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Abstract. Nitrogen (N) influences local biological pro- suite of cell functions. At larger scales, N influences the cli-
cesses, ecosystem productivity, the composition of themate system via its direct impact on climate forcing and indi-
atmospheric-climate system, and the human endeavour a®ctly via its role in constraining Cuptake and storage on
a whole. Here we use natural variations in N isotopes,land and in the sea (Fig. 1). Consequently, biogeochemists,
coupled with two models, to trace global pathways of N climatologists, and ecologists are fundamentally interested
loss from the land to the water and atmosphere. We shown understanding how N cycles among Earth’s biomes and
that denitrification accounts for approximately 35% of to- across a spectrum space-time scales — especially in terms of
tal N losses from the natural soil, with NO,>®, and N how much N enters and leaves the biosphere along dissolved
fluxes equal to 15.F4.7 TgNyrt, 10.2+£3.0TgNyr?!,  vs. gaseous paths.
and 21.0:6.1 TgNyr L, respectively. Our analysis points ~ However, two principal factors have greatly challenged
to tropical regions as the major “hotspot” of nitrogen export this objective. First, M — likely the dominant gaseous N
from the terrestrial biosphere, accounting for 71 % of globalproduct of soil bacteria — is difficult to measure accurately
N losses from the natural land surface. The poorly studiedbecause of the large background concentration pfri\air
Congo Basin is further identified as one of the major nat-(Scholefield et al., 1997; Swerts et al., 1995). This chal-
ural sources of atmospheric,®. Extra-tropical areas, by lenge has sparked controversies over the “missing N” in the
contrast, lose a greater fraction of N via leaching pathwaysglobal N budget (Galloway et al., 2004). Second, emissions
(~77 % of total N losses) than do tropical biomes, likely con- of NO, N>O or N, can vary significantly in space and time;
tributing to N limitations of CQ uptake at higher latitudes. hence, scaling up field measurements, using either empirical
Our results provide an independent constraint on global moder computational models, imparts large, unexplained errors
els of the N cycle among different regions of the unfertilized in estimates of gaseous N emissions (Matson et al., 1989;
biosphere. Galloway et al., 2004; Scheer et al., 2009; Butterbach-Bahl
et al., 2002; McClain et al., 2003; Groffman et al., 2009).
Consequently, modelling has become an essential tool for es-
timation of N gas emissions at regional to global scales.
1 Introduction Boyer et al. (2006) reviewed current approaches for mod-
elling terrestrial N gas fluxes at regional scales. The two
Nitrogen (N) is essential to all life and affects many differ- pasic approaches involve either mass-balance (Howarth et
ent aspects of the Earth system as a whole. At the molecuy) 1996) or simulation models, particularly DAYCENT

lar scale, for instance, N is a significant component of nu-(parton et al., 1998), DNDC (denitrification-decomposition)
cleic acids, protein and other biomolecules that regulate a
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Fig. 1. Diagram of N cycling and its influences on global change.

(Li et al., 1992), CASA (Carnegie-Ames-Stanford) (Potter isotopically light N ¢*N) (Kendall, 1998). Within the terres-
et al., 1996), EPIC (erosion-productivity impact calculator) trial biosphere, coherent patterns in the N isotope composi-
(Williams et al., 1984), and INCA (integrated nitrogen in tion of soils and ecosystems are observed across gradients in
catchment) (Whitehead et al., 1998). These latter modeléemperature, precipitation, and latitude (Handley et al., 1999;
build on various rate-controlling properties of denitrification Amundson et al., 2003; Craine et al., 2009). Stik/1N
such as climatic, soil, nutrient, and land use characteristicspatterns in total soil N pools reflect the dominant pathways
They are generated to varying degrees from empirical meaby which N enters and leaves ecosystems (Amundson et al.,
surements that are extrapolated from lab and field studies t€003; Houlton et al., 2006; Bai and Houlton, 2009; Houl-
ecosystems, regions and the globe. However, due to the conten and Bai, 2009). Houlton and Bai (2009) have previously
plexities in N transformations, these models are generallydeveloped an isotopic approach to partition the N losses be-
highly parameterized and poorly constrained by observationgween gaseous and leaching vectors for the natural land bio-
that integrate large scales of space and time. In addition, it isphere. However, their approach did not consider regional-
difficult to obtain good estimates of many of the spatially scale variations in N loss fractions, fluxes or forms; rather it
heterogeneous variables used to constrain denitrification andnvisaged the natural terrestrial environment as a single vec-
some input data are not available at the global scale (Groffior.
man et al., 2009). Here we extend on the approach of Houlton and Bai (2009)
Natural variations in N isotope abundance have providedby partitioning gaseous N losses into NG®and N across
insights into large-scale N cycling on land and in the seadifferent sectors of the unfertilized land biosphere. This anal-
(Amundson and Baisden, 2000; Houlton et al., 2006; Hand-ysis aggregates several different model results at a spatial res-
ley et al., 1999; Brenner et al., 2001; Amundson et al., 2003;olution of 0.5 x 0.5° lat/long analyzed on a monthly time
Houlton and Bai, 2009; Bai and Houlton, 2009; Altabet et al., step to the steady state (Fig. 2). Two of the models are used
1995; Sigman et al., 2003; Devol et al., 2006; Morford et al., to constrain the mass flux of N in each grid cell, based on
2011). The stable isotopes of BN and*N vary naturally  previously published estimates of terrestrial N inputs, in-
in their abundance among biogenic materials owing to iso-cluding N fixation (Wang and Houlton 2009) and N depo-
tope fractionations, particularly kinetic ones, which are com-sition (Lelieveld and Dentener, 2000). Two other models are
monly associated with organisms’ enzymatic preferences foused to partition N losses between hydrologic and gaseous
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pathways and the forms of gaseous N produced via denitrifi{Houlton et al., 2007). More likely are isotope effects owing
cation (Fig. 2). The isotope model differs substantially from to mycorrhizal symbionts, which can deliver IoWN/2*N
traditional techniques in that it does not explicitly consider compounds to hosts, potentially causing leaves to have a
controls such as climate, carbon, or N cycling rates; ratherjower §1°N than the soils on which plants rely (Hobbie and
total ecosystem®N/*N ratios in each grid-cell integrate all Hobbie, 2006; Craine et al., 2009). Nevertheless, regardless
such controls on N loss pathways (e.g. Hadley et al. 1999pf any such isotope effect, plant and associated root sym-
Amundson et al., 2003; Houlton et al., 2006; Houlton and Baibionts return N to the soil with the same weight#dN as
2009). Thus, we generate empirically centered constraints othat of N uptake as these systems approach the steady state.
the flux, form and uncertainty in N losses, against which tra-Therefore, under steady-state conditions, internal N cycling
ditional process-based models (for example, Bai and Houltorprocesses (plant uptake and microbial uptake) do not influ-
2009) and satellite data can be independently examined (seence bulk soi'°>N/2*N ratios because they are recycling N
Fig. 2). as opposed to affecting overall N balances (Bai and Houl-
ton, 2009; Brenner et al., 2001; Houlton et al., 2006). This
lack of internal N cycle control of°N/“N has been proven
mathematically (Brenner etal., 2001; Amundson et al., 2003;

Our approach involves three phases (Fig. 2). First, we us(l;oulton etal., 2006; Bai and Houlton, 2009) and is supported

previously published estimates of N fixation (Wang and ax degzggCgeﬁsigvﬁ!?gzsaggszn%ﬂgaﬁofnggogf Iilcl)mﬁlct)lr?
Houlton, 2009) and N deposition (Lelieveld and Dentener, A ” ; utton, » Hou

2000) to force the total mass of N outputs at the globalet .al.,. 2006; Hoglton and Bal, .2009.)' AIthough further in-
scale. Second, we use estimates of the N isotope composﬂu'ry into potential plant and microbial recycling effects on

5Nj/14 ; . )
tion of soil to constrain the proportion of N lost to denitrifi- ecosystent>N/*N would be useful in general (see discus

cation vs. leaching paths across different terrestrial ecosys§'on)’ we here apply the steady-state assumption as a first

tems. Third, we use a simple model to further partition den_approxmatlon, consistent with other global biogeochemical

itrification gases into N gas fates, including NO;@and modelling efforts (Potter et al., 1996; Bouwman et al., 2005a;

N>. In the case of NO, we compare the modelled results tOMayorga et al,, 2010; Howarth et al., 1996). Thus, we fo-

satellite-based estimates of M@missions over the conti- cus on N inputs that occur via deposition and fixation and

nent of Africa. Finally, we analyze the sensitivities of our It(r)i?i?::Jaon;;r(])igri;?arlc?og;izfeous (z;r:(;n;)er;;\_/r?latn;?]tlo;,Snl-

estimated N gaseous fluxes to key model parameters and th(e N deri 9""; a'?c llow : % pathw y.

uncertainty of global denitrification using Monte Carlo sim- Jieaching - Hence, we derive the following set of equations:

ulation. . . . . 515Nsoi| = 315N1 + &gasall X fgasall +ep X fleaching (2
The spatial resolution is 0?25« 0.5° for both the isotope

fractionation model and gas partitioning model. All input o

data were regridded to 0.5 0.5° for the simulations in this Foasall + fieaching=1 ®)

study. Using the steady-state assumption, we first estimat&heres'®Nsqj is the isotopic composition of bulk sod°N;

the total N loss at 05x 0.5 spatial resolution globally from is that of atmospheric inputs; ang. and egasan are the

the N inputs of deposition and fixations, then partition the N enrichment factors for leaching and gaseous losses, respec-

loss between leaching and total gaseous loss using the isdively [¢ (%o) = (*%/ %k — 1) - 1000], wherek is a rate con-

tope fractionation model. We further estimate the fractionsstant.

of different N gaseous losses (HMONO, N,O and N») using Gaseous loss pathways include nitrification/denitrification

a N gas partitioning model that uses mean monthly volumetfrocesses and ammonia volatilization. In our model, denitri-

ric soil water content at the top 1m from 1948 to 2006 (seefication includes both denitrification and nitrifier denitrifica-

2 Materials and methods

data sets below). tion, since these bacterial groups fractionate N isotopes sim-
ilarly (Sutka et al., 2006). From this point forward, “N gas”

2.1 Nitrogen isotope model refers to collective denitrification; we account for the mag-

) ) ) . nitude and isotopic impact of ammonia volatilization using
N isotope ratios are presented in delta notation: results from previous models. We further partitionggsai
8 = [(Rsample— RsTp)/RsTD] X 10° (1) o fgasand fnha:
whereRsampleis the?®N/2N ratio of the sample anflstpis  €gasall X fgasall = G X fgas+ &NH3 X fH3; 4)
the 15N/14N ratio of the atmospheric dinitrogen.

Our N isotope model is based on the conceptual model offgas+ fNH3 = fgasall- (5)

controls on whole-ecosystetPN/2*N (Houlton et al., 2006).
Although plant uptake can discriminate agait®t when N From @), (3), (4), and §) one gets
is abundant (Evans, 2001), the expression of this isotope ef- 8 Nsoil — 819N — (eNH3 — €1) X fNH3 — €L

fect is not observed in many natural sites where N is scarce/gas= :

(6)

&G —¢L
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N Input matter in surface water of the Great Lakes. Densmore et
al. (2000) noted the difference betwe#rN of soil total N
— — _ - ands*®N of leachable N was within 1 %o at Irwine and Bicy-
EZ{‘;:?;E“CN gizﬁ“z)l;“’t‘CN | |gllRcpcsiuen cle basins in California. Houlton et al. (2006) found that the
| ) J \ 1 J difference between th#°N stream total dissolved N and soil
[ : I total N was no more than 1-2 %0 across a suite of Hawaiian
v forests. Finally, Houlton and Bai (2009) found that tHeN

Soil N isotope of nitrate in small drainage streams was very close to that of
ede! soil particulate matter from Arctic to tropical biomes, with an
integratece; equal to 0.85%.. This latter analysis pointed to
! uniformly small isotope effect expression of nitrification at
l v the scale of entire ecosystems. Thus, we uS¥Nadiscrimi-

nation of 1 %o fore; in our model parameterization scheme,
and 0-5 %o in our model uncertainty analysis (see below).

ffj;‘zZZ“SN EZS;SIOgICN Gaseous N losses substantially discriminate agéaiist
; along three major paths — denitrification, nitrification, and
I ammonia volatilization. Isotope fractionation during am-
) monia volatilization is high gyn3, 29 %0 based on Hog-
NH; | | N gas submodel berg (1997)) and has been shown to elevate St of

volatilization

heavily grazed terrestrial ecosystems; however, ammonia
volatilization from soils under natural vegetation accounts

NO N,O D> for a small fraction of N losses, less than 5 % of total gaseous
! ! . losses (Bouwman et al., 1997). Consequently, this process
N Output plays a minor role in elevating°Nsojl globally. By contrast,
bacterial pathways of gaseous N removal lead to significant
Fig. 2. Model structure. 15N enrichments — and with a flux that is large enough to

substantially elevate th&'®N of soil above atmospheric N

inputs. Indeed, the average isotope effect of denitrification
The N inputs to natural ecosystems via fixation and depo-on nitrate is substantial in both pure culture20%o) (Well-
sition have relatively lowt>N/1*N ratios that do not appear man et al., 1968) and in natural soil communitiesl6%o)
to vary substantially from system to system. fixation, for ~ (Houlton and Bai, 2009). Consistent with empirical studies,
example, does not appear to fractionateif air; its 1N we assume that nitrifier and denitrifier gases impart simi-
is close to 0 %o (Boddey et al., 2000; Yoneyama et al., 1986;lar fractionations of N isotopes (Yoshida, 1988; Jinuntuya-
Shearer and Kohl, 1986). In addition, the isotopic compo-Nortman et al., 2008), and we use a combined enrichment
sition of deposited N is typically in the range of —3%. to factor () to represent the isotope effect of both processes
3%o (Buzek et al., 1998; Handley et al., 1999; Freyer eton terrestrial®N/2“N. We use are; of 16 %o in our model
al., 1996; Houlton et al., 2006), with bulk nitrate deposition parameterization, allowing it to vary between 16—20 %o in our
across various latitudes, altitudes, climates and biomes avemodel uncertainty analysis (see below). We did not account
aging81°N of —1.5 %o (Houlton and Bai, 2009). While am- for further (i.e. values below 16%) isotopic underexpression
monium and dissolved organic N compounds can also be desf denitrification, as this seems to be an important factor at
posited, theit°N/2N ratios either overlap with or are some- very high rainfall levels (e.g. MAR 4 m), regimes that con-
what°N-depleted relative to that of nitrate in bulk precipita- stitute a very small€1 %) area of global land environment
tion (Cornell et al., 1995; Heaton et al., 1997; Houlton et al., (Bai and Houlton, 2009).
2006). Combining both fixation and deposition inpytSN;, Finally, geographic distributions 6f-°Ng; are relatively
is thus in the range of —1.5 %o to 0%, in accord with previ- well known, with many compilations pointing to similar pat-
ous syntheses (i.e. —2 %o to 1%o; Handley et al., 1999). We daerns across Earth’s major ecosystems (Amundson et al.,
not consider rock N inputs, though this may be an important2003; Handley et al., 1999; Martinelli et al., 1999). To es-
term for future N isotopic modelling efforts (Morford et al., timate $1°N at the scale of regions and biomes, we use the
2011). large-scale (i.e. regions, biomes) assessment in Amundson

Although N leaching pathways could remove |@&°N et al. (2003), which is based on empirical modelling. The

compounds from soileg ) in principle, empirical data sug- range of§°Ngej globally is —2.1 %o to 10.4%o, generally
gest that the discrimination is small. Shi(1992) found the higher thans'®N;, indicating thats>Nsj is elevated com-
fractionation factor of losses by dissolved HN was  pared to external N inputs. The standard variation of the es-
0%o to 0.5%0. Feuerstein et al. (1997) reported #i&N of timate is 2.11, and the uncertainty is 40.7 %. Although this
DON was 1-2 %o lower than coexisting particulate organic approach may introduce errors at small scales, it reasonably

Biogeosciences, 9, 3283304 2012 www.biogeosciences.net/9/3287/2012/
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approximates shifts i8N across temperate vs. tropical (mm~1); and E is excess moisture input (i.e. monthly runoff)
biomes to within~1 or 2 %o of empirical observations (Houl- (mm~1). Where WFPS exceeds 100 %, 100 % is used in the
ton and Bai, 2009). Thus, we use this model to integrate soilmodelling.

815N across ecosystems, realizing that it may slightly un- We compiled observations of J0/(NO + N,O) and
derestimate the actual magnitude of terrestf?d enrich- N2O/(N2O + Np) as a function of water-filled pore space
ment, pointing to the conservative nature of our isotopic ap-(WFPS) from various lab and field studies (Supplement Ta-
proach overall. It should be noticed that above equations repble 1) in order to validate our N gas submodel (Fig. 4).
resent long-term equilibrium values rather than short-termAgreement between modelled and observed ratios is mea-
(< decade) responses and our model is the integration of abured using root-mean-squared error (RMSE):
isotopic-fractionating emissions over the course of ecosys-

tem development (a few decades to centuries). RMSE— 1 i(M' 012 ©)
- N pt L 1

2.2 N deposition and N fixation
. . _ _ whereM, is modelled NO/(NO + N,O) or N,O/(N2O + Np)

When the isotope model is coupled with N input modgflss  ratio, 0, is the corresponding observed ratio, and N
can be converted to fluxes at steady state: is the total number of observations. RMSE is equal to
Ngas= (Nfixation + Ndeposition X fgas 7) 0.20 for NzO/(NQ+N20) ratios @ = 46) aqd 0.42 fo.r

o o o N20O/(N2O+Ny) ratios ¢ = 69). When WFPS is low, NO is
Global symbiotic N fixation (1x 1°) is generated from the 4 major form of gaseous N loss: at higher WFPS, more
CASACNP model (Wang et al., 2007; Houlton et al., 2908; N,O is produced; when WFPS70%, due to increasing
Wang and Houlton, 2009; Wang et al., 2010). Asymbiotic ynaerohic conditions, Nproduction increases rapidly and
N> fixation is based on the biome average reportgq '”_Cle‘_’ebecomes the dominate form of gaseous N (Fig. 4). We used
land et al. (1999) and the global biome classification in e coefficient of variation (CV) of the global total denitrifi-

CASACNP (Wang et al., 2007; Wang et al., 2010). Global ¢4tion flux to calculate the modelled range (mes@V) of
N deposition (8§ x 3.75) is generated from a three di- o5 gas form (see above).

mensional chemistry-transport model run in the early 1990s

(Lelieveld and Dentener, 2000). The total global N input to 2.4 Seasonal variations of NO in Africa

natural ecosystems is equal to 129 Tg NYyin our model

analysis. Global ammonia volatilization fluxes for natural Seasonal variations of NO in Africa were estimated using
soils are based on the biome averages as reported in Bouvpur model and GOMES satellite observations (Jaegle et al.,

man et al. (1997). 2004). Mean annual total N gaseous fluxes were first ap-
_ portioned equally to each month, and then partitioned to
2.3 N gas production submodel NO, N,O and N fluxes based on monthly mean WFPS (see

, ) above). Modelled NO in January, June, and August (Fig. 5a)
We use an index of water-filled pore space (WFPS, %) t0 répiefiects the recent 50-yr-mean (1948-2008) monthly varia-
resent the “holes” in the conceptual N flux pipe (Davidson, tions in WEPS.

1991), simulating the effects of Qavailability on gaseous

N emissions. Nitrification and nitrifier-denitrification are the 2.5 Data sets

main N gas producing processes when WFPS is low and

denitrification increases in importance when WFPS is moreAfter Amundson et al. (2003), we estimate sYPN by ap-
than 60 % (Bateman and Baggs, 2005). When WFPS exceeddying multiple regression models to climate data:

80%, \b becomes the. rnajor gaseous N form (DaVidson’815N50i| — 0.2048x MAT — 0.0012x MAP + 4.32. (10)
1991). Based on empirical findings (Bateman and Baggs,

2005) and previous modelling of the relationship betweenThe model is based on empirical relationships observed
WFPS of soil and relative fluxes of N gases (Davidson, 1991;across various climosequences, spanning different biomes
Potter et al., 1996), we use an index of WFPS to develop ougnd climatic conditions. Mean annual temperature (MAT)

“gas partitioning curve” (Fig. 3). and precipitation (MAP) data (®?5< 0.5°) are from Will-
After Potter et al. (1996), the index of WFPS is unitless mott and Matsuura (2000). The global unfertilized surface
and is estimated by (0.7° x 0.1°) is based on the biome classification scheme of
VUB and VITO, derived from a full year cycle (1998-1999)
WFPS= (E+FC)/PS E>0 (8a)  of 10-daily composites of SPOT-VEGETATIONW@W.

geosuccess.net/Geosucgedseas classified as croplands,
_ . urban and build-up, and cropland and natural vegetation mo-
WFPS=W/PS E=0 (8) saic, are considered as cultivated and urban land.

where FC is soil field capacity (mm); PS is soil pore space Soil moisture and runoff data are from Fan and van den
capacity (mnm1); W is monthly mean soil water content Dool (2004), available on a ®5< 0.5 monthly basis for

www.biogeosciences.net/9/3287/2012/ Biogeosciences, 9, 328¥%-2012
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Table 1. Comparison of global estimations of N gas productions by N isotope model with previously published empirical and modelling
studies (NO fluxes are soil-surface emissions without canopy effects).

Sources Area NO pO No Method Reference
(102m?)  (TgNyrh) (TgNyrh (TgNyr?h
103.5 11.2-20.3 7.2-13.2 14.9-27.1 N isotope model this study
114.0 9.1-16.0 statistical modelling Davidson and Kingerlee (1997)
97.7 5.02 statistical modelling Yan et al. (2005)
NR 7.22 statistical modelling Yienger and Levy (1995)
99.2 5.44 statistical modelling Lee et al. (1997)
Natural NR 3.0-8.0 IPCC assessment Denman et al. (2007)
NR 3.3-9.9 IPCC assessment Ehhalt et al. (2001)
118.2 6.0 statistical modelling Bouwman et al. (1995)
NR 5.73-12.90 statistical modelling Xu et al. (2008)
135.2 10.7 statistical modelling Dalal and Allen (2008)
NR 5.0-26.0 7.0-16.0 statistical modelling Bowden (1986)
122.2 7.69 5.02 process-based modelling  Potter et al. (1996)
NR 6.2 process-based modelling  Nevison et al. (1996)
16.0 3.9-55 statistical modelling Davidson and Kingerlee (1997)
145 2.41 statistical modelling Yan et al. (2005)
NR 2.98 statistical modelling Yienger and Levy (1995)
17.6 5.55 statistical modelling Lee et al. (1997)
: NR 0-4.0 IPCC summary Denman et al. (2007)
Agricultural o 1.9-4.2 IPCC summary Enhhalt et al. (2001)
14.4 0.4 statistical modelling Bouwman et al. (1995)
NR 2.46-5.53 statistical modelling Xu et al. (2008)
19.06 1.8 4.1 statistical modelling Stehfest and Bouwman (2006)
13.1 2.00 1.10 process-based modelling  Potter et al. (1996)
NR 2.58 process-based modelling  Nevison et al. (1996)
NR 11.33 process-based modelling  Liu (1996)
All NR 8.3-15.0 inverse modelling Hirsch et al. (2006)
NR 11.0-14.4 inverse modelling Huang et al. (2008)

NR: Not reported

year 1948 to the present, based on a one-layer “tipping-

bucket” model (Mintz and Serafini, 1981; Huang et al., 1996)
that uses the spatially explicit estimates of soil properties
based on IGBP soil texture attributes. Global soil field ca-
pacity (FC) and soil texture data are from Webb et al. (2000)
(2° x 1°). Soil pore space capacity (PS) is computed from
IGBP soil texture (see Eq. 7 in Saxton et al. (1986)).

2.6 Sensitivity and uncertainty analyses

Fraction of N gas emission

Sensitivity analyses are conducted by evaluating the respons:
in global denitrification fluxes resulting from changes in

model input parameters at a level &f10%. Results of
this analysis indicate a sensitivity range from 1.3 to 11.9%
(Fig. 6). Global denitrification is most sensitive to s&iPN

40
WFPS (%)

50

60

(°Nsoin) and the effective isotope effect of denitrification Fig. 3. Model of N gas production as a function of WFPS (water-

(ec): a +10% increase in eitheé/™®Ngoj or e results in  filled pore space, %). The solid

+11.9% or —11.9 % variation in denitrification, respectively.
A 10% increase in the N input flux (M,,,) corresponds to
a 10% increase in N outputs as implied by our steady- state

Biogeosciences, 9, 3283304 2012

line represents NO; short dashed
line represents PO fraction; and long dashed line represens N
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0.8 4 | ——— Modeled N,O/(N,0+NO ) L 08
) =
E 0.6 - A A r 0.6 z
= 2 z
S, 04 a, 043,
= A a N =
0.2 1 a ,@é A A L 0.2
A A TN A
ffff A A
004 ----7 r 0.0
T -0.2
0 20 40 60 80 100
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Fig. 4. Comparison of the ratios of JD-N/(N>O-N + NO-N) and
N20O-N/(N2O-N + N»-N) from field measurements (points) with ra-
tios predicted by the gas partitioning model (lines). Additional in-
formation on the field measurements is presented in Suppleme
Table 1.

assumption. Therefore, additional constraints BiNseij and
ec would most improve the model’s accuracy.

We used Monte Carlo methodology to estimate uncertain
ties in global denitrification. Assuming that the errors in
81Nsoil, 83N, funa, and Nnput are normally distributed
with a coefficient of variation of 50 %, and the errors of N
isotope enrichment factors are uniformly distributed within
the range of 25-35 %o foennz, 16—20 %0 foreg, and 0—

5 %o for ., we randomly sampled 10 000 sets of these severi
parameters from the prescribed probability distributions to

3293

The standard deviation of the mean global denitrification
rate (i.e. o7) was calculated as

N M N M

oF =YY" oij X ou X pijul

i=1j=1k=11=1

(13)

wherei, k, j, and! refer to row and column numbers of the
global grid cells;N and M refer to total latitudinal and lon-
gitudinal cells, respectively.

The uncertainty in the global denitrification rate is ex-
pressed as the coefficient of variation (ivg/7), and the
range is expressed at the 68 % confidence interval fie-{
or, ur +or)).

3 Results

-l N loss pathways

Our model indicates that 35% of all N inputs to the natu-
ral unfertilized land biosphere is lost to denitrification each
year. This agrees with results from Houlton and Bai (2009),
in which the N isotope composition of the entire natural land
biosphere suggested that about 1/3 of N deposition and fix-
ation are lost back to the atmosphere via soil denitrification
pathways. Itis also reasonably consistent with the estimate of
Seitzinger et al. (2006) of 44 % , which is based on numerical
simulation models. Thus, our spatially explicit analysis using
N stable isotope constraints on the global N budget points
0 a substantial role for denitrification gases in removing N
rom unfertilized land, helping to close the overall global N

estimate the mean and uncertainty of denitrification for eaciPUdget'

grid cell at 0.8 x 0.5° resolution.
The mean global denitrification ratgf) was calculated

as the sum of the means of all grid cells. For the uncer-

tainty, we considered spatial correlations of errors amon

adjacent grid cells. We first performed variogram analysis
(Isaaks and Srivastava, 1989), which indicated that gaseou
emissions were correlated within a range distance of 84 cell
(ca. 4662 km). Based on this correlogram, we then estimated

a correlation coefficient between two grid cells (celljj and
cell (k, 1)) (pijx0):

v

VAR (11)

Pij =1

Perhaps more important, across the terrestrial biosphere,
foas varies substantially. Specifically, our analysis suggests
that gaseous N losses vary from 0% to 69 % of total natu-
al N inputs across temperate vs. tropical latitudes (Fig. 7a).

he highest gas loss fractions are associated with desert sites,

here precipitationk potential evapotranspiration and hy-
grologic leaching is minimal. Although the absolute fluxes
these areas may be low due to low N inputs, gaseous N
efflux is estimated to be high relative to leaching, consis-
tent with previous analyses (Galbally et al., 2008; Hartley
and Schlesinger, 2000). In contraggas decreases at higher
latitudes, where limited quantities of nitrate, low NPP, and
low temperatures() constrain denitrification for most of the
year. In these environments, leachinfe4ching is the dom-

wherey (h) is the semi-variogram of the two grid cells with a inate vector of N loss. Globally, we estimate that 65% of
distance ofz, and VAR is the total variance of all grid cells. total N losses occur via leaching, consistent with previous
We used an exponential model to describe the variation ofstimates (i.e. 72 %) for unfertilized terrestrial ecosystems
y(h) with #. That is (Bouwman et al., 2005b).

Our results also point to marked spatial clustering in
the magnitude of denitrification within the natural terres-
trial biosphere, with a global denitrification flux equal to
46.94+ 13.6 Tg N yr-1, within the range of previous estimates
(58 TgNyr 1) (Seitzinger et al., 2006). The highest fluxes
are inferred for central Africa, South America, and Southeast

y(h) = Co+ Csx (1— e~ G/ (12)
whereCy, is the nugget (= 0.10 for our data)s is the partial
sill (= 0.36 for our data), and is the range (= 42 decimal
degree for our data) of the variogram model.
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Fig. 5. Comparison of modelled soil NO emissions (g Nfnmonth~1) (a) with space-based observations of NEblumn concentrations

(1015 molecules cm?) as reported in Jaegle et al. (20@4) and fire countgc) as observed by the visible and infrared scanner on board the
TRMM satellite (Jaegle et al., 2004) over Africa for January, June and August, 2000. The pink rectangle shows the area with unexpectedly
high level of NG (b) during June, which was not caused by fire or industrial emissions based on the fire coo}; maper, soil microbial

NOx pulses following the onset of rainfall over vast areas of dry soil, a notion confirmed by our model simula}ions

Asia, where the combination of warm temperatures, moistcombination of high N inputs and high precipitation amounts
soil conditions, and high N availability favours high rates of (Fig. 7c). Below the plant rooting zone (0-50cm), leached
soil microbial activity (Fig. 7b). This agrees with previous N (especially nitrate) may be further denitrified as it enters
work pointing to high potential for denitrification in moist ground water and streams (Seitzinger et al., 2006). While
tropical sites (Potter et al., 1996; Galloway et al., 2004).the fate of this N is beyond the scope of this study, our re-
Monte Carlo analysis reveals a coefficient of variation (CV) sults provide an independent estimate of dissolved N losses
of 29% on our estimates for global natural denitrification that can be incorporated into future studies of denitrifica-
fluxes. tion along the soil-river continuum. For example, our mod-

In terms of dissolved pathways of N loss, we estimate thatelled spatial pattern of N leaching is similar to that of DIN
85.7+24.8 Tg of dissolved N compounds leach through theyield predicted by NEWS-DIN (Dumont et al., 2005). Fur-
plant rooting zone in unfertilized areas annually. Southernther, leaching is important beyond its role as a vehicle of N
United States, northern South America, central Africa, andremoval from the land: it strongly influences the productivity
southern Asia display the largest leaching fluxes due to a
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15 tion is equal to 103.5 #8m? (based on VUB and VITO).
+ Applying this area to our NO production rates, we calcu-
10 1 — late that 11.2-20.3 TgNyt are emitted as NO from un-
fertilized land globally. This estimate is significantly higher
. B B B than natural NO emissions (3-8 TgN'}) as summarized
‘E‘E"E‘n _ L in the Inter-governmental Panel on Climate Change’s (IPCC)
— " S % fourth assessment report (AR4) (Denman et al., 2007). Com-
5 bining our estimate of natural NO emissions with that of
cropland and managed grassland (Stehfest and Bouwman,
10 4 L 2006) (i.e. 1.8TgNyrl), we calculate a total NO flux
= + of 13.0-22.1 TgNyr?! for the entire terrestrial biosphere
R - i . . (i.e. fertilized plus unfertilized). This falls between those
PN TN - © ingut of most process (Potter et al., 1996) (9.7 Tg Nyrand
Input parameters empirically based models (Davidson and Kingerlee, 1997)
Fig. 6. Sensitivity of denitrification to different input parameters. (21.1TgNyr?) (Table 1), but is higher than some esti-

“+” and “-” represent a 10 % increase and 10 % decrease in the inpuffates reported in the literature (5-8Tg Ny (Yan et al.,
parameter, respectively. 2005;Yienger and Levy, 1995; Lee et al., 1997) (Table 1).

Regionally, highest NO emissions are simulated for mesic
to dry tropical environments (Fig. 8a). Among the conti-
of the coastal ecosystems and contributes to coastal hypoxiaents, Africa emerges as the largest source for NO in the

Output change (%)
o
|
|

-15

5N

soil

and anoxia. natural terrestrial biosphere (0.213-0.657 g Npr—1, Ta-
ble 2). Our model simulates high NO emissions in tropical
3.2 Gaseous N forms savanna/woodland environments (0.267-0.711 gRyn—1

Table 2), while tundra falls at the low end of the world-

Our model integrates multiple data sets and several submodvide NO spectrum (0—0.007 g NTAyr—1 Table 2). Nitric
els, which is common for global-scale biogeochemical cy-oxide fluxes vary from 0.023—-0.055 g Nvhyr—1 for tem-
cles due to large spatial and temporal integration (Charria eperate forest sites, in agreement with empirical data (Supple-
al., 2008; Schaldac and Pries, 2008; Thornton et al., 2009)ment Table 2). In global grasslands, we estimate microbial
Uncertainty in our model includes both model assumptionsNO emissions between 0.101-0.179 g Ndwr—1, or near
and model input parameters. In particular, we assume ecosyshe upper bound of previously published data (Supplement
tem isotope balance, whereby internal N cycling processes Fable 2).
plant uptake, microbial uptake — do not influence bulk soil Importantly, the rate of emission of NO from the soil is
I5N/14N ratios (Amundson et al., 2003; Houlton et al., 2006; higher than the flux to the atmosphere, owing to scaveng-
Bai and Houlton, 2009). This assumption seems to be validng of NO by canopy vegetation (Bakwin et al., 1990). Nitric
at the scale of decades to centuries for most natural sitesxide is often quickly oxidized to N@upon emission, and
(Amundson et al., 2003); modern rates of N accumulationcan be absorbed onto vegetation surfaces, reducing the to-
would have at most changed soil N poatf.1% over the  tal amount of NQ that escapes to the atmosphere (Davidson
past 100 years, implying negligible N accumulation effectsand Kingerlee, 1997). Using leaf absorption factors (Yienger
on our isotopic calculations (Houlton and Bai, 2009). The and Levy, 1995), we suggest that net emission of NO from
steady-state assumption may be less valid in sites where relinfertilized terrestrial ecosystems may be reduced by up to
atively frequent and hot fires can lead to transient imbalance40 Tg Nyr-1. Comparing our modelled spatial and tempo-
in N — especially on short time scales (Aranibar et al., 2003)ral variations of soil surface NO emissions to satellite map-
(see below on importance of fire in N losses). Moreover, weping of space-based observation of Ni@ Africa (Jaegle et
use an empirically derived model to estimate 85N across  al., 2004) (Fig. 5), we find that both soil microbial activi-
global ecosystems and this imparts errors in our assessmeties and fire activity are responsible for the high levels of
of §1°N, especially at sub-grid scales. This is an importantatmospheric N@between 0to 10 N latitude in January. In
area for future work — more data on tB&N of soil across  contrast, the unexpectedly high level of Bl@bove the Sahel
ecosystems. Nevertheless, we note that the approach we usegbion during June (shown in the pink rectangle in Fig. 5)
to estimate soib1°N is able to capture shifts across temper- is not caused by fire or industrial emissions; rather, Jaegle
ate to tropical biomes, typically within about 1 %o of actual et al. (2004) speculated that this represented microbigl NO
measurements (Houlton and Bai, 2009). pulses following the onset of rainfall over vast areas of dry

We estimate that, on average, 0.150.044gNnt2yr—1 soil, a notion confirmed by our model simulations (Fig. 5a).
are lost to microbial NO production in the natural terrestrial Thus, our isotope-based approach appears to integrate broad-
soil (Table 1, Fig. 8a). Globally, the geographic area thatscale dynamism in microbial gaseous N production rates.
is free from agriculture and major land cover transforma-
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Fig. 7. Global patterns of fraction of gaseous N losségé (), total gaseous N flub), and total leaching N fluXc) from unfertilized
soils.

Biogeosciences, 9, 3283304 2012 www.biogeosciences.net/9/3287/2012/



E. Bai et al.: Isotopic identification of global N hotspots 3297

1,000
CJkm

NO
g N/'m?/yr
e 5.42

o
mm Human-managed areas

1,000
CJkm
N,O

g N/'m?/yr
3.43

o
mm Human-managed areas

1,000
CJkm
N2

g N/'m2jyr
546

- 0 c
mm Human-managed areas

Fig. 8. Global patterns of N@a), N>O (b), and N (c) from unfertilized soils.

www.biogeosciences.net/9/3287/2012/ Biogeosciences, 9, 328¥%-2012



3298 E. Bai et al.: Isotopic identification of global N hotspots

Table 2. Modelled results of regional N gas fluxes from soil denitrification.

Modelled N gas flux (g N m2yr—1)

Region Area (18 m?)

NO NoO No
Closed tropical forest 9.0 0.099-0.229 0.180-0.418 0.602-1.396
Tropical rainforests 9.2 0.095-0.217 0.176-0.400 0.610-1.390
Tropical savanna/woodland 17.6 0.267-0.711 0.150-0.398 0.210-0.560
Brazilian Amazon forest 5.5 0.067-0.285 0.129-0.553 0.406-1.734
Grassland/steppe 22.3 0.101-0.179 0.037-0.065 0.028-0.050
Temperate/boreal forest 211 0.023-0.055 0.029-0.069 0.104-0.244
Deserts and semi-deserts 16.2 0.120-0.266 0.003-0.007 0.001-0.003
Chihuahuan Desert 0.005 0.020-0.323 0.003-0.049 0.000
Tundra 10.7 0.000-0.007 0.000-0.007 0.000-0.010
Africa (18 N-30C° S) 16.0 0.213-0.657 0.165-0.507 0.239-0.737
European forest 3.0 0.026-0.118 0.042-0.184 0.038-0.162
United States 5.33 0.023-0.119 0.008-0.044 0.106-0.544

For N;O, we estimate that 7.2—-13.2 Tg N'jrof this po-  cept for tropical savanna where we estimate highe®N
tent greenhouse gas are emitted from natural soil microbefluxes (0.150-0.398 g Nnfyr—1) than empirically (Dalal
worldwide (Table 1, Fig. 8b). Bouwman et al. (1995) esti- and Allen, 2008) and process-based (Potter et al., 1996)
mated 6.8 TgNyr! global pre-agricultural BO emissions  models. Our model may overestimate this flux, because fire-
based on a simple empirical model, while the IPCC adoptectaused N losses are not considered. For example, Olivier et
value of 3.3-9.9 TgNyr N,O emissions from soils un- al. (1998) estimated that 4.8 Tg N'yr are removed by sa-
der natural vegetations in their 2001 report (Ehhalt et al.,vanna fires, or approximately 62 % of total fire-induced N gas
2001). When our results are combined with theCONef- emissions in the terrestrial biosphere. Globally, fire removes
flux associated with fertilized cropland and managed grassa modest amount of N (7.7 Tg Nyt), ~5.8 % of total N in-
land (4.1 TgNyr1) (Stehfest and Bouwman, 2006), we es- puts (Olivier et al., 1998).
timate a natural soil sourced globaj® flux between 11.3— Finally, to our knowledge, we here provide the first-ever
17.3TgNyr?!. Diverse global estimates of } are avail-  simulations of the global spatial pattern of natural sojl N
able via process-based, statistical, or inverse models; thegmissions, widely believed to be the dominant biogenic form
(Huang et al., 2008; Nevison et al., 1996; Ehhalt et al.,of gaseous N on Earth. We estimate that 14.9-27.1 TgN yr
2001; Bouwman et al., 1995; Xu et al., 2008; Dalal and are denitrified to atmospheric,Nh the unfertilized soil. Ac-
Allen, 2008; Bowden, 1986; Potter et al., 1996; Liu, 1996; cording to our model, soil Noriginates mainly in southeast
Hirsch et al., 2006) generally vary from 10.6 Tg N'yrto North America, north South America, central Africa, and
15TgNyr! (Table 1). Our isotope-based model indepen- Southeast Asia (Fig. 8c); anaerobic environments caused by
dently confirms this range of estimates of globalONfluxes  high precipitation and poor soil drainage in these areas favour
from natural soils. N> production (Galloway et al., 2004). In contrast, dry and

Across the terrestrial biosphere, our model identifieslow N throughput environments have uniformly lovg ldro-
moist tropical areas, such as the east Amazon Basin, cerduction potentials (Fig. 8c).
tral Africa, and northern Australia, as natural hotspots of Due to methodological limitations, very few studies have
bacterial NO production (Fig. 8b). Specifically, we esti- assessed soil Nfluxes in the field. Recently, Schlesinger
mate that natural tropical rainforest and savanna biome$2009) compiled all of the available data onp®FN/(N2O
account for 77 % of global natural J® emissions. Trop- + N2)-N reported for terrestrial ecosystems under natu-
ical rainforests have the highest potential fopON pro-  ral vegetation, with a mean fraction of 0.51 for grassland
duction (0.176-0.400gNnfyr—! Table 2), whereas, sim- (n=4), 0.41 for forest = 14), and 1.0 for desert(=
ilar to NO, tundra has the lowest (0—-0.007 g Nfiyr—1 1). Our model simulates an J®9-N/(N2O + N2)-N ratio
Table 2). Previous models have reported a mean rangef 0.22 for tropical and temperate forest, 0.43 for trop-
of 0.12-0.29gNm2yr~1 for NoO emissions from trop- ical savanna/woodland, 0.57 for grassland, and 0.71 for
ical forests (Matson and Vitousek, 1990; Bowden, 1986;desert biomes — all of which fit generally with Schlesinger’s
Dalal and Allen, 2008; Potter et al., 1996) and a meancompilation (Schlesinger, 2009). In moist tropical forest,
range of 0.022-0.068gNTMyr—! N,O emissions from the high water availability and periods of extended anaer-
temperate forests (Dalal and Allen, 2008; Stehfest andobiosis in soil, and high NPP and N cycling rates, favour
Bouwman, 2006). Our results fall within this range — ex- low N2O-N/(N2O + N)-N ratios. In temperate forests,
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N2O-N/(N2O + Np)-N ratios are generally low and extremely models of C and N cycles are poorly constrained (Wang et al.,
variable. For example, Wolf and Brumme (2003) reported2010); uncertainties in their predictions are expected to be
N20-N/(N2O + Np)-N ratios ranging between 0.19 to 0.85 high, but yet to be quantified. The spatially explicit estimates
in beech forest with different mineral soils; Merrill and Zak of N losses from this study can provide an important con-
(1992) found much higher values (0.63-0.98) in upland for-straint for benchmarking the performance of global biogeo-
est in Michigan and a pO-N/(N2O + Np)-N ratio of 0.25 chemical models under present conditions. Additional work
under swampy forest conditions. Dannenmann et al. (2008pn the N isotope composition of natural ecosystems, cou-
observed a BO-N/(N2O + Np)-N ratio of 0.23 when wa- pled with examination for transient effects where appropri-
ter holding capacity (WHC) was 48-55 %, while the ratio ate, would not only advance our approach further, but would
dropped to 0.03 when WHC was 62—84 %. also be useful for ground-truthing global models.
Our isotope-based approach considers interactions be-
tween soil microbial processes, climate and soil conditions
4 Discussion over large spatial scales thereby providing a novel and in-
dependent constraint against which empirically and process-
Our results point to tropical ecosystems as the global N cy-based models and inverse chemical transport analyses can be
cling hotspot within the natural land surface. This agrees withevaluated. Our isotope-based approach points to high NO
field-based evidence (Vitousek, 1984;Hedin et al., 2009) ancemissions in Africa and high Nemissions in Southeast
implies a potential coupling between natural paths of fixationUSA, areas where very few measurements have been made.
(Houlton et al., 2008) and denitrification within this biome, Incorporating spatial and temporal complexities (so-called
similar to those couplings observed for the global open ocearihotspots and hot moments”) into the N cycle is consid-
(Deutsch et al., 2007). Future studies onfation and den-  ered the biggest challenge in denitrification research (Groff-
itrification (and their couplings) in tropical forests are criti- man et al., 2009). Previous studies have used models that
cal for understanding the integrated Earth-climate system -were calibrated locally and extrapolated globally, introduc-
and the magnitude and direction of carbon (C) exchanges bang unquantifiable uncertainties into estimates of denitrifica-
tween tropical biomes and the atmosphere. tion. Episodic emissions of NO anc® in the arid and semi-
Accurate partitioning of N losses along denitrification arid region are known to account for a significant fraction of
vs. leaching vectors is fundamental to understanding C andotal N loss (Hartley and Schlesinger, 2000), for example,
N couplings in the terrestrial biosphere. The response of N-and these losses are poorly simulated by most global models,
limited ecosystem to increasing [G[2depends partly on N whereas our model integrates all isotopic-fractionating emis-
loss responses to increasing [€Gn the future. Losses of  sions including episodic pulses of NO and®lover a long
DON compounds are substrate-independent (Hedin et alperiod (~decade). The similarities between our modelled re-
2003) and therefore less likely to change with increasingsults and satellite observations of N@nd newly identified
[CO,] (Rastetter et al., 2005) than are N losses via nitratehot spots of N emissions point to the power of our N isotope
leaching and denitrification that depends on available N subimodel at large scales.
strates; denitrification in particular might be expected to de- Our modelled maps provide a reference for future studies.
crease in response to progressive N-limitation. Our study reFor example, our map (Fig. 8b) points to the Congo Basin
veals that leaching is a greater fraction of N losseg{ %) in Africa as one of the dominant natural sources gfON-
at high latitudes, in contrast to the tropics where denitrifica-a potent greenhouse gas (Fig. 1) and ozone-depleting agent
tion (leaching = 58 %) contributes more to the N economy of (Ravishankara et al., 2009) — while there are almost no pub-
natural ecosystems. These results agree with empirical studished data on BO fluxes from this region. Most published
ies pointing to substantial DON losses from both boreal anddata on NO fluxes in the tropics are from South and Central
unpolluted temperate forests and high denitrification rates inAmerican forests, with a few data from Southeast Asia and
tropical sites (Seitzinger et al., 2006; Neff et al., 2003). We Northwest Australia. Thus, continued advancement on such
postulate that loss-driven N limitation will persist longer at issues as climate change and stratospheric ozone would seem
high latitudes than other sectors of the terrestrial biosphere.to benefit from empirical investigations of the old-world trop-
Global biogeochemical models have been used to studycs.
the change of nutrient limitation under future climate and The spatial patterns of Nemissions we describe are cru-
higher [CQ] conditions (Sokolov et al., 2008; Thornton et cial for understanding N dynamics of the Earth system. Soil
al., 2009; Zaehle et al., 2010a), but the spatial pattern of NN is considered the most important pathway by which N is
limitation and its response to increased warming andJICO returned from the soil to the atmosphere (Schlesinger, 2009;
is uncertain. For example, N limitation of tropical NPP is ex- Galloway et al., 2004). Our results support the common be-
pected in one model (Thornton et al., 2009), whereas anothdief that N, emissions account for a significant fraction of
model suggests that temperate and boreal forests will exhibithe “missing N” (Schlesinger, 2009) in the global N cycle,
more profound symptoms of progressive N limitation than and provide the first-ever quantitative predictions of global
tropical forests in the future (Zaehle et al., 2010b). Globalpatterns of N fluxes among terrestrial ecosystems.
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Our model can be improved with additional information, Amundson, R., Austin, A. T., Schuur, E. A. G., Yoo, K.,
observations and experiments. In particular, knowledge on Matzek, V., Kendall, C., Uebersax, A., Brenner, D., and Bais-
isotope fractionations via gaseous N losses is clearly war- den, W. T.: Global patterns of the isotopic composition of
ranted, since they can vary across different ecosystems and SCil and plant nitrogen, Global Biogeochem. Cy., 17, 1031,
conditions; our sensitivity analyses (Fig. 6) indicate that do_':1010'1029/2002(38001903’ 2003. _
our N loss fractions are most sensitive to variatios}iN ~ Araniban J. N., Macko, S. A, Anderson, |. C., Potgieter, A. L.
(81%Nsoit) and the isotope effect of denitrificatiosyér). This F., Sowry, R., and Shugart, H. H.: Nutrient cycling responses

o soil . \ . to fire frequency in the Kruger National Park (South Africa) as
points to the importance of a deeper understanding of isotope

. - ) indicated by stable isotope analysis, Isotopes in Environmental
effect expression and additional measurements ofs$e. Health Studies, 39, 141—158, 2003.

In addition, more information on the influence of soil proper- gaj, E. and Houlton, B. Z.: Coupled isotopic and process-based
ties such as soil texture, soil water availability on N gas parti- modeling of gaseous nitrogen losses from tropical rain forests,
tioning would increase the robustness of our model. Further, Global Biogeochem. Cy., 23do0i:10.1029/2008GB003361
uncertainties in M fixation models are difficult to assess and  2009.
are probably high, although they are the best available modBakwin, P.S., Wofsy, S. C., Fan, S.-M., Keller, M., Trumbore, S. E.,
els at present; additional constraints on N inputs and climate and Da Costa, J. M.: Emission of nitric oxide (NO) from tropi-
and soil databases could help to reduce uncertainties in the c@! forest soils and exchange of NO between the forest canopy
model. and atmospheric boundary layers, J. Geophys. Res., 95, 16755—
Finally, our estimates of N loss fractions have implications 16764, 1990. I N

. . . L Bateman, E. J., and Baggs, E. M.: Contributions of nitrification and

for a rapidly changing N cycle. Nitrogen deposition is on the

. : i I . . denitrification to NO emissions from soils at different water-
rise and will continue to rise in the future, spreading rapidly  fjjed pore space, Biol. Fertil. Soils, 41, 379388, 2005.

into tropical ecosystems globally (Galloway et al., 2008). Boddey, R. M., Peoples, M. B., Palmer, B., and Dart, P. J.: Use of the
Our results suggest that N inputs into tropical environments 15N natural abundance technique to quantify biological nitrogen
and arid sites will disproportionately mobilize to atmospheric  fixation by woody perennials, Nutr. Cycl. Agroecosyst., 57, 235—
gases when compared to extra-tropical moist environments, 270, 2000.

particularly boreal and temperate forests. Rising levels of NBouwman, A. F., Van der Hoek, K. W., and Olivier, J. G. J.: Un-
deposition to tropical ecosystems could release mai® N certainties in the global source distribution of nitrous oxide, J.
from soils to the atmosphere (see also Matson et al. (1999)), Geophys. Res., 100, 2785-2800, 1995.

warming the climate in a way that is fundamentally different Bouwman, A. F., Lee, D. S., Asman, W. A.H., Dentener, F. J., Van
than what has already been observed for N deposition effects Der Hoek, K. W., and Olivier, J. G. J.: A global high-resolution
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