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ABSTRACT
Phosphorus (P) is known as a major limiting factor of crop yields at the global scale. Previous estimates of the global P limitation 
are either based on statistical approaches or on complex global gridded crop models. Both failed to distinguish between P and the 
other limiting factors. Global gridded crop models, despite their complexities, omitted key mechanisms such as soil P dynamics 
or plant adjustments to P limitation (e.g., change in root:shoot ratio or in shoot P concentration). Thus, current approaches fail 
to quantify the contribution of P limitation to the global yield gap. Here, we developed a simple but mechanistic model (called 
GPCROP) that simulates the interactions between plant growth and soil P at a daily time step, all other factors being assumed 
non-limiting. The model explicitly represents key mechanisms such as the replenishment of the soil P solution by more stable soil 
P pools, the diffusion of P in soil, and plant adjustments to P limitation. We found that soil available P greatly limits the global 
maize potential production, even when that limitation was strongly alleviated by plant adjustment mechanisms. With and with-
out these adjustments, maize global production would decrease by 78.9% (std = 17.3) and 92.7% (std = 7.4), respectively, compared 
to its potential production. We also found that the beginning of the growing season is a key period for P limitation as roots, not 
yet developed, cannot sustain the plant P demand. This suggests that earlier studies based on a comparison between annual 
averages of soil supply versus plant demand are not appropriate for assessing P limitation. Considerable uncertainties remain in 
our approach, and we especially stress the need to use global datasets of soil iron and aluminum (hydr)oxides, currently in devel-
opment, to constrain the spatial variation of some key parameters driving the P concentration of the soil solution.

1   |   Introduction

Phosphorus (P) is one of the key limitations to crop yields 
(Mueller et al. 2012). This is because in most soils, the amount 
of total P is low or because P is present in forms that are not 
available for plants (Walker and Syers 1976). In agroecosystems, 
the export of P due to harvesting tends to increase the soil P lim-
itation. On the other side, soil P inputs as chemical fertilizers or 
manure can reach consequential values, sometimes above plant 

P uptake leading to the accumulation of P in soils (Margenot 
et al. 2024). P contained in chemical fertilizers is derived from 
apatite mining, and access to these resources is becoming in-
creasingly uncertain due to limited rock phosphate supplies and 
potential geopolitical rivalries (Obersteiner et al. 2013; Elser and 
Bennett  2011). P resource management is far from optimal at 
the global scale. For example, in the 2000s, while global soil P 
inputs through chemical and organic fertilizers were larger than 
the P contained in global harvests, around 30% of the cropland 
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area had a negative local soil P budget (MacDonald et al. 2011). 
However, the annual soil P budget is only a partial indicator 
of the P limitation as, contrary to nitrogen, P is a non-mobile 
element in soil, leading to the necessity to take into account 
past soil P budgets (so-called “residual” P when these budgets 
are positive; Sattari et al. 2012; Margenot et al. 2024), the soil 
biogeochemical background, and soil P dynamics (Ringeval 
et al. 2017).

Orthophosphate ions (the only form of P taken up by plants) 
are easily adsorbed on soil particles, which makes their con-
centration in soil solution very low (Helfenstein, Jegminnat, 
et al. 2018). In such cases, diffusion is the major mechanism for 
transport in soil, and the replenishment of the soil solution from 
P sorbed on soil particles is a key process in plant P nutrition. 
The way to represent such replenishment at large spatial scales 
remains challenging because of its reliance on conventional soil 
tests and chemical extractions, which are poorly mechanistic 
and do not represent the same P forms across pedo-climatic con-
texts (Helfenstein, Tamburini, et al. 2018; Wang et al. 2022).

Despite the importance of soil P for crop yield, the relationship 
between soil P and yield is far from understood at the global 
scale, given difficulties in global soil P mapping (Helfenstein 
et  al.  2024), the above-mentioned intrinsic complexities of P 
cycle modeling, and spatially variable interactions between P 
and other determinants of yield gaps (nitrogen, water, pest and 
diseases). In the literature, different approaches aim to repre-
sent the limitation of the yield by nutrients at the global scale. 
They can be based on statistics (Mueller et al. 2012; McDowell 
et al. 2024), or on dataset manipulation, e.g., by computing his-
torical soil nutrient budgets (Bouwman et al. 2017). Such soil P 
budgets have been combined with a very simple soil P dynamic 
model (Sattari et al. 2012; Zhang et al. 2017) within the so-called 
IMAGE-DPPS model in order to investigate the P limitation of 
yield under current conditions (Langhans et  al.  2021) and fu-
ture scenarios (Mogollón et al. 2018, 2021; Magnone et al. 2019, 
2022). None of the above-mentioned studies explicitly represent 
plant growth: For example, McDowell et al. (2024) used, for each 
crop, a soil labile P value beyond which yield is assumed not to be 
limited. Besides, two kinds of mechanistic modeling approaches 
representing plant growth in agroecosystems at the global scale 
have been developed: (i) terrestrial biosphere models, histori-
cally focused on natural ecosystems, but more recently incorpo-
rated managed agroecosystems and P cycle representation (e.g., 
Sun et al. 2021) and (ii) crop models initially used at the field 
scale and more recently upscaled to the global scale. These two 
approaches are usually merged in what is called “Global Gridded 
Crop Models” (GGCMs) (Elliott et al. 2015). These GGCMs are 
important tools, in particular to quantify the effect of climate 
change or scenarios of resource management (water, nitrogen, 
land-use) on global crop production (Rosenzweig et al. 2014), to 
understand mechanisms at play under such changes/scenarios 
(Martre et  al.  2024) and to investigate how different sustain-
ability objectives can be reconciled (Folberth et al. 2020; Gerten 
et  al.  2020). However, GGCMs have some caveats. First, few 
GGCMs explicitly represent P limitation on vegetation growth 
(Müller et al. 2019). Second, the complexities of GGCMs make 
specifically investigating P limitation difficult. Third, GGCMs 
are prone to huge heterogeneity in the simulation of key vari-
ables such as potential yield (Ringeval et al. 2021). Last, some 

mechanisms can be poorly represented: e.g., plant adjustment 
mechanisms to nutrient limitation (change in root:shoot ratio, 
variable organ nutrient concentration) are only considered in 
few terrestrial biosphere models (Zaehle and Dalmonech 2011). 
Only a few studies involving GGCMs have been done up to now 
to investigate the P limitation (Folberth et al. 2012, 2013; van der 
Velde et al. 2014; Kvakić et al. 2018) with most of them based on 
the EPIC models family in which soil P dynamics are roughly 
represented.

To better understand the P limitation of crop yield at the global 
scale, we developed here a simple and mechanistic approach 
(called GPCROP), independent to any GGCM, to simulate the 
interaction between plant growth and soil P at daily time-step 
for 1 year. The model assumes no other limitation (such as water 
or nitrogen), and this assumption is made for each spatial unit 
of the model. Following this assumption, our approach allows 
quantifying the P limitation of potential yield by the current soil 
P status. We deliberately choose to exclude other limiting factors 
to remove any difficulties related to interactions between P and 
other factors and to focus on P as a first step. What we call here 
“potential yield” corresponds to the “attainable yield” defined by 
Gerber et al. (2024) to estimate the highest yield attained some-
where in the world in each set of biophysical conditions, which 
likely remains 15%–25% below the true agronomic potential. 
GPCROP was calibrated in order that the yield simulated with-
out P limitation matches the spatial distribution of empirically-
derived potential yield (Gerber et  al.  2024). Simulations are 
performed for maize at half-degree latitude × longitude spatial 
resolution. Maize is chosen because of its key contribution to the 
global cropland area and calories intake (Shiferaw et al. 2011). 
GPCROP makes possible the consideration of key mechanisms 
involved in plant limitation by P. In particular, the soil P dy-
namics model allows to represent the replenishment of the soil 
P solution, the parametrization of the P supply by roots allows 
to represent the diffusion of P in soil and the allocation model, 
based on an optimization procedure, allows to represent plant 
adjustments to P limitation such as change in root:shoot ratio 
and change in leaf P concentration. In this paper, we first de-
scribe the model. Then, we analyze the model behavior on a 
given site where a long-term P fertilization experiment was 
conducted. Finally, we investigate our model results at the 
global scale.

2   |   Methods

2.1   |   Overview

In the present study, we coupled, after slight modification, a 
simple mechanistic model (called SIM) that simulates the poten-
tial (i.e., without any limitation) biomass and yield of maize at a 
daily time step (Ringeval et al. 2021) to (i) a model describing the 
allocation of carbon (C) and P among plant organs based on an 
optimization procedure (inspired by Kvakić et al. 2020), (ii) the 
computation of P supply by roots and P demand to sustain plant 
growth (following Kvakić et al. 2018) and (iii) a soil P dynamics 
model (called GPASOIL, Ringeval et al. 2024) (Figure 1).

Each day, in case P supply is smaller than P demand, the plant 
is P limited and the allocation scheme allows us to represent 
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some plant adjustments to alleviate the P limitation: increase 
in root:shoot ratio (to increase the P supply) and decrease of 
P leaf concentration (to decrease the P demand). Here we as-
sumed that trends observed at the seasonal time scale for root:-
shoot ratio and leaf P concentration (Amos and Walters 2006; 
Plénet et al. 2000) can be reproduced by changes in allocation 
occurring at the daily time step. In case P supply is larger than 
P demand, growth is not P limited and the optimized alloca-
tion leads to potential crop growth. The actual daily plant P 
uptake (derived from P supply and P demand) decreases the 
inorganic labile P pool, which is then replenished by the other 
soil P pools, as computed by the soil P dynamics model. The P 
supply is a function of the P concentration of the soil solution 
(computed with GPASOIL) and the root biomass. Its compu-
tation allows consideration of the diffusive transport of P up 
to the soil-root interface. The P demand corresponds to the P 
needed by the plant for the daily increment of its different or-
gans. It is a function of daily change in biomass of each organ 
and organ P concentration. The P concentration of root and 
grain are constant while the concentration of shoot (exclud-
ing grain) is optimized. The allocation scheme of biomass (or 
C) and P reproduces some trade-offs at the plant level: (i) the 
more the biomass is allocated to leaves, the more the plant can 
photosynthesize but the less P can be taken up by roots; (ii) a 
higher P concentration in leaves increases photosynthesis but 
increases the P demand to sustain the plant growth. Each day, 
the optimization procedure makes all processes considered 
(photosynthesis, P uptake, allocation, plant growth) consis-
tent with each other.

In Ringeval et  al.  (2021), SIM was used as an emulator of 
Global Gridded Crop Models (GGCMs) to understand their 
differences in the simulation of potential yield. Here, the 
potential yield was calibrated against empirically-derived 
potential yield given by Gerber et al.  (2024). Given the large 
discrepancy in GGCMs simulation of potential yield (see 
figure  1 of Ringeval et  al.  2021), we chose here to rely on 
empirically-derived yield, despite its own sources of uncer-
tainty. No constraints about the cultivar distribution were 
used as input of SIM. Instead, we let the calibration deter-
mines the spatial distribution of the SIM parameters, most of 
which are related to cultivar properties. GPASOIL has been 
evaluated by comparing the spatial distribution of simulated 
soil P against regional databases in Ringeval et al. (2024). The 
comparison concerned soil P pools extracted with different 
chemical extractions (Hedley for the simulation vs. e.g., Olsen 
for the observations) and that is why it focused on the rela-
tive spatial distribution (Ringeval et al. 2024). This evaluation 
showed room for improvement, though with some difficulties 
to track the reasons for the mismatch between simulations 
and observations (possible reasons include the lack of oxalate-
extractable iron and aluminium to estimate the parameters in-
volved in soil P dynamics, difficulties in computing accurate 
soil P budgets, uncertainties related to the use of the different 
dataset for the evaluation). Initial soil P pools at the begin-
ning of the year were provided by Ringeval et al.  (2024) and 
GPASOIL is here used to compute the daily exchange between 
inorganic labile P and other soil P pools after the plant P up-
take allowing the pools to vary during the growing season. 

FIGURE 1    |    General view of the model coupling. SIM (orange box), GPASOIL (green box), a model describing the allocation of C (or biomass) and 
P among plant organs (blue box) and parametrizations for P demand and P supply (purple box) are coupled to build GPCROP. Model input are given 
in dash boxes. Main feedbacks are given with dashed arrows: Plant P uptake determines how much biomass can be fixed, both biomass allocation 
towards shoot and P shoot concentration has an effect on photosynthesis, and P uptake can modify soil P. Grain is not distinguished from shoot in 
the figure.
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The allocation scheme is inspired from Kvakić et  al.  (2020) 
and was evaluated against observations in both hydroponic 
experiments and in a long-term field trial in the original study. 
As this scheme has been modified in the current study, in par-
ticular to allow its coupling with SIM and P uptake computa-
tion, we evaluated again how GPCROP reproduces the effect 
of a gradient of P limitation on yield against observations at a 
long-term field trial.

In our modeling approach, each organ is characterized by 
its biomass (biomorgan) (expressed in gDM m−2) and P content 
(biomPorgan) (expressed in gP m−2). Plants are restricted to three 
organs only: shoot excluding grain (called hereafter “swog” for 
Shoot WithOut Grain), grain and root. Total shoot biomass and 
total shoot P content are defined as:

Stem and leaf are not explicitly distinguished in GPCROP. For 
each organ, the ratio of P content and biomass defines the P con-
centration (concorgan, expressed here in gP gDM-1):

An additional pool of plant P reserve, biomPres, is also consid-
ered and acts as a buffering pool receiving P at leaf senescence 
before its potential remobilization the day after.

Variables vary in time (i.e., are a function of day d) while param-
eters are constant in time. Both variables and parameters (after 
calibration, see later) vary in space as a function of grid-cells but 
this dependency is not specified in the equations for purpose of 
simplicity.

2.2   |   Model Description

2.2.1   |   Computation of Climate Forcing

GPCROP focused on the growing season, defined by the time-
period between the planting day (tp, in day) and the day of crop 
maturity/harvest (tm, in day). For a given day d of the growing 
season, the thermal time (TT, in °C) is computed from the daily 
mean temperature (tas, in °C) by using three references tem-
peratures (Tmin, Topt, Tmax, in °C):

Through these equations, we assumed a linear increase of TT 
from Tmin to Topt followed by a linear decrease up to Tmax.

We defined GDDremain (in °C d) as the sum of growing degree 
days since the last leaf emergence:

The use of a sum of growing degree days since the last leaf 
emergence (insead of a sum since the beginning of the grow-
ing season, as in the original SIM; Ringeval et al. 2021) is only 
a strategy for facilitating the coupling with daily P limita-
tion. The reset of the sum of growing degree days after leaf 
emergence is performed each day, after optimization (see 
Section 2.2.4).

The incoming photosynthetic active radiation (PARinc, in MJ 
m−2 day−1) is derived from the short-wave downwelling radi-
ation (rsds, in MJ m−2 day−1) and its active fraction (fracPAR, 
no unit).

2.2.2   |   Optimization Procedure

The objective function, for any day d, is:

Optimizations are described through a set of constraints that are 
verified simultaneously. Equations given below are used as con-
straints of our optimization procedure. All variables of day d are 
output from the optimization except: GDDremain(d), fracgrain(d) 
(fraction of total NPP dedicated to the grain filling) and CP(d) (P 
concentration of soil solution) that are input of the optimization 
procedure (Section 2.2.4). All variables of the day (d−1) are in-
puts to the optimization.

The first constraint allows us to define the daily increment of 
biomass between two consecutive days for any organ within 
{shoot, swog, grain, root}:

Within the optimization procedure, Δbiomorgan is still positive 
or nul. The senescence of leaves can decrease biomass (and 
thus lead to negative Δbiomorgan) but in GCPROP, this process 
is treated outside of the optimization at the end of each day 
(Section  2.2.4). The number of leaves (nleaf, no unit) and leaf 
area index (LAI, no unit) are provided by the following set of 
constraints:

(1)biomshoot(d) = biomswog(d) + biomgrain(d)

(2)biomPshoot(d) = biomPswog(d) + biomPgrain(d)

(3)concorgan(d) =
biomPorgan(d)

biomorgan(d)

(4)

TT(d) =

⎧
⎪⎪⎨⎪⎪⎩

0 if tas(d)≤Tmin or tas(d)≥Tmax

tas(d)−Tmin if Tmin < tas(d)≤Topt
Tmin −Topt

Tmax −Topt

�
tas(d)−Tmax

�
if Topt< tas(d)<Tmax

(5)GDDremain(d) = GDDremain(d − 1) + TT(d)

(6)PARinc(d) = fracPAR × rsds(d)

(7)Maximize
(
biomshoot(d)

)

(8)Δbiomorgan(d) = biomorgan(d) − biomorgan(d − 1)

(9)nleaf(d) ≤ nleaf(d − 1) +
GDDremain(d)

GDD1leaf

(10)nleaf(d) ≥ nleaf(d − 1)

(11)nleaf,wosene(d) − nleaf,wosene(d − 1) = nleaf(d) − nleaf(d − 1)

(12)nleaf,wosene(d) ≤ maxnleaf

(13)

LAI(d) = LAI(d − 1) + aLAI
(
ebLAI.nleaf,wosene(d) − ebLAI.nleaf,wosene(d−1)

)

(14)LAI(d) ≤ LAI(d − 1) + SLA.Δbiomshoot(d)
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where GDD1leaf is a parameter representing the thermal require-
ment for the emergence of any leaf (in °C d), maxnleaf is the maxi-
mum number of leaves that can emerge per plant in the course of a 
growing season (no unit), SLA is a specific leaf area (in m2 gDM−1), 
aLAI and bLAI (no unit) are parameters that link exponentially the 
LAI and the number of leaves. nleaf,wosene (“wosene” for “without 
senescence”) is similar to nleaf except that leaf senescence has no 
effect on nleaf,wosene. Equation  (11) allows nleaf,wosene and nleaf to 
evolve similarly in time through the optimization. The effect of the 
senescence on nleaf is introduced outside of the optimization proce-
dure (Section 2.2.4). Equation (12) concerns the variable nleaf,wosene 
(instead of nleaf); thus, it prevents the emergence of a total number 
of leaves larger than maxnleaf through the whole growing season 
whatever senescence occurs or not. Equation (9) represents the lim-
itation by thermal requirement while (Equation 14) represents the 
carbohydrates limitation as in Mollier et al. (2008). Equation (14) 
was missing in SIM and was here introduced to allow a negative 
feedback of allocation towards the root (instead of the shoot) when 
the root:shoot ratio is allowed to vary. We assumed SLA as con-
stant in time (see general discussion).

The net primary productivity (NPPtot, in gDM m−2 day−1) is com-
puted with the following constraints:

with PUE (P use efficiency, no unit) is a variable representing the 
effect of the P concentration of shoot excluding grain (concswog) 
on the NPP, RUEtot is a radiation use efficiency (in gDM MJ−1 
of absorbed PAR), and kext is the light extinction coefficient (no 
unit). The subscript “tot” means that we focus here on the total 
NPP (and not on the NPP alllocated to the aboveground plant 
only). concswog(d) varies between a minimum concentration 
(concswog,min) and a default concentration (concswog,def). The sensi-
tivity of NPP to P leaf concentration is subject to debate (e.g., Plénet 
et al. 2000; Ellsworth et al. 2022) and we choose here to introduce 
a linear sensitivity of PUE to concswog but with three different 
values of αPUE in our uncertainty analysis (see Section 2.5.4). If 
concswog is equal to the default value (concswog,def), PUE is equal 
to 1 whatever αPUE, and αPUE determines the rate of the decrease 
in PUE when concswog is below the default value (Figure S1). The 
inequality (16) means that NPP which is not fixed because of P 
limitation is lost. Equation (17) means that all NPP is either at-
tributed to increment of biomass of root or shoot. Consistently 
with an optimization procedure, the above constraints governing 
nleaf and NPP are considered simultaneously. How these equa-
tions can be translated into successive equations (without opti-
mization) is described in Appendix S1.

The biomass of grain is computed thanks to:

where fracgrain is the fraction of NPP allocated to the grain (no 
unit, see its computation in Section 2.2.4).

P in biomass are given by:

where concΔorgan(d) are the P concentration of the increment of 
biomass of day d. As the P concentration of root and grain are 
constant in time, we have for any day d:

while the P concentration of the total shoot excluding grain 
(concswog(d)) or of the daily increment (concΔswog(d)) are allowed to 
vary during the optimization within given ranges:

We arbitrarily set:

to allow a larger range (i.e., more flexibility) for concΔswog than 
for concswog.

Similarly, the root:shoot ratio is allowed to vary within a 
given range:

where biomshoot,wosene is similar to biomshoot except that leaf se-
nescence has no effect on biomshoot,wosene:

P demand and P supply (in gP m−2 day−1) are defined through 
the following constraints:

P supply depends on root biomass (biomroot) and P concentra-
tion of soil solution CP according to the non-linear equation 
given in the next section. As the optimization used is a linear 
optimization, only linear relationships between variables op-
timized are allowed. Thus, a Taylor series at order 1 around 
biomroot(d − 1) and CP(d − 1) of the (Equation  33) was used in-
stead of (Equation 33) itself. This Taylor series is called fTaylor 
in the above constraint. Similarly, constraints 13 (about LAI 

(15)PUE(d) =
concswog(d) − concswog,def(

concswog,def − concswog,min
)
.
(
1 − �PUE

) + 1

(16)NPPtot(d) ≤ PUE(d). RUEtot. PARinc(d).
(
1 − e−kext .LAI(d)

)

(17)NPPtot(d) = Δbiomroot(d) + Δbiomshoot(d)

(18)Δbiomgrain(d) = fracgrain(d). NPPtot(d)

(19)

biomPorgan(d) = biomPorgan(d − 1) + Δbiomorgan(d). concΔorgan(d)

(20)concΔroot(d) = concroot(d)

(21)concΔgrain(d) = concgrain(d)

(22)concΔswog,min ≤ concΔswog(d) ≤ concΔswog,def

(23)concswog,min ≤ concswog(d) ≤ concswog,def

(24)concΔswog,min =
concswog,min

2

(25)concΔswog,def = concswog,def × 2

(26)RSRdef ≤
biomroot(d)

biomshoot,wosene(d)
≤ RSRmax

(27)

biomshoot,wosene(d) − biomshoot,wosene(d − 1) = biomshoot(d) − biomshoot(d − 1)

(28)

Pdemand(d) =
∑

organ∈ {swog,grain,root}

(
Δbiomorgan(d). concΔorgan(d)

)

(29)Psupply(d) = fTaylor
(
biomroot(d), CP(d)

)
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computation as function of number of leaves), 16 (about NPP), 
19 for shoot excluding grain (the relationship between con-
centration of total organ and daily biomass increment) and 28 
(about P demand) were linearized.

The mass conservation of P is guaranteed through:

where Puptake is the P uptake (in gP m−2 day−1).

The following set of constraints make biomass growth and P 
interact:

with the daily increment of reserve (ΔbiomPres(d)) being negative 
or null. The P uptake is the minimum value between the P de-
mand and the P supply (after substracting the P reserve from 
the P supply). The above constraints, if removed, make biomass 
grow without any P limitation (Section 2.3).

The optimization is used for the whole growing season but not 
before nleaf,wosene is greater or equal to a given threshold, called 
nleaf,thresh. For nleaf,wosene ≤ nleaf,thresh, plant growth is not limited by P.

To solve the linear programming problem, we used the python 
package “pulp” and BCB MILP solver. Taylor series is computed 
thanks to the package “sympy”.

2.2.3   |   P Supply Computation

For each day d, the P supply (in gP m−2 day−1) depends on the 
root biomass and the P concentration of soil solution. Following 
the zero-sink uptake assumption (Mollier et al. 2008; Willigen 
and Noordwijk 1994), the P supply is given by the equation used 
in Kvakić et al. (2018):

with 1e3 is a scaling factor (in L m-3), Δz is the thickness of the 
top soil horizon considered (in m, Δz = 0.3 m), Lrv is the root 
length density (i.e., the length of root per volume of soil, in (m 
of root) (m of soil)-3), D is the P diffusivity in soil (in (m of soil)2 
day−1), Gρ is a dimensionless geometric function of a ratio of soil 
cylinder to root radius (ρ, dimensionless), and CP is the mean 
concentration of orthophosphate ions of the soil solution in Δz 
(in gP L−1), provided by the soil P dynamics model.

The root length density is computed as follows:

where biomroot is the root biomass, SRL is the specific root 
length (in m gDM−1).

The P diffusivity in soil is computed using the methods of 
Barraclough and Tinker (1981) following Mollier et al. (2008). The 
formula used here was determined by the fact that the soil water 
content is above a given threshold because we assumed here the 
field capacity to approach potential growth conditions. Following 
Mollier et al. (2008), Gρ has a simplified formula in case of P for 
which diffusion is the main process of transport in soil. Thus, Gρ 
depends on ρ only, which is the normalized ratio of soil cylinder to 
root radius (no unit), expressed as:

The parameter R0 is the root radius (in m) and is part of the un-
certainty analysis (Section 2.5.4). SRL is set to 100 m gDM−1. More 
details about P supply computation are given in Appendix S2.

2.2.4   |   Mechanisms Related to Plant Growth Simulated 
Outside of the Optimization Procedure

Each day, after the optimization is solved, some other mecha-
nisms are simulated within GPCROP. These include an update 
of GDDremain, the computation of the fraction of NPP allocated 
to the grain ( fgrain) as well as the leave senescence and associated 
P remobilization.

2.2.4.1   |   Update of GDDremain.  GDDremain is modified as 
follows:

The first equation allows us to remove the sum of growing degree 
days used for the emergence of leaves during day d. The second 
equation prevents accumulation of GDD above GDD1leaf when leaf 
cannot emerge on day d despite thermal requirement satisfied due 
to either carbohydrate limitation (Equation  14) or P limitation. 
Such accumulation of GDD would allow the emergence of many 
leaves at the same day once the P limitation is alleviated.

2.2.4.2   |   Computation of the Fraction of NPP Allocated 
to the Grain.  The grain-filling starts the day after the emer-
gence of the last leaf (i.e., the leaf number maxnleaf):

Once grain filling starts, a constant fraction of NPP is allocated 
to grain (see Equation 18).

2.2.4.3   |   Senescence and P Remobilization.  In GPCROP, 
a leaf dies as soon as the GDD cumulated since its emergence 
reaches the value given by the parameter GDDlife (in °C d). 
Between day (d−1) and day d, we assumed that GDD does 
not accumulate if nleaf does not increase between those 2 days 

(30)

Puptake(d) = ΔbiomProot(d) + ΔbiomPshoot(d) + ΔbiomPres(d)

(31)Pdemand(d) ≤ Psupply(d) − ΔbiomPres(d)

(32)Puptake(d) ≤ Pdemand(d)

(33)Psupply(d) = 1e3.�.Δz. Lrv(d). D.
�(d)2 − 1

G�(d)
. CP(d)

(34)Lrv(d) =
biomroot(d). SRL

Δz

(35)�(d) =
1

R0.
√
�. Lrv(d)

(36)

GDDremain(d) = GDDremain(d) − GDD1leaf.
(
nleaf(d) − nleaf(d − 1)

)

(37)

GDDremain(d) = min
(
GDDremain(d), GDD1leaf

)
if nleaf < max nleaf

(38)fracgrain(d) =

{
0 if nleaf,wosene(d−1)<max nleaf

fgrain if nleaf,wosene(d−1)=max nleaf
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and this is done to postpone senescence in case of severe P 
limitation that halt growth. We called nleaf,dead(d) the num-
ber of leaves that dead during the day d due to senescence, 
and LAIdead(d) the amount of LAI corresponding to nleaf,dead(d). 
The effect of senescence is computed as follows:

Through (Equation 41), we assumed that leaf biomass decreases 
proportionally to SLA. An alternative would be to decrease the 
biomass proportionally to the ratio nleaf,dead(d)∕nleaf(d). In the 
model, senescence can start before the grain filling but we pre-
vent senescence to decrease nleaf below 1 to prevent instability in 
the optimization procedure the day after.

This decrease in shoot excluding grain biomass is translated into 
a transfer of P to P reserves:

and biomPres(d) can be used in the optimization procedure of 
the next day, instead of P uptake. It corresponds to P remobi-
lization that we assume is only driven by senescence in our 
approach.

In addition to a straightforward decrease in biomass, it is worth 
noting that the senescence has also an indirect effect on the bio-
mass through the effect of the decrease in LAI on the NPP of the 
following days.

2.2.5   |   Soil P Dynamics

Soil P dynamics were simulated with GPSAOIL, described in 
Ringeval et al. (2024) and summarized in Appendix S3. Seven 
soil P pools were considered following the merging of Hedley 
fractions (table 9 of Ringeval et al. 2024): Pi−sol (inorganic P in 
soil solution), Pi−lab (labile inorganic P), Pi−sec (moderately labile 
inorganic P), Pi−prim (primary inorganic P), Po−lab (labile organic 
P), Pi−sta (stable organic P), Px−occ (occluded P), with the first 
letter in subscript refers to inorganic (i), organic (o) or inorgan-
ic+organic (x). Soil P pools are expressed here in gP m−2.

Parameters involved in inorganic soil P pool exchanges (called k-
parameters hereafter) were similar to the ones used in Ringeval 
et al.  (2024). They rely on the pedo-climatic relationships pro-
vided by Wang et  al.  (2022) after modifications described in 
Ringeval et al. (2024): namely, all k-parameters are constant in 
time, and oxalate-extractable iron and alumnium are excluded 
from parametrization due to lack of global data on these soil 
properties. As a result, the model operates with simplified equa-
tions for k parameters and an equilibrium P concentration of the 
soil solution (CP,∞, called Pc,∞ in Ringeval et al. 2024), which is 
constant in space. Fluxes from organic to inorganic pools fol-
lows first order kinetics with residence times of 15 and 2 year. 

for Po−sta and Po−lab, respectively (corresponding to the so-called 
version 1.1 of GPASOIL in Ringeval et al. 2024).

GPASOIL is here used to compute the daily exchange between 
inorganic labile P and other soil P pools following plant P up-
take. Each day, the soil P pool Pi−lab is first modified according 
to the P uptake:

with Δt equals to 1 day. Then the soil P dynamics is computed 
(thanks to GPASOIL) within the same day to allow Pi−sol, Pi−lab 
and Pi−sec (among others) to exchange after P uptake. The P up-
take is removed from Pi−lab and not from Pi−sol as it is usually 
larger than Pi−sol at daily time-step.

The P concentration of the soil solution is used in GPASOIL 
equations to derive the exchange between soil solution and 
other soil P pools (Appendix  S3) and is also needed to com-
pute P supply (Equation 33). It is derived from Pi−sol and the 
soil water content. Here, as we focus on potential crop growth 
without considering limitations other than P, we prescribed 
the soil water content (θ, in m3 m−3) to its field capacity (θfc, 
in m3 m−3):

with 1e−3 is a scaling factor (in m3 L−1).

2.3   |   GPCROP Configurations

Three alternative GPCROP configurations were defined to in-
vestigate the effect of P limitation on potential crop yield. In 
the first one, called GPCROPno−intera, there is no interaction 
between plant growth and P limitation: in such case, plant can 
grow without being limited by P. Yield at harvest simulated 
with this configuration corresponds to the potential yield. This 
configuration is defined by removing the constraints 31–32 in 
GPCROP. In that case, P uptake is equal to the P demand and is 
not limited by soil P, and optimization procedure leads to both 
root:shoot ratio and concswog,min equal to their respective default 
value (RSRdef and concswog,def, respectively).

In the second configuration, called GPCROPnon−optim, the opti-
mization procedure is used to deal with the interactions between 
plant growth and P limitation but the plant can optimize neither 
its root:shoot ratio nor the P concentration of shoot without grain. 
The constraints 31–32 are considered but RSRmax and concswog,min 
are set to RSRdef and concswog,def, respectively in Equations  (23) 
and (26). In this configuration, both the root:shoot ratio and the 
P concentration of shoot without grain are constant in time. It is 
worth remembering that interaction between plant growth and P 
limitation only occur from nleaf,wosene ≥ nleaf,thresh.

In the third configration, called GPCROPoptim, plant growth can 
be limited by P limitation as with GPCROPnon−optim but in this 
configuration, the plant can optimize both its root:shoot ratio 

(39)nleaf(d) = nleaf(d) − nleaf,dead(d)

(40)LAI(d) = LAI(d) − LAIdead(d)

(41)biomswog(d) = biomswog(d) −
LAIdead(d)

SLA

(42)biomPres(d) = biomPres(d) +
LAIdead(d) × concswog(d)

SLA

(43)Pi−lab(d) = Pi−lab(d) − Puptake(d).Δt

(44)CP(d) = 1e−3.
Pi−sol(d)

�(d).Δz

(45)�(d) = �fc
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and the P concentration of shoot without grain. Values of RSRmax 
and concswog,min given in Table 1 are used in Equations (23) and 
(26), respectively.

2.4   |   Calibration of Crop Growth Without P 
Limitation

Contrary to what was done in Ringeval et  al.  (2021), we 
aimed here to calibrate crop growth without P limitation 
against empirically-derived potential yield given by Gerber 
et al. (2024). Thus, GPCROPno−intera is used for the calibration 
and we only focus here on parameters involved in the crop 

growth (i.e., not on parameters involved in P supply, P demand, 
nor soil P dynamics). These parameters are given in Table 2 
and are called SIM parameters in the following. While they 
have been written as constraints of an optimization proce-
dure, the equations used to simulate biomass growth (without 
P limitation) given in the previous section are similar to the 
model SIM described in Ringeval et al. (2021), with yet some 
differences: first, a number of leaves limited by carbohydrates 
was introduced (Equation  14). Second, the parameterization 
in Ringeval et al. (2021) allows the start of the grain filling at 
different leaf numbers, as a function of the GGCM they aimed 
to emulate. Here, the grain filling starts after the emergence 
of the last leaf. Third, we introduced here a computation of 

TABLE 2    |    List of parameters involved in the modeling of plant growth without P limitation (i.e., SIM) and values tested in both the Sobol analysis 
and SIM parameters calibration.

Name Meaning Unit
Range of 

values tested

Participate 
to the Sobol 

analysis

Participate to 
the calibration 
at both site and 

global scales

Tmin Base temperature °C 3.0–10.0 Yes Yes

Tmax Threshold temperature 
from which TT is set to 0.

°C 38.0–45.0 Yes No

Topt Optimum temperature, 
i.e., the temperature at 
which TT is maximum

°C 21.0–37.0 Yes Yes

maxnleaf Maximum number of 
leaves per plant

— 15.0–21.0 Yes Yes

GDD1leaf Sum of growing degree 
day required for each leaf 

(so called phyllochron)

°C d 25.0–65.0 Yes Yes

aLAI Parameter involved in 
the relationship between 

LAI and nleaf,wosene

— 0.027–0.047 Yes No

bLAI Parameter involved in 
the relationship between 

LAI and nleaf,wosene

— 0.266 No No

fracPAR Active fraction of short-wave 
down-ward radiation

— 0.48 No No

kext Coefficient of extinction 
of radiation in canopy

— 0.30–0.50 Yes No

RUEtot Radiation use efficiency gDM MJ−1 (of 
absorded PAR)

3.4–4.7 Yes Yes

RSRdef Default root: shoot ratio — 0.16 No No

fgrain Fraction of daily total NPP 
directed towards the grain as 

soon as grain filling starts

— 0.40–0.80 Yes Yes

SLA Specific leaf area m2 gDM−1 0.015–0.055 Yes Yes

GDDlife GDD cumulated since the 
emergence of a leave at 

which senescence occurs

°C d 700–1300 Yes Yes

Note: For the calibration, if a parameter is calibrated, 3 values were tested and correspond to the boundaries of the range provided in the Table as well as the middle of 
the range. Following the Sobol analysis, few parameters were excluded from the calibration.
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leaf senescence to capture the impacts of the P remobilization. 
Fourth, total NPP is here considered instead of aboveground 
NPP in Ringeval et al. (2021) as the latter study does not focus 
on root which was excluded of the list of variables studied in 
the GGCM intercomparison. Last, while the increase of ther-
mal time from Tmin is not limited in Ringeval et al. (2021), we 
introduced here Topt and Tmax.

If the constraints 31–32 are not considered, 14 parameters are 
involved in the computation of potential yield: Tmin, Tmax, Topt, 
fracPAR, maxnleaf, GDD1leaf, aLAI, bLAI, kext, RUEtot, RSRdef, fgrain, 
SLA, and GDDlife. The active fraction of short-wave downward 
radiation (fracPAR) is physically well-known and was set to 0.48. 
RSRdef was not calibrated here as it is the focus of the optimi-
zation procedure with GPCROPoptim. bLAI was not calibrated as 
the relationship between LAI and nleaf was assessed through 
aLAI (Table 2, Figure S1). Other parameters were considered un-
certain and the model global sensitivities to these parameters 
were estimated with a global sensitivity (Sobol) analysis. The 
range of values allowed for each parameter is given in Table 2 
and discussed in Table S1. Once the Sobol was performed, we 
excluded from the following calibration the parameters that 
have a small effect on the yield sensitivity. We call x the number 
of parameters that remains after the Sobol analysis and that are 
the focus of the calibration. The calibration relies on 3x simula-
tions corresponding to all combinations possible (x parameters 
with 3 values allowed per parameter). The 3 values tested are: 
minimum, middle and maximum value of the range defined for 
each parameter (Table 2). In all simulations, uncalibrated pa-
rameters were set to their middle value. For each simulation, 
each parameter was constant in space (i.e., all grid-cells share 
the same value). Then we combined these simulations to cali-
brate each grid-cell independently. For any grid-cell g, among 
the 3x combinations, we keep all parameter combinations that 
lead to an absolute difference with a target yield at harvest lower 
than 50 gDM m−2 (or 0.5 tDM ha−1) corresponding to around 7% 
in average, i.e., for any grid-cell g, a parameter combination is 
kept if it allows that:

with biomggrain is the grain biomass computed with (Equation 18) 
and tm (no unit) is the day of crop maturity/harvest.

Yield targets are different for GPCROP simulations performed at 
site or global scales (see next section).

2.5   |   GPCROP Simulations

2.5.1   |   Model Input and Overview of the Simulations

GPCROP inputs are: planting day (tp, no unit), day of crop ma-
turity/harvest (tm, no unit), daily short-wave downwelling radi-
ation (rsds, in MJ m−2 day−1), daily mean temperature (tas, in 
°C), cropland soil P pools at the beginning of the year and soil 
P input (through mineral fertilizer, manure, atmospheric depo-
sition and sludges) for the year considered. Soil properties and 
the current value of unmanaged soil P pools are also used as 
input of GPCROP as they are needed in the parameterizations 

describing the exchanges between soil P pools within GPASOIL. 
Potential yield at harvest (biomtarget

grain
) is used for calibration of SIM 

parameters. GPCROP will be used to perform both site-scale 
and global simulations. Input datasets and information required 
for each kind of simulation are described in Table 3. At site scale, 
biom

target

grain
 corresponds to yield measured in the treatment without 

P limitation (so-called P3 in the following) for the year 1996. At 
the global scale, biomtarget

grain
 is provided by Gerber et al. (2024) for 

the year 2009, translated into gDM m−2 by using a dry fraction 
of fresh matter of 0.89. The Gerber et al. (2024) yield corresponds 
to «climate-specific» attainable yields, and is calculated using a 
quantile regression model based on weather, soil, and irrigation 
data trained on over 11,300 independent yield values. Because 
this is an empirically derived model, the yield values correspond 
to yields that are “attainable” using current technology, variety, 
management techniques and economic incentives (in contrast to 
agronomic yield potentials).

GPCROP simulations were performed for one growing sea-
son at daily time-step. Soil input (mineral fertilizer, manure, 
atmospheric deposition, sludges from waste treatment) and P 
losses through erosion were added to initial soil P pools at the 
day d = tp − tings, that is, tings days before the planting day. The 
parameter tings is set to 20 days for site simulations following 
information in Plénet et  al.  (2000). In the global simulations, 
two values (5 and 30 days) were tested as source of uncertainty 
(Section  2.5.4). The modeling of soil P dynamics starts at the 
day d = tp − tspinup, that is, tspinup days before the planting day. We 
set tspinup equal to 50 days. This 50-day spin-up allows to reach 
equilibrium in soil P pools before the beginning of the grow-
ing season. For global simulations, the only mechanism that 
could make soil P pools equilibrium different from the one pro-
vided by Ringeval et al.  (2024) is change in soil water content 
(Equation 45). For site-specific simulations, both the change in 
soil P pools at the beginning of the year and soil properties in-
volved in soil P dynamics parameterization could lead to a new 
equilibrium.

2.5.2   |   Site Description and Site-Specific Simulations

GPCROP simulation was carried out on a given site for the 
comparison with measurements performed in a long-term P 
fertilization experiment. In that case, GPCROP input relative 
to timing and length of the growing season, some soil proper-
ties (soil texture, pH, organic matter), initial soil P pools and 
main soil P inputs (mineral and manure fertilizers) were pre-
scribed to the model to be representative to the site conditions 
(Table  3). One parameter of GPASOIL (CP,∞) was also tuned 
to allow the model to mimic observed soil solution P concen-
tration measured at that site. The long-term P fertilization 
experiment is described in Plénet et  al.  (2000) and the data 
were provided in Morel et  al.  (2021). Information about the 
root:shoot ratio was provided by Mollier  (1999). The experi-
ment was performed in 1995–1997 at Carcarès Sainte Croix in 
the Southwest of France (lat. 43°52′N, long. 0°44′W, alt. 55 m). 
The so-called Tartas trial was initiated in 1972 and continu-
ously cultivated in maize (Zea mays L.) harvested for grains 
under irrigated conditions. Three P fertilization treatments 
have been applied continuously since 1972: 0 kgP ha-1 yr-1 
(treatment P0), 1.5 times the amount of P exported annually 

(46)∣ biom
target

grain

(
g, tm

)
− biomgrain

(
g, tm

)
∣ < 50 gDM m−2
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from the field by grains (42.8 kgP ha-1 yr-1 on average; treat-
ment P1.5) and 3 times the amount of P exported annually 
from the field by grains (94.3 kgP ha-1 yr-1 on average; treat-
ment P3). The experimental design was a randomized com-
plete block with each experimental treatments replicated four 
times. Individual plots were 6 m wide and 30 m long. Blocks 
and replicates were used in our study to provide standard-
deviation for each treatment (P0, P1.5, and P3).

GPCROP simulation was performed on that site for the year 1996. 
Model input are given in Table  3. Three GPCROP simulations 

were performed to represent P0, P1.5, and P3: the simulations 
vary through the initial soil P pools and the amount of fertil-
izers, both used at the beginning of the simulations. Olsen-P in 
the 0–0.25 m top layer was measured in 1995 and amounted to 
23, 49, and 66 mgP (kg of soil)−1 in P0, P1.5, and P3, respectively 
(Plénet et al. 2000). We translated these values in values of Pi−lab 
used as initial conditions through the following reasoning: Pi−lab 
represented in GPCROP corresponds to resin+bicarbonate of 
Hedley fractionation. Such extraction is close to P extracted by 
the Colwell extraction (PColwell) as they share the same extract-
ant during the same duration. The study of Moody et  al.  (2013) 

TABLE 3    |    GPCROP input.

Input Use in GPCROP
Dataset/information used for 

site-scale simulations (Tartas)
Dataset/information used 

for global simulations

Planting day Begin of the 
growing season

Value (April, 22th) was provided 
by Plénet et al. (2000)

A global combination of MIRCA 
(Portmann et al. 2010) and SAGE 

(Sacks et al. 2010) as provided 
by Elliott et al. (2015) for the 

GGCMs intercomparison

Day of crop 
maturity/harvest

End of the 
growing season

Value (September, 30th) was 
provided by Plénet et al. (2000)

A global combination of MIRCA 
(Portmann et al. 2010) and SAGE 

(Sacks et al. 2010) as provided 
by Elliott et al. (2015) for the 

GGCMs intercomparison

Daily short-wave 
downwelling 
radiation

Climate forcing 
variable

Conditions for the grid-cell containing 
the site were extracted from the 

datasets used for global simulations

AgMERRA weather dataset 
provided by Ruane et al. (2015) 

for the GGCMI intercomparison

Daily mean 
temperature

Climate forcing 
variable

Conditions for the grid-cell containing 
the site were extracted from the 

datasets used for global simulations

AgMERRA weather dataset 
provided by Ruane et al. (2015) 

for the GGCMI intercomparison

Cropland soil 
P pools at the 
beginning of the 
year

Initial conditions Pi-lab and Pi-sec were scaled to match 
the observed P Olsen (Section 2.5.2). 

Other pools were derived from 
datasets used in global simulations.

Simulations performed in Ringeval 
et al. (2024) (configuration 

1.1) for the year 2008.

Soil P input 
(through chemical 
fertilizer, manure, 
atmospheric 
deposition and 
sludges) for the 
year considered

Soil P input Values (0.0, 42.8, 94.3 kgP ha-1 yr-1 
for P0, P1.5, P3, respectively) was 

provided by Plénet et al. (2000)

See Ringeval et al. (2024).

Soil properties Involved in 
parameterizations 

driving the exchange 
between soil P pools

Soil texture (6% clay, 13.5% silt, 80.5% 
sand), soil organic matter (1.78%) and 
pH in water (5.9) provided by Plénet 

et al. (2000) for top 0–0.25 m were used.

Global dataset provided by 
Soilgrids (Poggio et al. 2021) was 
used, as in Ringeval et al. (2024).

Current value of 
unmanaged soil P 
pools

Involved in 
parameterizations 

driving the exchange 
between soil P pools

Conditions for the grid-cell containing 
the site were extracted from the 

datasets used for global simulations

Global dataset of He 
et al. (2023) was used, as in 

Ringeval et al. (2024).

Potential yield at 
harvest

Used as target 
to calibrate the 

parameters related to 
plant growth without 
P limitation (Table 2)

Value (13.6 tDM ha-1) was provided 
by Plénet et al. (2000) for P3.

Values was provided by 
Gerber et al. (2024).
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provides a relationship between Olsen-P and Colwell-P for non-
calcareous soils:

with both PColwell and POlsen in mgP (kg of soil)-1. With this re-
lationship, P-Olsen values representative to Tartas correspond 
to Pi−lab of 63, 138, and 186 mgP (kg of soil)-1, respectively for 
P0, P1.5, and P3. We translated these values in gP m−2 by using 
the bulk density used in global simulations, then used them as 
initial soil P pools. In GPASOIL, Pi−lab and Pi−sec interact in a 
short time scale and modifying only the initial value of Pi−lab 
is not enough to prescribe the soil buffering capacity. Thus, we 
modified also the initial value of Pi−sec by applying it the change 
of Pi−lab between global and site-scale simulations. Initial values 
for other soil P pools (Pi−sec, Pi−prim, Po−lab, Po−sta, Px−occ) were 
taken from input used for global simulations.

Finally, soil solution P concentration (CP) was measured in 
Tartas and amounted 0.5e-3, 1.6e-3, and 2.9e-3 gP L−1 for P0, P1.5, 
and P3, respectively. CP simulated by GPASOIL at the beginning 
of the growing season differed from these values and we tuned 
the parameter CP,∞ from 0.10e-3 gP L−1 in the original model 
(Ringeval et al. 2024) to 0.35e-3 gP L−1 to make the CP simulated 
(0.6e-3, 1.7e-3, and 2.7e-3 gP L−1 for P0, P1.5, and P3, respectively) 
close to the observed values.

2.5.3   |   Global Simulations

Global simulation was performed for the year 2009, that is, the 
last year for which empirically derived potential yield (Gerber 
et  al.  2024), radiation, and temperature datasets were all avail-
able. As in Ringeval et al. (2021), the planting day and the day of 
crop maturity/harvest were prescribed by a global combination of 
MIRCA (Portmann et al. 2010) and SAGE (Sacks et al. 2010) as pro-
vided by Elliott et al. (2015) for the GGCMs intercomparison, and 
radiation and temperature were provided by Ruane et al. (2015).

Both soil P input and P losses through erosion were provided by 
Ringeval et al. (2024) for that year. Soil P pools at the beginning 
of the year were also provided by Ringeval et al.  (2024) and it 
is worth noting that averaged-crop values (i.e., not specific to 
maize) were thus used.

As in Ringeval et al. (2024), the current value of unmanaged soil 
P pools provided by He et al.  (2023) was used to approach the 
ratio between different soil P pools at equilibrium, needed in the 
relationships to compute k-parameters. For global GPCROP sim-
ulations, soil properties (soil texture, bulk density, pH, organic 
matter) were prescribed from Soilgrids 2.0 (Poggio et al. 2021) 
as in Ringeval et al. (2024). Datasets used for input are provided 
in Table 3.

The number of half-degree resolution grid-cells considered in 
GPCROP simulations is c.a. 15,000. While 25,000 grid-cells 
were considered for the calibration of SIM parameters, the avail-
ability of soil P values within Ringeval et al.  (2024) drove the 
final number of grid-cells considered. Global numbers provided 
in Section 3 correspond to spatial global averages by using the 
2009 maize area provided by Gerber et al. (2024) as weights. It 

is worth noting that this excludes the grid-cells with potential 
yield but with no 2009 reported maize area.

2.5.4   |   Uncertainty on GPCROP Simulation Results

Different sources of uncertainty are considered and are related 
to: SIM parameters (Table 2), GPCROP parameters (Table 1), one 
GPASOIL parameter (CP,∞, Table 1) and initial soil P pools. First, 
we sampled a subset of all combinations of SIM parameters al-
lowing a match with the target yield (see Section 2.4). For global 
simulations, this is done to reduce the number of GPCROP sim-
ulations to perform and the associated computation costs. This 
subset is combined with different combinations of GPCROP 
parameters and different values of CP,∞. The strategy varies ac-
cording to the simulation (site-specific or global ones) following 
the additional constraints at site-scale and for instance, the un-
certainty in initial soil P pools is only considered at the global 
scale. For each global GPCROP simulation, a random value of 
soil P pools was chosen for each grid-cell by assuming a nor-
mal distribution and by using the standard-deviation provided 
by Ringeval et al. (2024). Overall, c.a. 160 GPCROP simulations 
are performed at the site scale. We then excluded the value of 
several GPCROP parameters associated with the overestima-
tion of the P limitation as compared to the one observed at site-
scale (Section 3.2 and Table 1), leading to finally consider c.a. 
70 simulations at site-scale. At the global scale, 60 simulations 
were performed after the exclusion of the same values of few 
GPCROP parameters as the one exlcuded in site-specific simu-
lations (Table 1). This number of simulations was done for each 
GPCROP configuration (GPCROPno−intera, GPCROPnon−optim, 
and GPCROPoptim). Simulations are used to provide averages 
and standard-deviations.

3   |   Results

For the sake of simplicity, units used in Section 3 can be differ-
ent from the ones used in the above equations.

3.1   |   Calibration of Plant Growth Without P 
Limitation

The results of the Sobol analysis for SIM parameters are given in 
Figure S2 at global, latitudinal band and site scales. Following 
the Sobol analysis for biomgrain, only the following 7 parameters 
are then considered in the calibration: Tmin, maxnleaf, GDD1leaf, 
RUEtot, fgrain, SLA, and GDDlife. While the global sensitivity of 
biomgrain to SLA was found to be low, we kept SLA in the calibra-
tion, as SLA is involved in the remobilization of P (Equation 42). 
The calibration of SIM parameters relied then on 37 simulations 
corresponding to all combinations of parameters possible (7 pa-
rameters with 3 values allowed per parameter, Table 2). All com-
binations allowing to match the (Equation 46) are kept for the 
following GPCROP simulations. This is done for each grid-cell 
in the calibration at the global scale or for the unique grid-cell in 
the site-specific calibration.

The results of the calibration at the global scale are given in 
Figure  S3. The calibration allows yield at harvest simulated by 

(47)PColwell = 2.869 × POlsen − 2.93
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GPCROP (Figure S3b) to match the spatial distribution of poten-
tial yield given by Gerber et al. (2024) (Figure S3a). The number of 
GPCROP parameter combinations kept after the calibration var-
ied between < 30 (mainly in Canada and Libya) and c.a. 300 (in 
regions around the equator). The calibration did not succeed for 
c.a. 900 grid-cells (i.e., 4% of the grid-cells considered with SIM): 
for these grid-cells, no parameter combinations allowed fitting 
(Equation 46). These grid-cells where GPCROP is not able to re-
produce yield found in Gerber et al. (2024) are mainly located in 
Sudan, the north of Quebec, and in parts of China (Figure S3c).

We investigated if there is some consistency in the calibrated 
values among all parameter combinations kept after calibration 
(Figure S4) and if this consistency makes sense in regards to com-
monly accepted knowledge about cultivar distribution. We con-
sider that there is a consensus in the value of a given parameter 
if the same value is found for more than 75% of the combinations 
kept after calibration. Figure S4 indicates if the calibration success 
requires that some parameters have a specific value. For instance, 
the calibration succeeds in Northern Africa only if both the maxi-
mum number of leaves per plant (maxnleaf) and the fraction of daily 
NPP allocated to the grain (fgrain) have their lowest values allowed 
(15 and 0.4, respectively). Overall, we found that there is no con-
sensus for most places in the World (Figure S4). fgrain is related to 
harvest index (Appendix S4) and we could expect that calibrated 
combinations share a high fgrain in developed countries. Instead, 
the lack of consensus found in Figure S4 would suggest that the 
combinations kept after calibration embedded non-realistic pa-
rameters values. This could be explained by the fact that we only 
constrain the grain yield, allowing the calibration many degrees of 
freedom for finding all parameters involved.

Calibration with data from the Tartas field experiment leads to 
keeping c.a. 100 parameter combinations.

3.2   |   Comparison to Long-Term Field Trial

C.a. 160 GPCROP simulations were performed at site-scale by 
combining SIM parameters allowing the simulated yield to 
match the observed one with the different GPCROP parame-
ters (Table 1). Overall, the change in yield between P1.5 and 
P0 simulated by GPCROP is larger than the one found in ob-
servations at Tartas (23.1% with GPCROP vs. 10.7% found in 
observations). The change in yield between P1.5 and P0 sim-
ulated by GPCROP varies according to the values of GPCROP 
parameters (Figure  S5). From this sensitivity analysis, we 
excluded αPUE = 0.9 and concswog,def = 4.0e−3 gP gDM−1 from 
further analysis both at site scale (reducing the number of sim-
ulations to consider from c.a. 160 to c.a. 70) and at the global 
scale (Table 1).

Figure 2 focused on the seasonal cycle for both the observa-
tions and GPCROPoptim when considering the above mentioned 
c.a. 70 simulations (see Figure  S6 for the same figure with 
the c.a. 160 simulations). GPCROPoptim reproduces relatively 
well the observed seasonal cycle of most variables related to 
leaves (Figure 2a) and biomass (Figure 2b) (see Table S2 for 
the values of Root Mean Square Errors). Both the seasonal 
maximum number of leaves (Figure 2a) and final biomass in 
shoot and shoot without grain (Figure 2b) are underestimated 

with GPCROP as compared to the observations. On average, 
the values of maxnleaf kept from SIM site-specific calibration 
is consistent to the observed seasonal maximum number of 
leaves but senescence simulated in the model explains the 
lower seasonal maximum number of leaves (not shown). The 
effect of senescence on biomass in GPCROP is nevertheless 
small (not shown). As both biomass in shoot and in shoot 
without grain are underestimated, the difference (correspond-
ing to grain biomass) is consistent with the observations, as 
it is the target of the calibration. Overall, GPCROPoptim cap-
tures the delay in the seasonal cycle of nleaf and LAI of P0 vs. 
other treatments (P1.5 and P3), as compared to the delay found 
in the observations, but overestimated the delay for biomass 
(Figure  2b). GPCROPoptim simulates no difference between 
P1.5 and P3.

Almost no variation of the root:shoot ratio was simulated with 
GPCROPoptim while a seasonal cycle (with first an increase 
over the first 10 days then a decrease) was found in the ob-
servations (Figure 2c). A larger root:shoot ratio was observed 
for P0 than for other treatments. A sensitivity test where only 
the root:shoot ratio was optimized (GPCROPoptim,RSR) (vs. an 
optimization of root:shoot ratio and P concentration of shoot 
in GPCROPoptim) lead to simulate both a seasonal cycle in the 
root:shoot ratio and differences between the P treatments 
(Figure 2c).

The model underestimates the P concentration of shoot excluding 
grain at the beginning of the growing season and overestimates 
it at the end (Figure 2e). The seasonal cycle of the P concentra-
tion of shoot excluding grain is not captured by GPCROPoptim: 
in its current state, the model is not able to reproduce the 
well-known dilution curve. With its optimization procedure, 
GPCROPoptim has no benefit to decrease the P concentration of 
shoot excluding grain in the course of the growing season while 
P supply is not limiting because of larger root biomass. The fact 
that we do not distinguish stem and leaf could also contribute 
to this mismatch. In GPCROP, remobilization concerns only P 
contained in organs that are subjected to senescence and thus, 
cannot contribute to reproduce a dilution curve in the model. 
Grain P concentration are not allowed to vary in the model. In 
the observations, grain P concentration does not vary in time but 
is slightly different among the P treatments (Figure 2e).

In the model, P contained in biomass is driven by biomass and 
organ P concentration. As a consequence of the uncaptured di-
lution curve, GPCROPoptim underestimates P in total shoot bio-
mass at the beginning of the growing season and overestimates 
it at harvest, for treatments P0 and P1.5 (Figure 2d). Differences 
observed between P1.5 and P3 could be related to luxury con-
sumption of P, a process which is not represented in our model.

Figure S7 shows the effect of the P treatments on temporal av-
eraged variables for the observations, GPCROPnon−optim and 
GPCROPoptim. Overall, GPCROPoptim has a better fit to the obser-
vations than GPCROPnon−optim. In particular, the consideration 
of plant adjustments allows the reproduction of low negative ef-
fect of P0 vs. other treatments as found in the observations for 
LAI, nleaf (Figure S7a), biomass (Figure S7b), and P in biomass 
(Figure S7d). Interestingly, despite the model's inability to cap-
ture the dilution curve at seasonal scale as mentioned above, 
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GPCROPoptim reproduces (albeit underestimated) the lower P 
concentration of shoot excluding grain (concswog) in P0 as com-
pared to P1.5 at the beginning of the growing season (30% in the 
observations vs. 20% with GPCROPoptim, Figure S7e). GPCROP 
shows a larger root:shoot ratio in P0 than in other treatments 
when averaged in time (Figure S7c) but this occurs only when 
the root:shoot ratio is optimized alone (GPCROPoptim,RSR) and 
not when its is optimized with the P concentration of shoot 
(GPCROPoptim).

3.3   |   Model Behavior at Site Scale

The results of the three GPCROP configurations (GPCROPno−

intera, GPCROPnon−optim, and GPCROPoptim) are compared for the 
site-specific simulation with treatment P0 (Figure  3), without 
any comparison to the observations and for further understand-
ing of the model behavior.

The first column of Figure  3 (panels a–f) shows the seasonal 
cycle of GPCROP variables if plant growth and P do not inter-
act (configuration GPCROPno−intera). The number of leaves (nleaf, 
Figure  3a) first increases then decreases due to senescence. 
Organ biomass and P content of organ biomass vary accordingly 

(Figure 3b,c). Grain filling starts when the leaf number maxnleaf 
emerges (Figure 3a). The biomass in grain (biomgrain) reached 
at harvest in this configuration corresponds to yield observed 
at Tartas site (13.0 tDM ha−1 with std of 0.6 vs. 13.6 tDM ha−1 in 
the observations).

Figure  3c shows that, for the configuration without interac-
tion between plant growth and P (GPCROPno−intera), the P de-
mand to sustain the plant growth (Pdemand) is larger than the P 
supply by the roots (Psupply) at the very beginning of the grow-
ing season (between 0th and 50th days of the growing season) 
when roots are poorly developed, without effect on the plant 
growth in this configuration. However, in the configuration 
where plant growth and P interact GPCROPnon−optim, (2nd col-
umn of Figure 3), P limitation has a strong effect on the plant 
growth: plant growth is delayed until biomroot can make P sup-
ply larger than P demand (Figure  3g,i). P limitation occurs 
in this configuration as soon as the number of leaves (nleaf) 
reaches a given threshold (nleaf,thresh). As results, yield at har-
vest (6.1 tDM ha−1, std. of 3.7) is much smaller than in the 
configuration without P effect (GPCROPno−intera) (Figure 3g). 
The number of leaves at harvest is, on average, larger with 
GPCROPnon−optim than GPCROPno−intera due to the fact that P 
limitation postpones leaf senescence in GPCROPnon−optim. As 

FIGURE 2    |    Comparison of seasonal cycle at Tartas between observations and GPCROPoptim for year 1996. Observations are plotted thanks to 
symbols while simulations are plotted with lines. Distinct colors are used for the different treatments (P0, P1.5, P3) for both observations and simu-
lations. In panel b and c, both total shoot and shoot without grain are plotted: The difference between the both provides the information about grain. 
For GPCROPoptim, the grey area corresponds to two standard-deviations derived from c.a. 70 parameter combinations kept after calibration and exl-
cusion of two parameters values at Tartas site (Section 3.2) while error-bars (equal to two standard-deviations) are used for symbols. Blue and green 
lines can be overlapped. In panel c, in addition to GPCROPoptim (as in other panels), a second simulation corresponding to a sensitivity test where only 
the root:shoot ratio is optimized (GPCROPoptim,RSR) is plotted.
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a sensitivity test, we checked that GPCROPnon−optim provides 
similar results as an additional version of GPCROP where the 
different organ biomass are reduced to make the P demand 
consistent to the P supply without any optimization proce-
dure, as is generally done in supply vs. demand approaches 
working at a daily time-step on a given site (e.g., Mollier 
et  al.  2008). Equations corresponding to this additional ver-
sion of GPCROP are given in Appendix S5.

The root:shoot ratio when considering biomass that can suffer 
from senescence increases slightly at the end of the growing 
season in all configurations (Figure 3e,k,q). Removing the ef-
fect of the senescence, the root:shoot ratio is constant in both 
GPCROPno−intera (Figure 3e) and GPCROPnon−optim (Figure 3k). 
Similarly, the P concentration of shoot without grain is constant 
in these two versions (Figure 3f–l). In the configuration where 
plants can adjust to P limitations (GPCROPoptim, 3rd column 
of Figure 3), plants optimize allocation and P concentration of 
shoot without grain. The change in allocation leads to change 
in root:shoot ratio (Figure 3q). While the changes in both root:-
shoot ratio and P concentration of shoot without grain are quite 
small (Figure 3q,r), these changes are enough to alleviate almost 
totally the P limitation: plant growth is not delayed any more 

(Figure 3m) (contrary to GPCROPnon−optim) and the yield at har-
vest is very close to the one found in GPCROPno−intera (11.4 tDM 
ha−1, std. of 1.8). Root:shoot ratio changes only very punctually 
in GPCROPoptim and the model rather modifies the P concentra-
tion of shoot without grain. In Figure S8, we showed how the 
model optimizes the root:shoot ratio and the P concentration, 
independently or together, at the 1st day of optimization along 
a gradient of P limitation induced by scaling the initial soil P 
pools. This figure shows that, on the considered site, as soon as 
P concentration is allowed to vary, the optimization procedure 
focuses on the concentration instead of on the root:shoot ratio.

Soil P pools evolve slightly at seasonal scale (Figure  3d,j,p). 
Nevertheless, the model simulates a positive net flux from Pi−sec 
to Pi−lab (through Pi−sol), which buffer the decreases in Pi−lab due 
to P uptake.

3.4   |   Global Simulations

A number of 60 GPCROP simulations are considered at the 
global scale. Optimization succeeds in more than 99% of grid 
cells considered in GPCROP.

FIGURE 3    |    Comparison of seasonal cycle of some variables between GPCROPno−intera, GPCROPnon−optim, and GPCROPoptim configurations at 
Tartas site for P0 treatment. Each column corresponds to a given configuration. Variables plotted are relative to biomass (line 1), P content of biomass 
(line 2), P supply, demand and uptake (line 3), soil P (line 4), root:shoot ratio (line 5), organ P concentration (line 6). The meaning of each variable 
is given in the main text except “optimization success” (line 5) which is a variable equal to 1 if the optimization procedure succeed or 0 if not (note 
that the optimization is used for the whole growing season once nleaf is greater or equal to a given threshold called nleaf,thresh). For some lines, pan-
els have two y-axis: In that case, variables plotted with left (respectively right) y-axis are in the legend provided at left (resp. right) of the figure. For 
each variable, the grey area corresponds to two standard-deviations derived from c.a. 70 parameter combinations kept after calibration at Tartas site.
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When the effect of P limitation on plant growth was accounted 
for, the average maize yield at the global scale greatly decreased 
(Figure  4c, GPCROPnon−optim), as compared to the potential 
yield (Figure 4a, GPCROPno−intera). The global maize produc-
tion massively decreases from 877 MtDM (million of tons of 
dry matter) (std of 1) to 64 MtDM (std = 65) (i.e., a reduction of 
92.7% with a std. of 7.4%) when combining the simulated yield 
with the 2009 real maize area. Taking into account plant ad-
justments partly alleviates the P limitation with a global pro-
duction of 185 MtDM (std = 152), that is, a reduction of 78.9% 
(std = 17.3) as compared to the potential yield (Figure 4e). This 
alleviation mostly happens in Europe and China but remains 
spatially restricted at the global scale (Figure 4e).

We found a considerable uncertainty in GPCROP simulations 
as soon as P limitation is considered (Figure 4d,f). Among all 
parameters, the parameter CP,∞ (describing the equilibrium P 
concentration of the soil solution) is the one that contributes the 
most to the uncertainty (Figure 5). For instance, when splitting 
the 60 simulations according to the CP,∞ prescribed to the model, 
the coefficient of variation decreases from 82% (n = 60) to 56% 
(CP,∞ = 0.10e−3 gP L−1, n = 30) and 28% (CP,∞ = 0.35e−3 gP L−1, 

n = 30). In a lesser extent, the number of leaves from which in-
teraction between plant growth and P begins (nleaf,thres), a pa-
rameter describing the sensitivity of NPP to the P concentration 
(αPUE) and the default P concentration of shoot without grain 
(concswog,def) contribute also to the final uncertainty (Figure 5). 
While we cannot precisely isolate their specific contribution, 
parameters involved in plant growth modeling (i.e., SIM pa-
rameters) or initial soil P seem to play a smaller role to the final 
uncertainty.

We also found that the beginning of the growing season, con-
sidered here as the period before grain filling starts, is key for 
P limitation as P roots are poorly developed at that stage. When 
averaged over the whole growing season, P supply is greater 
than the P demand in many parts of the world (brown areas in 
Figure S9a). But when averaged over the vegetative part of the 
growing season, P demand is larger than P supply almost every-
where, except in Europe (Figure S9b).

Plant adjustments involved in the partial alleviation of P limita-
tion are shown in Figure 6. We found that the P concentration of 
shoot without grain is the lever mainly used by the optimization to 

FIGURE 4    |    Yield at harvest: Differences between GPCROP simulations. The grain biomass at harvest (biomgrain

(
t = tm

)
) is given for different 

GPCROP configurations (potential yield: GPCROPno−intera, yield limited by P without plant adjustements: GPCROPnon−optim, yield limited by P with 
plant adjustements: GPCROPoptim). Left column corresponds to average among GPCROP simulations (n = 60) while right columns corresponds to the 
standard-deviation (n = 60). Standard-deviation of potential yield (panel b) is almost null: All SIM parameters kept after the calibration of the plant 
growth without P leads to a potential yield close to one provided by Gerber et al. [2024].
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18 of 22 Global Change Biology, 2025

decrease the P limitation (Figure 6d vs. the default concentration 
in Figure 6a) instead of the change in root:shoot ratio (Figure 6e 
vs. the default concentration in Figure 6b). Indeed, the root:shoot 
ratio can be optimized, but its change is limited in time (Figure 6f).

4   |   Discussion and Conclusions

For the first time, we built a model that consistently consid-
ers interactions between crop growth, plant adjustments to 

P limitation, and soil P dynamics in a mechanistic manner 
using a daily time step at the global scale. Through (i) a sim-
ple model for plant growth without P limitation and (ii) an 
optimization procedure for C and P allocation, the model re-
lies on a relatively small amount of parameterization, except 
for soil P dynamics. We found that P limitation at the global 
scale reduces the global maize potential production by 78.9% 
(std = 17.3%), which means that the current soil P status does 
not allow potential yield. This is found despite the fact we con-
sidered fertilizer input for the year studied. It is likely that, 

FIGURE 5    |    Sensitivity of the change in global maize production to GPCROP parameter values. The change in global maize production as com-
pared to the potential yield (GPCROPno−intera) is given for both the configuration without (GPCROPnon−optim, top line, panel a) and with (GPCROPoptim, 
bottom line, panel b) plant adjustements. Changes are expressed as percent of potential production (GPCROPno−intera). For a given panel, correspond-
ing to a given GPCROP parameter, GPCROP simulations are splitted according to the value of the parameter considered. Average (dot symbol) and 
two standard-deviations (error-bar) are computed by using the subset of all GPCROP simulations sharing the same parameter value. Last panels on 
the right provides the change in global maize production when all simulations are considered (red dot, n = 60).

FIGURE 6    |    Plant adjustments to P limitation simulated with GPCROP. Plant adjustements concern the change in P concentration of shoot with-
out grain (concswog) and in the root:shoot ration (RSR). The average over the growing season before grain filling starts (“before grain avg”) is given 
for concswog (left column) and RSR (middle column). For RSR, annual maximum is given in addition (right column). Top line corresponds to root:-
shoot ratio and P concentration of shoot without grain in the GPCROP simulation without plant adjustements (GPCROPnon−optim): Thus, the variable 
are constant in space and are plotted here only to be used as standard for the value simulated by the GPCROP simulation with plant adjustements 
(GPCROPoptim, bottom line).
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in places where other factors (nitrogen, water) are currently 
limiting, farmers decrease P fertilizer, leading to current soil P 
that cannot sustain the potential yield. It is worth noting that 
the aim of our work is not to provide farmer fertilizer recom-
mendations at the local scale because of the spatial resolution 
and assumptions inherent in global scale modeling exercises 
(Haygarth and Rufino 2021). Our assumption of considering 
only P as a limiting factor was necessary for modeling pur-
poses, but it prevents practical applications as this assumption 
can be more or less true as a function of the World regions 
(e.g., arid regions, regions with high share of nitrogen fixing 
crops). Adding P under current conditions in areas where 
our study found a strong P limitation does not mean that the 
current yield would increase. The contribution of P vs. other 
abiotic factors to the current yield gap at the global scale is 
highly uncertain (see e.g., the inability of Mueller et al. 2012 
to decipher nitrogen and P) and our model could be an inter-
esting first component of a more complete mechanistic model 
for global yield gap analysis.

Few studies focused on the P limitation of the current potential 
yield, making difficult the comparison of our results to the liter-
ature. Indeed, only few studies focused on the current produc-
tion (e.g., Folberth et al. 2012; van der Velde et al. 2014; Mueller 
et al. 2012) while more focused on the P limitation under future 
scenarios (e.g., Mogollón et al. 2018, 2021; Magnone et al. 2019, 
2022). Some studies focusing on current yield do not consider P 
alone but consider nitrogen and water in addition to P (i.e., they 
focus on the actual yield instead of the potential one) (Folberth 
et  al.  2013; van der Velde et  al.  2014; Mueller et  al.  2012). To 
our knowledge, only Pradhan et al. (2015), Kvakić et al. (2018), 
Langhans et al.  (2021) and McDowell et al.  (2024) focused on 
the current P limitation and assumed nitrogen and water as non-
limiting, and thus could be compared to the current study. All 
these studies have in common to find a large P limitation but the 
magnitudes of the P limitation found are difficult to compare 
because of differences in the computation of P limitation (e.g., 
decrease in global production due to P limitation or fertilizer 
needed to close the global yield gap) or in the estimates of poten-
tial yield. McDowell et al. (2024) found that an capital fertilizer 
application of 39 TgP (so-called “tax” in Roy et al. 2016) and ad-
ditional 20 TgP yr-1. for maintenance are needed to remove the 
P limitation in cropland. These large numbers suggest that the P 
limitation is widespread but cannot be easily translated into de-
crease in global potential crop production. Pradhan et al. (2015) 
found that an increase in nutrient content of crop plant between 
actual and potential situations would correspond to an increase 
of current P fertilizer application of 22%–46% but their compu-
tation does not represent at all soil P mechanisms. Langhans 
et al. (2021) approached the P limitation by the increase of P plant 
uptake induced by a quenching 20 years period (i.e., 20 years 
with high P fertilizer application). Global numbers of this lim-
itation are not provided in Langhans et al. (2021) but they found 
that the P limitation is a global phenomena with local limitation 
between 40% and 80% in most places of the World (figure 1c of 
their study). Contrary to our study, Langhans et al. (2021) did not 
consider the P fertilizer application of the year considered but 
Kvakić et al. (2018) found that this only modified the P limita-
tion by only 5%–10%, underlying the importance of the existing 
soil P supply in sustaining crop yields. Kvakić et al. (2018) found 
that the current yield gap due to P under current practices reach 

46 (36–55)% for maize. The methods used by Kvakić et al. (2018) 
has many similarities to the ones used in the current study 
(comparison between soil P supply and plant P demand, repre-
sentation of plant P uptake) but we found a larger P limitation 
than found by Kvakić et  al.  (2018). Again, potential yield can 
vary between the two studies (provided by one GGCM in Kvakić 
et al. 2018 vs. calibrated against empiral-derived potential yield 
in the current study) and we stress the need to better constrain 
the potential yield in global scale modeling. More important, our 
work underlines the importance in considering interactions be-
tween plant growth and soil P dynamics at daily time-step (vs. 
annual time-step in Kvakić et al. 2018). We found that, despite 
annual averages of P supply larger than P demand, taking into 
account the daily interactions between plant growth and soil P 
dynamics leads to P limitation at the beginning of the growing 
season, when roots are not well developed yet. This results in 
yield at harvest lower than potential yield. Past studies primar-
ily relied on comparisons between annual supply versus annual 
demand to estimate nutrient (nitrogen, P) limitation in natural 
or crop ecosystems (Sun et al. 2017; Kvakić et al. 2018; Wieder 
et al. 2015). While this can make sense for nitrogen which is a 
mobile element in soil, it is likely not appropriate for P, as its up-
take by the roots is limited by soil diffusion and replenishment 
of soil solution by more stable P pools.

We found a large limitation of potential yield by P. The yield 
limited by P simulated in our work is even smaller than the 
actual yield provided by Gerber et al. (2024) in many places of 
the World (Figure  S10), which cannot be easily understood at 
first glance. Two main reasons can be invoked to explain this 
pattern. One is that we considered only P as the limiting factor, 
and taking into account other limiting factors may counterin-
tuitively decrease the simulated P limitation on yield: if nitro-
gen or water is limiting at the beginning of the growing season, 
the slower biomass increase would spread the P demand over a 
longer time period than in the case without nitrogen/water lim-
itation. This would allow time for the soil to replenish the soil 
solution, and this would decrease the P limitation effect on yield. 
How the key limiting factors interact in time and as a function of 
the processes involved is an open research question (Seghouani 
et al. 2024). The other reason is that GPCROP has some caveats 
that need to be addressed before we can interpret global esti-
mates with confidence. The main caveats are non-consideration 
of soil iron and aluminum (hydr)oxides concentration in the soil 
P dynamics model, lack of representation of seed P reserves, and 
overly restricted plant adjustments. The soil P dynamic model 
at the basis of GPASOIL (Wang et al. 2022) made the parame-
ter describing the solution P concentration at steady state (CP,∞) 
vary according to the soil iron and aluminum (hydr)oxides 
concentration. This was not possible when the soil P dynamic 
model was applied at the global scale (Ringeval et al. 2024) be-
cause of the lack of a global dataset providing the soil iron and 
aluminum (hydr)oxides concentration at that scale. Thus, we 
prescribed a spatially constant value for CP,∞. While the long-
term (c.a. 100 year) dynamic of the soil P pools was only slightly 
sensitive to CP,∞ (Ringeval et al. 2024), we found that the annual 
limitation of plant growth by P at the global scale is highly sen-
sitive to this parameter as it has an effect on the concentration 
of the soil P solution thus on the annual plant P uptake. This is 
true while the values tested in our uncertainy analysis (0.10e-3 
and 0.35e-3 gP L−1) do not encompass the range of variability 
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provided in Wang et al. (2022) (Figure 5 of this reference). While 
it is difficult to know if the no-spatial representation of CP,∞ leads 
to under- or overestimation of the P limitation, the high sensi-
tivity we found underlines the need to better represent it in the 
models. Earlier work started to collect soil solution P concentra-
tion values globally (Helfenstein, Jegminnat, et al. 2018; Wang 
et  al.  2022) and this compilation could be a starting point for 
defining soil-specific CP,∞ values. Since Ringeval et al.  (2024), 
global datasets about soil iron and aluminum (hydr)oxides con-
centration have started to be made available (Jia et al. 2024; Ren 
et al. 2024) and we stress the urgent need to further improve and 
expand such datasets. This was already underlined by Magnone 
et  al.  (2019, 2022) over Africa. The Wang et  al.  (2022) model 
aimed to reconcile the pools derived from the Hedley sequential 
chemical extraction and the mechanistic view derived from iso-
tope exchange kinetic experiments. One step forward is to rely 
only on isotope exchange kinetic experiments as chemical ex-
tractions confine the representation of soil P to non-mechanistic 
pools. To do so, pedo-transfer functions for predicting isotope 
exchange kinetic parameters from soil properties are needed 
(Helfenstein et al. 2024) and could be implemented in GPCROP 
as soon as they would be available. Here again, global datasets 
about soil iron and aluminum (hydr)oxides concentration will 
be key to extrapolate globally isotope exchange kinetic param-
eters (Achat et al. 2016). This would allow us to simulate daily 
replenishment to the soil solution closer to the data derived from 
isotope exchange kinetic experiments (Helfenstein, Jegminnat, 
et al. 2018; Wang et al. 2022) while the calibration of the Wang 
et al.  (2022) model involved such daily replenishment in com-
bination with few other variables related to replenishment over 
longer time-scales and soil P pools (see Equations  27–29) of 
Wang et al. (2022). Our model allows interaction between plant 
growth and P only from a given threshold in the number of leaves 
(nleaf,tresh) and our global P limitation is sensitive to this param-
eter. This threshold is in particular important as we found that 
the beginning of the growing season is a key period in the estab-
lishment of the P limitation. Considering interaction too early 
would overestimate the P limitation. An interesting alternative 
to a threshold in leaf number would be to start the simulation 
with some P reserve corresponding to existing P within the seed 
at planting day and to let the model optimize the transition be-
tween use of these reserves (autotroph period) and the uptake of 
P in the environment (heterotroph period) (Nadeem et al. 2014). 
Overly restricted plant adjustments would clearly contribute to 
the overestimation of P limitation. We found that GPCROP pref-
erentially modifies the P concentration of shoot (without grain) 
rather than the root:shoot ratio when both plant adjustments are 
allowed in our optimization procedure. It is visible in both site-
specific and global simulations. This is particularly visible in 
the site-specific simulation as GPCROP put all plasticity on the 
P concentration and simulated a change in the root:shoot ratio 
only in a configuration where the P concentration is constant. 
More work is necessary to make the estimate of each adjustment 
and their respective contribution to P limitation alleviation 
more robust. Data about the P concentration of the increment 
in biomass (instead of total biomass) would be interesting for 
the evaluation of GPCROP. GPCROP would also be compared to 
other long-term trials. More work is finally necessary to assess 
the sensitivity of the contribution of each adjustment to the way 
we model the productivity sensitivity to the P concentration or to 
the objective of the optimization.

GPCROP has other caveats, but it is unlikely that these caveats 
contribute to an overestimation of the P limitation on global 
production: inability in simulating a dilution curve and no ex-
plicit cultivar representation. These caveats are discussed in 
Appendix S6. Overall, an equilibrium has to be found between 
parameter parsimony and the number of mechanisms to rep-
resent. The use of organizing principles (Franklin et al. 2020) 
such as the optimized allocation currently used in GPCROP 
could help to keep the number of parameters as small as 
possible.

All the above limitations in mind, our model could be used to 
further understand the global P limitation of potential yield in 
a mechanistic manner. Also, it could be used to investigate how 
much P fertilizer is required to close the yield gap (McDowell 
et al. 2024) or to develop different scenarios in terms of resource 
P management and predict their effect on global yields. Finally, 
coupled with approaches dealing with water and nitrogen, 
GPCROP could help to quantify the contribution of each abiotic 
limiting factor to the current yield gap.
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