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Abstract
The availability of a reliable model for crop yield including the nitrogen balance in the soil is essential
to optimize fertilizer application. The WOrld FOod STudies (WOFOST) model has been used and
evaluated extensively for the past 25 years. WOFOST has been translated into more modern
programming languages, taking advantage of better interfacing, testing possibilities and flexibility. In
this work we build on the work done by de Wit (2018) in the Python Crop Simulating Environment in
the language Python (PCSE). The conversion to PCSE-WOFOST has been incomplete in the sense that
the handling of nitrogen in soil has been simplified.
The aim of this study was to incorporate the soil nitrogen processes and improve the nitrogen-limited
yield prediction capability of the PCSE model of the Wit. A more sophisticated soil dynamics model
that includes nitrogen is available in Python: the SOILSIM module of the FARMSIM model. Both the
reference PCSE model and the SOILSIM model were screened for required adaptations. Long term field
data from the Static Fertilisation Experiment in Bad Lauchstädt, Germany was used for model
calibration and evaluation. The analysis focused on a winter wheat monocrop over the period 19022016.
In this work, the PCSE and SOILSIM models were successfully coupled. As expected, at high nitrogen
availability the coupled PCSE model performs very similar when compared to the reference PCSE
model. Both the performance of the coupled PCSE model and the reference PCSE model were
significantly improved using two different crop varieties, reducing RMSE’s from respectively 53 and
44% to 35 and 33%, reflecting crop breeding improvement over the years 1960-1980.
In nitrogen deficiency situations the coupled PCSE model predicts yields more accurately than the
reference PCSE model, almost halving the root mean square errors 97% to 56%. Even after this
improvement, average deviations between observed and predicted values remain significant, as
negative Nash model efficiency values were still found. The coupled model is believed to provide a firm
basis for further development to improve the accuracy of the predictions and to extend the range of
applicability.
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Introduction
The use of artificial fertilisers makes agriculture the largest contributor to nitrogen (N) pollution,
causing severe damage to human health and ecosystem services (Bodirsky et al., 2014). This topic has
led to fiery disputes between national environmental policy makers and farmers (Stokstad, 2019; van
der Ploeg, 2020). Fertilisers have had a major impact on the world food supply and global Nitrogen (N)
cycle (Hirel et al., 2007). Averaged over the whole world, only about half of the N content in fertilisers
is used by the crop itself (Ladha et al., 2016; Smil, 1999). Lost N can have an impact on the surrounding
ecosystem. Remains of applied fertiliser or manure components have been shown to end up in marine
ecosystems, freshwater systems or as gaseous emission reacting with stratospheric ozone.
Agronomists should be stimulated to work towards a balance between food production, resource use
efficiency and environmental impacts (Quemada et al., 2020; Silva et al., 2021).
Crop system modelling can be applied in several situations relevant in the above context (Holzworth
et al., 2015) and tackle some of the grand challenges facing the agricultural sector in the next century
(Silva & Giller, 2021). Firstly, the modelling helps understanding crop growth processes. Secondly,
modelling improves crop yield forecasting and thereby helps to understand resource use efficiency and
agricultural influence on climate change & adaptation. Looking at the relevance of N dosing
optimisation, and of assessing yield responses to N applied in high-yielding cropping systems (Silva,
Reidsma, & van Ittersum, 2017; Silva et al., 2021), the availability of a reliable model for the crop yield
estimation that includes the dynamics of N in the soil is essential. The crop system models of the
Wageningen school originate from the 1960’s (A. de Wit et al., 2019). Practical uses and applications
have been found in: exploring limits of global food production, analysing trade-offs between economic
and environmental objectives, and quantifying a broad range of land use systems aggregated to
desired scale (van Ittersum et al., 2003). This suggests that crop modelling can be used as a tool in the
optimisation process towards achieving the balance between minimal fertiliser usage with maximum
production.
Crop yield estimates can be divided into three categories (Rabbinge, 1993; van Ittersum & Rabbinge,
1997) . The first category is the potential yield: the crop yield defined by growth-defining factors such
as plant characteristics, CO2-concentration in the air, radiation and temperature. No other limitations
are assumed. The second category is the water and/or nutrient-limited yield. This limited yield reflects
plant growth like the potential yield, but with the growth limiting factors of water and nutrient stress.
Most common nutrient deficits are nitrogen (N), phosphorous (P) and potassium (K). The third category
is the actual yield which is the final reduced plant growth reflecting the effects of all factors reducing
yield; in addition to the above other growth reducing factor such as pests, diseases and weeds.
The difference between the potential and the actual yield is called the yield gap. This gap can be used
to evaluate how efficient agricultural land is being used. Most crop models are capable to simulate
potential or water limited yield (Eitzinger et al., 2004; van Ittersum et al., 2003). However, there are
far less models that can simulate the stresses for the nutrient-limited yield (Lobell et al., 2009; Silva &
Giller, 2021). Many soil carbon and soil nutrient models exist, but when coupled to crop models the
time and spatial scales are often mismatched leading to inconsistencies between theoretical
formulations and model applications (Manzoni & Porporato, 2009). So far at all production levels
specific parameters need to be estimated on the basis of field data (calibration).
N is one of the most important limiting factors in crop production (Cassman et al., 2002). The processes
in the N balance and its loss-terms are well-studied but remain hard to quantify (Benbi & Richter, 2002;
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Li et al., 2015). N added to agricultural fields can be lost in several ways: by leaching, run-off,
volatilization, denitrification or decomposition. A common way to evaluate the N losses is by using the
N uptake efficiency or N use-efficiency (NUE) which is the ratio of the amount of N taken up by the
crop compared to N added to the system (C. T. de Wit, 1992).
Over the last decades models haven been formulated to simulate crop growth. The WOrld FOod
STudies (WOFOST) model is well known and has been used and evaluated extensively for the past 25
years (A. de Wit et al., 2019). Originally the WOFOST model was developed in the programming
language Formula Translating System (FORTRAN), just like other crop models developed in
Wageningen. The open source code makes implementing changes in code relatively simple. This
resulted in the development of multiple specialised FORTRAN versions of WOFOST, one of them
including N limited crop production, SWAP-WOFOST (Groenendijk et al., 2016).
WOFOST has been translated into other programming languages, taking advantage of better
interfacing, evaluation possibilities and flexibility (A. de Wit, 2018). In this work we build on the work
done by De Wit in the Python Crop Simulating Environment in the language Python (PCSE)(A. de Wit,
2018). WOFOST is a dynamic, explanatory model that simulates crop growth with time steps of one
day. This PCSE-WOFOST model handles soil N using a set amount at the start of a growing season,
resetting every year. Both actual dynamic processes and long term effects on soil N are not reflected
in the model which could result in inaccurate prediction of crop yields under N limited conditions.
A more sophisticated soil dynamics model that includes N is available in Python: the SOILSIM module
(Marinus et al., 2018) which is part of the FARMSIM model (Tittonell et al., 2005). The question is
whether PCSE when including the nitrogen balance approach as used in SOILSIM generates improved
predictions compared to the reference PCSE model. The aim of this study is therefore to include the
nitrogen-limited yield prediction capability similar to the SWAP-WOFOST model of Groenendijk in the
Python PCSE model of the Wit, and to evaluate its predictive quality after calibration. From this point
on and further the following model definitions are used:
1.
Reference PCSE model = PCSE WOFOST as formulated by de Wit (2019.)
2
Original SOILSIM model = SOILSIM as formulated by (Zijlstra & De Willigen, 2020)
3.
Modified SOILSIM model = Original SOILSIM model + modifications done in this work
4.
Coupled PCSE model = Reference PCSE model + modified SOILSIM model
The case study for both calibration and evaluation, is the long term fertiliser trial experiment in Bad
Lauchstädt, Germany. The analysis focuses on the winter wheat monocrop over the period 1902-2016.

Research objectives
Goals
The introduction above justifies the following goals:
 Implement a nitrogen soil module in PCSE based on the original SOILSIM model


Parametrise and evaluate the coupled PCSE model for simulating N-limited yields and N
uptakes in PCSE



establish whether the yield predictions of the coupled PCSE model have improved compared
to the reference version

Research questions
Following from the goals, a set of research questions can be listed:
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Which changes need to be made to the codes of the reference PCSE and original SOILSIM
models to create a robust crop model to simulate N limited yield and soil N dynamics?



Which parameter values should be used in the coupled PCSE model?



How does the coupled PCSE model perform compared to the reference PCSE model in
simulating long-term N-limited yields?

Material and methods
In this study the functionalities of the reference PCSE model with the original SOILSIM model will be
combined, and the predictive quality of the coupled PCSE model will be evaluated. This study has two
main parts. The first part consists of the modification and coupling of the reference PCSE and original
SOILSIM models and the second part consists of evaluate the coupled PCSE model. Simply connecting
the original SOILSIM model to the reference PCSE model is not possible due to factors like mismatches
in timescales and overlaps/contradictions in parameter definitions and estimates. Both the reference
PCSE model and the original SOILSIM model will need to be screened for required adaptations. After
implementing these changes, the robustness of the coupled PCSE model will be checked by sensitivity
analysis where parameters are varied over a large range of plausible values. After evaluating the
robustness of the coupled PCSE model, parameters will be calibrated against field data.

Model modifications
The model modification phase consists of three steps:


The description of the reference PCSE model



The description of the original SOILSIM model which is the basis for the new N limited soil
module



The description of changes made to these models to formulate a coupling scheme between
the soil processes from the original SOILSIM model and the reference PCSE model.

Description of the reference version of the crop model: WOFOST (PCSE)
The starting point in this study was the WOFOST model using coding of the PCSE version 5.3 (A. de Wit,
2018; A. de Wit et al., 2019). WOFOST is a member of the family of Wageningen crop models (van
Ittersum et al., 2003). The model was originally developed to assess the potential yield of various
annual crops in tropical countries, but since then it has also been widely applied in temperate
conditions (Boogaard et al., 2013). The WOFOST model is regularly and recently being updated and
discussed further (A. de Wit & Boogaard, 2021). WOFOST is a crop simulation model based on
physiological processes i.e. crop phenology, light interception, photosynthesis (i.e., assimilation of
carbohydrates), respiration, assimilate partitioning, leaf area dynamics, actual evapotranspiration for
which a soil water balance is required (Figure1). Crop growth and development is simulated using a
daily time step from sowing to physiological maturity. Crop growth over time takes into account the
amount of assimilates produced through photosynthesis and the amount of assimilates required for
maintenance respiration. The difference between both rates is then partitioned to the different crop
organs (i.e., roots, stems, leaves and grain) using partitioning coefficients specified according to the
development stage of the crop. The development stage is calculated by integrating the daily
development rate over time, which is a function of temperature.
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Simulations of potential production consider only the response of the crop to weather conditions,
while simulations of water-limited production also take into account crop responses to soil moisture
conditions. The growth-defining factors considered to simulate potential production include
temperature, day-length, solar radiation and a set of crop parameters describing leaf area dynamics,
assimilation characteristics and dry matter partitioning.
For water-limited conditions, the plant available soil moisture determines whether or not crop growth
is limited by drought stress. As drought stress occurs, the previously mentioned gross CO2 assimilation
rate is decreased, decreasing crop growth. To calculate plant available soil moisture a soil water
balance is simulated over time applying a two layered tipping bucket approach in the rooted zone. The
soil water balance requires rainfall and irrigation as inputs and calculates water losses by surface
runoff, soil evaporation, crop transpiration and downward percolation. Actual soil evaporation and
crop transpiration are calculated on the basis of the potential evapotranspiration taking soil moisture
content and light interception in the canopy into account. Reduction in growth by water limitation is
directly proportional to the reduction in actual transpiration relative to potential transpiration. Further
details are provided by A. de Wit (2018).
For nutrient-limited conditions, WOFOST uses a simple soil N module. As in the calculation of drought
stress, nutrient stress reduces the gross CO2 assimilation rate of the crop. Every growing season a fixed
mineral amount is available for crop uptake. This available amount decreases when plant uptake
occurs (Figure 2). When the crop nutrient demand is higher than the amount of available nutrients,
crop growth is limited. During the growing seasons, the amount of available nutrients can be increased
by fertiliser addition. Processes such as degradation of organic matter (OM), mineralisation,
volatilisation or immobilisation are not taken into account.
In PCSE two basic methods for internal information exchange are implemented:
 The exchanges and updates of all state/rate variables between model components in the
VariableKiosk (VK).


The response to events that are happening during model simulation. When triggered, these
Event Response Signals (ERS) broadcast information throughout the model.

External information required to simulate nitrogen limited yield are specified in six input files
containing:
 Crop parameters (e.g. maximum leaf CO2 assimilation rate, temperature sum from
emergence to anthesis)


Site background parameters (e.g. Atmospheric N deposition, Atmospheric CO2 concentration)



Soil (water) parameters (e.g. Soil water retention values, hydraulic conductivity)



Weather file containing driving variables (e.g. radiation, precipitation)



Agro-management file (e.g. crop calendar, fertiliser events and irrigation events)



Configuration settings specifying which specifics of the above input files need to be used and
what output needs to be generated.
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Figure 1: Relational diagram depicting the state variables and rates
required for simulation of potential yield (grey box: crop development and
growth) and water-limited yield (blue box: soil water balance) with
WOFOST. Source: van Ittersum et al. (2003).

Figure 2: Nutrient bookkeeping using reset every season as happening in the reference PCSE model
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Description of the original SOILSIM model
FARMSIM is an integrated crop-livestock model consisting of a crop-soil (FIELD), a livestock (LIVSIM)
and a manure (HEAPSIM) module that are functionally integrated to allow capturing feedbacks
between these components at farm scale, as affected by farmers’ management decisions (van Wijk et
al., 2009). It has been developed specifically for African smallholder farm systems. The FIELD module
of FARMSIM is the relevant part for this work: it models long-term changes in soil fertility (C, N, P and
K), interactions between nutrients that determine crop production, and crop responses to
management interventions such as mineral fertiliser and/or manure applications. The FIELD part of
FARMSIM consists of two interacting sub models: SOILSIM which simulates soil processes (Marinus et
al., 2018) and CROPSIM-QUEFTS (Tittonell et al., 2010) which simulates plant seasonal growth
processes for water and nutrient limited yields; the predicted yields by CROPSIM-QUEFTS are adequate
for application per season in African smallholder farm systems.
The original SOILSIM model simulates the plant available mineral nutrients (N, P, and K) in the soil as a
function of soil organic carbon (SOC). CROPSIM-QUEFTS calculates the resource limited yield using
plant available nutrients from the original SOILSIM model in combination with the water limited yield?
The SOILSIM soil processes are based on Van Keulen (1995). The original SOILSIM model uses a fixed
pre-defined soil depth, assuming homogenous texture. The cycling of carbon and nutrients in the
original SOILSIM model is described following the consumer driven nutrient recycling theory which
states that the demand of the consumers for C, N, and P are relative to the supply of these elements
that determines the overall recycling (Elser & Urabe, 1999; Zechmeister-Boltenstern et al., 2015).
To follow the cycling of carbon, the original SOILSIM model utilizes a daily time step to capture the
interactions of decomposition and transformation of organic matter in the soil. At the start of a
simulation the OM in the soil is partitioned between two soil OM pools, the active OM (AOM) which
represents the OM in micro fauna and the humified OM (HOM) which decomposes slower than AOM.
The inputs of OM are classified as organic additions (OA), which form C pool type. Examples of OA are
manure and crop residues. The two pools of soil OM and all variations of OA have their own maximum
decomposition rates (max_rdr), respiration fractions (ε) and ratio between C and N.
Each time step a fraction of the organic matter in each pool is decomposed, while the other fraction
stays in the original pool. In the next time step, the decomposed OM fractions of each pool end up
respired out of the system, assimilated into the AOM pool or humified into the HOM pool. The actual
decomposition rate of each OM pool depends on their typical maximum decomposition rate, soil
texture type and the amount of carbon and nutrients available. The humification fraction (hx) depends
on texture, (carbon) saturation and the humification factor (hum_cons). The exact decomposition
equations are available in the Appendix 1 (Zijlstra & De Willigen, 2020). A schematic representation is
shown in Figure 3.
In the original SOILSIM model, the mineral nutrients pool (MinN) function keeps track of the amount
of plant available N and other minerals. The connection between crop and soil happens here, as at the
start of a season the mineralized nutrients amounts are communicated to the CROPSIM-QUEFTS
system. CROPSIM-QUEFTS uses a time step of one growing season, with up to two growing seasons in
one year. A specific crop rotation and fertiliser application regime can be defined where N can be
added once a month as fertiliser. The uptake of the plant available nutrients is integrated over a season
and multiplied by a capture efficiency parameter. The crop N uptake is calculated, from which the
nutrient limited growth can be computed. The minimum of the water and the nutrient limited growth
is taken from which CROPSIM-QUEFTS is able to calculate the actual N uptake and the nutrient limited
11

yield per season. The original SOILSIM model extracts the actual N plant uptake from CROPSIMQUEFTS, to make an end of season N balance. A loss fraction parameter is applied to account for
leaching, runoff and denitrification. Atmospheric N deposition is added. The initial amount of mineral
N in the original SOILSIM model for the next season is set.
There are two methods to implement changes in available N: a direct method and an indirect method.
The direct method simply adds the N inputs (artificial fertiliser, background N deposition) to - or
subtracts the N output (crop uptake, N losses) from - the available N amount. The indirect method
adds N to the available N pool by utilizing the organic pools. Indirect C and N additions enter the OA
pools first. To transfer N from the OA to the available N pool, the additions need to pass through the
AOM and HOM pools. Every time step, fractions of the N present in the AOM and HOM pools are
mineralized. The mineralization rates are based on the assimilated carbon amounts in the different
OM pools and their specific ratios of C and N. The direct additions method is considerably faster than
the indirect method as transferring the indirect additions through the AOM and HOM pools before
arriving in the available N pool requires several time steps, while the direct method is instant.
The decomposition of C in AOM and HOM pools requires mineralized N. When the AOM and HOM
pools are relatively low in N content, the demand of N from the mineral N pool can be higher than the
actual amount. This could result in a negative N value in the next time step, which is not possible. To
assure non-negativity of the available N pool, the decomposition rates of the AOM and HOM pools are
slowed down based on the actual amount in the available N pool leading to an empty available N pool.
The original SOILSIM model requires the user to provide, general soil parameters (e.g. pH, texture
percentages, initial AOM/HOM ratio), initial values (e.g. amounts of C and N, preferred C/N ratio) and
constants (e.g. max_rdr, ε) for the AOM, HOM and OA pools. The initial N in the mineral N pool is also
required. These inputs are defined in the soil library. A pre-defined set of parameters corresponding a
typical soil can be chosen, or a new set of parameters can be made and used.
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Figure 3: One time step for the organic matter cycle in the original SOILSIM model. Based on (Zijlstra & De Willigen, 2020)
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Modifications PCSE
One of the user requirements was that a smooth transition of the current PCSE WOFOST model to the
modified version should be ensured. This is realized by minimizing changes to the current PCSE
WOFOST model while using the available N as calculated by the modified SOILSIM model. The structure
of PCSE files is retained and identical PCSE file names are used (in the coding and in this document) as
in the original PCSE. Special attention has been paid to the compatibility of the input files.
The major change in the PCSE model is the introduction of the possibility to use an alternative and
more sophisticated calculation of soil available N. This change has been carried out in such a way that
it is possible to use an input flag to toggle the more sophisticated N calculation on or off. This toggling
happens in the PCSE “npk_demand_uptake” file where the available N is defined. The P and K
calculations were retained and initial P and K amounts (with reset every growing season) were set to
an amount of 400kg/ha. There is assumed this amount is so high, no P or K limitations occur in the
model.
When coupling different models the way the interfacing is organised (both internally between different
parts of each of the models and between the models) input files are often affected – in this case: the
agro-management file and the configuration file.
The agro-management file defines the fertiliser inputs. Contrary to the reference PCSE model, artificial
fertiliser and manure additions are treated differently in the modified SOILSIM model, as they use the
earlier mentioned indirect and direct addition methods. Therefore they require to be called separately
from PCSE. The existing Event Response Signal for overall fertiliser input in the reference PCSE model
is used as ERS for artificial fertiliser in the new model. A new ERS is added for manure additions, where
the amounts of C and N need to be specified. The nutrient N recovery factor as used in the reference
PCSE soil module, will no longer be used in the coupled PCSE soil module. The occurring losses will be
accounted for already in the modified SOILSIM model by the mineralization processes in the OA pools
as described earlier.
In the reference PCSE model, the water balance used is selected in the “SOIL” section of the
configuration file. The reference PCSE “SOIL” section was exclusively used for the water balance. In the
coupled PCSE model the “SOIL” section has been adjusted and consists now of two parts, the first part
being the water balance exactly as it was before in reference PCSE and the second part being the
simulated soil using the modified SOILSIM model.
This new second coupled PCSE “SOIL” part of the configuration file consists of the following processes
in the modified SOILSIM model:
 Initialize the modified SOILSIM soil


Calculate the rates



State integrations



Finish up the SOILSIM soil

To ensure all information is correctly transferred between both the models a mediator file -called the
wrapper file- has been created. More information about the wrapper file is found in the section below
describing the coupling of the material and methods. The “OUTPUT” section of the configuration file
functions as in the reference PCSE model, except for the extension to list the newly created modified
SOILSIM model state variables.
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Modifications SOILSIM: N Processes
To align the original SOILSIM soil N processes properly with the reference PCSE model as a plausible
representation of the reality, two main aspects are considered. The first aspect is related to time: the
interval length for each step and the integration over time. The second aspect is the addition of new
soil N processes.
Rate calculations and state integrations are written as independent functions to be called separately
and fit the reference PCSE framework. The processes which previously were accounted for at the end
of the season, have been rewritten or replaced to fit the daily time step. Atmospheric N deposition
and crop N uptake are now added daily instead of a one-time burst at the beginning of the season.
These processes are added to the rate equation for nitrogen (the direct N changing method). Crop
residues can be accounted for with two methods, both using the OA pools. The first method uses a
small amount of daily C and N additions caused by the daily death of crop components as calculated
by PCSE. To limit the complexity of coupled PCSE model just a fraction of the roots is added. The second
method uses a PCSE ERS at the end of the season to create an OA using the crop residues left on the
field after harvesting.
The original SOILSIM model N_loss function previously lumped leaching, runoff and denitrification as
a fraction of the available N at the end of the season. This function is replaced in the modified SOILSIM
model by a daily leaching process using calculated daily PCSE soil water values. The assumption is that
only the N in solution is able to leach out of the soil, which is represented by the mineral N pool in
modified SOILSIM model. The AOM, HOM and OA pools do not leach N.
In the new leaching function, the outgoing N flux (Fn) at the modified SOILSIM model soil depth (SD) is
assumed to be the product of the outgoing water flux (F1) and the N concentration. The N
concentration is calculated by the amount of N present in the modified SOILSIM model soil divided by
the amount of current soil moisture (m1) ;see equation 1 and table 1.

𝐹𝑛 = 𝐹1 ∗

𝑁
𝑚1

Equation 1

Water fluxes required for SOILSIM are calculated by the PCSE model. In the PCSE model, two different
soil depths are used: the current rooting depth RD (which varies each time step) and the total soil
depth TD which limits the maximum growth of the roots and remains constant during a simulation. As
stated SOILSIM has a constant soil depth and no rooting depth. The RD and TD depths from PCSE
soilwater soil and the constant SD from SOILSIM need to be combined in such a way that variables can
be exchanged. To minimise an increased uncertainty in the validity of the coupled PCSE model, the
water flux at the SD is estimated from the values for the water flux at the two different depths as
provided by the PCSE model. Three scenarios need to be considered:
In Scenario 1 the current rooting depth of the crop in PCSE (RD) is larger than or equal to the soil depth
in SOILSIM (SD). The outgoing water flux (F1) and moisture content (m1) at PCSE rooting depth is the
closest estimation for the outgoing water flux and moisture content at the SOILSIM SD. They are
assumed equal. The outgoing N flux can be calculated according to equation 1.
In Scenario 2 the SOILSIM SD value is in between the PCSE RD and TD values. In this case an
interpolation is applied: The outgoing N flux is calculated at both the PCSE RD value (Equation 3) and
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TD value (Equation 4) using their corresponding water fluxes (F1 & F2) and moisture contents (m1 &
m2). The two fluxes (Fn1 & Fn2) are then combined using a weighted averaged on the basis of the
proportional closest distance (Equation5). The distance values L1, L2 and L3 are necessary auxiliary
variables created in the modified SOILSIM model to do the weighted averaging are calculated using
equations 6, 7 and 8.
A third scenario where the SOILSIM soil depth would be larger than the maximum rooting depth does
not practically occur and is therefore not considered. A schematic overview of the two possible
situations can be found in Figure 4, Table 1 summarizes the used variables.

𝑁
𝑚1
𝑁
𝐹𝑛2 = 𝐹2 ∗
𝑚2
𝐿3
𝐿2
𝐹𝑛 = 𝐹𝑛1 ∗ + 𝐹𝑛2 ∗
𝐿1
𝐿1
𝐹𝑛1 = 𝐹1 ∗

Equation 2
Equation 3
Equation 4

𝐿1 = 𝑇𝐷 − 𝑅𝐷

Equation 5

𝐿2 = 𝑇𝐷 − 𝑆𝐷

Equation6

𝐿3 = 𝐿1 − 𝐿2

Equation7

Figure 4: Leaching scenarios 1 & 2, abbreviation explanations and descriptions found in table 1,
equations describing the processes in equation 1-8. On the left side of each of the situation sketches
properties of PCSE (RD, TD, m1, m2, F1, F2), on the right side of each of the situation sketches properties
of SOILSIM (N, Fn, SD).
L1, L2 and L3 in situation 2 are auxiliary variables calculated in SOILSIM.
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Table 1: Leaching abbreviation explanations and descriptions for the leaching situations Figure 4 and
equations 6, 7, 8
Term in model (model)
Abbreviation in Figure 4
Description
Unit
RD (PCSE)
RD
Current rooting depth
cm
RDMSOL (PCSE)
TD
Total soil depth
cm
PERC (PCSE)
F1
Water flux at current
cm/day
rooting depth
LOSS (PCSE)
F2
Water flux at
cm/day
maximum rooting
depth
W (PCSE)
m1
Moisture content 1
cm
WLOW (PCSE)
m2
Moisture content 2
cm
Top_soil_depth (SOILSIM)
SD
SOILSIM soil depth
m
Mineral_N (SOILSIM)
N
Mineral N
Kg
N_leaching (SOILSIM)
Fn
Leaching N
Kg/day
Depth 1 (SOILSIM)
L1
Distance value 1
cm
Depth 2 (SOILSIM)
L2
Distance value 2
cm
Depth 3 (SOILSIM)
L3
Distance value 3
cm

Modifications SOILSIM: N balance
The processes that determine the available N balance are executed in a distinct order to ensure proper
functioning of the modified SOILSIM model. As explained in the modification SOILSIM N processes
section above, several new processes are added or have been modified to allow for a daily time step.
The sequencing has changed to prevent calculation errors. An overview of the new order of processes
to calculate available N for each time step in the modified SOILSIM module is given in Figure 5.
Starting point for the calculation of available N on the next day is obviously the value for the current
day (1 in Figure 5). The sequence of subtractions and additions is as follows:
 Subtraction of Crop N uptake (the Crop N uptake is separately calculated by PCSE based on
available N of the current day) (2 in Figure 5)


Subtraction of the available N demand for the assimilation of the AOM, HOM and OA pools (3
in Figure 5).



Additions to available N from the AOM and HOM pools caused by assimilation processes, (4 in
Figure 5)



Subtraction of N leaching (5 in Figure 5)



Additions to available N from N deposition and artificial fertilisers (6 & 7 in Figure 5)

This results in the available N for the next time step (8 in Figure 5).
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Figure 5: Schematic overview of the order of processes regarding the available N term. Based on
(Zijlstra & De Willigen, 2020)

General modifications: coupling the models
As briefly mentioned in the section describing the modifications for PCSE, the wrapper file is the
mediator file between the models. This file takes what it needs from SOILSIM and PCSE and sends back
the information the two models need. Anything from the SOILSIM soil which would be necessary to
run PCSE or interesting for the user as output needs to be published in the PCSE VariableKiosk. The
wrapper file receives the agro-management calls for mineral fertiliser and manure additions from PCSE
and sends them to SOILSIM. The wrapper file regulates which SOILSIM soil initial values and
parameters from the soil library are used. A summary of the exchanged variables is shown in table 2.
For proper coupled PCSE model execution, the process steps have to follow a distinct order. For
completeness, a summary of the order of events happening is given in table 3.
The coupled PCSE model will be able to simulate the potential, water limited and N limited production,
while SOILSIM calculates the OM and N balance. This is schematically shown in Figure 6. To access and
use this coupled PCSE model, follow the instructions in Appendix 2, using the files and data of Appendix
3.
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Table 2: Exchanged variables between PCSE and SOILSIM as organised in the wrapper file.
Variable
Soil N available
Plant N uptake
Current rooting
depth
Water flux 1
Water flux2
Water amount 1
Water amount 2
N added by dying
roots
C added by dying
roots
Manure applied
Artificial fertiliser
applied
End of the season
crop residues
Carbon content
AOM carbon
content
HOM carbon
content
N leached
N mineralised
N added by root
pool
N added by
deposition
Total soil N
Total soil N
content
N available
content

Unit
kg/ha
kg/ha/d
cm

From
SOILSIM
PCSE
PCSE

To
PCSE
SOILSIM
SOILSIM

Function
Calculations
Calculations
Calculations

cm/d
cm/d
cm
cm
kg/ha

PCSE
PCSE
PCSE
PCSE
PCSE

SOILSIM
SOILSIM
SOILSIM
SOILSIM
SOILSIM

Calculations
Calculations
Calculations
Calculations
Calculations

kg/ha

PCSE

SOILSIM

Calculations

kg/ha
kg/ha

PCSE
PCSE

SOILSIM
SOILSIM

Calculations
Calculations

Kg/ha

PCSE

SOILSIM

Calculations

kg C/kg soil
kg C/kg soil

SOILSIM
SOILSIM

PCSE
PCSE

Output generation
Output generation

kg C/kg soil

SOILSIM

PCSE

Output generation

kg/ha/d

SOILSIM

PCSE

Output generation

kg/ha/d
kg/ha/d

SOILSIM
SOILSIM

PCSE
PCSE

Output generation
Output generation

kg/ha/d

SOILSIM

PCSE

Output generation

kg/ha
-

SOILSIM
SOILSIM

PCSE
PCSE

Output generation
Output generation

-

SOILSIM

PCSE

Output generation
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Table 3: Order of events in a coupled PCSE SOILSIM run, from earliest to latest
Action
Location
Start timer of simulation
PCSE
Initialize the crop
PCSE
Initialize the soil water balance
PCSE
Initialize the soil carbon and N balances
SOILSIM
Set crop rates
PCSE
Set soil water rates
PCSE
Set fertiliser events
PCSE/SOILSIM
Set carbon transformation rates
SOILSIM
Set nitrogen rates
SOILSIM
Integrate crop states
PCSE
Integrate soil water states
PCSE
Integrate soil carbon states
SOILSIM
Integrate soil nitrogen states
SOILSIM
Stop timer of the simulation
PCSE

Figure 6: Final products as based on the reference guide of PCSE (de Wit, 2018), including newly
introduced Soil Nitrogen section.

20

Model coupling summary
In this paragraph a summary about the coupling of the models is given. Using this summary the first
research question is answered: Which changes need to be made to the codes of PCSE and SOILSIM to
create a robust model to simulate N limited yield, crop N uptake and soil N dynamics?
In the PCSE code part of the coupled model, no conceptual changes were made. This was done
intentionally so other users would be quickly inclined to use the new soil addition, while using the
model they were familiar with. The changes that were made directed the information to and from the
SOILSIM soil module at the appropriate moments. The validity of the reference PCSE model to calculate
the corresponding crop yield trough calculated N uptake is assumed. No signs of major errors were
found. Improvements could be found in the calculation of N demand, by introducing two crop varieties.
One before 1970, the other continued to increase. It can be expected the maximum N uptake and yield
of a crop will continue to increase.
In the modified SOILSIM model, a number of conceptual changes were made.
Accurately estimating crop available N is essential to predict crop N uptake and thereby crop yield. The
line between under and over predicted available N in the soil has proven thin. The calculation methods
of these components in the mineral N balance were re-evaluated and updated. In general, rewriting
rate calculations and state integrations as function calls was needed for implementations, but had no
impact on the simulation outcomes.
The N released by carbon decomposition is an important component in the mineral N balance. The
availability of reliable carbon cycle model is essential to accurately predict carbon decomposition rates
and amounts. When the soil carbon cycle model is optimised, the release of mineral N into the crop
available N pool is best simulated. The soil carbon cycle as used in SOILSIM using the AOM and HOM
pools as soil carbon and OA as carbon additions with a time step of one day is preserved in the coupled
PCSE model. Other existing models use less, the same number, or more of these OM pools (Manzoni
& Porporato, 2009). These conceptual model OM pools often do not correspond to measurable
fractions, as is the case in this work (J. U. Smith et al., 2002). Some of these other, more sophisticated
soil modules include soil temperature and soil moisture to influence soil decomposition rates (Wu &
McGechan, 1998). To estimate the SOM dynamics flow directly in a daily time scale like used in this
work, it might be worthwhile to add such interactions to the coupled PCSE model in the future.
Crop N uptake is a large factor in the mineral N balance. This made it essential to change the time step
of the crop N uptake from once every season in the original SOILSIM model to once every day in the
modified SOILSIM model. The obtained flexibility allows the coupled PCSE model to realistically
represent the actual situation with a better optimization potential.
The atmospheric N deposition was changed from a fixed yearly amount in the reference PCSE model
to a fixed daily amount in the coupled PCSE model. This represents the real life situation better, as
deposition is not an instant but a slowly always ongoing process. As previously mentioned in the
description of the data of the Bad Lauchstädt site, Germany has had very variable N emissions and
depositions over the studied period. One averaged and fixed N deposition value (expressed per year)
for nitrogen deposition has been used in the coupled PCSE model. In future work the prediction of the
consequences of atmospheric N deposition in the coupled PCSE model can be improved by making use
of dedicated values from each simulated year of crop growth.
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Two processes were introduced to improve the representation of the senescence of crops in the
coupled PCSE model. The first process is on the slow day-by-day addition of dead crop components
during growing season using OA. The second process is the addition of crop residues at harvest. The
amounts in C and N in four components of the crop and the death rates on them are computed in
detail in PCSE. This data can only be used as input after careful assessment, as information about what
is left on the soil is scarce and often not done consistently. Such a data assessment is outside the scope
of this work. To evaluate the implementations of these two processes of dead crop soil C and N
additions, the highest impact crop components were used for both processes: the roots for the first
process and the storage organs for the second process. The consequences of these simplifications on
the simulation results is yet unknown. Working out this element further could potentially add value in
the process of improving coupled PCSE model simulations. This could be implemented relatively easily,
as the information in PCSE is already available and the OA are set up accordingly in the SOILSIM part
of the coupled PCSE model. More parameter calibration would be needed, especially the
decomposition gross efficiency and maximum relative decomposition rate of the OA pool.
The fixed yearly lost N factor in the reference PCSE model was replaced by a daily leaching function in
the coupled PCSE model. It is expected that this makes the representation of the dynamics of N
leaching in the coupled PCSE model more accurate. The crop available N is assumed homogeneously
distributed over depth and all available N is assumed leachable, while the AOM, HOM and OA pools
do not lose mineral N. In reality, the distribution of N in the soil is more complex. The new leaching
function requires information which already is being calculated by PCSE for other purposes. This easy
way of exchanging information caused a mismatch problem concerning the soil depths of the PCSE and
SOILSIM parts in the coupled PCSE model. A compromise in N leaching accuracy was made to be able
to work with the combination of the two soil profile descriptions information.
As seen in the chapter of the modifications on the N balance, the sequencing of computing the
components of the mineral N balance has large implications on the outcome for these components
themselves. The order chosen assured no major malfunctions were created. The structured static
order could be far more dynamic in reality. Further optimization of the order could be possible, but no
direct reasons to justify change in this order were found.
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Model performance methods
Before the coupled PCSE model can be applied in practice, the correct functioning of the modified
SOILSIM soil module needs to be evaluated, the parameters need to be calibrated and the model
results need to be evaluated. This was done in five steps:
 Description of the used dataset


Functional evaluation of the modified SOILSIM soil model components



Modified SOILSIM model parameter calibration



Coupled PCSE model parameter calibration



Coupled PCSE model evaluation

These elements are described below.

Description of data used: Bad Lauchstädt dataset
The data from the Static Fertilization Experiment in Bad Lauchstädt, Central Germany is a well-known
source in the agronomy: the data is extensive, trustworthy, has good accessibility and has been used
in earlier soil studies. This dataset was therefore used in the evaluation phase of this work. Below a
description of the dataset is given.
The Bad Lauchstädt experiment was established in 1902 and is still ongoing. This long-term fertiliser
experiment occupies an area of 4 ha and has had some interesting other small experiments over the
years (Merbach & Schulz, 2013). The cultivation of four different crops (sugar beet – spring barley –
potatoes – winter wheat) is studied. The experiments are done in duplo; therefore the experimental
area is divided in eight strips. The crops move to another strip every year. Every strip is divided into
three main blocks that undergo three different treatments of organic fertiliser application:
 no farmyard manure applied


20 t/ha of farmyard manure each year prior to the root crops



30 t/ha of farmyard manure applied every second year prior to the root crops.

These manure treatments were subdivided by six different mineral fertiliser treatments (bringing the
total number of fields for data collection on 144):
 no fertiliser


P, K applied,



N applied,



N, K applied,



N, P applied and



N, P, K applied.

The amount of N, P or K applied depends on the type of crop and on the amount organic fertiliser
applied and was adjusted over time to match the characteristics of the cultivated varieties. In Figure 7
a birds’ view of the design of the experiment is displayed. The yellow horizontal lines indicate the
different crops from top to bottom; the solid red lines indicate from left to right the different manure
treatments and the red dotted lines from left to right within the manure treatments indicate the
subdivision in different artificial fertiliser treatments. Detailed crop and soil data have been compiled
over the years (1902-2016) based on crop and soil samples taken every year from each treatment.
Crop data includes crop development within the growing season, crop yield at harvest time, crop
biomass at harvest time, nutrient (N, P and K) uptake at harvest time and dry matter content of the
harvested products. Simultaneously at harvest time, soil data is gathered including soil organic carbon
content, pH, Total N, Total P and Exchangeable K. Daily weather data is available from an automatic
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weather station in Halle located roughly 12 km distance from the Bad Lauchstädt farm site. Over the
years new crop phenotypes are introduced, causing a significant increase in crop yield and N uptake.
This particularly happened between 1960-1980, known as the green revolution. Exact fertiliser
amounts and details about the experiment are found in Appendix 4.
In this work, we are developing a model to assess the effect of N on crop properties. Given time
limitations Winter wheat was selected for further analysis. The 1,5,13 and 17 treatments represent the
4 situations with and without the two types of (N) fertilisers (table4). These situations were included
in the simulations since they were most relevant for this study. In each of the situations P and K are
added as artificial fertiliser to exclude P and K limitations biasing results. The data from strips 3, 4, 5, 6
and 7 is known to be the most complete and consistent data. The data from strip 3 is therefore used
for calibration; subsequently the data from strips 4-7 for evaluation. An overview of the use of the data
as used in the coupled PCSE model development process is given in table 5.

Figure 7: Schematic overview over the experimental area divided in 8 strips (top to bottom, different
crops), 3 blocks (left to right, different manure treatment) and 6 mineral fertiliser treatments (left to
right within the manure treatments, different artificial fertiliser treatments) (Silva et al., 2016)

Table 4: Treatments simulated during calibration/evaluation of the coupled PCSE model

Treatment nr.

17
13
5
1

N added through
artificial fertiliser
(varied amounts)
no
yes
no
yes

N added through
manure (20 ton/ha)
No
No
Yes
Yes
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Table 5: Overview of the used Bad Lauchstädt datasets during coupled PCSE model development

Chapter

Strip number

Functional
evaluation
SOILSIM C
calibration
SOILSIM N
calibration
Modified
SOILSIM model
evaluation
Coupled PCSE
model results
evaluation

No data
verification used
3

Treatment
number
No data
verification used
17,13,5,1

3

17,13,5,1

3

17,13,5,1

4,5,6,7

17,13,5,1

Functional evaluation
Before coupling the modified SOILSIM model to the reference PCSE model, a credibility check was done
on the stand-alone modified SOILSIM model. This functional evaluation of the modified SOILSIM model
was done for two reasons.
The first reason was to ascertain the programmed modified SOILSIM model soil N balance processes
behave as intended. The evaluated processes were Crop N uptake, N leaching, artificial fertiliser
application, organic additions and atmospheric N deposition. To be able to run the modified SOILSIM
model in isolation from the PCSE model, input and parameter values based on separate reference PCSE
model runs were generated and used. The effects of switching on each of the listed processes (and the
combination of all) on the prediction of available N, total N and organic carbon were evaluated and no
flaws were found.
The second reason was to determine the effect of changes to the parameters of SOILSIM on the
simulation results. Modified SOILSIM model sensitivity to the input parameters can be used in selecting
parameters for calibration. A wide range of parameter values was used to ensure extreme scenarios
could be handled by the modified SOILSIM model.
From the sensitivity analysis can be concluded that the parameters of the modified SOILSIM model can
be divided in two categories. One category is influencing the amounts of C in the different pools, and
indirectly the amounts of N. These parameters are the maximum relative decomposition rates and the
gross efficiencies for the different carbon pools (referred to as C calibration parameters). The second
category has (almost) no influence on the amounts of C, but does influence the N amounts. These are
the C/N ratios of the carbon pools (referred to as N calibration parameters). Details of the setup, used
parameters, driving variables and results of the functional evaluation can be found in Appendix 5.
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Parametrization modified SOILSIM model
Initial modified SOILSIM model parameters were estimated based on literature on models similar to
the modified SOILSIM model, the methods and discussion of these estimations is described in detail in
Appendix6. These estimations were the starting point of the calibrations of the parameters of the
modified SOILSIM model.
In calibration, a selected number of parameters is adapted within their known range, to obtain a better
quantitative agreement between model results and reality, where after residuals are evaluated (van
Ittersum et al., 2003). Therefore, the three most reliable measured components are used for
evaluation, i.e total carbon in the soil, the N uptake of the crop and the yield of the crop. The C
influences the N uptake strongly so the parameters that determine the value of C (the maximum
decomposition rates and gross efficiencies) have a high priority in the calibration order. Since the
amount of total C can be extracted from the modified SOILSIM model, isolated model calibration is
faster and more accurate, the C calibration parameters will be calibrated using an uncoupled model,
the modified SOILSIM model. The N uptake and crop yield estimations require a coupled model, so
calibration of the N parameters needed to be done afterwards with a coupled PCSE model.
To evaluate the results in the model, indicators of model capability need to be defined. P. Smith et al.
(1997) evaluated nine different SOC models using 12 datasets within seven long term experiments.
One of these seven datasets is the Bad Lauchstädt set from 1956 till 1994. RMSE(Root Mean Squared
error) and ME(Modelling error) definitions as used in (P. Smith et al., 1997) are listed in equations 9 &
10. Model prediction values (P) and field observations (O) are used to calculate the error function. In
this work the RMSE and ME are used to evaluate the modelling results. When all predicted values
match the observed values the RMSE would be 0. The RMSE is standardised by multiplying by 100 and
dividing by the observed average. The range of ME lies between minus infinite and 1. At an ME of 1 all
the values predicted by the model perfectly match the observed values. The prediction by the model
is better than ‘simply taking the average value of the observed values as predicted value’ if the
outcome of the error function is above 0. In other words, the outcome of the error function should be
as close to 1 as possible, and when fitting parameters on experimental data the model performs better
than just taking the average when the ME is above 0.
𝑛

100
𝑅𝑀𝑆𝐸 =
∗ √∑(𝑃𝑖 − 𝑂𝑖 )2 /𝑛
𝑂̅

Equation 9

(∑𝑛𝑖(𝑂𝑖 − 𝑂̅)2 − ∑𝑛𝑖(𝑃𝑖 − 𝑂𝑖 )2 )
𝐸𝐹 =
∑𝑛𝑖(𝑂𝑖 − 𝑂̅)2

Equation 10

𝑖

To summarize, the modified SOILSIM model parametrization was done in three steps:
 The parameters were estimated using literature from models with similar concepts
(Appendix6)


C parameters are calibrated using the modified SOILSIM model and total SOC data



N parameters are calibrated using the coupled PCSE model and N uptake and crop yield data
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Calibration modified SOILSIM model; C parameters setup
As mentioned the modified SOILSIM model was used isolated from the PCSE model to more accurately
predict the SOC and to calibrate the C parameters. At first, the found initial parameter values as
discussed in Appendix 6 were used. After this, calibrations were done manually by a trial-and error
method comparing the modified SOILSIM model results with Bad Lauchstädt observations. The time
used for calibration was limited, the optically best found calibration results were used. After the
optically best results were found, the RMSE and ME values between observed and modelled SOC were
used for the final tuning. For the calibration of the C parameters, Bad Lauchstädt winter wheat data
from strip 3 were used. Four fertiliser situations were examined:
1. No mineral and no organic nutrients added (treatment 17)
2. Mineral nutrients added; no organic nutrients (Treatment 13)
3. No mineral nutrients added; organic nutrients are added (Treatment 5)
4. Both mineral and organic nutrients are added (Treatment 1)
In the N uptake and yield calibration, the fertiliser situation of both mineral and organic nutrients had
priority, as the reference PCSE model was assumed best in this situation, where no nutrient limitations
should occur. The modified SOILSIM model should minimally be able to provide the measured amounts
of available N to the PCSE part of the coupled PCSE model. When these results were at least similar to
the reference PCSE model results, there was looked at the nutrient deficiency situations.
Weather data from a weather station in Halle at roughly 12 km distance is used. Driving variables for
the period of 1970-2014 are used, as these seemed most reliable and most consistent (Blair et al.,
2006). In case of the organic additions the 20t/ha treatments are used, the amounts of mineral
additions differ each time. As earlier mentioned in the PCSE modifications, all used situations have
added P and K, so these nutrients will be assumed as not limiting growth.
The modified SOILSIM model is used, therefore the daily values for the water balance, crop N uptake,
root death and current rooting depth need to be provided . A separate run of an reference PCSE model
in the corresponding timeframe was used to generate these input values (Silva et al., 2016). The first
measured C observations are taken as the starting C amounts, the details are listed in appendix 6. The
initial ratio of amounts of C in the AOM and HOM pools, depend on the activity in the soils caused by
OA. To estimate the correct initial AOM/HOM C ratio for each situation, iterative runs of the simulation
were done, changing the starting value of the ratio of a new run to the ending value of a previous run.
After the C parameter calibration is done, the amounts of SOC predicted are assumed correct in the
next N parameter calibration.
Calibration coupled PCSE model, N parameters setup
In the N parameter calibration, most settings and inputs were equal to the C parameter calibration.
The most important difference is the usage of the coupled PCSE model instead of only the modified
SOILSIM model and the calibration is done on N uptake and crop yield data instead of on SOC as the
SOC values are assumed correct. For the calibration of the N parameters Bad Lauchstädt winter wheat
data from strip 3 was used, (identical to the C parameter calibration). The same four fertiliser situations
are examined. Settings and input variables for the PCSE part of the coupled PCSE model from a
reference PCSE model run are used (Silva et al., 2016). These settings can be found in appendix 3.

Coupled PCSE model evaluation setup
To determine if the coupled PCSE model improves yield prediction compared to the reference PCSE
model, runs of both models are done for the combined strips 4, 5, 6 and 7. Data on the yield and N
uptake as simulated by the reference PCSE model, by the coupled PCSE model and as observed will be
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compared. The 4 previously mentioned fertiliser situations are examined. The parameter sets as
derived by the C and N parameter calibration are used.
To ensure the differences in results are attributed to the coupling of the model as opposed to the using
different crop varieties, the error calculations are done for 3 timespans: the period before 1970, the
period after 1970 and the whole dataset. Both RMSE and ME as described earlier will be calculated
again. An overview of all the cases for which RMSE and ME error calculations are performed is
summarized in table 6. To avoid presenting too many numbers, the separate periods were moved to
Appendix 7.
The principle of using different crop varieties in different time spans can also be applied to the
reference PCSE model. To ensure that a fair comparison is done between the performance of the
coupled PCSE model and the reference PCSE model, the simulations with the reference PCSE model
have been re-run with the split time range with two crop varieties.
Table 6: Error calculations in the results

Category
Variables
Models used
Fertiliser situations
Error
Timespans (all in Appendix 7)
Total error calculations (In Appendix
7)

Names
N uptake – Yield
Coupled PCSE – Reference
PCSE
No – Manure – Artificial –
Both
RMSE – ME
All – before 1970 – after
1970
Total

Factors
2
2
4
2
1 in main text (3 in appendix
7)
32 in main text(96 in
appendix 7)

Results
C Parameter calibration modified SOILSIM model, N parameter calibration coupled
PCSE model
Using the literature based initially estimated parameters of the modified SOILSIM model as described
in appendix 6, relative high error values were found comparing the modified SOILSIM model with the
Bad Lauchstädt observations. The initial and calibrated C and N parameters are shown in table 7. The
calibration of C parameters resulted in substantial SOC error reductions. Values were kept in the same
order of magnitude. In the next step, filling in the initial estimated N parameters in the coupled PCSE
model, large deviations were found comparing the coupled PCSE model with the Bad Lauchstädt
observations. Changing the parameters (to 2/3rd of their initial values) was needed to minimise the
errors between the predicted and observed values.
In table 8, the RMSE and ME errors for SOC are shown for each of the treatments. The starting C and
Initial AOM/HOM ratio equilibrium vary per treatment and the used values are shown in table 8. The
calibration results of the C and N parameters on the strip 3 winter wheat data show that, the results
for the ME in most cases are closer to 0 than to 1, which means that the coupled PCSE model is not
performing better than just taking the average of the SOC values yet. When the Bad Lauchstädt data
is looked at in isolation, it can be seen that there is systematic over prediction of N uptake and yield in
the years before 1960, and a systematic under prediction of N uptake and yield in the years after 1980.
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These biased results are the main reason for the low error function values. In the years 1960-1980 the
green revolution took place (Khush, 2001). During this period there was a fast development of different
phenotypes of the same crops, enhancing the uptake and growth capacity of the crops and changing
the harvesting index. The match between observed and predicted data can only be improved when
this change in varieties is represented in the coupled PCSE model.
The most straightforward way in PCSE to change the uptake and growth capacity of the crops is the
adjustment of the maximum leaf CO2 assimilation rate as function of DVS (development stage)
parameter “AMAXTB”. In the reference PCSE model the base value of 42.996 (C*kg/ha/hr/J/m2*s) is
used for winter wheat (Silva et al., 2016; Silva, Reidsma, Laborte, et al., 2017). To solve the change in
varieties in a simple way, it was decided to define 2 different winter wheat varieties: one before 1970
and one after 1970, each with their own AMAXTB values. All other parameters were kept identical. To
match the yield and uptake measurements of the before 1970 and after 1970 segments, AMAXTB
values of 24.496 (C*kg/ha/hr/J/m2*s) and 60.996 (C*kg/ha/hr/J/m2*s) were found.
The usage of 2 varieties compared to the usage of 1 variety resulted in greatly increased accuracy of
the predicted values for strip 3. This can be seen in table 9, where the RMSE and ME errors for N uptake
and yield are shown for each of the fertiliser treatments. The single crop variety and the double crop
variety setups are included. The same starting C and Initial AOM/HOM ratio as in the C parameter
calibration is used. In all the fertiliser situations and for both N uptake and crop yield, the RMSE’s
decrease by 5-15%. The ME’s for N uptake change from ranges between -9.35 and -2.24 to ranges
between -0.31 and 0.45. Manure additions cause higher AOM/HOM ratio’s and higher C % in general,
as they increase from 0.1 to 0.27 and 0.28 when manure is used. The yield predictions start out with
better ME’s than the N uptake ME’s, and still have increases accordingly, with ME as high as 0.54 best
result. The situations with artificial fertiliser added, and both the fertilisers added score best all having
a ME over 0.4. The lower ME values for the nutrient deficiency situations, are notable but not
surprising, as the calibration focus lied on the situation with both the types of fertilisers.
Table 7: Initial estimated and calibrated modified SOILSIM model C parameters and modified SOILSIM model N parameters

Parameter
or
equivalent
parameter

Initial
Calibrated
Estimated
SOILSIM
SOILSIM
parameter
parameter
C calibration parameters
max_rdrAOM
0.2
0.3
max_rdrHOM
0.02
0.01
max_rdrOA
1.2
1.2
εAOM
0.5
0.5
εHOM
0.5
0.8
εOA
0.2
0.08
Humification
0.25
0.35
factor
N calibration parameters
CN AOM
12
8
CN HOM
36
24

Unit

/year
/year
/year
-

-
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Table 8: SOC error properties in 4 fertiliser situations with their required initial conditions using strip 3 Bad Lauchstädt data

Total SOC

Estimated
RMSE(%)

Calibrated
RMSE(%)

Estimated
ME(-)

Calibrated
ME(-)

Starting
C (%)

Initial
AOM/HOM
ratio
equilibrium(-)

No fertiliser
(treatment 17)

12.8

5.4

-6.46

-0.32

1.70

0.10

Artificial
(Treatment13)

17.5

5.9

-7.35

0.06

1.95

0.10

18.0

7.1

-5.93

0.02

2.20

0.27

62.5

6.8

-83.73

-0.12

2.30

0.28

Manure
(treatment5)
Artificial +
manure
(Treatment 1)

Table 9: Coupled PCSE model soil calibration, RMSE and ME error descriptions on total N uptake and total yield. Calibrated
initial values for the different fertiliser treatments: Starting C% and initial AOM/HOM ratio

Treatment

Amount
of
varieties

Calibrated
RMSE (%)

Calibrated
ME(-)

Starting
C (%)

Initial
AOM/HOM
ratio
equilibrium(-)

1.70

0.10

1.95

0.10

2.20

0.27

2.30

0.28

1.70

0.10

1.95

0.10

2.20

0.27

2.30

0.28

Total N uptake
No fertiliser
(treatment 17)

1

48.6

-9.35

2

33.3

-0.16

Artificial
(Treatment13)
Manure
(treatment5)
Artificial +
manure
(Treatment 1)

1
2
1
2

44.7
33.5
51.2
43.4

-7.64
0.42
-2.24
-0.31

1

45.9

-4.23

2

34.8

0.45

Total Yield
No fertiliser
(treatment 17)
Artificial
(Treatment13)

Manure
(treatment5)
Artificial +
manure
(Treatment 1)

1

56.3

-0.68

2

46.8

-0.24

1

40.2

0.28

2

35.8

0.43

1

49.1

-0.2

2

32.2

0.51

1

45.6

0.16
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Model evaluation results
To complement the prediction errors as described in table 6 eight Figures were made from which four
are moved to Appendix 8. In these Figures the yield and N uptake are plotted against time. Each Figure
consists of 2 graphs, one for yield and one for N uptake. These graphs show the observations (orange),
the 1 crop variety simulations (blue) and the 2 crop varieties (green). The most extreme cases are
shown in the results below: the situations without and with both the types of fertilisers. These
situations are shown for the reference and the coupled PCSE models. The error calculations are shown
in table 10. In nearly all the cases the use of 2 varieties dramatically reduces the RMSE and increases
the ME. RMSE values decrease with fertilization. The results are considerably better for artificial
fertiliser compared to manure. Yield and N uptake RMSE values are comparable. The results for the
situation without fertilisers are worst, for full fertiliser best.
Table 10: RMSE (%) and EF (-) calculations for the 4 different fertiliser situations using 1 and 2 varieties, averaged over the
whole period

Yield
Model

Varieties

Reference PCSE

1 variety

2
varieties

N uptake
Coupled PCSE

1 variety

2
varieties

Reference PCSE

Coupled PCSE

1 variety

2
varieties

1
variety

2
varieties

RMSE (%)
No
fertiliser
Artificial
Manure
Manure +
artificial

123

104

97

56

176

175

63

57

54
68

32
50

42
46

33
38

38
87

54
84

43
48

34
45

53

35

44

33

51

33

46

34

ME(-)
No
fertiliser
Artificial
Manure
Manure +
Artificial

-6.88

-4.6

-3.82

-0.61

-15.04

-15.00

-1.04

-3.72

-0.52
-1.91

0.44
-0.55

-4.76
-6.42

0.48
0.28

-0.51
-3.59

0.27
-3.28

-1.68
-4.69

0.52
-0.11

-0.42

0.40

-5.87

0.47

-0.18

0.52

-3.83

0.51

Results for the reference PCSE model without fertiliser are shown in Figure 11; for the coupled PCSE
model without fertiliser in Figure 12. Results for the reference PCSE model full fertiliser situation are
shown in Figure 13, for the coupled PCSE model in Figure 14. The Figures show that in the years after
the green revolution the average N uptake and yield is higher than before the green revolution, with a
distinct transition period. The variation of the observations increases after the green revolution.
In Figure 11, the reference PCSE model 1 variety simulation over predicts yield and N uptake, even
after the green revolution. The 2 variety simulations also overestimate over the entire timespan. The
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increase in both yield and N uptake caused by the switch to the second variety is bigger than the
observed increase. The decline in the observations for the most recent years is not reflected by both
the simulations resulting in high deviations between observations and simulation results.
In Figure 12 coupled PCSE model simulations are shown for the unfertilized situation. In general the
differences between predicted values and observed values are smaller compared to the results for the
reference PCSE model. The yield is overestimated by the 1 variety simulations during the whole time
period. The N uptake simulations overestimate at the start, but underestimate at the end. The 2 variety
yield simulations overestimate at the start and improve in the second part. The N uptake simulations
are almost equal to the 1 variety uptake simulations, but the yields of the 1 variety simulations are
higher than in the 2 variety simulations, especially in the early time period. The decline in the
observations of the yield at the end of the dataset is still not matched by both the models.
In Figure 13 reference PCSE model simulations are shown for the full fertiliser situation. In general, a
much better fit between observed and experimental data is obtained compared to the ‘no fertiliser’
case. The 2 varieties case considerably increases the performance of the reference PCSE model. Some
sudden drops in observed values after around 1980 are not matched. In Figure 14 coupled PCSE model
simulation results are shown for the full fertiliser situation. The coupled PCSE model simulation results
are very similar to the reference PCSE model simulations results in Figure 13. The corresponding error
calculations suggest some differences but this is not obvious from the graphs.

Figure 8 Upper: Reference PCSE model in the no fertiliser situation. N uptake and crop yield (tDM/ha) against time (Years) 1
& 2 varieties. Lower: coupled PCSE model in the no fertiliser situation. N uptake and crop yield (tDM/ha) against time (Years)
1 & 2 varieties
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Figure 9: Upper : Reference PCSE model in the Manure & Artificial fertiliser situation. N uptake and crop yield (tDM/ha) against
time (Years) 1 & 2 varieties. Lower: Coupled PCSE model, in the Manure & Artificial Fertiliser situation. N uptake and crop yield
(tDM/ha) against time (Years) 1 & 2 varieties
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Discussion
Achievements of the objectives
In this work three goals were formulated. The first goal, to implement a nitrogen soil module in PCSE
using SOILSIM code has been achieved. The second goal was to parametrise and evaluate the coupled
PCSE model for simulating nitrogen-limited yields and crop N uptake. This objective has been achieved
for winter wheat in the Bad Lauchstädt environment. The third goal was to establish whether the yield
predictions of the coupled PCSE model have improved compared to the reference PCSE model, which
is achieved in nutrient deficient situations.
In the more detailed discussion below the achievements of these goals are described by answering the
research questions as formulated at the start of the work:
 Which changes need to be made to the codes of PCSE and SOILSIM to create a robust coupled
PCSE model to simulate N limited yield, crop N uptake and soil N dynamics?


Which parameter values should be used in the coupled PCSE model?



How does the coupled PCSE model perform compared to the reference PCSE model in
simulating N-limited yields against long term data?

Suggestions are made for further development to make the model both more accurate and more
widely applicable.

Explanations of findings
Changes made to PCSE and SOILSIM models to create a robust model to simulate N limited yield and soil
N dynamics
Until now, only the growth limitation caused by N has been considered in the coupled PCSE model.
The coupled PCSE model would have a larger range of applicability when it could handle growth
limitations by P and K as well. The coupled PCSE model would need to be modified to include these
components as the original SOILSIM model included P and K balances. The data strips for the Bad
Lauchstädt considering the treatments without the P and K treatments can be used to help creating
such extension. The coupled PCSE model does not take into account weather effects like storms or
other yield influencing effects like diseases. Yield reductions due to these effects up to 20% are not
uncommon (Rabbinge, 1993).
The difference in speed of nutrient addition between the OA and the artificial fertilisers could cause
inaccuracies in coupled PCSE model predictions. The OA has to transfer its components two times, first
from the OA pool to the AOM or HOM pool and second from those organic pools to the mineral
nutrient pool. This creates a slow process presumably causing mismatching of the fertiliser dates and
the most critical moments for the crops to receive their extra nutrients.
OA with high C/N ratios could cause a relative shortage of N in the AOM and HOM pools resulting in
low amounts of crop available N in the periods just after fertilisation (found in the functional evaluation
in Appendix 5). This could be caused by the SOILSIM assumption of the static and rather shallow
SOILSIM soil depth, resulting in a total C in the soil which is relatively small compared to the amount
in the additions. In the most extreme cases the amount of C added was even equal to the total amount
in the soil.
Upon addition, the OA are relatively larger than expected in comparison to the AOM and HOM pools,
disturbing the actual amounts of C and N in these pools heavily (see Appendix 5). More parameter
calibration is needed to solve both the problem of the difference in OA speed and the problem of the
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disturbed amounts of C and N in the AOM and HOM pools. Different sites could be examined, or a
more detailed SOC model comparison with daily SOC data could be done.
The N leaching assumptions may not reflect reality sufficiently and the consequences of this for the
accuracy of the coupled PCSE model are unclear. To investigate this uncertainty in N leaching, a
computation with soil water boundaries as defined in PCSE can be made and major differences should
be observed here then. The improvement of the leaching function in future work may require major
fundamental changes in SOILSIM as a dynamic SOILSIM soil depth need to be used changing the C
profile of the soil.
Some existing known variables and processes that effect the mineral N balance have not yet been
included in the coupled PCSE model. The variability of pH in the soil is not accounted for, as is the age
of a soil which could be factors in determining the mineralisation rates (Wang et al., 2018). The lost N
factor replaced by N leaching supposedly accounted for overland N runoff and denitrification, which
are left out of the coupled PCSE model now but could have a place in a future version of the coupled
PCSE model. In most cases the addition of these processes would lead to lower mineral N, which could
mean some of the existing N losing processes are overestimated.
Parameter values used in the coupled PCSE model
Ideally in the parameterisation, to evaluate the modified SOILSIM model parameters, all relevant
starting values of the different soil pools are measured, all individual parameters in the modified
SOILSIM model are fitted to experimental data, and the C content (g/kg soil), total N (kg/ha) and
available N (kg/ha) values resulting from the simulation would be compared to experimental data.
However, it is not possible to evaluate the dynamics of modelled soil OM pools with measured pool
changes, as these conceptual model pools often do not correspond to measurable fractions (J. U.
Smith et al., 2002). There have been successful attempts at doing this, but it remains difficult without
specific measurement regulations (Zimmermann et al., 2007). The trial to match all of C pools in this
approach, however, remains unachieved though a study was conducted comparing not only the size
of C pools but mean residence time of the pool (Shirato, 2020). The initial distribution of C between
the different pools is usually not known and the initial amount of C in the soil is dependent on the
history of the site (Yeluripati et al., 2009). The approach used in SOILSIM to simulate C and N
dynamics is not compatible with biological processes, as the model approach lacks algorithms for
carbon input estimation and a differentiated consideration of carbon input sequestration from
organic amendments commonly used in agriculture (Dechow et al., 2019).
The exact used parameters are stated in Appendix 6. Original WOFOST parameter values are evaluated
extensively and are assumed correct. No conceptual changes in the processes were made in WOFOST
regarding the processes so there is no reason to assume other parameter values. To create the 2
variety simulations, all original values were used except for the AMAXTB, the maximum leaf CO2
assimilation rate.
Due to the conceptual changes in the modified SOILSIM model these parameters are more subtle to
change. Calibration results were satisfactory, but it is possible for other combinations of SOILSIM
parameters to provide similar or even better results. The performance is only evaluated on the Bad
Lauchstädt dataset, the model needs to be evaluated by using other datasets.
As seen in the parameter estimations and calibrations, the parameters differ up to 2 times itself from
other similar models. This can be explained by the fact that parameter values in these models are part
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of a more complex description which includes e.g. temperature and moisture effects on the
decomposition and mineralisation equations.
In the simulations considering C and N additions, fertilisers were set on same calendar day every year,
therefore sometimes not on the exact day they were actually done. This was done due to
implementation issues. In the used daily time scale this could have caused inaccuracies to coupled
PCSE model predictions. Minor modifications to the input file structure are required to avoid this
problem in the future.
Soil properties based on Bad Lauchstädt measurements of 2004 might not be representative for the
century before. Considering the social and industrial transformations in Germany in the previous
century, differences in air and soil pollution could have led to a variety in soil properties as e.g. bulk
density or pH. The simulation results with manure additions were least successful in terms of predictive
errors. The simulations and calibrations were done using data with only 20t/ha manure addition
treatments. To improve the calibration of the OA parameters, the treatments with 30t/ha and 10t/ha
of manure/fertiliser could be adequately simulated with the same parameter values as presented in
this work trying to improve further.
Coupled PCSE model performance against long-term experimental data, the reference PCSE model and
other similar models
Initially the use of different crop varieties was not considered in this work but this proved to be very
important to improve predicted yields in Bad Lauchstädt. A relatively simple change in crop parameters
halved the RMSE. After the variety transition period, outliers with (unpredicted) remarkable low N
uptake and yields for the new crop type are seen in the observations. The second variety definitely has
a higher uptake and more yield in general but seems to be punished harder by occurring shortages or
other crop damaging circumstances.
The change to nearly 50% higher and lower than the original value of AMAXTB for the value before
and after 1970 is certainly open for discussion. The used value of 60 is above what is found to be
biologically possible. Variety improvement during the Green Revolution years was the result of
increased harvest index (HI), not increases in CO2 assimilation as AMAXTB indicates. The HI is
controlled by the partitioning coefficients and changing these coefficients would be the right way to
define different varieties. The usage of AMAXTB is more practical and gave correct results in this study,
changing partitioning coefficients would be more correct, but this is more complicated and was outside
the scope of this study.
The results suggest that a major contributor to the error values of the yield calculations are the
transition periods between 1960 and 1980. Years prior to the modelled variety switch predict too low,
years later than the variety switch predict higher than the observations. Adding even more varieties
could lead to better predictions. This can also be achieved by introducing an AMAXTB as a function of
time, or reflecting the crop development of the green revolution in a different way in the coupled PCSE
model.
Smith’s overview of 9 SOC models evaluated for the Bad Lauchstädt dataset had RMSE between 5 and
20% and all ME were below but close to 0, with the worst performance ranging to almost -25 as a
heavy outlier (P. Smith et al., 1997). As seen in the SOC calibration, the coupled PCSE model provided
a SOC RMSE’s range of 5 till 7 and a ME range of -0.32 till 0.03. These values are similar to the values
of the model evaluations presented by Smith. The first step of the soil module, the prediction of SOC,
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therefore can be considered done successfully. Even with error values similar to these other widely
used models, ME values of 0 are not accurately representing reality. The coupled PCSE model seems
to perform well on yearly data, but could miss smaller scale dynamics. As stated earlier a more detailed
SOC model comparison with daily SOC data could add value.
The second step of the soil module is the conversion of the SOC into crop available N. When using SOC
to predict mineral N, the accuracy of the predictions of mineral N is limited by the maximum accuracy
of the SOC predictions. Simulation of soil mineral N is inevitably prone to a larger error than simulation
of soil C because mineral N is influenced by many processes in addition to crop uptake (Gijsman et al.,
2002). Processes excluded from or simplified in the coupled PCSE model could increase the mineral N
prediction accuracy errors. As mentioned earlier, even the more sophisticated models using
temperature and moisture in their mineralisation processes have trouble predicting available nitrogen.
This can be seen in a comparison of Kersebaum et al. (2007) where 16 different soil crop models were
examined on Bad Lauchstädt data. ME values for crop N uptake are used for comparison here as the
RMSE values can not be matched. Only 3 out of 16 showed a ME higher than 0, and no model has a
higher ME than 0.5. In addition the quantity of crop available N is difficult to measure due to the usage
of different conceptual carbon pools with a corresponding N-pool. This makes validation of crop
available N problematical leading to choosing N-uptake as the variable to be predicted. In the
comparison of Kersebaum the ME’s of the total crop N uptakes generally lie between 0.5 and -0.5, with
outliers up to 0.7 and -1.
Comparing Kersebaums ME values for crop N uptake with the ME’s of this study, the 1 variety
simulations of the both reference and the coupled PCSE model are underperforming. The 2 variety
approach is necessary to achieve results which would score above average in Kersebaums comparison.
This last approach has ME values between 0.4 and 0.52, for both the coupled and the reference PCSE
model in the situations with artificial fertiliser and the situation with both fertilisers. The similarities
between the reference and the coupled PCSE model observed in Figure 13 and 14 suggest no N
limitations in both cases. Similar behaviour was expected as large amounts of fertilisers were applied.
In the “manure only” situation the coupled PCSE model prediction improves slightly compared to the
reference PCSE model. It ranks just below average in Kersebaums comparison. The reference PCSE
model predicts in the lowest section of this comparison. This is a small improvement, but still not
satisfactory. As seen in the functional evaluation of Appendix 5, the direct addition method of the
artificial fertiliser is so quick, the amounts transferred to the mineral pool dictate. As said in the
discussion of the implementation of the OA and now backed up by the simulation results, the OA
transfer method amounts or rate might need to be reconsidered.
Both models underperform in the zero fertiliser treatment. This underperformance of the reference
PCSE model was expected, as a missing soil N module was a major reason to start this work. The
underperformance of the coupled PCSE model in the zero fertiliser treatment with the strange
observation that the N uptake of 1 and 2 varieties is almost equal, as seen in Figure 12. The N release
out of the AOM and HOM pools is much lower than the N requirement of the crop, even when the
AMAXTB is lowered. All available N is taken up by the crop immediately. The differences in yield are
remarkable as the total N uptake within the year is the same and should be investigated further to be
understood completely. The timing of the N shortages within the year can be important here.
At the start of the dataset, in the zero fertiliser treatment the observed values for N uptake are 2 till 3
times lower than the simulated values. Introducing different varieties changed the N demand of the
crop, but not the N availability in the soil. In the experiment, it might be possible for the crop to
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improve nutrient uptake, thus increasing the amount of N available in the soil. This has not been
addressed in the coupled PCSE model. A dip in the observed values at the end of the dataset is suggests
the soil becomes drained of N, this is not matched in the simulations. The variation within the
simulations appears equal to the observations, except for some unexplained dips in the observations
in the period after 1970. It is possible that for at least part of these observations, circumstances like
plant diseases, plagues or extreme weather have played a role.
In the current work, only one (winter wheat) out of the four rotating crops on the strip has been
simulated in order to restrict the scope of the work. Different crops have different capabilities to take
up nutrients and therefore the crop available mineral N pool of the soil at the start of a growing season
heavily depends on the type of crop on the strip in the previous season. An important next step in the
coupled PCSE model development is therefore to include the flexibility for multiple crop handling in
the modified SOILSIM model. The possibility to simulate all four crops with the coupled PCSE model
was there, but was chosen not to do so. Different crops having different rooting depths could cause
inaccurate with the static SOILSIM soil depth and the predicted crop available N. It is expected that this
exercise, including parametrisation for all four crops, will result in improved simulation results.

Concluding remarks
In this work, the PCSE and SOILSIM models were successfully coupled. The coupled PCSE model
requires more input data compared to the reference PCSE model. This data will not always be available.
The new functionalities in the coupled model can however be easily activated or de-activated so the
coupled PCSE model can still be reset to the reference version of PCSE.
As expected, at high nitrogen availability the coupled PCSE model performs very similar when
compared to the reference PCSE model. Both the performance of the coupled PCSE model and the
reference PCSE model were significantly improved by using two different crop varieties, reflecting crop
breeding improvement over the years 1960-1980.
In nitrogen deficiency situations the coupled PCSE model predicts yields more accurately than the
reference PCSE model, halving the root mean square errors. Even after this improvement, average
deviations between observed and predicted values remain significant, as model efficiency values
below 0 were still found. The coupled PCSE model can provide a basis for further development to
improve the accuracy of the predictions and extend the range of applicability. The most important
improvements suggested are further parametrisation of OA and the inclusion of the entire crop
rotation instead of only using one crop.
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