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1  |  INTRODUCTION

In the last decades, a lot of effort has been made to analyse 
carbon and nitrogen cycling in soil and to develop models, 
which represent those processes. A further key element for 
plant nutrition is P, which is responsible for plant growth, 
reproduction and energy transfer within the plant. In 

agriculture, mineral P is used as fertilizer but P reservoirs 
are limited and depleting (Sulieman & Mühling, 2021; Yan 
et al.,  2022). Therefore, P cycling gains a rising interest 
in agricultural praxis. Hereby, the application of organic 
amendments can be an essential part in closing the P 
cycle. Besides fertilization, P occurs naturally in bedrock 
and is slowly released through weathering of P- bearing 
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Abstract
Phosphorus is a nonrenewable resource, which is required for crop growth and to 
maintain high yields. The soil P cycle is very complex, and new model approaches 
can lead to a better understanding of those processes and further guide to research 
gaps. The objective of this study was to present a P- submodel, which has been 
integrated in the existing Carbon Candy Balance (CCB) model that already com-
prises a C and N module. The P- module is linked to the C mineralization and the 
associated C- pools via the C/P ratio of fresh organic material. Besides the organic 
P cycling, the module implies a plant- available P- pool (Pav), which is in a dynamic 
equilibrium with the nonavailable P- pool (Pna) that comprises the strongly sorbed 
and occluded P fraction. The model performance was tested and evaluated on 
four long- term field experiments with mineral P fertilization, farmyard manure 
as organic fertilizer and control plots without fertilization. The C dynamics and 
the Pav dynamics were modelled with overall good results. The relative RMSE for 
the C was below 10% for all treatments, while the relative RMSE for Pav was below 
15% for most treatments. To accommodate for the rather small variety of available 
P- models, the presented CNP- model is designed for agricultural field sites with a 
relatively low data input, namely air temperature, precipitation, soil properties, 
yields and management practices. The CNP- model offers a low entry threshold 
model approach to predict the C- N and now the P dynamics of agricultural soils.
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minerals (Dzombak & Sheldon, 2020). For some regions, 
P input through deposition can play an important input 
factor (Vet et al.,  2014); however, erosion and leaching 
processes are an important output pathway where P can 
get lost into hydrological systems (Alewell et al., 2020).

In soils, P occurs in different species. Water dissolved 
P, which is directly plant available, while weakly adsorbed 
P can be made available by plants, for example, through 
root exudates. Furthermore, P can be bound to aluminium 
(AL) or iron (FE) complexes or organic compounds. The 
organic bound P is linked to the C cycle and occurs in bio-
molecules, such as nucleic acids, phosphoproteins, sugar 
phosphates and inositol phosphates (Wang et al.,  2021). 
There is a wide variety of analytical extraction method for 
different P species like calcium acetate- extractable P, dou-
ble lactate- extractable P, Olsen P and Mehlich 3, just to 
mention some (Wuenscher et al., 2016).

While those measurable P species represent the ex-
traction method, in model approaches P species often 
get aggregated in conceptional pools which interact with 
each other. The choice of pools has to be adapted to the 
complexity of the analysed system, the data input and the 
evaluation between complexity and sufficient accuracy. 
There are some models addressing P turnover in soils: the 
DDPS model (dynamic phosphorus pool simulator) com-
prises two pools on spatial scale with annual steps (Sattari 
et al., 2012; Zhang et al., 2017), whereas the APLE (Annual 
P Loss Estimator) model calculates the P dynamics on an-
nual scale with three inorganic P- pools and an organic 
one (Vadas et al., 2012). The LePA (legacy phosphorus as-
sessment) model considers three inorganic P- pools with P 
fluxes on annual steps (Yu et al., 2021). However, none of 
these models considers the organic P cycle separately. In 
DDPS, organic P is assumed to be part of the labile and 
stable P- pools but it is not considered that P gets released 
during mineralization of C or bound during the build-
ing up of soil organic matter (SOM). APLE assumes a fix 
rate of organic P, which is not mineralized at the end of 
the year, not considering, environmental conditions, the 
date of application nor chemical composition of the or-
ganic amendments. Neither do they calculate the crop P 
uptake, rather fix numbers are assigned (DDPS; Sattari 
et al., 2012) or the soil P content is used to calculate crop 
uptake with linear regressions, which are site specific 
(LePA; Yu et al., 2021).

The P- model approach presented in this paper is inte-
grated into the existing CCB model (Franko et al., 2011), 
which already comprises C and N modules and targets ar-
able soils requiring small data input on a monthly time 
scale. From now on, this model is labelled as CNP- model. 
In addition to the mineral P fractions, the new P- module 
also deals with an organic P fraction, where the P turnover 
is coupled to the C mineralization of the three SOM pools 

of the CNP- model. Notably, each fresh organic matter 
(FOM) input is characterized by specific mineralization 
parameters and a FOM- specific C/P ratio. Furthermore, 
the P- module describes an easily available P (Pav) fraction, 
which is considered as plant- available pool. The Pav- pool 
acts as active pool, which is responsible for the translo-
cation of P into other pools and serves as first sink for P 
inputs. The Pav- pool is in a dynamic equilibrium with the 
nonavailable pool (Pna), which represents the bound and 
occluded P species. All P associated with the SOM pools, 
the Pav- pool and the Pna- pool, form together the total P 
fraction.

Long- term field experiments (LTE) are most suitable 
for examining P fertilization management on the soil P 
status. They enable studying complex fertilizer turnover 
processes in soils operating on long time scales under en-
vironmental conditions. Thus, they provide an overview 
of the effectiveness of fertilizer management on nutrient 
mobilization, transformation, translocation and uptake 
by crops (Siebers et al., 2021). Furthermore, LTEs provide 
sufficient data to validate model concepts for P dynamics, 
which are not as easily predictable as C and N dynamics 
because of high complexity.

For this study, four LTEs were used to evaluate the P- 
model. The LTEs are located across Germany with differ-
ent soil types and have different crop rotations. The input 
data requirement for the CNP- model is relatively low 
needing air temperature, precipitation, crop yields and 
management (e.g. ploughing, irrigation, time of seeding 
and harvest), fertilizer inputs, as well as soil properties like 
clay and silt content, bulk density and initial values for 
C and P. The model validation was performed on control 
plots without fertilizer amendments, mineral fertilized 
plots and plots with farmyard manure (FYM) as organic 
fertilizer. Thus, common mineral and organic treatments 
are used to evaluate the model performance. Moreover, 
the model is tested on nonfertilized plots to conclude 
about anthropogenic unsupplied P soil processes.

Agricultural process models can serve as tool to con-
clude about nutrient dynamics and can help to identify 
research gaps and provide practical support for farmers 
and stakeholders. Therefore, the aim of this study was to 
present the P soil model approach, to validate its perfor-
mance and to test the model concept on different soils, 
and management practices.

The main objectives of this study were as follows:

 I Introduce and describe the P- model concept.
 II Validate the P- module on four long- term field experi-

ments with control plots, mineral fertilization and or-
ganic fertilization, with different soil properties.

 III Evaluate the model performance compared with the 
field measurements.
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2  |  MATERIALS AND METHODS

2.1 | Field trials

Four different field trials were considered for the model 
evaluation. The field trials were situated across Germany, 
in Bad Lauchstädt (BL) in Saxony- Anhalt, Berge (BG) in 
Berlin, Speyer (SP) in Rhineland- Palatinate and Rostock 
(RO) Mecklenburg Western Pomerania. The required 
weather data were received from the closest weather 
station to the test site.

The validation of the P- model was conducted on the 
control plots (CRL), plots with mineral fertilization (MIN) 
and plots with farmyard manure (FYM) application. A 
brief overview is given in Table 1.

In the LTEs of BG, BL and RO, the available P spe-
cies was measured as double lactate soluble P (DL- P), 
since this is common for the northern part of Germany. 
Because of the replacement of the DL- P method, the 
values were transformed to calcium acetate lactate solu-
ble P (CAL- P) following van Laak et al. (2018) using the 
equation:

2.1.1 | Berge (BG)

The field trial was set up in March 2011 with a one- factorial 
randomized block design, with four replications. The crop 
rotation was as follows: winter rye as whole crop silage 
followed by maize and in the next year winter rye as whole 
crop and silage– sorghum. Fertilizers were applied twice 
a year before the sowing of either rye or maize/sorghum. 
Furthermore, it is to be noticed that all treatments 
have been cultivated with winter wheat and mustard 
as intercrop with an N- fertilization of 100 kg N ha−1 as 
premanagement.

The fertilizer quantities were based on the amount of 
applied carbon of a standard farmyard manure (FYM) 
application of 12.5 t ha−1 a−1 (7.5 t ha−1 before maize or 
sorghum and 5  t ha−1 before winter rye). The amount 
of the other organic fertilizers is determined by the 
amount of organic carbon (Corg) spread by the manure 
at every application date, so that the amount of Corg is 
the same for all applied organic fertilizers. The resulting 
differences in applied nitrogen were balanced by min-
eral fertilization.

At each plot, five soil samples were taken to a depth of 
20 cm two times a year (2011– 2020), once after the harvest 
of green rye in May and then after the harvest of either sor-
ghum or maize in October. The soil was air- dried, sieved 
(<2 mm) and analysed for soil organic carbon (Dumas) 
and phosphorus content (double lactate method).

(1)CALP
(

mg∗kg−1
)

= 8 + 0.61∗DLP
(

mg∗kg−1
)

T
A

B
L

E
 1

 
So

il 
pr

op
er

tie
s o

f f
ie

ld
 tr

ia
ls

 fo
r t

he
 u

pp
er

 3
0 c

m
, t

he
 c

on
si

de
re

d 
pe

ri
od

 o
f t

he
 tr

ia
l a

nd
 fe

rt
ili

ze
r a

pp
lic

at
io

n

Fi
el

d 
tr

ia
l

C
la

y 
(%

)
Si

lt
 (%

)
Sa

nd
 (%

)
So

il 
pH

Pe
ri

od
 (y

ea
rs

)
C

R
L 

(k
g h

a−
1  a

−
1 )

M
IN

 (k
g h

a−
1  a

−
1 )

FY
M

Lo
ca

ti
on

BL
21

68
11

7
19

50
– 2

01
9

N
o 

fe
rt

ili
ze

r
N

: 4
0–

 17
0,

 P
: 0

– 6
0

30
 t h

a−
1  b

ie
nn

ia
lly

N
o 

P 
an

d 
N

51
°2

3′
25

.8
″N

 
11

°5
2′

49
.1

″E

BG
1.

1
9

89
.9

5.
54

20
11

– 2
02

2
N

o 
fe

rt
ili

ze
r

N
 ~

 25
0,

 n
o 

P
12

.5
 t 

ha
−

1  a
−

1

N
o 

P 
an

d 
N

52
°3

7′
11

″N
 

12
°4

7′
16

″E

R
O

7.
65

24
.5

67
.8

5
5.

64
19

99
– 2

01
4

N
: 1

60
, n

o 
P

P:
 2

1.
8,

 N
: 1

50
– 2

00
30

 t h
a−

1  tr
ie

nn
ia

lly
N

o 
P 

an
d 

N
54

°0
3′

41
.6

″N
 

12
°0

5′
07

.2
″E

SP
9

20
71

6
19

84
– 2

01
8

N
o 

N
, P

: 3
0

P:
 3

0,
 N

: 2
00

– 2
40

30
 t h

a−
1  tr

ie
nn

ia
lly

P 
30

 k
g h

a−
1  a

−
1 ,

N
o 

N

49
°2

1′
40

″N
 

8°
25

′1
4″

E



870 |   GASSER et al.

2.1.2 | Bad Lauchstädt (BL)

The Static Fertilization Experiment in Bad Lauchstädt was 
set up in 1902 on an area of 4 ha, divided into eight fields 
of which the third was used. The experiment has a system-
atic design without replications. The analysed plots were 
fertilized with manure donation of 30 t ha−1 every second 
year. Further, a plot series without any addition of manure 
was established. Besides the organic fertilization, the plots 
were further subdivided into plots with mineral fertiliza-
tion with the addition of NPK and without mineral ferti-
lization. The level of mineral fertilization has been geared 
to breeding progress from the very beginning. Farmyard 
manure, P and potassium (K) are applied every 2 years 
after the harvest of cereals. Cereals receive two mineral 
N applications: at the beginning of vegetation and at the 
beginning of tillering. Silage maize is N- fertilized before 
sowing. N is fertilized as calcium ammonium nitrate, P 
as triple superphosphate (TSP) and K as 60% potash. The 
harvested crop, including the by- products, is driven off 
the field. The crop rotation was sugar beet- spring barley- 
potato- winter wheat until 2014. In 2015, the sugar beet 
and potato were replaced by silage maize.

The soil samples were each taken after harvesting with 
a grooved auger at a depth of 0– 20 cm, dried, sieved (2 mm) 
and analysed (SOC after dry burning- elemental analysis, 
P double lactate (DL)- extract with photometry/F- AAS). 
Details can be found in Körschens (2000).

2.1.3 | Rostock (RO)

In autumn 1998, the field trial was established as rand-
omized slit- plot with four replication. Rather than hav-
ing a fix crop rotation, the field trial was cropped with 
varying crops, starting in 1999 with spring rape followed 
by spring barley(2000), spring wheat (2001), spring rape 
(2002), winter wheat (2003), winter barley (2004) winter 
rape (2005), maize (2006– 2008), sorghum (2009, 2010), 
sunflower (2011), winter rye (2012) and maize (2013, 
2014). Furthermore, intercrops have been cultivated in 
the years 1999, 2000, 2001 and 2002 with an intercrop 
mix, 2006 with buckwheat, 2007 with mustard, 2008 
with a rye mix and 2009 with green rye.

For this study, the control treatments with no addi-
tion of P, the mineral plots with fertilization of TSP, and 
the plots with cattle manure were chosen. TSP was ap-
plied annually at a rate of 21.8 kg P ha−1, while the ma-
nure was applied every 3 years at about 30 t ha−1 (1998, 
2001, 2004, 2007, 2010 and 2013; Zicker et al., 2018).

The soil sampling was carried out twice per year in 
February/March and September in the upper soil layer 
(0– 30 cm) with four spatial replications (samples from 

each spatial repetition consisted of 10– 15 subsamples). 
Soil samples were air- dried and sieved (2 mm), and plant- 
available P was extracted with double lactate solution.

2.1.4 | Speyer

The test site is located in the Upper Rhine valley north of 
Speyer (Germany) at 99 m above NN. The soil is a cambi-
sol developed from loamy sand with a low field capacity of 
10%. The average annual rainfall is 600 mm, and the aver-
age annual temperature is 10°C. Because of the low water 
capacity, the trial is irrigated if necessary.

The field trial was performed within the International 
Organic Nitrogen Fertilization Experiment (IOSDV) to in-
vestigate the interaction of a combination of organic and 
mineral fertilization. The experiment with a 3 years crop 
rotation of sugar beet, winter wheat and winter barley was 
established in 1983. Additionally, since 2004 different soil 
tillage methods were investigated.

The different fertilization treatments were set up based 
on a full- factorial design on plots with a size of 6 × 7.5 m 
with three replicates for each treatment but with a shifted 
crop rotation. The chosen plots were fertilized with mineral 
N application of 0 and 240 kg N ha−1 year−1 for sugar beet, 
0 kg N ha−1 year−1 for winter wheat and 200 kg N ha−1 year−1 
for winter barley. All plots received P fertilization; there-
fore, there is no real control plot (CRL*). Farmyard manure 
was applied at a rate of 30 t ha−1 ahead sugar beet. The in-
tercrop received 50 kg ha−1 mineral nitrogen fertilizer.

Mineral fertilization with basic nutrients is carried 
out in all variants in a uniform manner with an average 
(1984– 2018) of 30 kg P ha−1  year−1, 118 kg K ha−1  year−1 
and 32 kg Mg ha−1  year−1. Details about the field experi-
ment can be found in Körschens (2000).

2.2 | Model description

2.2.1 | C- module

The CNP- model is an enhancement of the CCB model 
(Franko et al.,  2011) where a new P- module is coupled 
to the C- model of the CCB. The C- module describes the 
turnover of decomposable carbon in monthly time steps 
depending on site conditions, crop yields and input rates 
of FOM. A specific characteristic of the CCB model is the 
handling of FOM as a list of specific pools from which 
the C is released to atmosphere or used to build up new 
SOM. Each FOM entry in that list also comprises a specific 
C/P ratio. The decomposition is controlled by the FOM- 
specific parameters kfom describing the FOM breakdown 
and eta (η) describing the part of C that is transferred to 
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SOM. First, FOM is moved into the pool of active SOM 
(A- SOM), which behaves like the microbial biomass that 
is interacting with the pool of stabilized SOM (S- SOM) 
and acts as the mineralization driving pool. Additionally, 
the C- model includes the long- term stabilized pool (LTS- 
SOM) where SOM is considered as physically protected. 
All these processes, as well as the FOM turnover, are con-
trolled by site conditions like soil texture, air tempera-
ture and rainfall. These conditions are aggregated into a 
Biologic Active Time (BAT in days [d]) expressing the part 
time interval that would be required under optimal condi-
tions in the laboratory to produce the same C turnover as 
under real conditions in the field. Additionally, a matter 
transfer between A- SOM and LTS pool is considered. A 
part of the newly built SOM (Crep) is captured inside mi-
cropores and thus shielded from decomposition, whereas 
a part of C- LTS is released from protection and exposed 
to microbial turnover. Details about the CCB modelling 
approach and its applications to describe SOM topsoil dy-
namics were already published (Franko et al., 2011, 2021).

2.2.2 | P- module

The new P- module links the organic P cycle to the C- pools 
A- SOM, S- SOM and LTS (see Figure  2). When FOM en-
ters the system, a part gets transferred into the SOM pools 
(Figure 2 (2)), while another part gets mineralized and P is 
released (PFOM(min)) and transferred to the Pav- pool (Figure 2 
(3)). During C mineralization of the SOM pools, the C as-
similated P moves through these pools. The C/P ratio for the 
SOM pools is assumed to be 186 (Cleveland & Liptzin, 2007). 
A- SOM ether controls the release of organic P during the 
mineralization of SOM (PSOM(min); Figure 2 (4)) or the se-
questration into a SOM pool with a longer detention time 
(S- SOM or LTS for detail description see Section 2.2.1).

Additionally, the P- module comprises an available  
P- pool (Pav), which represents the plant- available P species 
including dissolved P and easily sorbed P. The Pav- pool is in 
an equilibrium with the nonavailable P- pool (Pna; Figure 2 
(9, 10)). This pool represents the P, which is strongly sorbed 
to the mineral phase of the soil.

The equilibrium is described by the function:

Where the function is influenced by the current state of Pav 
and SOC content as well as by the clay and the silt content 
of the soil. PS represent the relation between Pav and Pna:

Where Pna can be calculated:

The observed PS value can be received from measurements 
with Formulas (3 and 4) with given Pt, Pav and SOC val-
ues assuming SOM has a C/P ratio of 186. The calculated 
PS value can be obtained from Formula (2); the relation 
between those approaches is displayed in Figure 1, which 
match the identity line.

The plant uptake is withdrawn from the Pav- pool 
(Figure  2 (11)), while the amount is calculated through 
the production of biomass, distinguishing between main 
product, by- product, stubble and roots. With the harvest 
of crops, P (Pcrop) gets removed (Figure 2 (13)) from the 
system while stubble and roots enter the P cycle as FOM 
(Figure 2 (12)). Mineral P fertilizer (Pfert) enters with 80% 
into Pav and with 20% into Pna (Figure 2 (7, 8)), while a 

(2)
PS=0.6226+Pav ∗0.0131+clay∗0.0214

−SOC∗0.0621− ln(silt) ∗0.2085

(3)PS =
Pav
Pna

(4)Pna = Pt − Pav − PSOM

F I G U R E  1  Observed PS calculated 
with Formula (3) and the modelled 
PS received with Formula (2), red: the 
identity line (1:1)
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constant amount of P enters through weathering (Pw) or 
deposition directly into the Pav- pool (Figure 2 (6)).

On a monthly base (i), the state of the Pav- pool is cal-
culated as:

Where κ represents a constant site- specific parameter and z 
is expressed as:

And the corresponding Pna value is calculated with 
Equation (7):

The total phosphor (Pt) comprises the Pav, Pna and PSOM 
pools:

2.2.3 | Initialization

The P dynamics depend on the C turnover of the examined 
soil system. Therefore, the C mineralization has to be initial-
ized first with feasibly good results, to improve the P model-
ling results. The C- module was initialized by minimizing the 
mean error, with the integrated function of the CNP- model.

For the initialization, the P- module requires a κ value, 
which is site specific and was chosen to fit the CRL plots 
as well as possible, with respect to good results of the 
other plots. Furthermore, a start value for the Pav- pool is 
required and a Pt value which gets calculated internally if 
not provided where Pna can be calculated from Pav and PS:

PSOM gets calculated according to the distribution of C 
into the C- pools. The weathering rate was assumed to be 
1 kg ha−1 a−1 except for BL, which was set to 5 kg ha−1 a−1 
(Table 2).

2.2.4 | Parametrization

The C- model requires on the one hand parameters to de-
termine the quality of FOM as well as parameters, which 
describe the quantity of FOM in terms of the amount of 
crop residues at a certain yield. The quality of each FOM 
unit is defined by the dry matter content and the C con-
tent, separating FOM into organic fertilizers, by- products 
which remain on the field, stubble and roots as well as 

(5)
Pav(i+1) =Pav(i) +PSOM(min(i)) +PFOM(min(i))

+Pw(i) +0.8∗Pfert(i) +Pna(i) ∗�−Pav(i) ∗� ∗ zi−Pcrop(i)

(6)z =
1

PS

(7)Pna(i+1) = Pna(i) − Pna(i) ∗ κ + Pav(i) ∗ κ ∗ zi + 0.2∗Pfert(i)

(8)Pt(i+1) = Pav(i) + Pna(i) + PSOM(i)

(9)Pna =
Pav
PS

T A B L E  2  κ values for each plot received by optimization and the initial Pav and Pt values for the plots

LTE κ

CRL initial value MIN initial value FYM initial value

Pav Pt Pav Pt Pav Pt

BG 0.009 10 48 10 51 10 46

BL 0.002 4 50 4 40 4 63

SP 0.0035 20, 23, 27 43, 42, 44 16, 20, 20 42, 48, 50 23, 20, 26 37, 40, 42

RO 0.011 3.2 60 3.2 58 3.2 60

F I G U R E  2  Visualization of the P fluxes in the CNP- model; (1) 
external input of organic amendments like farmyard manure; (2) P 
transferred from FOM- pools to SOM (A- SOM), (3) P transfer into 
Pav during C mineralization depending on the C/P ratio of FOM; 
(4) P release during C mineralization of SOM; (5) P uptake of SOM 
from Pav during the build- up of SOM (details in the description of 
the C- module); (6) P input into Pav through weathering; (7) 80% 
mineral P input into Pav through mineral fertilizer; (8) 20% mineral 
P input into Pna through mineral fertilizer; (9) κ, the flux from Pna 
to Pav (site specific); (10) the flux from Pav to Pna, κ*z (z depends on 
PS); dark grey boxes: total P; (11) crop P uptake into main product, 
by- product, stubble and roots; (12) FOM- P input through stubble 
and roots of the crop; (13) P removal with main product and by- 
product
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the incorporation of catch crops. Furthermore, the quality 
is described by the FOM- specific mineralization param-
eters of the CNP- model. With kfom which is the turnover 
coefficient of FOM and η the synthesis coefficient which 
describes the relation between CO2 release to the com-
position of A- SOM. Furthermore, the C/P ratio of each 
FOM unit is required. The quantification of Crop input 
is described by linear functions between the main prod-
uct and the corresponding amount of by- product, stubble 
and roots (Franko et al.,  2021; Gasser et al.,  2022). This 
is of importance for the SOM cycle and for the organic P 
cycling in the model. The input of each FOM unit needs 
to be specified and can have different parameters for 
the mineralization as well as for the chemical composi-
tion, resulting in different qualities for each FOM input. 
Furthermore, for each FOM input, the C/P ratio of the 
stubble and roots needs to be defined. An overview of the 
used parameters is given in Table 3.

The total P content of the stubble and the roots of four 
crops were harvested and analysed internally in a labora-
tory. This was done for winter wheat and spring barley in 
BL and for sorghum and green rye in BR. The linear re-
gression is shown in Figure 3 and Equation (10) (residual 
error = 0.47 [g kg−1]). For plants with lacking information 
about the P content in roots, the regression was used as 

approximation to calculate the amount of P in the roots in 
accordance with the amount of P in the stubble.

The kfom and η values were determined by the mod-
elling of incubated organic material, where the CO2 re-
lease was measured over time; for details, see Gasser 
et al. (2021, 2022). If no incubation data for a specific crop 
residue or roots were available, the average of either all 
available stubble or roots was used. The average parame-
ters for stubble are kfom(st) = 0.12 and ηst = 0.39 (N = 13), 
while for roots, the average was used of incubated fine 
roots (N = 12) and coarse roots (N = 7) with kfom(rt) = 0.17 
and ηrt = 0.54.

The farmyard manure was parametrized according to 
the data of the average FYM applied on the corresponding 
LTEs (Table 4).

2.3 | Statistical analysis

The goodness of fit was evaluated by the root mean squared 
error (RMSE, Equation 11), and furthermore, the relative 
RMSE (rRMSE, Equation 12) was calculated to character-
ize the differences between observed values (O) and pre-
dicted values (V), with O as mean of the observations:

3  |  RESULTS

3.1 | Available P dynamics

The model results are displayed in the following sec-
tion. In BG, the overall trend for Pav shows a decrease 
over the observed period. The CRL plot shows higher 
Pav values than the MIN plot, which can be attributed to 
the higher removal of Pav because of higher crop yields 
(Figure 4).

In BL, the difference between Pav at the CRL and FYM 
plot is relatively (4– 15 mg 100 g−1) big compared with the 
other LTE, which can be due to the long experimental 
set- up. Especially in the early years of the LTE, the model 
overestimates the Pav dynamics. On the MIN plot, the 

(10)Proot
(

g kg−1
) = 0.17186 + Pstubble

(

g kg−1
) ∗0.9472

(11)
RMSE =

�

∑n
i=1

�

Oi−Vi
�2

n

(12)rRMSE =
100

O

�

∑n
i=1

�

Oi−V
�2

n

F I G U R E  3  Relation between P in stubble and roots of four 
crops (red: winter wheat, blue: spring barley, green: sorghum, 
orange: green rye)
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T A B L E  4  Model parameter for FYM, the dry matter content 
(dm), carbon content, the C/P ratio and the mineralization 
parameter kfom and η for all LTEs

LTE dm (%) C (%) C/P ratio kfom η

BG 23.7 32.1 45.1 0.095 0.67

BL 27 37.9 56.3 0.114 0.64

RO 28 39 53.5 0.123 0.67

SP 31 39 79.6 0.123 0.67
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P- CAL dynamics stay constant despite continuous P fer-
tilization (Figure 5).

The plots in RO show the lowest Pav values, while Pav 
seems to decrease at the CRL plot it stays at the same level 
for MIN and FYM and no big differentiation between the 
plots is visible (Figure 6).

The CRL* plot in SP shows higher Pav and P- CAL val-
ues compared with the MIN plot; this could be because of 
the higher yield and the corresponding P uptake achieved 
with N- fertilization. The FYM plot shows the highest Pav 
and P- CAL values since it receives mineral P fertilization 
and organic P fertilization (Figure 7).

F I G U R E  4  Pav dynamics for BG, 
blue mean of transformed DL- P to CAL- P 
measurements with standard deviation 
(N = 4), red modelled Pav values.
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F I G U R E  5  Pav dynamics for BL, 
blue transformed DL- P to CAL- P values 
(N = 1), red modelled Pav
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The model performance for all analysed plots for Pav 
and Corg is displayed in Table 5. If replicates were avail-
able, the RMSE to the mean was calculated. Since SP has 
a shifted crop rotation in the treatments, each plot was 
simulated separately and the mean of the RMSE and 
rRMSE was used over all plots with the same fertiliza-
tion. The RMSE for Pav increases with soil high in Pav 
values.

3.2 | Total P dynamics

Besides the plant- available P, the P- module calculates the 
Pt dynamics. Due to limited timelines of Pt measurements, 
only two plots were evaluated, namely the CTR and MIN 
Plot of RO (Figure 8). The corresponding RMSE for CRL 
is 1.0 and the rRMSE = 1.8 and, respectively, RMSE = 2.5 
and rRMSE = 4.2, for the MIN plot.

4  |  DISCUSSION

To make statements about the performance of the P- 
module, the model results of the carbon module have to 
be in an adequate range. For all analysed plots of all LTEs, 
the rRMSE for Corg is below 10%, which lies in a good 
range compared with other studies (Begum et al.,  2017; 
Guillaume et al., 2021).

The P- model shows an rRMSE of around 10% for most 
plots. To mention is that in BL the P- model is worse in 
terms of the rRMSE, compared with all the other LTEs. 
The reasons for that are amongst others the high variabil-
ity in the measurements between 2 years. Furthermore, 
BL shows the highest silt and SOC (1.5%– 2%) content of 
all LTEs, which might result in soil P processes which are 
not fully covered by the CNP- model. The measured CAL- P 
values of the CRL plot in BL stay constant over the ob-
served period with no entry of P fertilizer. Either the total 

F I G U R E  6  Pav dynamics of RO, blue mean transformed DL- P to CAL- P measurements with standard deviation (N = 3), red modelled Pav
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P- pool is declining over time strongly, or there might be 
a bigger P input of unknown sources or plant uptake is 
withdrawn from deeper soil layers (Pothuluri et al., 1986; 
Siebers et al., 2021). In the LTE of BG and RO, where repli-
cates were available, the RMSE is lower than the standard 
deviation of the measured CAL- P values.

For most plots, a time series for Pt was not available, 
solely a single measurement, where the modelled Pt val-
ues are in a close range. For RO, the Pt timeline is mod-
elled with good results, representing the trend with low 
RMSE and rRMSE. This enables the evaluation of the total 
P stock of soils and to determine whether the P stocks are 
increasing or declining and provides information about 
the potentially available P resources in the soil.

Several studies have shown that P cycling is influenced 
by erosion and leaching into deeper soil layers (Andersson 
et al., 2015; Ulén et al., 2007). Subject of the CNP- model is 
the cultivation layer, the upper 25 cm of the soil. The model 
does not consider transport mechanisms into deeper soil 
layers and comprises no water model or an erosion esti-
mate like the Universal Soil Loss Equation, which would 
be essential for erosion and leaching processes (Reid 
et al., 2018). In favour of simplicity and a low- threshold 
model approach, leaching and erosion was not considered 
yet, because more data input and parametrizations would 
be required and eventually lead to equifinality.

Yet, another influential factor on P sorption and de-
sorption processes is the pH value of the soil. With an 

F I G U R E  7  Pav dynamics of SP, 
blue CAL- P measurements (N = 1), red 
modelled Pav
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Plot LTE
RMSE 
Pav

rRMSE 
Pav

SD 
P- CAL

RMSE 
Corg

rRMSE 
Corg

CRL BG 0.68 8.42 1.26 0.04 5.83

MIN BG 1.04 14.65 1.29 0.04 6.8

FYM BG 0.7 9.43 0.66 0.06 8.75

CRL RO 0.18 6.08 0.23 0.04 2.72

MIN RO 0.35 10.34 0.40 0.03 2.11

FYM RO 0.26 7.7 0.42 0.03 1.93

CRL BL 1.11 31.93 - 0.13 9.02

MIN BL 1.87 27.73 - 0.12 6.57

FYM BL 2.27 17.46 - 0.13 6.10

CRL* SP 1.6 8.87 - 0.05 8.46

MIN SP 1.15 9.38 - 0.05 6.15

FYM SP 2.43 12.86 - 0.07 9.51

T A B L E  5  Aggregated statistics, RMSE 
of Pav values (mg 100 g−1), the standard 
deviation (SD) of P- CAL measurements 
(mg 100 g−1) if replicates are available and 
the relative RMSE (%); RMSE (mg/100) 
and relative RMSE (%) for Corg
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increasing pH value, P gets sorbed to Ca+ Ions, while with 
deceasing pH value, the Ca- bound P gets released again 
and at pH values of around 5 sorption processes to Fe− 
and AL+ complexes gain more importance (Haynes, 1984; 
McLaughlin et al., 2011; Nobile et al., 2020). Agricultural 
soils are highly managed soils where the pH value gets 
regulated to maintain optimal productivity. Therefore, 
changes in pH value do not play a decisive role for the 
model scope and have not been considered in the first ver-
sion of the P- module.

Cleveland and Liptzin  (2007) reported a mean global 
C/P ratio of microbial biomass of 60. Other studies as-
sume that the C/P ratio in microbial biomass is not ho-
meostatic, because of population size- dependent scaling, 
habitat and ecosystem differences, or shifts in microbial 
community composition (McConnell et al., 2020). For the 
current model version, the C/P ratio of all SOM pools is 
assumed to be 186, but since the CNP- model comprises 
the A- SOM pool, which behaves like microbial biomass 
the C/P ratios could be further distinguished.

The PS formula is derived from the four experimental 
sites, which comprise four soils. Under certain conditions, 
especially with high silt and SOC contents and low Pav and 
clay contents, the PS formula can get negative and lead to 
an undefined PS value. Further experiments are required 
to validate and improve the PS formula. Moreover, with 
diverse soil properties, further influential parameters 
might be required to cover all soils with their attributes. 
Nevertheless, the two- pool model presented here can be 
used to model the P dynamics on different sites, with vary-
ing soil properties, diverse crop rotations and manage-
ment practices such as intercropping, organic or inorganic 
fertilization. As organic bound P can have a decisive influ-
ence on the P turnover processes, the C dynamics have to 

be considered and the modelling of the C dynamics has to 
be precise to grand good results.

The CNP- model can be initialized with the measur-
able P values P- CAL and Pt. Furthermore, the model out-
put is equivalent to those measurable P species and can 
be directly compared. While other models like APSIM 
(Agricultural Production Systems Simulator) and EPIC 
(erosion- productivity impact calculator) include a sophis-
ticated organic P cycling, the plant- available P- pool does 
not correspond to a measurable P species (Das et al., 2019) 
or does not even show a correlation to measurable P spe-
cies (Raymond et al., 2021). This lowers the predictive use 
as well as the practical application of such models to con-
sult farmers or other stakeholders.

Compared with APLE, DDPS and LePA, the CNP- model 
differentiates in detail between the FOM inputs (organic 
amendments/fertilizer, by- products, stubbles, roots and 
catch crops). Every input can be characterized in terms 
of quality like P content or mineralization characteristics. 
This is also considered in the organic P cycling of the CNP- 
model, where P release during mineralization of SOM as 
well as fixation during SOM build- up is considered. This 
grants a high model flexibility and an overall wide appli-
cation range. As stated by Damon et al. (2014), crop resi-
dues can have a significant influence on P availability by 
high amounts and high concentrations. Furthermore, the 
application of a higher variety of organic fertilizers, like 
digestates or composts is expected, which have a different 
mineralization behaviour and P availability.

The CNP- model can model the P dynamics of different 
soil with varying management. This demonstrates the po-
tential of the model to simulate different scenarios. Those 
scenarios may include different management strategies, 
like intercropping, the use of digestates or sewage sludges 

F I G U R E  8  Total P dynamic, blue: 
aqua regia digested P of the CRL and 
MIN plot of RO with standard deviation 
(N = 3), red modelled Pt

1999 2001 2003 2005 2007 2009 2011 2013

1999 2001 2003 2005 2007 2009 2011 2013

Date

Date

MIN

CRL

70
65

60
55

50
45

70
65

60
55

50
45

40

P
t [

m
g/

 1
00

g]
P

t [
m

g/
 1

00
g]



   | 879GASSER et al.

as organic fertilizers or even a reduction of P fertilizers 
and the long- term effects on soil P.

5  |  CONCLUSION

The CNP- model is a model with few data inputs and the 
possibility to model the C, N and now the available and 
total P dynamics of arable soils. The data input is kept low 
enough that the required data can be provided by farmers 
from their management practices and yields. The two- pool 
model presented can be used to model the P dynamics on 
different sites, with varying soil properties, diverse crop ro-
tations and management practices such as intercropping, 
organic or inorganic fertilization. As organic bound P can 
have a decisive influence on the P turnover processes, the 
C dynamics must be considered and the modelling of the 
C dynamics has to be precise to grand good results. The 
P- model initialization and output is equivalent to measur-
able P species, which makes the output easy to interpret 
and comparable to measurements. Moreover, a compre-
hensive list of model parameters comprising common 
crops is presented. Nevertheless, further field trials need 
to be modelled and used to validate the P- model concept 
and to improve model processes.
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