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1. Introduction

Land management for food production is a fundamental human activity,
supporting the livelihood of everyone on this planet. More than 2 billion tons
of grains are produced yearly for food and feed, providing roughly two-thirds
of total direct and indirect protein intake; about 10% of this total, or 200 mil-
lion tons, is traded internationally [13].

The most important challenge that agriculture will face in coming decades
is represented by the need to feed the increasing mankind and to conserve the
soil and water resources.

At the same time there is a significant concern about the impacts of cli-
mate change and its variability on agricultural production worldwide. Current
research confirms that the impacts of high temperatures, altered patterns of
precipitation and possibly increased frequency of extreme events such as
drought and floods will probably combine to depress yields and increase pro-
duction risks in many regions of the world, widening the gap between rich
and poor countries [6].

On the one hand, there is the demand for climate protection measures [8,4]
and, on the other hand, there is the need for agriculture to adapt to climate
change. Adaptation to climate change requires knowledge on the potential
regional and local impacts of climate and weather extremes but also
knowledge about the expected long-term consequences of land use activities.
From the agricultural side, various options are possible for adapting to cli-
mate change, such as the cultivation of new crop species and drought-re-
sistant varieties, extended crop rotations, increasing soil humus content, ad-
aptation of agro-management timetables, conservation tillage, as well as
adapted fertilisation, irrigation and plant protection regimes. Therefore farm-
ers have to examine separately, how they can reduce the vulnerability to cli-
mate change and increase desirable outcomes with the lowest costs under
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consideration of the different regional and local economic and soil-climate
conditions.

For the identification of correct and sustainable decisions it is required to
assess the impacts of climate change and different land use systems on the
most important agricultural landscape indicators, the risks for agricultural en-
terprises or farmers and nature as a whole, and their changes over time. These
assessments, which must also take into account future changes, can only be
made with the help of spatial data and robust and well validated models for
different agricultural landscape indicators. For decisions to be made based on
many scenario simulations, these must be part of interactively model-based
decision support systems (DSS). The development of a DSS for this purpose,
however, remains a major challenge.

Due to the complexity of such a challenge, only a few spatially applicable
DSS have been developed and made available, such as ADSS [12], GPFARM
[1], EET (Elbe-Expert Toolbox)/GLOWA Elbe [14] and Elbe-DSS [2],
which were developed for specific regions or water catchments and which as
prototypes are not available to the public.

2. The decision and support system LandCaRe-DSS

Because there was a gab in good model based decision support systems
for adaptation of agriculture to climate change on the regional and local scale
years ago, in Germany the collaborative research project LandCaRe 2020
(Land, Climate and Resources in 2020) was started [7] which investigate ef-
fects of regional climate change on agricultural production as well as water
and matter fluxes to provide a knowledge-based framework for adaptation.
Central objective of the project LandCaRe 2020 is a model-based DSS,
known as LandCare-DSS developed by the Leibniz-Centre for Agricultural
Landscape Research (ZALF) Miincheberg, Germany. As a prototype it was
validated for two contrasting regions of East-Germany in the dry lowlands of
the State of Brandenburg and in the humid mountain area of the Free State
Saxony. The conceptual framework and the integration of different models
and modules within the LandCaRe-DSS are represented in Figure 1.
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Figure 1 — Conceptual framework and levels of integration of dlfferent

models and modules in the LandCaRe-DSS [16]

2.1.System components and characteristics
The LandCaRe-DSS consists of five basic system components:

Information and advisory system concerning climate and climate
change,

Analysis of climate data and climate impacts on crop phenology/on-
togenesis,

Climate change impact assessment for agriculture on national level,
Climate change impact assessment on regional and farm level,
Simulation and integrated assessment of different agricultural adap-
tation strategies to climate change.

The basic principle of operation, which can be characterized as an itera-

tive p

rocedure from the scenario definition, the evaluation of different agri-

cultural farm management adaptation strategies, up to the decision, what is
the best adaptation strategy for the concrete farm to climate change, is shown
in Figure 2.

As distinguished from other DSS, the LandCaRe-DSS offers the follow-
ing special features:

Interactivity
(The user decides which simulations and calculations to execute and

runs almost all models by himself.)
Dynamic
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(A large variety of simulations can be run, analysed and compared
with each other by the user. The chosen preconditions will affect the
simulation results.)

e  Spatial-orientation
(The user chooses the desired level of detail by zooming between
national, regional or farm level. Based on this choice different well-
validated models can be activated for execution.)

e  Web-integration
(Central support, control and update of the entire DSS software and
all supporting data)

o Extendability
(Open for further add-ons; frequent update of information,
knowledge and data.)
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Figure 2 — Basic principle of operation of LandCaRe-DSS [16]
2.2.Impact models available in LandCaRe-DSS

Supporting decision making for adapting regional and local land use man-
agement to climate change in LandCaRe-DSS a wide range of models of dif-
ferent types is available, i.e. more than 10 different statistic and dynamic eco-
logical and economic models are incorporate and linked together within the
LandCaRe-DSS. All these models are grouped according to their application
and briefly described below.

Economy

RAUMIS (Regionalised Agro- and environment (UMwelt) Information
System) is an economic optimization model, which describe the impacts of
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changes of crop yield and price-cost-relations on land use systems and land
use intensity on higher spatial scales.

FEM (Farm Economic Model) calculates in detail the cost-benefit-rela-
tionships of different farm management and climate adaptation strategies in
dependence on price-cost relations, expected yields, expected nitrogen ferti-
lizer and irrigation water demands.

Land use

LANUVER (model for LAnd use (NUtzung) distribution (VERteilung))
is a model, which simulates the spatial distribution of agricultural used crops
on arable land taking into account the ratio of agricultural crops on district
level given by the DSS-user, the compatibility between crops and soil types,
and the economic excellence of agricultural crops.

Climate analysis

TREND (TREND analysis) is an approach for long-term climate data
analysis and trend calculations (temperature, precipitation, climatic water
balance, heating and cooling degree days, Ellenberg index for forest trees,
Huglin index for vine, Schwirzel index for fruit trees).

SAISON (SAISONal data analysis) in an approach for the saisonal anal-
ysis of long-term climate data (temperature, precipitation, frost and ice days,
summer, hot and tropical days, heating and cooling days).

FREQUENCY (FREQUENCY distribution) is an approach for fre-
quency and value distribution for temperature and precipitation for long-term
climate data.

Phenology and Ontogenesis

VEGPER (Length of VEGetation PERiod) calculates the length of the
vegetation between vegetation begin in spring and vegetation end in autumn.

PHENO (PHENOIlogy) model) computes the start of typical phenologi-
cal phases of different wild plants (indicator types) in dependence on climate
variables.

ONTO (ONTOgenesis model) calculates the different stages of plant on-
togenesis of agricultural crops in dependence on site specific weather, respec-
tively climate conditions.

Yield and Ecology

YIELDSTAT (YIELDSTATistic model) is a statistical based hybrid
model to estimate the yield of more than 15 agricultural crops in dependence
on site characteristics, weather/climate, CO2 and progress in agro-technology
and plant breeding.

MONICA (MOdel for NItrogen and Carbon in Agroecosystems) is a dy-
namic process oriented Soil-Plant-Atmosphere-Model on a daily time step,
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which simulates the interconnections between site characteristics, specific
weather/climate conditions, farm intensity, the water-, nitrogen- and carbon
dynamics in soil and plant, the plant ontogenesis and the biomass and yield
accumulation.

GLPROD (GrassLand PRODuctivity model) is a statistical based model,
primarily specialized for grassland ecosystems, which can be used to calcu-
late the impacts of changes in climate and grassland management on grass-
land yield and yield quality.

SVAT-CN (Soil Vegetation Atmosphere Transport model — Carbon and
Nitrogen fluxes) is an evapotranspiration- and photosynthesis model of the
“big leave-model-family”, with a high temporal resolution and is used here
to calculate the potential primary production of different forest trees and
grassland.

EROSION (model of potential EROSION risk) is an empirical water ero-
sion model, which describe the impacts of farm management technology and
climate on the potential erosion risk on different scale.

BAGLUVA (BAGROV and GLUGLA algorithm for calculation of long-
term averages of actual eVapotranspiration and ground wAter recharge) is a
regionalized water balance model for calculation of long-term averages of
actual evapotranspiration and ground water recharge.

BERBEDUE (model for identification of irrigation poverty (BEReg-
nungsBEDUErftigkeit)) can be used to identify the general site specific irri-
gation poverty in dependence on site conditions, agricultural land use and
weather/climate.

ZUWABE (model for irrigation water demand (ZUsatzWAsserBEd-
uerfigkeit)) can be used to calculate the site specific irrigation water demand
in dependence on soil characteristics, crop rotation and site specific climate
conditions.

A detailed description of the impact models incorporated into LandCaRe-
DSS is given in [15].

2.3.Short description of the simulation functionality

As a prerequisite for the development of the Decision Support System, po-
tential users like agricultural administrations, farmers, water agencies and
agro-business were included in the research process. As far as possible their
specific demands of knowledge and decision support could be considered. In
the result the spatial DSS is interactive and dynamic. It allows multi model
and multi scenario simulation runs with various data sets and parameters by
the user. LandCaRe-DSS includes regional weather data of the past, recorded
by climate stations of the German Weather Service (DWD) since 1950, as
well as different future climate scenarios based on the ECHAMS Global Cir-
culation Model with dynamic downscaling (20 to 1 km grid length) using the
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Europe-wide regional climate model CLM [3] and results of the statistical-
dynamic model WETTREG [5]. LandCaRe-DSS also can use different man-
agement data, an economic data base and a lot of parameter sets specific for
the used models. In LandCaRe-DSS also can be incorporated a wide range of
spatial information such as GIS-maps for soil type, surface slope, hydromor-
phy, soil quality and others. All these data, information and parameter are
linked together with the models for spatial model simulations. In the result
spatial result maps are produced for different agricultural indicators such as
crop yield, erosion risk, evapotranspiration or irrigation water demand. Fig-
ure 3 show the model GIS coupling within the LandCaR-DSS.

As already mentioned above, LandCaRe-DSS is a model-based system
for decision making. The system allows it to analyse interactively scenarios
and thus offer adaptation and utilisation options for agricultural used land-
scapes or individual farms under the influence of regional climate change and
socio-economic framework conditions. A short demonstration of how Land-
CaRe-DSS works can be watched on YouTube (https://youtu.be/tbUHaeA6-
dl) for application examples in Germany and Brazil.
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Figure 3 — Model - GIS - coupling within LandCaRe-DSS using the dy-
namic MONICA and the statistic YIELDSTAT models for simulating win-
ter wheat yield and irrigation water demand for the Uckermark region, Ger-

many

2.4.Examples of LandCaRe-DSS use

Analysis of climate and phenological data

For the adaptation of agro-management to climate change information on
the impacts of climate change on the ontogenesis of agricultural crops are
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very important. Using the example of winter wheat, Figure 4 shows the
lengths of different ontogenesis stages between sowing and harvest in com-
parison for two climate time periods.

The user of the LandCaRe-DSS can chose different climate scenarios, dif-
ferent time periods and different sowing dates for running the ONTO model.
In the result the DSS-user gain information on the crop reaction and he can
adapt his agricultural management.

Climate change impact assessment on national scale

At the national scale maps with information on changes in crop yields,
cropping structure, farm economies and irrigation demand for different time
periods as a consequence of climate change are presented to the stakeholders.
The maps were created by a research group of the Thiinen Institute Bruns-
wick, Germany using the simulation model RAUMIS. Within the LandCaRe-
DSS the user can carry out statistical analyses which are exemplary shown in
Figure 5 (winter wheat yield for Germany expected in 2025).

Referenz innen: 1975 | Vergleich aufen: 2030
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Figure 4 — Length of ontogenesis stages for winter wheat (in days) be-
tween sowing and harvest in comparison between 1975 (inner circle) and
2030 (outer circle)
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Figure 5 — Winter wheat yields across Germany expected in 2025 (simu-
lation model: RAUMIS; climate scenario: A1B; climate regionalization
method: WETTREG)

Climate change impact assessment on regional scale

1 s

On the regional scale the ecological impact assessment of climate and
land use changes are realized on a high spatial resolution, i.e. on a minimum
pixel size of 1 ha (100m x100m). Most of models mentioned above can be
activated, but without a coupling with the economic model on this scale. Us-
ing different models, calculations are possible for the expected impacts of
climate change on yields for arable and grassland, on the potential erosion
risk, on evapotranspiration and ground water recharge, on the irrigation water
demand and others. At this regional scale statistical analysis (average, me-
dian, histogram, ...) automatically are realized. In Figure 6 for the Uckermark
region (Germany) the spatial distribution of winter wheat yields for the cli-
mate period 1991-2020 (climate scenario A1B) calculated with the
YIELDSTAT model is shown. Winter wheat is grown in a crop rotation with
winter oilseed rape.
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Figure 6 — Spatial distribution of winter wheat yield in the Uckermark
region, Germany for the climate period 1990-2020 (climate scenario A1B)
in the crop rotation with winter oilseed rape (simulation with the
YIELDSTAT model)

Local or farm scale

At local or farm scale an interactive simulation and integrated impact as-
sessment of agricultural adaptation strategies to climate change (crop rota-
tion, soil tillage, fertilisation, irrigation, price and cost changes, ...) is offered
by the LandCaRe-DSS. The user of the system will be informed about
changes of crop productivity (yield, yield quality), soil fertility (water, carbon
and nitrogen contents), water erosion and farm economy. At farm level the
dynamic agro-ecosystem model MONICA [11] and the statistical-based
model YIELDSTAT [9] for yield prediction are coupled with the farm econ-
omy model (FEM; [10]). The LandCaRe-DSS user receive information on
different economic parameters, fertilizer amounts and costs, irrigation water
demands and costs and finally on crop yields and sales profits. For all output
information the variances of results are given, based on up to 90 simulation
runs. The results are visualized using normalised bar graphs for a better com-
parison between different scenario runs. Figure 7 shows an example for the
visualized simulation results of the model MONICA for a small part of a
farm, based at the Google-map background. The bar graphs with information
on economic values, yield values, fertilization and water related values are
arranged around the fixed part of the farm which is subdivided in 1 ha (100 x
100 m) pixels. In the upper part first the data of the actual scenario run can
be chosen. Secondly all input information can be activated and presented. At
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the left site of the figure there are shown parts of the dynamic results of
MONICA as average for the cropping year and as time course (for example
the soil carbon dynamics) for the chosen 30-year climate period.
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Figure 6 — Visualisation of simulation results for the combined MONICA

and FEM models at farm level for a small part of a farm within the Ucker-

mark region, Germany (crop rotation: winter wheat — winter oilseed rape;

climate scenario: A1B; climate data regionalization method: WETTREG;
climatic period: 1991-2020)

3. Conclusions

While the international community has focused on climate change miti-
gation, the issue of adaptation to climate change is an equally pressing issue
and must be put on the international negotiation agenda. This is primarily
crucial for many countries that have contributed little to greenhouse gas emis-
sions but have to bear the brunt of the negative impacts of climate change and
variability.

A first application of LandCaRe-DSS for Germany shows that
e the impacts of climate change on crop production are geographically un-

evenly distributed,

e in the first decades of the 21™ century the expected impacts of climate
change on agriculture in Germany are relatively low, but the second half
of the century is expected to bring more severe biophysical impacts,

o the most important agricultural adaptation strategies in Germany to cope
with climate changes are irrigation, flexible multiple crop rotations,
change to low and no till farming systems and conservation of a good soil
fertility,
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o the continued technological progress (plant breeding and new agro-tech-
nologies) can play a crucial role for climate adaptation.

Despite the scientific progress in the last decades there are many uncer-
tainties of climate change impact assessment on ecosystems and environment
There are uncertainties of the regional occurrence of future climate change,
uncertainties of the global and regional economic development, but also un-
certainties in the understanding of dynamic key processes describing the in-
teractions of elevated CO, with other climate variables, including extremes,
with the soil and the water quality, with pests, weeds and diseases and with
the ecosystem vulnerability. In general, greater collaboration across disci-
plines is necessary to bridge some of the existing knowledge gaps and better
to understand related uncertainties.

For a decision support system it means, that it should be open for further
developments and integration of new good validated models for a spatial use.
The regional and local focus of the LandCaRe-DSS allows the development
of more specific actions for an adaptation of agriculture to climate change. It
will further provide a better understanding of the potential range of climate
change impacts and specify required research to improve model parameteri-
sation and validation by future local and spatial experimental work.

The presented methodology could be also of interest for the agricultural
landscapes in Russia. It could be helpful to find more sustainable farming
systems and suitable adaptation strategies to climate change.
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Oc00eHHOCTH BJIUSIHUS 300ILUIAHKTOHA HA TUHAMHUKY
¢puTonnankToHa

I'.Il. Hegeposa, O.J1. ZKoanosa, E.A. Konouna,
A.H. Abakymos
HAITY JIBO PAH, 2. Braousocmox

Baxneitmenr moacucTeMoit BOIHBIX dKOCHUCTEM SIBIISIETCS Iejlaruaib, B
KOTOpOH (hYHKIIMOHUPYIOT crienuduIeckue cooOIIecTsa, He UMEIOIINE aHa-
JIOTOB B Ha3eMHBIX dKocucTteMax [1]. PUTOMNaHKTOH — HIDKHHN Tpoduue-
CKHUH ypOBeHb BOJIHOH SKOCHUCTEMBI, €ro (YHKIIMOHUPOBaHUE 0OecrieunBaeT
KHU3HEJEATEIbHOCTh BCEH JKOCHCTEMBI. MEXBHAOBBIE B3aUMOJCHCTBUS B
(PUTOIUIAHKTOHHOM COOOIIECTBE UTPAIOT CYMIECTBEHHYIO POJIb B €r0 JKH3HE-
nesiteibHOCTH [2]. B TO ske BpeMms CyIeCTBEHHOE BO3/ICHCTBHE HA JMHAMUKY
obunusa (QUTOIIAaHKTOHA OKAa3bIBAET 300IIAHKTOH, KOTOPHIHA, B CBOIO OdYe-
penpb, SBISIETCSI KOPMOBOHM 0a30il Al MHOTHX BHIOB PBIO. 300TUIAHKTOH
TaKXe SBJISIETCS MHOTOBHUIOBBIM COOOIIIECTBOM, B KOTOPOM, KaK IPaBUIIO,
BBIJICIISIIOT CIEYIONINE TPYNIBl OeCTO3BOHOYHBIX: KoJloBpaTku (Rotatoria),
BetBHCcTOYyChIe paku (Cladocera), Becionorue paku (Copepoda) [3].

KitroueBbie 0cOOEHHOCTH pa3BHTHS cooOmecTBa (PUTO- U 300ILIAHKTOHA
C YY4E€TOM BHYTPH M MEKBUAOBOTO B3aUMOJICHCTBUS MOKHO OIUCATH TPH I10-
MOIIH CIIeTYFOMIEeH CXeMbI (PHCYHOK 1).



