
VU Research Portal

Nitrogen deposition effects on terrestrial carbon sequestration

Fleischer, K.

2016

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Fleischer, K. (2016). Nitrogen deposition effects on terrestrial carbon sequestration. [PhD-Thesis - Research and
graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/32b28397-2069-482a-8c3f-468cf626355d


501142-L-bw-Fleischer501142-L-bw-Fleischer501142-L-bw-Fleischer501142-L-bw-Fleischer

4 Future N deposition effects: CABLE

Nirtogen deposition effects on global terrestrial carbon sequestration
increase in the 21st century but are reduced regionally by phosphorus
limitation∗

Abstract

Nitrogen (N) deposition is changing the functioning of ecosystems worldwide, among other factors

controlling the magnitude and spatial distribution of terrestrial carbon (C) sequestration. The sig-

nificance of this global effect remains uncertain and the interaction with phosphorus (P) limitation

is hardly explored. We hypothesized that N deposition increases land C sequestration historically,

and that this effect is reduced in the future due to accumulating N deposition and increasing P lim-

itation. To test this hypothesis, we used the land-surface model CABLE to estimate the effect of N

deposition and interaction with P on global land C uptake over the historical (1901–2010) and future

(2011–2100) period. Considering C-N-P interactions, N deposition induced 6% (or 10.9) of global

historical C sequestration, but sustained 17% (or 27 Pg C) of future C sequestration, which in turn

lowered towards the end of the 21st century. N deposition sustained up to 40% of future C seques-

tration in the temperate zone. P limitation reduced N induced C sequestration moderately at global

scale, but magnified regional negative effects of N deposition on C sequestration significantly. Our

results suggest strong control of N deposition on the future global C balance and highlight the need

for including N deposition as a major driver for future projections, as well as representing direct ad-

verse effects of N deposition in global ecosystem models. Constraining future P limitation requires

better quantification of N:P interactions and P availability at global scale.

4.1 Introduction

The rise in nitrogen (N) deposition loads since preindustrial times has led to a myriad of adverse

effects in terrestrial ecosystems, often seen at local and regional scale [Erisman and Vries,

2000, Galloway et al., 2003, Gao et al., 2014]. N deposition has however also contributed

to the accumulation of carbon (C) in terrestrial ecosystems, providing a mediating effect on

atmospheric CO2 [Le Quéré et al., 2013]. The deposition of plant-available N has increased

photosynthesis, growth and C sequestration in many boreal and temperate N limited ecosystems

[Aerts and Chapin III, 2000, Fleischer et al., 2013, Magnani et al., 2007, Thomas et al., 2010]

with reported C sequestration response rates to N deposition (and fertilization) of 15–40 kg C kg

∗This chapter is reprinted from: Fleischer, K., Lu, X., Dolman, A. J., van der Molen, M. K., Rebel, K. T.,

Erisman, J. W., Wassen, M. J., Pak, B., and Wang, Y.-P.: N deposition effects on global terrestrial C sequestration

increase in the 21st century but are reduced by P limitation at regional scale, Global Biogeochemical Cycles,

under review, –, 2016a.
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N−1 [Butterbach-Bahl et al., 2011, de Vries et al., 2009, Erisman et al., 2011]. Ecosystem models

incorporating C–N feedbacks on plant C uptake, growth and respiration, and soil C dynamics (see

Zaehle et al. [2014]) for overview of C–N interactions in models) point towards an N deposition

induced current global C sink of 0.2–0.5 Pg C yr−1, mainly located in boreal and temperate regions

[Churkina et al., 2010, Jain et al., 2009, Zaehle et al., 2010b]. N deposition thus contributes c.

10–20% of the total terrestrial C sink (2.6 ± 0.8 Pg C yr−1 in Le Quéré et al. [2013]). Moderate

global scale effects of N deposition on global net C uptake, are underlain by heterogeneous and

more distinct regional responses [Jain et al., 2009, Zaehle et al., 2010b].

Phosphorus (P) also controls the global C balance due to stoichiometric constraints on

vegetation dynamics [Peñuelas et al., 2013, Vitousek et al., 2010]. P is predominantly reported to

control productivity on highly weathered soils in tropical ecosystems while N limitation dominates

the relatively young soils in mid to high latitudes [Aerts and Chapin III, 2000, Vitousek et al.,

2010]. However, these are crude generalizations and substantially less is known about P limitation

or the significance of co-limitation of N and P at global scale [Vitousek et al., 2010, Wang et al.,

2010]. Inclusion of N and P cycle dynamics in ecosystem models at global scale has been realized

only for a handful of ecosystem models [Buendı́a et al., 2014, Goll et al., 2012, Yang et al., 2014],

including the land surface model CABLE [Wang et al., 2010]. CABLE provided estimates of N

and P limitation control on the historical and future global C balance [Wang and Houlton, 2009,

Wang et al., 2010, Zhang et al., 2011]. Global effects of P were limited but regional differences

of N and P limitation emerged [Zhang et al., 2011, 2014]. Other modeling and empirical studies

suggest P cycle dynamics to become increasingly important at global scale, as an oversupply of

N is not being matched by P supply, posing stoichiometric constraints on plant growth [Buendı́a

et al., 2014, Peñuelas et al., 2013].

Modeling N and P cycling processes reliably is essential for future predictions of C cycling but

transient changes of N deposition, a major driver of N:P imbalances, have never been assessed at

global scale in concert with dynamic C–N–P cycle interactions. Given our current understanding

of N and P limitation and N deposition effects at global scale, we employ CABLE to test the

following hypotheses:

Hypothesis 4.1 The historical rise in N deposition lifted N limitation and induced greater histori-
cal C sequestration, mainly in boreal and temperate N limited regions. The N deposition effect on
future C sequestration is expected to reduce due to N accumulating in ecosystems.

Hypothesis 4.2 The historical effect of N deposition at global scale is only marginally affected
by P cycle dynamics since N limited regions benefiting from N deposition are not expected to be
considerably P limited. Future projections are expected to show increasingly negative effects of
P limitation on C sequestration from N deposition since increasing N:P imbalances will lead to
regional switches from N to P limitation.

To test these hypotheses, we performed a set of global simulations to assess the effect of N

deposition on C sequestration and the control of P limitation thereon, at global and regional scale.

C-only model runs, not affected by N and P cycle dynamics,are included as baseline simulations to

assess the control of CO2 and climate on C sequestration.
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4.2 Data and Methods

4.2.1 Land surface model: CABLE

The land surface model CABLE (version 2.0 released in 2012, revision 1721 for this study)

simulates land-atmosphere exchange of water, energy and gas, including the biogeochemical cycles

of C, N and P. Detailed descriptions and evaluation of the biogeochemical cycling component

of CABLE, CASA-CNP, are described in Wang et al. [2010] and Zhang et al. [2013] and the

underlying N and P cycle modules in Wang et al. [2007].

N inputs to ecosystems occur from deposition and biological N fixation. N deposition is

prescribed from atmospheric transport models [Lamarque et al., 2010, 2011], spatially explicit and

dynamic in time, and assumed to be directly plant available. N fixation is spatially explicit but

constant in time prescribed from a process-based model [Wang and Houlton, 2009], amounting to

169.4 Tg N yr−1 globally. Plant N uptake is a function of plant N demand and the plant available

soil mineral N pool, while plant N demand in turn is a function of maximum N:C ratio and net

primary productivity (NPP) allocated to each plant pool. N is lost from ecosystems via gaseous

losses, proportional to net N mineralization rate, and via leaching, proportional to the soil mineral

N pool [Wang et al., 2010]. Nitrification and denitrification are not explicitly modeled in CABLE,

and ammonia volatilization or organic P uptake are not considered.

P enters ecosystems through constant rates of weathering and atmospheric deposition (from

Mahowald et al. [2008]). In addition to three soil organic matter pools, the labile, sorbed and

strongly sorbed soil pool are considered for the P cycle, of which only labile P is available to plants

[Wang et al., 2010]. Plant available P is derived from biological and biochemical P mineralization.

Biological mineralization is derived from soil C mineralization and the C:P ratio of soil organic

matter, while biochemical P mineralization of the strongly sorbed P pool is modeled as a function

of the size of the soil organic P pool, the maximal specific biochemical P mineralization rate, and

N:P ratio of soil organic matter, representing the N cost for P uptake and phosphatase production

[Wang et al., 2007]. Outputs of the P cycle are leaching loss of labile P [Wang et al., 2010].

The C cycle is coupled to the N and P cycle by feedbacks on gross primary productivity (GPP)

and autotrophic respiration (Ra), as well as by stoichiometric requirements for net primary produc-

tivity (NPP = GPP – Ra). Additionally for evergreen broadleaf forests (EBF) only, GPP is limited

by leaf N:P [Kattge et al., 2009, Reich et al., 2009, Zhang et al., 2013]. Plant available soil N and

P limit NPP when the respective plant N or P demand is not met [Wang et al., 2010]. Ra increases

with lowering C:N and N:P ratios in plant tissue, where leaf Ra increases faster than photosynthesis

at the high end of leaf N [Kattge et al., 2009, Wang et al., 2010]. Heterotrophic respiration (Rh) is

limited by the mineral N pool required for microbial soil C decomposition [Wang et al., 2010]. Net

ecosystem productivity (NEP = GPP – Ra – Rh) is the amount of C that is either sequestered or lost

from ecosystems, and is controlled by N and P availability via abovementioned C–N–P interactions.

4.2.2 Input Datasets

CABLE requires input of meteorological conditions, atmospheric CO2 concentrations, and

vegetation distribution; additional fluxes such as N deposition, N fixation, P weathering and

P deposition would be used for simulating the N and/or P nutrient cycles termed the C–N or

C–N–P mode/simulations. In this set of experiments, the climatic forcing variables, i.e. air

temperature, humidity, wind speed, air pressure, precipitation, long-wave and short-wave radiation,

were taken from a CCSM simulation with a 1.9x2.5◦ spatial resolution and hourly time steps
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from the historical period (1900–2010) and the RCP 8.5 scenario (Representative Concentration

Pathway 8.5) from 2011 to 2100 (Gordon Bonan, personal communication). Although RCP

8.5 scenario is only one of many possibilities, current greenhouse gas emissions most closely

track this scenario [Peters et al., 2013]. Atmospheric CO2 concentrations from 1900 to 2100

are taken from the CMIP5 dataset, representing global annual averages and the RCP8.5 scenario

after 2005 [Etheridge et al., 1996, MacFarling Meure et al., 2006]. Additional climatic state

variables such as soil moisture, soil temperature, snow depth, and snow layer temperatures

were obtained by a spin up routine of repeated meteorological forcing for 1900–1910 until the

differences between two successive spins was <0.1 K for temperature and <0.001m for snow depth.

Annual N deposition estimates were linearly interpolated from decadal time slices of global N

deposition from the atmospheric chemistry model CAM-Chem [Lamarque et al., 2012] at a spatial

resolution of 1.9x2.5◦ from 1900-1990 [Lamarque et al., 2010]. For the years after 1990 we used

decadal time slices from the RCP8.5 scenario [Lamarque et al., 2011]. Both datasets were provided

by J.-F. Lamarque and are available upon request (lamar@ucar.edu). N fertilizer applications on

croplands are not explicitly accounted for in our simulations, but N emissions and deposition from

crop systems to surrounding ecosystems is considered in N deposition estimates [Lamarque et al.,

2010, 2011]. Land use scenario, i.e. fractional plant functional type (PFT) distribution, from

1900 were derived from PFT distributions for the Common Land Model (version 4.0) at 0.5x0.5◦

spatial resolution, including 12 PFT classes and their percentile coverage per grid cell [Lawrence

et al., 2012]. PFT distributions from CLM 4.0 were up-scaled to 1.9x2.5◦ and translated to the

13 CABLE PFTs with additional ice, lake and wetland fractions for each land cell (Figure 4.7

in Appendix). We do not model effects of land use and land cover changes, i.e. emissions and

biogeochemical fluxes associated to those changes, which were however assessed by Zhang et al.

[2013].

4.2.3 Modeling protocol

CABLE was applied at a 1.9x2.5◦ spatial resolution (latitude vs longitude) in C-only, C–N and

C–N–P mode, and was brought into steady-state conditions of C (N/P) fluxes and pools in 1900.

The initial spin-up phase over a period of 80 years brought NPP to a steady state with repeated

meteorological forcing from 1901–1910, and N deposition levels and CO2 concentrations of 1900.

An accelerated spin-up routine was applied afterwards (SASU, see Xia et al. [2012]), followed by

another 100 years of repeated meteorological forcing from 1901–1910 until all pools and fluxes

have reached steady-state. The models were spun up with land use scenario for 1900. Models in

C-only, C–N and C–N–P mode were calibrated to derive similar conditions of initial states in 1900,

enabling us to assess the relative effect of global drivers on C sequestration over the simulation

period (Table 4.5 in Appendix).

After the spin-up simulation, 6 model experiments from 1901–2100 were performed to discern

the effect of N deposition on the terrestrial C sink (Table 4.1). We employ three different configu-

rations of the biogeochemical cycling component (C-only, C–N and C–N–P) and use forcing data

representing either transient changes or stagnant pre-industrial conditions. Land use scenario from

1900 is used in all runs and is constant throughout (Table 4.1, Figure 4.7 in Appendix). Transient

changes in atmospheric CO2 concentrations were implemented, rising from 296 ppm in 1901, to

389 ppm in 2010 and 881 ppm in 2100 (Figure 4.1). Global total N deposition loads over land

increased exponentially from 1901 to 2010 from 26 to 73 Tg N yr−1 with a projected steady rise to

88 Tg N yr−1 in 2100 (Figure 4.1). Global temperatures are projected to rise drastically over the

21st century (Figure 4.1). For future changes we chose projected changes in global drivers from
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Figure 4.1: Trajectories of transient forcing data for historical and future simulation period (1901–2100), from
top to bottom; atmospheric CO2 in ppm, global total N deposition in Tg N and air temperature over all land
grids in K.

RCP8.5 to assess future N deposition effects in a “business-as-usual” scenario [Zhang et al., 2014].

Simulation C0 and C1 are baseline simulations, allowing us to evaluate the effect of climate–

only and climate–CO2 interactions on the C cycle without nutrient limitation, so that C1-C0 is

the effect of CO2 fertilization (Table 4.1). Simulation CN0 and CN1 add N interactions to the

underlying CO2 and climate effects, in a low and high N deposition scenario, so that CN1-CN0

quantifies the effect of rising N deposition on C sequestration including N interactions. P cycle

dynamics are added in CNP0 and CNP1, again in a low and high N deposition scenario, so that

CNP1-CNP0 quantifies the N deposition effect on C sequestration including underlying CO2,

climate, N and P cycle effects (Table 4.1).

4.2.4 Model evaluation and analysis

We first characterize the simulated historical and recent C cycles and evaluate these against observa-

tions (section 4.3.1), then quantify N deposition effects on historical C sequestration (section 4.3.2),

and on the future C sequestration (section 4.3.3). We further describe N deposition induced process

changes (section 4.3.4), and finally the fate of sequestered C and deposited N (section 4.3.5). We

analyze model simulations at global scale, per climate zone and plant functional type.
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Table 4.1: List of model experiments including biogeochemical interactions considered (C-only, C–N or C–N–
P), the forcing used (climate, atmospheric CO2, N deposition and land cover (LC)) and their application in this
study. Transient changes of forcing indicated as “1900-2100” and stagnant forcing as “1900”, representing
conditions of 1900.

CABLE Climate Atm. CO2 N deposition LC Application

C0 C-only 1900–2100 1900 NA 1900 Effects of CO2 and climate

C1 C-only 1900–2100 1900–2100 NA 1900 considering C-only

CN0 C–N 1900–2100 1900–2100 1900 1900 Effect of N deposition rise

CN1 C–N 1900–2100 1900–2100 1900–2100 1900 considering C-N interactions

CNP0 C–N–P 1900–2100 1900–2100 1900 1900 Effect of N deposition rise

CNP1 C–N–P 1900–2100 1900–2100 1900–2100 1900 considering C-N-P interactions

4.3 Results

4.3.1 Evaluation of simulated C balance

Considering climate–only effects in simulation C0 predicted 87.7 Pg C yr−1 GPP, 3.2 Pg C yr−1

NEP in the 2000s (i.e. net C loss from biosphere) and an accumulated C loss of 87.4 Pg C in 2010

(Table 4.2). Including the rise in CO2 in C-only mode (C1) produced global GPP of 154.2 Pg C

yr−1, NEP of -9.6 Pg C yr−1 in the 2000s (NEP), and the largest historical C sink estimate of 545.4

Pg C (Table 4.2). Combining CO2 fertilization with N cycle interactions in the low N deposition

scenario (CN0) resulted in reduced estimates of GPP (134.3 Pg C yr−1), NEP (-2.4 Pg C yr−1)

in the 2000s, compared to the C-only equivalent (C1) (Table 4.2). Accumulated NEP response to

CO2 resulted in 200.0 Pg C in C–N simulations, reducing the C-only estimate by 63% (Table 4.2:

CN0-C1).

P cycle inclusion reduced global GPP and NPP in the 2000s, and the historical C sink by 4–6%

compared to the C–N simulation in the low N deposition scenario (Table 4.2: CNP0-CN0). Net

C uptake in the 2000s was reduced to -2.0 Pg C yr−1 NEP in CNP0, thus by 17% compared to

CN0 (Table 4.2). C–N and C–N–P simulations produced the most realistic estimates of GPP, NPP,

NEP and the historical C sink when compared to independent estimates, while C-only simulations

diverged strongly from other independent estimates (Table 4.2). Additionally, mean GPP per PFTs

were in good agreement with estimates from Beer et al. [2010] when considering N/P cycles,

ranging from c. 100 g C m−2 yr−1 in barren ecosystems to c. 2600 g C m−2 yr−1 in evergreen

broadleaf forests (Figure 4.8 in Appendix).

Global biomass C was estimated to be 693–738 Pg C in 2010 for C–N and C–N–P simulations,

for which observation based estimates range 450–650 Pg C (Table 4.2). Global soil C pools in C–N

and C–N–P were 897–939 Pg C in 2010 for C–N and C–N–P simulations, and reported estimates

of soil C covered a large range from 504–3000 Pg C, with a median of 1416 Pg C (Table 4.2).

4.3.2 Historical N deposition effects

The historical increase in N deposition from 1901 to 2010 varied spatially, with most N being

deposited in temperate (893 Tg N) and tropical ecosystems (768 Tg N), and less so in subtropical

(372 Tg N) and boreal ecosystems (219 Tg N) (Table 4.3; Figure 4.9 in Appendix). N deposition

rates increased strongly from c. 1950 onwards (Figure 4.1), stimulating increased NPP from c.

1960 onwards (not shown) and resulting in higher cumulative NEP from c. 1980, for both C–N and
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Table 4.2: Global historical key C cycling characteristics per model runs (see Table 4.1) compared to ob-
servational based estimates when available; including mean C fluxes in the 2000s, C pools in 2010, and C
sequestration from 1901–2010 and 1961–2010. C fluxes are gross primary productivity (GPP), net primary
productivity (NPP), and net ecosystem productivity (NEP), with negative NEP representing a terrestrial net C
uptake (C sink). Total pools are shown for vegetation C (i.e. sum of root, wood and leaf pool), litter C, soil C,
and total ecosystem C, positive values of C sequestration indicate net terrestrial gain of C; fluxes in Pg C yr−1

and pools and C sequestration in Pg C.

Mean C fluxes 2000-2010 (Pg C yr−1)

C0 C1 CN0 CN1 CNP0 CNP1 Observations
GPP 87.7 154.2 134.3 135.8 128.6 129.9 123±8a; 150–175b

NPP 50.1 89.8 63.0 64.0 59.0 59.8 59.5c; 56.6d

NEP 3.2 -9.6 -2.4 -2.7 -2.0 -2.3 2.6±0.8e; 2.3±0.5f

C pool sizes in 2010 (Pg C)

Vegetation C 687 1075 731 738 693 699 450–650g , 495h

Litter C 164 243 184 185 176 177

Soil C 845 1012 935 939 897 901 1416 (504–3000)k;

1520±770m; 1295p

Ecosystem C 1697 2330 1850 1862 1767 1778

Historical terrestrial C sequestration (Pg C)

1901–2010 -87.4 545.4 200.0 212.5 190.6 201.5 127s; 160±90t

1961–2010 -66.0 380.0 149.9 161.4 137.7 147.6

a Beer et al. [2010]: Upscaling of C flux measurements

b Welp et al. [2011]: Oxygen isotope analysis of atmospheric CO2

c Ito [2011]: Synthesis of published estimates

d Running et al. [2004]: Satellite-derived product (MODIS), mean of 2001 and 2002

e Le Quéré et al. [2013]: Global Carbon Project: Multiple methods, budget residual 2002-2011

f Pan et al. [2011]: Forest inventories, forests only, 2000-2007

g Prentice et al. [2001]: Estimate from 3rd IPCC report (in Ciais et al. [2013])

h Scharlemann et al. [2014]: Data from Ruesch and Gibbs [2008] based on upscaling of C stock data

k Scharlemann et al. [2014]: Median and range from summary of 27 studies

m Todd-Brown et al. [2013]: Mean ± standard error from 11 ecosystem model predictions

p Wieder et al. [2013]: Based on harmonized World Soil Database Version 1.2. [FAO, 2012]

s Le Quéré et al. [2013]: Global Carbon Project: sum of net C uptake rates 1960-2011

t Ciais et al. [2013]: Residual land C sink without land use change emissions (5th IPCC report)

C–N–P simulations (Figure 4.2).

Considering C-N cycle dynamics only, the drastic historical rise in N deposition resulted in

12.5 Pg C additional C sequestration of the global land biosphere from 1901 to 2010 (Table 4.2:

CN1-CN0), sustaining 6% of 212.5 Pg C total C sequestration in CN1 (Table 4.2). N deposition

resulted in higher net C uptake of 0.3 Pg C yr−1 in the 2000s, which is 11% of the simulated 2.7

Pg C yr−1 NEP (Table 4.2: CN1-CN0). The positive effect of N deposition on C sequestration

occurred in all climate zones; with half of the N induced C sequestration in temperate (6.6 Pg

C), a quarter in boreal (2.8 Pg C), and the rest in subtropical (1.6 Pg C) and tropical ecosystems

(1.5 Pg C) (Table 4.3; Figure 4.3). Boreal regions were most efficient in sequestering C with N

deposition at rates of 12.7 kg C kg N−1, followed by 7.4, 4.4 and 2.0 kg C kg N−1 in the temperate,

subtropical and tropical zone, respectively (Table 4.3). N deposition induced C sequestration

mainly in the Northern Hemisphere, in Europe, the US and Canada, but also central and East

Asia, commonly at rates of c. 5–25 g C m−2 yr−1 from 1961 to 2010, while regionally occurring

negative C responses to N deposition remained mainly below 5 g C m−2 yr−1 in C–N simulations
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Figure 4.2: Cumulative NEP (= GPP- Reco) from 1901-2100 for the C–N and C–N–P simulation runs (see
legend and Table 4.1), in Pg C (positive values for NEP indicate a net terrestrial C uptake from the atmosphere).

Table 4.3: Historical N deposition effect on C sequestration (1901–2010) per climate zone and globally in C–
N and C–N–P simulations, from left to right: % of total land area, cumulative sum of N deposition in low N
deposition scenario, additional cumulative sum of N deposition in high N deposition scenario, total ecosystem
C sequestration in low N deposition scenario, additional C sequestration in high N deposition scenario for
ecosystem (Eco.), biomass (Bio.) and soil (Soil), and their respective C sequestration rates (high-low) per
additional N deposition (high-low) in kg C kg N−1

Climate Area Cum. N deposition C sequestration 1901–2010 C seq. per N depo.
region (%) (Tg N) (Pg C) (kg C kg N−1)

Eco. Eco. Bio. Soil Eco. Bio. Soil

CN0 CN1-CN0 CN0 CN1-CN0 CN1-CN0 CN1-CN0

C–N simulations

Boreal 16.6 265 219 18.1 2.8 1.4 0.8 12.7 6.2 3.6

Temp. 23.9 734 893 54.8 6.6 3.3 2.9 7.4 3.7 3.3

Subtrop. 17.8 599 372 25.0 1.6 0.8 0.6 4.4 2.0 1.6

Tropical 32.8 1135 768 102.1 1.5 1.1 0.3 2.0 1.4 0.5

Global 100 2737 2253 200.0 12.5 6.5 4.7 5.6 2.9 2.1

CNP0 CNP1-CNP0 CNP0 CNP1-CNP0 CNP1-CNP0 CNP1-CNP0

C–N–P simulations

Boreal 18.0 2.8 1.4 0.8 12.9 6.2 3.5

Temp. 52.1 5.5 3.0 2.3 6.1 3.3 2.6

Subtrop. 20.3 1.0 0.5 0.3 2.8 1.4 0.8

Tropical 100.3 1.5 1.0 0.5 2.0 1.3 0.6

Global 190.6 10.9 5.9 3.9 4.8 2.6 1.7

(Figure 4.4A).

Considering the P-cycle reduces the global historical N deposition effect on C sequestration

to 10.9 Pg C (Table 4.2: CNP1-CNP0), hence by 13% compared to C–N simulations. These

reductions of the N deposition effect on C sequestration are arguably marginal and N deposition

effect on NEP in the 2000s remained -0.3 Pg C yr−1 in C–N–P simulations, as it was in C–N
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simulations (Table 4.2). Over the historical period, ecosystem C sequestration per unit N deposited

reduced accordingly slightly from 5.6 kg C kg N−1 in C–N simulations to 4.8 kg C kg N−1 when

considering P (Table 4.3). Temperate ecosystems still sequestered the bulk of N induced C gain (5.5

Pg C), followed by the boreal zone (2.8 Pg C), with minor contributions from subtropical (1.0 Pg

C) and tropical ecosystems (1.5 Pg C) (Figure 4.3; Table 4.3). The P cycle effect on C sequestration

response to N deposition was thus not uniform across different climate zones, but noticeable

reductions occured in the temperate and subtropical climate zone with little to no effect in the boreal

and tropical zone (Figure 4.3). Ecosystem C sequestration per unit N deposited was still highest for

boreal ecosystems at 12.9 kg C kg N−1 followed by 6.1, 2.8, and 2.0 kg C kg N−1 in the temperate,

subtropical and tropical zone, respectively (Table 4.3). The reductions in N induced C sequestration

due to the P cycle within the temperate and subtropical climate zone occurred regionally, mainly in

central Europe, eastern US, eastern China, Indonesia and equatorial Africa (Figure 4.4B). P limita-

tion thus magnified negative C responses to N deposition that emerged in C–N simulations (Figure

4.4A), while areas of N induced C sinks remained largely unchanged compared to C–N simulations.

Figure 4.3: N deposition induced change of global C pools in relation to total C sequestration from 1901 to
2010 (left) and from 2011–2100 (right) for different climate zones in C–N simulations (CO2 + climate = CN0;
N deposition = CN1-CN0) and C–N–P simulations (CO2 + climate = CN0; N deposition = CN1-CN0), in Pg
C.

4.3.3 Future N deposition effects

The positive effect of N deposition on global C sequestration is sustained and predicted to increase

throughout the 21st century, for both C–N and C–N–P simulations (Figure 4.2). In the C–N

simulations, N deposition is predicted to induce 32.0 Pg C sequestration from 2011 to 2100 (Table

4.4: CN1-CN0), now sustaining 17% of 185.1 Pg C total C sequestration in CN1, which is a

significantly larger fraction than the 6% during the historical period (see section 4.3.2 and Table

4.2). Most N induced C gain is predicted to take place in the temperate zone, similar to the historical

period, sequestering 16.8 Pg C, followed by 5.7 Pg C in the boreal, 5.6 Pg C in subtropical, and

3.9 Pg C in the tropical zone (Figure 4.3). In temperate ecosystems, the N deposition effect was

largest and sustained 40% of total C sequestration from 2011–2100 in C–N simulations (Figure

4.3). Future N deposition effects mainly strengthened in areas that experienced historical positive

C responses, but also strengthened negative C responses and turned some tropical and temperate

areas with historical positive C responses into areas of negative C responses (Figure 4.4C).
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a b

c d

Figure 4.4: Change in annual mean ecosystem C sequestration due to N deposition in C–N and C–N–P simu-
lations for 1961–2010 for CN1-CN0 (a) and CNP1-CNP0 (b), and for 2051–2100 for CN1-CN0 (c) and CNP1-
CNP0 (d), all in g C m−2 yr−1, positive values in blue indicate a net terrestrial C uptake from the atmosphere
and negative values in red indicate a net loss of C.

P limitation reduced simulated future N deposition effects on C sequestration to 26.8 Pg C,

which were 15% of 178.9 Pg C sequestration from 2011 to 2100 in C–N–P simulations (Table 4.4;

Figure 4.3). P limitation reduced future global C sequestration rates only in the high N deposition

scenario, as both low N deposition scenarios (CN0, CNP0) derived c. 152–153 Pg C (Table 4.4).

Remarkably, C sequestration per climate region was differentially affected by P limitation: tropical

C sequestration reduced but temperate and subtropical ecosystems sequestered more C in C–N–P

simulations (Figure 4.3). In C–N–P simulations, most future N deposition induced C sequestration

remained in the temperate zone with 15.6 Pg C, followed by 5.6 Pg C in the boreal, 4.6 in the

subtropical, and 0.9 Pg C in the tropical zone (Figure 4.3).

P limitation in the future period thus not only reduced the positive N deposition effect on C

sequestration in temperate and subtropical regions (as in the historical period) but reduced the N

deposition effect in the tropical zone most strongly (Figure 4.3). N induced C sequestration in the

boreal zone remained unaffected by P limitation in the future period (Figure 4.3). Similar to C–N

simulations, future N deposition effects in C–N–P simulation increased positive C responses that

occurred over the historical period (Figure 4.4D). P limitation however also magnified negative C

responses at regional scale in central Europe, NE United States, China and in some tropical areas

at rates of >25 g C m−2 yr−1 (Figure 4.4D).

In both C–N and C–N–P simulations, the global terrestrial C sink was predicted to be sustained

until the end of this century, until. c. 2080, after which NEP was reduced and the land biosphere

acts as a net C source of 0.4–0.8 Pg C yr−1 in the 2090s, i.e. c. 0.2–0.4 ppm (Table 4.4). The CO2

fertilization effect on NPP saturated after c. 2070 (not shown), from which point onwards climate

induced C losses from respiration outweigh NPP and NEP accumulation rates turned negative

(Figure 4.2; Table 4.2). Future global C sequestration was thus reduced, e.g. from 138–150 Pg

C in 1961–2010 to 65–85 Pg C in 2051–2100 (Table 4.2, 4). However, the relative contribution

of N deposition thereon gained importance in the future, as it sustained 23 and 19% of total C

sequestration in 2051–2100 in C–N and C–N–P simulations respectively (Table 4.4), compared to
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Table 4.4: Global future key C cycling characteristics per model runs (see Table 4.1) and observational based
estimates when available; including mean C fluxes in the 2090s, and C sequestration from 2011–2100 and
2051–2100. C fluxes are gross primary productivity (GPP), net primary productivity (NPP), and net ecosystem
productivity (NEP), with negative NEP representing a terrestrial net C uptake (C sink). Positive values of C
sequestration indicate a net terrestrial gain of C; fluxes in Pg C yr−1and pools and C sequestration in Pg C.

Mean C fluxes 2090–2100 (Pg C yr−1)

C0 C1 CN0 CN1 CNP0 CNP1
GPP 60 246.1 169.6 174.6 164.1 168.4

NPP 32.3 138.9 73.1 75.8 69.3 71.6

NEP 6.3 -11 0.8 0.5 0.7 0.4

Future terrestrial C sequestration (Pg C)

2011–2100 -451.8 1088.2 153.1 185.1 152.1 178.9

2051–2100 -318.1 664.3 65.3 84.9 68.4 84.3

Total terrestrial C sequestration (Pg C)

1901–2100 -539.2 1633.6 353.1 397.6 342.7 380.4

7% in both C–N and C–N–P in 1961–2010 (Table 4.2). The biosphere acts as a global C source in

the 2090s regardless of model scenario in C–N and C–N–P, and N deposition reduced C losses by

0.3 Pg C yr−1 (Table 4.4).

Considering the entire simulation period from 1901 to 2100, N deposition induced 45 Pg C

sequestration, which is equivalent to a reduction of c. 21 ppm of atmospheric CO2 (1 Pg C = c.

0.47 ppm). P limitation has reduced the N deposition induced terrestrial C gain by 16% to 38 Pg C,

equivalent to a reduction of c. 18 ppm atmospheric CO2 (Table 4.4). N deposition thus sustained

11% of 397.6 Pg C sequestration from 1901 to 2100 in C–N simulations, which was reduced to

10% of 380.4 Pg C sequestration in C–N–P simulations (Table 4.4).

4.3.4 N deposition induced process changes

The main mechanism for the simulated increase in terrestrial C sequestration due to increased N

deposition was the increase in N uptake with rising soil mineral N pool (Figure 4.5). The rise in

N uptake lifted mainly N limitation on NPP via supply of N required for growth, which resulted

in higher LAI, and small increases in growth efficiency per unit LAI (NPP/LAI). The stimulation

of GPP occurred thus mainly via LAI stimulation, while leaf-level changes of increased foliar N

and reduced leaf C:N were minimal (Figure 4.5). Nitrogen use efficiency (NUE=NPP/N uptake)

reduced slightly with rising N deposition.

Over the recent historical period (1961–2010), these process changes due to N deposition oc-

curred mainly in boreal and temperate regions in both C–N and C–N–P simulations (Figure 4.5).

In subtropical and tropical regions, historical N deposition induced a similar pattern of process

changes, only at lower magnitude and with the exception that NPP per unit LAI did not increase

(Figure 4.5). Including the P cycle did not affect the direction of process changes when averaged

per climate zone, but reduced magnitudes of e.g. N uptake and NPP stimulation with N deposition

in temperate and subtropical regions (Figure 4.5). During the future period (2051–2100), magni-

tudes of process changes are similar to the historical period but were much larger for both C–N and
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C–N–P simulations (Figure 4.5). Process changes in subtropical regions due to N deposition were

also pronounced over the historical period.

Figure 4.5: Percentage of N deposition induced change in key C-N-P cycling variables for the historical period
(mean of 1961–2010, top row) and future period (mean of 2051–2100, bottom row) shown for different climate
zones (bo = boreal, te = temperate, st = subtropical, tr = tropical), N deposition effects in C–N simulations
(CN1-CN0, left panels) and in C–N–P simulations (CNP1-CNP0, right panels); all variables in % change from
low to high N deposition run, variables from left to right: NPP, N uptake, NUE (NPP/N uptake), leaf C:N,
NPP/LAI, LAI.

Both C–N–P simulations (CNP0 and CNP1) show an overall loss of P from ecosystems glob-

ally, although marginal, but P limitation on global C sequestration and the N deposition effect did

not strongly aggravate in the future period. This was because the reduction of global P supply was

mediated by a stimulation of P mineralization, which in turn was caused by the stimulation of N

mineralization in a future warming climate, in particular in tropical ecosystems (Figure 4.6). Ris-

ing N deposition further stimulated the mineralization of P, again mainly in tropical ecosystems,

covering the N costs of P mineralization, so that the high N deposition scenario had higher P min-

eralization rates at the end of the 21st century (Figure 4.6).

4.3.5 The fate of accumulated C and N

C sequestered by the terrestrial biosphere over the historical period (1901–2010) preferentially

accumulated in biomass (60–63%), and less so in soils (25–28%) or litter (12%), regardless of the

model scenario (Table 4.2 and Table S1 for initial C pool stocks in 1901). N deposition induced

C sequestration mainly in biomass (52–54%) with lower rates in soil (36–37%) in C–N and

C–N–P simulations from 1901 to 2010 (Table 4.3). In the future period (2011–2100) N induced

C sequestration shifted more towards soil C as biomass C returned to the soil over time, so that

biomass C pools accumulated less N induced C (38%) than the soil C pool (54%), regardless of P

limitation (not shown).

In the high N deposition scenarios 2254 Tg N was additionally deposited from 1901 to 2010.

Most deposited N accumulated in soils (55–57%) and large fractions were lost via leaching and

outgassing (39–41%), while minor fractions (3–4%) accumulated in biomass (not shown). In the

future, the additional 5168 Tg N deposited from 2011–2100 in the high N deposition scenarios was

increasingly lost (54–58%), and less accumulated in soils (39–43%), with unchanged biomass ac-

cumulation (3%) (not shown). In both time periods, P limitation induced slightly more N deposition

being lost and consequently less accumulating in soil and biomass.
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Figure 4.6: P mineralization from 1901-2100 in the C–N–P simulations (CNP0 and CNP1), separated per
climate zone, in Tg P yr−1.

4.4 Discussion

4.4.1 N and P cycle effects on C sequestration

Simulations accounting for C–N(–P) feedbacks produced current and historical C sequestration

rates in good agreement with current understanding (Table 4.2). N cycle dynamics reduced C

sequestration due to CO2 fertilization alone by 345 Pg C from 1901 to 2010, or by 63% (CN0-C1,

Table 4.2). Other modeled estimates agree on the limiting effect of N dynamics on C sequestration,

while magnitudes diverge but are generally lower than our estimate (40 Pg C in Zhang et al. [2011];

25 Pg C in Zaehle et al. [2010a]; 162 Pg C in Thornton et al. [2007]). The lower estimates of N

cycle reduction on total C sequestration may be partly explained by other modeling setups aiming

to reproduce current C cycle conditions, while we have chosen for comparable initial conditions

between C-only and C–N simulation to estimate the N effect over the historical period. Different

land use scenarios employed by the various studies further complicates a direct comparison. P

limitation reduced historical C sequestration minimally, by 5% (Table 4.2), which is in line with

the 3% NPP reduction due to P estimated by Goll et al. [2012].

4.4.2 N deposition effects on C sequestration

Confirming our first hypothesis, N deposition induced terrestrial C gain in N limited boreal and tem-

perate regions, resulting in a moderate 5–6% increase in global historical C gain from 1901 to 2010.

During the 2000s the N deposition effect was stronger and added 11–13% to the global land C sink,

which is equivalent of 0.3 Pg C yr−1. This falls within the range of previous estimates 0.2–0.6 Pg C

yr−1 based on other C–N models and empirical work [Zaehle et al., 2010b]. Temperate and boreal
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regions showed the strongest N deposition induced C response with little C response in the tropics,

which is in agreement with previous findings [Fleischer et al., 2013, Jain et al., 2009, Zaehle, 2013].

Nonetheless, boreal regions sequestered less than 3 Pg C due to N deposition from 1901 to 2010,

although having been suspected for constituting a large N induced C sink. Our model experiments

and other recent reports support however a rather low contribution of boreal forests to N deposition

induced global C sequestration (see observations by Gundale et al. [2014] and analysis in chapter 3).

Simulations of the future period however contrasted our expectation and the N deposition effect

on global C sequestration did not saturate but gained significance. N deposition was predicted to

induce a further 32 Pg C until 2100 considering C–N interactions, sustaining c. 17% of global

C sequestration (and 40% in the temperate zone). N deposition had a greater relative effect on C

sequestration in the future period due to a sustained demand for N from CO2 fertilization, which

has caused a further c. 20% increase in global NPP and GPP from 2010 to 2100. Nitrogens

C bonus, i.e. N deposition induced C sequestration, was sustained by increased N uptake, and

sustained increases in primary productivity (NPP and GPP), while N induced regional negative C

responses did not outweigh the C gain at global scale. In contrast to our simulations however, N

fixation is not static but is expected to increase in mid and high latitudes as temperature constraints

are lifted in a warming climate [Houlton et al., 2008, Wang and Houlton, 2009]. Estimating the

extent to which N fixation rates are affected by changing climate conditions and to what degree

this would reduce the positive effect of N deposition on C sequestration in mid to high latitudes, is

of highest priority now. Similarly, we have assumed that all deposited N is plant available which is

likely an overestimation.

These results further highlight the importance of quantifying the CO2 fertilization effect on

terrestrial vegetation, and the limiting effect of N availability thereon [Wieder et al., 2015], as both

determine the magnitude of future N deposition effects on C sequestration. Trajectories of future

CO2 fertilization effect on vegetation productivity remain uncertain [Walker et al., 2015] and

there may be climate region or biome dependent variations, in particular the tropical response to

elevated CO2 is unclear [Hickler et al., 2008, van der Sleen et al., 2015]. Furthermore, we suspect

that N induced C sequestration rates are in fact compromised by direct negative effects of very

high or prolonged N deposition in vast areas [Lamarque et al., 2013], leading to eutrophication,

chemical imbalances, deteriorating ecosystem health and growth [Erisman and Vries, 2000,

Galloway et al., 2003, Gao et al., 2014]. Direct adverse effect of N deposition on ecosystems

have yet be accounted for by our model and most other ecosystem models [Smithwick et al.,

2013] and are likely to cause significant regional negative effects of N deposition on C sequestration.

4.4.3 P control on N deposition effect

In line with our second hypothesis, P limitation had only a minor effect on the historical N induced

C bonus, reducing it by 13%. This reduction took however mainly place in the temperate zone,

where P limitation reduced the N effect from 6.6 to 5.5 Pg C sequestered (by 23%), suggesting that

P limitations are not confined to the tropical regions, where N deposition effects on C sequestration

were much lower and not affected by P. Contrary to the second part of our second hypothesis,

reductions of N deposition effect on C sequestration due P limitation and N:P imbalances did

not gain significance in the future. P limitation only exerted a marginally stronger control on N

induced terrestrial C sequestration from 2011 to 2100 compared to the historical period, now 17%

(reducing the N effect from 32 to 27 Pg C sequestered).

At global scale, feedbacks between warming and N mediated P supply, as N had a stimulating
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effect on P mineralization, sustaining P supply and in turn suppressing strong P limitation on C

sequestration into the future. P limitation on future global C sequestration was almost absent at

global scale without the rise in N deposition (CNP0-CN0). With P limitation in place, negative

effects of N deposition on C sequestration at regional scale were magnified, which reduced the

global positive N effect on C sequestration, both during the historical and future period. Although

CABLE does not account for direct adverse effects of high N availability, negative C responses to

N deposition occurred when Ra costs of acquired N outweighed GPP and NPP benefits from N,

which in turn saturated earlier with P limitation. Significant P limitation thus only emerged in the

high N deposition scenario, mainly in areas of initial low soil P supply and high N deposition. In

these areas higher N availability stimulated plant growth, leading to higher P uptake by vegetation

and more P being locked up in vegetation, in turn diminishing subsequent soil P supply [Goll et al.,

2012, Peñuelas et al., 2013].

4.4.4 N:P interactions and research priorities

Theoretical and observational evidence supports the concept that N deposition accentuates P

limitation, shifting ecosystems from N to P limitation, which is driven by increased plant P

uptake and N:P imbalances in soil and plant tissues [Buendı́a et al., 2014, Goll et al., 2012,

Peñuelas et al., 2013, Vitousek et al., 2010, Yuan and Chen, 2015]. Resulting N-P interactions

in our simulations were largely determined by plant-available soil N and P dynamics, and less

so by actual stoichiometric imbalances, which were fairly restricted, i.e. leaf N:P and C:N ratios

changed by ± 10% of their PFT-specific mean values with varying N and P availability. We know

however from observations that e.g. leaf N:P ratios respond substantially to global change drivers,

such as N deposition [Güsewell, 2004, Peñuelas et al., 2013], albeit C cycling consequences

(e.g. C assimilation and growth) of such N:P imbalances remain largely uncertain [Reich et al.,

2009, Walker et al., 2014, Yuan and Chen, 2015]. Increased understanding of these interactions

and subsequent implementation of greater plant stoichiometry flexibility in CABLE and other

ecosystem models is therefore essential.

Our results depicted a possible trajectory of P supply considering a positive feedback of N

thereon, while other (plant-related) mechanisms are likely to further control P supply [Buendı́a

et al., 2014, Goll et al., 2012]. Additionally, measuring plant-available P stocks is far from

straightforward and the distribution of P stocks and deposition are not fully quantified and

understood at global scale [DeLonge et al., 2013, Mahowald et al., 2008, Yang et al., 2013, Yu

et al., 2015]. There is consequently an urgent need to better quantify these aspects of the P cycle

with experiments and measurements in order to constrain future projections of global models.

4.4.5 Fate of C and N

Over the historical period N induced C sinks mainly in biomass, while over time C was transferred

to the soil, which was the main N induced C sink in the future period. Biomass C represents a

rather temporary C sink compared to soil C which has longer turnover times and is less vulnerable

to disturbances. N deposition was thus predicted to induce an increasingly more stable C sink in

soils into the future.

Deposited N over the historical period mainly accumulated in soils, and large fractions were

lost from ecosystems. In the future period, larger fractions of deposited N were lost and less accu-

mulated in the soil. Thus while N deposition had positive effects on C sequestration into the future,
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the amount of N accumulating in soils, and being lost from terrestrial ecosystems to aquatic ecosys-

tems and the atmosphere, is expected to drastically increase and cause a variety of adverse effects

at considerable scale [Erisman et al., 2011, Galloway et al., 2003, Gao et al., 2014, Lamarque et al.,

2013].

4.5 Conclusion

We acknowledge that uncertainty in regards to modeled N:P interactions remain and that un-

accounted for land use and land cover changes may further interact with nutrient cycles and C

dynamics [Gerber et al., 2013, Jain et al., 2013, Zhang et al., 2013]. Nonetheless, our model

experiments have unequivocally demonstrated an increasing importance of N deposition in a

projected high-primary-productivity future world. The importance of N deposition effects on

global C sequestration was moderate in our simulations for the 20th century, but increased over the

21st century, sustaining up to 40% of future total C sequestration in the temperate zone.

This is extremely relevant when considering that only 2 of the 8 models in CMIP5 have

included N dynamics and none have included N deposition effects or P dynamics so far [Ciais

et al., 2013, Taylor et al., 2012]. The importance of N dynamics on limiting future C sequestration

potential is progressively recognized and quantified [Wieder et al., 2015], but future N deposition

effects are not considered yet to the same extent than other global change drivers such as

CO2 fertilization and climate effects for future assessments. In addition, we demonstrated the

importance of considering P limitation, which significantly altered regional patterns of N effects on

C sequestration in our simulations and has the potential to exert strong global controls.

N deposition sustained increasing future N demand from CO2 fertilization at global scale and

exerted direct negative effects on ecosystem functioning at regional scale. We stress that N and P

cycle controls on the C cycle need to be standard in global ecosystem models, and that N deposition

is considered as an important predictor of the future global C balance.
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4.6 Appendices

Figure 4.7: Distribution of dominant PFT classes of land cover scenario of 1900, see legend for PFT types,
dominant PFT refers to the PFT covering the greatest area fraction in each grid cell.

Figure 4.8: Mean GPP per PFT in the 2000s for model experiments (see legend and Table 4.1) compared to
values from Beer et al. [2010] in g C m−2 yr−1.

Table 4.5: Initial global C pools in 1901 for C-only, C–N, and C–N–P simulations, including vegetation C (i.e.
sum of root, wood and leaf pool), litter C, soil C, and total ecosystem C, all in Pg C.

C pool C C–N C–N–P

Vegetation C 732 610 575

Litter C 178 160 154

Soil C 874 880 847

Ecosystem C 1784 1650 1576
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Figure 4.9: Mean rise in N deposition from 1901–2010 (left) and 2011–2100 (right), shown as mean annual
difference between high and low N deposition scenarios, both in kg N ha−1 yr−1.
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