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Abstract— Agro-ecosystem services are the various benefits (e.g., crop yield) that people
freely obtain from the properly functioning agricultural lands. The estimated changes in
climatic conditions including increasing temperature, with particular attention to the
summer means, together with the expected changes in the temporal precipitation
distribution pose enormous challenge to the agriculture. Currently, dynamic system models
are most frequently used tools that are capable of estimating the prospective effects of
climate change on agro-ecosystems. A deterministic biogeochemical model is presented
that is developed by Hungarian scientists within the framework of the AgroMo project. The
main goal of the AgroMo project is to develop climate-smart strategies in order to mitigate
the effect of potential future hazards in the context of climate change by 1) creating a
complex, state-of-the-art experimental platform; 2) producing ten new, 0.1° spatial
resolution climate scenarios based on the RCP (Representative Concentration Pathway) 4.5
and RCP8.5 scenarios; 3) developing an integrated assessment and modeling framework
that is capable of simulating every major land use types; 4) analyzing/simulating a great
number of adaptation strategies that can be used to support decision makers. Based on the
preliminary simulation results, climate change will most likely expose significant negative
impact on the spring sown crops in Hungary. Although, the yield losses could be avoided
with irrigation or could be mitigated with earlier sowing, the role of winter crops is likely
to become more significant in Hungary in the future.
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1. Introduction

Ecosystem services are the various benefits that people freely obtain from the
properly functioning natural environment. Agricultural ecosystems cover nearly
40% of the terrestrial ecosystems (FAO, 2017). Their role is essential in human
wellbeing, while food, forage, natural fibre, timber and biomass fuels,
pharmaceuticals, and other biochemicals and products from floriculture are
essential agro-ecosystem services as well as such non-marketed services like
regulation of soil and water quality, carbon sequestration, support of biodiversity
and cultural services (Power, 2010), pest and disease regulation as well as climate
regulation (Jarvis et al., 2011). Malfunctioning agro-ecosystems also can be a
source of disservices, like loss of wildlife habitat, nutrient runoff, sedimentation
of waterways, greenhouse gas emissions, pesticide poisoning of humans and non-
targeted species (Power, 2010). Global food security is a major area of interest of
all these agro-ecosystem services and disservices. According to relevant statistics,
at present over 800 million people remain food insecure (FAO, 2017). Scientists
repeatedly call attention on climate change that could potentially interrupt
progress toward a world without hunger. Studies support the need for considerable
investment in adaptation and mitigation actions toward a “climate-smart food
system” that is more resilient to climate change influences on food security
(Wheeler and von Braun, 2013).
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Recent global climate change is thought to be caused by increasing
atmospheric greenhouse gas concentration, which is in large part the consequence
of human activity, mainly fossil fuel combusting, cement production, and land use
change (Stocker et al., 2013). The global mean surface temperature has increased
since the late 19th century, and each of the past three decades has been warmer
than all the previous ones (Stocker et al., 2013). In Hungary, the first decade of
the 21st century (2001-2010) was the warmest period since 1901. The average
temperature was 0.7 °C warmer than the 30-year (1970-2000) average (Lakatos
and Bihari, 2011). Precipitation measurements suggest that the overall intensity
and frequency of extreme precipitation events — related to both the excess and lack
of precipitation — increased in the 1901-2009 period and, at the same time, the
total precipitation slightly decreased (Bartholy and Pongracz, 2005; Lakatos et
al., 2011).

In order to quantitatively evaluate the future climate change, global climate
models (GCMs) were applied in the framework of climate model intercomparison
projects (e.g., CMIP3, CMIPS; (Knutti and Sedlacek, 2012; Meehl et al., 2007,
Taylor et al., 2011). Continuous warming is projected for Europe according to
climate model simulations with an annual mean temperature of 1-5.5 °C higher
in 2071-2100 than in 1971-2000. A continental warming of 1-4.5 °C and 2.5—
5.5°C 1is projected by the new ensemble of regional climate model (RCM)
simulations from the EURO-CORDEX program for RCP4.5 and RCP8.5,
respectively (Jacob et al., 2014).

Pieczka et al. (2018) has provided downscaled temperature time fields for
the Carpathian Basin with 10 km horizontal resolution using the RCP4.5 and
RCP8.5 scenarios. Simulations for the whole 21st century using either scenario
show a clear warming trend with the largest estimated changes in summer, and
the smallest changes in spring. Spatial average temperature changes are 2.4 °C
and 5.1 °C in the last 20 years of the 21st century compared to the 1981-2000
reference period, with 3.6 °C and 6.9 °C projected warming in the summer
months. In case of temperature related extreme events, e.g., hot days (when daily
Tmax > 30 °C) and tropical nights (when daily Tmin > 20 °C), significant increase
1s projected for the 21st century. Precipitation projections for the Carpathian Basin
indicate that substantially drier climatic conditions are likely for summer (Kis et
al., 2017) on the basis of the results of 11 RCM simulations. In addition, the length
of summer dry periods and the total number of dry days are projected to increase.
The temporal precipitation distribution seems to be restructured by the end of the
21st century, namely the currently wettest season (summer) can become the driest
and the currently driest season (winter) will become the wettest if greenhouse gas
concentration continue to increase throughout the century (Pongrdcz et al., 2014).

As the Carpathian Basin is located in a transitional zone between a warmer
Mediterranean (where a general drying is expected) and a colder continental
climate (where overall wetter conditions are projected), the uncertainty of GCM
projections are quite high (Stocker et al., 2013). It means that further
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investigations on finer spatial resolution are needed to get more precise
information on the future climatic conditions (Kis et al., 2017).

The estimated changes in climatic conditions including increasing annual
mean temperature, with particular attention to the summer means, together with
the expected changes in the temporal precipitation distribution pose enormous
challenge to the agriculture. Currently, dynamic system models (crop models) are
the most frequently used tools that are capable of estimating the prospective
effects of climate change on agro-ecosystems (Fodor et al., 2017). Coupling of
crop models with climate change scenarios, this crop-climate modeling is
essential to the development of future agricultural outlooks that can inform policy
processes and/or field-level decisions (Porter et al., 2014). It can be suitable for
(1) deriving stakeholder-driven portfolios of options for farmers, communities,
and countries; (i1) ensuring that adaptation actions are relevant to those most
vulnerable to climate change; and (iii)) combining adaptation and mitigation
(Campbell et al., 2016). Possible applications of crop modeling are understanding
the drivers of yield levels under climate change and promoting adaptation
planning and response to changing production risks (Webber et al., 2018). In this
paper, a deterministic biogeochemical model is presented that is developed by
Hungarian scientists within the framework of the AgroMo project.

2. Materials and methods

Modeling is an essential tool in agricultural systems science (Jones et al., 2017).
Different types of models are developed and used depending on the purpose of
use and spatial and temporal scales (Fodor et al., 2017). Climate or environmental
index-based methods determine the vulnerability of the studied agricultural area
on production factors that are characterized by multidimensional scoring system
(Olesen et al., 2011). Statistical models use regression equations to show linkage
between yield or yield components and climate variables (Kern et al., 2018; Leng
and Huang, 2017; Lobell and Burke, 2010). Niche-based models define the
geographical distribution of a crop species and specify the concerning
environmental suitability expressed on a scale (0-1) (Estes et al., 2013). Process
based or dynamic crop models synthesize the latest scientific understanding of
biophysical processes and are currently the primary scientific tools available to
assess potential impacts of climate change on crop production (Bindi et al., 2015).
The complexity of risks posed by climate change and possible adaptations for crop
production requires integrated assessment and modeling (IAM) approaches
linking biophysical, geochemical, and economic models (Ewert et al., 2015).
Jones et al. (2017) pins out that recent trends in broader collaboration across
institutions, across disciplines, and between the public and private sectors suggest
that the stage is set for the major advances in agricultural systems science that are
needed for the next generation of models, databases, knowledge products, and
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decision support systems. International model comparison projects like the
Agricultural Model Intercomparison and Improvement Project (Rosenzweig et al.,
2013) and the Modelling European Agriculture with Climate Change for Food
Security (Bindi et al., 2015) show that there is a major international effort linking
the climate, crop, geochemical, and economic modeling communities with
cutting-edge information technology to produce improved systems models and
the next generation of climate impact projections for the agricultural sector.

2.1. The AgroMo project

The main goal of the AgroMo project is to develop climate-smart strategies in
order to mitigate the effect of potential future hazards in the context of climate
change. The AgroMo project is carried out by a multidisciplinary group of
scientist from the related research areas: meteorology, climatology, soil physics,
soil chemistry, soil biology, plant physiology, plant nutrition, plant breeding,
agro-economy, and informatics implementing four major tasks:

1) To create a complex experimental platform by combining multiple long-term
experiments and newly established state-of-the-art experiments with the
latest info-communication, remote sensing, and data mining techniques in
order to produce large amount, good quality observed data for developing
and calibrating deterministic simulation models.

2) To produce 10 continuous, bias-corrected, daily-step climate projections for
the 2006-2100 period based on the RCP4.5 and RCP8.5 scenarios using
different GCM-RCM combinations. These projections, together with the 10
already existing SRES A1B based projections (Dobor et al., 2015) will be
used to predict the potential impact of climate change on the agricultural
sector of the Carpathian Basin.

3) To develop an integrated assessment and modeling framework (AgroMo) by
combining the 4M crop simulation model (Fodor et al., 2003), the Biome-
BGC biogeochemical model (Thornton, 2000), and a simple agro-
economical model in order to support decision makers at multiple scales:
from plot level to country level. The AgroMo system will be capable of: (a)
simulating every major land use types (arable land, pasture, forest) as well
as the key soil processes including CO; and N>O emissions; (b) simulating
plots; (c) simulating extended areas (using a gridded database of soil and
climatic data). It will work for Hungary as a default, but European and even
World wide datasets can be linked in a plug&play manner; (d) carrying out
inverse modeling for calibration (parameter estimation); (e) supporting
ensemble runs: using many climate projections and/or using alternative
routines for key processes (e.g., photosynthesis based on the Farquhar model
vs Beer-Lambert Law); (f) calculating the economic consequences of
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specific agromanagement changes (e.g., intensification of fertilization or
starting irrigation) as well as of land use changes.

4) To analyze/simulate a great number of adaptation strategies (irrigation,
earlier sowing, etc.) that can be used for supporting decision makers in
promoting sustainable and climate-smart agricultural activities.

2.2. The AgroMo experimental platform

Beside installing a great number of environmental monitoring sensors (soil
respiration, soil moisture content, soil temperature, NDVI, etc.) in several long-
term field experiments, the project is supported by a newly launched experimental
infrastructure comprising a 3-ring FACE experiment, two eddy-covariance
stations, and a 12-column lysimeter station.

Free-air carbon dioxide enrichment (FACE) is a climate manipulation
technique performed in open field conditions (4insworth and Long, 2005). Using
FACE technology, CO> concentration is increased within circular areas and is
kept at a relatively stable level (typically 100—200 ppm above current atmospheric
levels) for longer time intervals. Elevated CO, concentration is expected to affect
photosynthetic activity, evapotranspiration, plant growth and many other
processes that affect crop yield quantity and quality. FACE is believed to provide
the most realistic measure to estimate the effect of increasing CO> concentration
on plant processes (Ainsworth et al., 2008). In the FACE rings at Martonvasar, 3
different cultivars are planted in 2 fertilizer levels, and the target CO:
concentration is 600 ppm. This dataset will be used to benchmark the AgroMo
system in terms of parameterization of the model for simulating the response of
plant processes to increasing atmospheric CO; burden.

Eddy covariance (EC) is a micrometeorological measurement technique that
is widely used to quantify the exchange of CO, and water vapor between
terrestrial ecosystems and the atmosphere (Baldocchi, 2003). Eddy covariance
systems use fast response gas analyzers and sonic anemometers to sample
atmospheric turbulence. Based on the turbulent signal it is possible to estimate the
so-called net ecosystem exchange of CO: (typically called NEE), which is the net
CO: flux between the atmosphere and the plant/soil system at the field scale.
Using state-of-the-art mathematical methods NEE is further processed to calculate
gross primary production (GPP, which is equivalent with plant photosynthesis)
and total ecosystem respiration (TER or Reco, which is the sum of autotrophic and
heterotrophic respiration of the ecosystem). Latent heat flux is also routinely
measured by the EC towers and then is used to calculate evapotranspiration (ET).
EC measurements are typically operated continuously for many years, thus they
provide invaluable and rich dataset to quantify plant carbon and water balance
processes. Within the framework of AgroMo, two EC towers were established
close to Martonvasar (near Pettend and Kajaszo) providing NEE, GPP, TER, and
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ET at half hourly resolution. Long term operation of these EC towers will provide
substantial information about the carbon balance of typical crop rotations in
Hungary.

The AgroMo lysimeter station comprises twelve 2 m high and 1 m? cross-
section area undisturbed soil columns. Soil temperature, soil water content, and
soil water potential sensors were inserted in the columns at 10 different depths,
and the columns were set on sensitive scales that are capable of detecting 1 mm
of precipitation or evaporation. The drain water exiting the columns at the bottom
is also collected in vessels that are also placed on sensitive scales. Measurements
are taken in every minute. Data collected within a day are uploaded to the FTP
server of the AgroMo project at the end of each day. The collected data will be
used for testing and improving the water and heat balance related subroutines
(e.g., evapotranspiration calculation) of the AgroMo model.

2.3. The AgroMo biogeochemical model

The core element in the AgroMo system is the hybrid 4M — Biome-BGCMuSo
simulation model. The 4M crop simulation model (Fodor et al., 2012) is a daily-
step, deterministic model whose computations are determined by the numerical
characteristics (defined by input parameters) of the atmosphere-soil-plant system.
Besides the data that describe the physical, chemical, and biological profile of the
system, it is also necessary to set its initial, boundary, and constraint conditions
in the input file of the model. The parameters regulate the functions and equations
of the model: the development and growth of plants and the heat, water, and
nutrient balance of the soil. The initial conditions are the measured system
variables at the beginning of the simulation run, e.g., the water or nutrient content
of the soil. The boundary conditions are primarily the daily meteorological data,
such as global radiation, temperature, and precipitation. The constraint conditions
cover the numerical representation of human activities, e.g., data about planting,
harvest, fertilization, or irrigation. Besides the plant development and growth, the
model calculates the water, heat, and nitrogen flow as well as the nitrogen
transformation processes of the soil: for example, the amount of nitrate that
percolates down under the root zone and the amount of NOx gases released from
the soil due to denitrification (Fig. 1).

Biome-BGCMuSo was developed from the Biome-BGC family of models
(Thornton, 2000), and in this sense it is an extension and generalization of the
Forest-BGC model for the description of different vegetation types including C3
and C4 grasslands (Running and Coughlan, 1988; Thornton, 2000; Trusilova et
al., 2009). During the past years, our research group developed an updated version
of Biome-BGC (called Biome-BGCMuSo — where the abbreviation refers to
Multilayer Soil Module) to improve the ability of the model to simulate carbon
and water cycle in managed ecosystems, with options for managed croplands,
grasslands, and forests. The modifications included structural improvements of
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the model (e.g., the simple, outdated, one-layer soil module was replaced by a
multilayer soil module; drought related plant senescence was implemented; model
phenology was improved) and also management modules were developed (e.g.,
to simulate mowing, grazing, fertilization, ploughing, sowing, harvesting, forest
thinning, and clearcut) (Fig. 7). Beyond these modifications, additional modules
were developed to simulate cropland management (e.g., planting, harvest,
ploughing, and application of fertilizers). Forest thinning was also implemented
as a possible human intervention, and dynamic (annually varying) whole plant
mortality was implemented in the model to enable more realistic simulation of
forest stand development. The modifications were published in detail in Hidy et
al. (2012, 2016).

Biome-BGCMuSo uses meteorological data, site-specific  data,
ecophysiological data, carbon-dioxide concentration and nitrogen deposition data
to simulate the biogeochemical processes of the given biome. The main simulated
processes assessed are photosynthesis, allocation, litterfall, carbon, nitrogen and
water dynamics in the plant, litter as well as in the soil. The most important blocks
of the model are the carbon flux block, the phenological block, and the soil flux
block. In the carbon flux block, gross primary production of the biome is
calculated using Farquhar’s photosynthesis routine (Farquhar et al., 1980).
Autotrophic respiration is separated into maintenance and growth respirations.
Maintenance respiration is the function of the nitrogen content of living material,
while growth respiration is calculated proportionally to the carbon allocated to the
different plant compartments. The phenological block calculates foliage
development; therefore, it affects the accumulation of carbon and nitrogen in leaf,
stem, root, and litter. The soil block describes the decomposition of dead plant
material and soil carbon pools (Running and Gower, 1991).

The 4M model was integrated in the Biome-BGCMuSo by reimplementing
the algorithm codes of 4M in the Biome-BGCMuSo program code, and including
the 4M specific input parameters in the Biome-BGCMuSo input files. The
AgroMo model simulation consists of two main phases. The first is the spinup
simulation (in other words self-initialization, or equilibrium run), which starts
with very low initial level of soil carbon and nitrogen, and runs until a climate and
soil specific steady state is reached in order to estimate the initial values of the
state variables (mostly soil carbon and nitrogen pools including recalcitrant soil
organic matter, the latter is being the primary source of nitrogen mineralization in
the model (Thornton, 2000). The second phase is the normal simulation that uses
the results of the spinup simulation as initial values for the carbon and nitrogen
pools.

216



PHOTOSYNTHESIS
AGROMANAGEMENT: I:‘l>

on CROPS
PLANTING / HARVEST

SOIL CULTIVATION
FERTILIZATION PHENOLOGICAL DEVELOPMENT

IRRIGATION DRYMATTER ALLOCATION
LEAF AND ROOT EXPANSION
SENESCENCE

¢ NR | TRANSPIRATIONI
\
e N

PRECIPITATION

IRRIGATION |
RESPIRATION

INFILTRATION

EVAPORATION I RUNOFF
ROOT WATER

U PTAKE DOWNWARD

FLOW
HEAT
FLOW
CAPILLARY

on PASTURES  on FORESTS
GRAZING THINNING
MOWING

% FERTILIZATION

RESPIRATION
NO3
DEPOSITION _
J NUTRIENT )
UPTAKE q

— ORGANIC 7' —— MINERALIZATION
MATER H = IMMOBILIZATION NUTRIENT
DECOM- H . NITRIFICATION FLOW

=— POSITION =—————————— DENITRIFICATION

RISE

J NITRATE
LEACHING

DRAINAGE

Fig. 1. Major processes simulated by the AgroMo model.

3. Results and case studies

In general, biogeochemical models could be successfully applied in the following
areas: (1) Education: by promoting the system-oriented thinking, a comprehensive
overview of the interrelations of the soil-plant system as well as of the
environmental protection related aspects of the human activities could be
presented. (2) Research: The results of observations and experiments could be
extrapolated in time and space, thus, for example, the possible effects of climate
change could be estimated. (3) Practice: Model calculations could be used in
intelligent irrigation control and decision supporting systems as well as for
providing scientific background for policy makers. AgroMo is designed to mimic
the Hungarian agriculture (Fig. 2): the impacts of actions in the reality (R) are
simulated in the virtual reality (VR). A graphical user interface (GUI) was
designed for translating real life problems into modeling tasks as well as for
publishing model results in easily comprehensible ways. AgroMo stores its data
in a SQLite database (SQLite, 2019) designed to provide quick and complex
queries but, it also uses data from external data sources (DS) such as Hungarian
Central Statistical Office datasets.
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Fig. 2. Structure of the AgroMo system. DS: external data sources, DATABASE: SQLite
tables, GUI: graphical user interface, R: reality, VR: virtual reality.

Undoubtedly, the most important way of using biogeochemical models is
decision support. Models can even be used for resolving scientific arguments
between experts. Representatives of the European Union revise the practical
realization of the Nitrate Directive (91/676/EEC) in every five years (European
Comission, 2018). Based on the collected experiences, the EU proposes
amendments to the Directive for every member state in order to minimize the risk
of one of the most important ecosystem disservices: the nitrate leaching of
agricultural origin. One of the most recent proposed amendments is the idea of
extending the spring fertilization prohibition period. At present, it is allowed to
apply fertilizers starting from February 1. According to the proposal, this date
would be moved to March 1. Though one can assume that it is highly unlikely that
a portion of the fertilizer applied on the soil surface can go through the
continuously deepening root zone without taken up by the plants, someone else
can be more aware of the environment protection aspects. The Hungarian experts
usually emphasize the yield safety in this matter, while EU experts tend to focus
on the increasing risk of subsurface water contamination. A debate has been
developed along the following questions: Does the earlier fertilization increase
the risk of nitrate leaching significantly? Could the initiative to lengthen the
fertilization prohibition period be substantiated scientifically? Experimentally,
these questions could be answered only by time-consuming and expensive long-
term field trials. Since we do not have years to find the answers by measurements,
the only remaining scientific tool that is able to handle this problem is a
biogeochemical model. Using the available soil (Pdsztor et al., 2013) and climatic
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(Spinoni et al., 2015) databases, 50-year-long crop rotations (maize — winter
wheat, winter wheat — rapeseed, winter barley — rapeseed, silage maize — winter
barley) were simulated for every major soil type (from sand to clay) in Hungary.
Three fertilization scenarios were investigated for each of the rotation that differed
only in the date of the first spring fertilization: 1) February 1; II) February 15; III)
March 1. The yields as well as the annual nitrate leaching amounts were calculated
by the model, and the latter is presented in Fig. 3. According to the results, the
amount of nitrate leaching does not increase as the date of the first spring
fertilization moves from the end of February to the beginning of the month. On
the other hand, if the prohibition period have been lengthened with one month,
the yields of the winter crops would significantly decrease independently of the
soil type due to the increased nutrient shortage in the early vegetative phase.
Consequently, there is no need for extending the fertilization prohibition period
by moving its end to March 1, as in fact it may cause yield loss. Leaving the
prohibition period as it is today will not increase the risk of contaminating the
subsurface water reservoirs due to nitrate leaching.
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Fig. 3. Annual nitrate leaching rates as a function of the first spring fertilization date
(dd/MM) of winter crops based on 50-year-long simulations (1961-2010).
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Unquestionably, the most important ecosystem service of agricultural lands
is the yield or production of the plants. In the context of climate change, one of
the most burning questions is how the level of production will change due to the
gradually changing environmental conditions. This question could also be
answered by coupling biogeochemical models with regional gridded
geodatabases. Within the frame of a pilot project, we analyzed the possible
impacts of climate change on Hungarian crop yield. In this case, the climatic
database was based on daily meteorological data measured at the weather stations
of the Hungarian Meteorological Service and spatially interpolated fora cc. 10x10
km? resolution grid in the framework of the CarpatClim project (Spinoni et al.,
2015). The observation-based dataset is freely available for the 1961-2010 period.
The applied data contained future climate simulations based on the IPCC SRES
A1B scenario (Nakicenovic and Swart, 2000). The climate scenario was
constructed based on the outputs of the ARPEGE-CLIMATE GCM (Déqué et al.,
1998) and ECHAM GCM (Roeckner et al., 2006), which were then dynamically
downscaled for Hungary with two different the regional climate models:
ALADIN (Csima and Hordnyi, 2008) and REGCM (Torma et al., 2008),
respectively. These future climate projections were available for the 2021-2050
and 2071-2100 periods with the same 10x10 km? spatial resolution as of the
observation-based data. The model simulations were run using the baseline
(1981-2010) and future (2051-2070 and 2071-2100) climate time series. The
difference in the yield and biomass levels simulated with the baseline and future
climatic conditions was assumed to be the potential impact of climate change on
crop production (Table 1).

Table 1. Potential impact of climate change on the major crops in Hungary. (Ensemble
average of the yields (Y) and biomass (BM) obtained with all the available climate
projections.)

2051-2070 2071-2100
Y, t/ha BM, t/ha Y, t/ha BM, t/ha
maize -0.86 -0.77 -2.26 -2.61
sunflower -0.37 -0.82 -0.92 -2.33
winter wheat 0.83 1.52 1.36 2.68
winter barley 0.72 1.34 1.23 2.46
rapeseed 0.48 1.72 0.99 3.70
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Based on the simulation results, climate change will most likely expose
significant negative impact on the spring sown crops primarily due to the more
frequently occurring summer droughts and the heat weaves around flowering.
Though the yield losses could be avoided with irrigation or could be mitigated
with earlier sowing, the role of winter crops is likely to become more significant
in Hungary in the future.

4. Conclusions and further developments

The objectives and the first indicative results of the AgroMo project has been
presented. Preliminary simulation results show that the AgroMo integrated
assessment and modeling framework could be successfully used for providing
scientific background for stakeholders as well as for policy makers at various
scales. Beyond the complex scientific content (model development and
improvement), the most important challenge of the project is to provide a user
interface that can be effectively used for communicating the simulation results.
Simulations, even at the default 0.1° spatial resolution grid of Hungary (1104 grid
points) produce enormous amount of data; literally billions of data records for
only one single simulation. Using the services of the powerful SQLite (SQLite,
2019) database application, the simulation results could be presented on graphs
(TimeSeries, BarChart, XYplot), in tables as well as on color coded maps. Users
can use prewritten regular sentences (e.g., Average yield in the 2071-2100 period)
to query the database of the results. AgroMo translates the regular sentence into
an SQL query and presents the query results in the requested form (e.g., on a map).
With this feature, AgroMo can support the work of any actor in the agriculture
sector who does not necessarily has high level ICT skills.

Agro-economical considerations are in need to raise economic importance
of sustainable development in changing biophysical conditions. The AgroMo base
model produces the potential future crop yields and biomass under different
climate scenarios. Hence, researchers may calculate the estimated costs of
adaptation trajectories and develop accurate financial strategy plans to take
control of climate change at individual level. The observed choices of farmers'
managerial decisions, realized profits, and land values across the range of climate
conditions allow us to assess the changes of future eco-systems at a given farm
location and thus realize the essential developments in infrastructure, technology,
and water supply management.

Though the current version of AgroMo is able to simulate the most important
elements of the Hungarian agriculture (e.g., the effects of recurring heat stress and
drought on crop yield, net primary production, and greenhouse gas balance, etc.),
new developments are foreseen to extend the modeling possibilities in the future.
Model self-initialization (or in other words spinup) is typically used to estimate
initial conditions for the subsequent simulations. Due to the well-known
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weaknesses of the self-initialization, efforts are in progress to improve the spinup
process and harmonize its results with the observed soil organic matter pools of
Hungarian soils (Pasztor et al., 2013). Another exciting possibility in model
development is the consideration of ozone damage in crop yield. As climate
change is expected to increase the length of dry periods in Hungary that may be
associated with high tropospheric ozone concentration, this effect may be
important and cannot be neglected in the long term projections. Another feature
that 1s currently missing from the AgroMo model is the quantification of the
carbon cost of nitrogen acquisition via symbiotic mycorrhizal fungi, which is
believed to consume a relatively large amount of primary production of plants
(Brzostek et al., 2014). Moreover, crop yield quality (e.g., gluten content) related
simulation possibilities are also missing from AgroMo, so the model is planned
to be improved with this feature as well.

Owing to its user friendly, flexible, and cross-platform interface as well as
to the adjoined databases of climatic, soil, agromanagement, and experimental
data, AgroMo will be able to effectively serve the stakeholders of the agricultural
sector in their everyday work.
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