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Why would you want P in ORCHIDEE?
What processes are implemented?
Does the model work?

What could a CNP model be used for?
Technical aspects




Why would you want P in a land surface model?




CO, fertilization

The global carbon cycle

1 Negative feedback:
dampening climate change
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photosynthesis -
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carbon storage




Ecosystem manipulation experiments
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i Elevated CO, wood

Ellsworth et al. 2017



Nutrient limitation of growth is widespread
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Nitrogen is increasingly included into models

9 out of 18

10 out of 18
Le Quere et al. 2018



1 Biological nitrogen fixation
2 Plant uptake

3 Litter fall & mineralisation

4 Immobilisation

5 Fire emission

6 Erosion

7 Leaching

8 Denitrification




1 Weathering

2 Plant uptake

3 Litter fall & decomposition
4 Immobilisation

5 Fire emission

6 Erosion

7 Leaching




What processes are implemented?




CP BALANCE

ORCHIDEE-CNP (Goll et al. 2017b)
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ORCHIDEE-CNP (Goll et al. 2017b)
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Major interactions

N2 fixation Goll et al. 2017

Ellsworth et al. in prep.

Litter quality Zaehle & Friend, 2010

Tissue 4
Nitrogen | N
stress

- | Tissue
~ S Phosphorus

stress Zaehle & Friend, 2010

Growth

Shoot-to-root
ratio

Zaehle & Friend, 2010

Biochemical
mineralization

Goll et al. 2017




Feedbacks: e.g. ecosystem scale
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Land management / fire
1. Cropland (trunk) & grassland management (Chang et al. 2013, ...)
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3. Fire emission (trunk module)

2. Negative emission technologies (Goll et al. in prep)

Enhanced weathering
Crushed minerals for direct
carbon dioxide capture and
improved soil fertility.

(Goll et al. in prep.)
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publications / contributions

Model description: Goll et al. 2017b, Goll et al. 2018, Sun et al. in prep.
Evaluation, site-scale: Goll et al. 2017b, Goll et al. 2018, Huang et al. in
prep., Combe et al. in prep.

Evaluation, global: Sun et al. in prep.

Resource-interactions and use efficiencies: Goll et al. 2018, Zhang et al.
2018, Sun et al. in prep., Cresto-Aleina et al. in prep.

Model intercomparisons:

AmazonFACE (Fleischer et al, in revision)

INTERFACE?Z2 - precipitation response (Fatichi et al, in prep.)

Global N,O model intercomparison project (NMIP) (Tiang et al., 2018)
Global carbon budget 2018 (Le Quere et al., 2018)

GPP - leaf P relationship (Ellsworth et al, in prep.)






“Although it seems reasonable to expect that a
model including a larger subset of processes that
are known to be important should be more realistic
than a simpler model, increases in reliability and
robustness are by no means automatic.” (Prentice
et al. 2015).



Evaluation

spatial extent: local, regional to global

data: forest inventories, eddy covariance towers, satellite products, river discharge ...
ecosystem manipulation experiments: free air carbon enrichment, fertilization,
throughfall exclusion, ...




Hawaii: fertilization experiments
| 4,100 kyr

- == 1,400 kyr
al.,

S

§ temperature  ~16°C 150 kyr
& rainfall ~2500 mm
B altitude ~1000m

| vegetation Metrosideros

(.3 kyr

Goll et al. 2017b



Hawaii: fertilization experiments

4.1 Myr site

300-year site

X¢ X,o X¢/°

Data mmmmm Model

- Goll et al. 2017b



Model evaluation: S-America
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Model evaluation: Africa
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Yoko
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ILAMB

Biomass

Gross Primary Productivity
Leaf Area Index

Net Ecosystem Exchange
Ecosystem Respiration
Soil Carbon
Evapotranspiration

Runoff

CABLE-POP

CLASS-CTEM
CLM5.0

DLEM
ISAM

JSBACH
JULES
LPJ-GUESS
LPX-Bern
OCN

LP)J

ORCHIDEE-Trunk

ORCHIDEE-CNP
SDGVM

SURFEX
VISIT

0.25

0.5
Absolute Score

0.75

CNP v0.9
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C_O2 fertilization effect of GPP
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ORCHIDEE: uses an empirical down-regulation of CO2 fertilization based on short-term FACE experiments



GPP in space in time

CNP v1.0, v1.1
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Carbon use efficiencies
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C sink: too low

Changes of Net Biospheric Production

GCP

—A— JENA-inversion
ar ORCHIDEE-CNP
ORCHIDEE

NBP (Pg C yr')
|

1950 1960 1970 1980 1990 2000 2010 2020

CNP v1.1



N and P fluxes: e.g. global fluxes

100 T T | T T
85 ORCHIDEE-CNP
GOLUM
' 60
>
N fluxes =
}9 40
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GOLUM-CNP v1.0: a data-driven modeling of
P fluxes & carbon, nitrogen and phosphorus cycles in major
‘; terrestrial biomes (Wang, 2018, GMD)
|_.

29

Uptake Mineralization Leaching



Leaf N:P ratio for model evaluation
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Improving critical processes

1 Weathering
2 Plant uptake
3 Litter fall & decomposition




How much P is in the soils?

il Resldues AR By-Product
B = Total P
SOIL i
PROCESSES T T‘ Y rosion, Runoff . o
700

.

-

N Immobllization

-----------

| EEE EEE

Organic P
Soil Biomass (living)
4 o y Soil Organic Matter
........ ¢ Soluable Organic P

Yang et al. 2013



Constraining inorganic P turnover

=26
=74

O N =
&E=n-
—_— .

=

Municipal
Wast and Industrial
(e By-Product

14
25

Plant Agricultural

INPUTS Residues

SOIL
PROCESSES

log10(soil solution P turnover [min“])

Spodosol
Mollisol
Inceptisol —|

commonly-considered

B

Estimates of mean-residence times of P

Soil Solution P
H,PO,", HPO,

inorganic soil phosphorus pools

Julian Helfenstein'*, Chiara Pistocchi**, Astrid Oberson’, Federica Tamburini', Daniel Goll’, Emmanuel mmobllization

Frossard’

'Institute of Agricultural Sciences, ETH Zurich, Lindau, 8315, Switzerland
*Eco&Sols, Montpellier SupAgro, University of Montpellier, CIRAD, INRA, IRD, 34060 Montpellier, France
“Le Laboratoire des Sciences du Climat et de I’Environnement, IPSL-LSCE CEA/CNRS/UVSQ Saclay, Gif-sur-Yvette,

France

™ Organic P
Soil Biomass (living)

Soil Organic Matter
Soluable Organic P

Next: SNSF early-post doc mobility
grant to integrate data into
ORCHIDEE Helfenstein et al. 2018, in prep.



Constraining organic P turnover

INPUTS

SOIL
PROCESSES

Plant
Residues

Agricultural
Wastes

Municipal
and Industrial
By-Product

Organic P
Soil Biomass (living)
Soil Organic Matter
Soluable Organic P

o

-150 -100

1 2

Pot. enzyme activity umolg™h™

Sun et al. in prep.



Phosphatases

ORCHIDEE mineralisation flux (normalized)

Potential enzyme activity (normalized)

Sun et al. in prep

0.2

0.15

0.1

0.05

35



Soil organic matter decomposition model
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Carbon allocation
independent of root
processes

Carbon allocation
dependent on root
processes

Root dynamics
responsive to
environment

Root turnover

Rhizosphere
(abiotic & biotic
interactions)

Root production ]

Resource uptake by

[ Nutrients }
soil depth

|

CLASSICAL VIEW ORCHIDEE-CNP EMERGING VIEW



What could a CNP model be used for?

CLASS-CTEM

CLM5.0

ORCHIDEE-CNP

ORCHIDEE-Trunk
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CABLE-POP
DLEM
ISAM

JSBACH
JULES

LP
LP)-GUESS
OCN
SURFEX
VISIT

Biomass

-LPX-Bern

Gross Primary Productivity
Leaf Area Index

Net Ecosystem Exchange
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Negative emission technologies (NETs)

Capture via: Photosynthesis] Chemistry

/ O —————
Afforestation &| | Soil carbon Bioene with Direct air DSy wwsaS iy Scear
Techltmlogy reforestation | [sequestration BI(oBc(I:l)ar carbonrgaypture caxture & ocean alkalinisation fertilisation
category (AR) (SCS) & storage (BECCS) (DACCS) (EW) (OF)
r N\ P - & \
1 Suspended Silicate Carbonate Iron

Agro-forestry Crop residues [ amines ] [ rocks ] [ rocks ] fertilisation
Implementaﬁion B A Agricultural ) f ) Wet Silicate [ N &P ]

options Boreal [ practices Dedicated crops [ calcination ] [ rocks J fertilisation
- J J - J . J
r B i R £ A T

Livestoc . . Enhance

Temperate [ practices Dedicated crops (marginal) upwelling

- J J - J .~/
N
Tropical
| —
Earth
system | Land Ocean
A=
B << OY

Marine sediment
& calcifiers

SiGlcf[clM Above-ground
medium biomass

Geological reservoirs Minerals

Minx et al. 2018



Capture via: Photosynthesis

Chemistry

Applied basalt or mill ash,
which also contains K
and other nutrients

| e

CaSiOy + 2C0, + 3H,0

CO, from respiration of roots
and other soil organisms

Deposition and
l Weathering sequestration

3H,0 + CO,, +
C3003(s) + SIO2(S)

: 24 s
Enhanced crop vigour and yield H SOy aq) + Ca™ (aq) + 2HCO5 (oq) —>
due to greater uptake of Si, Ca,

K and micronutrients

T

Enhanced root growth dueto =~
improved pH, nutrient supply / /»— 2
and physical conditions

» Enhanced ocean alkalinity
and growth of diatoms,
foraminifera and corals

O/O \

Weathering products in
surface and groundwater runoff
(less N, higher Si:N ratio)

S



Costs & potential of NETs

A, Afforestation
& reforestation

300 B. Bioenergy carbon
E capture & storage
C. Biochal
D. Enhanced weathering
E. Direct air capture
3 F. Ocean fertilisation
'N G. Soil carbon
e 200 sequestration
g
B2
wn
-
i=
@
o 100 -
O |
|
|
|
|
|
0 2

Potential carbon removal in GtCO2-1 Minx et al. 2018



Costs & potential of NETs

Cost in US$ tCO2-1

300

200

100

A. Afforestation

& reforestation

B. Bioenergy carbon
capture & storage

C. Biochar
D. Enhanced weathering

E. Direct air capture
F. Ocean fertilisation

G. Soil carbon
sequestration

Chemistry

Photosynthesis

Potential carbon removal in GtCO2-1 Minx et al. 2018



Technical aspects



17,198 lines more than trunk (incl. CAN allocation & N cycle,
grassland management)

all files/subroutines were modified which handle organic
matter/biomass, as well as routine(s) for photosynthesis.
P-only processes: all combined in stomate phosphorus.f90
N-only processes: remain in stomate_som.f90

coding standards:

(nearly) all parameters are externalized

avoidance of redundant code via new subroutines (e.g. root
uptake kinetics, stoichiometric scaling functions, etc.)

mass conservation and stoichiometry is ensured (at time step
within a single routine and among all routines of stomate)
Added/revised/cleaned comments in code

Runs stable with executable with “debug compilation”



Additional boundary conditions

1. Soil order map (to derive soil type specific parameters) - potential conflicts
with hydrological parameter

2. Lithological map

3. Nutrient boundary conditions (mineral fertilizer, manure and atmospheric
deposition; annual fluxes)

input reading is parallel (not sequent. Like trunk)



coding issues solved: mass conservation

conser
mass_before(:,:,:) = Cbiomassi:,:.,2.2), =3)

prescribe (npts,

veget cov_max, dt_days, PFTpresent, everywhere, when_growthinit,
biomass, leaf frac, ind, co2 to bm,n_to bm,p to bm,
KF,seﬂescence,age,npp_longterm,

lm_lastyearmax,k_latosa_adapt)

IF(dsg_debug) THEN
conser
check_mass(npts,biomass(:,:,:,:), 'lpj:

mass_after(:,:,:) = (biomass(:,:,:,:),
mass_change(:,:,icarbon) = co2_to_bm
mass_change(:,:,initrogen) = n_to_bm
mass_change(:,:,iphosphorus) = p_to_bm

cons_mass( mass_before(:,:,:),
mass_after,
mass_change(:,:,:),
'Lpj: after prescribe' )




coding issues (partly) solved: low precision

- Extensive use of thresholds, with rather large thresholds (1e-6)
- Can now be reduced to 1e-9 (for now LULCC calculations)

WHERE ((ind(:,:).GT.min_stomate))
woodmass_ind(:,:) =
((biomass(:,:,isapabove,icarbon) + biomass(:,:,isapbelow,icarbon)
+ biomass(:,:,iheartabove,icarbon) + biomass(:,:,iheartbelow,icarbon))*veget cov max(:,:))/ind(:,:)
ENDWHERE

SE

WHERE ((ind(:,:).GT.min_stomate))
woodmass_ind(:,:) =(biomass(:,:,isapabove,icarbon) + biomass(:,:,isapbelow,icarbon)
+ bilomass(:,:,i1heartabove,icarbon) + biomass(:,:,i1heartbelow,icarbon))/ind(:,:)

(g |

ENDWHER




Spinup issue: not resolved

5-8 kyr needed to reach equilibrium in N and P cycle

N fixation N emission
4

Atmospheric CO2

N2 fixation

uoiysodap N
uonisodap ¢

® ——MMM
J Photosynthesis |

Litter quality

Nitrogen
stress

Phosphorus
stress

Growth

Litter
—
pool

‘ Soil Organic “\~\i\\ y foct

Matter Pool

Shoot-to-root |
ratio |©

Secondary
mineral P pool

Biochemical a
mineralization |~

Leaching

- Analytical spinup: no time improvement
RK4: marginal acceleration, discontinued development
libl GCM: much time (up to 25%) is spent to copy files of large forcing files (N&P

boundary conditions) - Albert is working on making libIGCM more efficient



Documentation

& > C | @ secure | https//forge.ipsljussieu.fr/c ee, eve A es/ORCHIDEE-CNP = & O 1 € b &
i Apps Bm Privat B LSCE Bm ORCHIDEE @m tabs @ MPIMET W Paris B Career WM recipes B projects&news MM informatics B datasets B music B Katzen B Enhanced Wea M UVSQ M publications&v M Other bookmarks
WE .
Overview

BT e Rowns | GomeSawe | VewToes | Sewn

Gevsiopuest/claies [ ORCHIN <« C | @ secure | https://forge.ipsljussieu.fr/orchide D entActivities/ORC CNP/howtoUse % & O 1 € b i
ORCHIDEE-CN-P (former branch ORCHIDEE-CNP) : Apps M Privat B LSCE B ORCHIDEE u tabs B8 MPIMET Bu Paris B Career B recipes B projects@news B informatics B datasets B music B Katzen B8 EnhancedWeat M8 UVSQ M publicationsav M Other bookmarks
This page describes the phosphorus cycle in ORCHIDEE-CN-P. It is based o 5
as well as bugs. " = ]
1. Conceptual modifications to the nitrogen cycle CRCHIDE Search

[ v RCECS Roadmap Browse Source

1.1 soil mineral N concentration in soil solution

Following Smith et al (2014), | introduced the use of the maximum water holdi ., peeopmeniacs
soil water when soil water is very low. AS we do not account for the inhibition ¢
1.2 soil mineral N dynamics HOWTO install/compile/run ORCHIDEE-CN-P for offline use with libIGCM.
This howto is based on the information which can be found in the ORCHIDEE wiki regarding the trur € C | @ secure | https;/forge.ipsljussieu.fr/orchidee/wiki/DevelopmentActivities/ORCHIDEE-CNP/newinp * & O 10

ORCHIDEE-CN performs poorly in respect to soil mineral N dynamics. This is
modifications in ORCHIDEE-CN | assume are not tested, as most of the envir

Apps B Privat B LSCE B8 ORCHIDEE BN tabs B8 MPIMET BN Paris B Career BN recipes B projects&news M informatics B datasets B8 music B Katzen B8 EnhancedWeal B UVSQ M publications&w

Documentation: e.g. new input fils

See attachment for the file get_ORCNP.sh for a script which does some(, please check as | dont u_*
I step by step replaced all modification by using the formulation in Zaehle et al

Final mineral N dynamics The mineral N dynamics in ORCHIDEE-CN-P are
of more soil layers (11 layers)

L

The mineral N stocks of the test sites are all in realistic ranges. Pattern correl:  WARNING: the following assumes you run on obelix or curie ORCHIDEE
2. Re-calibration of the carbon cycle If you want to run on ada, please see the additional modification needed on the MICT wiki = hitps:// Login | HellGude | About
Tmeine | Roadmap | BrowseSowce | ViewTickets
For other machines, we currently have no support available —

The calibration of ORCHIDEE-CAN of the carbon cycle in combination with th DevlopmentAcivies | ORC nevioput Up | Sunpage

turnover, we manipulated parameters of the pipe model (TAU_SAP, KLATOS? 1 jnciall libIGCM & ORCHIDEE-CN-P

The main issue with the previous calibration (Naudis et al GMD)is, At FLUX | o o “The input files can be found on curie: fccelcont003/home/dsm/pS29gallORC-CNP_input/

stocks. Even the biomass stocks estimates which exclude managed forest are and here for deposition: /ccciorkicont003/dsm/p529gol/NP_depositon/finall

h ] INOT in the h i 7
The range of K_LATOSA prescribed makes things trcky as total biomass Is v¢ | You shoud install he model NOT inthe home directoy; s even t00 small o handie iagnostes IK g o _ i uoro oo ing S oiioH and bulk soil density)
| derived a set of parameters which result in kind of okay LAl, total biomass, b /ecc/viork/cont0e3/dsm/<userID> To run the N cycle you need aditional information on soil pH and bulk density in the solls_param.nc. Currently, only the “Zobler fle” for the old hydrological scheme s in the directory sepcified above. | generated but not yet tested  file for the 11-layer hydrological scheme. (please write me an email f you wa

ISSUE with my calibration: To facilitate the calibration | derive maintenance re or project storage; here example for the IMBALANCE-P project on obelix: 4.1 USDA soil orders
even more constraints on K_LATOSA for example hydrological constraints (i

/home/surface3/dgoll We use the USDA soil order map of Sun et al. (in revision) with the dominant soil order per pixel. The gap fillng of the missing done ke this (see script ORC_datalUSDA_sollorders/try_2_filfil_deserts ksh):
3. New input files We use the soiltext class 6 for cold desert from the input file "Soils_param.nc™ to fillmissing values in these region with Gelisols (5). After we set cold desert, we use the level 1 of the maxvegetirac in the input ile "PFTmap.nc” to fil missing values of the remaining desert to Aridisols (2). Hereby, we use a thre
for dentifying deserts in maxvegetirac

1.2 install libIGCM & trunk ORCHIDEE
You can find information on the new input files needed for the P cycle here:

1 use revision 2728 of IDIGCM on obelix and curie (revision 2961 does not work): i cae ot e recmeinkay (lcsi) Ptz mosty Coast 102 polks, DR GHIDEE Wi 825k e Vake o the nearest nelgfibou It he routne 7pet S0l orers™ iy src!Shormade 10,50
4. unresolved issues (ideas for future developments) svn -r2728 co http://forge.ipsl.jussieu. fr/igcmg/svn/modipsl/trunk mod USDA soil order
cd modipsl/util USDA soil map
There are still yet unresolved issue with the model. They are listed here: = *Jmodel’ ORCHIDEE trunk

E Uniasn fmnbnll sl © vuims $han il REMARK: When you are running on ada, you need to install revision 3609. For ada additional modit
1.3 Exchange the trunk ORCHIDEE with ORCHIDEE-CN-P

cd ../modeles

rm -fr ORCHIDEE

svn co svn://forge.ipsl.jussieu.fr/orchidee/branches/ORCHIDEE-CN-P/ORC
cd ../util ; ./ins_make

1.4 Exchange the XIOS with the XIOS2

) 50E 100

508

56 7 8 9 10 11 12 Figure 1: USDA soil orders: Alfisols(1), Andisols(2), Aridisols(3), Entisols(4), Gelisols(S), Histosols(6), Inceptisols(7), Mollisols(8), Oxisols(9), Spodosols(10),Ultisols(11), Vertisols(12)

4.2 GliM lithology



Calibration of C cycle: partly resolved

1. Several parameter values were adjusted (allocation,allometry, SOM turnover)

to better match large scale fluxes & stocks

ORCHIDEE-CNP (v1.0)
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Structural changes to C and N cycle: examples



Major modifications to existing parts

1. Simplification of non-structural carbohydrate dynamics

. Biomass ORCHIDEE-CNP, OCN
Leaves BErs) b
. bl @
Fineroots | | —i e NP
(bef’fv’if!.?ﬁfe, <% Labile < / /
v v ¢ Labile C/N/P
(bil?::vt;:gg\?e) Reserves *

Allocation/NPP



Major modifications to existing parts

1. Simplification of non-structural carbohydrate dynamics

<G Biomass
Leaves | | -

Fine roots

CAN, ORCHIDEE-CN
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Major modifications to existing parts

2. Simplification maintenance respiration

ORCHIDEE-CNP

ReSpmaint = (T, N|eaf) =1(T) kcalibrated Nleaf
CAN-CN
Respmaint = f(T, Nleaf’ Nroot’Nfruit’ Nsapwood’Nlabile’CNIeaf’CNIeaf,threShold)
ReSpplant = Respmaint + ReSpgrwoth

Based on LPJ (Sitch et al.)
Resp = 0.28 *GPP
grwoth



Major modifications to existing parts

3. Simplification of Vcmax/Jmax controls

a)

Decline of Vcmax with leaf age: disabled. As it is conflict with the lack
of evergreen phenology. Ongoing model development will address
this issues: Peaucelle (extra-tropics) & Chen (tropics))

Temperature acclimation of Vcmax: disabled. As pot. inconsistent with
leaf nutrient - Vcmax relationships (Kattge et al 2009, Ellsworth et al in
prep) as leaf N co-varies with temperature. More data analysis
needed.



Major structural issues: not solved

Specific issues with ORCHIDEE
(1) Growth / Allocation:
- Calibration issues: over-parameterization, large biases in
allocation (wood growth of natural vegetation unrealistic)
- Implementation issues
- Dynamics: allometry “jumps” between different states (see also
work by E. Joetzjer)

O
p-__|
ORCHIDEE-CNP EMERGING VIEW

(2) Regrowth of vegetation from “air”:
- substantial amounts of P are generated when trees




1. ORCHIDEE-CNP
a. goes beyond the state of the art global P cycle models
b. overall performance is average (iLAMB)
c. well accepted by the community (H2020 proposal, NERC Large Grant, ...)

2. Major issues are
a. primarily the same as for the trunk (evergr. phenology, allocation, som decomposition)
b. long spinup time
c. being addressed by ongoing and starting work

3. Comes with improvements in technical aspects
a. higher computation precision
b. detailed mass conservation diagnostics
c. among others (parallel input reading, etc)

dsgoll123@gmail.com



Appendix



Model experiment: large-scale application of basalt

Land surface Model (ORCHIDEE-CNP)

RESOURCE USE EFFICIENCY

Goll et al. 2017b, 2018

QD

Enhanced weathering model
dissolution rate = f(T, q, d ,, M)

= temperature

= runoff

= diameter of mineral grain

= type of mineral Strefler et al. 2018

oo
= —

One-time application:

3 kg®» m? (~ 1 mm high layer)

d,, = 20 um particles (cost-efficient size)
1.51 %0P content (global average)

Oapplication as slurry to avoid fine dust issues

Boundary conditions (climate COZ, land cover etc):
fixed to period: 2008 - 2017




1.2 N and P budgets and components

1.2.2 N and P budgets and components for each PFT
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Biomass

ORCHIDEE-CNP

100 125 150

(c) GEOCARBON Forest total biomass
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(b) ESA CCl data
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(d) Thurner et al (2014)
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°|: . CNP v1.1
C_O2 fertilization effect

GPP increase ratio from atm_CO, 296ppm to 396ppm for natural C3 and C4 plants

(@) ORCHIDEE-CNP C3 (b) ORCHIDEE-CNP C4
S L Y AT
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(c) ORCHIDEE C3 (d) ORCHIDEE C4
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Linear Mixed-Effects model (LME)

LME with only fixed effects (= multi-variable linear regression):
Bias = c, + b,*MAT+b,*SWC+bs*clay+ ... + b *litterfall

Fixed effect

LME with fixed & random effects:
Bias = c, + b,*MAT+b,*SWC+b,*clay+... + b *litterfall + RandomEffect (Site)

MIMICS-def MIMICS-tvd MIMICS-tvdswe
w 40 b = 0
28 20 20 | (b) 20 | 20 (d)
EE . g
£= P 0 b~y 0 e 0 ndiiey
Only fixed 88 20 e Ko d
effect ©Z 40 20 - 20 20 .
« O il .’ o3
gg % 40| - RP=007 | 4| 7 R?=006|_4]| .~ R%=0.6
a 801 +* .
s 40 =
28 | @ el 20 20
Fixed + 3% o
Random 538 20
effects 88 40 -20 | -20
o & 60 2 L
go %) 7 R=087 4 7 R*=088 40 . R:=088
2880 , - e . .
&  80-60-40-20 0 20 40  -40 20 0 20 40 20 0 20 40 20 0 20

Simulation bias (g C kg™ soil)



Carbon use efficiencies
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Wildfires are important contributor to P deposition

Global fossil fuels +
—— biofuels +
deforestation fires
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