Phenology modelling of major insect pests in fruit orchards from
biological basics to decision support: the forecasting tool SOPRA*
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The forecasting tool SOPRA has been developed with the objective of optimizing timing of
monitoring, management and control measures of insect pests in fruit orchards in Switzerland.
Applying time-varying distributed delay approaches, phenology-models were developed driven
by solar radiation, air temperature and soil temperature on hourly basis. Relationships between
temperature and stage-specific development rates for relevant stages of the life cycles were estab-
lished under controlled laboratory conditions for Dysaphis plantaginea, Hoplocampa testudinea,
Cydia pomonella, Grapholita lobarzewskii, Cacopsylla pyri, Rhagoletis cerasi, Anthonomus
pomorum and Adoxophyes orana. The implementation of body temperatures in the models is
based on habitat selection and biophysical modelling of habitat conditions. In order to validate
modelling, phenology predictions were compared with several years of independent field
observations. On the basis of local weather data, the age structure of the pest populations is
simulated and crucial events for management activities are announced. Through a web interface,
the simulation results are made available to consultants and growers (www.sopra.info) and the
latter can be applied as a decision support system for the eight major insect pests of fruit orchards

in the alpine valleys and north of the Alps on local and regional scale.

Introduction

Plant protection in modern fruit growing relies on precise
timing of monitoring and control of pest populations.
Throughout the season particular stages within the life cycle of
insects and other pests have to be surveyed by different
monitoring procedures in order to establish economic injury
levels and to test for the need of control measures (Kogan,
1998). The grower needs precise information about when these
stages are present and corresponding techniques have to be
applied or monitoring carried out. In sustainable production
applying integrated pest management in particular, pests have
to be monitored in order to assess the risk and consequently
to judge the necessity of intervening with a control measure
(Norton & Mumford, 1993; Dent, 1995; Pedigo & Rice, 2005).
Modern control measures also rely on precise timing, especially
when modes of action aim at very specific developmental stages
of the pest (Bloomers, 1994). The required knowledge on
the phenology of the pest populations can be established by
forecasting systems that at best could be connected with
information on the pests and possible management options in
decision support systems. Hitherto, temperature sums and,
more recently, simulation models have been used in tree fruit
growing to predict the phenology of pests and hence to facilitate
timing of management and plant protection measures.
However, aside from a few exceptions (e.g. Welch et al., 1978;

*Paper presented at the EPPO Conference on ‘Computer Aids for Plant
Protection’ in Wageningen, the Netherlands, 2006-10-17/19.

Morgan & Solomon, 1996), the models are often not designed
to be used by growers, consultants or extension services. In
addition, they are often based on very different approaches and
programming languages or require special driving variables,
which makes them difficult to use, even by extension services
(Rossing et al., 1999; van der Werf et al., 1999). Here we
introduce the forecasting tool SOPRA which has been
developed to optimize timing of monitoring, management and
control measures of major insect pests in Swiss fruit orchards.
The system consists of a locally—based user interface with the
different species models and a web interface to provide
simulation results and decision support to consultants and
growers (Www.sopra.info).

Phenology models

The flow of entities with variable transit times through a given
process, as applicable for insect development, can be easily
simulated by time-varying distributed delay models (Manetsch,
1976). This approach makes use of an Erlang density function
to generate the frequency distribution of the individual
development times, and is parameterized with the thermal
constant of the specific developmental stage and its variance.
An algorithm originally written by Abkin & Wolf (1976) was
adapted to compute the process of ageing within the different
developmental stages and to continuously keep track of the age
structure of the population. The changes in the age structure of
the pest populations are continuously recorded by a balance of
input and output from the state variables, i.e. developmental
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stages. The underlying relationships between temperature and
process rates are implemented with linear or nonlinear
functions for each stage of the life cycle depending on the
nature of the best approximation. All of those relationships for
the relevant stages of the life cycles were established thorough
individual-based laboratory experiments under controlled
conditions with a minimum of four temperature treatments for
each species. Developmental rates of the stages are mostly
implemented with linear functions; nonlinear functions being
used for reproductive rates and survival of adults (e.g. Graf
et al., 1996; Graf et al., 1999; Graf et al., 2001a; Schaub et al.,
2005; Graf etal., 2006). Phenology models have been
established for Rosy apple aphid (Dysaphis plantaginea),
Apple sawfly (Hoplocampa testudinea), Codling moth (Cydia
pomonella), Smaller fruit tortrix (Grapholita lobarzewskii),
Pear psylla (Cacopsylla pyri) and Cherry fruit fly (Rhagoletis
cerasi) and recent experiments have extended the coverage of
major pome and stone fruit pests to include Apple blossom
weevil (Anthonomus pomorum) and Summer fruit tortrix
(Adoxophyes orana). The implementation of temperatures in
the models is based on intensive studies on habitat selection
of the developmental stages and biophysical modelling using

the three driving variables (solar radiation, air temperature,
soil temperature) and structural orchard features. Body
temperatures of all implemented developmental stages are
approximated by modelling habitat temperatures as close as
possible (Table 1). Soil temperature as approximation is used
for postdiapause development of H. festudinea and R. cerasi
pupae. Stem surface temperature is implemented for hibernating
larvae and pupae of Cydia pomonella and Adoxophyes orana.
Stem surface temperature is simulated from air temperature and
solar radiation on the basis of the seasonal azimuth angle of the
sun and light extinction of the vegetation (cf. Graf efal.,
2001b). Inner stem temperature is also simulated from air
temperature and implemented for
hibernating larvae and pupae of Grapholita lobarzewskii. The
remaining habitat temperatures are approximated by air
temperature (Table 1). For validation, simulated emergence
processes from hibernation sites were first compared with
emergence data from semifield experiments. In a second step,
implemented model predictions were validated with several
years of independent field observations for adult activity (e.g.
Graf et al., 1996; Graf et al., 1999; Graf et al., 2001a; Schaub
et al., 2005; Graf et al., 2006).

solar radiation and

Table 1 Species implemented in the forecasting system SOPRA with modelled stages of the life cycle and temperature driving the models

Species Implemented stages of the life cycle Temperature
Rosy apple aphid Winter eggs Juveniles Adults Juveniles Air
(Dysaphis plantaginea) (1. Gen.)
Apple sawfly Hibernating Adults Eggs Larvae Soil*
(Hoplocampa testudinea) pupae® Air
Smaller fruit tortrix Hibernating Adults (M/F) Eggs Larvae Hibernating Inner stem*
(Grapholita lobarzewskii) larvae/pupae (M/F)* larvae (diapause)* Air
Codling moth Hibernating Adults (M/F) Eggs Larvae Stem surface*
(Cydia pomonella) larvae/pupae (M/F)* 1. Gen. (1. Gen.) Air
Pupae Adults Eggs Larvae Hibernating Stem surface*
(1. Gen.) (1. Gen.) (2. Gen.) (2. Gen.) larvae (diapause)* Air
Pear psylla Hibernating Eggs Larvae Air
(Cacopsylla pyri) adults (M/F) 1. Gen. (1. Gen.)
Adults Eggs Larvae Air
(1. Gen.) (2. Gen.) (2. Gen.)
Cherry fruit fly Hibernating Adults (M/F) Eggs Larvae Hibernating Soil*
(Rhagoletis cerasi) pupae (M/F)* pupae (diapause)* Air
Apple blossom weevil Hibernating Active Immigrated Eggs Larvae Soil/Air*
(Anthonomus pomorum) adults (M/F)* adults (M/F) adults (M/F) Air
Summer fruit tortrix Hibernating Active Pupae (M/F) Adults (M/F) Eggs Stem surface™
(Adoxophyes orana) larvae (M/F)* larvae (M/F) (1. Gen.) Air
Larvae Pupae Adults Eggs Air
(1. Gen.) (1. Gen.) (1. Gen.) (2. Gen.)
Larvae Hibernating Stem surface*
(2. Gen.) larvae (diapause)* Air

First table lines of each species start with the hibernating stage and following lines represent subsequent generations with the same stages below each other.

F — females, M — males.
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Weather data

Local weather data on hourly basis (solar rad
air temperature at 2 m, soil temperature at =5 c
from official standard meteorological stations (Me
and automatically stored daily in the morning in a
database. Ten-year means on hourly basis serve for proj&
and are merged with the current weather data up to the prese
day for simulation of phenologies throughout the entire season.
Currently 14 weather stations are used to cover all the climatic
regions of Switzerland that are important for fruit growing. The
stations range from the very early fruit growing regions in the
Ticino valley south of the main alpine range (station Magadino,
200 m a.s.l.) to the late fruit growing regions above 600 m in
altitude in north-eastern Switzerland (station St. Gallen).

Local simulation tool

The locally based user interface is designed as a common
Microsoft Windows® application in order to facilitate the
simultaneous use of the different species models, and to
standardize the weather data input for all models. The
simulation of habitat temperature is integrated into the
application with a flexible weather module. Both numerical and
graphical outputs are implemented. For further pests a routine
is implemented to compute temperature sums for any user-
defined temperature threshold.
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Through a web interface, the simulation results are made
available to consultants and growers together with extensive
information on the pest species and dynamic decision support
according to the phenology in German, French, Italian and
English (www.sopra.info). The website is entered through the
phenology forecasting part to facilitate the shortest possible
route from entering the site to viewing an overview of all pests
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in a certain location. Accordingly the entrance site provides
a clickable map of Switzerland with the climatic regions of the
14 representative weather stations (cf. above) drawn in colour
shades with relief, rivers, and lakes included.

By clicking a certain point on the map the user is led to a
tabled overview of all pests at that location which is centred on
the current period. The table with the present alert status can be
dynamically scrolled through the entire year or zoomed out for
overview. Table cells with species/day combination provide a
colour code for monitoring (blue) and control measures (red)
that is unified throughout the site. Additionally the code is
divided into pre and/or post warning phases of the announced
events (light blue and red) and optimum times for certain
monitoring and control measures (dark blue and red). For local
differences in phenology, e.g. at southern exposed locations,
reference links are provided to the earlier and later neighbouring
regions.

Clicking on the table cells leads to the core of the decision
support system with graphical output of the relative age
structure of the pest populations and corresponding verbal
interpretation. A chart shows a time line of the proportions of
implemented life stages. Fig. 1 is an example of such a visu-
alization of relative age structures for Grapholita lobarzewskii.
The chart is scrollable throughout the year and has three
zoom steps and controls for shifting the current day for which
the interpretation is given as decision support. The latter is
divided into monitoring and control measures indicated by the
colour code mentioned above. The interpretation is referred
directly to the age structure of the pest and accordingly
announces crucial events for certain management activities
(Fig. 1). Preference is given to environmentally friendly and
sustainable measures like pheromone mating disruption or
insect growth regulators although all other options of control
measures are explained as well. The recommendations give
reference to a separate part of the web site with illustrated infor-
mation on the biology and development of the pest species
monitoring methods and economic thresholds as well as to the list
of suggested plant protection measures with additional infor-
mation on modes of action, doses, toxicity, restrictions, etc.

In addition to the entrance to the site with the map of climatic
regions, we provide a tabulated overview of the current-day alert
status for all climatic regions and species. This is especially useful
to provide a quick indication of important stages in the life cycle
and corresponding events, e.g. for daily visits by consultants.
Table cells with the region/species combination lead directly to
the graphical output and corresponding verbal interpretation.

Furthermore, for each species an overview table of all
climatic regions is available that is sorted by phenology. Those
tables are designed especially for consultants that need a
more overall impression of the phenology and/or phenology
differences between certain regions. The table with colour-
coded alert status can be dynamically scrolled through the
entire year or zoomed out for an overview. Table cells with
the region/day combination also lead directly to the core of the
decision support system with graphical output and corresponding
verbal interpretation.

Conclusions and outlook

Major obstacles for efficient use of simulation models by
extension advisors and consultants are the diversity of model
approaches, the missing standards for data input and output,
and the lack of a user—friendly interface (Rossing et al., 1999;
van der Werf et al., 1999). We solved the main problems with
integration of all target species in one flexible and extendable
simulation tool that was written as a common Microsoft
Windows® application. As a further advantage the local
simulation tool of SOPRA can easily be expanded for additional
pests since it has an open structure and requires a limited
number of simple parameters which can be established by
means of standard experiments or — supported by a thorough
validation — even from the literature.

The web application allows it to be used both by consultants
and growers which was one of the most important aims of our
project. Growers reach the information about the pest situation
in their area with only one click and the current decision support
with just a second click. On the other hand, consultants are
provided with overview tables that allow conclusions on a
countrywide scale. To keep the system as simple and concise
as possible, we did not include a site-specific registration of
orchards which can be an advantage in field crops but not
necessarily in tree fruit growing.

The spatial resolution of forecasts of course depends on the
availability of locally recorded temperature and radiation data.
In Switzerland the governmental extension services maintain
a growing network of small weather stations for scab, downy
mildew and fire blight warnings. Nevertheless, we restrict our
data to the official meteorological stations due to their much
better accuracy, especially of temperature measurements.
Phytopathological forecasts also depend on precipitation data
that are more influenced by relief and other local characteristics
than the temperature data applied in our system. Although a
finer network of stations could lead to a more distinct differen-
tiation of locations, at the present stage the 14 representative
climatic regions used in SOPRA seem to provide sufficient
information on the Swiss scale.

SOPRA has been successfully applied now for about five
years as areliable tool for recommendations for four apple pests
on local and regional scale in Switzerland and also in southern
Germany. With the new web application referred to above
SOPRA will go online for the six most important tree fruit pests
in spring 2007 including Rhagoletis cerasi and Cacopsylla pyri.
The recently validated models for Anthonomus pomorum and
Adoxophyes orana are intended to be online in 2008 and further
extensions are planned for the future.

With proper timing of monitoring and pest control measures,
decision support by SOPRA increases the efficacy of pest man-
agement and reduces side-effects. It suggests environmentally-
friendly and safe control measures like mating disruption or
insect growth regulators since those measures especially depend
on precise timing. SOPRA provides an important contribution
to integrated fruit production being a decision-making process
in which growers select from a variety of strategies to keep
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pests below economic damage thresholds, while minimizing
environmental impact.
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Modélisation de la phénologie des principaux
ravageurs des vergers d’arbres fruitiers sur
des bases biologiques pour I'aide a la
décision: I'outil de prévision SOPRA

L’outil de prévision SOPRA a été développé dans 1’objectif
d’optimiser les périodes de suivi, de gestion et des mesures de
lutte contre les insectes ravageurs des vergers en Suisse. En
appliquant des approches « time-varying distributed delay »,
des modeles phénologiques ont été développés sur la base de la
radiation solaire, de la température de 1’air et de la température
du sol sur un rythme horaire de mesures. Les relations entre la
température et les taux spécifiques de développement de chaque
stade ont été établies pour les stades de cycles biologiques en
conditions controlées au laboratoire pour Dysaphis plantaginea,
Hoplocampa  testudinea, Cydia pomonella, Grapholita
lobarzewskii, Cacopsylla pyri, Rhagoletis cerasi, Anthonomus
pomorum et Adoxophyes orana. L’ intégration des températures
corporelles dans les modeles est basée sur la sélection des habitats
et lamodélisation biophysique des conditions d’habitat. Afin de
valider la modélisation, les prédictions phénologiques ont été
comparées a plusieurs années d’observations indépendantes sur
le terrain. En fonction des données climatiques locales, la
structure d’age des populations de ravageurs est simulée et les
événements cruciaux pour la gestion du ravageur sont
annoncés. Via une interface web, les résultats de la simulation
sont rendus disponibles pour les consultants et les agriculteurs
(www.sopra.info) et peuvent &tre utilisés comme un systeme
d’aide a la décision pour les huit principaux insectes ravageurs
des vergers dans les vallées alpines et le nord des Alpes a
I’échelle locale et régionale.

deHonornyeckoe MoaenMpPoBaHUe OCHOBHbIX
BpeAHbIX OPraHM3MoOB B NNOAOBbLIX cagax: oT
bunonoruvyeckux oCHoOB [0 COAENCTBUA
NPUHATUIO pelweHun. CpeacrTeo
nporHosvpoBaHusa SOPRA

Cpencteo mporHosupoeanns SOPRA ©6wuio pazpaborano c
[EeNbI0 ONTUMU3AINH BPEMEHH TPOBEJCHUST MOHHUTOPHHTA,
Mep ympawieHnst U OopbOBI ¢ BpPeAHBIMM OpraHH3MaM{ B

Phenology modelling of major insect pests: SOPRA 259

nonoBelx canax lleeluapuu. bnaronaps pacnpenesieHHON
BpPEMCHHOI 3aaepxkke Obutn paspaboTaHbl (PEHONOTHUECKHE
MOJIEITH, YIIpaBIsieMBIe Ha TOYacOBOH OCHOBE MapaMeTpaMH
COJTHEUHOTO M3TyUSHHUS, TEMIIEPATyphl BO3IyXa M MOYBEL. J{is
Dysaphis plantaginea, Hoplocampa testudinea, Cydia pomo-
nella, Grapholita lobarzewskii, Cacopsylla pyri, Rhagoletis
pomorum W Adoxophyes
B3aMMOCBSI3b MEXIY TEMIEPATypOil U CKOPOCTBIO Pa3BUTHS

cerasi, Anthonomus orana
Ha Pa3HBIX CTa/IUAX JKH3HEHHOTO 1IMKJIA ObLIa YCTAHOBJIEHA B
Ja0QnaTOnHEIX _yCIoBMsX. BkmoueHue B MQUeNd Temiie-
parypbL Tella. OCHOBAaHO. HABLIOOpE Cpeibl OOHTaHus |
6rodu3nUeckoM MOIENUPOBAHUH YCIIOBHH cpeabl. Jiis Banu-
IaLMK MOZAEIIEH B TEYCHUE HECKOIbKHX JIET (DeHONOrHYeCKue
MPOTHO3BI COMOCTABISUINCL € HE3aBHCHMBIMH  TOJIEBBIMH
HabmoneHusaMu. Ha OCHOBE MECTHBIX IIOTOAHBIX JaHHBIX
OBUIO TIPOM3BENCHO MOIEIHPOBAHHE BOSPACTHOH CTPYKTYpBI
MOMYJISILMI BPEIHBIX OPTaHU3MOB, U ObUIH OOBSIBICHBI KIHOU-
eBble COOBITHS AJISI MEPONPHSITHI 110 yIpaBieHuto. Uepes BeO-
MHTEphEiic pe3ynbTaTsl TAKOTO MOACIMPOBAHUS IEPEAAIOTCS
KOHCY/NBTaHTaM U MPOU3BOAUTEISIM (WwWw.sopra.info). 3ateM
3TH pe3yNbTaThl MOTYT TPUMEHAThCS B KauyecTBE CHUCTEM,
CONEHCTBYIOINX MPUHSATHIO PEIICHHUH B MECTHOM H peru-
OHaJBHOM MacmTabe, MO0 BOCBMH OCHOBHBIM BpPEIHBIM
OpraHu3MaM [UTOAOBBIX CaZIoB B aBMUICKMX JOJHMHAX, a
TaKKe K CeBepy OT AJIBII.
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