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1. Introduction and objectives

Terrestrial ecosystems are crucial components of the global climate system and
also provide essential ecosystem services. However, our understanding of the
underlying processes of the soil-vegetation system is inadequate to address global
challenges such as the increasing need for food and raw material. Furthermore, since
the soil-vegetation system is closely linked to the underlying climate system, further
investigation is needed to address the interplay of the terrestrial ecosystems and the
greenhouse gas budget of the atmosphere.

Modeling provides a well-established method to better understand the
functioning of the soil-vegetation system. Process-based models are constructed by
the combination of empirical evidence and mathematical formulations. At present,
a large number of models are available that are widely used in the scientific literature
(Canadell, 2021). However, due to the development of these models the research
community faces several new challenges. State-of-the-art models are extremely
complex, have extensive data requirements, and use many parameters that are
difficult to estimate. This hinders their usability and applicability for real world
systems. Due to the economic and political implications of the current models, there
is a great need to simplify their use. This will enable users to carry out informative
simulations with little background knowledge of modeling and informatics.

The objective of my doctoral research was to develop frameworks that support
the application of an advanced biogeochemical model called Biome-BGCMuSo, in
complex simulation cases. As part of the work, I also developed a novel parameter
estimation procedure, which is unprecedented according to my knowledge. The new
method is suitable for optimizing process-oriented models using machine learning.
I also aimed to develop and apply an easy-to-use graphical decision support system

to investigate the future prospects of crop production in Hungary.



2. Materials end methods

My research was built upon the Biome-BGCMuSo biogeochemical model. As
part of my research, I have been involved in the development of the model and have
contributed to the dissemination of the latest model version (Hidy et al., 2021; 2022).
The source of the meteorological data was the so-called FORESEE database (Kern
et al., 2024), to which I also contributed. [ used the DOSoReMI database (Pasztor et
al., 2020; Fodor et al., 2021) to satisfy the soil data requirements of the model. Maize
yield data from Long Term Field Experiments (LTFE) performed at Martonvasar
were used as observational evidence for the model.

One of the main focuses of my work was to optimize (or in other words to
calibrate) the Biome-BGCMuSo to make the model simulations more realistic. The
goal of model optimization is to reduce the uncertainty of the model parameters and
thus the simulations results. For complex models this is typically done using a Monte
Carlo-based approach, which traditionally optimizes the model (minimizes
modeling error) while ignoring other quality measures. To address current problems
of these approaches (e.g. getting good results from wrong reasons, or equifinality),
I have developed a new method (Hollés et al., 2022). This method combines
traditional statistical methods with the practice of trial-and-error model fitting and
uses machine learning to narrow down the parameter space by applying quality
criteria to the derived results. The mathematical background of the new method is
described in detail in the dissertation.

I have created two open-source software packages (called RBBGCMuso and
AgroMo) in R to support the Biome-BGCMuSo model application. They provide
higher-level functionality, user and programming interfaces, generic functions to
address common modeling problems, and model-data fusion for low-data situations.

Both packages and their documentation are available on GitHub.



3. Results: theses of dissertation

The results of my doctoral research can be summarized in the following thesis

points.

1.

I contributed to the optimization and sensitivity analysis of Biome-BGCMuSo
with fundamental methodological developments. One of these is the support of
more advanced Monte Carlo based simulations of process-based models. It is
based on a mathematical method not yet widely used for process-based
modelling, called Hit and Run (Chen & Schmeiser 1996), and provides a solution
for sampling parameters that are highly interdependent, such as many parameters
of Biome-BGCMuSo. The other method allowed asynchronous parallelization of
the Biome-BGCMuSo model, which reduced the computational time of Monte
Carlo simulations by orders of magnitude. This made it feasible to execute the
model hundreds of thousands or even millions of times on personal computers
within realistic time frames.

I created and disseminated the RBBGCMuso software to the research
community, which integrates the difficult-to-use Biome-BGCMuSo model into
the R programming environment and provides access to high-level modeling
features using only a few R commands. The software package is open source and
available on GitHub together with its documentation (Hollos et al., 2023). The
package has already been used in international publications (Ren et al., 2022).

I developed and published the so-called CIRM ("Conditional Interval Reduction
Method") method (Hollds et al., 2022), which offers a new solution for the
optimization of process-oriented models in various disciplines. The CIRM
method is unique in a sense that it combines traditional, probabilistic inverse
methods with expert knowledge that cannot be considered as measurement data.
This feature ensures that the optimization results are realistic.

I have successfully applied the CIRM method in a so-called “low data” situation
(i.e. when only few or poor-quality measurement data is available). The LTFE
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data observed at Martonvasar were used as the basis for the simulation. The
conventional method of model optimization did not allow reducing the parameter
intervals in a meaningful way. In contrast, the use of CIRM resulted in an average
interval reduction of 44%, while the uncertainty of the simulations was reduced
by 42.3%. In addition, 95.5% of the runs in the reduced intervals were realistic,
compared to 7% for the conventional method.

. As a major contributor, I developed AgroMo, a decision support software
package with a graphical user interface that allows the execution of point and
spatial simulations and is also suitable for CIRM-based optimization of Biome-
BGCMuSo and the creation of different farming scenarios. AgroMo is based on
the RBBGCMuso software and allows the user to exploit the potential of the
model without any programming knowledge. AgroMo is an open source software
package that has also been published on GitHub and documentation has been
produced.

. I carried out a climate change related impact assessment using the AgroMo
software focusing on national scale maize production simulation. For the
experiment, the meteorological data were provided by two scenarios (RCP4.5
and RCP8.5) of the FORESEE database, while the soil data were provided by
DoSoReMi. I assumed that management practices remain the same, which means
that I investigated the combined effect of future weather and increasing
atmospheric CO; concentration. The results show an average maize yield change
of -1% (-1.17 t/ha; RCP4.5) and -13% (-1.01 t/ha; RCP8.5) in Hungary by the
mid-century and -10% (-0.77 t/ha; RCP4.5) and -28% (-2.20 t/ha; RCPS.5)
change by the turn of the century, respectively, compared to the reference period
2001-2020. Unlike previous studies, the RCP8.5 scenario is more favorable for

the near future than the RCP4.5 scenario.
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