed description of the soil characteristics at TSP, see Zhu et al. (2013b) and 132 

Sørbotten et al. (accepted). Following rain events, considerable interflow over the Bt horizon 133 

occurs along the HS, resulting in larger soil moisture content in P2 than P1 (Sørbotten et al. 134 

accepted).  135 

Experimental design and sample collection 136 
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At each of the locations, P1 and P2, three blocks were established, each with four adjacent 1.2 m 137 

x 1.2 m plots to which labeling treatments were randomly assigned (Fig. 1b). The treatment plots 138 

were situated in between trees, and contained a shrubby ground vegetation. Adjacent plots were 139 

separated by plywood boards inserted 10 cm into the soil to prevent 15N cross contamination of 140 

the plots.       141 

15N tracer was applied on 23 June, 2015 as either 15NH4NO3 (15NH4, 99 atom% 15N), NH4
15NO3 142 

(15NO3, 98 atom% 15N), or 15N-Glutamic acid (15N-Glut, 98 atom% 15N), leaving the fourth plot 143 

as a reference plot, which received clean water only. 15N-Glut treatment was included to investigate 144 

the production pathway of NO3- using labile organic N as a substrate. All labeling treatments 145 

received 1 kg 15N ha-1. The total N dose was 1 kg N ha-1 for the 15N-Glut treatment and 2 kg N ha-146 

1 for the 15NH4 and 15NO3 treatments. The N addition levels amounted to less than 5% of the 147 

annually deposited atmogenic N at TSP (40–65 kg N ha-1), thus keeping the fertilization effect to 148 

a minimum. 15N tracers were applied in 5 mm deionized water (7.2 L per plot), using backpack 149 

sprayers. After the addition of 15N tracer (or 5 mm deionized water at the reference plots), 0.72 L 150 

deionized water (0.5 mm) was added to wash off any tracer intercepted by shrubs or plant remnants. 151 

The addition of the solutions took slightly less than 0.5 hr, and spraying was done evenly, with the 152 

nozzle below the ground vegetation layer, as close as possible to the soil surface. 153 

Sample collection started immediately following the 15N tracer addition (t = 0.5 hr). No rain 154 

occurred from two days prior to tracer addition until 7 days after (the 6th sampling; Fig. 2a). During 155 

a period of 9 days (219 hours), eight samplings of soil, soil water and emitted N2O gas were 156 

conducted in all plots. N2O emission fluxes were estimated from changes in N2O concentration in 157 

a static chamber (30 cm in diameter, and 11 cm in height), following the method described by Zhu 158 

et al. (2013b). On every sampling date, the chamber was deployed at the same position in each 159 



10 

 

plot, and gas samples were collected in pre-evacuated 120-ml flasks at 1, 15 and 30 min. Gas 160 

samples were analyzed for concentration and atom% 15N of N2O. Soil samples of the O/A (~ 0-5 161 

cm) and AB (~ 5-15 cm) horizons were randomly taken with a soil auger (ϕ = 2.5 cm), avoiding 162 

the position assigned to N2O flux measurements. Sampling holes were refilled with clay plugs. 163 

Triplicate cores were mixed manually for each horizon and 8 g soil was extracted on site in 40 ml 164 

of 1 M KCl, immediately following sampling. After shaking for 1 hr, the KCl extracts were filtered 165 

(30-50 μm). Soil water was sampled at each plot from 0-5 cm depth (including O/A horizon and 166 

the upper part of the AB) by means of a pre-installed MacroRhizon soil moisture sampler 167 

(Rhizosphere Research Products, the Netherlands). Vacuum was applied for 6-7 hrs by a 50 ml 168 

syringe. The KCl extracts and soil solutions were placed on ice in a foam box and transported to a 169 

freezer where they were stored at -20 oC. Fresh soil samples were weighed and oven-dried (50oC) 170 

at the day of sampling at the forestry bureau of TSP. After determination of soil moisture, the 171 

oven-dried soil samples were stored in sealed polyethylene bags. All samples, including gas, water, 172 

KCl-extracts and dried soil were shipped the Norwegian University of Life Sciences for further 173 

analyses.            174 

During each sampling, soil temperature and volumetric moisture content were measured at 10 cm 175 

depth at three random positions within each plot, using a hand-held TDR (Hydraprobe; Stevens 176 

Water Monitoring Systems, USA). From 1 June to 4 July, air temperature and precipitation were 177 

monitored hourly by a weather station on the roof of the nearby (~ 1.5 km) forest bureau 178 

(WeatherHawk 232, USA).  179 

Sample analysis 180 

The concentrations of NH4+ and NO3
- in KCl extracts and in soil water samples were analyzed 181 

with a flow injection analyzer (FIA star 5020, Tecator, Sweden), according to NS 4745&4746 182 
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(NSF 1975a&b). Dried soil samples were sieved (2 mm mesh size) and milled, before being 183 

analyzed for total N using an elemental analyzer (FLASH 2000, ThermoFisher Scientific, 184 

Germany). The N2O concentration in the gas samples was determined by automated gas 185 

chromatography (GC Model 7890A, Agilent, USA) as described earlier (Zhu et al. 2013a).  186 

The 15N abundance in soil N and N2O was determined by EA-IRMS and PreCon-GC-IRMS, 187 

respectively (Thermo Finnigan MAT, Germany), with a precision of 0.2‰. The 15N abundance in 188 

NH4
+ and NO3

- in both KCl-extracts and soil water were determined after conversion to N2O. 189 

Ammonium was converted quantitatively to N2O by first oxidizing it to NO2
- using hypobromite 190 

at pH ~ 12, before reducing NO2
- to N2O in an acid-buffered azide solution (Zhang et al. 2007). 191 

For 15N-NO3
-, a bacterial denitrifier method was applied to convert NO3

- to N2O (Sigman et al. 192 

2001). International standards (IAEA N1&N3, USGS 32&34) were included in each batch for 193 

internal calibration. For further details on the conversion assays for NH4+ and NO3
- and the 15N 194 

analysis see Yu et al. (2016). 195 

Calculations 196 

Water filled pore space (WFPS) was calculated using volumetric soil moisture (VM, cm3 cm-3), 197 

soil bulk density (BD, g cm-3) and assumed soil particle density (PD, 2.65 g cm-3) (Linn and Doran 198 

1984) as 199 

WFPS (%) = VM / (1 - BD/PD) × 100           (1)    200 

The tracer application greatly enriches the various N pools, making the 15N distribution in N2O 201 

non-random (Stevens et al. 1997). Thus, both ion currents of m/z (mass-to-charge ratio) 45 and 46 202 

need to be considered for the determination of 15N atom% in N2O. We adopted the equations from 203 

Stevens et al. (1997) for calculating atom% of 15N in N2O:  204 
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atom% 15N-N2O = 100 (45R + 2 * 46R- 17R - 2 * 18R) / (2 + 2 * 45R + 2 * 46R)        (2) 205 

where 45R refers to the ratio between the peak areas of m/z 45 and 44, 46R to the ratio between the 206 

peak areas of m/z 46 and 44, while 17R is set to 3.8861*10-4 and 18R to 2.0947*10-3 (Kaiser et al. 207 

2003).  208 

Emission rates of N2O (μg N m-2 hr-1) were calculated by linear regression of N2O concentrations 209 

over time. The atom% 15N of emitted N2O was calculated using atom% 15N and concentration data 210 

of N2O at three time points, based on the ‘Keeling plot’ approach (Yakir and Sternberg 2000): 211 

CEδE = Caδa + Csδs                    (3) 212 

where CE, Ca, and Cs represent the N2O concentrations in the ecosystem (collected by static 213 

chamber), in the atmosphere, and that of emission sources, respectively; δE, δa and δs represent the 214 

atom% 15N of N2O in the ecosystem, in the atmosphere, and that of emission sources, respectively.   215 

Atom% 15N-excess was calculated for the NH4
+, NO3

- and total soil N pool and for emitted N2O 216 

by subtracting the atom% 15N in the corresponding reference treatment at each sampling. If not 217 

specified otherwise, atom% 15N-excess values are abbreviated in the text as ‘atom% 15NNH4’, ‘atom% 218 

15NNO3’, ‘atom% 15NSoil’ and ‘atom% 15NN2O’, respectively. The soil residual N pool was defined 219 

as ‘total soil N minus mineral N’. The 15N recoveries (%) in NH4+, NO3
- and soil residual N at 220 

each sampling were calculated as: 221 

15N recovery (%) = 100 (mt * atom% 15N-excess) / madded       (4) 222 

where mt represents the N pool size (concentration) at each sampling and madded the absolute 223 

amount of  added 15N for each specific treatment. For N2O emission, we calculated cumulative 15N 224 

recovery in N2O by linear interpolation between adjacent time points.             225 
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Gross rates of production (m) and consumption (i) of NH4
+ were calculated based on 15N pool 226 

dilution and N mass balance in the 15NH4 treatment (Davidson et al. 1991). The equations used in 227 

this study were derived from Kirkham and Bartholomew (1954):  228 

m = [(M0 - M) / t] * [log (H0M / HM0) / log (M0 / M)], m ≠ i            (5) 229 

i = [(M0 - M) / t] * [log (H0 / M0) / log (M0 / M)], m ≠ i                (6)            230 

where t represents time (d), M0 and M the sizes of the 14+15N pool at t = 0 and t, respectively (mg 231 

N g-1 dry soil), and H0 and H the size of the 15N pool at t = 0 and t, respectively (mg N g-1 dry soil). 232 

Here, the gross production of NH4
+ equals mineralization, and the gross consumption of NH4

+ is 233 

equivalent to the sum of immobilization and nitrification (Davidson et al. 1992).    234 

When calculating the gross production (m) and consumption (i) rates of NO3-, the above equations 235 

needed to be modified as the concentration of NO3
- did not change significantly with time (m = i; 236 

i.e. steady state). Therefore, another equation was applied (Kirkham and Bartholomew 1954):   237 

m = i = (M0 / t) * log (H0 / H)                 (7) 238 

Here, the gross production of NO3
- denotes nitrification, and the gross consumption of NO3

- is the 239 

sum of immobilization, denitrification and dissimilatory reduction to ammonium (DNRA) 240 

(Davidson et al. 1992). 241 

The net rates of N2O emission and DNRA were estimated based on the cumulative 15NN2O in 15NH4 242 

and 15NO3 treatments and 15NNH4 in 15NO3 treatment, respectively. 243 

Partitioning of N2O production pathways 244 
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Assuming that N2O is only produced through either nitrification or denitrification (Firestone and 245 

Davidson 1989), we used a two end-member mixing analysis to apportion N2O to the two processes 246 

(Stevens et al. 1997, Zhu et al. 2013a): 247 

am = d * ad + (1 - d) * an         (8) 248 

where am is the atom% 15N of N2O, an the atom% 15N of NH4
+, ad the atom% 15N for NO3

- and d 249 

the fraction of N2O that is derived from denitrification. In this study, atom% 15N data from the 250 

15NO3 treatment was selected for end-member mixing analysis, as the NO3- pool has atom% 15N 251 

distinct from the NH4+ pool. Note that our partitioning does not distinguish between autotrophic 252 

and heterotrophic nitrification, as 15N enrichment in N2O produced by both pathways was at the 253 

same natural abundance level. 254 

Statistics 255 

Statistical analyses were performed with Minitab 16.2.2 (Minitab Inc., USA). Significant 256 

differences in N concentrations, atom% 15N and 15N recovery along the time series within each 257 

site or treatment were examined by One-way ANOVA with post hoc Tukey test. The differences 258 

in N concentrations, atom% 15N and 15N recovery among sites and treatments were tested with 259 

repeated ANOVA. Significance levels were set at p < 0.05, unless specified elsewhere. 260 
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Results 261 

Climatic conditions, soil temperature and moisture 262 

A total of 173 mm rain occurred from June 1 to June 23, the day the label was applied (Fig. 2a). 263 

Therefore, soils had large WFPS values, about 70% and 80% at the upper and lower sites, 264 

respectively, at the beginning of the experiment (Fig. 2b). In the 7-day period from sampling 1 to 265 

6, no rain occurred and WFPS gradually decreased by about 10% (Figs. 2a and 2b). From sampling 266 

7 (30 June) onwards, rain episodes (> 10 mm hr-1) increased the WFPS to about 75% (upper site) 267 

and 90% (lower site). WFPS was significantly larger at the lower than at the upper site (on average 268 

79% and 67%, respectively).  269 

N concentrations of different N pools 270 

The NH4
+ and NO3

- concentrations in KCl extracts and soil water, total N contents in soil and N2O 271 

emissions were not significantly different among treatments (including the Reference; Fig. 3 and 272 

Figs. S1 and S2). In soil water, the NH4
+ concentration was extremely small compared to NO3

-. 273 

Both mineral N (the sum of KCl extractable NH4
+ and NO3

-) and total N in soil (Figs. 3 and S1) 274 

were smaller in the AB horizon (< 10 μg N g dry soil-1 and ~ 1.5 g N kg dry soil-1, respectively) 275 

than in the O/A (~ 20 μg N g dry soil-1 and ~ 5 g N kg dry soil-1, respectively). In general, NH4
+ 276 

prevailed over NO3- in extractable mineral N in both O/A and AB horizons at the upper (P1), but 277 

not at the lower site (P2) (Fig. 3). In all treatments except the 15N-Glut treatment, the N2O fluxes 278 

at the lower site were significantly smaller than those at the upper site, during the first six sampling 279 

dates (viz. prior to new rainfall).   280 

NH4
+ concentrations in KCl extracts decreased significantly from sampling 1 to 6 at both sites, 281 

while those for NO3- remained stable (Fig. 3). A spike of N2O emission (up to 1000 μg N m-2 hr-1) 282 
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was observed ~7 hr after label application. After 50 hr, emission rates stabilized and increased 283 

again after 174 hr, when new rain episodes caused a sharp increase in WFPS (Figs. 4 and 2b). 284 

Total mineral N and bulk soil N fluctuated in time, but differences within the same treatment were 285 

not significant among samplings after the 2nd day of the experiment.   286 

Atom% 15N-excess in various N pools  287 

In the O/A horizon, the initial atom% 15NNH4 of KCl extracts in the 15NH4 treatment was about 10% 288 

at both the upper (P1) and lower site (P2) and decreased gradually with time (Figs. 4a and d). 289 

Simultaneously, atom% 15NNO3 increased to 7-10% within the first 50 hr, and then decreased with 290 

time. This temporal dynamic was faster at the lower site, with larger atom% 15NNO3 than atom% 291 

15NNH4 after 25 hr. The atom% 15NSoil was fairly constant with time. In general, the atom% 15NN2O 292 

was below 5%, and its temporal dynamics followed that of NO3
-.  293 

In the 15NO3 treatment at both sites, atom% 15NNO3 declined significantly with time, from about 294 

30% to near 0% (Figs. 4b&e). Although significantly correlated, atom% 15NN2O was smaller than 295 

atom% 15NNO3. Atom% 15NNH4 in the 15NO3 treatment was close to zero throughout the experiment 296 

and atom% 15NSoil was unaffected by 15NO3 application.  297 

For the 15N-Glut treatment (Figs. 4 c&f), the temporal patterns of atom% 15NNH4, atom% 15NNO3 298 

and atom% 15NN2O resembled those of the 15NH4 treatment, although the atom% 15NSoil during the 299 

final samplings was significantly larger than in the 15NH4 treatment. After 15N-Glut addition at the 300 

lower (P2) site, atom% 15NNH4, atom% 15NNO3 and atom% 15NSoil increased instantaneously (after 301 

0.5 hr), earlier than for the other treatments.    302 
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In the AB horizon, the atom% 15N dynamics of the different N pools were similar to those in the 303 

O/A horizon, albeit less pronounced (Fig. S3). However, the values of atom% 15NNO3 fluctuated 304 

strongly in time and values were highly variable among replicates.    305 

15N recoveries in different N pools 306 

In the 15NH4 treatment at the upper site (P1, Fig. 5a), initial recovery rates were > 90%, but 307 

decreased with time to about 53%, 219 hr after tracer addition. Recoveries in the NH4
+ pool 308 

declined quickly during the initial 50 hr, while the recovery of 15N in the NO3
- pool increased. The 309 

recovery rates of 15N in mineral N (sum of NH4+ and NO3
-) in the O/A horizon showed an overall 310 

decrease from 42% to 1.3% throughout the experiment at both sites, with an intermittent plateau 311 

between 26 and 50 hr. Already 0.5 hr after 15NH4 addition, 39% of the added tracer was found in 312 

the soil residual N pool of the O/A horizon. The recovery of 15N in the residual N pool increased 313 

further until reaching about 59% at 144 hr. The AB horizon of the soil contributed less than 18% 314 

to the total 15N recovery in the 15NH4 treatment, mainly as NO3- and soil residual N. The N2O 315 

emitted from the 15NH4 plots throughout the entire observation period accounted for < 2% of the 316 

added 15N.  317 

At the lower site (P2, Fig. 5d), the 15N distribution pattern in the 15NH4 treatment generally 318 

resembled that of the upper site. However, the 15N recovery in NO3- was significantly larger in 319 

both soil horizons than at the upper site. Also the recovery of 15N from the added 15NH4
+ in 15NO3

- 320 

was faster at the lower site (P2) than at the upper site (P1) (Figs. 5a and d).  321 

In the 15NO3 treatment at both upper and lower site (Figs. 5b and e), 15N recovery was greatest in 322 

the NO3
- pool. Total recoveries decreased more quickly than in the 15NH4 treatment and at the last 323 

two samplings of the experiment, the non-recovered 15N amounted to > 80%. The 15N recovery in 324 
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NO3
- decreased from about 65% to 1.0% in the O/A horizon and from about 15% to 5.0% in the 325 

AB. The soil residual N in the O/A horizon contributed significantly less to the 15N recovery than 326 

in the 15NH4 treatment. Cumulative 15N recoveries in N2O after 219 h were larger than in the 15NH4 327 

treatment, accounting for about 6.0% and 2.5% of the added 15N at the upper (P1) and lower site 328 

(P2), respectively.    329 

In the 15N-Glut treatment (Figs. 5c and f), more than 70% of 15N was recovered in the soil residual 330 

N pool (about 65% in the O/A and 7% in the AB horizon). Mineral N contributed less to 15N 331 

recovery than in the other treatments. Nevertheless, 15N recovery in NO3- from the O/A horizon 332 

0.5 hr after 15N-Glut application was larger (12%) at the lower than the upper site, and larger than 333 

at both sites in the 15NH4 treatment. Total 15N recoveries declined to about 60% after 219 h, similar 334 

to those in the 15NH4 treatment.     335 

Gross N transformation rates in the O/A horizon 336 

Gross NH4
+ mineralization rates averaged 3.27 (±1.66) and 3.08 (±0.45) μg g-1 d-1 for the upper 337 

(P1) and lower (P2) site, respectively, while gross NH4
+ immobilization rates averaged 4.39 (±3.67) 338 

and 3.84 (±1.88) μg g-1 d-1 (Table 1). Gross nitrification rates were 1.10 (±0.52) and 1.28 (±0.57) 339 

μg g-1 d-1 for the upper and lower sites, respectively. The gross transformation rates were not 340 

significantly different between the upper and the lower site. The average cumulative N2O loss 341 

throughout 219 hr was 0.13 μg N g-1 d-1 at the upper site, which was significantly larger than 0.05 342 

μg g-1 d-1 at the lower site. DNRA rates were small and indistinguishable between sites (0.03 μg g-343 

1 d-1).         344 
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Discussion 345 

Fate of atmogenic NO3
- in soil 346 

Initial recovery (after 0.5 hr) of 15N in the 15NO3 treatment was large, and dominated by 15NO3
-. 347 

However, the total recovery (in O/A and AB horizons) decreased strongly with time to values 348 

below 20% after 9 days (Figs. 5b and e). Previous studies in the TSP catchment indicated strong 349 

NO3
- leaching from soils on the hillslope (Chen and Mulder 2007, Larssen et al. 2011, Huang et 350 

al. 2015), suggesting that loss by leaching, not transformation, is the dominant fate of deposited 351 

NO3
-. In our 15NO3 treatment at both sites, leaching of unprocessed NO3

- was supported by the 352 

recovery of 15N in the deeper AB horizon, where the 15N recovery in KCl-extractable NO3- was 353 

significantly greater than in the other two treatments (Figs. 5 and S3).  354 

We roughly estimated the contribution of NO3
- leaching to non-recovered 15N based on water flux 355 

and NO3
- concentrations in soil water for the initial 6 samplings, and found that 21% to 28% of 356 

the applied 15N was lost by leaching (Table S1). This would explain more than half of the missing 357 

15N (40% of added 15N). However, we calculated the water flux from the net change of volumetric 358 

soil moisture throughout the initial 144 hr, which probably underestimates the gross water flux due 359 

to water replenishment from upper hillslopes (Sørbotten et al. accepted). Initially, the 15N recovery 360 

in the residual soil N pool (which excluded KCl-extractable inorganic N) was small (a few %) at 361 

both sites, but increased to maximum values of about 20% after 50 to 95 hr. This suggests that the 362 

residual soil N pool has a dynamic character mediating short-term, temporary 15NO3
- retention, 363 

followed by 15N release. 364 

Fate of atmogenic NH4
+ in soil 365 

In the 15NH4 treatment, recovery of 15N was greater than in the 15NO3
- treatment, reaching values 366 
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between 50 and 80% after 9 days, at the upper and lower site, respectively (219 hr; Figs.5a and d). 367 

This decline in recovery with time was less pronounced than in the 15NO3 treatment. Most of the 368 

added 15NH4
+ was recovered in the residual soil N pool, indicating strong retention of added NH4

+. 369 

This is in accordance with previous short-term tracer studies, reporting high N retention in 370 

temperate and tropical forest soils (Perakis et al. 2005, Templer et al. 2008, 2012). High retention 371 

of NH4
+ may be attributed to clay fixation (Nieder et al. 2011). However, more likely, this reflects 372 

the dominance of microbial immobilization in NH4
+ retention (Tahovsk et al. 2013).   373 

Re-mineralization with subsequent nitrification, i.e. the release of NH4+ from organically retained 374 

N and its biological conversion to NO3
- has been acknowledged as an important pathway for 375 

indirect NO3
- leaching from forest ecosystems (Curtis et al. 2011). Traditionally, the nitrification 376 

process was believed to be inhibited in acid forest soils due to the limited availability of NH3 for 377 

ammonia oxidizing bacteria (De Boer and Kowalchuk 2001). However, we observed 15N-enriched 378 

NO3
- immediately after the addition of 15NH4

+ (Figs. 4 and 5), indicating rapid nitrification. The 379 

gross nitrification rates, which did not differ significantly between the upper and lower sites (Table 380 

1), were smaller than rates reported for the organic layer of temperate forest soil (Tahovsk et al. 381 

2013), but comparable to those reported in surface mineral soils (0-5 cm) from subtropical and 382 

tropical forest soils (Templer et al. 2008, Zhang et al. 2013, Rütting et al. 2015).     383 

If NH4
+ oxidation is the only source of NO3

-, the 15N enrichment of NO3- would never exceed that 384 

of NH4
+ at any given time point (Hart and Myrold 1996). Yet, from the second sampling of our 385 

study onwards, (Figs. 4a and d) we found larger 15N enrichment in NO3- than in NH4
+, especially 386 

at the lower site. This indicates that NO3
- was not only produced from 15N-enriched NH4+, but also 387 

from other 15N-enriched sources. Regarding that the total soil residual N pool was little enriched 388 

in 15N (Figs. 4a and d), a more dynamic, labile, and 15N-enriched fraction of it must have 389 
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contributed to 15NO3
- production. We did not measure 15N uptake into the soil microbial biomass, 390 

but the microbial N pool is the fastest turning over organic N pool in soil (Stark and Hart 1997), 391 

likely accumulating 15N through immobilization. Our finding of 15N in NO3
- exceeding that in 392 

NH4
+ in the 15NH4 treatment could thus be explained by re-mineralization of immobilized 15N 393 

followed by autotrophic nitrification and/or direct conversion of organic N to NO3- by 394 

heterotrophic nitrification. The latter pathway was supported by greater 15N enrichment in NO3- 395 

than in NH4
+ in the 15N-Glut treatment (Figs. 4 and 5c and f). This effect was more pronounced at 396 

the lower (P2) site, where significantly larger 15N enrichment in NO3- than in NH4
+ was observed 397 

already from the first sampling onwards (0.5 hr), indicating greater importance of heterotrophic 398 

nitrification there. Since fungal communities, which are abundant in acid soils, tolerate lower 399 

oxygen tensions than bacteria (Stroo et al. 1986), fungal driven heterotrophic nitrification may 400 

offer an explanation for the enhanced heterotrophic nitrification activity observed at this site (Zhu 401 

et al. 2014). To the best of our knowledge, this is the first in situ observation supporting 402 

heterotrophic nitrification activity in acid subtropical forest soils (Zhang et al. 2013, 2015).  403 

In a previous study on natural abundance of NO3
- isotopic signatures in the TSP catchment, we 404 

found greatly dampened δ18O signals in soil water NO3- compared to throughfall NO3-, indicating 405 

that the soil NO3- was mostly derived from soil process (Yu et al. 2016). This seems to contradict 406 

our finding based on 15NO3
- tracing (Figs. 5b and d), which suggested direct leaching (Curtis et al. 407 

2011) without appreciable processing. However, since more than 60% of the atmogenic N 408 

deposition at TSP consists of NH4
+-N, soil NO3

- is likely a mixture of atmospheric and 409 

nitrification-derived NO3
- as has been found by others (Rose et al. 2015). More importantly, this 410 

implies that, currently at TSP, nitrification of atmogenic NH4
+ is quantitatively more important 411 

than NO3
- deposition for overall soil NO3- leaching.                412 
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N2O emissions in response to atmogenic N inputs 413 

End-member mixing analysis showed that the contribution of nitrification and denitrification to 414 

N2O production varied with changing WFPS (Fig. 6). Large fluxes occurring at high WFPS values, 415 

could all be apportioned to denitrification. This matches findings by (Zhu et al. 2013a), who 416 

reported 71% to 100% of the emitted N2O to be due to denitrification in the same hillslope soils. 417 

In our study, the importance of nitrification for N2O emission increased when WFPS decreased 418 

below 60% at the upper site and below 70% at the lower site (Fig. 6). Khalil et al. (2004) and 419 

Mathieu et al. (2006) observed nitrification to contribute more than 60% to N2O production in 420 

unsaturated soils in agricultural soils. Also, in acid subtropical forest soils of China, Zhang et al. 421 

(2011) attributed 27% to 42% of the N2O production to nitrification at WFPS values between 40% 422 

to 52%. Long-term observations at TSP have shown that the WFPS in hillslope soil is below 60% 423 

outside the rainy season (Zhu et al. 2013c). Therefore, it is likely that nitrification contributes 424 

significantly to the small N2O emissions at our site during the dry season, whereas larger N2O 425 

fluxes during wet conditions primarily derive from denitrification. The N2O fluxes were 426 

significantly smaller at the lower site, despite its higher WFPS (Figs. 6b and S4a). This may be 427 

due to increasing N2O reduction to N2 under high anoxia (Zhu et al. 2013d), which is supported 428 

by the fact that N2O fluxes decreased at higher WFPS (~ 90%), at the lower site.  429 

The cumulative 15N recovery in N2O throughout nine days was largest in the 15NO3 treatment, 430 

amounting to 6.0% and 2.5% at the upper and lower sites, respectively. Such large recoveries of 431 

added N as N2O in a short-term experiment are surprising, as they by far exceed those observed in 432 

15N tracer experiments in temperate forest soil (1 year, < 1%; Eickenscheidt et al. 2011) and 433 

tropical forest soil (24 hr, 0.05%; Templer et al. 2008). Earlier, Zhu et al. (2013c) estimated N2O 434 

emissions amounting to 8% to 10% of annual N deposition at TSP. In a six-day 15N tracing 435 
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experiment on the hillslope at TSP, 1.3% to 3.2% of added 15NO3
- were recovered in emitted N2O 436 

(Zhu et al. 2013a). Despite the relatively wet condition during our sampling period (60-80% at the 437 

upper site and 70-90% at the lower site), our findings are in line with previous studies, confirming 438 

significant N2O losses in response to atmogenic N input during monsoonal summers.  439 

To estimate N2 loss, we assumed an N2O/N2 ratio of 1.5, for denitrification in TSP soils, based on 440 

data from an ex situ denitrification study (Zhu et al. 2013b). Assuming that 100% of N2O is derived 441 

from denitrification, N2 emissions would account for 4.0% and 1.7% of the total 15N loss at the 442 

upper and lower sites, respectively. This indicates that the contribution of N2 emission to 443 

unrecovered 15N loss on the hill slope was far less important than that of N leaching.     444 

Gross N turnover in N-saturated soils 445 

Gross NH4
+ immobilization and mineralization rates for TSP soils (Table 1) were slightly greater 446 

than those reported from incubation experiments with acid forest soils from southern China (Zhang 447 

et al. 2013), and in the low range of those found in tropical forests (Silver et al. 2001, Sotta et al. 448 

2008, Templer et al. 2008, Arnold et al. 2009). In our study, gross turnover of NH4
+ (~ 3.5 μg g-1 449 

d-1) was significantly greater than gross nitrification (~ 1.1 μg g-1 d-1), which is similar to the 450 

observation by Sotta et al. (2008), who attributed this to a greater importance of NH4
+ cycling than 451 

NO3
- cycling through the microbial biomass in soil. This results in a dynamic soil N cycle, in which 452 

soil microbial immobilization/mineralization dictates the pace at which NH4
+ is released and 453 

nitrified to NO3
- before being leached. However, assuming the pool sizes do not change in a long 454 

term, soil N turnover will result in near-quantitative conversion of added NH4+ to NO3
-, as 455 

suggested by the observation of closed input-output balances in subtropical forests on an annual 456 

basis (Huang et al. 2015).  457 
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15N tracing studies have demonstrated less 15NO3
- than 15NH4

+ retention in temperate (Tietema et 458 

al. 1998, Corre et al. 2007) and tropical forests (Sotta et al. 2008, Templer et al. 2008). On a weekly 459 

scale, Corre et al. (2007) and Sotta et al. (2008) found 70% to 100% of added 15NO3
- to be retained 460 

in soil. In our study, we did not recover more than 20% of the added 15NO3
- nine days after addition 461 

(Figs. 5b and e) which also is markedly less than the 40% recovered four months after addition to 462 

an N-saturated tropical forest soil by Sheng et al. (2014). This suggests that under conditions of 463 

extreme N saturation, like at TSP (Huang et al. 2015), deposited NO3- is leached directly without 464 

further processing. Since the atmogenic deposition of oxidized N (NOx) is predicted to increase 465 

faster than that of NH4+ in China (Xu et al. 2015, Liu et al. 2016), N-saturated subtropical forest 466 

soils are to be expected to show rapid increases in NO3
- leaching with little net-retention, thus 467 

aggravating N pollution of fresh waters in China. 468 

 469 
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Table 1 Gross N transformation rates of NH4
+ and NO3

- in the O/A horizon estimated by the 15N pool dilution method† 

  
Upper site 

 

Lower site 

Avg. Stdv. Avg. Stdv. 

Gross rates 
(μg N g dry soil-1 d-1) 

NH4
+ immobilization§ 4.39   2.67 3.84   1.88 

Mineralization 3.27   1.66 3.08   0.45 
Nitrification 1.10   0.52 1.28   0.57 
N2O emission* 0.13   0.07 0.05   0.03 
DNRA* 0.03   0.00 0.03  0.00 

 

† Due to the rain episode occurring a few hours prior to the 7th sampling (174 hours after tracer addition), the gross transformation 
rates were calculated with data for the first 6 samplings only (0-144 hr after tracer addition). 

§ Gross NH4
+ immobilization rate, calculated by subtracting gross nitrification rate from gross NH4

+ consumption rate. This rate may 
be an underestimation due to the contribution of heterotrophic nitrification to gross nitrification. 

*  Net rates estimated from cumulative production. 
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Figure Legends 

 

Fig. 1a Location of the two experimental sites (P1 and P2) on a Northeast facing hill slope of the 

Tieshanping (TSP) catchment, Chongqing, SW China. P1 is situated near the summit and P2 at 

the foot of the hillslope. 

1b Set-up of experimental plots at sites P1 and P2. Both sites accommodated three blocks with 

four randomly distributed treatments. Treatment codes are: A= 15NH4NO3, B= NH4
15NO3, C= 

15N-Glutamic acid, D= Reference. 

 

Fig. 2a Hourly air temperature and precipitation from 1 June to 4 July, 2015. The eight sampling 

time points are indicated in red. Label addition was done on 23 June, 2015, 0.5 hr prior to the 

first sampling (sampling 1).   

2b Averages and standard deviations (n = 12) of soil temperature (open circles) and water filled 

pore space (WFPS; vertical bars) for sites P1 (upper site) and P2 (lower site). The x-axis 

indicates the time after label application. 

 

Fig. 3 Concentration of NH4+ and NO3
- in KCl extracts, total N content in bulk soil (both in O/A 

horizon) and N2O emission flux for the Reference (panels a and e), 15NH4 (panels b and f), 15NO3 

(panels c and g) and 15N-Glut (panels d and h) treatments. Upper and lower panels refer to P1 

(upper site) and P2 (lower site). Values are means and standard errors (n = 3). The x-axis 

indicates the time after label application.  

 

Fig. 4 Atom% 15N-excess of NH4+ and NO3
- in KCl extracts, total soil N (in the O/A horizon) 

and emitted N2O for the 15NH4 (panels a and d), 15NO3 (panels b and e) and 15N-Glut (panels c 

and f) treatments. Upper and lower panels refer to P1 (upper site) and P2 (lower site). Values are 

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

 

Fig. 5 Average 15N recovery (n=3) in different N pools in 15NH4 (panels a and d), 15NO3 (panels 

b and e) and 15N-Glut (panels c and f) treatments. Upper and lower panels refer to P1 (upper site) 
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and P2 (lower site). OA and AB represent the O/A and AB horizons, respectively. The x-axis 

indicates the time after label application.  

 

Fig. 6 Mean partitioning of N2O fluxes to nitrification and denitrification at the upper (P1) site 

(panel a) and the lower (P2) site (panel b). The shaded background indicates water filled pore 

space (WFPS; average values are presented, n =3). Fluxes could not be not partitioned for the 

first sampling date (0.5 hr), since the atom% 15N in N2O decreased during the initial hours after 

label application. 
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Fig. 1a and 1b 
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Fig. 2a and 2b  
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Fig. 3 (panels a to h) 
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Fig. 4 (panels a to f) 
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Fig. 5 (panels a to f) 
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Fig. 6a and 6b 
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Table S1 Comparison of estimated 15N loss by NO3
- leaching from the upper 0-15 cm of the soil to non-recovered 15N in the 15NO3 

treatment during 144 hr. 15N loss by NO3
- leaching was estimated as 15NO3

- leaching (%) = atom% 15NNO3 leached * NO3- 

concentration (mg L-1) * water flux (L) / 1000 / amount of added 15N (g). The atom% 15NNO3 leached was estimated as the average 
atom% 15NNO3 in the soil KCl extracts measured in the top O/A layer (0-5 cm), assuming that NO3

- leached to the AB layer (5-15 cm) 
had the same atom% 15NNO3 than the NO3- in the top layer. The average was calculated from measured values between 7 and 26 hr, as 
the dilution of 15N signals in NO3- followed a non-linear curve (Figs. 4b&e). Concentrations of NO3

- in the leachate were assumed to 
be stable in time (Fig. S2). The leachate volume was estimated from the change in volumetric soil moisture (10 cm) recorded between 
0 and 144 hr, during which no rain (or new N input) occurred (Fig. 2b).  

 P1, Upper site P2, Lower site 

Non-recovered 15N (% of added 15N)  45.0 40.0 

Cumulative leached 15NO3
- (% of added 15N) 27.8 21.2 

Estimated atom% 15N-excess of the leached NO3
- (%) 25.0 28.0 

Average NO3
--N concentration in soil water (mg L-1) 10.7 11.5 

Water loss by leaching and evapotranspiration (L) 14.9 9.50 
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Fig. S1 Concentration of NH4+ and NO3
- in KCl extracts (AB horizon) and total N content in bulk soil (AB horizon) for the Reference 

(panels a and e), 15NH4 (panels b and f), 15NO3 (panels c and g) and 15N-Glut (panels d and h) treatments. Upper and lower panels refer 

to P1 (upper site) and P2 (lower site). Values are averages and standard errors (n = 3).  The x-axis indicates the time after label 

application.   
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Fig. S2 Concentration of NH4+ (panels a and c) and NO3
- (panels b and d) in lysimeter water from the O/A horizon at the upper (P1) 

and the lower (P2) site. Values are averages and standard errors (n = 3). The x-axis indicates the time after label application.  
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Fig. S3 Atom% 15N-excess of NH4+ and NO3
- in KCl extracts (AB horizon), and of total soil N (AB horizon) for the treatments 15NH4 

(panels a and d), 15NO3 (panels b and e) and 15N-Glut (panels c and f).  Upper and lower panels refer to P1 (upper site) and P2 (lower 

site). Values are means and standard errors (n = 3). The x-axis indicates the time after label application.    
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Fig. S4 Relationship between water filled pore space (WFPS) in soil and N2O fluxes at the upper P1 site (panel a) and the lower P2 

site (panel b). Values are means for 3 samplings per treatment.   
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Abstract 10 

Chronically elevated nitrogen (N) deposition has led to severe nutrient imbalance in forest soils.  11 

Particularly in tropical and subtropical forest ecosystems, increasing N loading has aggravated 12 

phosphorus (P) limitation of biomass production, and has resulted in elevated emission of nitrous 13 

oxide (N2O) and reduced uptake of methane (CH4), both of which are important greenhouse gases. 14 

Yet, the interactions of N and P and their effects on GHG emissions remain understudied. Here, 15 

we report N2O and CH4 emissions together with soil chemistry data for the a period of 18 months 16 

following P addition (79 kg P ha-1 yr-1, applied as NaH2PO4 powder) to a N-saturated, Masson 17 

pine-dominated forest at TieShanPing (TSP), Chongqing, SW China. We observed a significant 18 

decline both in NO3- concentrations in soil water (at 5- and 20-cm depths) and in N2O emissions, 19 

the latter by 3 kg N ha-1 yr-1. We hypothesize that enhanced N uptake by plants and soil microbes 20 

in response to P addition, results in less available NO3
- for denitrification. By contrast to most other 21 

forest ecosystems, TSP is a net source of CH4. As for N2O, P addition significantly decreased CH4 22 

emissions, turning the soil into a net sink. Based on our data and previous studies in South America 23 

and China, we believe that P addition relieves N-inhibition of CH4 oxidation. Within the 1.5 years 24 

after P addition, no significant increase of forest growth was observed at TSP, but we cannot 25 

exclude that understory vegetation increased. Our study suggests that P fertilization of acid forest 26 

soils could mitigate GHG emissions in addition to alleviate nutrient imbalances and reduce losses 27 

of nitrogen through NO3- leaching and N2O emission.      28 

Key Word:  N2O and CH4 emission, N saturation, Phosphate fertilization, soil CH4 uptake, acid 29 

forest soil.  30 
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Introduction 31 

Anthropogenic activities have transformed the terrestrial biosphere into a net source of CH4, N2O 32 

and CO2, leading to increased radiative forcing (Montzka et al., 2011; Tian et al., 2016). During 33 

the last decade, atmospheric concentrations of CO2, CH4, N2O have increased at rates of 1.9 ppm 34 

yr-1, 4.8 and 0.8 ppb yr-1, respectively (Hartmann et al., 2013). In China, the exponential increase 35 

of reactive nitrogen (N) input into the biosphere since the 1970s has likely led to more carbon (C) 36 

being sequestered in the biosphere (Cui et al., 2013; Shi et al., 2015). However, enhanced 37 

emissions of N2O and CH4 due to chronic N pollution potentially offset the cooling effect by C 38 

sequestration (Liu and Greaver, 2009; Tian et al., 2011).  39 

Microbial nitrification and denitrification in soils account for about 60% of N2O emissions globally 40 

(Ciais et al., 2013; Hu et al., 2015). Although, microbial activity is often restricted in low pH soils 41 

of unproductive forests, surprisingly large N2O emissions have been reported from acid, upland 42 

forest soils in South China (Zhu et al., 2013b). Reported average N2O fluxes in humid, subtropical 43 

forests range from 2.0 to 5.4 kg ha-1 yr-1 (Fang et al., 2009; Tang et al., 2006; Zhu et al., 2013b), 44 

which by far exceeds global averages for temperate or tropical forest ecosystems (Werner et al., 45 

2007; Zhuang et al., 2012). This has been attributed to frequently shifting aeration conditions 46 

during monsoonal summers, promoting both nitrification and denitrification (Zhu et al., 2013b) 47 

and to large soil NO3- concentrations due to efficient cycling of deposited N in acid subtropical 48 

soils (Yu et al., 2016). 49 

Chronically elevated rates of N deposition (30-65 kg ha-1 yr-1; Xu et al., 2015) have resulted in 50 

strong nutrient imbalances in southern Chinese forests, aggravating phosphorus (P) limitation (Du 51 

et al., 2016). Phosphorous deficiency in N-saturated forests restricts forest growth and thus 52 
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constrains its capability to retain N (Huang et al., 2015; Li et al., 2016), resulting in ample amounts 53 

of mineral N (NH4
+ and NO3

-) being present in the soil solution. Accordingly, Hall & Matson 54 

(1999) observed larger N2O emission in P-limited than in N-limited tropical forests after 1 year of 55 

repeated N addition. Likewise, previous N manipulation studies in forests of South China reported 56 

pronounced stimulation of N2O emissions by N addition (Chen et al., 2016; Wang et al., 2014; 57 

Zheng et al., 2016), supporting the idea that P limitation causes forests to be more susceptible to 58 

N saturation and N2O-N loss. In an N-limited tropical montane forest in southern Ecuador, P 59 

addition alone (10 kg P ha-1 yr-1) had no effect on N2O emissions during the first two years. 60 

However, N2O emission was smaller when P was added together with N (50 kg N ha-1 yr-1) than 61 

treatments with N addition alone (Martinson et al., 2013). After continued fertilization for three 62 

years, also P addition alone reduced N2O emissions at these sites (Müller et al., 2015). In tropical 63 

China, with high N deposition (~ 36 kg ha-1 yr-1; Mo et al., 2008), P addition (150 kg P ha-1 yr-1) 64 

to an old-growth forest revealed a similar pattern, with no initial effect on N2O emissions (0-2 65 

years) but a significant longer term effect (3 to 5 years) (Chen et al., 2016; Zheng et al., 2016). In 66 

a secondary tropical forests in South China, Wang et al. (2014) found no effect on N2O emissions 67 

of P alone (100 kg P ha-1 yr-1), and in treatments combining P with N (100 kg N ha-1 yr-1),  N2O 68 

emissions even increased during the wet season. Meanwhile, they observed a significant increase 69 

in soil microbial biomass after P addition, which is in line with previous findings in tropical forest 70 

soils of South China (Liu et al., 2012). Thus, they attributed the stimulating effect of P addition on 71 

N2O emissions to the larger nitrification and denitrification potential of the increased soil microbial 72 

biomass. This was also proposed by Mori et al. (2014), based on results from a short-term 73 

incubation study with P addition, excluding plant roots.     74 
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As the sole biogenic sink for CH4, upland soils play an important role in balancing terrestrial CH4 75 

emissions (Ciais et al., 2013; Dutaur and Verchot, 2007). Atmospheric CH4 uptake in soil is 76 

mediated by the activity of methanotrophic bacteria, which oxidize CH4 to CO2 to gain energy for 77 

growth. Well-drained forest and grassland soils are dominated by yet uncultured, high-affinity 78 

methanotrophs residing in the upper soil layers (Le Mer and Roger, 2010). In addition to edaphic 79 

factors (pH and nutrients), other parameters affecting the diffusion of CH4 into the soil (soil 80 

structure, moisture, temperature) are believed to be the major controllers for CH4 uptake (Smith et 81 

al., 2003). A number of studies have shown that excess N affects CH4 fluxes in forest soils (Liu 82 

and Greaver, 2009; Veldkamp et al., 2013; Zhang et al., 2008b). In general, N addition promotes 83 

CH4 uptake in N-limited soils by enhancing growth and activity of methanotrophs, whereas 84 

excessive N input and N saturation inhibit CH4 oxidation on an enzymatic level (Aronson and 85 

Helliker, 2010; Bodelier and Laanbroek, 2004). P addition experiments in N-enriched soils have 86 

shown positive effects on CH4 uptake (Mori et al., 2013a; Zhang et al., 2011), but the underlying 87 

mechanisms, i.e. whether P addition affects the methanotrophic community in soils directly or 88 

alleviates the N-inhibition effect on CH4 oxidation through enhanced N uptake (Mori et al., 2013b; 89 

Veraart et al., 2015), remain unresolved.  90 

Subtropical forests in South China show strong signs of N saturation, with exceedingly high NO3
- 91 

concentrations in soil water (Larssen et al., 2011; Zhu et al., 2013b). Little is known about how P 92 

addition affects N cycling and N2O emission in these acidic, nutrient-poor soils. Likewise, the 93 

importance of increased mineral N concentrations for soil-atmosphere exchange of CH4, and how 94 

this is affected by P fertilization remain to be elucidated for soils of the subtropics. Here, we 95 

assessed N2O and CH4 fluxes in an N saturated subtropical forest in SW China under ambient N 96 

deposition and studied the effect of P addition on emission rates, nutrient availability and tree 97 
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growth. The objectives were i) to quantify ambient N2O and CH4 emissions, ii) to test whether P 98 

affects N cycling in a highly N-saturated forest and iii) to investigate the effect of P addition on 99 

N2O and CH4 emission.  100 
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Materials and Methods 101 

Site description 102 

The study site “TieShanPing” (TSP) is a 16.2 ha subtropical forest (29° 380 N, 106° 410 E; 450 m 103 

a.s.l.), about 25 km northeast of Chongqing, SW China. TSP is a naturally regenerated, secondary 104 

mixed coniferous-broadleaf forest, which developed after clear cutting in 1962 (Larssen et al., 105 

2011). The forest stand is dominated by Masson pine (Pinus massoniana) and has a density of 106 

about 800 stems ha-1 (Huang et al., 2015). Having a monsoonal climate, TSP has a mean annual 107 

precipitation of 1028 mm, and a mean annual temperature of 18.2 oC (Chen and Mulder, 2007). 108 

Most of precipitation (> 70%) occurs during the summer period (April to September). The soil is 109 

a loamy yellow mountain soil, classified as Haplic Acrisol (WRB 2014), with a thin O horizon (< 110 

2 cm). In the O/A horizon, soil pH is around 3.7, and the mean C/N and N/P ratios are 17 and 16, 111 

respectively. In the AB horizon, which has a slightly higher pH, mean C/N is well above 20. More 112 

details on soil properties are presented in Table 1.    113 

Annual N deposition at TSP measured in throughfall varies between 40 to 65 kg ha-1 and is 114 

dominated by NH4+ (Yu et al., 2016). According to regional data, annual P deposition via 115 

throughfall is < 0.40 kg ha-1 (Du et al., 2016). Strong soil acidification at TSP has resulted in severe 116 

decline in forest growth (Li et al., 2014; Wang et al., 2007), and in abundance and diversity of 117 

ground vegetation (Huang et al., 2015). Pronounced N saturation with strong NO3- leaching from 118 

the top soil has aggravated P deficiency (Huang et al., 2015). The total P content in the O/A horizon 119 

is ~ 300 mg kg-1, while PAl is smaller than 5 mg kg-1 (Table 1).  120 

Experimental Design  121 
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Three blocks, each having two 20 m * 20 m plots, were established near a hilltop on a gently 122 

sloping hillside. A 5-m buffer strip separated the two plots in each block. In each block, plots were 123 

assigned ad random to a reference (Ref) and a P treatment. On 4 May 2014, a single dose of P 124 

fertilizer was applied as solid NaH2PO4
.2H2O, at a rate of 79.5 kg P ha-1. The amount of P added 125 

was estimated from P adsorption isotherms (Supplementary Materials, Table S1 and Figure S1), 126 

to ensure significantly increased available P in TSP soil. To apply P fertilizer evenly, we divided 127 

each plot into a 5 m * 5 m grid and broadcasted the powdered fertilizer by hand in each grid cell. 128 

The P dose applied at TSP was intermediate as compared to the 10 kg P ha-1 yr-1 applied by Müller 129 

et al. (2015) to a mountain forest in Ecuador and the 150 kg P ha-1 yr-1 applied by Zheng et al. 130 

(2016) to a subtropical forest in South China.  131 

Sample collection and analyses 132 

Within each plot, triplicates of ceramic lysimeters (P80; Staatliche Porzellanmanufaktur, Berlin) 133 

were installed at 5- and 20-cm soil depths in August 2013. To obtain water samples, 350-ml glass 134 

bottles with rubber stoppers were pre-evacuated, using a paddle pump, and connected to the 135 

lysimeters for overnight sampling. Between November 2013 and October 2015, we sampled soil 136 

pore water bi-monthly in the winter season and monthly during the growing season. All water 137 

samples were kept frozen during storage and transport. Concentrations of NH4+, NO3
-, potassium 138 

(K+), calcium (Ca2+), and magnesium (Mg2+) in soil water were measured at the Research Center 139 

for Eco-Environmental Sciences (RCEES), Chinese Academy of Sciences, Beijing, using ion 140 

chromatography (DX-120 for cations and DX-500 for anions).   141 

In August 2013, soils from the O/A (0- 3 cm), AB (3-8 cm) and B (8-20 cm) horizons were sampled 142 

near the lysimeters for soil analysis. Total P and plant-available P contents were monitored in 143 
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samples collected from the O/A horizons every six months, starting two days before P addition. 144 

Soil samples were kept cold (< 4 oC) during transport and storage. Before analysis, soil samples 145 

were air dried and sieved (2 mm). Soil pH was measured in soil suspensions (10 g dry soil and 50 146 

ml deionized water) using a pH meter (PHB-4, Leici, China). Total soil C and N contents were 147 

determined on dried and milled samples, using a LECO elemental analyzer (TruSpec@CHN, USA). 148 

To measure total P, 1 g dry soil was digested with 5 ml of 6 M H2SO4 (Singh et al., 2005) and 149 

measured as ortho-phosphate by the molybdenum blue method (Murphy and Riley, 1962). 150 

Ammonium lactate (0.01 M)-extractable P and H2O-extractable P (PAl and PH2O, respectively) were 151 

measured as ortho-phosphate after extraction (1.5 g dry soil in 50 ml solution) (Singh et al., 2005). 152 

Ammonium oxalate (0.2 M)-extractable Fe, Al and P were measured by inductive coupled plasma 153 

(7500; Agilent) after extraction (1.5 g dry soil in 50 ml solution).           154 

From August 2013 onwards, we measured N2O and CH4 emissions in triplicate in micro-plots 155 

close to the lysimeters, using static chambers (Zhu et al., 2013b). To investigate the immediate 156 

effect of P addition on N2O emissions, we sampled the gas emissions once before (2 May) and 157 

three times (7, 10 and 12 May) after the P application. Gas samples (20 ml) were taken 1, 5, 15 158 

and 30 minutes after chamber deployment and injected into pre-evacuated glass vials (12 ml) 159 

crimp-sealed with butyl septa (Chromacol, UK), maintaining overpressure to avoid contamination 160 

during sample transport. Mixing ratios of N2O, CO2 and CH4 were analyzed using a gas 161 

chromatograph (Model 7890A, Agilent, US) at RCEES, equipped with an ECD for detection of 162 

N2O (at 375 oC with 25 ml min-1 Ar/CH4 as make up gas), a FID for CH4 (250 oC; 20 ml min-1 N2 163 

as make-up gas) and a TCD for CO2. Exchange rates between soil and atmosphere 164 

(emission/uptake) were calculated from measured concentration change in the chambers over time, 165 
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applying linear or polynomial fits to the concentration data. Cumulative N2O emissions over time 166 

were estimated by linear interpolation between measurement dates (Zhu et al., 2013b).   167 

From October 2013 onwards, litterfall was collected during the first week of every month in five 168 

replicates per plot. Litterfall collectors were made of 1 m2 nylon nets (1 mm mesh size), held in 169 

place by four wooden poles 0.8 m above the ground. Fresh litter was dried at 65oC. In early 170 

November 2013 and 2014 (at the end of the growing season), we collected current-year pine 171 

needles from several branches of three trees in each plot. The collected needles were dried at 65 oC 172 

and the dry weight of 500 needles was determined. A subsample was dried at 80 oC and finely 173 

milled prior to chemical analysis at the Chinese Academy of Forestry. Total C and N were 174 

measured using an elemental analyzer (FLASH 2000; Thermo Scientific; USA). The contents of 175 

K, Ca, Mg and P in the needles were determined by ICP-AES (IRIS Intrepid II; Thermo Scientific; 176 

USA) after digesting 0.25 g dry weight samples with 5 ml of ultra-pure nitric acid. In November 177 

2013, and 2014, and in February of 2015, we measured the height and the diameter at breast height 178 

(DBH) of 6 to 10 Masson pines (only those with DBH > 5 cm) at each plot. These data were used 179 

to estimate the standing biomass of Masson pines based on standard allometric equations (Li et al., 180 

2011; Zeng et al., 2008).       181 

Daily average air temperature and sum of precipitation were monitored by a weather station 182 

(WeatherHawk 232, USA) placed on the roof at the local forest bureau, in about 1 km distance 183 

from the sampling site  (Yu et al., 2016).                   184 

Statistical analyses 185 

Statistical analyses were performed with Minitab 16.2.2 (Minitab Inc., USA). All data were tested 186 

for normality (Kolmogorov-Smirnov’s test) and homoscedasticity (Levene’s test) before further 187 



11 

 

analysis. If not normally distributed, the data were then normalized by logarithmic transformation. 188 

Due to heterogeneity between blocks, data on gas fluxes and mineral N concentrations are 189 

presented separately for each block. One-way ANOVA was used to evaluate differences in gas 190 

fluxes, as well as nutrient concentrations in soil, soil water and plants between treatments and 191 

blocks. Significance levels were set to p < 0.05, if not specified otherwise.     192 

  193 
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Results 194 

Nutrient concentrations in soil and soil water  195 

Addition of P resulted in a significant increase in soil P content in the O/A horizon, both as PAl 196 

and total P (Table 2). However, after 15 months, only PAL indicated an enhanced P status, while 197 

total soil P did not differ significantly from background values at the reference sites. P addition 198 

had no significant effect on soil pH, or soil C and N content. The NO3- concentration in soil water 199 

collected at 5 cm depth varied seasonally, with significantly greater values (30-40 mg N L-1) 200 

towards the start of the growing season (April, Fig. S2) in 2015, but not in 2014, likely due to 201 

dilution by abundant precipitation in February to March 2014. Addition of P resulted in 202 

significantly smaller NO3- concentrations in soil water at 5 and 20 cm depth in blocks 2 and 3 but 203 

not in block 1 (Fig. 1). In general, the concentration of NH4
+ in soil water was small (< 0.6 mg L-

204 

1) and not affected by P addition (Fig. S3). At both depths, mean soil water concentrations of Mg2+ 205 

and Ca2+ were significantly smaller in the P-treated than the reference plots, and the sum of charge 206 

of base cations declined significantly in response to P addition (Fig. S4). 207 

N2O and CH4 fluxes: effects of P addition 208 

During the experimental period, N2O fluxes varied seasonally (Fig. 2), showing a significant 209 

relationship with daily precipitation (Fig. S5a), but not with daily mean temperature (Fig. S4b). In 210 

the reference plots, mean N2O fluxes were generally below 50 μg N m-2 hr-1 in the dry, cool season, 211 

but reached up to 600 μg N m-2 hr-1 in the growing season (Fig. 2). Average and cumulative fluxes 212 

of N2O differed greatly between the three blocks (Figs. 3 and 4, respectively), with the greatest 213 

annual emission observed in the reference plot (7.9 kg N ha-1) of block 2. Mean N2O fluxes during 214 

the 1.5 years after P addition were smaller in the P treatments than in the references, the differences 215 
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being significant in blocks 2 and 3 (Fig. 3). Cumulative N2O emissions showed that P addition 216 

resulted in a decrease in N2O emission by about 3 kg N ha-1 yr-1, which is a 57% reduction on 217 

average (Fig. 4). No immediate effects (within days) of P addition on N2O emission were observed 218 

(Fig. S6).             219 

CH4 fluxes varied greatly between blocks (Fig. 5).  Net-emissions of CH4 was observed in summer 220 

2013 (~ 80 μg C m-2 hr-1) in blocks 1 and 2, whereas block 3 showed CH4 uptake. From spring 221 

2014 until October 2015, CH4 fluxes were less variable in all blocks, with values fluctuating 222 

around zero. A longer period of net-emission was observed in block 3 during the dry season 2014. 223 

The fluxes did not correlate with either precipitation or air temperature (Fig. S5c&d). In the 1.5 224 

years following P addition, mean CH4 fluxes indicated net CH4 emission (~ +3.8 μg C m-2 hr-1) in 225 

the reference plots (except for block 1), whereas net CH4 uptake (~ -6.5 μg C m-2 hr-1) was observed 226 

in all P- treated plots (Fig. 6). The suppressing effect of P addition on CH4 emission was significant 227 

in blocks 2 and 3, similar to what was found for NO3
- concentrations and N2O fluxes.  228 

The effect to P addition on tree growth  229 

Throughout the 2-year experimental period, we observed no change in tree biomass (138 t ha-1) in 230 

response to P addition (Table S2). Likewise, there was no effect of P treatment on the 500-needle 231 

weight (13 g on average). Between the two samplings in 2013 and 2014, we found differences in 232 

chemical composition of the pine needles, but this effect was not linked to P addition. Also, the 233 

C/N and N/P ratios of the needles (40 and 16, respectively) were hardly affected by P addition. 234 

Monthly litterfall varied seasonally (Fig. S7), but no significant difference was found between the 235 

reference and the P treated plots.  236 

  237 
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Discussion 238 

Background N2O emission rates in the reference plots were relatively large, with mean values of 239 

40 to 120 μg N m-2 hr-1 (Fig. 3). This is within the range previously reported for well-drained 240 

hillslope soils at TSP (Zhu et al., 2013b), but greater than the rates reported for other forests in 241 

South China. For instance, N2O emission rates averaged  37 μg N m-2 hr-1 in unmanaged sites at 242 

Dinghushan (Fang et al., 2009; Tang et al., 2006) and up to 50 μg N m-2 hr-1 in N-fertilized sites 243 

(Zhang et al., 2008a). TSP reference plots emitted on average 5.3 kg N ha-1 yr-1 (Fig. 4), which is 244 

about 10% of the annual N deposition (50 kg ha-1 yr-1) (Huang et al., 2015). These fluxes were 245 

well above average fluxes reported for tropical rainforests (Werner et al., 2007). High N2O 246 

emissions at TSP are likely due to the large N deposition rates (Huang et al. 2015), as suggested 247 

by the similar trends indicated by data from a wide range of ecosystems (Liu et al., 2009). Also, 248 

warm-humid conditions during monsoonal summers may stimulate N2O emissions (Ju et al., 2011), 249 

as monsoonal rainstorms triggered peak fluxes (Fig. S5a) (Pan et al., 2003). The positive 250 

correlation between precipitation and N2O emission peaks may indicate the importance of 251 

denitrification as the dominant N2O source. This is supported by recent 15N tracing experiments at 252 

TSP (Zhu et al., 2013a; Yu et al., submitted). 253 

Addition of P caused a significant decline in soil mineral N (predominantly NO3-) in two of three 254 

blocks (Fig. 2), particularly during summers, when NO3
- concentrations were relatively high (Fig. 255 

S2). At the same time, annual N2O emissions decreased by more than 50% (Figs. 3 and 4). These 256 

findings are consistent with a number of previous studies (Baral et al., 2014; Hall and Matson, 257 

1999; Mori et al., 2014). The reduction of N2O emissions in P treated soils was attributed to 258 

decreased mineral N content, most likely due to stimulated plant uptake and/or microbial 259 
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assimilation. It is noteworthy, however, that there was no significant correlation between N2O 260 

emission rates and soil water NO3
- concentration in our study (Figs. 2 and S2), suggesting that the 261 

suppressing effect of P on N2O emissions was indirect, probably by affecting the competition for 262 

mineral N between plant roots and microbes (Zhu et al., 2016). In contrast to our study, P-addition 263 

experiments in South Ecuador (Martinson et al., 2013) and South China (at Dinghushan Biosphere 264 

Reserve (DHSBR); Zheng et al., 2016) found no effect of a single P addition on N2O emission 265 

during the first two years after application. However, significant reduction in N2O emission was 266 

observed after three to five years with continuous P addition, both at the Ecuadorian and the 267 

Chinese site (Chen et al., 2016; Müller et al., 2015). For the montane forest site in Ecuador, the 268 

observed delay in N2O emission response to P addition may be explained by the moderate amount 269 

of P added (10 kg P ha-1 yr-1; Martinson et al., 2013). Moreover, the experiments were conducted 270 

in a forest with low ambient N deposition (~ 10 kg N ha-1 yr-1) and N2O fluxes (~ 0.36 kg N ha-1 271 

yr-1 in the reference plot) (Martinson et al., 2013; Müller et al., 2015). By contrast, the DHSBR 272 

site in South China receives 36 kg of atmogenic N ha-1
 yr-1, which is only slightly smaller than the 273 

N deposition at our site (Huang et al., 2015), and showed larger N2O emission rate than the 274 

Ecuadorian site (~ 0.88 kg N ha-1 yr-1 in the reference plot; Zheng et al., 2016). However, forests 275 

do not always display a straightforward relationship between N deposition and N2O emissions. 276 

Manipulation experiments in the European NITREX project, for instance, revealed a much 277 

stronger correlation of N2O emissions with soil NO3- leaching than with N deposition (Gundersen 278 

et al., 2012). Indeed, KCl-extractable mineral N at the DHSBR site (~ 40 mg kg-1; Zheng et al., 279 

2016) were several-fold smaller than at our site (> 100 mg kg-1; Zhu et al., 2013b), indicating that 280 

DHSBR is less N-saturated than TSP. This suggests that the response of N2O emission to P 281 

addition might depend on the N status of the soil. The fact that numerous studies found apparent 282 
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suppression of N2O emission in short-term experiments (< 2 years) in N + P treatments, but not in 283 

treatments with P alone, supports this idea (Müller et al., 2015; Zhang et al., 2014b; Zheng et al., 284 

2016). 285 

Other studies have observed increased N2O emissions upon P addition (Mori et al., 2013c; Wang 286 

et al., 2014). In an Acacia mangium plantation, fertilized with P, Mori et al. (2013b&c) found that 287 

N2O emissions were stimulated in the short-term but reduced in the long-term. While suppression 288 

of N2O emission by P has been attributed to increased plant N uptake (Mori et al., 2014), increased 289 

N2O emission are generally explained by enhanced microbial biomass (Liu et al., 2012) and 290 

denitrification activities (Ehlers et al., 2010; He and Dijkstra, 2015). N2O emissions measured 291 

frequently after P addition at our site in May 2014 were not different from fluxes in untreated 292 

reference plots (Fig. S5). This may indicate that plant uptake at TSP is more important for the 293 

effect of P addition on N2O emissions than changes in microbial activity, which are expected to 294 

occur more rapidly.  295 

Two of three reference plots at TSP showed net CH4 emission for extended periods of the year 296 

(Figs. 5 and 6). Also, long-term CH4 fluxes sampled between 2012 and 2014 on TSP hillslopes 297 

near-by (Fig. S8; Zhu et al., unpublished data) showed net CH4 emission. This is in contrast to the 298 

generally reported CH4 sink function of forested upland soils (Ciais et al., 2013; Dutaur and 299 

Verchot, 2007). For example, CH4 uptake rates reported for South Chinese forest soils range from 300 

30 to 60 μg C m-2 hr-1 (Fang et al., 2009; Tang et al., 2006; Zhang et al., 2014a). As CH4 fluxes at 301 

our sites were not correlated with climatic factors (Fig. S5c and d), CH4 emissions cannot be 302 

explained by transitory wet conditions. One reason for the net-CH4 emission observed at TSP could 303 

be inhibition of CH4 oxidation activity by NH4+, as reported previously (Bodelier and Laanbroek, 304 

2004; Zhang et al., 2014a). The concentration of NH4
+ in the soil water was rather small (< 0.5 g 305 
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L-1 ; Fig. S3), which does not preclude, however, that NH4
+ availability from the soil exchangeable 306 

pool is high. Zhu et al. (2013b) found extraordinarily high KCL-extractable NH4+ in TSP surface 307 

soils, likely reflecting the large atmogenic NH4
+ input at our site (Huang et al., 2015). 308 

P addition had a significant impact on CH4 fluxes, changing the soil from a net source to a net sink 309 

on an annual basis (Fig. 6). However, the uptake rates of CH4 in the P treatments remained smaller 310 

than those reported for forest soils in tropical China (Tang et al., 2006; Zhang et al., 2008b). The 311 

stimulating effect of P addition on CH4 uptake is consistent with previous studies (Mori et al., 312 

2013a, 2013b; Zhang et al., 2011), and has been attributed to lessening the NH4
+ inhibition of 313 

methane oxidation. Unfortunately, we did not measure KCl-extractable NH4+ in our study, but a 314 

decline of available NH4+, which is the substrate for nitrification, is likely as NO3
- concentrations 315 

in soil water were significantly smaller with in the P-treatments (Fig. 2). P addition may also result 316 

in a change of the taxonomic composition of the methane oxidizing community (Mori et al., 2013a; 317 

Veraart et al., 2015). Alternatively, CH4 oxidation may be stimulated by increased CH4 diffusion 318 

into the soil, due to enhanced root growth and increased transpiration in P-amended plots (Zhang 319 

et al., 2011). Given the high degree of N saturation of TSP forest (Huang et al., 2015), it is likely 320 

that the reason for the observed reduction in CH4 emissions in response to P fertilization was due 321 

to alleviating the NH4+ inhibition of the methane monooxygenase enzyme (Veldkamp et al., 2013), 322 

rather than a direct P-stimulation of methanotrophic activity (Veraart et al., 2015). 323 

P application significantly increased plant-available P in the P-limited TSP soil (Table 2). 324 

Meanwhile, concentrations of leachable base cations (K+, Mg2+, Ca2+) in soil water decreased (Fig. 325 

S4), as expected from the reduction of NO3
- concentrations in the P-treatments (Mochoge and 326 

Beese, 1986). We observed no sign of stimulated forest growth or increased N uptake by plants 327 

within the relatively short period of our study (Table S2 and Fig. S7), which makes it difficult to 328 



18 

 

link the observed reduction in mineral N in the soil solution to plant growth (Fig. 2). When 329 

interpreting the observed P effect on NO3
- concentrations in soil water, several aspects need to be 330 

considered. Firstly, two years of observation may be too short to detect any significant NO3
- uptake 331 

by plants, given the commonly large variabilities in tree biomass estimates (Alvarez-Clare et al., 332 

2013; Huang et al., 2015). Secondly, we might have overlooked the contribution to N uptake by 333 

understory biomass, which has previously been reported to quickly respond to P addition 334 

(Fraterrigo et al., 2011). Thirdly, as long-term N saturation and acidification at TSP has reduced 335 

the forest health (Lu et al., 2010; Wang et al., 2007), we may not expect immediate response of 336 

forest growth to P addition. Large needle N/P ratios (17-22, Table S2) indicated that P limitation 337 

for tree growth was not relieved 1.5 years after P addition (Li et al., 2016). Therefore, enhanced N 338 

uptake by understory growth and/or soil microbial biomass may have been the main mechanisms 339 

responsible for observed NO3
- decline in the P-treated soil (Hall & Matson 1999).   340 

Overall, our study demonstrates that chronically high N deposition has transformed TSP soils to a 341 

regional hotspot for N2O and CH4 emission. Within the short experimental period of 1.5 years, 342 

P fertilization was shown to significantly decrease NO3
- concentrations in soil water and to reduce 343 

both N2O and CH4 emissions. These findings provide a promising starting point for improving 344 

forest management towards GHG abatement targets, taking into account the P and N status of 345 

impoverished subtropical soils in the region.   346 
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Table 1 Background soil properties of the experimental plots at Tieshanping (TSP). Values are 

means and standard deviations, in parenthesis (n = 6)†.  

 

PH2O = Water extractable P, PAl = Ammonium extractable P, 

Alox = Oxalate extractable Al, Feox = Oxalate extractable Fe, Pox = Oxalate extractable P. 

† Soils were sampled in August 2013. 

* Data not available 

 

 

 

 Soil Layer pH Total C Total N Total P C/N N/P 

   g kg-1 g kg-1 mg kg-1   

Block 1 

O/A (0-3 cm) 3.7 (0.1) 80.7 (32.3) 4.8 (1.7) 308 (57) 17.0 (2.5) 15.5 (5.7) 

AB (3-8 cm) 3.8 (0.0) 23.9 (9.3) 1.3 (0.6) -* 20.0 (3.0) - 

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

Block 2 

O/A (0-3 cm) 3.6 (0.1) 77.6 (13.4) 4.7 (0.8) 297 (44) 16.7 (1.3) 15.7 (2.8) 

AB (3-8 cm) 3.7 (0.1) 20.2 (5.3) 1.0 (0.3) - 21.4 (3.3) - 

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

Block 3 

O/A (0-3 cm) 3.6 (0.1) 67.0 (15.5) 3.8 (0.8) 223 (45) 17.4 (0.6) 17.2 (3.7) 

AB (3-8 cm) 3.6 (0.1) 21.0 (7.9) 1.1 (0.5) - 24.5 (4.6) - 

B (8-20 cm) 3.8 (0.1) 7.2 (1.5) < 0.05 - - - 

 Soil Layer PH2O PAl Alox Feox Pox Pox /  

( Alox + Feox)   mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 

Block 1 

O/A (0-3 cm) < 5.0 5.8 (1.4) 1700 (513) 1933 (350) 85.8 (22.6) 0.025 (0.008) 

AB (3-8 cm) < 5.0 2.1 (0.6) 1217 (243) 1692 (493) 47.1 (22.0) 0.016 (0.007) 

B (8-20 cm) < 5.0 < 1.0 1083 (90) 1158 (249) 29.3 (28.6) 0.012 (0.011) 

Block 2 

O/A (0-3 cm) < 5.0 5.9 (1.0) 1500 (238) 1792 (215) 79.2 (21.5) 0.024 (0.007) 

AB (3-8 cm) < 5.0 1.6 (0.4) 925 (149) 1517 (320) 37.2 (10.7) 0.016 (0.006) 

B (8-20 cm) < 5.0 < 1.0 892 (209) 1033 (413) 16.1 (10.5) 0.009 (0.007) 

Block 3 

O/A (0-3 cm) < 5.0 4.1 (0.9) 1367 (180) 1667 (168) 50.7 (10.9) 0.017 (0.003) 

AB (3-8 cm) < 5.0 4.4 (4.0) 1075 (128) 1350 (150) 24.8 (8.3) 0.010 (0.002) 

B (8-20 cm) < 5.0 < 1.0 992 (130) 875 (138) 8.0 (2.0) 0.004 (0.001) 
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Table 2 Soil pH, C, N and P contents in the O/A horizon (0-3 cm) in Reference and phosphate 

(P) treatments. Values are means and standard deviations (in brackets), (n = 9). 

 

θ P addition was conducted on 14/05/04, after the first two sampling dates.   

†  different letters indicate significance in difference. 

 

 

 

 

 

 

 

 

 

 

 

  pH Total C Total N C/N PAl Total P 

   g kg-1 g kg-1  mg kg-1 mg kg-1 

13/08/02 
Ref 3.7 (0.1)bc† 8.3 (2.3)ab 0.5 (0.1)bcd 16.9 (1.1)bcd 5.4 (1.4)c 292 (46)bc 

P 3.6 (0.1)c 6.7 (2.0)b 0.4 (0.1)bd 17.1 (2.1)bc 5.1 (1.3)c 260 (70)c 

14/05/02 
Ref 3.7 (0.1)abc 12.2 (4.2)a 0.9 (0.3)a 13.7 (1.5)e 19.0 (8.0)c 336 (65)bc 

P 3.8 (0.2)abc 9.0 (3.5)ab 0.7 (0.2)abc 14.2 (2.8)de 13.7 (5.2)c 270 (72)bc 

14/05/10 
Ref 3.8 (0.1)abc 9.9 (2.1)ab 0.7 (0.2)ab 14.0 (0.7)e 15.4 (7.0)c 304 (49)bc 

P 3.9 (0.3)ab 8.0 (1.9)ab 0.6 (0.1)bcd 14.3 (1.3)cde 174 (114)a 572 (242)a 

14/12/02 
Ref 3.8 (0.1)abc 10.5 (3.6)ab 0.7 (0.3)ab 14.5 (1.3)cde 14.2 (7.4)c 328 (102)bc 

P 3.9 (0.2)abc 9.5 (2.1)ab 0.7 (0.1)abc 14.0 (0.8)e 66 (24)ab 442 (106)ab 

15/08/02 
Ref 3.9 (0.2)ab 8.3 (2.2)ab 0.4 (0.1)cd 20.5 (2.5)a 13.4 (6.2)c 291 (61)bc 

P 4.0 (0.2)a 6.5 (1.9)b 0.3 (0.1)d 19.7 (2.2)ab 57 (36)ab 383 (136)bc 
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Fig. 1 Mean NO3
- concentrations in soil water at 5 (a) and 20 (b) cm depths from three blocks 

with Reference and P treatment, 1.5 years after P addition; different letters indicate significant 

differences between the treatments and blocks   
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Fig. 2 Daily mean air temperature and precipitation (a), and monthly mean N2O fluxes in 

Reference and P treatments in each of the three blocks (b-d); the red line gives the date of P 

addition.     
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Fig. 3 Box whisker plots for N2O fluxes in three blocks with Reference and P treatments 

throughout 1.5 years after the P addition; red dash lines indicate mean values; different letters 

indicate significant differences between treatments and blocks.    
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Fig. 4 Cumulative N2O emissions for three blocks with Reference and P treatments during two 

years; the red arrows refer to the date when P addition was conducted.      
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Fig. 5 Monthly mean CH4 fluxes for three blocks (a-c) with Reference and P treatments during 

two years; the horizontal broken line indicates zero flux the red line refers to the date of P 

addition.     
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Fig. 6 Box whisker plots of CH4 fluxes for three blocks with Reference and P treatments 1.5 

years after the P addition; red dash lines indicate mean values; the small letters indicate the 

significance levels among the treatments and blocks.    
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Phosphorus adsorption by soil           

The required dose of P to stimulate significant increase in soil P concentration was determined 

based on sorption isotherms (Singh et al., 2005). The experiment was carried out with soils 

(triplicates mixed within each block as one sample) in the O/A, AB and B-horizons, from each 

block. Briefly, 1 g dry and sieved (2 mm) soil was added to 30 ml CaCl2 solution with a gradient 

of initial PO4
3- concentrations (0, 2.5, 5.0, 10.0, 20.0, 50.0 and 100 mg P L-1). Next, the suspension 

was shaken for 24 h at 20 oC. The P concentration was determined by colorimetric method (M&M) 

after centrifugation and filtration (0.45 μm). No P desorption was found in the zero-P treatments 

(only CaCl2).  

The results of P adsorption isotherms (Table S1 and Fig. S8) indicated medium sorption capacities 

in TSP soils (Singh et al., 2005), Based on P affinity constant and adsorption maxima, we chose 

an optimum P concentration of 1.0 mg L-1 for the P dose. Such dose is equivalent to 79.5 kg P ha-

1 in TSP soil (0.3 g P kg-1 dw soil).  

Table S1 P adsorption maximum, affinity constant and maximum buffering capacity obtained 

from Langmuir isotherms. The linear equation is C / (x/m) = 1 / (kb) + C / b; where C (mg P L-1) 

is the equilibrium P concentration; x/m (mg P kg-1) is the amount of P adsorbed per unit mass of 

adsorbent; k (L mg-1 P) is the P affinity constant; b (mg P kg-1) is the P adsorption maximum. 

 

 
 

 Adsorption 
maximum (b) 
(mg P kg-1) 

P affinity 
constant (k) 
(L mg-1 P) 

Maximum 
buffering capacity 

(mbc) (L kg-1) 
 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 
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Fig. S1 Langmuir adsorption isotherms of soils from O/A, AB and B horizons in Block 1-3. The 

data were fitted to the Langmuir equation, after linearization.  
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Table S2 Half-yearly tree biomass, 500-needle weight and needle nutrient contents in Reference 

and P treatments†. Values are means and standard deviations (in brackets) (n = 9). 

 

† P addition was conducted on 14/05/04 

* Data were not available. 

 

  

500-

needle  

g 

Tree 

Biomas

s t ha-1 

Total C 

g kg-1 

Total N 

g kg-1 

Total P 

g kg-1 
C/N N/P 

K+ 

g kg-1 

Mg2+ 

g kg-1 

Ca2+ 

g kg-1 

Nov. 2013 

Ref 
13.8 

(1.8) 

149 

(11) 

510  

(9) 

15.2 

(0.8) 

0.71 

(0.04) 

34 

(2) 

22 

(1) 

4.6 

(0.8) 

1.3 

(0.2) 

4.5 

(1.3) 

P 
12.5 

(1.9) 

131 

(25) 

517  

(6) 

14.7 

(1.0) 

0.73 

(0.05) 

35 

(2) 

20 

(3) 

4.7 

(0.7) 

1.4 

(0.2) 

5.3 

(0.6) 

Nov. 2014 

Ref 
13.8 

(2.3) 

148 

(12) 

551 

(11) 

14.9 

(1.5) 

0.88 

(0.09) 

37 

(7) 

17 

(1) 

6.6 

(1.2) 

1.6 

(0.3) 

7.8 

(2.4) 

P 
14.3 

(2.3) 

133 

(27) 

550  

(9) 

14.6 

(1.1) 

0.85 

(0.11) 

38 

(4) 

17 

(1) 

5.9 

(0.9) 

1.6 

(0.4) 

5.6 

(3.1) 

Feb. 2016 

Ref 
12.9 

(2.3) 

143  

(8) 
-* - - - - - - - 

P 
10.8 

(2.4) 

129 

(29) 
- - - - - - - - 
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Fig. S2 Daily mean air temperature and precipitation (a), and monthly mean NO3- concentrations 

at the 5-cm soil depth for three blocks (b-d) with Reference and P treatments during two years; 

the red line refers to the date when P addition was conducted (for P treatments only).     
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Fig. S3 Mean NH4
+-N concentrations in soil water at 5 (a) and 20 (b) cm depths from three 

blocks with Reference and P treatments, 1.5 years after P addition; the small letters indicate the 

significance levels among the treatments and blocks. 
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Fig. S4 Mean soil cation (K+, Mg2+ and Ca2+) concentrations in Reference and P treatments 

during 1.5 years after P addition 
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Fig. S5 Relationship between climatic factors (daily mean temperature and precipitation) and gas 

fluxes (mean monthly fluxes for N2O (a&b) and CH4 (c&d) from the References); due to 

temperature data missing from November 2013 to July 2014, fewer data points were presented in 

comparisons with temperature. 
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Fig. S6 Mean N2O fluxes for three blocks in the Reference and P treatments during the 10 days 

before and after P application on 4 May 2014.    
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Fig. S7 Monthly litterfall for three blocks (a-c) with Reference and P treatments during two 

years. 
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Fig. S8 (a) Temporal variations of CH4 fluxes from 2009 to 2014 at TSP forest; red dash line 

refers to the zero flux; (b) Box whisker plots of mean CH4 fluxes for 2009-2012 and 2012-2014 

periods, respectively; red dash lines refer to the mean values. Data for long-term CH4 fluxes 

were obtained from Zhu et al. (unpublished). 
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Abstract  23 

Dual isotope signatures in NO3
- (δ15N and δ18O) are invaluable to constrain nitrogen transformation 24 

processes in nature. Biological conversion to nitrous oxide (N2O) by denitrifiers lacking N2O 25 

reductase (“denitrifier method”) has become the method of choice for isolating NO3- from natural 26 

samples prior to 15N and 18O analysis. The success of the method depends on the ability of the 27 

culture to rapidly and quantitatively convert NO3
- to N2O, with little interference from non-sample 28 

NO3
- and 18O in water. We studied the transition from oxic to anoxic respiration in Pseudomonas 29 

chlororaphis ss. aureofaciens (ATCC 13985) grown oxically in complex medium (~7.5×108 cells 30 

ml-1). When letting the culture turn anoxic in the presence of mM NO3
-, nitric oxide (NO) 31 

accumulated to toxic levels, impairing denitrification. With µM NO3
-, efficient conversion to N2O 32 

depended on the presence of mM NH4
+ in the medium. At higher cell densities, conversion 33 

efficiencies decreased, suggesting that the ability to express balanced denitrification in P. 34 

aureofaciens is growth dependent. We concluded that P. aureofaciens can induce balanced 35 

denitrification in NH4
+-amended complex medium in the presence of small amounts of NO3

-, 36 

typically processed by the denitrifier method, making anoxic preculturing with extraneous NO3
- 37 

obsolete. Based on our results, we devise a simplified denitrifier method, which is fast (two days 38 

including oxic pre-culture and anoxic conversion) and does not require concentration of cells or 39 

removal of extraneous NO3- or N2O. Background NO3- in the complex medium can be removed as 40 

N2 by anoxic pre-incubation with P. denitrificans. The standard deviation for natural abundance 41 

was 0.1 - 0.3‰ for 15N and 0.2 - 0.7‰ for 18O. After correction, differences between measured 42 

and consensus δ15N and δ18O values of NO3- standards generally fell within the standard deviations 43 

of the measured values. We successfully tested the method for samples with low pH (pH=4) or 44 

high salinity (0.25 - 1M KCl) and found no cross-contamination when using 15NH4
+-labelled 45 

NH4NO3.  46 
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1. Introduction 47 

Nitrate (NO3
-) is central to terrestrial and aquatic N cycling. The isotopic composition of both N 48 

and O in NO3
- reflects the processes producing and consuming NO3

-, be it during fertilizer 49 

production (e.g. Bateman and Kelly), chemical conversion in the atmosphere (Hastings et al., 50 

2003), biological N cycling driven by nitrification and denitrification (Mariotti et al., 1981), 51 

assimilation (Waser et al., 1998), Anammox (Clark et al., 2008) or dissimilatory reduction to 52 

ammonium (DNRA) (McCready et al., 1983). The natural isotopic composition of NO3- thus 53 

provides insights into N cycling (e.g. Robinson, 2001; Ostrom et al., 2002; Dhondt et al., 2003; 54 

Barnes et al., 2008; Søvik and Mørkved, 2008; Otero et al., 2009; Yu et al., 2016), while 15N- 55 

enriched NO3- is used to infer gross N cycling rates (Mary et al., 1998; Addy et al., 2002; Murphy 56 

et al., 2003; Rütting and Müller, 2007), to partition sources (Well et al., 2003; Mørkved et al., 57 

2006; Zhu et al., 2013a) or to trace the fate of reactive nitrogen in the environment (Perakis and 58 

Hedin, 2001; Zak et al., 2004). Both approaches, natural abundance and 15N labelling, require fast 59 

and reliable methods to isolate and convert NO3
- to gaseous N, preferably N2O because of its 60 

relative inertness, with minimum interference from non-sample N or O before isotopic analysis by 61 

isotope ratio mass spectrometry (IRMS) or other methods.   62 

Four major approaches can be distinguished to isolate and convert NO3- to gaseous N: i) 63 

precipitation as silver, potassium or barium salt (Revesz et al., 1997; Silva et al., 2000; Huber et 64 

al., 2011) with subsequent combustion to N2 for 15N and CO for 18O analysis; ii) chemical 65 

conversion of NO3- to ammonia (NH3) with subsequent diffusion and combustion to N2; no 18O 66 

analysis is possible (Brooks et al., 1989); iii) chemical conversion of NO3- to nitrite (NO2
-), using 67 

cadmium (Cd) or vanadium chloride (VCl3), with subsequent reduction to N2O by sodium azide 68 

(Stevens and Laughlin, 1994; McIlvin and Altabet, 2005; Lachouani et al., 2010) or hydroxylamine 69 

(Liu et al., 2014) and iv) biological conversion to N2O by nosZ-deficient denitrifying bacteria 70 

lacking N2O reductase (Christensen and Tiedje, 1988; Sigman et al., 2001; Casciotti et al., 2002; 71 

Mørkved et al., 2007; Rock and Ellen, 2007). The major advantages of the latter two approaches 72 

are their high selectivity and hence sensitivity (less than 0.1 µmol NO3- can be converted 73 

quantitatively) and the applicability to a range of sample matrices, such as sea water or soil extracts 74 

(Rock and Ellen, 2007). Compared to the chemical reduction by Cd or VCl3 to NO2
-, with 75 
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subsequent reduction to N2O by azide or hydroxylamine, the denitrifier method involves no toxic 76 

chemical, and has therefore gained increasing popularity during recent years (Xue et al., 2010). 77 

Pseudomonas chlororaphis and Pseudomonas aureofaciens (ATCC 13985, recently reclassified 78 

as a strain of P. chlororaphis) are the organism of choice for the quantitative conversion of NO3- 79 

to N2O (Christensen and Tiedje, 1988; Sigman et al., 2001; Casciotti et al., 2002). Both strains 80 

possess the copper-type nitrite reductase NirK (Ye et al., 1991), but P. aureofaciens has been 81 

shown to exchange less oxygen with water during NO2
- reduction, rendering it more suitable for 82 

the simultaneous analysis of 15N and 18O in NO3
-. Since N and O isotopes in NO3

- undergo kinetic 83 

fractionation during enzymatic conversion to N2O, the denitrifier method relies on complete 84 

conversion of sample NO3- to N2O. Further, the conversion should be rapid, and mediated by a 85 

dense P. aureofaciens culture, since noz-competent denitrifiers contained in the sample matrix 86 

may express N2O reductase (N2OR) during anoxic incubation, which would reduce some of the 87 

N2O to N2, thereby enriching the remaining N2O isotopically. Accordingly, the method originally 88 

devised by Sigman et al. (2001) and Casciotti et al. (2002) uses concentrated cells of P. 89 

aureofaciens re-suspended in spent medium, which serves as an energy source during dissimilatory 90 

reduction of NO3
- to N2O. Denitrification is expressed during a lengthy period of preculturing in 91 

the presence of extraneous NO3
-, during which cells deplete available oxygen and switch from oxic 92 

to anoxic respiration. This approach faces several challenges, which may compromise the assay. 93 

If the preculturing period is too short, consumption of extraneous NO3- will be incomplete in the 94 

spent medium and lead to large blank values. If the preculturing period is too long, growing 95 

P. aureofaciens cells are at risk to run out of electron acceptors (NO3
-, NO2

- and NO), which could 96 

impair their “fitness” to convert sample NO3
- quantitatively to N2O. In practice, it is difficult to 97 

monitor NO3
- depletion during growth and induction of P. aureofaciens, unless incubation vessels 98 

allow aseptic and anoxic removal of aliquots for NO3
- analysis. After denitrification is induced and 99 

NO3
- is depleted, cells are harvested by centrifugation and re-suspended in spent medium from 100 

which the N2O formed during anoxic growth has to be removed by He- or N2-sparging. Together, 101 

this makes the denitrifier method a rather laborious method, with little possibility to evaluate the 102 

fitness of the working culture before using it for the conversion of known NO3- standards. 103 

Typically, 5 - 6 days are needed for pre-culturing and 1 day for cell concentration and N2O 104 

The workflow for the method devised by Sigman et al. (2001) and Casciotti et al (2002) is shown 105 

in figure 1A.  106 
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Problems with the denitrifier method are reported occasionally, and typically attributed to loss of 107 

viability during culture storage or contamination of pre-cultures (Schauer, internet survey; 108 

Casciotti et al., 2002; Xue et al., 2010). Even though the method is widely used, conversion 109 

efficiencies and blank values are hardly ever reported, preventing any conclusion about the fitness 110 

of the anoxically induced strain and its conversion efficiency for NO3
-.  111 

The objective of the present study was to investigate the oxic-anoxic transition of growing 112 

P. aureofaciens in more detail by monitoring CO2, O2, NO, N2O and N2 kinetics under various 113 

conditions (type of medium, initial pO2, cell density, pH, NO3- and NH4
+ availability). The 114 

complete dissimilatory reduction of NO3
- to N2 (N2O in the case of P. aureofaciens) via the 115 

intermediates NO2- and NO, relies on effective expression of the functional genes, and a balanced 116 

expression of nitrite- and nitric oxide reductase to avoid accumulation of nitrite (NO2-) and nitric 117 

oxide (NO) to toxic concentrations. Neither can be taken for granted when using cultured 118 

denitrifying organisms to convert NO3
- to N2O under anoxic conditions, as demonstrated for a 119 

variety of strains. For instance, a fast and complete removal of O2 may entrap the cells in anoxia, 120 

without energy for synthesizing denitrification enzymes (Højberg et al., 1997). Stochastic 121 

expression of NO reductase, as demonstrated for P. denitrificans (Bergaust et al. 2011, Hassan et 122 

al 2014) can result in such entrapment for a fraction of the population, hence low initial 123 

denitrification rates by a minority of the cells. Robustly coordinated expression of NO3
- and NO 124 

reductases is characteristic for some denitrifying strains (Hassan et al 2015), but not all. Bergaust 125 

et al. (2008) demonstrated that Agrobacterium tumefaciens accumulates NO to toxic levels 126 

(preventing further reduction to N2O), if experiencing fast depletion of O2. These phenomena must 127 

be taken into account as potential pitfalls when designing a routine to transform NO3
- to N2O for 128 

analytical purposes.    129 

Based on the results of our study, we devise a modified “denitrifier method” with oxically grown 130 

P. aureofaciens that does not rely on induction of denitrification with extraneous NO3-. We build 131 

on previous modifications proposed by Mørkved et al., 2007) for Pseudomonas chlororaphis 132 

(ATCC 43928), who had shown that densely grown, anoxically induced cells of Pseudomonas 133 

chlororaphis could effectively and reliably convert 1 - 5 µg NO3
- within a reasonable time span 134 

without pre-concentrating the cells. They also showed that by reducing the volume of the assay to 135 

a few millilitres, N2O could be analysed without measurable fractionation directly from the 136 
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headspace of 120 ml serum bottles, without sparging the sample with He by means of a double 137 

needle. 138 

To address the problem with NO3
- impurities often contained in complex media, we devise a simple 139 

denitrifier method, i.e. NO3- conversion to N2 by incubating the medium anoxically with 140 

Paracoccus denitrificans, which allows producing large quantities of medium strongly reduced in 141 

NO3
-. We also characterized the tolerance of our simplified conversion assay to acidity and salt 142 

content in different matrices. To evaluate the overall performance for 15N and 18O analyses, we 143 

tested the method for a range of international NO3
- standards (IAEA-N3, USGS32 and USGS34) 144 

as well as for unknown standards and NO3
- in natural samples provided by an international ring 145 

test (Biasi et al., in prep.). 146 

147 
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2. Materials and Methods 148 

2.1 Bacterial strains and culture conditions  149 

Two strains were used in this study, Pseudomonas chlororaphis ss. aureofaciens (ATCC 13985), 150 

which lacks N2O reductase and Paracoccus denitrificans (ATCC 17741) which expresses all four 151 

functional denitrification enzymes (Bergaust et al., 2012). The strains were grown on ager plates 152 

with tryptic soy broth (TSB, 30g L-1; amended with NH4Cl, 20mM; KH2PO4, 36mM; Agar 15g L-153 

1). A single colony was picked and inoculated into 50 ml TSB medium (the same recipe but without 154 

agar, pH~7) and grown overnight. Aliquots of 1 ml culture were distributed into sterile 1.5 ml 155 

microtubes containing 0.2 ml of sterile glycerol and stored at -80 oC until use. Before each 156 

experiment, a “starting culture” was prepared by inoculating one tube of either P. aureofaciens or 157 

P. denitrificans into 50 ml of fresh TSB medium or NO3
--free TSB medium (see Ch. 2.3) (Fig. 1B) 158 

and grown aerobically while stirred at room temperature until turbidity developed. Before reaching 159 

stationary phase, each 1 ml of the aerobically grown culture containing 1.1 - 1.9×109 cells was 160 

distributed aseptically into 50 ml fresh TSB medium or NO3
--free TSB medium to produce an oxic 161 

“working culture” (Fig. 1B). For each experiment described below, working culture was produced 162 

freshly.  163 

2.2 Induction of denitrification in P. aureofaciens under different initial O 2 levels in the 164 

presence of ample NO3- 165 

To evaluate how the rate of oxic-anoxic transition affects the induction of denitrification in 166 

P. aureofaciens, we set up an experiment with different initial O2 concentrations. The higher the 167 

initial O2 concentration, the more rapid the transition, as oxygen results in more oxic growth and 168 

hence greater cell numbers, depleting O2 at a greater pace. Working cultures were prepared by 169 

inoculating 1 ml starting culture (1.1×109 cells ml-1) into 15 ml sterile TSB amended with 10 mM 170 

NO3
- (Casciotti et al., 2002) in autoclaved 120 ml bottles with magnetic stirrers. Each bottle was 171 

crimp-sealed with a butyl septum and the headspace was helium-washed by 5 cycles of evacuation 172 

and helium-filling (if not stated otherwise, the procedure of bottle sealing and He-washing is the 173 

same in all experiments). After releasing overpressure, three sets of flasks (triplicates) were 174 

adjusted with pure O2 to 21, 10 and 5 vol% (equivalent to 57, 27 and 13.5 mmol L-1 O2 in the 175 

headspace) and over-pressure was released. P. aureofaciens working culture (1 ml) was inoculated 176 

after O2 concentrations were adjusted to provide equal starting conditions in all O2 treatments. O2 177 
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depletion and denitrification product accumulation (NO, N2O) were monitored in the headspace 178 

every 2 h throughout 110 hours, while stirring the bottles constantly (400 rpm) at 20oC. 179 

2.3 Removal of background NO3- from TSB 180 

Complex media carry variable amounts of NO2
- and NO3

- which would interfere with the 15N and 181 

18O of sample nitrate. To remove NO3
- impurities, we inoculated freshly made, full-strength TSB 182 

medium with P. denitrificans, a denitrifier with a notoriously efficient N2O reductase that reduces 183 

NO3
- quantitatively to N2 (Bergaust et al., 2012). To test conditions for efficient NO3

- removal, we 184 

inoculated 50 ml TSB in 120 ml bottles with 1 ml of P. denitrificans grown oxically to either 3.7 185 

or 9.3×108 cells ml-1. Different amounts of O2 (0, 0.5 and 2 ml in 70 ml He-headspace) were added, 186 

equivalent to 0, 0.42 and 1.67 mM O2. Initial O2 controls the oxic growth rate of P. denitrificans 187 

before turning the culture anoxic and had to be optimized to avoid over-growth, which would make 188 

it difficult to remove P. denitrificans cells once the NO3- was removed from the medium. Bottles 189 

were incubated horizontally shaken for 6 days at room temperature after which they were amended 190 

with 20 mM NH4
+ to replenish ammonium consumed during growth (see Ch. 2.4). Thereafter, P. 191 

denitrificans cells were removed by filtering the medium through a 0.22 µm filter using a 192 

peristaltic pump before autoclaving the medium. Residual NO3
- was measured by a P. aureofaciens 193 

bioassay, inoculating 1 ml of 9.3×108 cells ml-1 into 40 ml P. denitrificans-treated medium and 194 

following N gas evolution every 1.9 h for 30 h. The resulting “NO3-free” medium was used for 195 

subsequent experiments with P. aurefaciens and is henceforward termed P. denitrificans treated 196 

medium (short: TSBpd). The efficiency of filtering and autoclaving used to remove residual 197 

P. denitrificans activity was verified by measuring N2O production in anoxic TSBpd blanks (no P. 198 

aureofaciens added) in the presence of 7 µmol fresh NO3
- and 10 ml C2H2 in the headspace (to 199 

block N2O reduction to N2). 200 

To produce TSBpd in larger quantities, we tested medium pre-treatment with P. denitrificans in 201 

500 ml Duran bottles (total volume of 620 ml). 500 ml TSB was inoculated with 10 ml 202 

P. denitrificans working culture (9.3×108 cells ml-1), leaving a headspace of 110 ml with ambient 203 

air, equivalent to 2 ml O2 for 50 ml TSB. The bottles were sealed air-tight using Teflon film and 204 

supported by several layers of plastic film around the screw cap. The bottles were incubated for 3 205 

days standing upright on a horizontal shaker to prevent sedimentation before being amended with 206 

NH4
+, filtered and autoclaved. The efficiency of NO3

- removal and sterilization/cell removal was 207 
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checked as described above. Thereafter, the TSPpd medium was portioned and frozen to -20oC. 208 

Producing TSBpd in large batches has the advantage that medium specific 18O exchange rates used 209 

for correction (see Ch. 2.7) can be determined for a large number of samples. 210 

2.4 NH4
+ assimilation and induction of denitrification at low NO3

- concentrations 211 

Preliminary experiments with P. aureofaciens working culture grown in TSBpd showed that no 212 

balanced denitrification could be obtained in the presence of small, µM amounts of NO3
-. To test 213 

whether depletion of NH4+ from the TSB medium during pre-treatment with P. denitrificans was 214 

the reason for P. aureofaciens’ inability to induce balanced denitrification, we designed an 215 

experiment in which we compared the conversion efficiencies of P. aurefaciens grown in TSBpd 216 

with and without 20 mM of NH4+ added before autoclaving. 1 ml of P. aureofaciens starting 217 

culture (9.3×108 cells ml-1) was inoculated into 50 ml TSBpd with and without NH4+ amendment. 218 

Both cultures were then incubated oxically for 3 - 5 hrs, to yield a working culture with a cell 219 

density of 5.6×108 cells ml-1. 120 ml flasks with 2 ml solution, containing 0, 25, 50, 100, 150 and 220 

200 nmol KNO3 were capped and He-washed, to which each 2 ml of the working culture was 221 

added. NO and N2O production were monitored every 1.7 hours for 24 hrs.  222 

2.5 Effect of initial O2 levels and cell densities of P. aureofaciens on complete conversion of 223 

NO3
- to N2O and its isotope effects 224 

To find the best setup for a rapid and complete conversion of small amounts of NO3
- to N2O by 225 

oxically grown P. aureofaciens and to assess how well the isotopic composition of NO3
- could be 226 

reproduced, we conducted experiments with international NO3
- standards. Different volumes of 227 

P. aureofaciens start culture were inoculated into 50 ml TSBpd and incubated aerobically for 3 - 228 

5 h to yield working cultures with different cell densities, 5.6×108, 1.1×109 and 1.5×109 cells ml-229 

1. 0.5 ml of NO3
- house standard, IAEA-N3, USGS32 and USGS34, each containing 100 nmol 230 

NO3
- were added to sterile 120 ml bottles. The sample volume was augmented to 1 ml by adding 231 

0.5 ml DI water or 0.5 ml 18O-labelled water (δ18O=499.2‰). The latter treatment was used to 232 

determine 18O exchange between NO3
- and H2O after isotope analysis. Bottles with 1 ml DI water 233 

(no NO3
- addition) were used as blanks. The flasks were capped and He-washed as described 234 

After releasing the overpressure, half of the flasks received 0.2 ml pure O2 (equivalent to 2.8 mM 235 

O2 in liquid). The rationale of this was to test whether a small O2 supplement would facilitate the 236 

induction of balanced denitrification with different cell densities by providing a small amount of 237 



 

 

10 

 

electron acceptor for generating energy during the induction of denitrification. Thereafter, 2 ml of 238 

working culture with different cell densities was injected to triplicate bottles, giving a total volume 239 

of 3 ml. Blank bottles (no NO3-) were set up with 5.6×108 cells ml-1 working culture only. NO and 240 

N2O accumulation was monitored for 15 hours in blank bottles and bottles with house standard. 241 

All other bottles were incubated standing at room temperature. To stop P. aurefaciens activity after 242 

the conversion and to trap excess CO2, 0.2 ml 10M NaOH was added after 15 hours (Casciotti et 243 

al., 2002). 15N and 18O of headspace N2O was analysed by continuous-flow-IRMS within 5 days 244 

(Ch. 2.7).  245 

2.6 Effect of acidity and KCl in sample matrix  246 

We tested the effect of low pH and high salt concentrations, typical for soil extracts, on the ability 247 

of oxically grown P. aureofaciens to convert small samples of NO3
- without prior induction of 248 

denitrification. 25 µM NO3- standards were prepared in triplicates in 4 ml DI water adjusted by 249 

1M NaOH to pH 4 and in 4 ml 1, 0.5 and 0.25 M KCl solution. All solutions were prepared in 250 

120 ml serum flasks, He-washed and inoculated with 2 ml P. aureofaciens working culture grown 251 

oxically in TSBpd medium (cell density = 5.6×108 cells ml-1). Sterile flasks with DI water, TSBpd 252 

and KCl solution were used as blanks. NO and N2O accumulation were monitored every 4 hrs for 253 

36 hrs. 15N and 18O in N2O was analysed within 5 days. 254 

2.7 Incubation system and gas analyses  255 

N-gas, CO2 production and O2 consumption were measured in constantly stirred (500 rpm) batch 256 

cultures using a robotized incubation system with automatic headspace analysis similar to that 257 

described by (Molstad et al., 2007 ), but with another gas chromatographic system (Model 7890A, 258 

Agilent, Santa Clara, CA, USA). The instrument setup and method are described in more detail in 259 

(Molstad et al., 2016) and (Zhu et al., 2013b). Gas production/consumption rates were calculated 260 

from concentration change, accounting for He-dilution and dissolution of gases in the medium by 261 

applying temperature-corrected Henry constants, assuming equilibrium between headspace and 262 

liquid.  263 

Abundances of 15N and 18O in N2O were analyzed by PreCon-GC-IRMS (Delta XP, Thermo 264 

Finnigan MAT, Bremen, Germany) directly from the headspace of the 120 ml bottles used for the 265 

conversion assay. Fractionation between headspace and liquid was considered negligible given the 266 

small volume of the liquid phase (4-6 ml). Three NO3
- standards (IAEA-N3, USGS32 and 267 
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were included in triplicate into each batch for data correction. A N2O house standard (4.64 ppm 268 

N2O in He) was used for drift correction. Different amounts of DI Water enriched in 18O 269 

(δ18O~900‰) were added to the medium and used to quantify 18O exchange between NO3
- and 270 

water. 271 

2.7 Calculations 272 

Isotopic abundances of 15N and 18O are expressed as δ15N and δ18O versus atmospheric N2 and 273 

VSMOW, respectively. δ15N values of NO3- were calibrated directly against the international 274 

standards IAEA N3, USGS 32 and USGS 34. The denitrifier method has four direct error sources 275 

for measured δ15N: i.) NO3
- and N2O blanks of the working culture, ii.) completeness of 276 

conversion, iii.) non-linearity of the raw ratios with sample size effect, causing a size-effect on 277 

measured isotope ratios in N2O and iv.), instrument drift (Sigman, 2001). The latter was evaluated 278 

and corrected by including house standards (100 µmol KNO3) between every 8th run. Assuming 279 

that the NO3
- and N2O-background (blank) is constant for every batch of medium, and the 15N 280 

fractionation during the conversion is equal for internal standards and samples when processed in 281 

same amounts, the blank and the conversion error can be corrected for as long as the isotopic 282 

relationship between sample and standard values is linear. Therefore, the 15N correction can be 283 

simplified by using a range of certified standards with sufficient spread in isotopic values. 284 

Correction of the δ18O values has to consider in addition the fractionation of δ18O during the 285 

conversion of NO3- to N2O and the O-exchange between NO3
-, NO2

- or NO and H2O during 286 

denitrification to N2O (Casciotti et al., 2002). For this, two standards differing in δ18O values 287 

(USGS-32: 25.7 ‰ and USGS-34: -27.9‰) were included in each batch, correcting for the 288 

combined effect of all error sources (Casciotti et al., 2002). This approach requires that equal 289 

amounts of NO3- are processed in standards and samples.  290 

We applied the equation from (Stevens and Laughlin, 1994) to calculate atm% 15N in N2O from 291 

15N-enriched samples, to account for double-15N substituted N2O: 292 

At% N�� − N�O = 100( ��� + 2 ∗ � −�� � − 2 ∗ �)/(2 + 2 ∗���� ��� + 2 ∗ �)��  293 

where 45R, 46R, 17R and 18R stand for atom ratios of 45N/44N, 46N/44N, 17O/16O and 18O/16O, 294 

respectively.  295 

 296 
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 297 

 298 

Figure 1. Work flow of the original denitrifier method (A) developed by Sigman et al. (2001) and 299 

Casciotti et al. (2002) and (B) of the modified denitrifier method (this study).  300 

301 
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3. Results and Discussions 302 

3.1 Induction of denitrification in P. aureofaciens in batch culture with different initial O 2 303 

concentrations and ample NO3- 304 

To test the effect of initial oxygen availability on the ability to induce balanced denitrification in 305 

P. aureofaciens, we prepared batch cultures with oxically grown cells inoculated to fresh, 306 

untreated TSB medium amended with 10 mM KNO3. Before inoculation, headspace O2 was 307 

adjusted to 21, 10 and 5 vol% O2 under constant stirring (equivalent to 56.9, 27.1 and 13.5 mM 308 

O2). O2 depletion and NO and N2O production were observed over 105 h (Fig. 2). The maximum 309 

O2 consumption rate differed clearly with initial O2 concentration and was greatest with 21 vol% 310 

(87.1 ± 2.4 µmol O2 h-1 bottle-1), intermediate with 10 vol% (45.9 ± 3.9) and smallest with 5 vol% 311 

initial O2 (25.0 ± 1.1). With 21 vol% initial O2, P. aureofaciens did not induce functional 312 

denitrification despite complete exhaustion of O2 (Fig. 2A); 6.3% of the added N (150 µmol bottle-313 

1) accumulated as NO after 110 h of incubation, but no N2O production was detected, indicating 314 

severe impairment of denitrification when switching the culture rapidly to anoxia. Induction of 315 

denitrification with 10 vol% initial O2 converted more NO3- to gaseous N (52.1% of the added N 316 

accumulated as NO and 8.7% as N2O-N, Fig. 2B), but NO accumulated to toxic concentration 317 

levels, likely preventing complete conversion of NO3
- to N2O. With 5 vol% initial O2, maximum 318 

NO accumulation was < 0.1% of added NO3
--N and 103.6 % was recovered as N2O (Fig. 2B). The 319 

slightly higher amount of N recovered than added may be due to the unknown NO3
- background 320 

in TSB medium, which was not removed in this experiment.    321 

322 

Figure 2: Kinetics of O2 consumption and NO and N2O production in oxically grown 323 

P. aureofaciens incubated with 21 (A), 10 (B) and 5 vol% (C) initial O2 in headspace. Shown are 324 
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averages of 2 to 5 bottles; error bars are 1 SD. The insert in (C) shows the onset of NO and N2O 325 

production with decline O2 concentration in the headspace.   326 

 327 

Unbalanced induction with uncontrolled accumulation of NO to micro-molar levels as found in 328 

our 10 vol% O2 treatment (Fig. 2B) has been observed previously in batch experiments with the 329 

nos-deficient strain Agrobacterium tumefaciens and was attributed to rapid oxic-anoxic transition 330 

(Bergaust et al., 2008; Kampschreur et al., 2012). In the present experiment, the 10 vol% treatment 331 

accumulated 28.23 µM NO in the liquid, which is considered inhibitive for cellular growth (Zumft, 332 

1997). In contrast, the 5 vol% treatment accumulated a maximum of 0.4 µM NO. Together, these 333 

results demonstrate that induction of denitrification in P. aureofaciens is highly sensitive to the 334 

pace at which O2 depletes, resulting either in no induction (with 21 vol% initial O2), unbalanced 335 

denitrification with uncontrolled NO production (10 vol% initial O2) or well-balanced 336 

denitrification with complete conversion of NO3
- to N2O with little transient NO accumulation 337 

(5 vol% initial O2). In the method of Sigman et al. (2001) and Casciotti et al. (2002), the velocity 338 

of this transition when growing the working culture is ultimately controlled by the volume ratio of 339 

culture to air in the headspace. Our results indicate that O2 depletion rates exceeding 1.7 mM hr-1 340 

(the rate observed in the 5 vol% treatment) may result in dysfunctional cultures. As shown in our 341 

5 vol% treatment, successful induction is characterized by a simultaneous onset of NO and N2O 342 

production when the O2 concentration in the headspace falls below ~0.5 vol% (insert in Fig. 2C). 343 

In contrast, there was a significant delay in the onset of N2O relative to NO accumulation in the 344 

treatments with higher initial O2 concentrations, and NO production commenced at higher O2 345 

concentration. In summary, induction of balanced denitrification in P. aureofaciens in the presence 346 

of ample NO3
- appears to rely on “slow” transition from oxic to anoxic respiration, which may be 347 

a challenge when preculturing P. aureofaciens in greater quantities with a given medium to 348 

headspace ratio. Too fast O2 depletion during growth and induction of P. aureofaciens may thus 349 

be one reason for failure in producing a functional working culture sensu figure 1A. On the other 350 

hand, this opens for inducing denitrification in P. aureofaciens with little O2 (as is present after 351 

He-washing) as oxic cell growth will be limited.    352 

 353 

 354 
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3.2 Removal of NO3
- background from TSB medium 355 

To test the feasibility of inducing anoxic respiration in an oxically grown P. aureofaciens working 356 

culture (Fig. 1B) with typically small amounts of sample NO3
-, we had to strongly reduce the NO3

- 357 

background in TSB. Freshly prepared TSB medium contains considerable amounts of NO3
- (34.5 358 

µM in the present case), which is similar in magnitude to the amount of expected sample NO3
-. 359 

For this, we pre-treated the medium with P. denitrificans (an efficient denitrifier quantitatively 360 

converting NO3
- to N2) and tested NO3- removal with different initial O2 concentrations and 361 

inoculum densities.  362 

P. denitrificans efficiently removed NO3- from the medium under all conditions with initial 363 

headspace O2 concentrations varying from 0 - 1.82 mM O2 and inoculum densities from 3.7 to 9.3 364 

×108 cells ml-1 (Tab. 1). Removal efficiencies varied between 96.8% - 98.8%, leaving 0.41-1.10 365 

µM NO3
- in the medium. Using 2 ml of the P. denitrificans treated TSB medium (henceforth called 366 

TSBpd) for the conversion essay with P. aureofaciens, would introduce a blank value (non-sample 367 

NO3
-) of 0.82 – 2.20 nmol which was deemed acceptable for sample sizes between 10 and 100 368 

nmol NO3
- (in 2 ml matrix) or 0.3 – 3 mg NO3- L-1. For smaller concentrations, more solution could 369 

be processed. 370 

To produce TSBpd in greater batches, we tested the P. denitrificans pre-treatment in 500 ml Duran 371 

bottles and found that the residual NO3
- was 0.49 µM NO3- (98.6% NO3

- removal; Tab. 1), proving 372 

that the removal efficiency is reproducible independent of medium volume. This allowed us to 373 

produce TSBpd in quantities that could be frozen in portions and used for growth of oxic 374 

P. aureofaciens working culture on demand (Fig. 1B).  375 

To prevent interference by P. denitrificans remnants with P. aureofaciens growth, we filtered 376 

(0.22µm) the pre-treated medium prior to autoclaving. Controls without P. aureofaciens but added 377 

NO3
- and C2H2 showed no measurable CO2 or N2O production over 90 h anoxic incubation (not 378 

shown), suggesting that P. denitrificans was successfully inactivated. 379 

 380 

 381 
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Table 1. NO3
- removal from TSB medium by P. denitrificans using different cell densities and 382 

initial O2 concentration in closed flasks. The residual NO3
- concentration was calculated from 383 

N2O production in the presence of acetylene. Given are single bottle values for 0% O2 and mean 384 

values ± SE for triplicate bottles with 0.5 and 2 ml O2 in headspace  385 

Volumes of 
medium and 

flasks  

O2 in 
headspace  

(ml) 

Cell density of 
P.d. inoculum 

Residual NO3
- 

concentration in 
TSBpd 

NO3
- removal 

efficiency 
compared to 

untreated TSB 

  ×108 cells ml-1 µM % 

50 ml in 120 ml 
flask 

0  3.7 (1 ml) 0.81 97.65% 

0 9.3 (1 ml) 0.41 98.81% 

0.5 3.7 (1 ml) 1.10 ± 0.14 96.8 ± 0.4% 

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 ml in 620 ml  110 ml air 9.3 (10 ml) 0.49 ± 0.04 98.6 ± 0.1% 

 386 

 387 

3.3 NH4
+ assimilation during growth of P. aureofaciens and its effect on the ability to induce 388 

denitrification at low NO 3
- concentrations 389 

A potential pitfall during the induction of denitrification in P. aureofaciens incubated with spent 390 

medium depleted in NH4+, would be assimilation of a fraction of the NO3- present, since a 391 

minimum of NH4
+ is needed to repress the pathway for assimilatory reduction of NO3

- (Siva Raju 392 

et al., 1996; Bisen et al., 1991; Alef et al., 1985). To test this, we used P. aureofaciens grown 393 

oxically in TSBpd medium without added NH4+ (TSBpd-NH4) and small amounts of NO3- (< 200 394 

nmol). 2 ml of TSBpd-NH4 working culture was added directly to 2 ml solution containing different 395 

amounts of NO3- (0 - 200 nmol) in anoxic 120 ml flasks (no extra O2 added) and N gas production 396 

was followed for 26 hours at room temperature.  397 

 398 
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 399 

Fig. 3 Kinetics of NO (A) and N2O (B) production by P. aureofaciens in 0 – 200 nmol NO3- 400 

amended TSB medium without added NH4
+. Shown are results from single bottles. Note difference 401 

in y-axis scales in figures A and B  402 

 403 

Between 69 and 85% of the added NO3- accumulated as NO (Fig. 3A), reaching its maximum 404 

between 10 and 15 hours into the incubation, before starting to deplete and giving rise to N2O 405 

production (Fig. 3B). Unlike in the experiment with rapid switching from oxic to anoxic respiration 406 

in the presence of mM NO3- (Ch. 3.1), which resulted in µM NO concentrations in the medium, 407 

the nM molar concentrations observed here (up to 50 nM NO accumulated in the medium) cannot 408 

have impaired denitrification. Between 87.9 and 94.2% of the added NO3- accumulated between 409 

10 and 15 h, most of it as NO, however (Fig. 3A). The onset of N2O accumulation was delayed 410 

relatively to that of NO. At the end of the incubation, the proportion of added N recovered as 411 

gaseous N (NO + N2O) was clearly smaller than during maximum accumulation (Tab. 2), 412 

suggesting that gaseous N was consumed by processes other than denitrification. This unexpected 413 

loss of gaseous N amounted to between 9 and 23 nmol and increased with increasing N addition. 414 

Nadeem et al. (2013) modelled NO chemistry in a closed 2-phase systems identical to that used 415 

here, and showed that NO in the headspace is in equilibrium with NO2
- in the solution. Thus, we 416 

tentatively explain the missing N by NO2
- assimilation during NH4+-limited growth of 417 

P. aureofaciens. This would be consistent with the finding that the amount of N missing at the end 418 
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of the incubation increased with added N, since growth-dependent immobilization is expected to 419 

depend on the amount of electron acceptor (NO3
-) in the system. The experiment was terminated 420 

after 26 hours, when not more than ~50% of the added N were recovered as N2O, and we concluded 421 

that the requirement for rapid conversion to N2O was not met with spent medium depleted in NH4
+.  422 

 423 

Tab. 2. Maximum recovery (%) of NO3- as NO and N2O during incubation, the sum of recovered 424 

N at the end of the incubation (26 h), the share of added N recovered as N2O and apparent N 425 

uptake, expressed as the difference of recovered NO+N2O at maximum accumulation and at the 426 

end of incubation in TSBpd medium without added NH4+ (Fig. 3) 427 

Added 
NO3

- 
Max. recovery as 

NO + N2O-N during 
incubation 

Recovery as NO + 
N2O-N at end of 

incubation 

Recovery as NO-
N at end of 
experiment 

Apparent N 
uptake 

nmol % nmol N bottle-1 

25 90.6 62.8 11.4 9.30 

50 90.6 73.7 27.5 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 

 428 

Based on the single bottle experiment with spent medium (Fig. 3), we performed a full experiment 429 

in triplicate with the same N additions, using TSBpd medium that was amended with 20 mM NH4
+ 430 

before establishing the working culture. In contrast to the incubations without added NH4
+, NO3

- 431 

was rapidly converted to N2O, reaching recovery rates of 82 - 92% after 17 h and 90 - 100% after 432 

36 h, independent of the amount of NO3
- added (Fig. 4B and Tab. 3). N not recovered as N2O by 433 

the end of the incubation was roughly matched by NO (Fig. 4A and Tab. 3). Unfortunately, due to 434 

instrument failure, no NO data are available before 17 h into the incubation (Fig. 4). The recovery 435 

of NO after >30 h of incubation suggests that P. aureofaciens is susceptible to incomplete NO 436 

reduction, a variable hardly ever measured when using the “denitrifier method” for converting 437 

NO3
-. It is noteworthy that the N2O kinetics indicated declining rates of NO reduction, which may 438 
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point at that the culture did not grow exponentially any longer. This prompted us to test the effect 439 

of culture age and initial O2 concentration on the conversion of µM NO3
- in NH4

+-amended spent 440 

medium.  441 

 442 

 443 

Fig. 4 Kinetics of NO (A) and N2O (B) accumulation by P. aureafaciens in 0 – 200 nmol KNO3 444 

amended TSBpd medium with added NH4+ (20 mM) 445 

 446 

 447 

Table 3. Recovery of NO3- as N2O after 25 hours incubation in NH4
+ amended TSBpd  448 

added NO3
- Recovery as N2O-N 

after 17 hrs 
Recovery as N2O-N 

at end 
Recovery as NO-N 

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) 

 449 
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3.4 Effect of initial O2 concentration and cell density of the working culture 451 

The effect of cell density in the working culture, which is equivalent to the growth stage, was 452 

tested with and without a small amount of O2 (0.2 ml) added to the headspace after He-washing. 453 

In this experiment, we also analysed δ15N and δ18O of produced N2O and determined the 18O 454 

exchange. The two treatments with the lowest initial cell density (5.6×108 cells ml-1) converted 455 

NO3
- most rapidly, showing exponential N2O accumulation (Fig. 5). Approximate mass balance 456 

was reached after 9-11 h. Oxygen added at the beginning of the assay had no significant effect on 457 

the conversion efficiency. Larger cell densities resulted in lower conversion efficiencies. 458 

Inspection of O2 kinetics showed that bottles with denser inocula, taken from later growth stages 459 

of the working culture, were not able to completely deplete O2 (not shown), which explains the 460 

incomplete conversion of NO3-. We therefore conclude that the working culture used for the 461 

conversion assay (Fig. 1B) should not exceed ~5×108 cells ml-1.       462 

 463 

 464 
Figure 5. Kinetics of N2O accumulation in anoxic NO3- conversion assays with oxically grown P. 465 

aureofaciens. All treatments were run in 50 ml NH4
+ (20 mM) amended TSBpd amended with 100 466 

nmol KNO3. Different initial O2 additions to the He-washed headspace (-O2: no O2; +O2: 0.2 ml) 467 

and cell densities (CD1, CD2, and CD3 refer to 5.6×108, 1.1×109, 1.5×109 cells ml-1, respectively) 468 

were tested. Error bars are 1 SE. 469 
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The observed differences in conversion efficiency and recovery of N2O (Fig. 5) did not affect the 470 

15N isotope abundance, as δ15N values of NO3- standards were fairly well reproduced in all 471 

treatments (Tab. 4). However, SD values for the different δ15N standards were smallest with the 472 

low initial cell density. This may be due to the faster growth of P. aureofaciens in bottles with 473 

smaller initial cell density, resulting in higher conversion rates and hence smaller isotopic 474 

fractionation (Fry et al. 1997). In contrast, δ18O values varied greatly across treatments, but 475 

matched consensus values most closely in treatments with low initial cell density. Among the two 476 

treatments with low cell density (5.6×108 cells ml-1), theoretical values were matched best and 477 

most reproducibly (i.e. with smallest SE) in treatments without added O2.  478 

Table 5 gives the values for 18O exchange between NO3
- and H2O (“oxygen scrambling”) during 479 

the conversion of NO3- to N2O in the different treatments, calculated from treatments with heavy 480 

water. Scrambling was very large (~25 - 35%) with high initial cell densities, reflecting slower 481 

conversion of NO3- to N2O via NO2
- and NO, which increases the chance for 18O being exchanged 482 

with water (Kool et al., 2011; Knöller et al., 2011). The values 18O scrambling were markedly 483 

smaller and more constant in the treatment with the smallest cell density without O2 addition (8.2 484 

- 9.8%). Scrambling factors around 10% are in the range of those reported for P. aureofaciens by 485 

Casciotti et al. (2002). Our results suggest that constant scrambling factors are only valid for 486 

exponentially growing cultures of P. aurefaciens.  487 

In summary, conversion of small amounts of NO3
- to N2O by oxically grown P. aureofaciens, with 488 

acceptable 18O exchange, proceeded best when using moderate densities of exponentially growing 489 

cells and exposing them to sudden anoxia (no O2 added). Under these conditions, differences 490 

between measured and consensus δ15N and δ18O values of NO3- standards (IAEA-N3, USGS-32 491 

and USGS-34) were generally were less than 0.2‰ and 0.7‰, and standard deviations smaller 492 

than 0.3‰ and 1.0‰, respectively (Tab. 4). 493 

494 
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Table 4. Raw and corrected δ15N and δ18O values for NO3- (international standards) measured in 495 

N2O from P. aurefaciens assays with different initial O2 levels (-O2: no O2 in headspace; +O2: 0.2 496 

ml O2 in headspace) and cell densities. All conversion assays were run in triplicate  497 

Standards theoretical 
δ

15N (‰) 
theoretical 
δ

18O (‰) 

 
corrected 
δ

15N (‰) 
SD  corrected 

δ
18O (‰) 

SD 

cell density = 5.6×108 cells ml-1, -O2 
N3-3 4.7 25.6  4.5 0.1  26.3 0.3 

USGS-32 180 25.7  180.0 0.1  25.4 1.0 
USGS-34 -1.8 -27.9  -1.6 0.3  -28.0 0.3 

cell density = 5.6×108 cells ml-1, +O2 
N3-3 4.7 25.6  5.2 0.3  25.3 4.0 

USGS-32 180 25.7  180.0 0.9  26.4 0.4 
USGS-34 -1.8 -27.9  -2.2 0.3  -35.0 

 

cell density = 1.1×109 cells ml-1, -O2 
N3-3 4.7 25.6  4.6 0.8  30.5 1.8 

USGS-32 180 25.7  180.0 1.2  19.5 3.3 
USGS-34 -1.8 -27.9  -1.7 0.7  -26.6 0.2 

cell density = 1.1×109 cells ml-1, +O2 
N3-3 4.7 25.6  3.3 2.1  29.3 2.0 

USGS-32 180 25.7  179.9 5.5  15.6 
 

USGS-34 -1.8 -27.9  -0.3 0.7  -25.3 
 

cell density = 1.5×109 cells ml-1, -O2 
N3-3 4.7 25.6  4.4 0.6  30.0 

 

USGS-32 180 25.7  180.0 2.4  23.1 1.8 
USGS-34 -1.8 -27.9  -1.6 0.1  -27.6 1.1 

cell density = 1.5×109 cells ml-1, +O2 
N3-3 4.7 25.6  7.8 0.1  27.0 6.0 

USGS-32 180 25.7  179.8 1.9  23.0 5.2 
USGS-34 -1.8 -27.9  -3.6 5.0  -26.6 7.6 

 498 

499 
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Table 5. 18O-exchange rates (%) between NO3
- with H2O in P. aureofaciens conversion assays 500 

with 100 nmol KNO3 and different initial O2 levels (-O2: no O2 in headspace; +O2: 0.2 ml O2 in 501 

headspace) and initial cell densities  502 

 
IAEA-N3  USGS-32 USGS-34 avg std 

 % 

5.6×108 cells ml-1, -O2
 9.0 9.8 8.2 9.0 0.8 

5.6×108 cells ml-1, +O2
 -0.5 21.0 9.0 9.8 10.7 

1.1×109 cells ml-1, -O2 25.7 38.5 36.3 33.5 6.8 

1.1×109 cells ml-1, +O2 15.1 35.4 32.9 27.8 11.1 

1.5×109 cells ml-1, -O2
 40.1 27.8 36.4 34.8 6.3 

1.5×109 cells ml-1, +O2
 19.5 33.9 19.3 24.3 8.4 

 503 

3.5 Effect of acidity and salt concentration 504 

The denitrifier method was originally developed with P. chlororaphis to isolate NO3- from 505 

seawater for isotope analysis (Sigman et al., 2001; Casciotti et al., 2002). Rock and Ellen (2007) 506 

and Mørkved et al (2007) confirmed that P. chlororaphis was well suited for soil extracts with a 507 

molarity of up to 1 M KCl. Another issue is the acidity present in extracts from acid soils, which 508 

could inhibit growth of P. aureofaciens and hence lead to incomplete conversion with high 18O-509 

scrambling. We tested both factors in an experiment converting NO3
- house standards (100 nmol) 510 

in acidified (pH4) TSBpd or with TSBpd adjusted to 0, 0.25, 0.5 and 1M KCl.  511 

Nitrate conversion to N2O was rapid and complete within 5 - 9 h (Fig. 6). Conversion in pH 4 512 

adjusted medium was only slightly delayed. There was no significant difference in N2O kinetics 513 

in medium with 0.25 M and 0.5 M KCl. In contrast, the conversion in 1M KCl was significantly 514 

delayed and did not reach complete conversion before 21 h.  515 

 516 

 517 
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 518 

Figure 6. N2O kinetics during conversion of 100 nmol KNO3 in TSBpd adjusted to pH4 or to 519 

different salt concentrations. Error bars are 1 SE. 520 

 521 

15N and 18O signatures were not significantly affected by neither acidity nor 0.25 M KCl (Tab. 6). 522 

However, with higher KCl concentrations (0.5 and 1M), δ15N decreased, while δ18O increased, 523 

indicating incomplete conversion. This illustrates that the endpoints δ15N and δ18O are sensitive to 524 

the growth conditions during conversion of NO3
- to N2O. We therefore recommend to avoid salt 525 

concentrations > 0.25M, which means that KCl-extracts from soil should be diluted prior to 526 

applying the method. In our assay, we used we used 2 ml sample, 2 ml working culture and 2 ml 527 

additional DI water, yielding a dilution of 1:3. Greater dilutions could be used if the sample matrix 528 

contains sufficient NO3-.  529 

 530 

 531 

 532 

 533 
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Table 6. 15N and 18O abundance of NO3- (house standard) in conversion assays adjusted to different 534 

pH values and with different molarities of KCl  535 

House KNO3 δ
15N SD δ

18O SD 

- 1.47 0.29 9.19 1.67 

pH4 1.51 0.39 8.21 2.88 

0.25M KCl 1.35 0.26 11.55 1.29 

0.5M KCl 0.37 0.30 13.82 0.81 

1M KCl -1.58 1.06 19.04 3.29 

 536 

 537 

3.6 Accuracy of the simplified denitrifier method applied to NO3
- standards and natural 538 

samples 539 

To evaluate the accuracy of our simplified denitrifier method with oxically grown P. aurefaciens, 540 

we applied the method to three sets of standards and natural samples provided by an international 541 

laboratory inter-comparison of N isotope techniques (Biasi et al., in prep.). The tested NO3- 542 

standards comprised one standard at natural abundance and five standards with approximate δ15N 543 

values of ~0, ~10, ~30, ~1000 and ~5000. An additional NH4NO3 standard at natural abundance 544 

and 15N-enriched NH4+ in addition to a 15N-enriched amino acid was analysed to test for cross-545 

contamination of NO3- during conversion. The environmental samples comprised natural river 546 

water (182 µM NO3-) and 0.5M K2SO4 extracts from an acid grassland soil (212 µM NO3
-), acid 547 

forest soil (24 µM NO3-) and a neutral forest soil (91 µM NO3
-). The δ15N values obtained by our 548 

method overestimated “actual” values of KNO3 standards by 1 - 2‰ at 15N abundances below 549 

30‰; by 10‰ at ~1000‰, and underestimated δ15N by more than 300‰ when the standard was 550 

close to 5000‰. This suggests that our method works satisfactorily at close to 15N natural 551 

abundance  levels but not with NO3
- strongly enriched in 15N. 18O abundances were not covered by 552 

the ring test. Denitrifier methods in general performed superior with respect to cross-contamination 553 

and our corrected δ15N values for the environmental samples were close to those obtained by the 554 

original denitrifier method and other methods (micro-diffusion, chemical conversion to N2O and 555 

N2, EA-IRMS methods). 556 

 557 
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4. Summary 558 

We studied the effect of oxic-anoxic transition on denitrification in oxically grown P. aureofaciens 559 

with respect to completeness, rapidness and 15N and 18O integrity of the NO3- conversion to N2O. 560 

We found that oxically grown cells of P. aureofaciens can be used to convert small amounts of 561 

NO3
- in various matrixes to N2O for subsequent 15N and 18O analysis, if i) the background NO3

- 562 

contained in the medium is depleted prior to growing the P. aureofaciens culture,  ii) the medium 563 

is amended with additional NH4+ (to prevent immobilization of sample NO3
- or denitrification 564 

intermediates in the conversion assay),  iii) the “working culture” is kept in a stage of exponential 565 

growth, and iv) small inocula (cell densities) are used for the conversion assay. We converted 566 

absolute amounts of NO3- ranging from 25 to 200 nmol (in 2 ml), equivalent to NO3
- concentrations 567 

between 50 and 400 µM. Based on our findings, we devise a novel P. aurefaciens method (Fig. 568 

1B, Supplementary Material), in which denitrification is induced by He-washing of oxically grown 569 

cultures in the presence of sample NO3
-, rather than induction with extraneous KNO3. This 570 

abridges the time needed by a factor of ~4 relative to the original method (Fig. 1A). We tested our 571 

method successfully for in sample matrixes with low pH (pH=4) or high salinity (0.25 - 1M KCl) 572 

and applied it to natural samples (river waters, soil extracts).  573 

 574 
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Supplemtary Materials  742 

Controlled induction of denitrification in Pseudomonas aureofaciens: a 743 

simplified denitrifier method for dual isotope analysis in NO3
-  744 

Jing Zhu1,3, Longfei Yu1, Lars R. Bakken1, Pål Tore Mørkved2, Jan Mulder1, Peter Dörsch1 745 

Production of NO3
- free TSB medium (Fig. 1B, upper panel) 746 

Paracoccus denitrificans is inoculated into sterile medium (30 g TSB/l; 20mM NH4Cl; 36mM 747 

KH2PO4, pH ~7) and grown aerobically overnight while stirring at room temperature. This results 748 

in a starting culture of P. denitrificans of which 2 ml are inoculated into a 120 ml flask with 50 ml 749 

TSB for growing the working culture aerobically for 8-10 h. This results in a cell number of 1.9 – 750 

5.6 × 108 cells ml-1. Each 10 ml of the working culture is inoculated into five 0.5 L Duran bottles 751 

filled with 0.5 L sterile TSB medium. The screw cap is closed and additionally sealed with parafilm 752 

to prevent O2 leakage into the bottle during shaking. The culture is incubated while shaking 753 

horizontally for 2 - 3 days at room temperature, thus creating anoxic conditions and completely 754 

removing traces of NO3- from the TSB medium. Next, the medium is filtered aseptically (0.22 µm 755 

sterile filter) to remove P. denitrificans cells and amended with 0.53g NH4Cl (20 mM NH4
+) before 756 

being autoclaved. The P. denitrificans treated NO3--free TSB medium (TSBpd) is frozen for future 757 

use.  758 

The modified denitrifier method (Fig. 1B, lower panel) 759 

TSBpd is thawed and inoculated with Pseudomonas aureofaciens and incubated aerobically 760 

overnight while stirring at room temperature to create a starting culture. To create a working 761 

culture, 2 ml of the starting culture is inoculated into a 120 ml flask with 50 ml TSBpd and grown 762 

aerobically for about 6-8 h while stirring at room temperature to reach a cell density of 5.6 – 9.3 × 763 

108 cells ml-1. Up to 4 ml of either samples or KNO3 standards containing 20 - 100 nmol NO3
- is 764 

added to an autoclaved empty 120 ml flask. Each flask is crimp-sealed with butyl septa and the 765 

headspace is washed with helium (5 subsequent cycles of evacuation and He-filling). Overpressure 766 

is released and 2 ml P. aureofaciens working culture is added. The flasks are incubated for at least 767 

12 h to denitrify NO3
- quantitatively to N2O at room temperature while shaking. Prior to the 768 

analysis of δ15N and δ18O in N2O directly from the headspace, 0.1 - 0.2 ml 10 M NaOH is added 769 

to the flasks to stop reaction and to trap excess CO2 (Casciotti et al., 2002). 770 
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