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ABSTRACT
Phosphorus (P) is removed from agroecosystems through harvesting, and sustainable management must include P fertiliza-
tion as P availability affects crop performance. However, accurate assessment of plant-available P is challenging. In this study, 
two promising approaches are combined to assess the plant-available P of a 22-year long-term experiment (LTE) near Rostock, 
Germany. We hypothesize agreement between a modern P test method and process-based model estimates of plant-available 
P. The diffusive gradients in thin films (DGT) technique offers an accurate P test method because it mimics the diffusion and 
desorption of soil P in the presence of root uptake. This was applied in a synergetic combination with a state-of-the-art agroeco-
system model that was extended with a P cycling module. The simulations and yearly DGT-P analyses comprise 4 treatments: no 
P fertilization, mineral P fertilization with triple-superphosphate, organic P fertilization with compost, and mineral plus organic 
P fertilization. Soils at 0–30 cm depth were sampled in four replicates on a yearly basis between 1999 and 2021. In addition, a P 
fractionation was applied for 2015 using the Hedley approach, which made it possible to link non-plant-available, steady P frac-
tions with the respective model pools. The comparison between DGT-P determined plant-available P up to a depth of 30 cm and 
that estimated from the pools of the agroecosystem model AgroC showed agreement with respect to the differences between the 
treatments and with respect to the temporal evolution (R2 between 0.65 and 0.7). Less agreement was detected for DGT-P and the 
respective model pools in deeper soil. A closer match over soil depth was found between grouped Hedley P fractions and AgroC 
model pools. Both, model and DGT-P analyses indicate that a new plant-available P equilibrium will be established under the 
new P management after about 12 years for the Rostock site, which points to the resilience of P cycling in agroecosystems. We 
conclude that the combined application of DGT-P analysis and agroecosystem modeling offers a robust and accurate quantifica-
tion of plant-available P in the plough layer and can be used to create an agricultural digital twin with respect to soil P availability 
and its impact on crop yield.
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1   |   Introduction

The accurate assessment of plant-available phosphorus (P) 
is difficult, because its concentration depends not only on the 
amount of total P in soil, but also on its bioavailability, bioac-
cessibility, mobilization kinetics, diffusion gradients, distances, 
and pathways to the root surface (Weihrauch and Opp  2018). 
All of these processes additionally change over time, as does the 
P demand of the plant and its climate-controlled uptake rates 
(Khan et al. 2023). Furthermore, the bioavailability of P in soil 
is affected by the crops cultivated (Pearse et al. 2006; Eichler-
Löbermann et al. 2021). The P removed from the soil via harvest 
must be replaced. The amount of fertilizer required to maintain 
a nutrient level can be calculated with fixed crop-specific P re-
moval values or soil-specific tabulated estimates. A modern al-
ternative for optimized P fertilization could rely on agricultural 
digital twins.

With a perspective toward digitization in agriculture, agricul-
tural digital twins have the potential to push the limits with re-
spect to decision-making, support, and automation over a wide 
range of agricultural activities (Pylianidis et  al.  2021). Digital 
twins are defined as synchronized virtual replicas of physical 
systems. The idea behind linking soil P test data with model es-
timates is to develop a blueprint for agricultural digital twins 
with respect to soil phosphorus dynamics and its impact on crop 
yield. An important step in the design of digital twins is the in-
formation flow from the physical to the virtual domain (Purcell 
and Neubauer 2023). At this point, it is not clear how classical or 
more modern experimental information on soil P availability to 
crops could automatically flow into a digital twin.

Over the years, a suite of P-tests with various advantages was de-
veloped (Nawara et al. 2017). For an accurate estimation of the 
available soil P, modern methods like the diffusive gradient in 
thin films technique (DGT) have evolved (Degryse et al. 2009; 
Kruse et al. 2015). In comparison to the batch techniques, such 
as double lactate or calcium acetate lactate methods and sequen-
tial extraction schemes of P pools in soil (Hedley et  al.  1982; 
Cross and Schlesinger  1995), the DGT technique has advan-
tages in assessing plant-available P by simulating the behavior 
of plant roots at the soil-solution interface. DGT-P has proven 
to be a valid indicator of plant-available P to crop growth in a 
range of studies (Mason et al. 2010; Nawara et al. 2017; Siebers 
et al. 2021).

In addition to the directly plant-available P, the amount and 
depth-specific distribution of the more stable P in the soil profile 

plays a role in the long-term perspective of P availability (Koch 
et al. 2018). Under fertilization, vertically stratified accumula-
tion of P in the topsoil and depletion of P in deeper soil layers 
may occur. In case of reduced liquid-phase P concentrations, a 
desorption of P from stable pools may also be relevant in subsoils 
(Siebers et al. 2021). Bauke et al. (2018) applied Hedley fraction-
ation and found for two LTEs that subsoil P stocks are used effi-
ciently only when topsoil plant nutrient status is sufficient. Even 
though the Hedley fractionation is a commonly applied exper-
imental procedure, it has been criticized for unreliable separa-
tion of organic and inorganic P and for not differentiating sorbed 
from “solid” pools (Klotzbücher et al. 2019; Barrow et al. 2021).

The accurate digital simulation of plant-available P is sensitive 
to the choice of the mineral P sorption concept. Physicochemical 
sorption approaches using Temkin, Freundlich, or Langmuir 
isotherms assume instantaneous equilibrium. Operating with 
P pools of different availability facilitates the inclusion of rate-
limited steps for desorption and diffusion (McGechan and 
Lewis  2002). This helped in conceptualizing mineral sorption 
of P by fast sorption kinetics and slower desorption terms as 
suggested by Jones, Cole, et  al.  (1984), who further suggested 
differentiating between a labile, an active and a stable mineral P 
pool. This concept has finally become the basis for a substantial 
number of models, like EPIC (Williams et al. 2015) as a precur-
sor of GLEAMS (Knisel et al. 1993) or RZWQM2-P (Sadukhan 
et al. 2019).

In general, P-test information can be used to initialize, cal-
ibrate, and validate (Lychuck et  al.  2021) P pools in models. 
Jones, Sharpley, and Williams (1984) used the empirical func-
tions established by Sharpley et al. (1984) to positively validate 
the model-based estimation of labile P over time with Bray P, 
Olsen P, and double acid extractable P for various LTEs in the 
United States. Similar approaches that rely on the assimilation 
of DGT-P measurements or Hedley fractionation data (Hedley 
et al. 1982) into digital models, however, are still lacking.

The extended AgroC model applied in this study enables the sim-
ulation of the entire P cycle of agroecosystems, including P sorp-
tion/desorption, uptake by crops, and mineralization of organic 
P (Mohammed et al. 2024). In combination with the application 
of the convection–dispersion equation for variably saturated 
solute transport in soil, this allows for a precise estimation of 
the liquid-phase P concentrations within a 1-dimensional soil 
column. This combination with the implemented pool concept 
for sorption/desorption is rarely found (Vogel et al. 2024), but it 
represents the most suitable model to combine with DGT-P mea-
surements. A model with comparable features that we are aware 
of is the Agricultural Nitrogen Model (ANIMO) developed by 
Groenendijk and Kroes (1999).

A limitation of P uptake will affect the overall biomass increase 
and potentially reduce yield (Mason et al. 2010). For a new de-
velopment, such as the AgroC P module, it is relevant to test the 
simulated response of biomass and crop yield to a potential P 
uptake limitation for a range of P fertilization levels and types.

Within this study the following hypotheses were investigated: (i) 
the transient behavior of DGT-P measurements is consistent with 
that of the plant-available model pool for various P fertilization 

Summary

•	 Combination of P-test data with process-based agroe-
cosystem model AgroC.

•	 Diffusive thin gradient determined labile P at 0–30 cm 
depth agrees with model pools over time.

•	 Diffusive thin gradients P variations of fertilization 
treatments correspond to model estimates.

•	 New plant-available phosphorus equilibrium estab-
lished after about 12 years.
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treatments; (ii) a link exists between P fractions and model pools 
over soil profile depth; (iii) the experimentally determined effect 
of P availability on crop growth is reflected similarly in P model 
pools and results.

2   |   Materials and Methods

2.1   |   Study Site “Stover Acker,” Rostock

The LTE site “Stover Acker” (54°3′41.47″ N, 12°5′59″ E) is lo-
cated near Rostock, Germany (Eichler-Löbermann et al. 2021). 
According to the World Reference Base for Soil Resources, the 
soil is classified as a Stagnic Cambisol. Soil texture is loamy sand 
with clay, silt, and sand fractions of 9%, 26%, and 65%, respec-
tively. Cation exchange capacity in the upper 30 cm is 6.7 ± 1.0 
cmol+ kg−1. The maritime climate is characterized by an aver-
age precipitation of 642 mm yr−1, and an average 2-m air tem-
perature of 9.31°C. Both averages were computed from on-site 
measurements over 22 years covering the experimental period 
1999 to 2021.

In this study, we focus on four LTE treatments: fertilization 
with triple superphosphate only (TSP), biowaste compost only 
(compost), TSP plus compost (TSP + compost), and the con-
trol treatment without any P fertilization. Treatments were 
established as randomized split-plots with subplots of 120 m2 
each in four replications (Hu et al. 2022). All treatments were 
supplied with potassium, magnesium (Mg), calcium (Ca), and 
micronutrients. Mineral nitrogen (N) fertilizer doses varied 
between 30 and 120 kg ha−1 for a single application to avoid 
N limitation on crop growth (Koch et  al.  2018; Requejo and 
Eichler-Löbermann  2014). TSP fertilization was applied on 
a yearly basis at 21.8 kg P ha−1 until 2013. Starting in 2014, 
the mineral P input was adjusted to 30 kg P ha−1. Biowaste 
compost was applied every third year, with dry matter (DM) 
amounts varying between 12.7 and 38.4 t DM ha−1. The crop 
rotation is given in Figure 1 and Table S1. The total P concen-
tration in the compost was measured for each application and 
varied between 0.14% and 0.26% of fresh matter. This resulted 
in organic P amendments varying between 44 and 151 kg P 
ha−1 for a single application. Within the Rostock LTE, for 
spring rape and all cereals, only the grains were harvested. 

FIGURE 1    |    Simulated (filled curves) and measured (points ± standard deviation) harvest biomass for control, compost, TSP (triple superphos-
phate), and TSP + compost treatment. Crop rotation is indicated in the uppermost panel, where sra = spring rape, sb = spring barley, sw = spring 
wheat, ww = winter wheat, wb = winter barley, wra = winter rape, ma = maize, so = sorghum, su = sunflower, and wry = winter rye.
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Subsequently, grain biomass and P content were determined. 
Leaves and stems were left on the field as harvest residue. In 
contrast, for maize, sunflower, and sorghum, the entire abo-
veground biomass was harvested, and only 10 cm of the stem 
remained on the field (Zicker et al. 2018). Biomass and P con-
tent of the entire harvested aboveground biomass was mea-
sured for maize, sunflower and sorghum.

The Rostock site is perfectly flat. Lateral P transport by surface 
runoff is negligible (Zicker et al. 2018). The measured soil P bal-
ance (PBAL) at this site was computed as:

where Pfert is the amount of fertilizer applied, Prem is the P taken 
up by crops and removed as harvest product, and Pleach is the P 
leaching. Since leaching measurements were not available, the 
study site average of the AgroC simulated leaching at 120 cm 
depth of 0.22 kg ha−1 yr−1 was also assumed for the computation 
of the measured P balance.

2.2   |   Soil P Fractions and DGT

Soil sampling of the 0–30 cm plough horizon for DGT analy-
ses was performed on a yearly basis, usually during February/
March. One exception was the sampling performed in August 
2002. Three replicates were sampled for each treatment, and soil 
samples were air-dried for further analysis. Diffusive gradients 
in thin films were analysed with a standard procedure described 
in Supporting Information  S1 and Siebers et  al.  (2021). The 
DGT-P concentrations measured in the eluent were determined 
at 100% water holding capacity, which prohibits a direct quanti-
tative comparison to simulated liquid-phase concentrations of 
the unsaturated soil.

Koch et  al.  (2018) used soil sampled on April 29, 2015, for 
a modified sequential fractionation method according to 
Hedley et  al.  (1982). In short, consecutive extractions were 
carried out using: (1) resin, (2) 0.5 M NaHCO3, (3) 0.1 M NaOH, 
and (4) 1 M H2SO4. The interpreted P fractions adhered to the 
recommendations of Hedley et  al.  (1982). NaHCO3-Pi and 
NaHCO3-Po represent labile inorganic and organic bicarbon-
ate P. NaOH-Pi and NaOH-Po represent moderately labile in-
organic and organic P sorbed and/or fixed by aluminum- and 
iron-(hydr)oxide, as well as P in humic and fulvic acids being 
potentially bioavailable. The H2SO4-P fraction represented in-
soluble (stable) P associated with Ca and Mg minerals in oc-
cluded or non-occluded forms.

2.3   |   AgroC

AgroC is a one-dimensional agroecosystem model (Herbst 
et  al.  2008; Klosterhalfen et  al.  2017), based on three main 
modules for the simulation of soil water, heat, solute, and 
CO2 flux (SoilCO2; Simunek and Suarez  1993), crop growth 
(SUCROS; Spitters et  al.  1989), and soil C turnover (RothC; 
Coleman and Jenkinson  2008). It was extended with a P 
module, which accounts for fertilization, convective–disper-
sive transport in the soil, sorption to an active and a stable 

P pool (Jones, Cole, et  al.  1984), root uptake, the effect of P 
limitation on crop growth (Williams and Izaurralde 2008) as 
well as mineralization and immobilization of organic P (see 
Figure S1). The latter is closely linked to the turnover of or-
ganic carbon (C) and N following the approach suggested by 
Vereecken et al.  (1991). We assumed that 20% of the organic 
P amendment was mineral and directly fed the liquid-phase 
pool (Mohammed et al. 2024).

The numerical mass error related to the total amount of P in 
the system at the last time step was −0.441%, 0.029%, −0.442%, 
and 0.029% for the TSP + compost, TSP, compost, and control 
treatment, respectively. We consider this range as acceptable 
for reactive solute transport simulations in unsaturated po-
rous media.

The phosphorus available for plant uptake is assumed to be 
mobile in the soil. The concentration of P in the pore water Plab 
[M P L−3 water] is simulated with the Convection–Dispersion 
equation. Fertilizer application, plant uptake, and leaching are 
computed with the solute transport module available in the 
HYDRUS-1D Version 4.17 (Simunek et al. 2013). One major pro-
cess of P cycling in soils is sorption. AgroC simulates the sorp-
tion of labile P into mineral P pools, active PACT [M P L−3 soil] 
and stable PSTAB [M P L−3 soil], as suggested in the mineral P 
cycling approach of Jones, Cole, et al. (1984). This approach is 
based on instantaneous equilibrium and sorption/desorption 
rates between the labile P pool and the active P pool, and be-
tween the active P pool and the stable P pool. The equilibrium 
between Plab and PACT is given as:

where θ is the soil water content, required to convert from the 
liquid-phase concentration to the soil volume related concen-
tration of PACT, and PSP [—] is the non-sorption coefficient, 
defined as the fraction of P that remains labile. In case of mass 
transfer to PACT, the mass is added to the PACT pool and re-
moved from Plab, which is performed as a source/sink term. 
The direction of mass transfer reverses when Plab × θ is smaller 
than PACT × PSP/(1 − PSP). In that case, the reverse exchange 
is assumed to be much smaller, and mass transfer is scaled 
down with the reverse rate modifier Rrev (default value = 0.1, 
Williams and Izaurralde  2008). At equilibrium, PSTAB is as-
sumed to be larger than PACT, and the corresponding exchange 
rate between the active and the stable P pool RACTSTAB [M P 
L−3 T−1] is given as:

where b0 [T−1] is an exchange rate coefficient and QSTAB/ACT is 
the stable to active pool ratio (default value = 4). The mass of 
P transferred via RACTSTAB is added to the PSTAB pool and re-
moved from PACT. Again, a reverse exchange, given when 
PSTAB > QSTAB/ACT × PACT, is assumed to be slower and is scaled 
down with Rrev. Parameters PSP, QSTAB/ACT, Rrev, and b0 are 
material-specific model inputs. PSP (between 0.05 and 0.75) 
can be calculated from the pedotransfer functions suggested by 
Jones, Cole, et al. (1984). Parameter b0 is 0.0076 for calcareous 
soils or = exp(−1.77 × PSP −7.05) for all other soils.

(1)PBAL = Pfert − Prem − Pleach

(2)Plab × � = PACT ×
PSP

1 − PSP

(3)RACTSTAB = b0 ×
(

QSTAB∕ACT × PACT − PSTAB
)
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2.4   |   Model Inputs

Potential grass reference evapotranspiration was computed 
with the Penman–Monteith approach as proposed by Allen 
et  al.  (1998). The required meteorological information was 
provided by an on-site station maintained by the University 
of Rostock. Gaps in the meteorological data, occurring mainly 
for the 1999 to 2004 period, were filled by establishing re-
gressions to the measurements performed by the German 
Weather Service (DWD) at Warnemünde station, located 
about 12 km apart.

Spatial discretization in the vertical is generally 1 cm and 
decreases to 0.1 cm near the soil surface. Depth-specific 
soil hydraulic properties (Table  1) were estimated from soil 
texture, bulk density, and organic C content as reported by 
Koch et  al.  (2018), applying the Pedotransfer functions of 
Weynants et  al.  (2009) and Weihermüller et  al.  (2017). The 
measured depth-specific organic C stocks were used to infer 
the initial organic C pools. Assuming an equilibrium state, 
the Pedotransfer functions of Weihermüller et al. (2013) were 
used to estimate the reactive initial organic C pools. The cor-
responding initial organic N pools were estimated from the 
respective initial organic C pool using the measured C/N ratio 
varying between 9.1 and 11.4 over depth (Koch et  al.  2018). 
Analogously, the initial organic P pools were determined, as-
suming medium nutrient-rich organic matter with a C/P ratio 
of 150, which is in the lower range of soil organic C/P ratios 
between 62 and 919 reported by Tipping et al. (2016). This pro-
cedure was required to provide a consistent C:N:P stoichiome-
try for each initial organic pool. Total initial organic C, N, and 
P stocks at the beginning of the simulation period in January 
1999 are summarized in Table 1. The initial mineral P pools, 
as defined by Jones, Cole, et al. (1984) were first derived from 
spin-up runs, where the simulation-period crop rotation, fer-
tilization, and meteorological data was looped 10 times, cov-
ering a period of 220 years. This provided equilibrium states 
for the soil mineral P pools over soil depth. However, the ini-
tial labile pool estimated for the 0–30 cm layer was low and 
thus manually adjusted to match the measured DGT-P con-
centrations for the TSP-compost treatment over the first years 
of the experiment. Initial mineral P pools are summarized 
in Table 2. Please note, all treatment models were initialized 
with identical values regarding organic C, N, and P pools, as 
well as with respect to the mineral P pools and soil hydraulics.

The default SUCROS parameter sets for most crops (all ce-
reals and maize) were available as compiled by Vanclooster 

et al. (1994). For rape, sorghum, and sunflower, parameter sets 
did not exist. In that case, available parameter sets were modi-
fied with literature values (Brogi et al. 2020).

2.5   |   Model Calibration/Inversion

All calibrations and inversions were exclusively performed with 
the TSP + compost treatment model. This allowed for a cali-
bration/inversion where processes related to both fertilization 
types were involved. After calibrating/inverting photosynthesis, 
crop P demand, and P sorption parameters for the TSP + com-
post model, the parameter sets were used in a forward manner 
to the other three treatments. The model inputs only differ in 
terms of the organic or mineral fertilization inputs specific to 
that treatment.

In a first step, the optimum photosynthesis parameter Amax was 
manually adjusted for each crop type to match the measured 
harvested biomass. During the manual calibration of the crop-
specific P demand, it appeared impossible to simultaneously 
match the P removed by maize harvest for the 2006 to 2010 pe-
riod and the second maize cropping period from 2013 to 2017. 
The maize variety changed from the first period to the second 
period. The measured average P content was 2.2 g P kg−1 DM and 
1.3 g P kg−1 DM for the first and the second period, respectively. 
Thus, two P demand parameters, XPCtot (see Equation  S5), 
were inverted for maize from the measured P removal. We used 
the downhill simplex algorithm (Nelder and Mead 1965) to in-
vert AgroC.

Thereafter, the stable to active pool ratio QSTAB/ACT (see 
Equation 3) was manually adjusted to achieve agreement be-
tween measured and estimated total soil P. In the last step, 
the inversion algorithm was also applied to estimate the P 
sorption parameter PSP (see Equation 2) for the 0–30 cm layer 

TABLE 1    |    Initial organic carbon (Corg), nitrogen (Norg), and phosphorus (Porg) pools for simulation; soil hydraulic parameters water content at 
saturation θs, inverse air entry pressure α, shape parameter n, and saturated hydraulic conductivity Ks assigned to pedogenetic layers.

Depth Corg Norg Porg θs α n Ks

Horizon cm kg ha−1 kg ha−1 kg ha−1 cm3 cm−3 cm−1 — cm day−1

Ap 0–32 53,168.6 5842.7 354.5 0.4347 0.0304 1.240 23.6

Bv 32–54 16,145.4 1630.8 107.6 0.4223 0.0300 1.225 22.9

BvSw 54–75 12,359.7 1084.2 82.4 0.4193 0.2621 1.199 17.9

Sd 75–120 0.0 0.0 0.0 0.3984 0.2622 1.199 10.6

TABLE 2    |    Depth-specific initial mineral phosphorus pools labile 
Plab, active PACT, stable PSTAB, and soil pH.

Depth Plab PACT PSTAB pHCaCl2

cm kg ha−1 kg ha−1 kg ha−1 —

0–30 138.8 688.7 2592.6 5.8 ± 0.1

30–60 8.9 304.1 1420.1 5.7 ± 0.1

60–90 1.2 200.2 825.3 5.8 ± 0.1
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using measured DGT-P concentrations of the TSP + compost 
treatment.

2.6   |   Model Performance Criteria

For model agreement quantification in the calibration/vali-
dation procedure, mean absolute error (MAE) and root mean 
square error (RMSE) were applied. Both provide errors in the 
unit of the investigated variable. We further calculated the 
model efficiency (ME), also referred to as the Nash–Sutcliffe 
coefficient (Nash and Sutcliffe  1970), which varies between 
–∞ and 1. The coefficient of determination R2 varies between 
0 and 1. Both are dimensionless criteria, but R2 can exhibit 
values close to 1 even if the model just reproduces the pattern 
and not the overall magnitude. In contrast, ME is a stricter 
criterion as it is sensitive to deviations between simulated and 
observed mean values.

2.7   |   Linking Experimental P Data With AgroC 
Model Pools

The measured DGT-P concentration is assumed to directly 
reflect the amount of plant-available P. For AgroC, the plant-
available P was defined as the simulated liquid-phase mass 
plus the fraction of the mass of the active mineral P pool that 
could desorb over the time duration of the DGT-P experiment 
(=1 day):

where PPA is the plant-available P, Plab is the AgroC labile P 
pool, PACT is the AgroC active P pool (see Equations 2 and 3), 
PSP is the sorption parameter partitioning the P between the 
Plab and the PACT pool, RREV is the desorption rate modifier 
(=0.1 in this study), and FDGTP is the measured DGT-P con-
centration. For comparison between simulated and observed 
PPA, the simulated PPA concentrations were averaged over a 
period starting 5 days prior and ending 5 days after the DGT-P 
sampling date. This compensated for any inaccuracies in the 
simulation of PPA resulting from the short-term variations in 
water content.

To relate the sequential P fractions determined by Koch 
et  al.  (2018) to AgroC model pools according to Jones, Cole, 
et al. (1984), the following assumptions were made:

where the sum of the moderately labile fractions FNAHCORPo and 
FNAHCORPi is assumed to relate to the sum, further referred to as 
the intermediate P pool (Pimed), of the active P model pool (PACT) 
plus the labile organic P pool for decomposable plant material 
PDPM and the labile organic P pool for resistant plant material 
PRPM. Further, the sum of the stable P pool (PSTAB) and stable 
organic material (PHUM), referred to as the steady P pool (Pstdy), 

was assumed to correspond to the sum of the FNAOHPo, FNAOHPi, 
and FH2SO4P fractions.

3   |   Results

3.1   |   Harvest Biomass and P Exports

Figure 1 shows the comparison of simulated biomass and mea-
surements. Please note that for maize, sorghum, and sunflower 
(green dots), almost the entire aboveground biomass was har-
vested. For all other crops (red dots), only the yield biomass was 
determined. The harvested biomass simulated by AgroC corre-
sponds well with the measurements as ME varies between 0.75 
and 0.89 over all treatments.

With respect to the amount of P removed by harvest products, 
agreement between AgroC and the observations can be stated 
(Figure 2) with coefficients of determination between 0.63 and 
0.75. Average maize annual P exports by harvest were observed to 
be 22.6, 25.1, 25.7, and 26.3 kg ha−1 for the control, TSP, compost, 
and TSP + compost treatment, respectively. Respective simulated 
values were 24.2, 24.6, 25.8, and 26.2 kg ha−1. The simulations 
of the calibrated TSP + compost treatment marginally overesti-
mated the total sum of P removed as a harvest product over the 
22 years by 5 kg ha−1 (Table 4). For the other three treatments, the 
respective errors between observed and simulated exported P 
were just slightly larger, varying between −7 kg ha−1 for the TSP 
treatment and 18 kg ha−1 for the control treatment. Nevertheless, 
the order of P removed by harvest was identical between the 
model and observations in the different treatments.

3.2   |   P Pools Over Depth

The pools and respective fractions were related according to 
Equations (5) and (6). The distinguishment of the labile, inter-
mediate, and steady pool in the AgroC model showed agreement 
with the corresponding extracts of the sequential P-fraction 
across different soil depths (Figure 3). ME varied between 0.91 
and 0.98 (Table  3). Also, differences between the treatments 
were usually reproduced correctly, except for the measured 
steady fraction of the compost treatment at 0–30 cm depth, 
which was unexpectedly large but also characterized by a high 
standard deviation.

Total P stocks (Ptot), defined as the sum of all P pools/frac-
tions up to a depth of 90 cm, show agreement for the 2015 sam-
pling. The bulk density data used to convert P concentrations 
to P stocks were identical for the model and measurements. 
According to the sequential P-fractionation, Ptot amounts to 
6307 ± 841, 5491 ± 1021, 6301 ± 1803, and 4992 ± 1055 kg ha−1 
for the TSP + compost, TSP, compost, and control treatment, 
respectively (Koch et al. 2018). The stocks simulated by AgroC 
for Ptot were 6116, 5838, 5805, and 5582 kg ha−1, respectively. 
Basically, the ranking of Ptot stocks between treatments was 
also reproduced by the model, except for the compost treat-
ment. The larger Ptot stock of the compost treatment corre-
sponds to large amounts of P in the H2SO4-P extract of the 
0–30 cm layer.

(4)PPA = Plab + PACT ×
PSP

1 − PSP
× RREV ≜ FDGTP

(5)Pimed = PACT + PDPM + PRPM ≜ FNAHCO3Po + FNAHCO3Pi

(6)Pstdy = PSTAB + PHUM ≜ FNAOHPo + FNAOHPi + FH2SO4P
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Calibration of the model with DGT-P data for the surface soil 
only caused considerable deviation of subsoil DGT-P data from 
simulated values, as indicated by a rather poor R2 of 0.48 for all 
sampling depths (Figure 4).

3.3   |   Plant-Available P Over Time

Figure 5 shows the temporal evolution of DGT-P and simulated 
PPA for the 0–30 cm layer over the 22-year experimental period. 
Independent of the P fertilization treatment, a general trend of 
decreasing DGT-P could be observed over the first ~12 years of 
the experiment. This was basically reproduced by the simulation 
of PPA with AgroC. A t-test (at error probability < 0.05) reveals 
that the measured DGT-P is significantly lower for each treat-
ment from 2010 onwards than for the first measurement of this 
treatment in 1999.

The insert of Figure 5 shows that simulations for the different 
treatments were close to each other in the first 4 years of the 
LTE, approximately. Thereafter, the models diverged, and to-
ward the end of 2021, the largest amount of PPA was found in the 

TSP + compost treatment. The findings were corroborated by 
the DGT-P measurements. The relative differences between the 
treatments over time were also consistent between simulated 
and measured data (see insert Figure 5).

3.4   |   Effect of P Availability on Yield

To investigate the response of yield to P availability as character-
ized by a specific P pool or fraction, the relative yield is commonly 
plotted against a P pool/fraction. Subsequently, an exponential 
function is fitted, assuming a Mitscherlich-type response. The 
upper panel of Figure 7 shows this relation between DGT-P and 
the relative yield for the Rostock field LTE. Treatment-specific 
relative yield was computed based on the assumption that the 
TSP + compost treatment yield represents the maximum po-
tential yield at the site. According to Menzies et al. (2005) and 
Mason et al. (2010), nutrient deficiency is indicated if the relative 
yield does not exceed 90% of the potential one, that is, if the re-
spective scaling factor is lower than 0.9. For the TSP treatment, 
the relative yield was lower than 0.9 in 3 years (maize in 2008, 
2013, and 2014), but remained rather close to this threshold. The 

FIGURE 2    |    Simulated (bars) and measured (points ± standard deviation) phosphorus removed by harvest for control, compost, TSP (triple super-
phosphate), and TSP + compost treatment. Crop rotation is indicated in the uppermost panel, where sra = spring rape, sb = spring barley, sw = spring 
wheat, ww = winter wheat, wb = winter barley, wra = winter rape, ma = maize, so = sorghum, su = sunflower, and wry = winter rye.
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relative yield criterion of 0.9 was also not met three times for the 
compost treatment. It was lower for summer rape in 1999 and in 
2002, and for winter rye in 2018. The lowest value of 0.82 was 

observed for the compost treatment for the first year of the LTE 
in 1999. In contrast, the control treatment showed nine relative 
yield values below 0.9.

The measured yield of the control plots was significantly lower 
(at error probability < 0.05) than for the TSP + compost treat-
ment in 9 out of 22 harvests. Significantly lower yield was al-
most exclusively observed for maize as well as for spring rye and 
spring wheat in 2000 and 2001, respectively.

3.5   |   Phosphorus Balance

The measured P balance indicates a gain of 491 kg P ha−1 after 
22 experimental years for the TSP + compost treatment, small 
losses for the TSP and compost treatment, and a loss of about 
−530 kg P ha−1 for the control. This gain/loss pattern over the 
treatments was reproduced by the model. The P gain calculated 
for the TSP + compost treatment of 8% was only slightly un-
derestimated by the AgroC counterpart, with a simulated gain 
of 6.5% (Table  4). For the TSP and compost treatment, the P 
gain was almost equal to P losses, which was also reflected in 
the model, with a remaining uncertainty of about 50 kg P over 
22 years.

The AgroC model can be used to answer the question of how 
much fertilization is required to perfectly balance the soil P 
stocks. The model for the TSP + compost treatment was inverted 
such that the amount of TSP fertilization is inversely estimated 
to guarantee a zero gain in the soil P balance. The analyses show 
that a reduction to 56% of the originally TSP amount (=12.2 kg P 
ha−1 until 2013, 16.8 kg P ha−1 from 2014 onwards) in combina-
tion with the original compost amendments would have ensured 
a perfectly balanced budget.

4   |   Discussion

4.1   |   Harvest Biomass and P Exports

Simulated average maize annual P exports by harvest are close 
to the observations. For maize and wheat, Smolders et al. (2021) 
reported mean annual total aboveground P of 35 kg ha−1 under 
non-limiting conditions for experimental sites in Belgium. The 
respective value of 26.3 kg ha−1 observed for maize in this study 
is lower, which might be explained by the on average less fa-
vorable water availability conditions of the loamy sand soil of 
the Rostock site. The order of treatments in terms of P removal 
was reproduced correctly by AgroC. The differences in P ex-
ports by harvest between the treatments were also well reflected 
(Table 4). For instance, the difference measured over the entire 
observation period between the TSP + compost treatment with 
the highest and the control treatment with the lowest sum of 
total exported P by harvest is 68 kg ha−1 (584 minus 516 kg ha−1). 
The respective value estimated with the AgroC models is 
55 kg ha−1 (589 minus 534 kg ha−1).

Wang et al. (2014), who used the APSIM model to cover a range 
of crops including wheat and maize, obtained an R2 of 0.87 
and 0.84 for total aboveground biomass and grain yield related 
to the measurements, respectively. Comparable values were 

FIGURE 3    |    Simulated intermediate (orange bars) and steady (brown 
bars) P pool vs. corresponding sequential P-fractions, that is, NaHCO3-P 
(red points ± standard deviation), and NaOH-P plus H2SO4-P (brown 
points ± standard deviation) for three soil depths on April 29, 2015.
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determined in this study (Table 3). Further, Wang et al. (2014) 
report slightly lower R2 of 0.75 and 0.73 with respect to the P 
uptake for total aboveground P uptake and grain P, respec-
tively. In our study, slightly lower coefficients of determination 
were also found for P removal than for the biomass simulation 
(Table 3). The lowest R2 of 0.63 was found for the control treat-
ment. However, the model performance regarding biomass 
and P uptake was generally acceptable and comparable to the 
performance of other models reported in the literature (Wang 
et al. 2014; Mohammed et al. 2024).

4.2   |   P Pools Over Depth

The Hedley fractionation scheme was criticized for imperfect 
identification of P fractions (Barrow et al. 2021). It was used 
for comparison to the simulation with respect to the interme-
diate and steady P pools. However, in this study, the original 
Hedley fractions were massively aggregated (see Equations 5 
and 6) such that any potential misidentification of fractions 
with comparable sorption/desorption properties for compar-
ison with model pools may be less evident. Despite the high 

TABLE 3    |    Model agreement indices for harvested biomass, P removed by harvest, P pools over depth measured on April 29, 2015, and measured 
diffusive gradient thin-films P (DGT-P).

Treatment Variable

kg ha−1 kg ha−1

ME R2 nMAE RMSE

TSP + compost Biomass 1499.9 2103.3 0.84 0.87 22

TSP + compost Removed P 3.1 4.5 0.67 0.73 22

TSP + compost P pools over depth 37.5 42.8 1.00 1.00 6

TSP + compost DGT-P 0.65 22

TSP Biomass 1132.4 1673.2 0.89 0.90 22

TSP Removed P 3.3 4.4 0.67 0.69 22

TSP P pools over depth 93.0 130.9 0.97 0.99 6

TSP DGT-P 0.68 22

Compost Biomass 1390.5 1916.6 0.88 0.89 22

Compost Removed P 3.0 3.8 0.73 0.75 22

Compost P pools over depth 152.4 247.7 0.95 0.97 6

Compost DGT-P 0.70 22

Control Biomass 1506.7 2248.5 0.75 0.87 22

Control Removed P 3.5 4.3 0.58 0.63 22

Control P pools over depth 149.7 197.7 0.94 0.96 6

Control DGT-P 0.69 22

Abbreviations: MAE = mean absolute error; ME = model efficiency; n = number of observations; R2 = coefficient of determination; RMSE = root mean square error; 
TSP = triple superphosphate.

FIGURE 4    |    Depth-specific DGT-P (points ± standard deviation) and corresponding simulated plant-available P (bars) for April 29, 2015.
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ME values, there were also some systematic errors. The in-
termediate P pool of the AgroC model tends to be smaller 
than indicated by the NaHCO3-P fraction of the sequential 
P-fractionation.

For German Cambisols, Gocke et  al.  (2021) reported average 
Ptot stocks to a depth of 100 cm of 7139 ± 780 kg P ha−1, which 
is slightly larger than observed in this study. This may be partly 
due to the fact that we related P stocks to 0–90 cm only, but 
not to the top 1 m of soil. Nevertheless, the magnitude is quite 
close to the stocks measured and simulated in our study for the 
TSP + compost treatment, which is closest to the common farm-
ing practice.

The DGT method provides reliable estimates of plant-available 
P (Siebers et  al.  2021). The 0–30 cm DGT-P variation over the 
treatments coincided well with the simulated pools and is also in 
the range reported by Lychuck et al. (2021) for the labile P pool. 
For the 30–60 and the 60–90 cm layers, PPA was clearly overes-
timated by the model, except for the TSP + compost treatment 
(Figure  4). The TSP + compost treatment was calibrated with 
the DGT-P time series by adjusting the PSP parameter for the 
0–30 cm layer. However, the PSP values of the layers underneath 
were as initially chosen. For 30–90 cm depth, the initial values of 
the labile and active pools for all treatments were those derived 
from the spin-up equilibrium runs based on the TSP + compost 
treatment.

4.3   |   Plant-Available P Over Time

The decline of PPA following the start of the LTE observed for 
all four treatments was probably related to the previous manage-
ment that included larger amounts of P fertilization. In AgroC, 
this resulted in elevated stocks of the labile and active P pool. In 
general, agreement of the temporal evolution of AgroC PPA and 
DGT-P can be stated, proven by R2 ranging between 0.65 and 
0.70 over the four treatments (Table  3). The R2 between simu-
lated data of AgroC PPA and the measured ones via DGT-P across 
all treatments was 0.72. Figure 6 also shows that no single treat-
ment model systematically deviated from this overall picture. An 
exception was the period 2003 to 2005, when DGT-P stocks in-
creased for all treatments, which was not captured by the model 
PPA. We attribute the elevated DGT-P for this period to the fact 
that soil sampling was performed in spring while winter crops 
were grown. Continued microbial activity over the winter, with 
increased mineralization of organic P (Hu et  al.  2022; Pätzold 
et  al.  2020), likely contributed to the elevated DGT-P stocks. 
Generally, at the time of sampling for DGT analyses in February/
March, a crop was not present.

The PSP value defines the fraction of P that remains dissolved 
in the liquid phase, that is, the fraction that is not sorbed to the 
active P pool (Equation 2). The PSP value usually ranges from 
0.05 to 0.75 (Williams and Izaurralde 2008). The PSP value of 
0.078 determined inversely for the plough horizon was clearly 

FIGURE 5    |    Measured DGT-P (points, standard deviation indicated by colored areas) and corresponding simulated plant-available P (lines) for 
control, compost, TSP (Triple Superphosphate), and TSP + compost treatment. The figure insert shows the simulated plant-available P of all treat-
ments against the measured average DGT-P value. Axis scaling of the figure insert is identical to the large figures.
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in the lower range of PSP values reported elsewhere (Sharpley 
et al. 1984; Knisel et al. 1993; Williams and Izaurralde 2008). 
On one hand, this low PSP can partially be explained by the T
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FIGURE 6    |    0–30 cm measured DGT-P vs. simulated plant-available 
P over the entire observation period. Lines represent corresponding lin-
ear fits for control, compost, TSP (triple superphosphate), TSP + com-
post treatment, and full data set.
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soil characteristics in terms of soil pH, clay content, organic 
C content, and labile P level (Sharpley et al. 1984) at test site 
Stover Acker. On the other hand, it can be explained by the 
original inorganic P pool concept of Jones, Cole, et al. (1984) 
as implemented in EPIC, for example, and in which the la-
bile pool consists of soluble plus surface-sorbed mineral P 
(McGechan and Lewis 2002). In the AgroC model, the labile 
pool Plab solely represents the water-soluble P. This results in 
lower labile P and higher active P pool masses, which in turn 
requires lower PSP values.

4.4   |   Effect of P Availability on Yield

The rather heterogeneous response of yield to P limitation 
for the control treatment might be explained by the fact that 
crop species, and even specific traits, are expected to differ 
in their sensitivity to P limitation (Smolders et al. 2021; Khan 
et al. 2023). Further, other limiting factors like soil water avail-
ability (Das et al. 2022) play a role in the response of yield in 
dependence on specific crop/drought combinations occurring 
in some years. In summary, 22 years after the LTE started, 
there was a distinguishable P deficiency for the control treat-
ment without any P amendment and a moderate P deficiency 
for the other two trials. This trend was also reflected by the 
AgroC modeling. As depicted in the lower panel of Figure 7, 
the simulated relative yield response to plant-available P 
showed a similar response to the measured ones using DGT-P 
as reference. The model confirmed the P deficiencies for the 
control treatment and the smaller deficiencies observed for 
the TSP and compost treatments. The coefficient of determi-
nation for the exponential fits in Figure 7, however, was low, 
reflecting the limited systematic variation in the yield data. 
In relation to the TSP-compost treatment, measured yield was 
significantly lower for the control plot in 9 out of 22 cases, 
which was mainly observed for maize. This again points to 
crop-specific sensitivities to P limitation. Further, it is proba-
bly a consequence of the soil P stocks at the beginning of the 
experiment being so large that the soil could compensate for 
the lack of P fertilization in the control treatment for a sub-
stantial period.

4.5   |   Phosphorus Balance

As indicated in Section  3.1, there was basically agreement 
between the simulated and measured P removal by har-
vest. The largest discrepancy was observed for the control, 
where a removal of 18 kg P ha−1 was not predicted by AgroC, 
which already explains minor final deviations between sim-
ulated and measured P balance. Likely, additional processes 
contribute to the slightly larger P uptake by harvest in the 
control, like P provisioning via arbuscular mycorrhizal fungi 
(George et al. 1995; Vogel et al. 2024), not yet covered in the 
model design of AgroC. Besides, there is an imperfect initial-
ization of plant-available P at model start, as this was largely 
based on the TSP + compost treatment. Notably, the overall 
simulated and measured P balance is in agreement with re-
spect to gains and losses of P over the 22 years of duration of 
the LTE.

4.6   |   Model Evaluation and Parameter Sensitivity

Crop growth parameters, crop-specific P demand, and P sorp-
tion and uptake parameters determined for the TSP + compost 
treatment were used to predict P balances and P uptake stress 
for the other three treatments (control, compost, and TSP). The 
model validation criteria for those three treatments point to a 
positive evaluation of the model assumptions.

After calibration of PSP for the 0–30 cm layer, agreement with 
the temporal evolution of PPA according to the DGT method 
was given. AgroC is based on a slightly modified definition of 
the labile pool as part of the mineral P pool concept accord-
ing to Jones, Cole, et al.  (1984), such that the use of literature 
methods (Sharpley et  al.  1984) to estimate PSP is not entirely 
valid. Instead, in this study, PSP was calibrated based on the 
TSP + compost treatment and was applied in a forward manner 
to the other three treatments. This procedure indicates that a 
site-specific calibration, and probably also a depth-specific cali-
bration as discussed above, is required. Once PSP is calibrated, 
the benefits of combining model estimates with the DGT method 
can be exploited for use in an Agricultural digital twin. A major 
limitation of DGT-P tests is the fact that due to the disturbed 
sampling, and because the experiments are performed at water 
holding capacity (Degryse et al. 2009) with an unknown water 
content, a plant-available P stock in kg ha−1 is not attainable. 
This would, of course, be very helpful to calculate P balances 
and support decision-making with respect to P fertilization 
amounts. However, in conjunction with a process-based model 
that is calibrated using the DGT-P measurements over time, this 
issue can be solved. Following this procedure, quantitative P fer-
tilization recommendations can be given.

In addition to PSP, the stable to active pool ratio QSTAB/ACT was 
also adjusted to match the experimentally determined stocks of 
total P. With a value of 7.4, QSTAB/ACT is higher than the default 
value of 4 suggested by Jones, Cole, et al.  (1984). This param-
eter is implemented as a fixed value in many models. For the 
estimation of PPA, the QSTAB/ACT ratio eventually has little effect, 
but it is required to match the measured conditions with respect 
to the slow/stable mineral P pools. Departing from the simpli-
fied model assumption of a QSTAB/ACT at equilibrium equal to 
4 is necessitated, assuming that a site-specific amount of slow/
stable mineral P pools in dependence on the historic P fertiliza-
tion scheme, soil parent material, and properties resulting from 
pedogenesis is given (Cross and Schlesinger 1995; Holford 1997). 
The reverse rate modifier Rrev (default value = 0.1) was not mod-
ified, as well as the computation of the b0 parameter controlling 
the sorption/desorption rate between the active and the stable 
mineral P pool (Equation 3). Both parameters showed little ef-
fect on PPA in this study.

Within this study, the blueprint for an agricultural digital twin 
with respect to P availability and the resulting yield response 
evolved. Data on plant organ-specific biomass, P removal by 
harvest, plant-available P at 0–30 cm depth as determined by 
DGT, and sequential fractionation over soil depth flowed into 
the digital model, where the parameters Amax, XPCtot, QSTAB/ACT, 
and PSP were inversely estimated for an optimum match to the 
physical entity. According to Purcell and Neubauer (2023), this 
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unidirectional information flow into the model created a par-
tially integrated digital twin, which is referred to as a “digital 
shadow.” Full integration would require a bidirectional informa-
tion flow. For example, if the model-derived optimum P fertiliza-
tion rate was passed back to the real world and implemented as 
the future P fertilization practice. In practice, that is, not at an 
LTE site as in this study, less site-specific soil information will 
be available.

5   |   Conclusions

The DGT-P results and the model agree that after 22 years with-
out P addition, the plant-available P is about half of what would 
be available for the common organic and mineral P fertiliza-
tion strategy. AgroC and the measured harvest biomass reveal 
a moderate effect of P availability on crop performance 22 years 
after discontinuing P fertilization. From the P balances, we 
conclude that the current P fertilization rate, either by organic 
or mineral amendment, generates an almost optimal P supply 
to the crops. The treatment with both organic and mineral fer-
tilization and two times the amount of P fertilization leads to 
an increase in soil P stocks, which potentially causes negative 
side effects.

The AgroC model and the DGT-P method indicate that a new 
plant-available P equilibrium will be established in dependence 
on the new P management. The desorption rate from the stable 
P pools, in combination with the P fertilization, will finally de-
termine the new equilibrium level of plant-available P. For the 
investigated test site near Rostock, we found a time lag of about 
12 years for this process. However, this can be different at other 
sites, as different soil, climatic, and P fertilization conditions 
prevail there.

The establishment of a digital shadow (Purcell and 
Neubauer  2023) demonstrates how P test data can inform a 
process-based model of P availability. In a real-world applica-
tion of an agricultural digital twin, less measured information 
is likely to be available, which will inevitably deteriorate model 
quality. Nevertheless, it appears to be an appropriate tool to 
avoid unwanted system states, like P limitation to crop growth 
or groundwater exposure to P leaching. It has the potential to 
reduce risks when farmers make decisions. In this study, the 
combination of the DGT-based determination of plant-available 
P with a sequential fractionation scheme allowed for an approx-
imation of the P cycle with the slightly modified pool concept of 
Jones, Cole, et al. (1984). Since basically all available P tests have 
proven relevance to some degree, any combination of a P cycle 
model with a P test can work in this respect if, as demonstrated 
in this study, links between model pools and P test results can 
be established.
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Supporting Information section. Data S1. Supporting Information. 
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