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Supplementary Text

Supplementary Information 1: Model Description

This model-data model intercomparison includes the following models (in alphabetical
order; Table S1): the Community Atmosphere Biosphere Land Emulator with the ability to couple
with the Populations-Order-Physiology module (1.1. CABLE-POP; (10)), the Energy Exascale
Earth System Model (E3SM) land model (1.2. ELM; (20)); the Generic Decomposition And Yield
model (1.3. GDAY; (28)); the Lund-Potsdam-Jena General Ecosystem Simulator (1.4. LPJ-
GUESS; (29)); the Organizing Carbon and Hydrology in Dynamic Ecosystems (1.5. ORCHIDEE;
(11, 72)), which is also coupled to a microbial-explicit sub-module (1.5.2. ORCHIDEE-MIC;
(30)); and the Quantifying the effects of interacting nutrient cycles on terrestrial biosphere
dynamics and their climate feedbacks (1.6. QUINCY; (/3)), which is coupled to the Jena Soil
Model (JSM) that has explicit microbial processes (1.6.2. QUINCY-JSM; (/9)). All models
included in this study has explicit biogeochemical representation of carbon (C), nitrogen (N) and
phosphorus (P) processes. Below we provide a detailed description of the model structure and their

key assumptions.

1.1. CABLE-POP

CABLE-POP is a land surface model with a vegetation demography module (POP) that is
capable of simulating the biophysical, biogeochemical and vegetation demographic processes at
the landscape scale ((1/0, 73, 74); Figure S10). The model has four vegetation (i.e. leaf, stem,
fineroot, labile), three litter (metabolic, structural, coarse woody debris) and three soil organic
matter pools (microbial, slow, passive). There is one soil inorganic N pool and three soil inorganic
P pools of different bioavailability (labile, sorbed, and occluded). CABLE-POP implements the
Farquhar formulation to simulate leaf-level photosynthesis (63). Nutrient limitation on
photosynthesis is realized via a relationship between leaf N concentration and Rubisco-limited
photosynthetic rate (i.e. Vcemax), and is further modulated by a PFT-specific leaf P/N ratio for P
limitation (73). Additionally, the model implements the coordination hypothesis to represent the
co-limitation of Rubisco- and electron transport-limited photosynthesis ((/0); Table S2). CABLE-
POP assumes fixed C allocation to leaf, wood and fineroot. Plant tissue nutrient retranslocation is
calculated based on fixed coefficients. Growth is downregulated through increased autotrophic
respiration if plant is nutrient stressed. Plant nutrient uptake is a function of the relative plant
nutrient demand and the availability of inorganic N and inorganic labile P pool. In addition to

biological P mineralization, the model also simulates a biochemical P mineralization flux,



following (8). Soil organic matter decomposition is controlled by maximum decay coefficients and

soil texture, temperature, moisture and nutrient availability (Table S3; (/8)).

Vegetation demography is realized via the integration of the POP module. The POP module
simulates the allometric growth of cohorts of trees that compete for light and soil resources within
a patch (/0). Patch parameterizations of tree growth, allometry, recruitment and mortality are
broadly based on the approach of the LPJ-GUESS model (75). Annual grid-scale stem biomass
increment are calculated in the land surface model, and then partitioned among cohorts and patches
in proportion to the current net primary production of the given cohort through the coupling of the
POP module (10).

In this MIP, CABLE-POP simulation assumes broadleaf evergreen trees as the only

vegetation type in the landscape.

1.2. ELM-vl

ELM (v1) is a land surface model that is capable of simulating C, water, N and P cycle
processes at the stand-to-globe scale (9). The model includes a prognostic P cycle and CNP
interactions, non-structural vegetation storage pools of C, N and P, and vertically resolved soil
biogeochemistry (Figure S11; (9, 20, 76)). Photosynthesis in ELM is based on the Farquhar
formulation for C3 plants (63, 77). Nutrient limitation on photosynthesis is realized via leaf N
content dependence of photosynthetic capacity (70). Plant P uptake is a function of plant P demand
and soil labile P availability (/8). Plant nutrient retranslocation is calculated based on fixed
coefficients (/8). Plant C allocation is resource dependent (i.e. dynamic allocation based on light,
nutrient availability, and water stress; Table S2). The relative limitation of N and P on growth
follows the Liebig’s law of minimum (9). To represent soil inorganic P of different bioavailability
as characterized by the Hedley fractionation method (78), the model implements a five-pool
structure for soil inorganic P pools (8). Biochemical P mineralization follows the (&)
implementation. Soil organic matter decomposition is controlled by maximum decay coefficients

and soil temperature, moisture and nutrient availability (/8).

1.3. GDAY

GDAY is an ecosystem model developed for simulating C, water, N and P cycle at the

stand-scale (18, 27, 28). The model includes four vegetation and three organic soil compartments,



each with its respective C, N and P pools (Figure S12). The model includes one inorganic soil
nitrogen pool and five inorganic soil phosphorus pools (parent material, labile, sorbed, strongly
sorbed, and occluded). The model implements the Farquhar formular for photosynthesis (63).
Nutrient limitation on photosynthesis is realized via leaf N-dependence of Vcmax and leaf P-
dependence of Jmax (67). Carbon allocation in the model follows a functional allometric
relationship and is also resource dependent (i.e. increased belowground allocation if nutrient
stressed; Table S2). The relative limitation of N and P on growth follows the Liebig’s law of
minimum. Plant nutrient retranslocation is calculated based on fixed coefficients. Plant nutrient
uptake depends on soil nutrient availability, plant nutrient demand and root biomass. Soil organic
matter decomposition is controlled by maximum decay coefficients and soil temperature, moisture
and nutrient availability. Additionally, GDAY implements an exudation scheme to allow newly
assimilated plant C to be allocated directly into the soil (Figure S12), which in turn can stimulate
soil organic matter decomposition and therefore the turnover of soil nutrients (more details below;

(28)). Biochemical P mineralization follows the (8) implementation.

In GDAY, plant rhizosphere C allocation via root exudate that enters the active soil organic matter

pool is represented as:

Crhizo = NPP * @y * Qrpizo * feuerhizo
where NPP represents net primary production, a, represents root C allocation coefficient, aizo
represents the fraction of root C allocation that is partitioned to rhizosphere deposition via root
exudates, and f,e rnizo1S the microbial use efficiency parameter (0.3). The increased active soil
organic matter nutrient demand is associated with the revised decomposition rate of the slow soil

organic matter pool, expressed as:

Crhizo

Kstownew = Ksiow * (1 + k) Co +k.
rhizo m

Where kg, is the original decomposition rate of the slow soil organic matter pool, and k,, is a
sensitivity parameter. The decomposition rate of the slow soil organic matter pool affects the

amount of nutrient released from the slow organic matter pool, expressed as:
Ngs = kslow,new * Csiow [T (1-Q) — np-st]

Where Cg0, 18 the slow soil organic matter pool, and s and Q¢ represent the proportion of C
released through the decomposition of the slow and passive soil organic matter pools that

subsequently enters the slow soil organic matter pool, respectively.



In this MIP, we included two set of simulations from GDAY, namely the model with CNP
biogeochemistry (GDAYP), and the model with CN biogeochemistry (GDAYN). The difference
between the two versions of the model is the inclusion of the phosphorus cycle processes, with all
parameters model setting and forcing data being the same. Plant nutrient stress effect on
photosynthesis follows a leaf N relationship developed by (67). The comparison of the two model
simulation results therefore identifies the apparent effect of the phosphorus cycle.

1.4. LPJ-GUESS

LPJ-GUESS is a process-based dynamic global vegetation model (DGVM) capable of
simulating stand-to-globe vegetation biophysics, biogeochemistry and demography (29, 75). The
model has four vegetation carbon pools (foliage, sapwood, heartwood, fineroot), a surface layer
consists of metabolic, structural, active and humus organic pools and multiple soil layers each
consist of metabolic, structural, active, slow and passive soil organic pools (Figure S13). The
model also includes non-structural C and labile N and P pools in the vegetation compartment
(Table S2). Photosynthesis in the model assumes the (64, 79) formulations. Nutrient limitation on
photosynthesis follows a relationship developed based on tropical and subtropical plants for the
fully coupled CNP version (53), and for the CN version (79). Allocation follows functional
allometric relationship and is also resource dependent (Table S2). Plant nutrient retranslocation is
bound by a maximum resorption coefficient and is further determined by plant labile nutrient pool.
Plant nutrient uptake is a function of plant nutrient demand and the size of the inorganic N and
labile P pools. Soil organic matter decomposition is controlled by maximum decay coefficients

and soil texture, temperature, moisture and nutrient availability.

Vegetation dynamics in LPJ-GUESS is an emerging feature of plant growth and
competition for light, space and soil resources among woody plant individuals and a herbaceous
understorey in each of a number of replicate patches for each simulated site or grid cell (73).
Individuals for woody PFTs are identical within a cohort (age/size class) and patch. Population
dynamic (establishment and mortality) are represented as stochastic processes, influenced by

current resource status, demography and the life-history characteristics of each PFT (29, 80).

There are two sets of model simulations based on LPJ-GUESS, namely LPJGP and LPJGN.
The LPJGP set of simulation is based on the CNP version of the model, whereas LPJGN is the CN
simulation. Overstorey PFT is evergreen broadleaf in the model.



1.5. ORCHIDEE

There are two versions of ORCHIDEE included in this study, namely the CNP version (i.e.
ORCHIDEE-CNP, v1.2) and its coupling to a microbial module (i.e. ORCHIDEE coupled with an
explicit microbial module, ORCHIDEE-MIC). Below we describe the land surface model first

(section 1.5.1), followed by the description of the microbial module (section 1.5.2).

1.5.1. ORCHIDEE-CNP

ORCHIDEE-CNP (v1.2) simulates the biophysical and biogeochemical dynamics at the
stand-to-globe scale (Figure S14) (75, 72). The model includes non-structural vegetation storage
pools of C, N and P. Plant labile P pool is dynamic with short- and long-term storage to buffer the
imbalance between P supply and demand (Table S5). Photosynthesis in the model follows the
Farquhar implementation (63), and is downregulated via the relationships between leaf nutrient
concentration (N and P) and photosynthetic capacity parameters (Vemax and Jmax), following ref.
(53). Plant C allocation is based on a functional allometric relationship that is resource dependent
(Table S2). The model has a detailed representation of root uptake of dissolved N and P, in that N
uptake is a function of plant N demand, root biomass, root uptake capacity and the inorganic N
availability, and P uptake is a function of plant P demand, root biomass, root uptake capacity,
dissolved labile P pool, and soil diffusivity ((72); Table S5). Plant nutrient retranslocation is
calculated based on fixed coefficients. Soil organic matter decomposition is controlled by
maximum decay coefficients and soil texture, temperature, moisture and nutrient availability
(Table S3). The model implements a simple soil inorganic P representation with two pools (75).
Soil P occlusion rate is a fixed fraction of the labile sorbed P pool. Soil P biochemical

mineralization is a dynamic function of leaf N:P imbalance and substrate availability (Table S5).

1.5.2. ORCHIDEE-MIC

The microbial module for ORCHIDEE has vertically resolved soil biogeochemistry
(Figure S15; Table S2; (30)). The model (i.e. OCHDX) implemented a MIMICS-type microbial
scheme (62) that splits soil microbes into two different strategy groups that compete for resources
with varying carbon use efficiency dynamics. It assumes non-linear decomposition rates of organic

matter, which are regulated by the microbial biomass. The microbial growth is limited by the



availability of C, N, and P. Microbes can adjust their CUE in response to changes of available C

or nutrients.

1.6.QUINCY

There are two versions of QUINCY included in this study, namely the land surface model
with its default soil structure and processes (QUINCY; section 1.6.1), and its coupling to the Jena
Soil Model that provides more explicit and advanced representation of soil biological and
biogeochemical processes (i.e. QUINCY-JSM; section 1.6.2).

1.6.1. QUINCY

QUINCY is a terrestrial ecosystem model with fully coupled and seamless integration of
the C, N and P cycles and their interaction with the terrestrial water and energy balance (/3). The
model includes three fast structural tissue pools (leaves, fine roots and fruits), one respiring non-
structural pool (labile), one seasonal, non-respiring and non-structural storage pool (reserve), and
three longer-lived structural tissue pools (sapwood, heartwood, and coarse roots; Figure S16). The
model calculates photosynthesis based on a two-leaf approximation, with leaf N taken into account
((65, 81, 82); Table S4). Photosynthesis is downregulated by sink limitation when nutrient or water
availability or low temperature limit growth and cause accumulation of photosynthates in the labile
pool (66, 71). Plant growth is modelled as the balance of source processes (photosynthesis, nutrient
uptake) and the capacity of the plant to create sinks (production of new biomass tissue, respiration,
and storage). Effect of P limitation is realized via leaf N:P ratio effect on photosynthesis and sink
limitation of plant labile pool (Table S2). Plant retranslocation is modelled based on a fixed
coefficient approach. The response of plant nutrient uptake to plant demand is modelled as a lagged
response (of a few days) to balance short-term fluctuations in photosynthesis and soil nutrient
availability and to represent memory effects in the plant’s control of its nutrient uptake (/3, §1).
The model has an explicit representation of vertical soil processes to separate litter and soil organic
matter dynamics. Plant nutrient uptake is assumed linearly dependent on fine root biomass density
for each soil layer and follows a Michaelis-Mention parameterization to simulation the effects of
soil soluble NH4, NO3, and PO4 concentrations (/3, 79). The model has five soil inorganic P pools.
Decomposition of soil organic matter is a function of maximum decay coefficients and soil texture,

temperature, moisture and nutrient availability.



1.6.2. QUINCY-JSM

QUINCY is coupled with the Jena Soil Model (JSM) to explicitly simulate the non-linear
dynamics of the microbial community and their influence on soil biogeochemistry and plant
growth. JSM is a soil model that is microbially explicit, vertically resolved and integrated with the
N and P cycles ((/9); Figure S17). JSM includes the representation of enzyme allocation to
different depolymerization sources based on the microbial adaptation approach as well as of

nutrient acquisition competition based on the equilibrium chemistry approximation approach.



Supplementary Information 2: Simulation protocols

2.1. Overview
Overarching objectives of this multi-model intercomparison project:

1) Use models to assess existing modelling skills in capturing the observed elevated CO-
responses at the nutrient-limited EucFACE (2012 —2019),

2) Use models to evaluate existing modelling skills in simulating drought x CO» interaction
at EucFACE (2012 -2019),

3) Use models to predict forest response to elevated CO2 and phosphorus fertilization at
EucFACE (2020 — 2069).

Below is the modelling protocol description.

2.2. Current model list

The list of models involved in this intercomparison project is provided in Table S6, together with

their 5-character abbreviations.

2.3. Forcing data
Meteorological forcing files can be obtained from the link below via the link (download only):

https://doi.org/10.6084/m9.figshare.25853455.v1

2.4. Model simulation description

1) Spin up models using a standard PFT (i.e. one that would represent the subtropical/temperate
evergreen broadleaf Eucalyptus trees in your model) and the provided forcing data. We provide
a 50-year meteorological forcing for model spin-up purpose (at both daily and half-hourly
timestep, choose based on your need), and this file should be recycled until equilibrium is
reached. The site should be modelled as a forest (with C; grass understorey if possible), site
parameters can be used to adjust the model to the site conditions. A document detailing various
site-level parameters is available. The spin-up, pre-industrial CO2 (year 1750) should be set to
276.84 umol mol! and the nitrogen deposition is 2.25 kg N hectare! year!. Atmospheric



2)

3)

4)

phosphorus deposition is set at 0.093 kg P hectare! year! for spin-up, historic, observed, and
future period. For N fixation, we ask models to use their own function to estimate rate of N
fixation for the site, and report this variable as model output (as indicated in the output
protocol). We would recommend using a minimal rate of N fixation, as explained in the

parameter file.

Models should then be run for the historic period from pre-industrial to present-day, i.e. 1750-
2011. Simulations should use the same PFT parameterization and the provided meteorological
forcing for the historic period. We provide both daily and half-hourly timestep forcing files.
Note that CO> and N deposition data vary at annual timestep, as in the provided files.

Four simulations should then be run covering the period of 2012-2019 (7-years), which we

define as the observed period:

a) A set of simulations that uses the observed variable meteorological forcing (OBS-VAR),

which includes period of wet and dry years, to provide a site baseline response at:
1) ambient CO, (AMB);
i) elevated CO> (ELE).

b) A set of simulations that repeats the wet-year meteorological forcing to represent a wet
response scenario (OBS-FIX), at:

i) ambient CO, (AMB);
i1) elevated CO: (ELE).

Twelve simulations should then be run covering the period of 2020 — 2069 (50-years into the
future), to predict the likely long-term consequence of elevated CO> and phosphorus

fertilization treatment:

a) A set of simulations that repeats the observed 7-year meteorological forcing data into the
future (PRD-VAR), at:

1) Ambient CO2 (AMB), with three levels of phosphorus fertilization treatments:
(1) No additional phosphorus addition (NOP);

(2) Moderate phosphorus addition at a rate of 1.5 g P m yr! addition for the first three

years of the simulation (MDP), with a turnover rate of 1-yr;



(3) High phosphorus addition at a rate of 3.0 g P m yr'! addition for the first three

years of the simulation (HIP), with a turnover rate of 1-yr;
i1) Elevated CO» (ELE), with the same three levels of phosphorus fertilization rate:
(1) No additional phosphorus addition (NOP);

(2) Moderate phosphorus addition at a rate of 1.5 g P m yr! addition for the first three

years of the simulation (MDP), with a turnover rate of 1-yr;

(3) High phosphorus addition at a rate of 3.0 g P m yr'! addition for the first three

years of the simulation (HIP), with a turnover rate of 1-yr;

b) A set of simulations that repeats the wet-year meteorological forcing to represent a wet
response scenario (PRD-FIX), at:

1) Ambient CO2 (AMB), with three levels of phosphorus intervention:
(1) No additional phosphorus addition (NOP);

(2) Moderate phosphorus addition at a rate of 1.5 g P m? yr! addition for the first three

years of the simulation (MDP), with a turnover rate of 1-yr;

(3) High phosphorus addition at a rate of 3.0 g P m yr'! addition for the first three
years of the simulation (HIP), with a turnover rate of 1-yr;

i1) Elevated CO» (ELE), with three levels of phosphorus intervention:
(1) No additional phosphorus addition (NOP);

(2) Moderate phosphorus addition at a rate of 1.5 g P m? yr! addition for the first three
years of the simulation (MDP), with a turnover rate of 1-yr;

(3) High phosphorus addition at a rate of 3.0 g P m yr'! addition for the first three
years of the simulation (HIP), with a turnover rate of 1-yr.

Ambient CO; concentration for the future period follows the current trajectory of CO; rise (i.e.
+3 ppm yr'!). Thus, by the end of the simulation (i.e. 2069) the ambient CO> treatment would
have COz concentration equivalent to current elevated CO; treatment at the site. Elevated CO:
treatment for the first 10-year of the future period (i.e. 2020 — 2029) follows the ambient + 150
ppm treatment. Beyond year 2029, elevated CO» treatment is fixed at the 2029 level.



For all simulations, the meteorological forcing at a 30-minute or daily timestep is provided.

An overview table of the 16 observed-to-future simulations is provided in Table S7.

2.5. Outputs

A document has been provided outlining the expected organization of simulation output files.
These should be provided as comma separated (CSV) files at either an hourly or daily time-step
(or both if you can).

It is important that output files contain the headings exactly as outlined. Where an output is not
generated by the model the column should be filled with “-9999.9”.

Simulation output should be labelled:
EUC MMMMM SSS KXX vYy B B.csv
where
e EUC is the 3-character label for EucFACE;
o MMMMM is the 5-character model abbreviations, e.g. GDAYP or GDAYN,;
e SSS is the 3-character simulation timeframe, either OBS = observed, or PRD = predicted;

° - is either VAR = 7-year variable meteorology data with real drought, or FIX =

repeated wet-year meteorology;
o YYY is either AMB = ambient or ELE = elevated CO; treatment runs;

° - is the phosphorus treatment, either NOP = no P intervention, MDP = moderate P
intervention, or HIP = high P intervention;

° I is either H or D, depending on whether the time-step is hourly (H) or daily (D).



Supplementary Information 3: EucFACE parameter list

3.1. Overview

This parameter list is provided based on data collected from EucFACE. It serves as a look-up table
to parameterize and evaluate model simulations. Hence, included within are parameter variables
as well as evaluation datasets. Unless otherwise stated, data provided below are initial values (year
2012) based on ambient CO; plots only.

3.2. General site description

A mature Eucalyptus woodland, located in western Sydney, Australia. Site elevation: 22 m above
sea level. Six plots at EucFACE, with three subject to elevated CO- treatment (ambient +150 ppm).
These plots are hexadecagons that are 25 m in diameter, with 32 vertical stand pipes for CO»
release. Plot area = ~490 m?. EucFACE longitude and latitude is: -33.61°, and 150.73°.

The dominant species is Eucalyptus tereticornis Sm., accounting for > 98% of the stem area within
the plots. The understorey is a diverse mixture of C3 and Cy4 vegetation, but Microlaena stipoides
— a C3 perennial grass — dominates the understorey (~ accounting for 70% of the herbaceous

biomass). More detailed site description can be obtained from ref. (23).

3.3. Major ecosystem carbon pools

A 4-year averaged (2013 — 2016), ecosystem-scale carbon budget is provided in Figure 1 in ref.
(23). Some earlier data is provided in (27) and some other papers included in the paper folder.
More specifically, a summary table for evaluation or initialization purpose is provided in Table
S8.

3.4. Soil physical properties
Surface soil (upper 45 cm) for Clarenden sand: 80 = 8% sand, 9 + 5% silt, 11 + 3% clay.

Table S9 is the soil texture and bulk density profile across depth at EucFACE. Note that the soil
texture information is taken directly from (/7). Soil bulk density data for the top 30 cm of the soil
is taken from data measured in 2017 at the plot-level at EucFACE. Soil bulk density data for depth
below top 30 cm of the soil is taken from (/7), which is pre-treatment measurement.



3.5. Soil water properties

Field capacity was estimated from actual total storage estimates based on neutron probe
measurements. This is high because the soil drains poorly/slowly, so more water is available to the
plant. Notes: “effective” because it averages over the different soil layers (considering differences
in texture, bulk density, wilting points estimated from release curves). A time-series soil
volumetric water content dataset at different soil depths for both the ambient and elevated

treatment plots is provided in evaluation dataset folder. Soil water properties are provided in Table
S10.

3.6. Soil chemical properties

Table S11 summarizes the key soil chemical properties at EucFACE. For soils beyond the top 10
cm, we have limited data so these values are averaged across different dates and treatments to
maximize sample size. Soil labile inorganic P pool and labile organic P pool were determined
based on Hedley fractionation method, which refer to the “bioavailable” P pool that plants can take
up. The temporally-dynamic soil N and P mineralization data result is available in (34).

3.7. Stoichiometry

An earlier publication is available that reports C:P ratios for overstorey leaf and sapwood (40).
C:N ratio for understorey green leaf is available in (83). Soil depth is top 10 cm. Table S12

summarizes major plant and soil CNP ratios under ambient CO; treatment.

3.8. Plant nutrient retranslocation coefficients

An earlier publication is available based on partial data (40), and Table S13 provides a complete

summary. Note that some values are assumed.



3.9. Canopy properties

A time-series canopy leaf area index is available in (32) and (23), and we also provide this time-
series dataset in the evaluation dataset folder for model evaluation purpose. LAl is a representation
of plant leaf area, which includes contribution from woody components (~0.8 m? m2). Leaf length
is available from Ben Moore. Leaf lignin information is sourced from (84), based on Eucalyptus
punctata. More details about leaf lifespan is available in (32).

Upper-canopy biochemical parameters (i.€. Vemax and Jmax) are estimated based on mature leaves
across all measurement campaigns (i.e. Feb 2013 — Feb 2020, 433 A-C; curves over 15 campaigns),
normalized to 25 °C. The corresponding mature leaf mass per area, leaf nitrogen and phosphorus
concentrations are: 191.6 = 10.7 g m2, 1.63 = 0.08 % and 0.071 + 0.004 %, respectively. These
values differed to the values provided below slightly, because they are only based on leaves used
in the A-C; curve analyses. For models that require leaf nutrient concentration and biochemical
parameter relationships, we suggest using the existing relationship in the models and evaluate the
model simulations based on the data provided below. Table S14 provides the canopy properties

for model parameterization or evaluation purpose.

3.10. Understorey vegetation properties

The understorey is a diverse mixture of C3 and Cs vegetation, but Microlaena stipoides — a Cs
perennial grass — dominates the understorey (~ accounting for 70% of the herbaceous biomass).
Understorey specific leaf area is estimated to be 130.79 +20.16 cm* g for ambient plots (mean +
SD). Understorey aboveground biomass is estimated as 156 =20 g C m™.

3.11. Wood property

Wood density is the average value at the start of the experiment (basic density; mean + SD, n =34),
taken directly from (/7). Sapwood turnover rate is estimated based on sapwood depth and average
tree diameter. Stem diameter is measured at breast height of 1.3 m (DBH). Only trees with diameter
> 10 cm at the start of the experiment (i.e. 2012) are included in Table S15. Also, all dead trees
(considered dead in 2019) and shrubs are excluded in the table so that we have the same number

of trees over time.



3.12. Root profile

Fine root lifespan: 1.5 year. Source is ref. (38).

3.13. NPP and allocation coefficient

Ecosystem carbon use efficiency (NPP/GPP) is 0.31 £ 0.03, which includes both overstorey and
understorey vegetation. We can’t differentiate overstorey and understorey roots, so we can’t
provide CUE for overstorey and understorey separately. Allocation coefficients are provided in
Table S16. Note that allocation to leaf includes allocation to overstorey and understorey leaves.
Allocation to root includes allocation to fine (< 2 mm in diameter) intermediate (2 — 3 mm) and
coarse root (> 3 mm). Allocation flux to mycorrhizae was inferred based on data assimilation, as
in Jiang et al. (23).

3.14. Soil respiration fluxes

We have a continuous and high-quality soil respiration dataset at EucFACE. The chamber-based
soil respiration measurements were scaled-up to the EucFACE plot-level to obtain annual fluxes
using the DAMM model (85). This dataset can be used as an independent evaluation for the model
simulation results over the 2013 - 2015 period. Annual rate of soil respiration is provided in Table
S17.

3.15. Nitrogen fixation

N fixation has not been measured on site, but we anticipate it would be low. There is a small
number of N-fixing plants at the site, but they are low in abundance and sparsely distributed. Also,
an initial survey of the lichen species shows that the species we have on site do not contain N-
fixing symbionts. There could potentially be N fixation from biocrusts and free-living organisms,

but these have not yet been investigated.

We would recommend using a minimal rate of N fixation.



Supplementary Information 4: Simulation output protocol

Please provide comma-delimited files (csv), at daily timestep if possible. For models that run at
hourly timestep, we ask you to convert your output into daily timestep, but if possible, please also
provide hourly output on the variables specified in the table below (Table A). Columns that you
can’t provide data for should be filled with -9999.9.

Definitions:

We need you to check your mass balance in your model output (i.e. C, N and/or P). Script for
checking will be provided separately. If any variables are missing in the list below to achieve this
in your model, please add them as new columns after the mandatory output data columns, and

document them with proper definition and unit.

e NEP = GPP — Reco — Offsite C losses.

e N uptake = N in new wood growth + (new leaf N — N from internal pools) + N for new
root production + (N deposition — N in throughfall — i.e., canopy uptake of atmospheric N.

e Mean Vapor Pressure Deficit in kPa.

e Wood and branch litterfall should include mortality of aboveground plants.

¢ Betah and Betad (soil moisture stress) is a factor between 0 and 1 that represents how much
soil moisture stress has reduced GPP below its unstressed value.

¢ Plant available soil water (mm). i.e. soil water above wilting point and for the rooting depth
(for models with an exponential root depth distribution this should be for the soil volume
that contains >90-95% of roots).

Model Abbreviations:

Please use the dedicated 5-letter abbreviation for your model, as specified in the modelling
protocol.

A. Hourly output -- Provide 16 files containing the following 38 columns in the specified order.




Output files should be called:

EUC MMMMM OBS KXX vYYy NOB H.csv

where
e EUC is the 3-charater label for EucFACE;
o MMMMM is the 5-character model abbreviations, e.g. GDAYP or GDAYN;
e OBS is the 3-character simulation timeframe for 2013-2019 only;

° - is either VAR = 7-year variable meteorology data with real drought, or FIX = repeated wet-

year meteorology;
o YYY is either AMB = ambient or ELE = elevated CO; treatment runs;
° - is the no P intervention treatment;

o [ is hourly (H) model timestep.

Format of the hourly output file is available in Table S18.

B. Daily OQutput -- Provide 16 files containing the following 122 columns in the specified order.

Output files should be called:

EUC MMMMM SSS KX vYY Bl B.csv

where
e EUC is the 3-charater label for EucFACE;
o MMMMM is the 5-character model abbreviations, e.g. GDAYP or GDAYN;
e SSS is the 3-character simulation timeframe, either OBS = observed, or PRD = predicted;
° - is either VAR = 7-year variable meteorology data with real drought, or FIX = repeated wet-

year meteorology;

YYY is either AMB = ambient or ELE = elevated CO; treatment runs;

o B is the phosphorus treatment, either NOP = no P intervention, MDP = moderate P intervention,
or HIP = high P intervention;

o B is daily (D) model timestep.

Format of the daily output file is available in Table S19.
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carbon cycle processes. The details on how these processes vary across models are summarized
in Table 1.
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Fig. S2.

Comparison of the phosphorus (P) cycle effect in two models with and without P-cycle

switched on. (A) major carbon fluxes, including gross primary production (GPP), net primary



production (NPP), and autotrophic respiration (Rauw); (B) the CO; responses for the major carbon
fluxes reported in (a), calculated as (elevated — ambient) / ambient * 100; (C) major vegetation
carbon pools (Cyeg), as the sum of leaf, wood, fine root, coarse root, and plant storage C pools
(Cieat, Cwoods Ctroot, Ceroot and Csore, respectively); (D) the CO; effect on Cyeg; (E) annual incremental
change in Cyeg (ACyee); and (F) the CO> effects on ACyee. The two models included here are the
stand-scale ecosystem model GDAY, and the dynamic global vegetation model LPJ-GUESS.
GDAYN and LPJGN denote the CN models and GDAYP and LPJGP denote the CNP models,
respectively. Results were averaged over the period of 2013-2018, under variable climate forcing.

Error bars indicating the multi-year standard deviation.
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Fig. S3.

Comparison of the simulation spread among models included in this study and those
reported previously based on a priori assumptions at EucFACE (/7), for (A, C and E) gross
primary production (GPP), annual incremental change in plant biomass (ACyeg), defined as the
incremental change of carbon in plant biomass (including leaf, wood, and root only), and net
ecosystem production (NEP), respectively, under ambient (white bar) and elevated CO, treatment
(grey bar); and (B, D and F) the coefficient of variation among models for the respective model
simulations for GPP, BP and NEP. The current work included two carbon-nitrogen (CN) coupled
models and eight phosphorus-models (CNP), whereas ref. (/7) included six CN models and two
CNP models. Both sets of simulations were performed under a hypothetical, wet-year fixed

climate, but with different daily variation. Results reported here were averaged over the 2013-2016



simulation period. Error bars indicate standard deviation of the multi-model means. Individual

points indicate the multi-year averages for each model.
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Data-model intercomparisons of the gross primary production (GPP) and carbon allocation
coefficients (A and C) under ambient CO; treatment, and (B and D) the CO; effect. M-M
indicates multi-model mean, whereas OBS indicates observation. Error bars indicate the standard
deviations of the multi-model means and observations, respectively. GPP can be partitioned into

net primary production (NPP) and autotrophic respiration (Rauto). Allocation coefficient is unitless.
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Fig. S5.

Data-model intercomparisons of the leaf nutrient relationship with leaf-level photosynthesis
(Asear). (A-E) Leaf P content (g P m™ leaf), leaf N content (g N m™ leaf), leaf C:P ratio, leaf C:N

ratio, and leaf N:P ratio relationships with Ajear (g C m? leaf d'!) under ambient and elevated CO;

treatment, respectively. (F-J) The emergent constraint of the CO; effects (%) on leaf P content,

leaf N content, leaf C:P ratio, leaf C:N ratio, and leaf N:P ratio and the CO- effect on Ajcar (%),

respectively. M-M indicates multi-model mean, whereas OBS indicates observation. Error bars

indicate the standard deviations of the multi-model means and observations, respectively.



800 800 800 800
P ELMvA A CABLP B GDAYP ¢ LPJGP D
> 600 600 600 600
|E T
(&}

S 400 T 400 400 400
2
5 200 200 200 200
®
g 100 100 100 100
0 | 0 0 _ﬁm 0
GPP  NPP+RAU R+AC GPP  NPPiRAU R+AC GPP  NPP+Rup RYAC GPP  NPPiRAU R+AC
800 800 800 800
OCHDP E QUING F OCHDX G QUJSM H

5 600 600 600 600
t +
(&}

9 400 400 400 400
5 200 200 200 200
°
g 100 100 100 100

0 0 0 0

GPP  NPPRAU R+AC GPP  NPP+RAU R#AC GPP  NPPRAU R#AC GPP  NPP+RAU R+AC
Component I:l NPP D Rauto D Rhet I:l ACsoi D ACiap . ACveq
Fig. Se.

Individual model simulations of the CO; effect on major carbon (C) fluxes to track the fate

of C along the plant-soil continuum in the ecosystem. (A-H): models ELMV1, CABLP,
GDAYP, LPJGP, OCHDP, QUINC, OCHDX, QUIJSM, respectively. The CO; effect on GPP can

be explained by either the CO; effects on net primary production (NPP) and autotrophic respiration

(Rauto), or the CO» effects on ecosystem respiration (Reco) and annual incremental changes in C

pools (AC). Reco includes contributions from Rau and heterotrophic respiration (Rnet), whereas AC

includes contributions from changes in structural and non-structural plant pools and soil C pool

(ACyeq, ACsiore and ACsoi1, respectively). Results were averaged over 2013-16, under variable

climate forcing. The error bars indicate standard deviation of the interannual variability.



A ' ' 30 B
0.4 : : '
'S 03 3 3 g 3 3
D02 i ’ o " '
B : : g | I : ‘ ’7—‘
0.1 | f l_l ' '
| : -10 : :
00 ! i 1 1 —
ELMVi CABLP GDAYP LPJGP OCDHP QUINC OCHDX QUJSM M-M  OBS ELMV1 CABLP GDAYP LPJGP OCDHP QUINC OCHDX QUJSM M-M  OBS
004+ ; -T
€ D
< 0.02- T_ 004
= > : :
o
b 3 ! !
0.00- o ' '
L E S ; ;
2 5 002 ' :
° 3 ! ! 41
S -0.02- 2 i :
R : I el
R | = o] e S oo | I ; |
Fe: il ; 1 1
APjeqy l_l ! !
ELMV1 CABLP GDAYP LPJGP OCDHP QUING OCHDX QUISM M-M _ OBS ELMV1 CABLP GDAYP LPJGP OCDHP QUINC OCHDX QUJSM MM  OBS

15 . : :
€ g 3 3
o - | ' e
S F PR | R
3 2 - | |
Q o ' '
> o : :
2 o5 5
Porot) B |Frs
Pﬁoql Puood £
00 Ro i 10 ' :
ELMVi CABLP GDAYP LPJGP OCDHP QUINC OCHDX QUJSM M-M  OBS ELMV1 CABLP GDAYP LPJGP OCDHP QUINC OCHDX QUJSM M-M  OBS
2.0 G h 3 H —_
1 H 10
15 0 ' ' '
i : 1 g : !
E 1 1 bt : :
. | ; ; :
% 1.0 : ! £ o i | =
2 g ' « ‘- f
8 ! ' Q ! '
os 1 ! © : :
— = 3 3
00 : : i ! i
ELMVI CABLP GDAYP LPJGP OCDHP QUINC OCHDX QUISM MM OBS ELMV1 CABLP GDAYP LPJGP OCDHP QUINC OCHDX QUJSM MM  OBS

Fig. S7.

Data-model intercomparisons on key phosphorus-cycle variables under ambient CO;
treatment and their responses to elevated CO:. (A, C, E and G) plant P uptake flux, annual
incremental changes in plant P pools, plant P pools and soil labile P pool (Pupt, APyeg, Pveg and Piap
respectively) under ambient CO> treatment; (B, D, F and H) the CO, effect on Pypt, APyeg, Pyeg and
P1ab. M-M indicates multi-model mean, whereas OBS indicates observation. The error bars indicate

standard deviation of the interannual variability.
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Emergent constraints on the CO; effects on key soil phosphorus-cycle processes. (A) The
emergent constraint of CO» effects (%) on soil net P mineralization flux (Pret) and plant P uptake
flux (Pupt). (B) The CO; effects (%) on soil net P mineralization flux (Puet) and soil labile P pool
(P1ab). (C) The emergent constraint of the CO; effects (%) on plant P uptake (Puy) and soil labile
P pool (Piav). (D) The CO> effects (%) on soil net P mineralization flux (Pne) and soil heterotrophic



respiration (Rnet). M-M indicates multi-model mean, whereas OBS indicates observation. Error

bars indicate the standard deviations of the multi-model means and observations, respectively.
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Data-model intercomparisons of the microbial carbon, nitrogen and phosphorus pools for
the top 60 cm of the soil (Cnic and Puic, respectively), (A) and (C) under both ambient and
elevated CO; treatment, and (B) and (D) the CO; effect. OCHDX did not output microbial C

pool.
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Table S1.

Summary of key model structure and assumptions in this study — basic model information.

module

Model CABLE-POP | ELM GDA LPJ- ORCHID QUIN ORCHID | QUINC GDA LPJ-
Y- GUESS EE-CNP CY EE-MIC Y-JSM | Y-CN | GUESS
CNP -CNP (V1.2) -CN
Abbreviation CABLP ELM GDA LPJGP OCHDP QUINC OCHDX QUJSM | GDAY | LPJGN
V1 YP N
Model type Land surface Land Stand- Global Land Land Land Land Stand- Global
model with a surfac scale dynami surface surface surface surface scale dynami
dynamic e model c model model model model model c
vegetation model vegetati vegetati
module on on
model model
Timestep daily 30 Daily Daily 30 minutes 30 30 minutes 30 Daily Daily
(Biogeochemi | (biogeochemist | minut / daily minutes / daily minutes
stry & ry); 30 minutes es
Biophysics) (biophysics)
Coupled CNP CNP CNP CNP CNP CNP CNP CNP CN CN
biogeochemis
try
Coupled No No No No No No Yes Yes No No
microbial




Table S2.

Summary of key model structure and assumptions in this study — model assumptions on
plant physiology.

Abbreviatio CABLP ELMV1 GDAYP LPJGP OCHDP QUINC OCHD | QUJS | GDAY LPJG
n X M N N
Photosynth Farquhar Farquhar Farquhar Collatz, Farquhar Kull and same same same as | same as
esis and and and Collatz (63) Haxeltin (63) Kruijt, as as GDAY | LPJGP
stomatal coordinatio mixture e and Medlyn OCHD | QUIN P
conductanc n of (63, 64) Prentice (65, 86) P C
e photosynth (63, 79)
esis (10,
63, 86)
Nutrient Wang et al. | Photosynth Walker Haxeltin Ellswort | Photosynth same same Walker | Haxelti
limitation 87) etic etal. (67) e and hetal etic and as as etal. ne and
on capacity Prentice (53) RubiscoN | OCHD | QUIN (65) Prentic
photosynth function of (79) for content P C e (79)
esis leaf N N and (65), and
content Ellswort sink
(70) hetal. limitation
(53) for (66, 71)
NP
C allocation Fixed Dynamic Function | Function | Function Functional same same same as | same as
fractions to allocation al al al allometric as as GDAY | LPJGP
leaves, (allocation allometri | allometri | allometri | relationship | OCHD | QUIN P, but
wood, and to wood [¢ [¢ [¢ based on P C without
fine roots increases relations relations relations the pipe P
with NPP) | hip based | hip based | hip based | model and depende
on the on the on the resource nt
pipe pipe pipe dependency
model model model
and and and

resource | resource | resource
dependen | dependen | dependen

cy cy cy
Maintenanc | Function of | Function of Fixed Function Function | Function of same same same as | same as
e Vcmax for tissue N fraction of tissue of tissue tissue N, as as GDAY LPIGP
respiration leaves. concentrati of GPP Nand T Nand T | temperature | OCHD | QUIN P
Function of onand T , and water P C
tissue N for stress for
roots and leaves.
sapwood, Function of
and air/soil tissue N
T and
(temperatur autotrophic
e) respiration
T
acclimation
for roots
and

sapwood




Table S3.

Summary of key model structure and assumptions in this study — model assumptions on
biomass, litter and soil.

Abbreviat | CABLP | ELMV GDAYP LPJGP OCHD QUINC OCHDX QUJSM GDAY | LPJGN
ion 1 P N
SOM CASA- | Conver | CENTUR | CENTURY- | CENTU | CENTUR | MIMICS- Jena Soil CENT | CENTU
dynamics CNP ging Y-type type model | RY-type Y-type type Model URY- | RY-type
model trophic model model model model type model
cascad model
e
(CTC)
structur
e (88)
SOM Decay Decay Decay Decay rates Decay First order Decay Michaelis- Same Same as
decomposi rates rates rates controlled rates kinetics rates Menten as LPJGP
tion controlle | control | controlled by max controll decay controlled kinetics, GDAY
d by led by by max decay rate, ed by rates, by decay rates P
max max decay rate, soil T, max controlled microbial controlled
decay decay soil T, moisture, decay by max biomass, by microbial
rate, soil rate, moisture texture & rate, soil rate, soil soil T, biomass,
T, soil T, & nutrient nutrient T, T, texture, texture, soil T,
moisture | moistur | availabilit moisture moisture moisture moisture,
& e& y ,texture | & nutrient | & nutrient texture &
texture nutrien & nutrient
t nutrient
availab
ility,
soil
depth
Soil and Varying Vary with Varying Vary Vary with Fixed for Same Same as
litter pool with Fixed bounds with bounds with bounds soil as LPJGP
stoichiome | bounds . (soil bounds microbes; GDAY
for soil . . . .
try (metabol microbial, varying with P
. SOM
ic and surface bounds
coarse pgols, microbial + (metabolic
litter
woody 1 hummus, and
debris), pqoh‘ slow SOM), polymeric
and Stmi ! prognostic litter), and
fixed ometry (surface fixed
(soil varies litter, woody (woody
with . .
pools PFT debris & litter).
and soil litter) & flexible
structura fixed (dissolved
1 litter (passive organic
pool) SOM) matter,
microbial
residue,
mineral-
associated
00)
Biomass Varying Fixed Vary Vary Vary Varying Vary Varying Vary Vary
pool with without without without with without with bounds | without | without
stoichiome bounds bounds bounds bounds bounds bounds bounds bounds
try
Biomass Fixed Fixed Fixed Fixed Fixed Fixed Fixed Fixed Fixed
turnover daily Fixed daily annual daily annual daily annual daily annual
turnover turnover tissue turnover tissue turnover tissue turnove tissue
; wood ar}nual rate turnover rate rate, turnover rate, turnover rate I rate turnover
tissue
turnover depende rate dependent rate
. turnove .-
dynamic nt on on critical
due to 1 rate critical leaf age
changes leaf age
in
mortalit
y based




on

structura
1
dynamic
s
Soil None Explicit Fresh litter None None Fresh Through the Same Same as
priming None exudation with high lit‘ter input stim.ulati(?n as LPJGP
effect to nutrient stimulates | of microbial | GDAY
stimulate content will soil C biomass P
soil relieve any decompos
decomposi nutrient ition by
tion limitation on resulting
decompositi in increase
on of soil
microbial
biomass.




Table S4.

Summary of key model structure and assumptions in this study — nitrogen cycle.

Abbreviat CABLP ELMV GDAYP LPJGP OCHDP QUINC OCHD | QUJSM | GDA LPJG
ion 1 X YN N
N fixation | Proportion | Functio | Proportion | Proportiona | Dynamic Function of same same as Same Same
al to ET nal of alto ET 1to AET, function max BNF as QUINC as as
annual limited by of NPP rate, soil OCHD GDA | LPJGP
NPP available and soil inorganic N, P YP
soil N inorganic & rooting
N depth
N gaseous | Proportion | Nitrifica None Nitrificatio | Nitrificati same same as Same Same
loss altonet N | tion and n& on & as QUINC as as
mineraliza | denitrifi denitrificati | Denitrifica OCHD GDA | LPJGP
tion cation on based on | tion based P YP
based a function ona
on of soil layer function
function microbial of
s of soil respiration, | microbial
T, pH, T and respiration
moistur anoxic , NO3,
e, pH, fraction pH, and
and soil soil
anoxic anoxic
fraction fraction
N leaching Fixed Functio Fixed Function of | Function Function of same same as Same Same
proportion nof proportion | NO3 pool, of soil soil as QUINC as as
of soil NO3, of soil percolation, | inorganic inorganic N | OCHD GDA | LPJGP
inorganic | drainage | inorganic and soil N pool pool (NO3, P YP
N and N pool sand (NO3, non-sorbed
runoff fraction non- NH4), deep
sorbed soil water
NH4), drainage,
deep soil and runoff
water
drainage,
& runoff
Labile None Yes None Max size Yes same as Same Same
plant N depend on QUINC as as
pool sapwood GDA | LPJGP
YP
Plant N Constant Constan Constant Max Constant Constant same same as Same Same
retransloc | resorption t resorption resorption resorption resorption as QUINC as as
ation coefficient | resorpti | coefficient | coefficients | coefficient | coefficients | OCHD GDA | LPJGP
s for on for leaf for leaf, for leaf for leaves, P YP
leaves, coeftici only sapwood and root wood and
wood and ent for and root. fine roots
fine roots. leaf Actual
only resorption
depend on
labile N
pool
Plant N Function Functio Function Function of Function Function of same similar Same Same
uptake of plant N n of of plant N plant N of plant N plant N as as as as
demand plant N demand, demand and demand, demand OCHD | QUINC, GDA LPIGP
(given by demand root status, root root scalar, root P further YP
NPP) and and biomass biomass, biomass, biomass, regulate
inorganic | inorgani and soil soil root root uptake d by
soil N csoil N inorganic inorganic N uptake capacity, competit
pool pool N pool pool & T. capacity inorganic N ion
Cohort and pool, between
partitioning | inorganic | regulated by soil
based on N pool soil microbe
fine root temperature s and
surface and mineral
moisture surface




(for

NH4)
Plant N Function Functio Function Function to Function Function of same same as Same Same
demand of growth n of of growth | optimizatio | of growth | growth rates as QUINC as as
rates and growth rate and n Vemax in rates and and target OCHD GDA | LPJGP
tissue C:N rates tissue CN leaves tissue CN growth CN P YP
ratios and ratios (optimal ratios ratio, which
tissue C:N ratio). is dependent
C:N Affects on the plant
ratios growth labile C&N
rates and all pool
tissues C:N
ratios
Plant N Downregu Direct Downregu | Downregul | Downregu | Downregula same same as Same Same
limitation lation of downre lation of ation of lation of tion of Vemax as QUINC as as
Vemax & gulation Vemax and Vemax via Vemax & and Jmax via OCHD GDA LPIGP
Jmax via of NPP Jmax via leaf N Jmax via leaf N and P YP
leaf N, (excess leaf N leaf N and sink
reduction | C enters leaf P & limitation of
of growth C direct plant labile
efficiency storage downregul pool, and
(GPP/LAI pool ation of direct
) & direct | and lost growth downregulat
downregul via taking the ion of NPP
ation of turnover min of via
NPP of C plant autotrophic
(excess C storage labile C, respiration
is stored pool) N&Pata
and lost given
via timestep
autotrophi (excess
c elements
respiration are stored)
)
N effect Litter and | Decomp | Litter and Litter and Litter litter and Yes, Soil Same Same
on soil soil osition soil SOM decomposi SOM soil mineral as as
decomposi | decomposi is decomposi | decomposit tion is decompositi | mineral N GDA | LPJGP
tion tion is constrai tion ion is constraine onis N affects YP
constraine ned by constraine | constrained d by constrained affects microbi
dby soil dby (reduced inorganic | by inorganic | microbi al
inorganic availabl inorganic decay rate soil N soil N pool al carbon
soil N eN soil N and and pool carbon use
lignin: N changed use efficienc
ratio respiration efficien Y,
fraction) by cy microbi
inorganic al
soil N pool enzyme
allocatio
n, &
competit
ion for
soluble

N




Table S5.

Summary of key model structure and assumptions in this study — phosphorus cycle.

Abbreviatio CABLP ELMV1 GDAYP LPJGP OCHDP QUINC OCHD QUJSM
n X
P Prescribed function of Prescribed Depend on set to zero for function of same as | similar as
weathering parameter soil primary parameter soil layer this site soil primary | OCHDP QUINC,
(soil type mineral P (fraction of mineral to P pool, with
specific) pool and soil parent organic temperature, additional
order material P fraction, T, moisture, and control of
pool) moisture, and root density microbial
root density biomass
P leaching Function of function of Function of Function of Function of Function of same as | similar as
size of solution P size of soil PO4 pool, size of size of OCHDP QUINC,
inorganic pool, inorganic percolation, solution P solution P with
labile P pool | drainage and | labile P pool and soil sand pool, pool, additional
runoff fraction drainage and | drainage and P
runoff runoff leaching
from
DOM
Labile plant None Yes None Yes, Dynamic: Yes same as Yes
P pool maximum Short-term OCHDP
size depend and long term
on sapwood store buffers
(roots for imbalance
grasses) between P
supply and
demand
Soil P pools 3 pools solution, 5 (parent, 4 (POA4, 2 pools 5 (soluble, same as same as
specific to P (labile, labile, labile, labile, (labile adsorbed, OCHDP QUINC
cycle sorbed and secondary sorbed, sorbed, dissolved, absorbed,
strongly mineral, strongly occluded) labile occluded,
sorbed) occluded, sorbed, sorbed) primary)
primary occluded)
mineral
Plant P Constant Constant Constant Max Constant Constant same as same as
retranslocati resorption resorption resorption resorption resorption resorption OCHDP QUINC
on coefficients coefficient coefficient coefficients coefficient coefficients
for leaves, for leaf only for leaf only for leaf, for leaf and for leaves,
wood, and sapwood & root wood, and
fine roots root. Actual fine roots
depend on
labile P pool
Plant P Function of function of Function of Function of Function of Function of same as | similar as
uptake plant P plant P plant P plant P plant P plant P OCHDP QUINC,
demand and demand and demand, root demand and demand, root demand further
soil labile P soil solution biomass and status, root biomass, root scalar, regulated
P inorganic biomass, soil uptake root biomass, by
labile P pool mineral P capacity, root uptake competiti
pool & T. dissolved capacity, on
Cohort labile P pool, soluble P between
partitioning soil pool, soil
based on fine diffusivity regulated by microbes
root surface soil T and and
moisture mineral
surface
Plant P Function of function of Function of Function to Function of Function of same as same as
demand growth rates growth rate growth and optimization growth rates growth rates | OCHDP QUINC
and of tissue CP tissue CP Vemax in and and target
tissue C:P ratios ratios leaves tissue CP growth NP
ratios (optimal C:P ratios ratio, which
ratio). is dependent
Affects on the plant
growth rates labile N&P
and all pool
tissues C:P

ratios




Plant P Downregulati direct Downregulati | Downregulati | Downregulati | Downregulati | same as same as
limitation on of Vemax downregulati on of Vemax on of Vemax on of Vemax on of Vemax OCHDP QUINC
and Jmax via on of NPP and Jmax via via leaf P and Jmax via and Jmax via
leaf N:P, (excess leaf P leaf N and leaf N:P and
reduction of | carbon enters leaf P & sink
growth carbon direct limitation of
efficiency storage pool downregulati plant labile
and direct and lost via on of growth pool
downregulati turnover of taking the
on of NPP carbon min of plant
(excess C is storage pool labile C, N &
stored and P at a given
lost via timestep
autotrophic (excess
respiration) elements are
stored)
P effect on Litter and decompositi Litter and Litter None Yes, Yes, soil
soil soil on is SOM decompositio soil mineral P
decompositi | decompositio constrained decompositio nis mineral affects
on nis by soil nis constrained P microbial
constrained solution P constrained by dissolved affects carbon
by soil labile (reduced labile P pool. microbi use
P pool decay rate al efficiency
and changed carbon s
respiration use microbial
fraction) by efficien enzyme
inorganic soil cy allocation
P pool , and
competiti
on for
soluble P
Soil P Dynamic function of Function of Function of Dynamic Function of same as function
biochemical function of soil organic | soil organic P soil layer function of soil layer OCHDP of Pin
mineralizati soil organic P, the extent | turnover rate organic P leaf N:P organic P soil layer
on P turnover of N (slow and pool (slow imbalance pool (slow organic
rate (slow, limitation passive pool) pool), PO4, and substrate pool), pool
passive and P temperature, availability temperature, (microbial
pool) limitation moisture and and moisture residue,
root density mineral
associated
00),
microbial
phosphata
se
abundanc
e, soil
organic
pool C:P
ratio, T,
&
moisture
P desorption None Fixed Function of Function of None function of same as same as
of secondary desorption soil pH soil layer soil OCHDP QUINC
P rate temperature temperature
and moisture
P occlusion Fixed Fixed Fixed Fixed Fixed Fixed same as same as
fraction of occlusion fraction of fraction of fraction of fraction of OCHDP QUINC
strongly rate strongly sorbed P pool | labile sorbed strongly
sorbed sorbed P pool P sorbed
P pool P pool




Table S6.

Models included in this data-model intercomparison, and their S-character abbreviations.

Model and version S-character abbreviations
G’DAY CN version GDAYN
G’DAY CNP version GDAYP
QUINCY QUINC
ORCHIDEE CNP version OCHDP
LPJ-Guess CN version LPJGN
LPJ-Guess CNP version LPJGP
CABLE-POP CNP version CABLP
ELM CNP version ELMXX




Table S7.

The 16 observed-to-future simulations performed in this data-model intercomparison.

ID Scenario Period CO; Meteorological Phosphorus
concentration forcing fertilization
01 | OBS FIX AMB_NOP 2012- Ambient Repeated wet-year No P intervention
2019 (AMB) (FIX) (NOP)
02 OBS FIX ELE NOP 2012- Elevated Repeated wet-year No P intervention
2019 (ELE) (FIX) (NOP)
03 | OBS_ VAR AMB NOP 2012- Ambient Observed variable No P intervention
2019 (AMB) data (VAR) (NOP)
04 | OBS VAR ELE NOP 2012- Elevated Observed variable No P intervention
2019 (ELE) data (VAR) (NOP)
05 | PRD FIX AMB NOP 2020- Ambient Repeated wet-year No P intervention
2069 (AMB) (FIX) (NOP)
06 PRD FIX ELE NOP 2020- Elevated Repeated wet-year No P intervention
2069 (ELE) (FIX) (NOP)
07 | PRD_FIX AMB_MDP 2020- Ambient Repeated wet-year | Moderate P addition
2069 (AMB) (FIX) at1.5gPm? yr!
for 2020-2022
(MDP)
08 PRD FIX ELE MDP 2020- Elevated Repeated wet-year | Moderate P addition
2069 (ELE) (FIX) at1.5gPm? yr!
for 2020-2022
(MDP)
09 PRD FIX AMB _ HIP 2020- Ambient Repeated wet-year High P addition at
2069 (AMB) (FIX) 3.0 g P m?yr! for
2020-2022 (MDP)
10 PRD FIX ELE HIP 2020- Elevated Repeated wet-year | High P addition at
2069 (ELE) (FIX) 3.0 g P m?yr! for
2020-2022 (MDP)
11 | PRD_VAR AMB NOP 2020- Ambient Repeated observed No P intervention
2069 (AMB) data (VAR) (NOP)
12 | PRD VAR ELE NOP 2020- Elevated Repeated observed | No P intervention
2069 (ELE) data (VAR) (NOP)
13 | PRD_VAR AMB MDP 2020- Ambient Repeated observed | Moderate P addition
2069 (AMB) data (VAR) at1.5gPm? yr!

for 2020-2022
(MDP)




14 | PRD VAR ELE MDP 2020- Elevated Repeated observed | Moderate P addition
2069 (ELE) data (VAR) at 1.5 g P m? yr!
for 2020-2022
(MDP)
15 | PRD_VAR AMB HIP 2020- Ambient Repeated observed | High P addition at
2069 (AMB) data (VAR) 3.0 g P m?yr! for
2020-2022 (MDP)
16 | PRD VAR ELE HIP 2020- Elevated Repeated observed | High P addition at
2069 (ELE) data (VAR) 3.0 g P m?yr! for

2020-2022 (MDP)




Table S8.

Major carbon pools at EucFACE, under ambient and elevated CO; treatments. Unit for the pools is g

C m™ (ground area).

Carbon pool Ambient CO; treatment (mean = SD, n = 3)
Overstorey leaf 151+ 14
Overstorey stem 4558 +321
Understorey aboveground 156 £20
Fine root (< 2 mm in root diameter) 76 +5.0
Intermediate root (2-3 mm) 151£1.0
Coarse root (> 3 mm) 606 + 60
Mycorrhizae (0 — 10 cm depth) 74+1.6
Microbes (0 — 10 cm depth) 64+£53
Forest floor leaf litter 93+18
Soil (0 — 10 cm depth) 2183 + 280




Table S9.

Soil texture and bulk density (mean + SD) at each specific soil depth for ambient CO; treatment plots
at EucFACE.

Depth (cm) Class Ambient CO; treatment (g cm™)
0-10 Loamy sand 1.41+ 0.06
10-20 Loamy sand 1.70 £ 0.04
20-30 Loamy sand 1.77 £ 0.09
30-45 Loamy sand 1.70 £ 0.05
45-60 Sandy clay loam 1.77 £ 0.05

100-140 Sandy clay loam 1.82 +£0.09
135-180 Sandy clay loam 1.69 £0.15
200-215 Sandy clay loam 1.82+0.04
250-270 Sandy clay loam 1.76 £ 0.05
300-315 Sandy clay loam 1.74 £ 0.03
350-400 Clay 1.62+0.15
400-415 Clay 1.70 £ 0.05
450-465 Clay 1.58 £0.02




Table S10. Soil water properties.

Variable Unit Ambient CO; treatment
Soil water table m ~12
Total plant extractable soil water mm 300
Root depth m 3
Effective field capacity mm 700
Effective wilting point mm 400




Table S11. Soil chemical properties at each specific soil depth (mean + SD), averaged over the data period

(i.e. 2012 — 2017) across ambient plots.

Variable Depth

0-10cm 10-20 cm 20-30 cm

pH 5.52+0.26 539+0.22 528 +£0.27

Total C content (%) 1.55+0.45 0.71+0.24 0.42+0.19

Total soil N conc. (%) 0.11+0.03 0.06 +0.02 0.03+0.01

Total soil P conc. (ppm) 74.7+18.0 44.8+9.2 51.8+17.0
Soil phosphate pool (g P m?) 0.21 +0.03 - -
Soil labile inorganic P pool (g P m-2) 0.17£0.05 - -
Soil labile organic P pool (g P m-2) 0.51 £0.02 - -
Net N mineralization rate (g N m? yr™) 8.81+1.65 - -
Net P mineralization rate (g P m? yr™) 0.3+0.08 - -




Table S12. Major plant and soil C:N:P ratios under ambient CO, treatment (mean = SD).

Variable C:N ratio C:P ratio N:P ratio
Overstorey green mature leaf 355+2.7 722 £33 22.9+0.1
Overstorey leaflitter 47.8+4.3 1582 +£210 351+2.7
Sapwood 101.6 = 14.7 3705+ 702 35.6+2.1

Wood 110.2+30.3 7696 + 982 33.7+2.7

Fine root 56.9+4.6 1626 + 81 28.7+3.3
Understorey green leaf 60.0 + 6.8 1136 + 189 189+ 1.0
Soil 13.8+1.0 224+ 39 16.4+3.4

Microbes 10.0+3.4 22+6.1 20+03




Table S13. Vegetation nitrogen and phosphorus retranslocation under ambient CO, treatment (mean + SD).

Component Nitrogen Phosphorus
Canopy leaf 0.31+0.04 0.53 £ 0.04
Stem 0.3 (assumed) 0.82 £0.06
Fine root 0.3 (assumed) 0.5 (assumed)
Coarse root 0.3 (assumed) 0.71 £ 0.06 (assumed)
Understorey 0.3 (assumed) 0.42+0.11




Table S14. Overstorey canopy property under ambient CO, treatment (mean = SD), averaged over

experimental period (2012 — 2019).

Variable Unit Ambient CO; treatment
Canopy specific leaf area (SLA) cm? g! 55.7+8.1
Up-canopy new leaf SLA cm? g! 64.78 + 12.25
Low-canopy new leaf SLA cm? g! 73.54 £ 11.88
Up-canopy old leaf SLA cm? gt 48.85+7.18
Low-canopy old leaf SLA cm? g! 57.81 £8.91
Canopy leaf area index (LAI) unitless 1.72+0.27
New leaf N conc. % 1.71+£0.33
New leaf P conc. % 0.106 + 0.028
Mature leaf N conc. % 1.6 +0.21
Mature leaf P conc. % 0.071 £ 0.013
Leaf length mm 267 (SE = 14)
Leaf lignin % 13 - 16% dry mass
Leaf lifespan Year 1.18
Vemax at at 25 °C umol m?s™ 87.6+42
Jmaxat 25 °C umol m?s™ 142.6 +7.1
Parameter g unitless 3.04 +1.31
Parameter go mol m?s™ 0 (assumed)




Table S15. Wood property summary table.

Variable Unit Ambient CO; treatment
Wood density gcm’ 0.766 = 0.06
Tree density tree ha™! 492 + 85
Basal area m? ha™! 223437
Mean diameter cm 23.1+24
Average tree height m 224+ 1.8
Max. tree height of all trees m 25.51
Average height of dominant and m 18.4
co-dominant trees
Sapwood turnover rate yr! 1/15




Table S16. Carbon allocation coefficients to different plant components under ambient CO; treatment.

Allocation coefficient to Coefficient
Leaf 0.48 £ 0.04

Stem 0.20+0.03

Root 0.22+£0.05
Mycorrhizae 0.10+£0.07

Table S17. Annual soil respiration flux (g C m™? yr™') for ambient CO; plot.

Year Ambient
2013 1166 + 177
2014 1065 + 164

2015 975+ 133




Table S18. Hourly model simulation output format.

Col Variable Units Variable Name Variable Type

1 Year 2012 to 2069 YEAR Time

2 Day of year 1 to 365 or 366 DOY Time

3 Hour of the day 0.5t024.0 HOD Time

4 CO» Mean ppm CO2h Environ
5 Precipitation kgH20 m-2 h-1** PRECh Environ
6 PAR pmol m-2 s-1 PARh Environ
7 Long wave radiation =~ W m-2 LWh Environ
8 Air temp canopy Mean °C TAIRh Environ
9 Soil temp average Mean °C TSOILh Environ
10 Vapor Pres Def Mean kPa VPDh Environ
11 Total soil water content mm SWh Environ
12 Total plant available soil water content mm  SWPAh Environ
13 Net Eco Prod gC m-2 h-1 NEPh Flux

14 Gross Prim Prod gC m-2 h-1 GPPh Flux

15 Net Prim Prod gC m-2 h-1 NPPh Flux

16 C exudation gC m-2 h-1 CEXh Flux

17 C VOC Flux gC m-2 h-1 CVOCh Flux

18 Resp ecosystem gC m-2 h-1 RECOh Flux

19 Resp autotroph gC m-2 h-1 RAUR Flux

20 Resp leaves (maint) gC m-2 h-1 RLh Flux

21 Resp Wood (maint) gC m-2 h-1 RWh Flux

22 Resp coarse root (maint) gC m-2 h-1 RCRh Flux

23 Resp fine root (maint) gC m-2 h-1 RFRh Flux

24 Resp Growth gC m-2 h-1 RGRh Flux

25 Resp hetero gC m-2 h-1 RHETh Flux

26 Evapotranspiration kgH20 m-2 h-1 ETh Flux

27 Transpiration kgH20 m-2 h-1 Th Flux

28 Soil evaporation kgH20 m-2 h-1 ESh Flux

29 Canopy evaporation  kgH20 m-2 h-1 ECh Flux

30 Soil surface runoff kgH20 m-2 h-1 ROK Flux

31 Drainage kgH20 m-2 h-1 DRAINhQ Flux

32 Latent Energy W m-2 LEh Flux

33 Sensible Heat W m-2 SHh Flux

34 Absorbed PAR umol m-2 s-1 APARhI Flux

35 Canopy conductance ~ mol H,O m™s™ GCh Charac.
36 Aero. conductance mol H,O m?s™ GAh Charac.
37 Leaf bound. conduct  mol HO m?s™ GBh Charac.
38 Soil moisture stress 0-1 Betah Charac.

Average daytime aerodynamic conductance
** kgH,Om?h' = mm h!



Table S19. Daily model simulation output format.

Data in each daily file:

Col Variable Units VariableName Variable Type
1 Year 2013 to 2069 YEAR Time

2 Day of the year 1 to 365 or 366 DOY Time

3 CO2 Mean ppm CO2 Environ
4 Precipitation mm d-1 PREC Environ
5 PAR mol m-2 PAR Environ
6 Air temp canopy Mean °C TAIR Environ
7 Soil temp average Mean °C TSOIL Environ
8 Vapor Pres Def kPa h VPD Environ
9 Soil water content mm SW Environ
10 Plant available soil water content mm SWPA Environ
11 N deposition gN m-2 d-1 NDEP Environ
12 Net Eco Prod gC m-2 d-1 NEP Flux

13 Gross Prim Prod gC m-2 d-1 GPP Flux

14 Net Prim Prod gC m-2 d-1 NPP Flux

15 C exudation gC m-2 d-1 CEX Flux

16 C VOC Flux gC m-2 d-1 CVOC Flux

17 Resp ecosystem gC m-2 d-1 RECO Flux

18 Resp autotrophic gC m-2 d-1 RAU Flux

19 Resp leaves (maint) gC m-2 d-1 RL Flux

20 Resp wood (maint) gC m-2 d-1 RW Flux

21 Resp coarse root (maint)gC m-2 d-1 RCR Flux

22 Resp fine root (maint) gC m-2 d-1 RFR Flux

23 Resp growth gC m-2 d-1 RGR Flux

24 Resp heterotrophic gC m-2 d-1 RHET Flux

25 Evapotranspiration kgH20 m-2 d-1%** ET Flux

26 Transpiration kgH20 m-2 d-1 TRANS Flux

27 Soil evaporation kgH20 m-2 d-1 ES Flux

28 Canopy evaporation  kgH20 m-2 d-1 EC Flux

29 Runoff kgH20 m-2 d-1 RO Flux

30 Drainage kgH20 m-2 d-1 DRAIN Flux

31 Latent energy MJ m-2 LE Flux

32 Sensible heat MJ m-2 SH Flux

33 C Leaf mass gC m-2 CL Pool

34 C Wood mass gC m-2 Cw Pool

35 C Coarse root mass gC m-2 CCR Pool

36 C Fine root mass gC m-2 CFR Pool

37 C Storage (NSC) gC m-2 CSTOR Pool

38 C Fine litter total gC m-2 CFLIT Pool

39 C Fine litter above gC m-2 CFLITA Pool

40 C Fine litter below gC m-2 CFLITB Pool

41 C Coarse litter gC m-2 CCLITB Pool

42 C Soil total gCm-20to30cm CSOIL Pool

43 C Leaf growth gC m-2 d-1 CGL Flux

44 C Wood growth gC m-2 d-1 CGW Flux

45 C Coarse root growth gCm-2 d-1 CGCR Flux

46 C Fine root growth gC m-2 d-1 CGFR Flux

47 C reproduction growth gCm-2 d-1 CREPR Flux



48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
&9
90
91
92
93
94
95
96
97
98

C Leaf litterfall

C Coarse root litter inputs gC m-2 d-1

C Fine root litter input
C Wood litter fall
LAI projected

Leaf gC/leaf area

N Conc leaves

N Mass leaves

N Mass wood

N Mass coarse roots
N Mass fine roots

N Storage

N Fine litter total

N Fine litter above
N Fine litter below
N Coarse litter

N Soil Total

N in Mineral form
N in Organic form
N fixation

N Leaf growth

N Wood growth

N Coarse root growth
N Fine root growth
N Leaf litterfall

N Coarse root litter input gN m-2 d-1

gC m-2 d-1

gC m-2 d-1
gC m-2 d-1
m2 m-2
gC m-2
gN gd.m.-1
gN m-2
gN m-2
gN m-2
gN m-2
gN m-2
gN m-2
gN m-2
gN m-2
gN m-2

gN m-2 0 to 30cm
gN m-20 to 30 cm
gN m-2 0 to 30 cm

gN m-2 d-1
gN m-2 d-1
gN m-2 d-1
gN m-2 d-1
gN m-2 d-1
gN m-2 d-1

N Fine root litter input gN m-2 d-1

N Wood litterfall
N Biomass Uptake

gN m-2 d-1
gN m-2 d-1

N Gross Mineralization gN m-2 d-1

N Net mineralization
N Volatilization

N Leaching

N Leaf retranslocation
N Wood retrans.

N Coarse root retrans.
N Fine root retrans.
Absorbed PAR

Average daytime canopy conductance
Average daytime aerodynamic conductance
Average daytime leaf boundary conductance

Soil moisture stress
P Mass leaves

P Mass wood

P Mass coarse roots
P Mass fine roots

P Storage

P Fine litter total

P Fine litter above
P Fine litter below
P Coarse litter

gN m-2 d-1
gN m-2 d-1
gN m-2 d-1
gN m-2 d-1
gN m-2 d-1
gN m-2 d-1
gN m-2 d-1
MJ m-2 d-1

0-1

gP m-2
gP m-2
gP m-2
gP m-2
gP m-2
gP m-2
gP m-2
gP m-2
gP m-2

CLITIN
CCRLIN
CFRLIN
CWLIN
LAI
LMA
NCON
NL

NW

NCR
NFR
NSTOR
NFLIT
NFLITA
NFLITB
NCLITB
NSOIL
NPMIN
NPORG
NFIX
NGL
NGW
NGCR
NGFR
NLITIN
NCRLIN
NFRLIN
NWLIN
NUP
NGMIN
NMIN
NVOL
NLEACH
NLRETR
NWRETR
NCRRETR
NFRRETR
APARd

mol H,O m-2 s-1
mol H,O m-2 s-1
mol H,O m-2 s-1

Betad
PL

PW
PCR
PFR
PSTOR
PFLIT
PFLITA
PFLITB
PCLITB

Flux
Flux
Flux
Flux

Characteristic
Characteristic
Characteristic

Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Flux
Flux
Flux
Flux
Flux
Flux
Flux
Flux
Flux
Flux
Flux
Flux
Flux
Flux
Flux
Flux
Flux
Flux
Flux
GCd
GAd
GBd
Charac.
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool

Charac.
Charac.
Charac.



99 P Soil total gP m-2 0 to 30cm PSOIL Pool

100 P in Labile form gP m-20to30cm PLAB Pool
101 P in Secondary form  gP m-2 0 to 30 cm PSEC Pool
102 P in Occluded form gP m-20to30cm POCC Pool
103 P in Parent mat. form gP m-2 0 to 30 cm PPAR Pool
104 P in Mineral form gP m-20to30cm PPMIN Pool
105 P in Organic form gP m-20to30cm PPORG Pool
106 P Leaf litterfall gP m-2 d-1 PLITIN Flux
107 P Coarse root litter input gP m-2 d-1 PCRLIN Flux
108 P Fine root litter input gP m-2 d-1 PFRLIN Flux
109 P Wood litterfall gP m-2 d-1 PWLIN Flux
110 P Biomass uptake gP m-2 d-1 PUP Flux
111 P Gross mineralization gP m-2 d-1 PGMIN Flux
112 P Net mineralization = gP m-2 d-1 PMIN Flux
113 P Biochem. mineral. ~ gP mo2 d-1 PBIOCHMIN Flux
114 P Leaching gP m-2 d-1 PLEACH Flux
115 P Leaf growth gP m-2 d-1 PGL Flux
116 P Wood growth gP m-2 d-1 PGW Flux
117 P Coarse root growth ~ gP m-2 d-1 PGCR Flux
118 P Fine root growth gP m-2 d-1 PGFR Flux
119 P Leaf retranslocation gP m-2 d-1 PLRETR Flux
120 P Wood retrans. gP m-2 d-1 PWRETR Flux
121 P Coarse root retrans.  gP m-2 d-1 PCRRETR Flux
122 P Fine root retrans. gP m-2 d-1 PFRRETR Flux
123 P weathering rate. gP m-2 d-1 PWEA Flux
124 P deposition rate. gP m-2 d-1 PDEP Flux

#* kgH,Om?d' = mm d"!

124+n Please add additional variables that are unique to your model but could be important (e.g.
potential GPP).
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