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B) Projekt ubersicht

1 Executive Summary

(German)

Das Hauptziel des Projektes war die EntwicklungseGIS9Modells zur hochauflosenden und genauen
Bodentemperatursimulation und die Erstellung einer dafir notwendigen Datenbasis. Dieses GIS soll fur
das kurzund langfristige Monitoring von klimatischen Bedingungen und Klimawandeleinfliissen auf die
landwirtschaftliche Produktion einsetzbar sein, um daraus Risiken bzw. Anpassungsmalnahmen ableiten
zu kénnen. In Osterreich existiert bislang keine gesammelte Datenbank tiber
Bodentemperaturmessreihen unter unterschiedlichen Landnutzungen, was ein erstes iErdebn

Projektes ist.Wegen der fehlenden (parametrisierten und kalibrierten) Modelle gab es bisher keine
hochauflosenden Bodentemperaturmappen ugekitreinen unter Berticksichtigung der Landnutzung auf
raumlicher Basis. Diese wird nun im vorliegenderjdRtaals Teilergebnis dargestellt. Die
standortspezifische Kalibrierung des entwickelten Bodentemperaturmodells zeigt einen mittleren Fehler
von unter 0.5 °C in allen Tiefen fur tagliche Mittdlaximum und Minimumtemperaturen.

Das GI$/1odell und die Datnbasis basiert auf die existierende 6sterreichische digitale Bodenkarte
(http://gis.lebensministerium.at/ebodynd anderen GH®aten(Landnutzung, Topografie), wobei bisher
neuentwickelte GI$lodelle wie GRAMTrnka et al., 2006; Schaumiger, 2007) odeein
SchneedeckenmodelEthaumberger, 2009)enutzt wurdenDas adaptierte GiBlodell (nach
Implementierung des Bodentemperaturmodells) erlaubt die Simulation der Bodentemperatur auf
FeldgroReneinheiten in Osterreich auf taglicher Basis und fiir beliebitpedoden und Szenarien.

Weiter kann damit ein zeithahes Monitoring von Bodentemperaturen unter landwirtschaftlich genutzten
Flachen durchgefuhrt werden. Dies kann einerseits dazu genutzt werden um Abschéatzungen zu
langfristigen Trendbei Bodenprozesseru verbessern (z.B. Bodenhumusgehalte, Stickstoffauswaschung,
Treibhausgasemissionen aus Bdden) und andererseitdRisikoabschatzungen oder Warnhinweise
treffsicherer zu machen (z.B. Monitoringorhersageind Warnhinweisétr bodenburtigeSchadlinge)
Beides, Monitoring und Vorhersage von Schadlingen bengdtigen normalerweise arbeitsintensive
Methoden wie die Installierung und Kontrolle von Fangfallen. Auf3erdem werden bisher
Temperatursummenmodelle der Lufttemperatur auch fur bodenbirtige Schadlinge ndeteViele

wichtige Schadlingsstadien sind in diesem Fall aber nicht oder nur ungenau bestimmbar, wie das
Erscheinen der Larve beim Maiswurzelbohi@iabroticg, der jedes Jahr betrachtliche 6konomische
Schaden verursachtEin diesbezlglicher Algorithswunter Nutzung der Bodentemperatur wurde im
ProjektCLIMSOImit Hilfe vergangener und projekteigener Erhebungen in Feldexperimenten entwickelt
und kalibriert. Der verbesserte Schadlingsalgorithmus erlaubt eine genauere und reprasentative
Bestimmung und & hersageder Entwicklungsstadien des Schadlings, basierend auf der genauen
Kenntnis der Basistemperatur (von 11.7 4G9 der jeweiligen Temperatursummen in einer bestimmten
Bodentiefe sowialer Einbeziehung einer grol3eren Anzahl von EinflussfaktoregirférVorhersage
Insgesamt wird dadurch eine zielgerichtete und effizientere Bek&mpfung des Schadlings ermdglicht also
auch eine verbesserte Abschatzung des Schadpotentials.

Eine verbesserte Datenbasis wurdeCihiIMSOlauch fir eine zweite wichtige Schédjsgruppe, der
Engerlinge im Griinland, erstellt. Dies erfolgte durch Erhebungen (Z&hlungen der Befallsdichte und
Artenbestimmung) auf Grinlandflachen mehrerer Betriebe in unterschiedlichen Regionen. Die erhobene
Datenbasis erlaubte jedoch keine Ableitugiges bodentemperaturabhéngigen Schadlingsmodells
wabhrscheinlich wegen einer zu geringen Variation der Standortbedingungen oder zu ungenauen
Bodentemperaturdaten um einen signifikanten Bezug zur Bodentemperatur herzustellen. Dennoch
konnten neue Erkenntese hinsichtlich der beeinflussenden Standortbedingungen gewonnen werden
(wie der groR3e Einfluss des Humusgehaltes) was ebenfalls iMdslS| darstellbar wére.



Eine weitere Anwendung des Bodentemperaturmodells wurde durch einen Algorithmus fir das
Kohlerstoff-Stickstoff C/N) Verhéltnis im Boden (untéinterweizen undvais) demonstriert, wobei der
Algorithmus mithilfe der Simulationen eines komplexen Pflanzenwachstumsmodells erstellt wurde. Die
entwickelten bodentemperaturabhéangigeXigorithmen wurden ddieRlichfir Klimaszenarien gerechnet
um den Einfluss des Klimawandels auf die Bodentemperaturen, den Maiswurzelbohrer und das C/N
Verhéltnis im Bodeexemplarisch fiir den Nordosten Osterreichs (Marchfeldyeigen. Anhand dieser
Ergebnisse nehmen die tiheren Bodentemperaturen in 10ne Bodentiefe bis zu den 2050&ahren im
Vergleichzur Periodel980-2009 je nach Szenario un.7-2.3°C (GrofEnzerdorf) zu

Das C/N im Boden Verhaltnis zeigt dabei einen leichten (nicht signifikanten) abnehmenden &end, w
durch hohere Humusabbauraten erklart werden kénnte. Einen signifikanten Trend hin zu einer
schnelleren Entwicklung zeigt unter denselben Szendilegegender Maiswurzelbohrerwobei in den
2050erJahren das Eintrittsdatum des Erscheinens der ersterellan 1019 Tage und das Erscheinen

der ersten Kafer um 184 Tage friher stattfindet.

Das imCLIMSOIBrojekt entwickelte GFSystem erlaubt eine rdumlich hoch auflésende (Feldgréf3e) und
reprasentative (in Abhéngigkeit der Glite der Eingangsdaten: Weitanpeter, Bodeneigenschaften,
Bodenbedeckung und Management) sowie genaue Bodentemperatursimulation auf Tagesbasis fur
unterschiedliche landwirtschaftliche Nutzung und BodenbedeckDag.GISystem kann fir vergangene,
gegenwartige und kinftige (z.B. Wetvorhersage, Klimaszenarien) Zeitperioden eingese¢rtien, wie

zum Beispiel auch fir operationelld®nitoring oder VorhersagerDas erdffnet ein weites
Anwendungsfeld, was fur bodentemperaturabhdngige Prozesse wie bodenbiirtige Schadlinge oder das
C/N \érhaltnis im Boden vorgestellt wurde. Fir ein zeithahes Monitoring als auch fiir Anwendungen unter
Klimaszenarien ist allerdings eine weitere Verbesserung hinsichtlich der erforderlichen Rechenzeit (auf
Osterreich bezogen) erforderlich. In diesem Zusammaghsird dasm CLIMSOlerstellte GISSystem in
einem neuen ACRP Projekt (AgroDroughtAustria) genutzt, das die Weiterentwicklung zu einem
operationellen tber Internet zuganglichem, Monitoringssystem zu Auswirkungen klimatischer Extreme
(Trockenheit, Hitzeauf die Pflanzenproduktion zum Ziel hat.

(English)

The main motivation fothe project was to develop a data base and a spatial (GIS) rfaydeh acurate

and high resolution soil temperature model applicable for monitoring and warning issues @teckmd
climate change impacts in agricultural production, and related assessments of adaptation and mitigation
options. For Austria till now there existed no data base on soil temperature records under various land
use which was the first outcome of thegpect. Due to the missing appropriate models, there existed also
no accurate soil temperature maps and data bases for climatic periods (past or scenarios) related to land
use types at high spatial resolution, which will was developed and demonsti@tegricultural land use

as a result of the projecSite based @libration results of the developed soil temperature model show a
mean error of the simulated soil temperatures at any depth below 0.5 °C in daily mean, maximum and
minimum temperatures.

The GHEmModel and data base was built on the existing digital soil map of Austria
(http://gis.lebensministerium.at/ebod) and other up to date data bases (land use, topography) using new
developed and tested GiSols such as GRAM (Trnka et al., 2006; Schaumhe2§87) or snow cover
models (e.g. Schaumberger, 2009he adapted GIS modéafter GIS implementation of the soil
temperature model)allows for simulation of soil temperatures at field scale in Austria for different
climatic periods and scenarios ondaily basis. Moreover, it caalso facilitate a close to real time
monitoring of soil temperatures in Austrian agricultural soils. This can, on the one hand, significantly
improve the assessments of long term trends (such as soil organic matter changate leiaching of

soils, greenhouse gas emissions of soils) and, on the other hand, make methods for the estimation of
agricultural risks more reliable, like monitoring and forecasts of soil born pest development and risk.
Both, monitoring and forecast®f pests commonly depend on labotintensive methods like the
installation and inspection of yellow traps catching flying stages of pests. Moreover, commonly used
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degreeday-models predicting the appearance of certain pests are based erraperatures onlyMany
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instar larvae of soil dwelling pests likdabrotica(Western corn root brer), which causes every year
significant economic damage# related impact modelusing soil temperaturedor Diabrotica was
developed and calibrated i€LIMSOIllusing past and own field experimental data allows for moe
accurate predictions, based on the finding of the real base temperature of 11ahdQhe relevah
temperature sums at a certain soil depthbfoader variety of key parameters of the pest is further used
for the forecasts.This carfacilitate precise application of plant protection methods and help to estimate
the risk of yield loss caused by the pes

The data base for the second pest (white grub), built during the project was badadhomspections for
collecting data on grub densities and species distribufidre field investigations for developing a related
model to estimate grub damage riskowever,did not (yet) result in a soil temperature relatedattel,
probably due toa still too weak data basen pest sensitivity to soil temperatureHowever, the
experiments resulted in new findings of conditions for the pest occurré¢age the signi€ant correlation

of the pest occurrence with humus content of the saidhich also could be monitored by the applied GIS.
Another application of the soil temperature model is demonstrated by an algorithm for theCéwil
balance of winter wheat anchaizecrop which was developed by using simulation resafsa complex
crop model.The developedsoil temperature dependanalgorithmswere finally applied under climate
change scenarios to demonstrate the potential climate change impacts on soil temperahaéd/ester
Corn Root Worm and the soil C/N ratibhis was demonstrated at a site representing nexéistern part

of Austria (Marchfeld)According to the results, for the 2050 period thenual mearsoil temperatures
increases afl0 cm depthdepending orthe scenario by 1.2.3 °C Grof3Enzersdodf Thesoil C/N ratio
shows a slightly (not significant) decreasing trend which can be the result of higher decomposition rates.
Significant changes, however, are shown for pest phenolodyiaifrotica,where a &ift to earlier pest
occurrence by 149 days (first larvae) and 4B days (first beetletan be expected compared to the
current conditions.

In conclusion, thaleveloped GISystem allowsa high spatialesolution (field scale) andepresentative
(defined by the input data: weather data,spatial soil input data crop cover and management
information) accuratesoil temperature simulation at daily basis und for various agricultural land use and
crop cover.The GIS system can be applied for pastrent andfuture (i.e. weather forecasts, climate
scenarios) time periods, for example afew operational monitoring and forecastsThis opens a wide
field for potential applications, which was demonstrated for soil born pest andCégibalance. For close

to real time monitoring as well as for simtilzn of climatescenarios in reasonable time, however, further
GIS optimization regarding the run time of the simulation lade carried out In this context, the
developed GISystemwasincludedin a follow up ARP project (AgroDroughtAustriayhich isfocused

on the development ofan operationalreal time monitoring system forimpacts of climatic extremes on
croprisks @rought, heat, etc.) for public use



2 Hintergrund und Zielsetzung

Accuratesoil temperature estimation is important for the soil temperature related processes simulated at a daily
time step. For example, denitrification during the freezing/thawing periods can result in substantial trace gas
fluxes during the winter period. In daily time step model, the strongly diurnal variability of the energy balance
makes it difficult to simulate soil temperatures accurately, especially near the soil surface. On the other hand the
input parameters should be kept as simple as possible tovadlo easy parameterization and a wide applicability

of the model.

Soil temperature models of different complexity strongly depend on available input data regarding the many fold
factors influencing soil heat balance and heat transfer within soils (e.gtaGLp84; Sepaskhah and Boersma,
1979). Especially, for spatial applications there was no available methodology on which algorithms would perform
best regarding availability on relevant input data. Moreover, there are no spatial soil temperature scenarios
(maps) available for various agricultural land uses in Europe. According to this fact the proposed project is aimec
to develop an improved data base for spatial soil temperature simulation to provide a tested and calibrated soil
temperature model for GHnplementation. A set of model algorithms were compared and tested for the
development of the model.

A regionalized potential estimation basically needs a sgatioporal application based on simlibrated models.
Finding a balance between model complgxand simplification required for spatial implementation is challenging
both for the selection and the development of appropriate soil temperature models. The implementation of a
Geographic Information System (GIS) as a precondition for a spatial applicetiudes the design of a structured
data management component as well as the development of algorithms forgeigbrmance procedures to
handle data in a high spatiemporal resolution.

Soil temperature simulation can provide the data basis for thatiap representation of high risk areas,
endangered by seilwelling pests. Simulated soil temperatures regarding climate change scenarios can be used
to assess the future development of these risk areas, because many important pest species hiwviegsolil
developmental stages and/or run through their diapause hidden in the soil. It is therefore clear that their
phenology strongly depends on soil temperatures. Among others, the first occurrence of pest species in spring,
their speed of development or theumber of generations produced within one season are key data for any plant
protection measures. While some of these data are determinable with common monitoring methods (e.g. yellow
traps for the trapping of a wide range of flying insects), others remairtealed below ground, which impairs
appropriate timing of plant protection measures.

In this project, two important soil born pests in Austria were investigated, to demonstrate the additional value of
the developed spatial (Gl#ased) soil temperature noel and data base. In specific, related algorithms were
developed and calibrated to predict important phenological steps or occurrence of pests. The pests considered in
this project included the most destructive maize pests in the world, the western amtworm (Diabrotica
virgifera virgiferg and as most important pest for grasslands, the -dwiklling grubs of the cockchafer
(Melolontha melolonthfand the garden chafePfiyllopertha horticola; Scarabeidae, Coleoptera



3 Projektinhalt und Ergebnis

The objectives oELIMSOIlWwere:

Objective 1: To improve and extend the Austrian soil data base regarding measured soil temperature series. T
test and compare different model algorithms for soil temperature simulations, according to the availabkd spati
soil data base.

Objective 2: To parameterize, calibrate and validate impact models for simulating tetape dependent
processes in agroecosystems. This includes the development and calibration of phenology mdHbelsvéstern
corn rootworm Qiabmwtica virgifera virgifera and white grub densities in grassland, with regard to soil
temperatures. For soil processes and functions models will be validated to simulateliagbprcrop phenology,
nitrogenbalance and soil organic matter dynamics in theee selected target regions.

Objective 3:To develop and calibrate an algorithm suitable for GIS implementation and to create spatial soil
temperature maps for various scenarios and land uses at high spatial and time resolution (e.g. monthly means) fo
Austria.

Objective 4: To demonstrate applications of soil temperature maps and scenarios for assessing climate chang
impacts and adaptation options for selected target regions in Austria (monitoring/prediction of below ground
pest phenology; applying two pe models for pest risk assessment; application of-goip models to
demonstrate impacts and trends on crop phenology and growth atrdgen balance and organic balance in
soils).

The main results dELIMSOIlare as follows:

Results 1
9 Improved soidata base on measured soil temperature series

9 Test and evaluation of soil temperature algorithms regarding their performance for spatial soil temperature
simulation

Establishing an Austrian soil temperature data base on daily basis:

Data of past an@ngoing soil temperature measurements were collected in continuation of the first project year.
The data were quality checked and gathered in a data base. Beside soil temperature the data set includes als
other daily meteorological parametersvegetationand soil cover status and soil physical properties of the
measurement sitesFor the validations ofoil temperature models are now available more than 20 locations
where the soil temperature is measured in 39 places.

The altitudes of the selected locatiswary from 140 m until 1912 m above sleael and they are situated st
all over Austria. Each station has its own EXCEL file, where the following inforimatiovided:

- metainformation about the station, soil tempenate station and weather stains
- crop type, crop rotation, begin and end of the crop growth.

- soil profile, soil horizon and laboratory analysis of soil parameters.

- measured soil temperatusdn different depths

- measured weather data: daily aname air temperature, daily marum and minimumair temperature, relative
humidity, global radiation, wind velocity, precipitation.



Testing and evaluatingjfferent soiltemperature simulation methods:

The models SoilTempSimV2 and STOTRASIM were compared for simulated soil temperatiffeent soil

depths at four different test sites with accurateeasurements. SoilTempSimV2 is the test version of the soil
temperature model developed in WP 3 and STOTRASIM is a statistical based model which was calibrated on the
sites before.

The 4t 20 A2y a | NB Ki{2@eéSy 1A NDKSWO FoQKA Sa[ @ aA Y S GoSNH € ER
ho SNEASOSYONHzyy o! INROdzt (dzNIF £ & O Kdeyzahdehdmiderdgidrs. At dddd  NX
location, data concerning physical soil propertes available, and also soil temperature measurements.

Some input parameters for SoilTempSimV2, such as soil moisture and actual evapotranspiration, were
determined from the soil water balance computed by STOTRASIM model.

Model validation:

il temperaures were A A YdzZf F i SR FT2NJ GKS SyYyGANB LISNA2R gAGK
SoilTempSimV2 and STOTRASIM in the four selected stations.
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presented in the Annex of the project report.

Based on the evaluation results SoilTempSimV2 was further improved and finally implemer®8 in the
version SoilTempSimV3 (see WP3).

Results 2:
9 Data onDiabroticalarval hatch and adult emergence

# Diabroticaphenologicaldevelopmentlinked to soil temperatures and integrated into model; model tested at
same field site

1 Evaluatiorof whit gruboccurrence and densitiy grasslangitesand impacting factors

1 GIS Algorithms for crop phologyand growth(over ground biomass) of maize as input for the soil temperature
model

9 Algorithm for ritrogenbalance and organic balance in s¢fL/N ratio)based m process simulations

Influence of soil temperature to larval and adult hatch of the Western Corn RootwognWWCR(Diabrotica
virgifera virgifera) in Austriaand related interactions to maize development and yield risk

Based on the &l implemented soil temperature model an algorithm was developed and tested in order to allow
the prediction of larval and adult hatch of WCR in different climates in iaustr

The procedurecontained the following steps: (I) definition of the lower tempera threshold for larval
development of WCR in the laboratory, (II) Collection of phenological data of WCR in certain $oséut@va soil
temperature data werevaibble, (l11) Correlation of criticahenological events (larval and adult WCR hatch) with
the necessary amounts ofht units [degreedays], (IV) Validation of the algorithyncomparison of observation
data of beetles hatch with prediction of the model for locations in different Austrian regions. Another goal was to
find future trends for WCReetles feeding on the maize silk and thereby affecting pollination of the. ¢ady that
reason it was important to find a temporal correlation of hatch of WCR aduitl the flowering stage ofiaize, as

the silken threads of the cobs are preferred foeding. Alternatively WCR development was compared with the
phenology of neighbouring common plants e.g. flowering or fruit formation. Like in insects also plant
development is correl&d highly to temperature sumsSo it might be possible that different ganisms are
dependent on temperature in different ways but nevertheless distinct growth stages would coincide. Hpavever
possible coincidence of developmental stages of plants and insects has to be validated for several years. Suc
indicator plants are fre available and might be of interest for farmers.



In the laboratory experiments the lower temperature threshold W6CR was determined d48.0°C It seemed to

the authors thattemperature thresholds determined in the laboratory were not fully reliableder field
conditions. herefore another way of its assessment was chosen: calendar dates of hatching WCR larvae in
Deutsch Jahrndorf between 2009 and 2011 were compared with corresponding accumulation of heat units by the
help of a calculation program. Byarying the basic temperature stepwise between 10.0° and 13.0°C a good
accordance of the corresponding heat units during all years was found at Ht.&@%Dil depth of 6 cm

The main result of the project team AGES was the identification of the lmrgwerature threshold (11.7°C), the
amount of heat units for first WCR larval hatch (279 degiags) and for first WCR adult hatch (648 degree days).
These valuesvere used for calibrating the pest algorithm, which was implemented in thesyat8m togeher

with the soil temperature modelDemonstration result of theGlSsimulation is illustrated in GIS maps €se
below). With the help of this GIS maps a prediction of first larval or first adult hatch of WCR in different Austrian
regions isnow possible imear real time During three years of observation a trend was seen that in cold years
maize flowers one week after first WCR beetles hatch whereas in warm years flowering stextks after that

The silk of young maize cobs are exposed accordinglynora intensive feeding of WCR beetles in warm years
and there might be a higher risk of poor pollination. Correlation of WCR stages with phenological stages of the
indicator plantsTiliacordata Ligustrumvulgareand Rosacaninawere found indeed durin@ years of the project
work ¢ nevertheless they have to be assuteglfurther observations.

Scarabaeidaelarvae in Austrian mountainous grassland and the associated damage risk considering
management regime, soil characteristics and soil temperature

Recently the soHdwelling grubs of Scarabaeidae beetles (Coleoptera), mainly the cockchaédoldntha
melolonthg and the garden chaferPqyllopertha horticolp caused severe damages to Austrian cultivated
grassland. Heavy grub feeding to the grass raetituces the grass yield and can even endanger farmers by
causing their farm machines to slip down slopes on the detached sward.

The available literature on the biology of the problematic Scarabaeidae species describes climatic and soi
conditions as maifiactors responsible for high densities of the larvae (white grubs). In combination, these factors
cause high soil temperatures, which might enhance the development of high grub densities. The objectives of Bic
Forschung Austria were to survey grub demesitin damaged and undamaged grassland sites and find associated
environmental variables. Focus was laid on investigating if the developed soil temperature model can contribute
to defining white grub damage risk areas. For that, 10 farm inspections fectiofj data on grub densities were
performed in the Eastern Alps (Styria) from SeptembBéuritil October 4' 2011. At each farm, 2 sampling sites

with differing damage histories were defined, resulting in a total of 20 sites covering a wide range dagrage

levels. At each sampling site (506)r@24 subsamples (20x20 cm) of the topsothhizon, 10 cm) were dug out

and searched for white grubs. All grubs were counted and determined to species level. In addition to estimating
the grub densities, the anagement regime (number of cuts, manuring intensity) of a site was recorded and soil
samples were taken to analyze soil chemical (humus, DQG N, pH in HO and KCI) and physical (sand, silt,
clay content) characteristics. Further soil charactersstidepth of Aiorizon, water supply) as well as
topographical data (inclination, aspect) were obtained from internet databases. The collected grubs (altogether
1,422 individuals) were largely determined Bs horticola which indicated that grub damages Styrian
mountainous grassland are mainly caused by this species. The sampled grub densities ranged from 1 to 30
individuals/nf. Sites which had recently been affected by grub damages constantly tended to higher grub
densities than the respective siteshigh had not shown grub damages in previous years. This result confirmed
0KS FTIFENXYSNBQ 20aSNBIFGA2ya 2y KAIK NARaA] YR 26 NR3
40% of theP. horticolagrub density distribution could bexplainedby a combination of the humus content and

the depth of the Ahorizon. Both parameters were positively related to the numbeP ohorticoldarvae per site.
According to logistic regression analyses, the probability of grub damage was negatively reldtedctudting
frequency and positively correlated to the humus content of a site. These results indicate an important role of
humus for the development of high grub densities and an effect of management intensity on the resulting grub



damage. Direct relatizships between soil temperature, derived from tBeIMSOIlkoil temperature model, and

the measured grub densities and damage rates could not be found, probably due to confounding site and
management factors. Further investigations on this important topicjuding onsite measurements of soll
temperature, are strongly recommended.

Development of algorithm for soilC/N-balance for GIS implementation based on crop model application

CERES crop model for maize and winter wheat (DSSAT 4.0.2.0) werd aftptiecalibration and validation.
CEREBIaize and CERE%heat are procesbased, managemertriented models, which simulate the daily time

step effects of the cultivar, crop management, weather, soil, water and N on crop growth, phenology and yield.
The input requirements for CERES include weather and soil conditions, plant characteristics, and crop
management.The crop model validation results showed good res(dee Annex of the project report for more
details)

Based on the detailed crop model outsuan algorithm for soiC/N-balancewasdeveloped with satisfying results

for maizefor GIS implementation as follows:

C/N balance equations:

Soil Layer 20 cm:

C/N (620cm) = 11.68266867764 + (0.006450141264595*s0il temperatuf8)03212430094582*sbwater)
r2=0.461

RMSE = 0.063

Soil Layer 2@0 cm:

C/N (2040cm) = 11.94541247865 + (0.001836885528526*s0il temperatur8)04966091097416*soil water)
r2=0.477

RMSE = 0.017

Simulation based on: medium soil, weather data GEoRersdorf 1982010

Results 3:
9 Development and test of the soil temperature model for GIS implementation

Development and test of a [&based soil temperature model

During the project the SoilTempSimV3 model for soil temperature simulation was deve(tgstdd and
improved in 3 versions). The final version was calibrated and testedsie in Grol3BEnzersdorf (Austriagn its
accuracy to simulatead temperaturesfor uncovered soil and soil covered with a mulch layer of different density
(2500, 4000 and 5000 kg*) during the timeperiod from £ April to 24" May 2012 Further test site was Wagna
(Styria) with validation on different crop cover types.

SoilTempSimV3 is a owémensional simulation model for calculating soil temperatures on a daily time stép bas

It has been written in Java and was tested on Java version 1.6.0_31. The model allows inclusion of groun
coverage by biomass or a snow layer and accounts for the freezing/thawing effect of soil water in its calculations.
Required inputs for the modedre, on the one hand, timdependent data such as daily mean, maximum and
minimum air temperatures, global solar radiation, soil surface albedo, total aboveground biomass, snow (as snow
water equivalent), actual daily evapotranspiration and daily valugkepore volume of the soil (which can vary

due to soil cultivation) and volumetric soil water content at all relevant depths, and on the other hand,



configuration and parameterisation data that is regarded as tintependent, such as soil compositiorars,

clay and organic fraction), annual mean air temperature, and some empirical parameters. As output the model
will deliver daily mean, maximum and minimum soil temperatures and volumetric ice contentddueezing
periods) at any depth

As comparedd the previous version SoilTempSimV2, mainly the following improvements have been made in
SoilTempSimV3:

91 During snowfree periods, the soil surface temperature is now calculated more accurately by solving the
surface energy balance, instead of just prdsiag the soil surface temperature by empirical relationships.
The influence of the ground heat flow is now treated correctly, and variation ofuag atmospheric
counterradiation due to changing cloud cover is now also accounted for.
The diurnal rangef soil surface temperature is now calculated by sophisticated formulas derived by Fourier
analysis of the diurnal variation of the components of the heat balance equation and the solution of the
partial differential equation for heat conduction in the koi

1 For thin snow layers, the effect of partial snow cover is now included in the simulation by applying an
interpolation of the top boundary condition between the case of sHoee soil surface and dense snow
cover.

1 For the bottom boundary condition, a nemode is now available, that allows the model to assume
sinusoidal variation of soil temperature with the period of a year. That allows a significant reduction of the
number of soil layers that have to be simulated, because this new boundary conditiobbecapplied in
depths of just about Zn, whereas the other two boundary conditions (zero heat flow or temperature fixed
to annual mean air temperature), which where the only options available in SoilTempSimV2, can only be
applied to soil layers in depths about 10m or greater.

The test of the SoilTempSimV3 model at the site in é@oRersdorf was simultaneously used to calibrate the
model for treating the effect of soil coverage by a mulch layer. A comparison of the simulation results of
SoilTempSimV3 witthat of the SoilTempSimV2 model (that was also calibrated again with the input data, to
make the results comparable) showed a clear improvement of accuracy and explanatory power of the model. For
daily mean soil temperature in I@n depth, the rootmeansquare (RMS) error has been reduced from about 2.4

°C in SoilTempSimV2 to 0.8 °C in SoilTempSimV3, whereas the coefficient of determirfatioas (Reen
increased from 0.9 to 0.97. For daily maximum and minimum soil temperatures in the same depth, teer&MS
remained higher, but still could be reduced from 22on an average to 1°C, whereas the Ralue increased

from 0.86 to 0.96.

Results 4:

1 GIS based soil temperature maps drehd in soil temperatures under different climate scenarios fa #050s
at two different sites in Austria

9 Results of trends for the selected pest riskéectern Corn Rootworjrunder different climate scenarios for the
2050sat two different sitesn Austria

1 Spatial characteristics of pest risks in the targetaag{map)

1 Results and trends of soil temperature sensitive procesSés (atig under different climate scenarios for the
2050s at two different sites in Austria

1 Spatial characteristics of these processes in the target reginap)

GIS implementaibn anddemonstration of spatial modelling of soil temperatures and soil temperagurelated
processes for Austria:

Soil temperatures influence many ecological processes. Modelling of soil heat balance is complicated because ¢
its deperdency from many faors of the atmospherglant-soil system. Solanet radiation, for example, is
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responsible for soil warming. Daily and seasonal deviations are mainly explained by variations in balance of short
wave solar and longvave terrestrid radiation Especially itomplex terrain, surface temperature derived from
global radiation is an important background of soiimtgerature modelling. Another importanfactor is soil
moisture. Interactions between both, soil heat and water balance, control the cultivation sititadiil many
agricultural fields. Growth and yield of crops are strongly correlated with soil temperatures (Det_atjda 992,
Kelleret al, 1997). Many phenological stages of crops are determined by temperatures and most models use air
temperature forgrowing degree day calculations. McMasstund Wilhelm (1998) founthat soil instead of air
temperature could improve the prediction of phenological stages significantly.

Soil temperature affects not only crops but also the existence and geographicakexteof diseases and pests.
Regional based analysis of these effects need tools like Geographimatifor Systems (GIS). In scientific
literature many soil temperature models with very different requirements on data and process complexity can be
found. There are simple approaches (Krumbiegel, 1973) and more complicated ones like that of Suckow (1985)
The complexity depends on the application area which differs in spatial and time scale. Applications for large
study regions (Zhengt al., 1993) show simp structures whereas demands on small scale GIS applications are
considerably high (Pape und Loffler, 2004).

It is difficult to find a balance between dynamic, procesgnted and sitebased models with a huge number of
variables and necessary simpHfiions for GIS applications due to limited availability of spatial data. Besides
radiation, heat balance, soil moisture and evapotranspiration (see Batlatl, 2007), land use is also an
important parameter for soil temperature modelling (Paatlal., 2004, Plauborg, 2002). Hence, adjustments to
agricultural crops are reasonable and necessary for specific applications of soil temperatures{stQri999).

In this project we developed a GIS application which jesteld to two different culturesgrassland and maizét

can be easily extended for other crops, by adding estimated paramigtecsop growth and development.

GISimplementation:

The stand alone version of the developed soil temperature model (see alamje3ted to numerical paramets,

was modified and integrated into a Geographical Information System (GIS). Therefore, numerical input
parameters were substituted to their raster data equivalents, e.g. instead of a single air temperature value a
continuous surface of air temperaturesrfthe entire area of Austria is the input of the GIS soil temperature
model. The basis for some geostatistical interpolation approaches is a Digital Elevation Model (DEM). We uset
this model in 250 meter resolution were the structures of complex Austaenain can be sufficiently considered.

The GIS soil temperature model require another constant information about the soil: available field capacity and
fraction of sand. Both data are available for two soil horizons, for topsoil (0 to 20 cm) and sRBgoidQ cm).
According to Baeumer (1978, 44f), the main root biomass of most cultures can be found in the first 40 cm of soil.
The available field capacity is derived from the Digital Soil Map of Austria (eBOD) by using pedo transfer function
(Murer, 20®, Mureret al,, 2004). The sand fraction is also a dataset provided by eBOD and as well as the field
capacity prepared by the Bundesamt fiir Wasserwirtschaft, Institut fir Kulturtechnik und Bodenwasserhaushalt,
Petzenkirchen (IKT).

Besides constant inforation (topography and soil), the GIS soil temperature model is mainly based on weather
data. All of them are needed in daily time steps and in raster data format as continuous surfaces for the entire
area of Austria. The need of such a large study aréased on methodological reasons, because geostatistical
interpolations require a minimum set of data from as many weather stations as possible. Additionally, the
continuous fields of parameters over the unlimited area of Austria allow a maximum of spexiility in
calculation of soil temperatures and in defining study regions by project partners and stakeholders.

Figurel providesan overview of all data needed for the implemented soil temperature raskgebra algorithms.

Most of the proposed geodata are results of more or less complexradels. Different kinds of air temperature
(Schaumbergeet al, 2011), global radiation, reference evapotranspiration (Schaumbezgat, 2008b), snow

cover (Schaumbesgy et al., 2008a), the aboveground biomass and precipitation are mainly based on weather
data only available at Austrian weather stations. These station data were transformed by GIS based methods like
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geostatistical interpolation approaches into surfaces a precondition for the implemented spatial soil
temperature model (Dobescét al,, 2007). Actual evapotranspiration and soil water content respectively are the
outcome of a soil water balance model according to Adeal. (1998) and proposed by the Fb@and Agriculture
Organisation of the United Nations (FAO). All-eulidels are described in detail (methodology, results and their
evaluation) in Schaumberger (2011). This publication contains also a detailed discussion of existing literature
regarding theimplemented spatial models. Therefore, a substantial part of Schaumberger (2011) is an
inseparable part of this report and has been developed in the courdeed@LIMSOIlproject.
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Figurel: Basis dataand data flows of the GISoil temperature model

The GIS soil temperature model has to be able to consider different agricultural crops. Development of several
cultures are mostly correlated with increase of aboveground biomass. This grelathd value changes day by

day and $ used as a direct soil temperature model parameter and also as an input for soil water balance (see
Figurel). Todemonstrate the adaptability of the developed model to different cultures we setkégtassland
andmaize.

The cropdependent biomass development is determined by several phenological stages. For simplification of the
O2YLX SE INRgAYy3d LINRPOS&E 6S dzaSR I & ONEPetdl (COBFHHGEE20A Sy
shows the trend of grassland biomass with three cuts. From the start of growing season, indicated by a
combination of different temperature criteria (Schaumberger, 2011, 87ff, Schaumbetrgér 2012) the biomass
increases linearly upotthe first cut and in the same way up to the following cuts. The slope of increase is
determined by cutting dates which are modelled on the base of temperature sums and their statistical analysis
proposed by Schaumberger (2011, 100ff). The abovegroumddsie [kg per hectare] is a modificationtieé crop
coefficient based on complex crop growth model outpuihich is simply a multiplication of crop coefficient with
5000in case of grassland

The trend of the crop coefficient for maize désplayed inFigure 3. The start of growing seasons is also a
combination of temperature criteria but differs a little bit from the start time for grassland which is defined in
Schaumberger (2011, 87ff). For a time window of &@stthe average air temperature has to reach at least 12 °C.
For five consecutive days the temperature has to be more than 10 °C per day. Additionally, the temperature must
not fall under 3 °C. These values were tested in GIS by using temperature suflages.variations of these
criteria are applied and each result map was then discussed with experts. The mentioned set of criteria was finally
used for calculation of crop coefficient and the derived aboveground biomass which is based on a multiplication
factor of 8000.
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Crop
Coefficient (k.)

1.2

Pasture

days

T >

dot dy = 15 Cut d,=2" Cut d, =37 cut

1 Start of growing season (grassland) defined by a criteria combination based on daily mean air temperature

Figure2: Trend ofcrop coefficient adjusted to a threeut-system of grassland

On the contrary to grassland, maize starts with a crop coefficient of 0 and phenological stages are constant
periods (valueslerivedfrom crop model outputs Actual evapotranspiration, the key factor of soil water balance,

is the result of the multiplication of reference evapotranspiration and crop coefficient. For all days before the
maize biomass starts to grow the actual evapotmration is set to 0 and this would not represent the real
situation. Therefore, we implemented a correction. For all crop coefficients at the beginning of a season below
0.2 the soil moisture will be taken into account. If the soil water content is aBov# of field capacity, the soil is

wet and evaporation occurs, the crop coefficient is set to 1. For all situations where the soil water content is
below 90 % we assume that the soil is dry and the crop coefficient is set to 0.2. After crop coeffadbiaisro.2,

no corrections are necessary anymore and the crop adjusted evapotranspiration is calculated asa\l@®98)
proposed. We start our analysis from March,up to November, 18. Outside of this period we simplified the
actual evapotranspation for maize as well as for grassland and substitute it with a constant value of 0.1.

Crop

Coefficient (k.)
12 +

1.0 +

04

0.2 T

days
0.0 1 ] I ] 1 >

do? d;=dy+ 30 d,=d; +40 dy=d,+50 d,=d;+50 dg=d, + A?

1 Start of growing season (maize) defined by a criteria combination based on daily mean air temperature
2 A =November, 15" —d,

Figure3: Trendof crop coefficient adjusted to maize

Test of the implemented soil temperature Gtddel:

Although the stand alone (numieal) version of the soil temperature model was validated successfully (see
above), we tested again the GI8plemented version of the modellThe sitebased soil temperature model
algorithm was reimplemented in GIS by using Visual C# and the COM dhmasy liArcObjects from ESRI.

13



Therefore, the original numerical input data has to be substituted by spatial data in raster format which are then
processed in the implemented map algebra algorithms. The calculations, based on weather and soil parameters
were executed for the entire area of Austria in 250 meters resolution for the years 2009 to 2011 on daily time
steps. All input and output data are integrated into a raster GIS (Bartelme, 2000, 116) and structured in ArcGIS
FileGeodatabases (Childs, 2009). ®odl temperature results of 19 different soil depths are prepared as
continuous surfaces for use in any other agrometeorimalgand phenological GIS model

Soil temperatures were calculated for 19 soil depths (2, 4, 6, 8, 10, 15, 20, 25, 30, 4),A),9D, 120, 180, 300,

540 and 1000 cm) and each day of the study period from 2009 to 2011. The results are almost 21,000 maps ©
Austria in 250 meter resolution. In order to analyse the huge amount of results, single sites need to be selected.
Soil tenperatures at these sites are used to build time series and a dataset for validation. To get single values
FNRY Yl LA GKS DL{ FdzyOiAzy G9EGNI OG¢ 61 a AYLX SYSyi
automatically, reads the values of eattap at defined geographical positions and stores the extracted values in a
list. This list is the base for analysis like éxamples given iRigure 4 and Figureb.
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Figure 4: Comparison of modelled and observed soil temperatures at Gumpenstein in 2011 for 10, 20 and 50 cm
soil depth (grassland)
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Figure5: Trend of modelled and observed soil temperatures at Gumpensteir2@i1 for 10, 20 and 50 cm soil
depth (grassland)
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Both figures show grassland model results in comparison to observed soil temperature of selected depths at
Gumpenstein for 2011. It should be kept in mind that the vegetation surface at this site is thoteacut
grassland which is assumed by the model but a weather station typical Rigme 4 shows the correlation
between model results and observed temperatures which is very strong in any soil déette areno systemic

errors excepthe negative temperature estimations for the first layer (10 cm soil depth).

Figure5 explains this behaviour. The reason for considerable deviations between topsoil model results and
observations during the winter months is the use of a very simple snow cover model. It cannot provide exact and
full information about the real snow cover. The evaluation und a detailed model description can be found in
Schaumberger (2011). Uncertaintiessimow cover influence the temperatures of the first few centimetres of soll
significantly as it is displayed iRigure 5. The figure also shows another effect. Generally, the model
underestimates in spring and owstimates in autumn. Whilst the underestimation is quite moderate the
deviations in autumn are higher. At the end of growing season the vegetation surface could be very different to
that one which is considered in the soil temperature model. Comparedrpégature and biomass increase in
spring the reduced temperatures and the uncertainties of vegetation cover at the end of growing season the
estimates become more and more imprecise. The model is not able to react absolutely correct under these
changes inate seasonHowever the correlation over the whole growing period is very strong and provides
excellent results. The regression analysis of all study years (R2 in 2009 is 0.92, in 2010 0.95) indicates a very hi
quality of the processed temperature magad ensures a reliable base for any models that need soil temperature
as input.

Trend series show model estimates of one single site over a defined period but not the spatial dimension of the
results Figure6, Figure7 andFigure8 showthe spatial aspect in results for one example day in 2009 and selected
depths. The raster data are restricted to the area where soil informatiawagable, these are agriculturiands

with mineral soil.

Soil Temperature in 2 cm
19.09.2009 [°C]
B 125-155

[ ]=155-170
[ ]»170-180
[ ]>180-190
B -190-205

Figure6: Surface of soil temperatures in 2 cm soil depth on Septembef 12009
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Soil Temperature in 10 cm
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Figure8: Surface of soil temperatures in 50 cm soil depth on Septembéef, 109

The soil temperature in tofayer Figure6) is verysensitive to air temperare, but temperatures get more and
more dampedin deeper layersKigure7 and Figure8). The displayed example shows that the atmosphere affects
the soil temperatures withincreasing time shift and lower variations in deeper soil layers. For each day of the
study period 19 maps according to the 19 analysed soil depths like that shiow€igure 6 to Figure8 are
available for further studies.

Demonstration of GE8nplemented soil temperature based algorithms:

One of these studies could be the implementation of temperature sum models based on soil temperatures. The
following example shows aapplication for estimation of entry dates of phenological phases. Phenology has a
long tradition to link management activities of farmers with weather and climate conditions. Phenological analysis
has been proved as an effective instrument to observe ¢énchange (Chmielewski, 2003). The yearly variations
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of the same phenological phases show the impact of climate on biosphere directly. Time series of these
phenological observations indicate changes in life cycles of fauna and flora due to climate (®@bkni&e07).

Figure9 and Figurel0 show the results of phenological analysis WSCR Diabrotica virgifera virgifergbased on

the implemented algorithm ofoil temperatue sum in 6 cm soil deptlileveloped withirCLIMSOI(see above)

The start day for temperature accumulation is defined withof March and the base temperature is 11.7 °C. The
estimated entry date for emergence of larvae is the day where the tempezasum (above the base
temperature of 11.7 °C) reaches 279 degree days. The date of adult emergence enters with a temperature sum o
648°C. Each map of soil temperature (6 cm layer) is processed by map algebra algorithm where the values o
each cell arsummed up until the day of the proposed temperature threshold is reached. Then, this day of year is
stored in a new raster surface which gives a spatial information of entry dates for the whole study region as it is
shown inFigure9 and Figurel0.

The estimates depend on the quality of temperature sum model (evaluation features are given by AGES), but als
on the performance of soil temperature model and its spatial infath (sed-igure 4 and Figureb).
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larvae ofDiabrotica virgifera virgiferax 2099
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Emergence of adults 2009
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adults of Diabrotica virgifera virgiferat 2009
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A further algorithm whichvas developed withitCLIMSOlis the soil C/N ratio fowinter wheat and maizerop:

The soil temperature results can be processed by map algebra algorithms in a comparable way as numerice
variables. For example, we calculate the Réatio based on a lime regression with two independent variables:

soil tempeature and soil water content. For examplagtequationfor winter wheatis defined as

C/N (620cm) = 11.6826 + (0.0064*soil temperature)0td321*soil water content)

The algorithmwas developed ah validated bycrop model applicatiomn the base of soil temperatures i) cm

soil depth The model was implemented in map algebra where both variables were processed as daily raster
surfaces. The results are daily maps that are analysed by extradtivejuss of a single cell representing the site
GumpensteinFigurell).
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Figurell: C/N ratio based ordaily soil temperature and soil moisturaunder winter wheat compared to air
temperature and 10 cmail temperaturesat Gumpenstein in 2011
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Demonstration of the developed algorithmander climate change scenarios:

Impact of climate change on soil temperatures ameister corn rotborer developmentunder different climate
scenarios fothe 2050sat a representative site fanorth-eastern AustrigGrolsEnzersdorf, Marchfeld region)

Figure 12 shows, as an example, the change of the mean annual soil temperatures at 10 cm depth for three
selected soil typesinder maize(representing the Marhfeld region) under three different climate scenarios for

the 2050s.The increase of soil temperatures range betweki-2.3 °C, which rééct to a great extent the
temperature signal from the climate scenarios (not shown). However, in shorter time gicalesnsidering the
change okeasonal development of the specific crop covbe) deviations can be significgrand especially when
different soil cover types and crop management options are compared.

Figure12: Change of mean annual soil tempdtaes at different soils in 10 cm depth at the site in GroR3
Enzersdorf under three different climate scenariaand soil conditionsfor maize (Soil classes with mean
available water capacity: Soil 01= 118 mm; Soil 02= 190 mm; Soil 03= 233 mm).

Based on he soil temperature changes the developed pest algorithm for western corn rootworm was applied
under the same scenarios akownin Figure 12Significant changes are shown for pest phenologRiabrotica,
where a shift to earlier pest occurrence by-19days (first larvae) and 14 days (first beetle) can be expected
compared to the current conditions, for the conditions in eastern Austria (i.e. Marchfeld region).
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