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Abstract. Global carbon budget studies indicate that the ter-on carbon storage may overwhelm N deposition effects in the
restrial ecosystems have remained a large sink for carbon dduture.

spite widespread deforestation activities.J€rtilization, N
deposition and re-growth of mid-latitude forests are believed

to be key drivers for land carbon uptake. In this study, we

assess the importance of N deposition by performing ide- ]

alized near-equilibrium simulations using the Community 1 Introduction

Land Model 4.0 (CLM4). In our equilibrium simulations,

only 12-17 % of the deposited nitrogen is assimilated into Though nitrogen is the most abundant element in the atmo-
the ecosystem and the corresponding carbon uptake can t@here, most organisms, including plants and animals, cannot
inferred from a C:N ratio of 20:1. We calculate the sen- Use it in its most common form (. It can only be used in
sitivity of the terrestrial biosphere for GQertilization, cli-  its reactive forms of N@ and NH,, which when deposited
mate warming and N deposition as changes in total ecosyson the surface through various processes, is generally re-
tem carbon for unit changes in global mean atmospherig COferred to as “nitrogen deposition™. Since pre-historic times,
concentration, g|0ba| mean temperature and Tera grams djitrogen has been converted to bioavailable forms through
nitrogen deposition per year, respectively. Based on thesdlightening”, bacteria, algae, legumes and plants with asso-
sensitivities, it is estimated that about 242 PgC could haveciative N fixers. The rate of nitrogen fixation (and thus de-
been taken up by land due to the E@rtilization effect ~ Position) has significantly increased due to systematic culti-
and an additional 175PgC taken up as a result of the invation of rice and leguminous plants. The rate is estimated to
creased N deposition since the pre-industrial period. Becausée~ 10.8 TgN yr* (Tera grams of nitrogen per year) around
of climate warming, the terrestrial ecosystem could have lostl 765 (Galloway et al., 2004; Jain et al., 2009) and around
about 152 PgC during the same period. Therefore, since prel7.4 TgNyr* by 1865 (Galloway et al., 2004).

industrial times terrestrial carbon losses due to warming may [n the industrial era, nitrogen deposition has increased
have been more or less compensated by effects of increaséfany times due to nitrogenous emissions from fossil fuel
N deposition, whereas the effect of grtilization is ap- ~ combustion, and due to industrial production of various re-
proximately indicative of the current increase in terrestrial active nitrogen compounds from the Haber—Bosch process.
carbon stock. Our simulations also suggest that the sensitivAS a result, N deposition increased to about 60 TgNyin

ity of carbon storage to increased N deposition decreases bébe 1990s (Galloway et al., 2004; Jain et al., 2009) and is

yond current levels, indicating that climate warming effects Projected to increase to about 125 TgNrby 2050 (Gal-
loway et al., 2004). Estimates of N deposition based o NO
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emissions alone are between 25 and 40 TgN yor the year  2011) or 0.31PgCyt in tree carbon storage (Thomas et
2000 and 60—100 TgN y* by 2100 (Lamarque et al., 2005). al., 2010). However, there are indications that N-induced in-
Global carbon budget studies suggest that the global tererease in land carbon uptake is unlikely to keep pace with
restrial ecosystem has remained a large sink of carbon in refuture CQ increases (Reay et al., 2008).
cent decades, despite a widespread deforestation-related flux Terrestrial carbon accumulation could be constrained by
of carbon to the atmosphere (Friedlingstein et al., 2010; Lethe availability of nitrogen (Hungate et al., 2003; Nadelhof-
Quere et al., 2009; Pan et al., 2011; Schimel, 1995). Refer et al., 1999) and because of this constraint it has been
growth of mid-latitude forests, C{ertilization and nitrogen  found (Bonan and Levis, 2010; Jain et al., 2009; Thornton et
deposition are believed to be key drivers for land carbon up-al., 2009; Yang et al., 2009) that nitrogen cycle dynamics at-
take (Canadell et al., 2007; Friedlingstein et al., 2010; IPCC tenuates the magnitude of global terrestrial carbon sinks and
2007). There have been many observational studies gn COsources driven by C@fertilization and changes in climate.
fertilization which yield a range of results (Korner, 2006). However, it is not clear how the sensitivity of terrestrial car-
For example, free-air COenrichment experiments in forest bon uptake to N deposition will change under climate warm-
stands (Norby et al., 2005) indicate a 23 % median increase itng and changing atmospheric @@oncentrations. In this
net primary production (NPP) in response to ax@®ncen-  study, we address the following three questions:
tration increase from 376 to 550 ppm (parts per million), but
some studies (Newingham et al., 2013) show no significant 1. How much carbon could be sequestered into terrestrial
effect. It appears that the effect strongly depends on the avail- ~ €cosystem per TgN gt increase in N deposition?
ability of nutrients and soil water, the plant species and state
(young vs. mature) of the ecosystems (Korner, 2006). Warm-
ing, in contrast, is known to diminish the land carbon sink by
enhancing respiration (Cox et al., 2000; Cramer et al., 2001;
Friedlingstein et al., 2001; Govindasamy et al., 2005; Joos
et al., 1991; Lloyd and Taylor, 1994; Matthews et al., 2005;
Thompson et al., 2004; Zeng et al., 2004). Global mean tem-
perature is estimated to have increased by about° @74
the period 1906 to 2005 (IPCC, 2007).

A number of observational studies from different geo- 1o address these issues, we use a global land model coupled
graphical areas have shown that N deposition increases cafy carbon and nitrogen cycles. Our simulations are highly
bon stocks in different plant species (see Table S1 for a briefgealized since our main goal here is to get an order of mag-
list of studies and their results). While the amount of addi- hityde estimate for the sensitivity of terrestrial ecosystem to
tional carbon stock increase depends on the plant functiongl deposition, climate warming and GQertilization. Fur-
type, location, type of ecosystem (N limited or not) and otherher, we design near-equilibrium simulations as opposed to
environmental conditions, the upper bound can be estimategansient simulations since there could be substantial lags
from the C: N ratio of the ecosystems: an estimate of the Upi, terrestrial ecosystem response (Jones et al., 2009) and
per bound for the present-day would be 1-2PgC per year fopquilibrium simulations allow us to capture long-term con-

a C:N ratio of 20-40:1, and a 50 TgNyrincrease in N sequences. However, it should be cautioned that the sensitiv-
deposition relative to pre-industrial period. Beyond certainity parameters estimated from equilibrium simulations have
N deposition levels, additional N deposition has reduced im-mych larger magnitudes when compared in transient simula-
pact on biomass yield and productivity (Lemus et al., 2008;tjons as shown in one of our recent studies (Bala et al., 2012).
Rasmussen, 1998). While modeling studies show that N deThough our simulations are highly idealized, the results may

position increases NPP and carbon stocks (Jain et al., 2009;ave important implications for the terrestrial carbon dynam-
Magnani et al., 2007; Thornton et al., 2009; Yang et al.,jcs for the historical and future periods.

2009), the importance of N deposition relative to £fer-

tilization effects and temperature increases has not been ade-

quately explored on a global scale. A recent coupled model2 Model description

ing study shows N deposition and elevated,@0uld have a

synergistic effect, which could explain 47 % of terrestrial car- To investigate the relative influence of N deposition,G€¥-

bon uptake in the 1990s (Churkina et al., 2009). Estimategilization and climate warming on ecosystem carbon produc-
of global terrestrial carbon uptake due to current N depo-tivity, we use the Community Land Model CLM4 (Lawrence

sition ranges: from 0.15-0.35 PgCyr(10-20 % of terres- et al., 2011). CLM4 merges the biophysical framework of the
trial uptake) (de Vries, 2009; de Vries et al., 2008; ZaehleCLM 3.5 (Oleson et al., 2008, 2010; Stockli et al., 2008) with
and Dalmonech, 2011) to 1.0-2.0 PgC¥(100 % of terres-  the terrestrial biogeochemistry model Biome BGC (version
trial uptake) (de Vries, 2009; de Vries et al., 2008; Holland 4.1.2) (Thornton and Rosenbloom, 2005; Thornton et al.,
et al., 1997; Magnani et al., 2007; Zaehle and Dalmonech2002). CLM4 includes revised hydrology and snow models,

2. How does the sensitivity to N deposition respond to
the changing temperature and £€ncentration?

3. What is the importance of N deposition relative to
CO;, fertilization and global warming in determining
total ecosystem carbon storage? Total ecosystem car-
bon (TEC) is the sum of all terrestrial carbon pools in
vegetation, soil and litter.
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organic soils, and a 50 m-deep ground column when com4N2K and 8N2K are the same as (1-4) but a uniform increase
pared to CLM3.5. Additionally in CLM4 the distribution of of 2K in atmospheric temperature forcing is imposed.
plant functional types (PFTs) is modified to reduce a high In the above simulations, changes in N deposition, CO
grass bias in forested regions. It includes carbon-nitrogerand climate warming are imposed as step-function changes
biogeochemistry with prognostic carbon and nitrogen in veg-at the start of the simulations. It should be noted that we re-
etation, litter, and soil organic matter (Thornton and Zimmer-fer to 1N as pre-industrial control though we use vegetation
mann, 2007; Thornton et al., 2009). A prognostic fire modeltypes corresponding to present-day and use a 57 yr forcing
simulates wildfires (Kloster et al., 2010). In CLM4, nitrogen data set that corresponds to the period1948-2005. During the
input to the ecosystem is via biological fixation and N de- last 100yr period, net ecosystem exchange (NEE) has had
position. Within the ecosystem, nitrogen is released from or-a magnitude between 0.01 and 0.1 PgClyin all the sim-
ganic matter (gross mineralization) in forms that can then beulations and hence the simulations are considered to be in
taken up by plants (plant uptake or assimilation) and the renear-steady state. The 57 yr atmospheric forcing data set is
maining is immobilized (immobilization). N losses from the repeatedly used in all twelve 1000 yr experiments. The influ-
ecosystem are through fire loss, denitrification and leachingence of the 57 yr cycle or short-term trend in our simulations
The offline simulations of CLM4 need atmospheric forc- is removed by either applying a 57 yr running average or by
ing (or climate) data which is also provided along with the showing differences between the experiments (subtraction of
source code distribution of CLM4. The forcing data is a one experiment from another removes the 57 yr trends cy-
57 yr (1948-2004) observationally constrained atmosphericles) in our analysis.
data set at three-hourly intervals for surface air temperature, The prescription of nitrogen deposition in our simula-
precipitation, surface pressure, boundary layer wind and surtions is designed so as to capture the pre-industrial, cur-
face solar radiation at a horizontal resolution of’ll@itude  rent and projected future nitrogen deposition levels on the
and 2.8 longitude (Qian et al., 2006). Inputs to the model global land system: N deposition in 1N (pre-industrial pe-
such as the initial conditions, the surface parameters and theod) and 2N are prescribed at 20.3 TgNyr(Bonan and
PFT physiological constants were all set from the input datalevis, 2010) and 40.6 TgNy#, respectively, over land,
set associated with the distribution of CLM4 source code.whereas the present-day N deposition is 65.2 TgNyin
The 15 PFTs that are prescribed in the model correspond t€LM4 data set. The N deposition used in CLM4 (Fig. 1)
present-day vegetation cover, while land cover and land us&vere generated by the three-dimensional chemistry transport
change is not considered. A prescribed constant level of atMOZART-2 (Model for Ozone and Related Tracers, version
mospheric C@ concentration forcing is used for each simu- 2; Horowitz et al., 2003). These N deposition levels are close
lation. to the values reported in literature, i.e. 17.4 TgNYin 1860
and 62 TgNyrl in the year 2000 (Galloway et al., 2004;
Jain et al., 2009). The prescribed N deposition over land in
the experiment 8N is 162.4 TgNv} while the projected N
3 Experiments deposition in 2050 is 135 TgN yt (Galloway et al., 2004).
While the first set of experiments (1-4) is designed to es-
CLM4 simulations in this study are started from a well timate the response of the model to N deposition, the second
spun-up state (restart files supplied along with source codeet of experiments (5-8) is designed to estimate the sensi-
by NCAR) corresponding to pre-industrial levels of at- tivity of the model to CQ fertilization and the interaction
mospheric CQ@ concentration (285 ppm) and N deposition between CQfertilization with N deposition. The third set of
(20.3TgNyr1). When we continue this case for 1000yr experiments (9—12) is designed to calculate the sensitivity to
(the control experiment 1N as discussed below), the drift inclimate warning and its interaction with N deposition.
global total ecosystem carbon is only 0.015PgC per year,
suggesting that the control simulation is in near-equilibrium . ,
state. From this well spun-up pre-industrial state provideg® Results and discussion

by NCAR, we initiate twelve 1000yr simulations with the The spatial pattern of N deposition used in our experiments
same climate forcing but varying N deposition, £€on- P P b P

centrations and climate warming over the globe to isolatebased on pre-industrial N deposition is similar to present-day

the effects of these factors on global ecosystem productiV_qleposmon with a correlation coefficient of 0.87 for deposi-

. : tion over land (Fig. 1). South and Southeast Asia, Europe,
ity and carbon storage. The twelve experiments are groupe . .
. ) ) eastern North America and Central Africa have larger N de-
into 3 sets; (1-4): 1N (Control), 2N, 4N and 8N where atmo- o L .

) o : . position. The pattern of deposition is primarily determined
spheric CQ concentration is fixed at the pre-industrial levels . . .

) o by sources of reactive nitrogen inputs to the atmosphere, at-

(285 ppm; year 1850) and N deposition ig,12x, 4x and mospheric transport and wet and dry deposition processes in
8x the pre-industrial levels, respectively; (5-8): INZO,, P P y dep P

N2 x COy, 4N2x CO, and 8N2x CO; are the same as (1— ¢ atmosphere (Horowitz etal., 2003).
4) but the CQ level is doubled; and (9-12): 1N2K, 2N2K,
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N-DEPOSITION (gNm®)
Land mean 0,12 Land mean 0,48
Pre-industrial (1850) Ocean mean 0,036 4 x Pre-industrial(1850) (Ocean mean 0.144

Land mean 0.43
Ocean mean 0.089

Fig. 1. Spatial distribution of N deposition in the pre-industrial period (1850; top left panel), four times the pre-industrial N deposition case
(4N; top right panel) and present-day (2006; bottom panel) in the input data sets of CLM4. The global mean pre-industrial N deposition over
land is 0.12 gN rm2(a total land deposition of 20.3 TgN'V#). The deposition in the experiment 4N (80.6 TgN'}y is approximately close

to the present-day deposition of 0.43 gNFn(fv 73.1 TgNyr1). We infer from this figure that the spatial pattern of N deposition used in

our experiments is similar to present-day deposition.

The changes in key terrestrial carbon cycle variables (NefThe increases are 69 PgC (3.6 %), 183.5PgC (9.4 %), and
Primary Productivity (NPP), vegetation carbon, soil carbon352 PgC (18.1 %) for two times, four times and eight times
and total ecosystem carbon) for elevated N deposition aréhe N deposition, respectively. TEC increases per TgNyr
shown in Fig. 2, which shows that the simulations haveare 3.41, 3.01, and 2.48 PgC/(TgNyj} for these three
reached near-equilibrium conditions after 900 yr and hencecases, respectively. That is, TEC increase per unit N depo-
we use the last 100 yr in our analysis. During the last 100 yrsition becomes smaller for large N deposition, and eventu-
period, net ecosystem exchange (NEE) has had a magnitudaly the system would reach steady state and thus the land
between 0.01 and 0.1 PgCyrin all the simulations. Fig- biosphere would eventually stop being a carbon sink (Ras-
ure 2 suggests that as the N deposition increases, NPP, vegerssen, 1998). The sensitivity for N deposition decreases at
tation carbon, soil carbon and TEC also increase. It demonhigher N deposition levels in the real world because of other
strates that the model adequately represents the N limitatiofactors such as water or availability of other nutrients, espe-
in the terrestrial ecosystems (Vitousek and Howarth, 1991)ially phosphorous, which would eventually limit ecosystem
as the addition of N deposition results in an increase of simproductivity. These limitations are represented in the model
ulated NPP. It also suggests that at lower N deposition leveldy parameterizing biological nitrogen fixation (BNF; an in-
the terrestrial ecosystem is more sensitive to the addition oput of N to terrestrial ecosystem) as a function of NPP (Ole-
nitrogen and is less sensitive at higher N deposition levelsson et al., 2010):

Further, we find that climate warming leads to a decrease in

TEC and the decrease is larger when N deposition levels ar8BNF = 1.8(1 — exp —0.003NPR)

larger. The causes for the dependence of sensitivity on N de-

position levels are discussed in the following paragraphs.  This formulation captures the observed broad-scale depen-

Figure 3 and Table 1 show that the simulated TEC av-dency of BNF on ecosystem productivity (Oleson et al.,
eraged over the near-equilibrium period (900-1000 yr) in-2010).
creases substantially as the N deposition rate is increased. An exponential fit with 2 time constants shows that major

changes in TEC occur on decadal and centennial timescales

Biogeosciences, 10, 7147460 2013 www.biogeosciences.net/10/7147/2013/
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Fig. 2. CLM4 simulated global and annual mean changes in NPP, vegetation carbon, soil carbon and total ecosystem carbon for (i) N
deposition, (ii) climate warming and (iii) C£fertilization at various levels of N deposition. A 57 yr running average is applied to original
annual mean data.

Table 1.Global mean changes in key ecosystem variables in the last 100 yr of 1000 yr simulations. Values in parentheses are % changes.

Key Terrestrial IN Set 1 Experiments: Set 2 Experiments: Set 3 Experiments: Increasing N
Variables Increasing N Increasing N deposition deposition with doubled C®
deposition alone with 2K warming concentration

2N-1N 4N-1IN 8N-1N ‘ 1N2K-1N 2N2K-2N 4N2K-4N 8N2K-8N‘ IN2x CO2-IN  2N2x CO2-2N  4N2x CO2-4N  8N2x CO2-8N
GPP (PgCyr) 1844 62(3.4) 164(89) 308(16.1) -17.4(-9.4) —184(-97) —20.0(-100) —22.2(-10.3) 53.8(29.2) 56.0 (29.4) 60.0 (29.9) 66.8 (31.0)
NPP (PgCyrl) 63.8 26(40) 68(106) 128(20.1) -80(-126) -84(-127) -91(-12.9) —10.1(-13.2) 18.0 (28.2) 18.8 (28.3) 20.3 (28.7) 22.8(29.7)
Vegetation carbon (PgC) 1066.8 28.0(3.0) 45.6(4.7) 65.4(645)179.0 (19.0) -185.7(19.2) —195.8(19.3) —210.5(19.5) 432.8 (40.6) 445.3 (40.5) 468.9 (40.8) 508.3 (41.5)
Vegetation nitrogen (PgN) 49 02(35) 05(9.1) 09(173) -0.7(-148) -0.8(-149) -08(-150) —0.9(-15.3) 1.6 (31.9) 1.6 (32.0) 1.7 (32.4) 1.9(33.3)
Soil carbon (PgC) 7438 32.2(43) 865(11.6) 168.1(22.6)-81.5(-11.0) -856(11.0) -925(-11.1) -103.6¢11.4) 151.1 (20.3) 158.8 (20.5) 172.7 (20.8) 196.9 (21.6)
Soil nitrogen (PgN) 742 32(43) 86(11.6) 16.8(22/6) —8.1(-11.0) -85(-11.0) -92(-11.1) -10.3(11.4) 15.1 (20.3) 15.8 (20.5) 17.2 (20.8) 19.7 (21.6)
Total ecosystem carbon (PgC) ~ 1946.1 69.0 (3.6) 183.5(9.4) 351.9 (18-303.4 (15.6) —315.8(15.7) —3355(15.8) —365.1(15.9) 627.7 (32.3) 649.5 (32.2) 689.9 (32.4) 758.4 (33.0)
Total ecosystem nitrogen (PgN) ~ 79.6 3.4 (4.3) 9.1(11.5) 17.7(2R.2)-89(-112)  -9.4(-11.3) -10.1(-11.4) —11.3(116) 16.8 (21.1) 17.6 (21.2) 19.1 (21.5) 21.7 (22.3)

for step function changes in N deposition, temperature andands and a most common range of 20—40 KgC (KgNple
CO, (Table S2). Therefore, on centennial timescales, the orVries et al., 2009) or US sites which find an above-ground
der of magnitude TEC increase for N deposition can be in-biomass increment of 61 kg of carbon per kg of nitrogen de-
ferred from accumulation of total ecosystem nitrogen (TEN; posited (Thomas et al., 2010). Our model calculations pre-
Table 1) due to N deposition. Carbon and nitrogen flow in sented here are for the global mean case, that is the aver-
parallel between vegetation, litter and soil organic matter,age from all 15 PFTs, but the measurement results cited are
respecting the stoichiometry of the various organic matteronly for the forest PFTs. Therefore, it is not surprising that
pools. In CLM4, the C: N ratio for leaf, wood, root and soil the N deposition effect for the forests is higher than mod-
pools are 30:1, 130:1, 55:1 and 10: 1, respectively. Whereled global mean case, because forests have large C storage
carbon stocks are weighted with the fraction of carbon andcapacity. Defining an overall N accumulation fraction as the
nitrogen in these pools as in the 1N case, we find an averageatio of ecosystem N accumulation to N deposition for the
C: N ratio of about 20: 1, which is consistent with the ap- entire period (1000yr), we get an N accumulation fraction
proximate ratio of TEC to TEN in Table 1. Therefore, when in the range of 12—-17 % (12 % for 8N-1N and 17 % for 2N—
N deposition is increased by 20.3 TgNyr (2N-1N), we  1N) and the remaining N is lost to atmosphere through den-
find an increase in TEN of 3.4 PgN and an associated TEGtrification, fire loss and leaching (Fig. 5). Therefore, for our
increase of 69 PgC. equilibrium simulations only 12—17 % of the deposited nitro-
Our model-based estimate is conservative when compareden is assimilated into the ecosystem and the corresponding
to observations in European sites that find a carbon sequesarbon uptake can be inferred from a C: N ratio of 20: 1.
tration range of 5-75KgC (KgN} for forests and heart-

www.biogeosciences.net/10/7147/2013/ Biogeosciences, 10, 7140-2013
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The CQ fertilization leads to an increase in TEC at all

s 1200 ” ) :

o _ ] 8N2C02 levels of N deposition (Fig. 3). The simulated TEC av-
S Q ] oNacoy | 4N2COo2 eraged over the years 900-1000 increases for a doubling
ec 8007 o of CO, by 627.7 (32.3%), 649.5 (32.2%), 689.9 (32.4 %)
) ] and 758.4 (33%) PgC respectively, at pre-industrial level
g 400 - o oN N deposition (INZ CO,~1N), 2 times (2NZ CO—2N),

w > 1 N BN2K 4 times (4N2x CO,—4N) and 8 times (8N&Z CO,—8N) the

:_‘c%“; 0 1 INIK ANIK o pre-industrial N deposition levels. The percentage changes
g9 ] 1N.2K//’/ suggest that the sensitivity of TEC to g@ertilization also

qé’% 400 | , ‘ . . remains almost a constant for the levels of N deposition con-
8 = 0 2 4 6 8 sidered in this study. However, the absolute magnitudes show
© Nitrogen Deposition ( times 1N control deposition ) an increase with the background N deposition levels as was

the case with warming, indicating the “pool size” effect iden-
Fig. 3. Total Ecosystem Carbon (TEC) changes relative to the con-ified above.
trol simulation (1N) in the three sets of simulations. Blue line shows  gpatia| pattern of changes in TEC under different N depo-
effect of increased N deposition. Green line shows effect of bOthsition levels and under warming and @rtilization levels
doubled atmospheric Gfxxontent and added N deposition. Brown ¢ yhe a5t 100 yr of simulations are shown in Fig. 4. Overall
line shows effect of both 2K warming and added N deposition. TheN deposition leads to enhanced TEC (Fig. 4) as increased’N
effect of an eight-fold increase in N deposition is approximately the o ) Y .
s mante bt spose sl ol a 2. T e B e e o

inant plant functional types (Lawrence et al., 2011). We also

Figure 3 also shows that under the Warming scenario, thélnd that climate Warming leads to adeclinein TEC except in
simulated TEC averaged over the years 900—1000 declineBorthern high latitudes (Fig. 4), where warming results in in-
for all N deposition levels except 8N2K. This suggests thatcreased growing season and increased TEG.fédlization
the magnitude of the effect of 2K warming is the same as 8N causes an increase in TEC everywhere with centers of max-
Thus, in this model, the TEC decline due to the 2K warm- ima seen in the Amazon, central Africa and Southeast Asia
ing overwhelms the TEC increase associated with N depo{Fig. 4). Climate warming and C{fertilization lead to de-
sition until N deposition reaches 8 times pre-industrial lev- crease and increase in total ecosystem nitrogen, respectively,
els. Warming is expected to cause increased decompositiofiespectively, in total ecosystem nitrogen which is primarily
increased nitrogen mineralization, and hence increased pridriven by changes in denitrification, BNF and fire loss nitro-
mary production — thereby offsetting some of the increasedden (Fig. 6).
carbon release from soils that could otherwise provide a pos- The feedbacks of terrestrial biosphere to increasing CO
itive feedback to global warming. The model does simu-concentration and warming have been well quantified (Bala
late greater soil mineral nitrogen per unit soil carbon for 2K etal., 2012; Boer and Arora, 2009; Friedlingstein etal., 2003,
warming (Fig. S1). However, we find that the total amount 2006; Zickfeld et al., 2011) using two parameters that deter-
of mineral nitrogen declines in the warming cases (Fig. S1)Mine the land carbon uptake: the carbon storage sensitivity
because the amount of soil carbon is smaller due to the deover land to CQ (B.; beta) and to temperature change;(
cline in ecosystem productivity (Fig. 2) in the 2K warming g9amma). In this study we introduce a new sensitivity param-
cases. This is consistent with declines in TEC in these casegter, i.e. carbon storage sensitivity over land to N deposition
(Fig. 3). (8.; delta) to quantify the response for N depositi@p. is

The TEC decreases for a 2K Warming by 3034 (156 %)1defined (Bala et al., 2012; Friedlingstein et al., 2003, 2006)
315.8 (15.7 %), 335.5 (15.8 %) and 365.1 (15.9 %) PgC, re-as the change in TEC associated with unit change in atmo-
spectively, at pre-industrial level N deposition (IN2K—1N), 2 spheric CQ (Ca), L as the change in TEC associated with
times (2N2K—2N), 4 times (4N2K—4N) and 8 times (8N2K— unit change in temperature, afidas the change in TEC as-
8N) the pre-industrial N deposition levels. While the absolutesociated with unit change in atmospheric N deposition:
magnitudes of these changes show an increase with the back-

ground N deposition levels, the similar percentage changeg, = ATEC Q)
suggest that the sensitivity of TEC to warming remains al- ACa
most a constant for the levels of N deposition considered
in this study. This indicates a “pool size” effect: at higher ATEC
N deposition levels, the carbon stocks are higher and henceL = (2
the change per unit warming is larger though the percentage
change is constant.
ATEC
L=y ()
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Fig. 4. Total ecosystem carbon (TEC) changes in the three sets of simulations. Left panels show TEC changes for N deposition and middle
and right panels show TEC changes for climate warming ang f€@ilization under different background N deposition, respectively.
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Fig. 5. Changes in N budget for the terrestrial ecosystem in 2N (blue line), 4N (green line) and 8N (red line) simulations relative to 1N:
changes in annual meda) biological N fixation (BNF),(b) denitrification,(c) fire loss N, (d) leaching, ande) the total N loss from
ecosystem (sum of denitrification, fire loss N and leaching). Total ecosyst@ridNthe cumulative sum of BNF and N deposition (constant

in time for all simulations) minus cumulative sum of total N loss from ecosystem. A 57 yr running average is applied to original annual mean
data.

www.biogeosciences.net/10/7147/2013/ Biogeosciences, 10, 7140-2013



7154 G. Bala et al.: Nitrogen deposition: how important is it for global terrestrial carbon uptake?

2K Warming

(@) Biological N fixation (TgN/yr) (b) Denitrification (TgN/yr) (c) Fire loss N (TgN/yr)
1N2K-1N 30

—— 2N2K-2N
AN2K-4N 20

—— 8N2K-8N 10

0

,_(d) Leaching (TgN/yr) (&) TotalN loss (TgN/yr) () Total ecosystem N (PgN)

o
20
10
008
0
200 400 600 800 1
YEAR

N5 &b A&

’
[

©
8
NS b b A

10
000 200 400 600 800 1 200 400 600 800 1000
YEAR YEAR

COz-fertiIization

(g) Biological N Fixation (TgN/yr) () Denitrification (TgN/yr) (i) Fire loss N (TgN/yr)
/ -10
10 20

—— 1N2xCO2-1N k
8 — 2N2xCO2-2N =0
4N2xCO2-4N 40
6 —— 8N2xC02-8N =

() Leaching (TgN/yr) (k) Total N loss (TgN/yr) (1) Total ecosystem N (PgN)

3
8

\\
\

004 0

-10
002 20
000 =0
-40.

002

3
3
3
3

<
m
e
A
O
o & ®» N > O

200 400 600 800 1000 200 400 600 800 200 400 600 800 1
YEAR YEAR

Fig. 6. Changes in N variables for the terrestrial ecosystem in the 1000 yr simulations 1N (black line), 2N (blue line), 4N (green line) and 8N
(red line) in presence of 2K warmin@—f) and CQ fertilization (g-I): the global- and annual-mean changeganfg) biological N fixation

(BNF), (b, h) denitrification,(c, i) fire loss N,(d, j) leaching,(e, k) total N loss from ecosystem (sum of denitrification, fire loss N and
leaching) andf, I) total ecosystem N (TEN). The order of magnitude of N fluxes indicates that denitrification flux is the dominant process
controlling N stock changes. We find that the TEN lossgg)mre higher in the presence of 2K warming at higher N deposition levels due to
larger decline in biological N fixatiofa) and increase in denitrificatiab). In the case of C@fertilization, TEN gains are larger at higher

N deposition levels because of a larger increase in BNF and decline in denitrification.

whereC,, T andN refer to atmospheric C{concentrations, Table 2. Terrestrial ecosystem carbon (TEC) sensitivity to CO

global-mean surface temperature and atmospheric N deposiertilization (5_) and its changes under increasing N deposition,

tion to soil mineral nitrogen, respectively. TEC sensitivity to warmingj ) and its changes under increasing
Table 2 shows the values gf, 1 ands, and the time evo- N deposition and '_I'EC se_nsitivity to nitrogen depositiég)(and

lution of these parameters are shown in Fig. 7. We find that's _changes under Increasing gConcentration a_n_d_vyarmlng. The _

CO, fertilization (8;.) and N depositiony( ) lead to increases pairs of experiments used to calculate the sensitivities are shown in

in TEC. TEC increases 2.21 PgC ppm! (computed from Fig. 7.

IN2x CO; and 1N) in response to increased atmospheric AL (PeCPPTH 1 (PGCK D) | 5L (PaC/(TaNyr )

CO» concentration, and by-3.41 PgC/(TgNyrl) (com- N 2901 T N deposiion  With 2 GO, With 2K

puted from 2N and 1N) in response to increased N de- 2n 230 ~158 341 4.48 2.79

position. However, warming causes TEC to decrease by &\ 22 et e B 2

~ 152 PgC K1 (computed from 1N2K and 1N). Table 2 also : ' : '

suggests that with the increasing terrestrial N deposition, the

magnitude of TEC sensitivity to Cfertilization increases ) . o
as does the negative TEC sensitivity to warming due to thdn® TEC increases by 32.3% after 900yr of stabilization,

“pool size” effect discussed earlier. Further, we find that TECWhiCh is close to the 28 % increase found by a recent study
sensitivity to N deposition decreases with increasing N de-(Bala et al., 2012) for a doubling GOn a coupled climate
position levels and it increases (decreases) in the presence B1°4€l- _ _ , _

CO, fertilization (climate warming). The equilibrium values ~_ OUr value of g is consistent with a previous study
of B andy. in our simulations also are larger (Bala et al., (Nadelhoffer et al., 1999) which suggests a carbon se-

2012) when compared with previous transient CCSM simy-duestration of 0.25 PgCyt from increased N deposition:
lations and stand-alone land model simulations (Bonan an@!" value of 3.41 PC/(TgNyF) over 1000yr translates

Levis, 2010; Thornton et al., 2009). For a doubling of O {0 0-17PgCyr® for an increase in N deposition of about
50 TgN yr! since the pre-industrial period.
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Fig. 7. Evolution of terrestrial ecosystem carbon (TEC) storage sensitivity tg, Cl@nate warming and increased N deposition in our

1000 yr simulations. TEC sensitivity {@) atmospheric CQ(B) ) at different levels of N depositioith) temperaturey ) at different levels

of N deposition,(c) N deposition § ), (d) N deposition §_ ) in presence of 2K warming an@) N deposition §_) in the presence of
doubled CQ. A 57 yr running average is applied to original annual mean TEC data. The pairs of experiments indicated in the legend are the
experiments that are used to calculate the respective sensitivities (Egs. 1-3).

Figure 8 shows tha#_ is positive at all land points ang| clouds. In INPREC2K, we imposed a uniform increase in
shows a slight increase as N deposition levels increase (Tgprecipitation of 6 % and specific humidity increase of 13 %
ble 2).y. decreases in most regions (Fig. 8) because climaten association with the 2K warming as global mean precip-
warming results in reduced NPP and the consequent declinggation and specific humidity are constrained to increase by
in vegetation and soil carbon. However, in the northern high~ 3% and 6.5 % per unit warming, respectively (Allen and
latitudes warming leads to higher ecosystem productivity andngram, 2002; Held and Soden, 2006). A comparison of spa-
hence positive values. At higher levels of N deposition tial pattern of changes in TEC in INPREC2K and 1N2K indi-
concentrations, unit increase in temperature results in largecates that the experiment 1N2K without the climate-change-
ecosystem carbon losses (Table 2). At lower levels of N de+related precipitation and water vapor changes is able to sim-
position concentration, an increase in N deposition resultaulate the TEC changes associated with a 2K global mean
in larger ecosystem carbon increases and tropical and temwarming very well (Fig. S3) as regional differences in TEC
perature regions show relatively large increases in TEC avetween INPREC2K and 1N2K are at most orl§0-15 %.

N deposition increases from 1N to 2N (Fig. 8). However at Further, increased N deposition could potentially affect the
higher levels of N deposition, increases are moderate. Alsdydrological cycle by increasing the leaf area index and
TEC sensitivity to N deposition decreases for present-day deeanopy transpiration. However, we find that the simulated
position when compared to pre-industrial N deposition levelseffect of N deposition on land hydrological cycle is much
(Fig. S2). This shows that the magnitude of TEC sensitivity smaller when compared to effects from gfertilization and

to N deposition is likely to decrease beyond current N depo-climate warming (Fig. S4).

sition levels. Finally, we assess if there is any nonlinearity (or two-way

We perform an additional simulation (INPREC2K) to in- interaction) in our simulations (Table S3). We find that the
vestigate effects of hydrological cycle changes, because imombined effect for warming and N deposition is approxi-
our climate warming simulations we have imposed only tem-mately close to the sum of individual effects at smaller N
perature changes, but not the associated changes in othdeposition levels indicating the near-absence of two-way in-
important variables such as precipitation, water vapor anderactions. However, larger deviations from linearity appear

www.biogeosciences.net/10/7147/2013/ Biogeosciences, 10, 7140-2013
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Fig. 8. Spatial pattern of total ecosystem carbon (TEC) sensitivity fop €ange g, ), climate change){ ) and N depositiond ; top
panels). The experiments used in the calculation of sensitivity are shown in the parenthesis. The bottom panels illustrate the changes in delt:
for larger changes in N deposition (general decline), and in the presence,de@ilization (increase) and climate change (decline).

at larger N deposition. For instance, at eight times the pre5 Conclusions
industrial N deposition levels the difference between com-
bined effect and sum of effects is about 62 PgC, which is

about 10% of the sum of the magnitudes of the individual
effects. The interaction between climate change and N dep
sition imply a loss of TEC and the sign of net TEC change
is altered by the interaction (Table S3). Similar near-linearity
at small N deposition and significant nonlinearity at higher N
deposition can be seen for the combination of,G€xtiliza-

tion and N deposition effects (Table S3). In this case, the in-

teraction implies a gain of TEC for ecosystems and again th
nonlinearity is about 10 %. The negative sign of the two-way
interaction for climate change and positive sign forGér-

tilization are merely a reflection of the fact that the TEC sen-
sitivity to N deposition §,) is larger under CQfertilization

and smaller under climate change (Table 2). These nonline
interactions would suggest that the role of N deposition will
vary in the future depending on climate change and the CO

levels. For instance, the interaction term may be more impor-

tant under a higher emission scenario such as RCP8.5 (Re
resentative Concentration Pathway 8.5) than under RCP2.6

Biogeosciences, 10, 7147460 2013

0,

What are the key drivers of the terrestrial carbon uptake
in the recent decades? While the role of carbon fertiliza-
tion and climate warming is well studied, the role of nitro-
gen deposition remains underexplored. N deposition has in-
creased from 10.8 TgN in 1765 to 62.2TgN in 2000 (Gal-
loway et al., 2004; Jain et al., 2009). During the same pe-
riod, the atmospheric COhas increased by about 110 ppm

and the global mean temperature has increased by about 1

% (IPCC, 2007). Our analysis of the TEC sensitivity to £0

fertilization (8.) and N deposition§ ) suggests that about
242 PgC (110 pprx 2.2 PgC ppm?) could have been taken

up by land due to the Cffertilization effect and an addi-
tional 175 PgC (51.4 TgN y** x 3.4 PgC/(TgN yr1)) taken

rp as a result of the increased N deposition since the pre-
industrial period. Because of climate warming ), terres-

trial ecosystems could have lost about 152 PgC during the
same period, assuming a warming of about 1 K. The zonal

Prean percentage changes in TEC due to these three factors

show similar orders of magnitude (Fig. 9, right panels). We
caution that our estimates provide only an order of magni-
tude of the three effects considered in this study since our
simulations are idealized near-equilibrium simulations. We
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Fig. 9. Zonal mean pattern total ecosystem carbon (TEC) sensitivity for €@nge g, ), climate change){ ) and N depositiond( ; left
panels). The right panels show the percentage changes in TEC during the historical period dgetaif@ (110 ppm), climate warming
(~ 1K) and N deposition (51.4 TgN y&).

are justified in using near-equilibrium sensitivity values for position rate, the annual increase in TEC decreases with time
the transient historical period since major TEC changes oc{see the exponential fit for TEC changes in Table S2). Sec-
cur on decadal and centennial timescales (Table S2). ond, for a specified amount of increase in N deposition the
These estimates indicate that TEC losses due to increasdadcrease in TEC decreases with the amount of pre-existing
warming have likely been more than compensated by the adN deposition. Both of these factors would lead to a decrease
ditional N deposition since the pre-industrial period (Fig. 9). in the magnitude of TEC increase over time. Therefore, it is
The land biosphere has been a sink for carbon because N dékely that increasing N deposition may not be able to com-
position and warming impacts more or less cancel each othepensate the loss in TEC caused by warming in the future.
out, while a CQ fertilization effect is feeding the current in- Our findings should be viewed in the light of the limita-
crease in ecosystem productivity. While the contribution oftions and uncertainties involved in this study. One of the key
CO;, fertilization and warming to TEC are well known, our limitations is that we have used an offline version of CLM4
study suggests N deposition to be an equally important facand hence the feedbacks with other components of the cli-
tor controlling the terrestrial carbon cycle. There have beermate system (e.g. atmosphere and ocean) are missing in our
indeed suggestions that terrestrial carbon loss due to defosimulations. However, our results should not differ substan-
estation and agriculture may have been more or less balancdively from those obtained with more comprehensive mod-
by nitrogen-stimulated carbon uptake (Schindler and Bayleygels, and use of a simpler model permits isolation of effects
1993). The N deposition is projected to increase by aboubf different causal factors (i.e., GQevel, temperature, and
8 times by the 2050s relative to pre-industrial levels (Gal-amount of N deposition). For instance, our present analysis
loway et al., 2004). Our analysis suggests that as N deposuggests that TEC could increase by 628 PgC (32.3 %) for
sition increases the sensitivity of TEC to N deposition de-a doubling of CQ, which is in close agreement with a re-
creases (Fig. 7) due to two factors. First, for a constant N de€ent study (Bala et al., 2012) that found a 28 % increase for

www.biogeosciences.net/10/7147/2013/ Biogeosciences, 10, 71460-2013
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doubled CQ in a coupled model using CLM4 as its land storage is likely to decrease as time goes on, and thus tem-

model component. perature effects are likely to ultimately overwhelm effects
In our climate change experiments, we have not consid-of increased N deposition. Nevertheless, effects of increased

ered land use and land cover change. The radiative effect oditmospheric C@ concentrations are likely to dominate the

N2>O emissions associated with N deposition is also not in-overall response, leading to increased total ecosystem carbon

cluded in this study. There are indications that the C sinkstorage.

benefit offered N deposition could be significantly offset by

the warming potential of associated® emissions (Dolman

etal., 2010; Reay et al., 2008: Xu et al., 2012). Recent studSUPPlementary material related to this article is
ies (Tian et al., 2012) do indicate that the warming effect as-available online athttp://www.biogeosciences.net/10/
7147/2013/bg-10-7147-2013-supplement.pdf

sociated with NO emissions in “overfertilized” regions has
completely counteracted the carbon sink effect in some re-

gions of the world. Our model has neither the representa-

tion for ozone (produced by elevated N@amage to plants;
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