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1. Background and question

Forests cover 31% of global land area and provide essential ecosystem services

Distribution of global forests (4060 M ha) Ecosystem services of natural forests

Proportion and distribution of global forest area by climatic domain, 2020
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1. Background and question

Forests dominate the carbon sinks in global terrestrial biomes (>60%)

Global carbon budget (2019)

Fossil fuel

combustion (86%) SAPaByrt Forest(62%)
2.1Pg Cyr
9.4 PgCyr' %
34 PgCyr Others(38%)

1.6 Pg C yr'

25PgCyrt Harris et al., 2021 Nat Clim Chang



1. Background and question

Great acceleration of global N cycling: food production & population growth

Global creation of reactive nitrogen(Nr) Growth of global population (>8 billion)
120 I I ! I ! !
=== Haber-Bosch production of NH, for fertilizer B — POPU LATION OF TH E EARTH Allianz @
100 F e aemisson Joseay st o™ 1 Number of people living worldwide since 1700 in billions 2048: 9 bin
=== Cultivation-induced biological N fixation P
go b = Fossil fuel combustion ; st N

60

40

Global Nr creation (Tg N/year)

20

0 1 1 L Il 1 1
1960 1970 1980 1990 2000 2010 2020

Year

Galloway et al., 2021. Annu. Rev. Environ. Resour.

1700 1800 1900 2000

Source: United Nations World Population Prospects, Deutsche Stiftung Weltbevélkerung



1. Background and question

Curbing nitrogen emissions is a central environmental challenge for the
twenty -first century, argue Mark Sutton and his colleagues.

[ Too much of a good thing ]

Pollution Transport

NO, & NH

T T Deposition

De Vries, Du, Butterbach-Bahl, Schulte-Uebbing, & Dentener, 2017.
In Oxford Research Encyclopedia of Environmental Science.



1. Background and question

Nutrient limitation to global forests
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1. Background and question

Rising air concentrations of greenhouse gases (GHGS)

Global Monthly Mean CO; Global Monthly Mean CH4 Global Monthly Mean N,O
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1. Background and question

Q: What's the overall effect of N deposition on GHGs in global forests?

N deposition
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2. Effects of nitrogen deposition on forest GHGs—CO,

Stoichiometric upscaling approach

N-induced new productivity

NPP,,,, = (NSBNF X NUEysgyr + SBNF X NUEsgnr + Nyep X NUEnge, ) X Re_y

RC—N = Z FTaCN X C: Nratio

N-induced C sink

/c sink = (NSBNF X NUEysgnr + SBNF X NUEsgyr + Nyep X NUEygep ) X Re sink -y \

Re sink =N = Rc—N wood + Rc—N non —wood X Fracyes

C sinkyeoq = (NSBNF X NUEyspyr + SBNF X NUEspyr + Ngep X NUENgep ) X Re—n wood

\Csinksm-l = (NSBNF X NUEyspyr + SBNF X NUEsgyr + Nggp X NUENgep ) X Re—N non —wood % Fracm/

Du and De Vries, 2018. Environmental Pollution



N deposition

Woody C Sinky4e,

0.19 Pg C yr!
C Sinkygep

’ W= 0.25Pg Cyrt

Soil C Sinkygep

0.06 Pg C yrt

Du and De Vries, 2018. Environmental Pollution



2. Effects of nitrogen deposition on forest GHGs—CO,

Contribution of N deposition to C sink in global forests

Study - Period/year . Boreal forest - Temperate-forest . Tropical forest - Global -
Area- Ndep- Csink- Area. Ndep: Csink-: Area. Ndep- Csink- Area- Ndep- Csink-

Woody-biomass C-sink - . o . o . . o o . o . . o
Du-and-de-Vries-(2018) - 2001 - 122. 1.9. 0.04. 9.7. 90. 0.08. 187. 102. 0.07. 40.6. 21.1-]0.19.
Schulte-Uebbing-&-de-Vries(2018) - 2000 - 12.1. 2.2. 0.04. 10.2. 80- 0.12. 179. 114. 0.02. 40.2. 21.6-]0.18-
Soil C sink - e o . . e . 0 0 . . . . 0
Du-and-de-Vries-(2018) - - 122. 1.9. 0.02. 9.7. 90. 0.03. 18.7. 102. 0.01. 40.6. 21.1. 0.06-
Total-C-sink - . o . . . . . . ¢ o ¢ ¢ o
De-Vries-et-al.(2014) - 1993 . 78. 13. 003. 86. 7.1. 0.13. 162. 69. 0.11. 32.6. 153.}0.27.
Du-and-de-Vries-(2018) - 2001 - 122. 1.9. 0.06- 9.7. 90. 0.11- 18.7. 102. 0.08- 40.6. 21.1-]0.25.
Wang-et-al.<(2017) - 2010 72. 1.7. 0.08. 72. 6.6. 020. 11.5. 79. 0.10. 259. 16.2.| 0.38.
Gurmesa et-al.«(2022) - 2010 - 12. 37. 0.17. 7 8. 024. 23. 13.1. 031. 42. 248:]0.72-
Fleischer-et-al.<(2015) - 2000s - 114. 41. 0.07.- 7.7. 48. 0.11- 19.5. 103. 0.27. 386. 19.2.]0.46-

Du and De Vries, 2023. Academic Press



Forest soils are sinks of atmospheric CH,

Meta-analysis of N addition experiments Soil CH, uptake in forest biomes
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2. Effects of nitrogen deposition on forest GHGs—CH,

Effects of N deposition on soil CH, uptake in forest biomes
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Factors regulating effects of N deposition on soil CH, uptake

Relative importance - .
. Soil pH . N additions
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2. Effects of nitrogen deposition on forest GHGs—CH,

Overall effects of N deposition on soil CH, uptake in global forests (0.18 Tg CH, yr™)

Forest biome Area Soil CHy flux rate Biome CHj flux Mean N deposition Response ratio  Biome effect
(Million ha) (mg CHs m? h'!) (Tg CHy yr'h) (kg N ha'l yr) (gCHskg'N)  (Tg CHsyr')
Boreal 1225 -0.07+0.02° -2.47+0.68 1.2 -11.49+7.94° -0.02+0.01
Temperate 673 -0.0440.01% -1.38+0.45 73 4.89+7.574 0.02+0.04
Subtropical & Tropical 2118 -0.02+0.00? -3.71+0.56 8.3 10.39+6.57* 0.1840.12
Total 4016 - -7.55+1.68 - - 0.18+0.17

Xia, Du*, et al., 2020 Environmental Pollution; Xia, Du?*, et al., 2023 Academic Press



Forest soils are sources of atmospheric N,O

Meta-analysis of N addition experiments Soil N,O emissions in forest biomes
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2. Effects of nitrogen deposition on forest GHGs—N,O

N deposition drives spatial variation in soil N,O emissions
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2. Effects of nitrogen deposition on forest GHGs—N,O

Effects of N deposition on soil N,O emissions in forest biomes
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2. Effects of nitrogen deposition on forest GHGs—N,O

Overall effect of N deposition on soil N,O emissions in global forests(0.17 Tg N,O yr)

Forest biome Area Soil N>O emissionrate ~ Biome N>O emission ~ Mean N deposition Emission factor Emissionngep
(Million ha) (ug N2O m2 h!) (Tg N2O yr'h) (kg N ha'! yr'!) (%o) (Tg N2O yr'!)

Boreal forest 1225 7.5+6.5 0.27+0.23 1.2 0.2+1.2 0.001+0.003
Temperate forest 673 7.4+2.1 0.26+0.07 7.3 5.1+1.2 0.039+0.009
Subtropical forest 320 19.4+2.7 0.54+0.08 14.6 6.7£1.2 0.049+0.009
Tropical forest 1798 6.6+4.6 1.03+0.73 7.2 3.9+1.4 0.079+0.029
Total 4016 - 2.10+1.11 - 0.168+0.050|

Du, et al.,, 2023 Academic Press



2. Effects of nitrogen deposition on forest GHGs—Overall effect

A: Overall effect of N deposition on GHGs

CO, CH, N,O
S 250 Tg C yr 018 Tg CH, yr'" R 0.17 Tg N,O yr!
QYR 917 Tg CO, yr' @4.5Tg CO, yr' §50.7 Tg CO, yr!
\ )

f
GHG 100-yr GWP
CO2 1 GWP '862 Tg COZ yl"1

CH4 25
N2O 298 Du & de Vries, 2023 Academic Press




3. Implications and outlook

N deposition

Future decline in N deposition and ecosystem responses

Trends in N deposition

—— Total N
—— Oxidized N
—— Reduced N

Phase | Phase Il Phase llI

Time
Du, 2023 Springer

Interactions with other global change drivers
Elevated CO, Elevated O,

Warmin \\ / o

N deposition ————_,  |nteractions ~——— P deposition

Synergisti antagoni!?c or additive effects

Du & de Vries 2023 Academic Press



3. Implications and outlook

Feedbacks between CO, fertilization and declining N deposition

Rising CO, concentrations(Keeling Curve)  Nitrogen oligotrophication of terrestrial ecosystems
(1980-2017)

Carbon dioxide concentration at Mauna Loa Observatory i
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3. Implications and outlook

Declining strength of CO, fertilization in past four decades

Satellite data analysis: 50 ET—
40 - —— AVHRR+MODIS NIRv
B __ OGPP 0 ——— NIRv+SIF
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Wang et al., Science 370, 1295-1300 (2020)



3. Implications and outlook

Future nutrient limitation of CO, fertilization on forest growth and C sinks

Model projection of future land C sinks
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3. Implications and outlook

Future great challenge of carbon neutrality

Trend of future land C sink The way to C neutrality

CT—
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