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Abstract:

Spatial patternsand temporal trend of nitrogen (N) and phosphorus (P) deposition are important for
quantifying their impact on forest carbon (C) uptake. In a first step, we modeled historical and
future change in the global distributions of the atmospheric deposition of N and P from the dry and
wet deposition of aerosols and gases containing N and P. Future projections wer e compared between
two scenarios with contrasting aerosol emissions. Modeled fields of N and P deposition and P
concentration were evaluated using globally distributed in situ measurements. N deposition peaked
around 1990 in European forests and around 2010 in East Asian forests, and both increased 7-fold
relative to 1850. P deposition peaked around 2010 in South Asian forests and increased 3.5-fold
relative to 1850. In a second step, we estimated the change in C storage in forests due to the
fertilization by deposited N and P (AC, 4s), based on the retention of deposited nutrients, their
allocation within plants, and C:N and C:P stoichiometry. AC, ¢ for 1997-2013 was estimated to be
0.27 + 0.13 Pg C yr™ from N and 0.054 # 0.10 Pg C yr™ from P, contributing 9% and 2% of the
terrestrial C sink, respectively. Sensitivity tests show that uncertainty of AC, ¢ was larger from P
than from N, mainly due to uncertainty in the fraction of deposited P that isfixed by soil. ACp ye Was
exceeded by ACy qe OVer 1960-2007 in a large area of East Asian and West European forestsdueto a
faster growth in N deposition than P. Our results suggest a significant contribution of anthropogenic
P deposition to C storage, and additional sources of N are needed to support C storage by P in some
Asian tropical forestswhere the deposition rate increased even faster for P than for N.
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1. Introduction

The processes controlling the terrestrial carbons{@k are a major source of uncertainty in praoject of
the historical and future evolution of atmosphe@©, (Matthews, 2007; Ahlstrormet al., 2013.
Observations and models both suggest that teakgtiginks are limited by nitrogen (N) and phospisaiP)
with notable regional differenceblngateet al., 2004; Reiclet al., 2006; Elseet al., 2007; Thorntoret
al.,2009, Norby et al., 2010; Vitousek,et al., 2010; Goll et al., 2012, Penuelast al., 2013,
Fernandez-Martineet al., 2014; Wiedeet al., 2015. The majority of studies predict a large limitatiof
the C sink in the Zicentury due to limited availabilities of N andi®it the extent of this limitation varies
widely among studies. This effect of limitation iligs that terrestrial C sinks are sensitive toittpeits of
N and P from atmospheric deposition in the caseoofcultivated ecosystems. In particular, anthrepig
emissions of reactive N, including oxidizeé.g( NO,) and reduced e(g. NHz) N have increased
significantly in the past decade&dlloway et al., 2009, causing notable change in N availability in
northern temperate and boreal forediagnaniet al., 2007 and more recently in tropical forestsiétz et
al., 201). During 1982-2009, N deposition has contributét 1 the observed greening of the Eazhy(
etal., 2019.

Atmospheric deposition increases the availabilifyNoand P, and thus should increase or sustain the
terrestrial C sinkGraham and Duce, 1979; Gallowelyal., 2004; Okinet al., 2004; Mahowald, 2031
Nadelhofferet al. (1999 estimated that N deposition accounts for a C efrtk25 Pg C yt in 1990s based

on N tracer studies in nine forests and a prescrib@uphit of 5.1 Tg N y¥ to the Earth’s forests. For the
same period, Liu and Greave2009 estimated a somewhat larger contribution of Nodén to the
global terrestrial C sink of 0.35-0.58 Pg C'pased on a meta-analysis of field observationsniiset al.
(2010 attributed a C sink of 0.31 Pg C'yto this factor in forests by comparing forest gtiowates for
different exposures of N deposition during the 108dd 1990s based on data from the national forest
inventory in the USA. Zaehlet al. (2010, 201) estimated that N deposition resulted in a neestrial C
sink of 0.2 Pg C yt during 1996-2005 using an OCN process-based \égetaodel. de Vriest al.
(2014 estimated a contribution of comparable magnit(@&-0.5 Pg C y}) from N deposition to the
global land C sink using a stoichiometric approadthile the impact of atmospheric N deposition on
terrestrial C sink has been assessed by sevediéstuhe contribution of P deposition has notlyetn

quantified.This is because reconstruction of historical chanigd® deposition are lacking.

Several studies have attempted to simulate theéapiitributions of N depositionHplland et al., 1997;
Lamarqueet al., 2005, 2013; Dentenet al., 2006; Phoeniet al., 2006; Paulott al., 2013;Hauglustaine

et al.,, 2019 and P depositionMahowald et al., 200§ under current and future conditions driven by
emission inventories. These studies differ by tleenission inventories, aerosol chemistry and hatedo
resolutions of chemical transport models (CTMaljle S1). However, the modeled N and P deposition
rates are subject to high uncertainty, which resiaimjuantified. For example, the modeled wet dépasi
rates of nitrate (Ng and ammonium (Nk as means of 11 CTMs were underestimated by 406140
compared to atmospheric station data depending®negion l(amarqueet al., 2013. Hauglustainet al.
(20149 suggested that the underestimation in wet N deépoedor Asia in their CTM is of 50-60% due to a
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bias in the region’s N emissions estimates andrtheel’s coarse horizontal resolution. Earlier eates of
present day total P depositioMdhowald et al., 200§ were underestimated by almost one order of
magnitude, likely due to an underestimation ofdbetribution of human activities to P emissiod¢éafget

al., 20153. Recent measurements in China underline the @udlgenic component of P deposition
showing that the bulk deposition of P followed awpolaw increase with decreasing distance of
monitoring sites to the nearest citiddu( et al., 201§. More measurements over a wide range of
representative stations are necessary to confiennethional contribution of combustion sources ia e
atmosphere. High-resolution data sets of modeleahtll P deposition over forests supported by global
measurements are critical for understanding th& that offsets the increase in fossil-fuel C esites
and the limitations of primary productivity by N dP. However, such data sets are not availableaue
uncertainties in the emission inventories of N Brehd limited understanding of N chemistry in aelas

Elemental stoichiometry has been used to identdjomconstraints in the changeGnstorage by terrestrial
ecosystems due to nutrients either available ifssoi deposited from the atmosphere, based on
assumptions about the allocation of nutrients &ed elemental ratios (e.g., C:N or C:P) in ecoayst C
pools. This method assumes that N and P limitagfamet primary productivity (NPP) is widespreadass
global biomes Elseret al., 2007. For example, Cleveland al. (2013 used this method to show that
external inputs of N and P through atmospheric diéipa supports 3.8% and 16% of new NPP, but the
uncertainty has not been considered. De Veteal. (2014 used this method to infer that N deposition
supports a global forest C sink of 0.28-0.45 Pgr€hy assuming that 15% of deposited N is retained in

forest biomass and 15% in soil in tropical forebts, the impact of P was not considered in thidystu

Our study aims to fill these gaps by providing fingt time-series of N & P deposition and the résgl C
sink taking into account the major sources of uladety. To do so, we calculated the temporal evofis

of N and P deposition in a CTM prescribed by retmiesions of historical and future scenarios of
anthropogenic emissions and evaluated the so deNvevet deposition, P total deposition and surféce
concentrations in aerosols with in situ measureméMe built a modeling framework to estimate the C
sequestration of global forests due to historicadl duture N and P deposition. We accounted for
uncertainties in the stoichiometric and allocatjzjarameters by employing a Monte Carlo method in a

stoichiometric mass-balance approach, and idekéifyfactors influencing the forest C sequestration.

2. Materialsand methods

2.1. Atmospheric deposition of N and P for 1850-2100

The global aerosol chemistry climate model LMDZ-INCcouples the LMDz (Laboratoire de
Météorologie Dynamique, version-4) General CirdatatModel Hourdin et al., 200§ and the INCA
(INteraction with Chemistry and Aerosols, versigna¢rosol moduleHauglustaineet al., 2014. A full
description of the model is provided in tBapporting Information. To run the model, emissions data
included sea-salt and dust for P, primary biogeei®sol particles for P, oceanic emissions for NN
vegetation emissions for N (NO), agricultural aiti® (including fertilizer use and livestock) bk, and

fuel combustion for both N (NOand NH) and P. Regarding N-containing aerosols and gases,
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LMDZ-INCA was run with a fully interactive atmosptie N cycle {Hauglustaineet al., 2019 at a
horizontal resolution of 1.27° latitude by 2.5° dgitade with 39 vertical layers in the atmosphere to
simulate the global dry and wet deposition of @d NH for 1850, 1960, 1970, 1980, 1990, 1997-2013,
2030, 2050 and 2100. The same resolution is usedh® transport and deposition of P aerosols in
LMDZ-INCA with the emission data provided Wanget al. (20153, which are transported in three size
bins for P emitted by combustion processes witliagribstic mass median diameter (MMD) of 0.14, 2.5
and 10.0um, one size bin for P from primary biogenic aergsaticles (MMD=5.0um), one size bin for P
from mineral dust (MMD=2..um), and three size bins for P from marine seapsaticles Balkanskiet al.,
2011). Meteorological fields froma reanalysis of the European Centre for Medium-Bawéeather
Forecasts (ECMWF) have been ugethe present configuration to nudge the modeispart and removal
processes for 1980 and 1990 and for each yeargitirérecent 1997-2013 period. Additional simulagio
were performed with emissions for 1850, 1960, 1870 into the future all using meteorological fiefds
2005.

The emissions prescribed to LMDZ-INCA were obtaifresin published data sets or emission inventories.
We focused on generating coherent emission dasafareall species, and the methods are fully dieedri

in the Supporting Information. Table S2 lists the emission data sets used in our studrikf, global
0.5°x0.5° emissions of NQ NHs, sulfur dioxide (S@, non-methane volatile organic compounds
(NMVOCs), methane (Ck, carbon monoxide (CO), organic carbon (OC) ardlbtarbon (BC) for 2005,
2010 and 2030 were obtained from the ECLIPSE.GAESnodel Klimont et al., 2013. SQ,, CO, CH,

and NMVOCs species should be treated consisteritly M/ aerosols, because they influence N chemistry
in the model Idauglustainest al., 2019. The ECLIPSE.GAINS.4a emissions of all speciesevextended

to other years of simulations using historical dedan the ACCMIP and MACCity inventoriegémarque

et al., 2010; Granieet al., 2013 and future data from the RCP4.5 and RCP8.5 simenigr Lamarquect al.
(2011). In addition, natural emissions of NO and Nirbm soil Bouwmanet al., 1997; Lathiereet al.,
2009 were assumed to be constant throughout the periatural oceanic emissions of Rlhvere
calculated in the INCA model following the formutats proposed by Paulet al. (2015, with monthly
2°x2° fields of surface sea-water concentrationd\bf,, pH and salinity as simulated by the oceanic
biogeochemical model PISCE®/&nget al., 2015). Emissions of P from fossil fuels and biofuel wer
estimated annually for 1960 to 200Wdgng et al., 20153, which were extended to other years of
simulations. Natural emissions of P from minerastdyrimary biogenic aerosol particles, sea sait an
volcanoes were assumed to be const&anget al., 20153. All N and P emissions from fossil fuels,
biofuel and agricultural activities were assumedb constant throughout each year without seasonal
variation. Monthly 0.5°x0.5° gridded emissions bgtural or anthropogenic (deforestation) burning of
biomass were generated for 1997-2013 from the GFEDWentory Giglio et al., 2013 and for other
years from the ACCMIP inventontémarqueet al., 2010. Emissions from biomass burning for 2030,
2050 and 2100 were assumed to be the same asetfegas for 2010-2013. We only analyzed the changes
of future N and P deposition from anthropogenicrses due to the lack of estimates of natural eonssi
but both natural and anthropogenic sources wereided for evaluating modeled N and P deposition
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against measurements.

2.2. Observed N and P deposition ratesand P concentrations

To evaluate the modeled N and P deposition ratesused three observational data s€igure S1),
including (i) a recent global data set of wet N algfion rates measured during 2002-200@t(et al.,
2014, (ii) a recent global data set of total P depositates measured during 1960-20T@pling et al.,
2014, and (iii) a recent global data set of surfacgeposition concentrations measured during 1960-2008
(Mahowaldet al., 2009. Dry N deposition was not evaluated due to tlok laf data, similar to previous
studies armarqueet al., 2005; Denteneet al., 200§. Before using these observational data for model
evaluation, we have further collected data to iaseecoverage of wet N deposition data in South Amer
and Africa, removed some data of total P depositith a high potential for contamination, and didd
the measured surface P concentrations into shont-é&d long-term measurements. A full descript®n i
provided in theSupporting Information.

2.3. Additional C fixation attributableto N and P deposition

2.3.1. A stoichiometric method

A stoichiometric mass balance approach was usedtimate the change in C storage attributable amdN

P deposition over global forests, based on theifraof deposited nutrients retained in the ecasystand
incorporated into biomass and soil carbon poddelhofferet al., 1999; Clevelandt al., 2013; de Vries

et al., 2014; Wiedeet al., 2015. We distinguished between four biomass C poelws, stems, fine roots
and coarse roots; each with different stoichiomjeagd one soil C pool. Five types of forests are
considered, namely deciduous broadleaf, decidueadle-leaf, evergreen broadleaf, evergreen needfe-|
and mixed forests. The global land cover data satspatial resolution of 1 knHansenet al., 2000 for

the year 2010, as a product of Moderate Resolui@ging Spectroradiometer (MODIS), was used to map
these five types of forestBorest areas have changed significantly since {8&@yet al., 2005; Houghton

et al., 2003. Here, we applied the fixed forest cover map lanseret al. (2000 in the calculation oAC

dep throughout the period of 1850-2100. The unceryaimiuced by assuming a fixed forest cover map on
AC , gepis quantified inSection 3.7. To do this, we re-calculatexC , 4, With the variable forest cover map
for 1850-2010 according to the reconstructionRer(get al., 2017 and the fraction of five types of forests
within each 1°x1° grid frorilanseret al. (2000.

We assumed that in 1850 the forest C stocks weegquilibrium with the pre-industrial N and P depiosi
levels (i.e.AC, 4ep = 0), so that only the change in N and P depasitdative to the background levels can
cause an extra forest C storage, allowing our estisnto cover the additional N and P emissions from
fossil fuels and biofuel burning, atmospheric ]N&hd NQ emissions from agriculture, and change in N
and P emissions from biomass burning compared $0.118ence our analysis included the wind export of
P from croplands and savanna to forests througheinissions and atmospheric transport. It should be
noted that direcanthropogenic effects on fireed., fire suppression and land use change) and iridirec
anthropogenic effecte.., changes in climate affecting fire regimes) weoé explicitly distinguished in
the historical fire emission inventory we us&ldio et al., 2013. In addition, although our calculation of



193 AC, gep COvers C storage due to N and P from anthropogiims, we did not try to estimate the C
194  emissions from these anthropogenic fires whicharays termed as part of C emissions from land-use
195 change in global C budgetd Quereet al., 201§. However, we did not account for the change of
196  atmospheric C@concentrations, climate and forest cover chahigam¢eret al., 2013.

197 In each pixel at a spatial resolution of 1°x1°,iiddal forest C storages supported by anthropagisinor

198 P depositionAC, e, Wherev stands for either N or P) were expressed as:

199 ACN dep; (t) = JN

veg

ay,sy, [dn(t) — dy (1850)] (1)

200 ACp qep, (t) = fp,,,ap5p,[dp(t) — dp(1850)] (2

g
201  wherei is biomass pooli (= 1 for leaves, 2 for stems, 3 for fine roots dnfr coarse rootsfywe, andfpe,
202 are the retention fractions of deposited N and Biamass poolgespectivelyay andap are the allocation
203 fractions of N and P in each pookspectively,sy ands, are the C:N and C:P stoichiometric ratios,
204  respectively, andy(t) andde(t) are the deposition rates of N and P for yeagspectively All deposition
205 fields and land cover fractions were re-interpaldtethe 1°x1° grid for the calculation A€ , gep

206 Similarly, in each pixel, thaC , geprealized in soil were expressed as:
207 ACK dep, . (8) = FuoouSn,, [dw(t) — dy (1850)] 3)

208 ACp aepon () = fri0uSpoon[dp(t) — dp(1850)] (4)

209  wherefy.. andfp, are the retention fractions of N and P in s@i§pectively, and.,, ands., are the C:N

210  and C:P stoichiometric ratios in soil biotaspectively.

211 There are two limitations in our approach. Fiige Ide Vrieset al. (2014, we approximate a time scale of
212 10-20 years for thaC , 4ep because ecosystems take time to sequester @est fiomass and soil after an
213  initial disturbance Gouldenet al., 2017, such as the level of N and P deposition for nodshe global
214  forests. It should be noted that our stoichiometrass-balance model cannot resolve processes gayern
215  the C storage changes attributed to depositiorhortes timescales. It is likely that the instantaure effect
216  at the early stage of forest succession (e.g.,thems 5 years) is lower, due to enhancement of Goil
217  decomposition by N depositiois6uldenet al., 201]). Second, different turnover times of the pland an
218  soil pools should influence the C response to déposwhich is not included in our model. Accordito
219 de Vrieset al. (2014, the C storage in the woody biomass (stem andseoeoot) determines C
220  sequestration by forest trees, while the C stonagiee non-woody biomass (leaves and fine root)clvis
221  fast-turnoverlfersenet al., 2017, determines C sequestration in soil. We estimtdiecdsum of them based
222 on the allocation of the deposited nutrient in etiéht pools measured at a time scale of aroungyeas
223 (Schlesinger, 2009 At longer time periods, the C sequestrationagednined by other disturbances, such
224  as forest fires and forest harvesting, which is catsidered in our study. More knowledge gained in
225  database analyses for nutrient use in the treetbr@mg., Sardans and Pefiuelas, 2013, 20¢6uld enable

226  us to better understand these processes in futocegs-based ecosystem models.



227  Although AC , 4¢p account for C storage supported by depositedenirion timescales of 10-20 yeas (
228  Vrieset al., 2019, it should be noted that a fraction of depositednd P may still contribute taC , gep
229  beyond the 10-20 year timeframe. This impact islisfoa ACy qep because a large fraction of N is lost by
230  denitrification or leaching. The impact faCp 4o, however, is not negligible, because P is mostigdf by
231  the soil and is less prone to loss. We estimat@glye, by fixing an “effective fraction” of the deposit€f
232 &) to account for this impact (s&ection 2.3.2).

233 All parameters were determined with central valaed uncertainty ranges (s8ection 2.3.2, 2.3.3, and
234 2.34). In brief, the parameteffe, foes @, S, S, fnso @nd fr Were derived for deciduous broadleaf,
235 deciduous needle-leaf, evergreen broadleaf, evemgreedle-leaf and mixed forests; parameters valugs
236  their uncertainty ranges are summarized @ble 1. Uncertainties in the modeled deposition ratksand
237  dp) were derived from a comparison with the availaiilservation data sets (S8etion 3.2).

238  Table 1. Parameters used to estimate carbon fixation daettoropogenic N and P deposition in forests.

239  The 95% confidential intervals adopted as the loavet upper estimates for each parameter appliedrin
240  Monte Carlo simulations are parentheses.

Forest type Evergreen Evergreen Deciduous Deciduous Mixed forest
needleleaf forest broadleaf forest needleleaf forest broadleaf forest

CIN(gC:gN)
Leaves 42 (34-50) 21 (17-25) 50 (40-60) 21 (17-25) 28 (22-34)
Stems 250 (200-300) 150 (120-180) 250 (200-300) 175 (140-210) 175 (140-210)
Fine roots 78 (62-94) 78 (62-94) 41 (33-49) 41 (33-49) 41 (33-49)
Coarse roots 250 (200-300) 150 (120-180) 250 (200-300) 175 (140-210) 175 (140-210)
Soil 31 (28-35) 16 (14-18) 20 (18-21) 19 (18-20) 19 (18-20)
C:P(gC:gP)
Leaves 408 (326-490) 400 (320-480) 405 (324-486) 333 (266-400) 278 (222-334)
Stems 3750 (3000-450C2250 (1800-270(3750 (3000-45002625 (2100-315C2625 (-)

Fineroots 1170 (936-1404) 1020 (816-1224) 615 (492-738) 615 (492-738) 615 (492-738)
Coarse roots 3750 (3000-450€ 2250 (1800-270C 3750 (3000-450C2625 (2100-315C2625 (2100-3150)

Soil 1030 (459-2312) 169 (134-214) 318 (214-472) 391 (306-500) 254 (214-300)
Retention fractions of N and P in plants

fivven 0.23 (0.14-0.30) 0.15 (0.10-0.20) 0.23 (0.14-0.30) 0.23 (0.14-0.30) 0.23 (0.14-0.30)

Trueg 0.05 (0.016-0.22'0.09 (0.027-0.36,0.05 (0.016-0.22'0.05 (0.016-0.220.05 (0.016-0.22)
Retention fractions of N and P in soil

figeon 0.52 (0.26-0.78) 0.15 (0.10-0.20) 0.52 (0.26-0.78) 0.52 (0.26-0.78) 0.52 (0.26-0.78)

Frson 0.13 (0.038-0.50'0.09 (0.03-0.36) 0.13 (0.038-0.50'0.13 (0.038-0.50'0.13 (0.038-0.50)
Allocation fraction of N &y;)

Leaves 0.42 0.56 0.42 0.49 0.46

Stems 0.34 0.22 0.34 0.33 0.34

Fine roots 0.16 0.17 0.16 0.11 0.13
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Coarse roots 0.08 0.05 0.08 0.07 0.07

Allocation fraction of P &p))

Leaves 0.32 0.63 0.28 0.50 0.35
Stems 0.40 0.19 0.42 0.32 0.40
Fine roots 0.19 0.13 0.20 0.11 0.16
Coarse roots 0.09 0.04 0.10 0.07 0.09

Sensitivity tests were performed to quantify thiguence of the major parameters on 8@, gep by N and

P (seeSection 3.4). Finally, Monte Carlo simulations were appliedestimate the central valuesAt , gep

in global forests and to estimate their uncertagin each pixel at a spatial resolution of 1°%a brief,
the model was run 10000 times by drawing input pa&tars from uniform or normal uncertainty
distributions of model parameter and N- and P-diéposrates. The medians and 95% confidence interva
(Cl) were used to represent the central estimadetta® associated uncertainty, respectively, baseth®
Monte Carlo simulations.

2.3.2. Retention of N and P in the ecosystems

SchlesingerZ009 reported a median N retention fraction of 23%itl{vén interquartile range of 14-30%)
for biomass poolsfy.) and 52% (with an interquartile range of 26-78%) $oils {y.) in boreal and
temperate forests. De Vries al. (2007 suggested a lower N-retention fraction of 15%ttwa 90%
uncertainty range of 10-20%) for bdt., andfys: in tropical forests. We adopted these median estisn
and their uncertainty ranges. The non-retainedifraof deposited N lost by leaching, volatilizatiand
denitrification is not explicitly modeled.

Evidence suggests that N inputs from atmospheposigon can be taken up by forest canop&e\ering

et al., 2007; Gaiget al., 2007; Sparks, 2009De Vrieset al. (2014, however, suggested that the effect of
uptake of N by canopies on C fixation is likelytte small, because a small fraction of canopy-rethM is
absorbed and used in leavEsigeet al. (2007) suggested that denitrification and nitrificatido not occur

in the canopy, despite a high retention fractioMNafeposition in the canopy. Spar909 suggested that
foliar uptake of reactive N should be considerguhsately from soil-deposited N, but pointed out ihés
difficult to link canopy uptake of N directly to similation. Dailet al. (2009 found that only 3-6% of the
labeled'®N recoverable in plant biomass was recovered i fidliage and bole wood and that tree twigs,
branches and bark were the major sinks (50%) aftgears of NENO; addition. We therefore did not
account for this process in our central case, fiotlg the suggestion bge Vrieset al. (2014, but discuss

the potential impact in a sensitivity testSection 4.2.

The fate of deposited P in ecosystems differs ftioat of N. First, P is less mobile than N in s¢A=rts
and Chapin, 2000so the fractional P loss by leaching is smahen for N. Second, denitrification has no
counterpart for gaseous P loss to the atmosphéried, the physical fixation of P and its eventual
occlusion in soil reduces the availability of deipe P to leaching and uptake by plants and micgobke

fate of deposited P in forests has unfortunatelyyeb been measured, to the best of our knowlealge,
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was estimated in our study based on two assumptitrst, we assumed that 10% of the deposited P was
directly lost by runoff as Sattaet al. (2012 assumed for fertilizer P. Second, by assuming Eha
deposition input to soil is much smaller than theual stocks of labile and stable P in soil andttioes not

affect the stock size, we approximated the fixatmnan “effective fraction” of deposited Hef),

corresponding to the net transfer of P betweenildabnd ‘stable’ forms, based on transfer coeéfits

(usL andu,s) between stable and labile P:

fpfm =1— st/ ls

We used:s; andy s to derive a central estimatefaf (80%) but a wide range of uncertainty (20% to 94%)
as recommended by Sattatial. (2012. We also assumed that the fraction of ecosystaired P taken
up by plantsft,...) was the same as that of N, at 30% for borealtamgerate forests and 50% for tropical
forests Gchlesinger, 2009; de Vries al., 2007, due to lack of direct measurements of the fractibn

ecosystem-retained P taken up by plants. We thevedetheretention of P in vegetatiofng) and soil frwi)

usingfe, fros aNdfepae:
vaeg = (1 - fploss)(1 - fPfix)fPuptakeL
fpsoil = (1 - fPlass)(l - fPfix)(l - fPuptuke)L

We estimated thak,, was 5.4% (1.6-22% as the uncertainty range) fandvas 13% (3.8-50% as the
uncertainty range) in boreal and temperate for@ststhaf,, was 9.0% (2.7-36% as the uncertainty range)

andfr; was 9.0% (2.7-36% as the uncertainty range) ipi¢ed forests Table 1).
2.3.3. Allocation of N and P in plants

We used the values af; diagnosed ypde Vrieset al. (2014 for deciduous broadleaf, evergreen broadleaf
and needleleaf forests. Tlg; averaged over deciduous broadleaf and needladeasts was applied for
mixed forestsTable 1). The uncertainty associated wéfg, however, was not provided and was estimated
below. The C:N ratio differs for woody (stem andrse root) and non-woody (leaf and fine root) posis
the assumption that uncertaintiesaj are the same as the uncertainties associatedheitfraction of N
allocated to the woody component is reasonable.efaranalysis of°N addition experiments suggested
that 53% of total N uptake is allocated to woodyrbass Templeret al., 20129, compared to 25% reported
by Nadelhofferet al. (1999. This latter low value is 7-40% lower than thaed in our study, and the high
value is 26-96% higher than the central value usedir study Table 1). We accordingly applied two half

normal distributions to cover the uncertaintyagf

We are not aware of any experiment measuring theation of deposited P to different biomass posts,
we derived the allocation fractions of P and thaircertainties from the allocation of N and the

stoichiometric ratios of these two elements as:

ap = an; S /S,
LA
E;ﬂ(ﬂwi'ﬂvl f’SPL.)

wheresy, ands, are the C:N and C:P stoichiometric ratios, respelgt, in each pool of the plant.

2.3.4.C:N and C:P stoichiometric ratiosin different pools

®)

®)

‘ Cédigo de campo cambiado

‘ Cédigo de campo cambiado
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C:N and C:P stoichiometric ratios in soil and th@% CI were derived from a global data set of the
nutrient composition of soilXu et al., 2013. The median C:N and C:P stoichiometric ratiodeaives,
stems, fine roots and coarse roots were obtaired €levelandt al. (2013. Wanget al. (2010 suggested
that the minimum and maximum of C:N and C:P stainfétric ratios were +20% relative to the means,

which we applied as uncertainties far ands-.

2.4. Maximum and minimum effects of N and P deposition

The change in C fixation due to nutrients addifion ecosystem can be approximated based on tse mo
limiting element Yitouseket al, 1984, 201 but the stoichiometric mass balance approachsed could
not identify the most limiting element. Therefovee estimated the maximum and minimum effecta ©f
vaep due to anthropogenic N and P deposition to chaiaet¢he degree of limitation by one of the two
elements. Accordingly, the minimum effects of anffogenic N and P deposition yields a lower estimate
as:

ACT G, = MIn[ACY 4oy, ACp gep] 9)

and the maximum effects of N and P deposition gield upper estimate as:

ACSE = Max[ACy dep, ACp gep] (10)
The minimum and maximum effects calculated herailshbe interpreted with caution. First, the minimum
effect is based on a hypothesis that the elemetht avilower capacity to fix C by deposition is more
limiting and that there is no additional sourcetlut element than atmospheric deposition to supaort
larger C storage. The difference between the effgcin element alone and the minimum effect denotes
the limitation by the other element that is enhdnzgthe deposition. Second, the maximum effebaised

on a hypothesis that the element with a higtegracity to fix C by deposition is more limitingdathere is
enough of the other element to allow for the lar@g@storage. The difference relative to the effectan
element alone denotes the limitation by the otheg that is alleviated by the deposition. Regarding
uncertainties in the limitations by N and P, thenbined effect of N and P deposition should falliezin

the minimum and maximum effects. Although we canndé out that there are synergistiadtitive”
effects Elseret al., 2007 as well as strictly negative effecBegnuelast al., 2013, such effects are rather
unlikely to occur in wide ranges of ecosystems degosition loads. In addition, difference betweea t
maximum and minimum effect quantifies an imbalabetnveen N and P induced by the deposition
providing that other sources of N and P were haldstant. However, it should be noted that our
calculation does not account for the interactiotwben N and P cycles implied by recent studies. For
example, increasing N deposition can affect avdifgbuptake and using efficiency of P by altering
mycorrhizal activity, phosphatase enzymes andmoperties Compton and Cole, 1998; Roweal., 2008;
Marklein and Houlton, 2012; Lét al., 2013.

3. Reaults
3.1.N and P emissions
Natural and anthropogenic global emissions of NRieere estimated or derived for the past timeslin
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1850-1990, for each year in 1997-2013 and for titaré time slices in 2030-210Figure J). Total
reactive-N emissions increased from 35 Tg N iyr 1850 to an average of 104 Tg N'yor 1997-2013,
and were predicted to reach 83 and 114 Tg Nbyr 2100 under the RCP4.5 and RCP8.5 scenarios,
respectively. N emissions as the oxidized {Né&hd reduced (N}J forms are listed ifTable S3, which are
close to previous estimatdddlandet al., 1997; Gallowayet al., 2004; Lamarquet al., 2005; Dentenegt

al., 2006; Paulogt al., 2013. The main drivers of the increase in historicatiNissions were a rapid rise in
the use of fossil fuels, both the expansion anehsification of agricultural fertilization and amcrease in

the number of livestockSchlesinger, 20Q9N emissions from fossil fuel, biofuel and agttawal activities
increased from 5.6 Tg N Vin 1850 (amarqueet al., 2010 to 60 Tg N yr* in 2005 Klimont et al., 2013.

The increase in reactive-N emissions was equivatemvice the background N emissions in 1850. The
emissions of P increased from 2.6 to 4.0 TgPfyam 1850 to 2013, equivalent to a 57% increaksive

to the background 1850 emissions. 47%, 25% and @&3¥e increase in P emissions were from increases
in emissions from fossil fuels, biofuel and deftaéisn fires, respectively. The N:P ratio in theigsions
nearly doubled from 25 (on a molar basis) in 185048 in 2013 due to a faster growth of N than P
emissions as outlined in a previous studgf{uelast al., 2013.
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Figure 1.(a) Global atmospheric N emissions. Anthropogestarces include fossil fuels, biofuel and
agricultural activities. Natural sources include ,N&d NH emissions from biomass burning, N@nd
NH3; emissions from soil, and NHemissions from oceans. (b) Global atmospheric Ps®amis.
Anthropogenic sources include fossil fuels and detfNatural P sources include biomass burningt, dus

sea salt, volcano particles and primary biogeniosa particles. The inset demonstrates the imeral
recent variation over the period 1997-2013.
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The future emissions of N differed considerablywssin the RCP4.5 and RCP8.5 scenarios, but the
emissions of P were similar. NHemissions in 2100 will be 54% under the RCP8.5 ttitee RCP4.5
scenario, due to increased agricultural activitieeded to meet the food demand of a larger global
population Lamarqueet al., 2011; Riahit al., 201J). In contrast, 70% of P emissions from fossil $uehd
biofuel were expected to be removed, due to a payietration rate of clean technology in the indaistr
and residential sectors under both the RCP4.5 &85 scenarios, leading to a slight differenceveen

the two scenarios.

3.2. Spatial distributions of N and P deposition

The pre-industrial (1850) and present (1997-2&p2ial distributions of N and P deposition arevain
Figure 2 Denteneret al. (200§ recommended 1000 mg Nnyr™ as a “critical load” threshold for plant
sustainability, and rates above this threshold read to changes in ecosystemic functioning. The
deposition rate of N for 1997-2013 also exceede@Difig N n¥ yr' in large areas of India (72%), China
(45%) and Europe (26%). The deposition rate of P1R97-2013 exceeded 100 mg P yr’ in the
Indo-Gangetic region of India due to a high usbiofuels €.g., dung cake is widely used for cooking) and
in the Congo Basin in Central Africa due to deftaten Chenet al., 2010Q.
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Figure 2.(a,b) Spatial distribution of N deposition in 18&0) and 1997-2013 (b). (c,d) Spatial distribution
of P deposition in 1850 (c) and 1997-2013 (d).
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The modeled spatial distributions of N wet and fltdeposition rates were evaluated by measurena¢nts
the forest sites and at all sitdsqure 3. The comparison indicated that our model broadlytwwagd the
spatial patterns in the observed deposition raftéé and P. A normalized mean bias (difference betwe
the geometric mean of the model minus the geometeian of the measurements relative to the lattas) w
used to quantify the bias. A statistical analybisve that 50% of the data were subject to a bia2%% to
50% in the modeled wet N deposition and -4% to 164%he modeled total P deposition relative to
observationsKigure S2). We addressed thpotential uncertainty by scaling the modeled N déjmn rate
by a fixed factor that followed a normal distrilartj with a mean of 1.2 and a standard deviatio8.®f
and the modeled P deposition by a fixed factor fiblidwed a normal distribution, with a mean of =6d

a standard deviation of 1.0, which were derivednftbe frequency distribution of the model bigsy(re
S2). The scaled deposition rates of N and P were ims#fte calculation oAC , 4, The data for observed
N wet deposition enabled us to further evaluatentbdeled wet deposition of N in the oxidized @§l@nd

reduced (NH) forms by regionKigure S3).
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Figure 3.Comparison of modelled and observed depositioneif\v(a,b) and total P (c,d). (a,c) show all
data and (b,d) show measurements over forests lon(g,b), colours show the relative density ofadan
(c,d), the error bars show the uncertainty assediafth emissions of P from different sources asnesed

by Wanget al. (20153. Coefficient of correlation®) and normalized mean bias (NMB) of log-transferred
deposition rates are given in each panel with thmlrer of data in bracket.

Figure $4 shows a comparison of our modeled surface coraténs of P for particles of the same size



407
408
409
410
411

412

413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429

430
431
432
433

with the observational data used by Mahowildl. (2008. These discrete sampling measurements were
temporally variable, so we focused on comparing thedeled P concentrations with long-term
measurements. It shows that including a large tmriton of P from combustion sources can reduce the
normalized mean bias from -31% to -11%, while catineates were subject to uncertainty errors between
-73% to 105% as 95% Cls in the estimation of P simis from different source¥Manget al., 2015a.

3.3. Temporal trendsof N and P deposition in forests

Figure 4shows the temporal trends of N and P depositioforiests in various regions from 1850 to the
present. The increase in the rate of N depositiofoiests from 1850 to the present ranged from th5-
7-fold by region. The rate of P deposition in fasesicreased by 1- to 3.5-fold from 1850 to thesprg,
due to a smaller contribution of anthropogenic seuthan for N. The deposition of N and P in North
American and European forests both peaked in t88s18r 1990s. Specifically, the deposition ratesl of
and P in European forests peaked in the 1980s @9@s1respectively. The rate of N deposition inthor
American forests peaked in 1990, but the rate deposition continued to increase. The increaséen t
deposition of P in North American forests was maidle to an increase in emissions from biomass
burning during the last two decad&¥dsterling,et al. 2009. This increase was captured by the GFED4.1
and ACCMIP inventoriesL@marqueet al., 2010; Giglioet al., 2013 used in our studyrigure S5 shows
that this increasing trend was also confirmed bgdlother inventories for biomass burning. The ohtd
deposition in Siberian forests had a trend simitathat of European forests due to the atmospheric
transport of N from Europe, but the rate of P démwswas mainly governed by the variability of dfires.
The rate of N deposition in the forests in Aus&raind New Zealand increased continuously, butateeaf

P deposition began to decline in Australia afteB@ @ue to the replacement of P-rich fuels (coathwi

P-poor fuels (petroleum or natural gagA, 2013.

The rate of N deposition in East Asian forests Wdald higher in 2010 than 1850 and more than d-fol
Southern/Southeastern forests. Total N emissiome highest in China and India, but N@&missions had
increased more in China from 1990 to 2010 by 1568fmpared to 80% in India, due to a faster growth in
fleet vehicle in ChinaGranieret al., 2019).
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Figure 4. Temporal trends of N (a,c) and P (b,d) depositiate over forests by region. (a,b) show the
values relative to 1850, while (c,d) show absokd&ies. The data for 2000s represent an average ove
1997-2004 and the data for 2010s represent angeserser 2005-2013.

The rate of P deposition in East Asian forestseased 2.5-fold from 1850 to 1990 and stabilizedraft
1990.Figure S6 shows the inter-annual variability of N- and P-o&ifion rates in the forests in East Asia
and South/Southeast Asia from 1997 to 2013. TheeaBlN deposition increased continuously, but tte r
of P deposition remained more stable in these ®gions. The increase in the rate of N depositios wa
driven by the increase of in the use of fossil §uehd in agricultural activities. The rate of P a&fon,
however, was driven by emissions from fossil fublsfuel and biomass burning. The increase in fed
biomass burnt during the 1997-1998 EIl Nifio led foeak in the P-deposition rate in the forests istEa
Asia and South/Southeast Asieag der Werkt al., 2009.

Figure 5shows the temporal trends of the N:P depositido (ah a molar basis) in forests by region. The
ratio peaked in around 1990 in the forests in Eer&iberia and North America and then decreasedadue
a decline in the deposition of N and an increagb@éndeposition of P due to increasing wildfireeeN:P
deposition ratio in the forests did not vary greatl the forests in South/Southeast Asia, Africd &outh
America, because the rates of N and P depositioreased at similar rate. In contrast, the N:P dépos
ratio increased continuously in the forests in Bessh due to rapid increases in the emission aposigon

of N in this region. The N:P deposition ratio iretB010s was significantly larger in the forest&imope,
North America and East Asia than in the other negio
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456  Figure 5.Temporal evolution of N:P ratio in the depositiovep forests by region. The data for 2000s
457  represent an average over 1997-2004 and the da28@10s represent an average over 2005-2013.

458

459  3.4.Forest C fixation dueto anthropogenic N and P deposition

460  Based on the maps of N and P deposition, we cagclithe global foresiC , 4¢p Using the stoichiometric
461  mass balance approactigure 6shows that, for control values of the parametamthropogenic deposition
462 of N and P for 1997-2013 led to glolsC, gep (Mediart: 90% CI from Monte Carlo simulations) of 0.27
463  0.13 and 0.054 0.10 Pg C yt, respectively. A total of 10 000 Monte Carlo siatidns were run by
464  randomly entering parameters from a prior uniformormal distribution of parameters. The frequency
465  distributions of globalAC, e, by anthropogenic N and P deposition averaged 98742013 are shown in
466  Figure S7. Some parameters were uniformly or normally distiéd, but the output was nearly normally
467  distributed forACy gep (P > 0.1) and log-normally distributed faCp 4ep (P > 0.2). For a global terrestrial C
468  sink of 3.1+ 0.9 Pg C yt averaged for 2006-2015€ Quereet al., 2016, AC, gep by anthropogenic N and
469 P deposition contributed 8.7% and 1.7% to the s&iigg C sink, respectively.

N deposition = 1145.8 Tg N P deposition = 0.58.31 Tg P
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471  Figure 6.Anthropogenic N and P deposition over forest &, 4, dueto anthropogenic N and P
472  deposition per year as an average over 1997-2@13o( N and (b) for P. Uncertainty of the modehd
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and P deposition as standard deviations is defioed a comparison with observations. Uncertaintyhef
AC, gepas 90% Cl is derived from Monte Carlo simulaticfise pie charts show the distributionAsE , g
among five pools.

Figure 6also shows that 43% a&fCy 4, Was stored in stems, followed by soil (29%), leaffE1%), coarse
roots (9%) and fine roots (7%). Similarly, stem8%#) were the most important storage poolA@% gep IN
addition, we performed sensitivity tests usingltveer or upper bounds of the parameters to invatgithe
influences on our estimatetCy qe, (Table 2). It shows that the major parameters influenciiy gep by N
or P include the retention ratios of N in vegetatimd soils, the physical fixation of P by soile thaction
of N and P allocated to woody biomass, and the @il C:P stoichiometric ratios in each padls 4o,Wwas
generally associated with a far higher uncertaihn ACy 4ep Most importantly, we assumed that a large
fraction of P (80%) was fixed by the soil as inarigaP, which is unavailable for C storagi/dlker and
Syres, 1975 Assuming a weaker or stronger fixation of P bitss which influences estimates A€, gep
by P the most, however, led to a differencA@ gepfrom -70% to +300%.

Table 2. Global forest AC, 4 due to anthropogenic N and P deposition over 1997-2013. Sensitivity
tests were run to compare with a standard run egttiral values of parameter. The sensitivity testkide
high or low retention fraction of N in vegetationdasoil; weak or strong fixation of P by soil peleis;

high or low fraction of N and P allocated to theody part; high or low C:N and C$oichiometric ratios.
Values in brackets show the percentage changdivedia the standard run.

L eaf Stem Fine Coarse Soil Woody Total

r oot root

Forest ACy qe by N deposition over 1997-2013 (Pg C yrh
Standard run 0.028 0.117 0.020 0.025 0.079 0.142 0.269

High retentiorfraction ~ 0.037  0.153  0.026  0.033  0.107  O0.B&%8l¢6) 0.356 (+32%)
Low retentionfraction 0.018 0.073 0.013 0.016 0.042 0.088%) 0.160 (-40%)
High woody fraction 0.021 0.168 0.014 0.037 79.0 0.205(+45%) 0.320 (+19%)
Low woody fraction 0.034 0.079 0.022 0.017 0.07 0.097 (-32%)  0.232 (-14%)
High C:N ratio 0.034 0.140 0.024 0.030  0.079 .170 (+20%) 0.307 (+15%)
Low C:N ratio 0.023 0.093 0.016 0.020 0.079 118.(-20%)  0.231 (-15%)
Forest ACy g by P deposition over 1997-2013 (Pg C yrh

Standard run 0.009 0.023 0.005 0.005 0.013 280.0 0.054

Weak fixation by soil 0.035 0.091 0.020 0.020 .050  0.111 (+300%) 0.218 (+300%)
Strong fixation by soil  0.003  0.007  0.002  0.0020.004  0.008 (-70%)  0.016 (-70%)
High woody fraction 0.006 0.039 0.003 0.009 180 0.048 (+73%) 0.070 (+29%)
Low woody fraction 0.009 0.018 0.005 0.004 3.01 0.022 (-19%)  0.050 (-8%)
High C:P ratio 0.011 0.027 0.006 0.006 0.013 .038 (+20%) 0.063 (+15%)
Low C:P ratio 0.007 0.018 0.004 0.004 0.013 02R.-20%)  0.046 (-15%)

3.5. Spatial patternsof N and P limitation
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Increasing N from atmospheric deposition has bemtutated to lead to a progressive emerging liiitat
of P (Vitouseket al., 1984, 2010Penuelagt al., 2013. Figure 7compares the forest area WhA@\ gepiS
larger thanACp 4epbetween 1960 and the present (1997-2013) undieretit assumptions of the physical
fixation of P by the soil. A faster increase in theposition of N than P in forests close to indabzed
regions had led to a growth &C, g that is higher for N than for P. It should be nbtkeat,as we did not
account for other sources of N andeiy(weathering for P and nitrification for N), lowacC, ge, from N
than P deposition is only one factor contributiogtlimitation by P Vitouseket al., 1984, 2010; Penuelas
et al.,, 2012, 201B Globally, the forests wher&Cy qep is larger thamACp epin 1960 covered an area
between 2.79 and 4.90 x ‘1, depending on the strength of soil P fixationtHase forests, additional
supply of P from other sources (e.g., by minerélirg is needed to suppakC, 4, by N. The forest area
where ACy gep is larger thamCp gep had extended by 4% or 18% from 1960 to the presemich also
depends on the strength of soil P fixation, maiolgated in forests in South/Southeast Asia, Eash,As

Europe and North America.

For 1960 (80% of P fixed by soil particles) For 1960 (20% of P fixed by soil particles)

[ ACx e > ACr i (4.90%107 km?) r [ ACNup > AChup (2.79%107 km?)
] ACxuep < ACraep (1.06x107 k) [0 ACnup < AChag (3.17107 km?)

T T T T T T T T T T

For 1997-2013 (80% of P fixed by soil particles) For 1997-2013 (20% of P fixed by soil particles)

I ACx s> AChasy (5.10%107 ki) r [ ACwug > ACrap (3.27%107 km?)
[ ACxuep < AChue (8.63%10° km?) [0 ACwue < ACraey (2.69%107 km?)
T T T

Figure 7.Spatial distribution of forest area whet€ , 4o, by anthropogenic N deposition is larger or
smaller thamC, 4ep by anthropogenic P deposition in 1960b) and as an average over 1997-204.8)(

In (a,c), the model assumes that 80% of the depositediferd by soil particles, whileb(d) shows results
in a sensitivity case where 20% of P is fixed byl garticles. The total areas wherC , gep by
anthropogenic N deposition is larger or smallernti?eC , ¢, by anthropogenic P deposition are in
parentheses. Non-forest land areas are shownws gre

3.6. Temporal trendsof AC, 4 by N and P
Figure 8ashows the temporal trends &€, 4ep by N and P deposition alone for 1960-2100 undiereint
physical fraction of P fixed in soihC, 4, by N peaked in 1990 and then declined due to tezhsof N

emissions and deposition in the forests in Europ Morth America, butC, 4, by P was projected to
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increase by 2030 due to continuous increases imiBs®ns and deposition in South and Southeast Asia
Africa and South America under the RCP4.5 scenslvie.also found thatC, 4ep by N was much higher
thanAC, gep DY P in our central case where 80% of the P wasifby soil, but they were very similar in a
sensitivity test where only 20% of P was fixed byl. sAC,, 4p by N for 2030, 2050 and 2100 was expected
to be 28-60% higher under the RCP8.5 than the RECBdenario due to higher NHemissions from
agriculture. Difference im\C, 4¢p by P would be less than 15% due to a high comai@ of industrial

particulate emissions under both scenari@srarqueet al., 2017 (Figure S8).

Based omC, 4o by N and P in each 1°x1° grid, we calculatdd, 4, by N and P deposition together in
the case of maximum or minimum effects from 196@1060 Eigure 8. AC, e, Was about 6-fold higher
for maximum (0.28 Pg C yraveraged for 1997-2013) than minimum (0.044 Pg C) affects,
highlighting the imbalance between N and P in tegasition.AC, 4¢, for maximum effects peaked at 0.29
Pg C y* in 1990 and then decreased due to reductionsesfilisions and deposition rates in the forests in
Europe and North America. In a sensitivity test reh20% of P was fixed by soil, howeveiC, qe, for
maximum effect was predicted to increase continlyofiem 0.14 Pg C ytin 1960 to 0.42 Pg C ¥rin
2030 due to increases in both N and P deposititas faefore 1990 and an increase in P depositien rat
alone after 1990Figure S8 showsAC, ¢ep due to N and P together under the RCP8.5 scenetniereAC

v aep fOr maximum effect was expected to be 23-54% higfien under the RCP4.5 scenario.

(a) 0'4: I Due to anthropogenic N deposition
[ [ Due to anthropogenic P deposition (80% of P fixeddil)
s 03¢ [] Due to anthropogenic position (20% of P fixgddil)
%) L
2 L
= 021
3 L
> L
O L
< 0.1
0
1960 1970 1980 1990 Averageof 2030 2050 2100
1997-2013
Year
(b) 0.6 - - - — - -
F [ Maximum (80% of P fixed by soil)[Z] Minimum (80% of P fixed by soif)
0.5F [l Maximum (20% of P fixed by soil)[l] Minimum (20% of P fixed by soil)
S
o 04f
e .F
a 03¢
% E
O 02F
< F
0.1H
0
196C 197 198( 199C Averageof 203C  205C  210C
1997-2013
Year

Figure 8. Temporal trends of globalC, ¢, due to anthropogenic N and P deposition alaheud together
as maximum or minimum effectb)(from 1960 to 2100AC, 4¢p in a case where 80% of P is fixed by soil
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is compared to a sensitivity case where 20% offiXésl by soil. TheAC, gep for 2030, 2050 and 2100 are
estimated based on the anthropogenic N and P diposnder the RCP 4.5 storyline.

3.7.Impact of forest cover change on AC, gep

In addition to the change of N and P depositioesathe change of forest areas due to deforestatidn
afforestation influencea\C , 4, Table S4 shows the change of total forest areas, averaged P
deposition fluxes over forests am , 4¢, estimated for the five types of forests using eonstructed
global data set of forest cover change from 185@Gd0 Penget al., 2017. Figure 9 compares the
deposition fluxes and th&C , 4, for 1850 and 2010 with or without forest cover i@ by taking 1850 as
a reference, whereas the results for 2010 are lagcuusing the forest cover map in 1850 or 2010. |
shows that, if accounting for forest cover change, e, due to change in N and P deposition from 1850 to
2010 would decrease by 10% and 30%, respectivéfewise, the deposition fluxes aid , 4ep, for 1850
and 2010 are compared with or without the foresecahange by taking 2010 as a reference, wheheas t
results for 1850 are calculated using the foresecmap in 1850 or 201Figure S9). Similarly, it shows

that the forest cover change leads to a differémee , 4, by -6% and -19% for N and P, respectively.

(@ % (b) ©5 © 1 (d) °2
-16%

T + 04 7% T ’ +
> 15 > > 5015 -15%
z o 2 10 o
e o 03 g o
5 10 o -10% X 2 01
= S 02 = B °
8 5 8 os 215 -30%
S s 3 o1 N 3 005

0 0 0

185( 201C Diff 185( 201C Diff 185( 201C Diff 185( 201C Diff
Year Year Year Year
[] Without the land cover change [l With the land cover change

Figure 9.Comparison of global N deposition fluxes over &tse(a),AC, 4p due to N deposition (b), P
deposition fluxes over forests (c) an@, qep due to P deposition (d) in 1850 and 2010 and ifference
between 1850 and 2010 (Diff) without or with theefst cover change by taking year 1850 as a referenc
The yellow bars show th&C, 4, calculated based on the forest cover map in 185@ the blue bars show
the AC, gep Calculated based on the forest cover map for B8@i02010 respectively. In all casa§], gepis
estimated using the central values of parameteriaitiRe difference as a percentage by accountinghf®
forest cover change is given over each bar.

There are three reasons for the difference. Rirstglobal total forest area had declined by 128tmf29.5
x10° km? in 1850 to 25.9 x10km? in 2010. Second, the C response to N or P depositiries across the
five types of forest and change in the relativeecaf each forest type influences the estimation®f, gep

For example, the C response to N deposition ididieest for the evergreen needle-leaf forests (AT kg
N?) and the lowest for the evergreen broadleaf ferés kg C kg N). From 1850 to 2010, the cover
fraction of evergreen needle-leaf forests had smed from 19% to 21%, while the cover of evergreen
broadleaf forests had decreased from 49% to 44&4jrig to less reduction iNCy gep than N deposition
fluxes after accounting for the land cover charfggure 9. At last, change in thepatial distribution of
forests also leads to some changes in the averagePNdeposition rates, but our data sets showthisat

influence is relatively small. The average N andePosition rates over global forests in 2010 w@&@ g
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N m? yr! and 47 mg P ihyr? using the forest cover map in 2010, compared 626 mg N rf yr* and
49 mg P rif yr* using the forest cover map in 1850.

4. Discussion

4.1. Global data setsof N and P deposition

Our study providethe firstglobal gridded data sets for both N and P depasftiom pre-industrial (1850),
historical periods (1960, 1970, 1980 and 1990prasent (1997-2013), and into the future (2030020
2100) from a global climate-chemistry model driv®ncomplete bottom-up emission inventori€sble

S1 provides a comparison of species represented dynibdel, horizontal resolution, and observational
data used to evaluate the model with previous esudin the simulation of N, we employsthte-of-the-art
inventoies for reactive N and other tracers that influence dtmospheric chemistry of MI{mont et al.,
2013. The chemistry of N in the model is advancechia treatments of the ammonia cycle and the nitrate
particle formation Klauglustainest al., 2014, which are only represented in few global modBlentener

et al., 200§. Our model also provides a horizontal resolutidnl@°x2.5° that is finer than most of
previous modelgDenteneret al., 2009. For P, we used a new emission inventory from agstibn
sources with the uncertainties quantifi@dlanget al., 20153, which reduced the underestimation in the
modeled P deposition by covering P in all sizepaficles which arearried to themeasurement sites.
Prior to our work, iere waonly oneglobaldata set of present day P deposition availddhpwaldet al.,
2008. In addition to its lack of temporal changes, thigeuious data setoveredP in particles with
diameter smaller than 10m. Wanget al. (20153 showed thait led toa discrepang between the modeled
and observed P deposition rates at globally digteith measurement statioifi$® in particles with diameter
largerthan 10um was neglected even if uncertainties in P emissfoom other sources were accounted

for.

The modeledNO; and NH, wet deposition rates were evaluated by comparitly 8023observations from
globally distributed measurement stations. ThedeledP depositionrates were comparedwith 116
observationsThe normalized mean bias (NMB)-8% for the N@Q and NH, wet deposition ratesnd-53%
for the P depositionates. It also shows that 50% of the data werecissd with a bias between -25% and
50%for the NG and NH, wet deposition and between -4% and 16é%¢he P deposition. The correlation
coefficient of the log-transformed deposition ragehigher for N R=0.74) than for P R=0.50). The
underestimation of P deposition was likely dueetmrsin thetransportmodel or ignored local biogenic
aerosoldn the measurement samplé$e distributions of these model errors were é@ats uncertainties
in our data setdt is not a surprise that there is a larger uraiety associated with the modeled deposition
rates of P than N. For P, in addition to the errassociated with atmospheric transport and removal,
emissions of P from wind erosion of soil dusts geioic aerosols, marine sea-salt particles, volcanod
other sourcese(g., phosphine from freshwater wetlands and rice pesjdare all subject to high
uncertainties Graham and Duce, 1979; Mahowaitdal., 2008; Wanget al., 20159. A limitation of our P

deposition simulations set is that the long-termai®ns of these emissions are not resolved, ts=rao
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information on evolution of these sources is cutyeavailable at the global scallore measurements of

P deposition rates in contrasting environments umeful to reduce the uncertainty in the modeled P
deposition ratese(g., Du et al., 2016, while more long-term measurements of the surfaceentrations of

P with additional source information are usefukconstrain the model and emissions of P fronedifice
sourcegMahowaldet al., 2009.

For N, we had lower model biases in some regionsmdompared with previous studies. For example,
Hauglustaineet al. (2014 simulatedN deposition using the same climate-chemistry rhadd evaluated
the model using4036 observations fronglobal monitoring stations. They reported that NMB is
respectively -32%, -4.5% and -60% in North Ameri€ayrope and Asia for the modeled Nket
deposition, and -28%, 13% and -54% for the modBl@d wet deposition. In contrast, NMB in our study is
-12% in North America, -42% in Europe and -28% #&sEAsia respectively for NHvet deposition, and
29%, -29% and -11% respectively for pN®et depositionKigure S3). Thus, our results are better for Asia
but worse for Europe. Hauglustaire al. (2014 attributed the underestimation inAsia to a coarse
horizontal resolution of the modahdan underestimation of reactive-N emissions @rtlgion Lamarque

et al.,, 2010. We updated reactive-N emissions by using a mecent ECLIPSE GAINS.4a inventory
(Klimont et al., 2013 and used a higher horizontal resolution versibrthe atmospheric model, from
1.9°x3.75° previously to 1.2°x2.5These together reduced the model bias in Asiapilea larger NMB
in Europe in our model, the correlation coeffici@R} is 0.63 and 0.79 for wet NHand NQ deposition in
this region, respectively, higher than 0.33 an® @y Hauglustainet al. (2014), indicating that our model

better captures the spatial pattern of N deposition

Overall, our studyrovidesconsistent gridded simulations of both N and P ditjpm at a higthorizontal
resolution, which agrees better with observatisomfa large number of globally distributed measuaeim
stations than previous studiddghowaldet al., 2008; Hauglustainet al., 2014. A statistical analysis of
the model-observation comparison generates a pitighiabdistribution of the model bias, which enathl
us to address the uncertainty in our data $&tsereas previous studiede( Vrieset al., 2019 have only
estimated the C sequestration by current N depasitithout spatial and temporal variations, wenested

C sink changes from changes in N and P depositipsrandncluded an uncertainty analysis to both N, P

deposition and C sink responses.

4.2. P deposition contributes significantly to forest C storage

Increasing atmospheric G@oncentrations, longer growing season and N ifetibn have been suggested
to lead to limitation by P of productivity in tenag¢e forests\(itouseket al., 1984, 2010; Penuelasal.,
2012, 2013} Our long-term data of P-deposition rates, comthiwith data of N-deposition rates, suggested
that ACp gepwould be close taCy qep if 20% of the P is fixed by soil, and C fixationelto P deposition is
higher than previously estimate@lévelandet al., 2013; de Vriegt al., 2014 due to higher P deposition
rates and a less fraction of P loSaitariet al., 2012. Our simple stoichiometric mass balance approach
indicated that the strength of P fixation by saiftirles exerted the strongest influence on thearse of C

fixation to P deposition. Consequently, we adoptefobal-constant fraction of deposited P beingdiky
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soil ranging from 20% to 94%, based on the transbefficients between stable and labile P fromé&Biadt

al. (2012. However, it should be noted that this fractioaswiot uniform in space and was probably soil
type dependenompton and Cole, 1998More field experiments measuring fixation of yPdwil particles
are needed to reduce this uncertaidtyhfisoret al., 2003.

Nevertheless, our stoichiometric method found #@4 4o, was equivalent to 50-90% aCy gep When the
fixation of P by soil was weak, implying that defted P can contribute to forest C storage providirag
other sources of N and P were held constant. Slgat¥éCp 4pcould even exceetiCy q4epin sSome areas of
forests in East Asia, South and Southeast Asiac&\find South America{gure 7. In particular, we find
thatACp gepcan be significantly higher thaxCy qepin tropical forests in the Congo and Amazon Baaims
Indonesia, due to both rapid losses of N from esi@sys through denitrificatiorBéi et al., 20129 and high
deposition rates of P from deforestation fire eroiss Giglio et al., 2013. The C sink in tropical forests is
sensitive to additional P inputs, because P aubilain the soil of tropical forests was found be far
lower than the global averagégnget al., 2013 but P use efficiency was higher than that in hbferests
(Gill and Finzi, 2015 We suggest that more attentions should be pgaidstimate the C sink due to
additional P inputs from deposition in tropicaldsts.

However, our current knowledge of nutrient cyclisgmore limited for P than for N, leading to high
uncertainties global ecosystem-level modeél&afiget al., 2010; Gollet al., 2012; Yanget al., 2019. It is
known that most of P is neither directly taken ypplant nor lost by leaching, but a large fractarP is
fixed by soils before being slowly transferred iattabile pool that can be used by plakeits and Chapin,
2000; Sattarkt al., 2019. Different from N, there is no atmospheric losghpvay for P, while P is less
mobile in soil and hence less prone to leaching foaN (Aerts and Chapin, 2000; Get al., 2012; Goll,
2016, but it remains unknown whether and how fastfiked P in soil can be mineralized and used by
plants (U et al.,, 2013. A meta-analysis of P and N plus P fertilizatierperiments suggested that
increasing N availabilitye.g. from increasing N deposition, tends to increaseyéling rate and thus
contributes to use of P by plantdgrklein and Houlton, 20)2Measurements of the rate of P uptake in the
seasons with both high N and P-deposition ratesuseéul to understand the contribution of N and P
deposition together to the C fixation in forests.

The cycles of C, N and P differ in their respectte residence time in terrestrial ecosyst&#alker and
Syres, 1975 Our stoichiometric method attributes the C gerdue to N and P deposition at a timescale
of 10-20 years, followingle Vrieset al. (2014). Nonetheless, P would turn over much more sldiviyn N
(Walker and Syres, 197650 it is worth highlighting that the effects®fwould last longer than those of N.
We expect that the use by plants is much slowedéposited P than deposited N due to the strongigdly
fixation of P in soil Aerts and Chapin, 2000; Goodaleal., 2002, and our estimatetCp 4epunder a weak
fixation should include part of the long-term effeof P deposition. Under a high €€bncentration in the
near term, plants are likely increasing their éficy in accessing and utilizing these not reaahigilable

P Buendiaet al., 2014, Goll, 2016 Such effects should be better represented ipttheess-based models
when studying the impact of N and P deposition olinftation (Clevelandet al., 2013; Wiederet al.,
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While we cannot quantify all sources of N and Pgiants, calculation of maximum and minimu@ gep

by N and P provides a preliminary estimation of @istorage supported by anthropogenic P deposition.
Under a weak fixation for P by soil, maximukt, 4e; by N and P (0.38 Pg Cris 43% higher thanC

vaep by N alone (0.27 Pg C yy. Meanwhile, minimum\C, 4e, by N and P (0.10 Pg C 3 is 53% lower
than AC, 4¢p by P alone (0.22 Pg C¥r They both suggest a potential contribution ahespogenic P
deposition to additional forest C sink. The map\Gf, ¢, by N and P also implies that other sources of N
are needed to support the C storage by P deposit&mme Asian tropical forests where the depasitade
increased faster for P than for Nidure 7. However, it should be noted that N fertilizaticen also exert a
significant effect on the capacity of plant to tise P Marklein and Houlton, 2012; L&t al., 2013, and

the maximal co-fertilizedC, qep s likely even larger than maximuscC, qe, estimated by our method.

4.3. Uncertainty dueto N retention by the canopy

We aimed at providing a preliminary estimation arfelst C response to N and P deposition and inatstig
the imbalance of N and P in the deposition at aterich scale of 10-20 years when other sources hadce
constant. We find thaanthropogenic P deposition can contribute to Cag@r supplementingC , gep
supported by anthropogenic N deposition by 43%s Worth highlighting that the impact of N depasiti

on C storage also remains uncertain, despite messummements of N than P retention in ecosystenes, du
largely to the uncertain impact of canopy N uptdkeas noticed that ~40% of N deposited is retaibg

the canopy in Europe and North AmeritaVyett and Lindberg, 1993but the impact on C storage is not
well constrainedparks, 200P Sieveringet al. (2007) found that 80% of the growing-season N deposition
was retained in canopy foliage and branches and~2@% of daytime net ecosystem exchange may be
attributed to canopy N uptake. Dedti al. (2010 found that the net ecosystem production would be
increased by 58% under a hypothesis that canopytake can directly stimulate photosynthesis retato/
without canopy N uptake. Nait al. (2016 suggested that accounting for canopy N uptakéddead to an
increased C response to N depositi@tC{AN) from 43 to 114 kg C kg N (by 2.6-fold) through a
well-designed mesocosm experiment. It should bedcdtat the experiment by Nadt al. studied the
response to N deposition at a time scale of oneama it is likely that N in the aboveground biosmasn

be re-allocated in plants at a longer time scatés 1B likely the reason why most of applied N wetsined

in the plants at mid-long ternGgigeet al., 2007, but most of the N in the plant was recoverethbark
rather than in the canopi#il et al., 2009.

Here we calculated the C response to N depositeedon the fate of deposited N at a timescal®-&0L
years followingde Vrieset al. (2014). We estimated thatC/aAN was 24 kg C kg N, which is lower than
the estimate by Nagt al. (2016), but close to the estimate (11.5-39.8 kg C K by de Vrieset al. (2014,
because Naiet al. (2016 did not account for loss of N in the ecosystem denitrification and leaching.
We increased our estimate &€ y qep by 2.6-fold as indicated by Nagét al.’s experiment to yield an upper
estimate of the effect by N. Consequently, maximi@y 4c, by N and P increased by 2-fold from 0.38 Pg
C yr't0 0.76 Pg C yt, compared to 0.70 Pg C'yby anthropogenic N deposition, while minimw@ . 4,
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increased by 1.6-fold from 0.10 to 0.16 Pg C'ycompared to 0.22 Pg CYiby anthropogenic P
deposition. This suggests that the effect of P bellless significant if the high C response to Haddion
due to direct use of N by the canopy can be coefirlvy more evidences.

4.4. Ecological implications of N and P deposition

The spatial patterns and temporal trends of N aethBsions and subsequent deposition are impddant
understanding the variation of nutrient limitationforests far away from agricultural activitieRgayet al.,
2008. Manipulation experiments across global biomemébthat many ecosystems are co-limited by the
availability of N and PHElseret al., 2007; LeBauer and Treseder, 2008; Penuetlak, 2013. Fossil fuel,
biofuel and deforestation fires provide additioNahnd P to forests beyond the background leveltheske
emitted from the populated regions can reach refiootsts by atmospheric transport. Our long-terta da
of the deposition for both N and P help to quarttify deposition of N and P as anthropogenic comgsne
and to estimate the additional C storage in forests

Global change in N and P deposition rates arigiognfN and P emissions by human activities and bésma
burning is only one of factors that influence carlsiorage by forests. Our study made a preliminary
attempt to assess the contributions of forest coliange RPenget al., 2017 and the changes in N and P
deposition rates to th&C , qep It is not a surprise that forest cover change dféset 10% and 30% of
increase in th&\C , gp from 1850 to 2010 due to increase in N and P deposates, due to decline in
forest areas mainly in the tropics. In additioridest cover change, other environmental driversipging
the forest C sequestration from nutrient depositisuch as rising CPOlevels Field et al., 1995,
emergency of large-scale drougRh{llips et al., 2009, spring and autumn warmingi@oet al., 2009 and
change in forest water-use efficiené§egnanet al., 2013, are not considered in this study. A combination
of our global N and P deposition data sets assmtiatth their uncertainties with process-based tatipan
models including both N and P interactions with@strial C cycling €.9., Wanget al., 2010; Gollet al.,
2012 would permit a more comprehensive understandfripeimpact of atmospheric deposition on the
forest carbon sink.

Using a conceptual stoichiometric mass balancecagpr, we showed that anthropogenic N deposition for
1997-2013 contributed ~9% to the global terres@ialink, which is close to a previous estimate@¥oIfor
2030 Reayet al., 2009. We emphasized that physical P fixation is andrtgnt factor that can lead to an
imbalance between N and P in atmospheric deposifiathropogenic P deposition (0.50 Tg P'ywas
23-fold lower than N deposition (11.5 Tg Nyifor 1997-2013, but most of the P was stored ifs sm a
shorter term and less P than N was prone to 108sTgN yi* was lost for N by denitrification or leaching,
and only 0.010 Tg P yrwas lost for P by leaching). Our analysis suggkstet historical P deposition
would likely exert a significant cumulative effeat the terrestrial C sink by releasing soil-fixednRthe
long term. Nonetheless, our stoichiometric apprazatmot account for the effects of N and P depositi
under elevated CQroncentration and varying climaf@ruber and Galloway, 2008; Vitousekal., 2010.
Comprehensive process-based Earth System ecosysteels representing the biogeochemical cycles of
C, N and P are useful for understanding the eccébgffects of historical, present and future déjors
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of N and P on the C cycl®éedet al, 2015.
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